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Neurobiology of Disease

Proteolytic Stress Causes Heat Shock Protein Induction,
Tau Ubiquitination, and the Recruitment of Ubiquitin to
Tau-Positive Aggregates in Oligodendrocytes in Culture

Olaf Goldbaum and Christiane Richter-Landsberg
Department of Biology, Molecular Neurobiology, University of Oldenburg, D-26111 Oldenburg, Germany

Molecular chaperones and the ubiquitin-proteasome system are participants in the defense against unfolded proteins and provide an
effective protein quality control system that is essential for cellular functions and survival. Ubiquitinated tau-positive inclusion bodies
containing the small heat shock protein aB-crystallin in oligodendrocytes are consistent features of a variety of neurodegenerative
diseases, and defects in the proteasome system might contribute to the aggregation process. Oligodendrocytes, the myelin-forming cells
of the CNS, are specifically sensitive to stress situations. Here we can show that in cultured rat brain oligodendrocytes proteasomal
inhibition by MG-132 or lactacystin caused apoptotic cell death and the induction of heat shock proteins in a time- and concentration-
dependent manner. Specifically, aB-crystallin was upregulated, and ubiquitinated proteins accumulated. After incubation with MG-132
the tau was dephosphorylated, which enhanced its microtubule-binding capacity. Proteasomal inhibition led to ubiquitination of tau and
its association with aB-crystallin and to the occurrence of thioflavine S-positive aggregates in the oligodendroglial cytoplasm. These
aggregates were positive for tau and also contained ubiquitin and aB-crystallin; hence they resembled the glial cytoplasmic inclusions
observed in white matter disease and frontotemporal dementias with parkinsonism linked to chromosome 17 (FTDP-17). In summary,
the data underscore the specific sensitivity of oligodendrocytes to stress situations and point to a causal relationship of proteasomal

impairment and inclusion body formation.
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Introduction

The abnormal accumulation and aggregation of cellular proteins
are a characteristic feature of a variety of neurodegenerative dis-
eases (Goedert et al., 1998). In Alzheimer’s disease (AD) intracel-
lular accumulations of the microtubule-associated (MT) protein
tau are formed preferentially in nerve cells, while abundant neu-
ronal and glial filamentous tau inclusions are prominent in fa-
milial multiple system tauopathy (MSTD), which belongs to a
group of frontotemporal dementias with parkinsonism linked to
chromosome 17 (FTDP-17) (Goedert et al., 1998; Lee et al.,
2001). Tau-positive oligodendroglial inclusions are consistent
features in the brains of patients with FTDP-17, progressive su-
pranuclear palsy (PSP), and corticobasal degeneration (CBD)
(Chin and Goldman, 1996; Goedert et al., 1998; Komori, 1999;
Berry et al., 2001). Glial fibrillary tangles (GFTs) or “coiled bod-
ies” are observed specifically in Pick’s disease, PSP, and CBD, and
glial cytoplasmic inclusions (GCIs) in oligodendroglia are the
histological hallmarks of multiple system atrophy (MSA). GCls
stain consistently and intensely with antibodies against ubiquitin,
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the small heat shock protein aB-crystallin, and a-synuclein and
less intensely with antibodies against a- and B-tubulin; variable
reports indicate that they are tau-positive (Murayama et al., 1992;
Chin and Goldman, 1996; Lantos, 1998; Tu et al., 1998; Komori,
1999). They appear as loosely packed filaments.

We have shown previously that oligodendrocytes contain all
six isoforms of tau (Gorath et al., 2001) and that stress-induced
activation of protein phosphatase 2A (PP2A) and tau dephos-
phorylation constitute a major feature of the response to injury in
these cells, which eventually undergo apoptotic cell death (Gold-
baum and Richter-Landsberg, 2002). Tau under normal condi-
tions is a highly soluble protein, and the molecular mechanisms
leading to the formation of insoluble aggregates are not yet re-
solved. The accumulation of abnormally folded proteins, as a
result of a variety of stress situations, triggers stress responses that
lead to the induction of heat shock proteins (HSPs) (for review,
see Richter-Landsberg and Goldbaum, 2003). HSPs act as molec-
ular chaperones that facilitate protein repair and renaturation
(Sherman and Goldberg, 2001). HSPs help to target nonrepair-
able proteins to the ubiquitin proteasomal pathway, i.e., mis-
folded proteins are ubiquitinated and degraded by the proteaso-
mal machinery (Schwartz and Ciechanover, 1999). When the
protein degradation machinery is exceeded or impaired, inclu-
sion bodies or aggregates are formed (Alves-Rodrigues et al.,
1998; Kopito, 2000). Whether the intracellular deposition of ag-
gregated and often ubiquitinated proteins protects the cells from
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further damage or is toxic and the cause of severe cellular dys-
function remains to be clarified (for review, see Layfield et al.,
2001; Taylor et al., 2002).

A loss of proteasomal function occurs in aging animals and
might contribute to neurodegenerative disease (Keller et al.,
2002). HSPs can be induced by direct impairment of the protea-
somal degradation pathway by proteasome inhibitors (Lee and
Goldberg, 1998; Ito et al., 2002; Goldbaum et al., 2003). The
present study was undertaken to elucidate whether proteasomal
inhibition in cultured oligodendrocytes causes the accumulation
of HSPs and ubiquitin and the formation of cytoplasmic inclu-
sions, as observed in neurodegenerative diseases with oligoden-
droglial pathology.

Materials and Methods

Materials and antibodies. Cell culture media were obtained from Invitro-
gen (Grand Island, NY). Okadaic acid, carbobenzoxy-L-leucyl-1-leucyl-
L-leucinal (MG-132), and lactacystin were purchased from Calbiochem
(Bad Soden, Germany). Taxol and GTP were obtained from Sigma (St.
Louis, MO).

For Western blot analysis the following tau antibodies were used as
described previously (Vogelsberg-Ragaglia et al., 2000), and the working
dilutions are given in parentheses: tau 17026 (1:1000), a
phosphorylation-independent rabbit polyclonal antibody made against
the largest human recombinant tau; monoclonal antibody (mAb) tau-1
(1:1000), specific for nonphosphorylated epitope located in amino acid
residues 189-209; mAb paired helical filament-1 (PHF-1; 1:500), specific
for phosphorylated serine 396/404; mAb 12E8 (1:250), specific for phos-
phorylated serine 262. The anti-a-tubulin mAb (1:1000) was obtained
from Sigma (Taufkirchen, Germany). HRP-conjugated anti-mouse IgG
was from Amersham Biosciences (Freiburg, Germany) and anti-rabbit
IgG from Bio-Rad (Munich, Germany). The mAb anti-ubiquitin (SPA-
203, 1:1000), mAb anti-aB-crystallin (SPA-222, 1:500), polyclonal anti-
HSP25 (SPA-801, 1:1000), and mAb anti-HSP70 (SPA-810, 1:1000) were
from StressGen (Victoria, BC, Canada). Polyclonal anti-poly(ADP-
ribose) polymerase (anti-PARP; H-250, 1:500) was from Santa Cruz
(Santa Cruz, CA).

Cell culture. Cells were kept at 37°C and 10% CO,. Primary cultures of
glial cells were prepared from the brains of 1- to 2-d-old Wistar rats, and
oligodendrocytes were prepared from the flasks after 6—8 d as described
previously (Goldbaum and Richter-Landsberg, 2002). Precursor cells
were replated on poly-L-lysine-coated culture dishes (2.7 X 10° cells/10
cm dish) and kept for 5-7 d in serum-free DMEM to which insulin (5
pmg/ml), transferrin (5 ug/ml), and sodium selenite (5 ng/ml) (Roche
Diagnostics, Mannheim, Germany) were added. These cultures contain a
highly enriched population of differentiated oligodendrocytes with a ma-
ture morphology.

Heat shock treatment. Culture dishes were sealed with Parafilm and
immersed for 30 min in a water bath at 44°C, as described (Goldbaum
and Richter-Landsberg, 2001). Thereafter, the cells were put into the
incubator for 18 hr of recovery. Control cells were sealed for 30 min but
remained in the incubator.

Oxidative stress. Oligodendrocytes were treated with hydrogen perox-
ide (50 um) for 30 min, the medium was replaced, and the cells were put
into the incubator for 18 hr of recovery.

Immunoblot analysis. Cellular monolayers of control and treated cells
were washed with PBS once, scraped off in sample buffer (125 mwm Tris,
pH 6.7, 1 mm EDTA, 1% B-mercaptoethanol, 10% glycerol) containing
2% SDS, and boiled for 10 min. Protein contents in the samples were
determined according to Neuhoff et al. (1979). For immunoblotting,
total cellular extracts (5-30 ug of protein/lane) were separated by one-
dimensional SDS-PAGE, using 7.5 or 12.5% polyacrylamide gels, and
transferred to nitrocellulose membranes (0.45 wm; Schleicher & Schuell,
Dassel, Germany). The blots were saturated with TBS-T (20 mwm Tris, pH
7.5, 136.8 mm NaCl, 0.1% v/v Tween 20) containing 5% dry milk and
incubated with the individual antibodies overnight at 4°C. After washing,
incubation with HRP-conjugated anti-mouse (1:2000; Amersham Bio-
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sciences, Hercules, CA) or anti-rabbit IgG (1:5000; Bio-Rad, Munich,
Germany) was performed for 1 hr, and the blots were visualized by the
enhanced chemiluminescence procedure as described by the manufac-
turer (Amersham Biosciences, Braunschweig, Germany). All experi-
ments were performed at least three times with similar results.

Sequential extraction. Sequential extraction of cellular proteins was
performed by using buffers with increasing abilities to solubilize pro-
teins: (1) high-salt buffer [HSB; containing (in mm): 10 Tris, 140 NaCl, 5
EDTA, 1 DTT, 1 PMSE plus 1.5 M KCl, pH 7.5]; (2) RIPA buffer [con-
taining (in mM): 50 Tris, 150 NaCl, 2 EDTA plus 0.5% deoxycholate,
0.1% SDS, 1% Triton X-100, pH 7.5]; (3) SDS-sample buffer (SB). Buft-
ers were supplemented with a mixture of protease inhibitors (Complete,
Roche Diagnostics) and 1 mm phenylmethylsulfonyl fluoride (PMSF).

Cells were scraped off in PBS and centrifuged (15 min; 13,000 rpm at
4°C); the resulting pellet was resuspended in HSB (200 wl/2.7 X 10°
cells), sonicated, and centrifuged (30 min; 22,000 rpm at 4°C). The HSB-
insoluble pellet was resuspended in 100 wl of RIPA, sonicated, and cen-
trifuged (30 min; 22,000 rpm at 4°C). The resulting fractions were sup-
plemented with SB and the pellet taken up in SB for immunoblot
procedure as described above. Equal amounts of control and MG-132-
treated samples were loaded.

Immunoprecipitation. Oligodendrocytes (6 X 10 cells) were washed
twice with PBS and scraped off. After centrifugation at 4000 rpm for 5
min, the cells were lysed (30 min at 4°C) in RIPA buffer supplemented
with a mixture of protease inhibitors (Roche Diagnostics) and 1 mm
PMSE. After centrifugation (13,000 rpm for 30 min) the protein concen-
trations of the resulting supernatants were determined. Equal amounts of
proteins in the same volume were used for further immunoprecipitation.
Cell lysates were centrifuged, and the remaining supernatants were incu-
bated with polyclonal antibody tau 17026 (1:100; 18 hr at 4°C). Thereat-
ter, protein A-Sepharose beads were added (5 mg/100 ul of cell lysate),
and the mixture was incubated for an additional 2 hr at 4°C. After cen-
trifugation the supernatant (SN) was removed for further analysis, and
the beads were washed four times for 10 min with lysis buffer, centri-
fuged, and boiled in sample buffer for 5 min, yielding the immunopre-
cipitate (IP). The SN and IP samples were separated by SDS-PAGE and
subjected to immunoblot procedure as described above.

Microtubule binding assay of tau and HSPs. To determine whether
MG-132 alters the interaction of tau or HSPs with tubulin in the MTs of
intact cells, we performed a MT binding assay as described (Goldbaum et
al,, 2003). Briefly, the cells were harvested in high-salt RAB buffer [con-
taining (in mm): 0.5 MgSO,, 1 EGTA, 2 dithiothreitol plus 0.1 m Tris and
0.75 M NaCl, pH 6.8] supplemented with 0.1% Triton X-100, 20 um
Taxol, 2 mM GTP, and a mixture of protease inhibitors (2 mm PMSF,
TPCK, TLCK, leupeptin, pepstatin, and soy bean trypsin inhibitor, each
at 1 ug/ml) at 37°C. Cell lysates were homogenized with 15 strokes in a
warm Dounce homogenizer and then immediately centrifuged for 20
min at 50,000 X gat 25°C. The supernatant containing unbound tau and
unbound HSPs was removed and the protein concentration determined.
The remaining pellet was resuspended in a 2X volume of sample buffer
corresponding to the total volume of supernatant after normalizing to
total protein. The samples were subjected to immunoblot analysis as
above. The ratio of tau and HSPs bound to MTs (P, pellet) versus soluble
or unbound tau (S, soluble) was assessed by comparing the immunore-
activities in these two fractions.

Immunofluorescence. Cells were cultured on poly-L-lysine-coated glass
coverslips (3.5 X 107 cells/35 mm dish) for 5 d in DMEM/supplement
and then subjected to MG-132 as indicated. After being washed with PBS,
the cells were fixed with methanol. The coverslips were washed three
times and incubated for 1 hr with rabbit polyclonal anti-tau 17026 anti-
bodies (1:1000), polyclonal anti-a-tubulin (1:100), mAb anti-ubiquitin
(FK-2, 1:200; Affiniti, Exeter, UK), mAb HSP70 (1:100), or mAb aB-
crystallin (SPA-222, 1:100). After being washed with PBS, the cells were
incubated for 1 hr with TRITC-conjugated (1:100) and FITC-conjugated
(1:100) secondary antibodies (Jackson ImmunoResearch, West Grove,
PA), washed with PBS, and mounted. Nuclei were stained by 4',6-
diamidino-2-phenylindole (DAPI; 1.5 ug/ml) included in the mounting
medium (Vectashield, Vector Laboratories, Burlingame, CA). Fluores-
cent labeling was studied with a Zeiss epifluorescence microscope
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(Oberkochen, Germany) equipped with a digi-
tal camera and a Plan-Neofluar objective
(100X).

Terminal  deoxynucleotidyl  transferase-
mediated dUTP nick end labeling staining. For
terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL)
staining the cells were cultured as described for
indirect immunofluorescence. After incubation
with MG-132 the cells were fixed with 4% para-
formaldehyde in PBS and permeabilized with
0.1% Triton X-100. Labeling was performed
with an in situ cell death detection kit as de-
scribed by the manufacturer (Roche Diagnos-
tics). Briefly, enzyme solution was mixed with
label solution (1:10), and the cells were incu-
bated with the resulting TUNEL reaction solu-
tion for 60 min at 37°C in a humidified atmo-
sphere in the dark. The coverslips were washed
three times and incubated for 1 hr with mouse
monoclonal  anti-aB-crystallin  antibodies
(SPA-222, 1:100) and mAb anti-HSP70 (SPA-
810, 1:100). After being washed with PBS, the
cells were incubated for 1 hr with TRITC-
conjugated (1:100) secondary antibodies,
washed with PBS, mounted, and studied as de-
scribed for indirect immunofluorescence.

Thioflavine S staining. Cells were fixed and
subjected to indirect immunofluorescence
staining as described above. Before mounting,
the coverslips were immersed in thioflavine S
solution (0.005%) for 5 min. Thereafter, the
cells were washed three times in ethanol (70%),
once in water, and then mounted.

MTT viability assay. To assess the cytotoxic
potential of the compounds, we performed the
MTT (tetrazolium) assay as described previ-
ously (Richter-Landsberg and Vollgraf, 1998).
Briefly, oligodendrocyte precursor cells were
prepared as described above, plated on poly-L-
lysine-coated 96-microwell cell culture plates
(2 X 10* cells/well), and grown for 7 d. Then
the growth medium was removed, and fresh
medium (100 ul/well) was added; the cells were
stressed and incubated for the indicated times.
Next 10 ul of MTT solution (5 mg/ml in PBS)
was added to the wells, containing 100 ul of
medium, and the plates were incubated for 4 hr.
Thereafter, 100 ul of a solubilization solution
(10% SDS in 0.01 M HCI) was added and incu-
bated overnight to dissolve the water-insoluble
formazan salt. Quantification was performed
with an ELISA reader at 595 nm, using a 655 nm
filter as a reference. Data are expressed as a percentage of the untreated
controls, and values represent the means = SD of eight microwells each
of three independent experiments (n = 24).

Assay for DNA fragmentation. Total genomic DNA was isolated from
cell pellets of oligodendrocytes (2.7 X 10° cells for each experimental
condition). DNA samples (5 ug) and a 1 kb DNA ladder standard (In-
vitrogen, Karlsruhe, Germany) were separated on 1.5% agarose gels, vi-
sualized by ethidium bromide staining, and photographed.

RNA extraction and reverse transcription. RNA from oligodendrocytes
(2.7 X 10° cells) was isolated with RNeasy (Qiagen, Hilden, Germany) as
described by the manufacturer for animal cells. RNA was dissolved in
diethylpyrocarbonate-treated (DEPC) water and quantified by spectro-
photometry. RNA (1 ug) was used for reverse transcription in a final
volume of 20 ul. First-strand synthesis was performed with 2 mm of each
dNTP, 12.5 pmol each of oligo-dT, s and random hexamer primer, 4 ul of
5X reaction buffer, 1 ul of dimethylsulfoxide (DMSO), and 200 U of

Figure 1.

Untreated control.
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Proteasomal inhibition causes apoptotic cell death in oligodendrocytes. A, Effect of MG-132 and lactacystin on cell
morphology. Oligodendroctyes (7 d in vitro, 7 DIV) were untreated ( a) or incubated with 10 M MG-132 (b) or 10 wum lactacystin
() for 18 hr. Hoffmann modulation contrast images are shown. Scale bar, 50 m. B, MTT survival assay of oligodendrocytes (7
DIV) exposed to proteasomal inhibitors. Cells were treated with MG-132 (1-10 wm), lactacystin (LG; 10 wum), or DMSO (DS; 0.1%),
which was used to solubilize both inhibitors. An MTT assay was performed after 18 hr of incubation. Co, Untreated control. Values
represent the means = SD of eight microwells each of three independent experiments (n = 24). (, DNA fragmentation after
proteasomal stress in oligodendrocytes. Oligodendrocytes (7 DIV) were treated with MG-132 (0.01-10 um, 18 hr) or lactacystin
(LG 10 pum, 18 hr). DNA was isolated and separated on 1.5% agarose gels, stained with ethidium bromide, and visualized under
UV light. M, 1 kb DNA ladder; ST, cells incubated in the presence of staurosporine (200 nu) for 18 hr; Co, untreated control. The
experiment was repeated several times with nearly identical results. D, Activation of caspase 3 as demonstrated by PARP cleavage.
Cells were treated with MG-132 (0.01-10 um, 18 hr) or lactacystin (LG; 10 um, 18 hr). Cell lysates were prepared and subjected to
immunoblot analysis by using antibodies against PARP. Arrow on the right indicates the 85 kDa PARP cleavage product. Co,

M-MLYV reverse transcriptase (Promega, Madison, WI). After a denatur-
ation step and incubation at 37°C for 1 hr, the reaction mixture was
diluted to 80 wl with DEPC-treated water and stored at —80°C. Subse-
quently, 1-2 ul was used for PCR analysis.

PCR and primers. Primers were synthesized by Pharmacia (Freiburg,
Germany) and were designed by using the PrimerSelect software (DNAS-
TAR, Madison, WI). For the analysis of HSPs the following oligonucleotides
were used: aB-crystallin, 5'-TGCAGTGACAGCAGGCTTCT-3" and 5'-
GAGAGCACCTGTTGGAGTCT-3" (Van Stipdonk et al., 2000); HSP32/
HO-1,5-AAGGAGGTGCACATCCGTGCA-3" and 5'-ATGTTGAGCAG-
GAAGGCGGTC-3" (Kutty et al., 1995); HSP70, 5'-AGCTGCTGC-
AGGACTTCTTC-3" (nt 1220-1239) and 5'-GCTGATCTTGCCCTT-
GAGAC-3" (nt 1847-1866); HSP25, 5'-GTTAAGACCAAGGAAG-
GCGTGG-3" and 5'-CTACTTGGCTCCAGACTGTTCC-3" (Suzuki et al.,
2001).

For the analysis of tau the following oligonucleotides (Miiller et al.,
1997) were used: 5'-CGCCAGGAGTTTGACACAATG-3’ (nt 52-72)
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Figure 2. Induction of heat shock proteins by proteasomal stress. a, Oligodendrocytes (7 DIV) were exposed to MG-132  plied antibodies against the following

(0.01-10 pum) or lactacystin (LG 0.1-10 pum) as indicated for 18 hr. Cell lysates were prepared and subjected to immunoblot
analysis by using antibodies against the following heat shock proteins: HSP70, HSP32, HSP25, aeB-crystallin, and ubiquitin and
antibodies against c-tubulin, as indicated on the right. b, Cells were treated with 1 um MG-132 for different time periods (1-18
hr) and analyzed by immunoblot with a panel of antibodies against the following heat shock proteins: HSP70, HSP32, HSP25,
aB-crystallin, ubiquitin, and c-tubulin. ¢, Comparison of proteasomal stress, heat shock, and oxidative stress. Oligodendrocytes
(7 DIV) were subjected to oxidative stress (0S; 50 um H,0, , 30 min, 18 hrrecovery), heat stress (HS; 44°C, 30 min, 18 hrrecovery),
orMG-132 (MG; 1 um, 18 hr). Cell lysates were analyzed by immunoblot procedure with antibodies against tubulin, PARP, HSP70,
aB-crystallin, and ubiquitin, as indicated on the right. Arrow on the right indicates the 85 kDa PARP cleavage product. Note that

only MG-132 leads to the accumulation of ubiquitinated proteins. Co, Untreated control.

and 5'-GAGATGTGTCCCCAGACACCA-3’ (nt 1967-1987). Number-
ing is according to the rat tau sequence from peripheral nervous system
(Goedert et al., 1992).

For the analysis of myelin basic protein (MBP) and a-tubulin genes the
following primers were used: MBP, 5'-GACCCTCACAGCGACACG-
GAT-3' (nt41-61) and 5'-CTGCTGAGGGACAGGCCTCTC-3’ (nt 336—
356) (Roach et al., 1983); a-tubulin, 5'-AGCTCTACTGCCTGG-
AACATG-3' (nt 131-151) and 5'-TAAGTTAGTGTAGGTTGGGCG-3’
(nt 727-747) (Lemischka et al., 1981). Control experiments were performed
with the following primers for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): 5'-CCCACGGCAAGTTCAACGGCA-3’ (nt 220-240) and 5'-
TGGCAGGTTTCTCCAGGCGGC-3' (nt 805-825) (Fort et al., 1985).

PCR reactions were performed as previously described (Richter-
Landsberg and Gorath, 1999) in a volume of 23 ul containing (in mm): 10
Tris-HCIL, pH 9.0, 50 KCI, 2 MgCl,, 0.2 of each dNTP plus 0.8 um of each
primer. After an initial denaturation for 2 min at 95°C, 2 ul of Tag-
polymerase (0.5 U/ul) was added. Then 25-32 cycles were performed in
a Biometra (Goettingen, Germany) Thermocycler, each consisting of 1
min denaturation at 95°C, 1 min primer annealing at 56—70°C, depend-
ing on the primer pair used, and 2 min elongation at 72°C. After a termi-
nal extension for 5 min at 72°C the reactions were stored at 4°C. Then 6
wl was used for analysis by agarose gel electrophoresis.

Results

Proteasome inhibitors cause apoptotic cell death

in oligodendrocytes

To inhibit proteasomal activity, we used MG-132, which belongs
to the class of peptide proteasome inhibitors. Additionally, in
some experiments we have applied lactacystin, which has been
described as a more specific inhibitor (Lee and Goldberg, 1998).
Both inhibitors at a concentration of 10 um within 18 hr caused
morphological damage in oligodendrocytes; cellular processes
disintegrated and membranous blebs, indicating apoptotic cell
death, were observed (Fig. 1A). Cell viability was determined by
using the MTT assay. Figure 1B shows that half-maximal cyto-
toxicity was exerted in the range of 10 um. DNA fragmentation
assay further confirms that MG-132 and lactacystin induced pro-
grammed cell death in oligodendrocytes (Fig. 1C). This effect was
observed after treatment with MG-132 with a concentration as
low as 0.1 um (Fig. 1C). MG-132- and lactacystin-induced apo-
ptotic cell death was accompanied by the activation of caspase 3,
which is a major player in the regulation of apoptosis. Caspase 3
activity could be demonstrated by the appearance of the 85 kDa

stress proteins: HSP70, HSP32, HSP25,
and aB-crystallin and antibodies against
ubiquitin. MG-132 and lactacystin in-
duced the accumulation of HSPs and
ubiquitin in a concentration-dependent
manner. After 18 hr of incubation maxi-
mal induction was observed after treat-
ment with MG-132 or lactacystin at a con-
centration of 1.0 or 10 uM, respectively
(Fig. 2a). Time course analysis further in-
dicates that the effects of MG-132 (1.0 um) on HSP and ubiquitin
accumulation were maximal after 18 hr (Fig. 2b). When different
stress situations were compared, e.g., oxidative stress (OS) ex-
erted by hydrogen peroxide (50 wum; 30 min, 18 hr recovery) or
heat shock (HS; 44°C; 30 min, 18 hr recovery), immunoblot anal-
ysis revealed that only the inhibition of proteasome activity by
MG-132, but not OS or HS, led to the accumulation of ubiquitin
in oligodendrocytes (Fig. 2c). MG-132 and HS also caused PARP
cleavage, which was observed after OS only to a very small extent
(Fig. 2¢). In contrast to MG-132 and HS, OS did not lead to the
induction of HSP70, as we have described previously (Goldbaum
and Richter-Landsberg, 2001).

MG-132 stimulates HSP mRNA synthesis

To test whether HSP induction by proteasomal inhibition is
caused by the accumulation of nondegradable protein or is also a
result of an increase in mRNA synthesis indicating the induction
of protein synthesis, we extracted total RNA from oligodendro-
cytes after various times of treatment with MG-132 (1 um). After
reverse transcription the resulting cDNA was subjected to semi-
quantitative PCR (RT-PCR). Reaction conditions were chosen
such that amplification was in a linear range, and amplification of
GAPDH was performed from each ¢cDNA to control for equal
loading of cDNA samples. Figure 3 demonstrates that MG-132
caused an increase in mRNA encoding HSP70, HSP32, HSP25,
and aB-crystallin, whereas the levels of MBP mRNA and of
a-tubulin mRNA remained at the control level. Similarly, the
level of tau mRNA did not change (Fig. 3). Quantitative evalua-
tion indicates that aB-crystallin mRNA was increased maximally
approximately ninefold after 18 hr of treatment, whereas HSP70
mRNA was induced maximally (eightfold) after 8 hr (Fig. 3¢).

MG-132 effects on cellular distribution of HSP70,
aB-crystallin, and ubiquitin

Indirect immunofluorescence was performed to determine the
cellular localization of HSP70 and aB-crystallin after proteasome
inhibition. Figure 4A demonstrates that MG132 (1 umMm, 18 hr)
caused the accumulation of HSP70 and aB-crystallin in the cell
body. Although the cell nuclei in cells with aB-crystallin upregu-
lation appeared normal (Fig. 4 Ae), HSP70 induction was accom-
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mRNA and MBP mRNA. g, Photographs of agarose gels. The PCR products representing the
different mRNAs are marked on the right. b, ¢, Quantitative evaluation. Experimental conditions
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panied by the occurrence of deformed nuclei, indicative of apo-
ptotic processes (Fig. 4Af). This was observable in all
experiments and all cells that were positive for HSP70. TUNEL
staining further corroborated this finding and demonstrates that
cells expressing HSP70 also were labeled by the TUNEL method,
indicative of extensive DNA degradation, whereas cells express-
ing aB-crystallin were negative (Fig. 4 B). MG-132 did not affect
all cells equally, as previously shown by MTT assay (Fig. 1 B); this
also is demonstrated by indirect immunofluorescence, showing
intact cells in the vicinity of affected cells upregulating HSPs (Fig.
4A). Affected cells were characterized by the presence of fewer
cell processes as compared with unaffected cells. Often only one
major cellular process was seen. MG-132 under the same condi-
tions caused the translocation of ubiquitin from the cell nuclei
and its upregulation and aggregate-like assembly (Fig. 4C). In
MG-132-treated cells ubiquitin-positive protein deposits accu-
mulated in the cell body and also were seen in the larger primary
cell extensions (Fig. 4C).

MG-132 causes tau dephosphorylation and the association of
aB-crystallin and ubiquitin with microtubules and tau
Because tau is the major component of inclusion bodies in
tauopathies and often colocalizes with HSPs, we have investi-
gated whether proteasome inhibition alters tau phosphorylation
and its interaction with microtubules and leads to an association
with HSPs. The effect of MG-132 on tau phosphorylation was
examined by using a panel of phosphorylation-dependent anti-
bodies against tau. Figure 5 demonstrates that MG-132 in a
concentration- and time-dependent manner caused the dephos-
phorylation of tau. This was detected prominently in the AT-8,
PHEF-1, and 12E8 epitopes, which previously have been shown to
be the major stress-affected phosphorylation sites in oligoden-
droglial tau (Goldbaum and Richter-Landsberg, 2002). In con-
trast to HS and OS, this effect was not transient but was observ-
able even 18 hr after the treatment (Fig. 5b). Similarly, lactacystin
caused the dephosphorylation of tau (Fig. 5a).

To investigate whether MG-132 caused the recruitment of
HSPs to the MTs, we isolated MTs from control and treated cells
after stabilization with Taxol. The presence of HSPs was deter-
mined in the pellet (MT fraction) and the supernatant (soluble
fraction) by Western blot procedure. Figure 6 shows that specif-
ically aB-crystallin and ubiquitin were detectable mainly in the
MT fraction, and HSP70, HSP32, and HSP25 were detected in
both. Also, MG-132-induced tau dephosphorylation was accom-
panied by an induction in tau-binding capacity (Fig. 6a), similar
to the effects observed after treatment with LiCl, an inhibitor of
glycogen synthase kinase (GSK3B) (Goldbaum et al., 2003).
Hence proteasomal inhibition caused the association of aB-
crystallin and ubiquitin with the cytoskeleton. This effect was not
observed when cells were treated with okadaic acid (OA; 50 nm,
18 hr) (Fig. 6a), leading to tau hyperphosphorylation and its
detachment from the MTs (Goldbaum et al., 2003; this study).

To assess whether aB-crystallin and/or ubiquitin directly in-
teract with tau and whether the phosphorylation state of tau af-

<«

were the same as in a. Agarose gels were photographed and scanned; the expression levels of
the individual mRNAs were determined and normalized to GAPDH expression by densitometric
evaluation. The levels of untreated control (Co) were set as 100%. For tau mRNA, primers were
used to determine total tau mRNA representing all six isoforms (Gorath et al., 2001). For MBP
mRNA, primers were used yielding two amplification products, either with exon 2 (+2; top
band) or without exon 2 (—2; bottom band). Data represent the mean == SD of three indepen-
dent experiments, and each three PCRs were performed with the resulting cDNA (n = 9).
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Figure 4.  Distribution of HSPs in oligodendrocytes after proteasomal inhibition. A, Effect of MG-132 on aB-crystallin and
HSP70. Oligodendrocytes were subjected to MG-132 (1 um) for 18 hr. Indirectimmunofluorescence staining was performed with
mADb anti-a-tubulin (red; a, b), mAb anti-aB-crystallin (green; c), or mAb HSP70 (green; d). e, f, Staining with DAPI (blue). g, h,
Overlay with DAPL. Scale bar, 20 pm. B, TUNEL staining. Oligodendrocytes were treated with MG-132 (1 wm, 18 hr); TUNEL
staining (b, e) was performed, followed by indirect immunofluorescence with antibodies against HSP70 () or aB-crystallin (f).
Nuclei were stained with DAPI (g, d). Scale bar, 25 wm. (, Effect of MG-132 on ubiquitin. Oligodendrocytes either were untreated
(a, ¢ e) ortreated with MG-132 (1 um, 18 hr; b, d, f). Indirectimmunofluorescence was performed with polyclonal anti-c-tubulin
(red; a, b) and mAb anti-ubiquitin (green; ¢, d). ¢, f, Overlay with DAPI. Scale bar, 20 um. Note that ubiquitin immunoreactivity
translocates from the cell nucleus to the cell body after proteasomal inhibition.
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Figure 5.  Proteasomal inhibition leads to dephosphorylation of tau proteins. g, Oligodendrocytes were treated with MG-132
(0.01-10 pum) or with lactacystin (LC; 0.1-10 wm) for 18 hr. Co, Untreated control. Cell lysates were analyzed by immunoblot
procedure with phosphorylation-independent antibody tau 17026, reacting with total tau, and a panel of phosphorylation-
dependent antibodies (tau-1, PHF-1, 12E8, AT-8) and antibodies against MBP, as indicated on the right. b, Oligodendrocytes
either were untreated (Co) or treated with T um MG-132 for the indicated times (1-18 hr). Cell lysates were prepared and
subjected to immunoblot analysis by using tau antibodies and antibodies against MBP, as in a.

J. Neurosci., June 23, 2004 - 24(25):5748 -5757 5753

fects this interaction, we performed coim-
munoprecipitation analysis. Cells were
treated with OA (25 nm, 6 hr), MG-132 (1
uM, 18 hr), or both in sequence. OA caused
hyperphosphorylation of tau specifically de-
tectable with 12E8 antibodies, the induction
of HSP32, and a slight induction of HSP70,
HSP25, aB-crystallin, and of ubiquitinated
proteins (Fig. 6b). Treatment with OA fol-
lowed by MG-132 led to further accumula-
tion of all HSPs studied, and
hyperphosphorylated tau remained promi-
nently expressed (Fig. 6b). Cell lysates of
control and treated cells were precipitated
with polyclonal tau 17026 antibodies. The
immunoprecipitates were separated by
SDS-PAGE and then subjected to immuno-
blot procedure, using antibodies against
ubiquitin, aB-crystallin, HSP25, HSP32,
and HSP70. Figure 6¢ depicts that tau was
precipitated successfully from the cell lysate.
Immunoprecipitated tau from MG-132-
treated cells was ubiquitinated (Fig. 6c¢),
and tau coimmunoprecipitated with
aB-crystallin (Fig. 6c¢), whereas HSP32
and tubulin remained in the supernatant.
Ubiquitinated tau was separated in the
molecular weight range of 66—45 kDa; ad-
ditionally, a high-molecular-weight spe-
cies was observed, possibly representing
poly-ubiquitinated and/or aggregated tau.
Small amounts of HSP70 and HSP25 also
were detectable in the immunoprecipitates
under these conditions. In the immuno-
precipitates of cell lysates derived from
control cells, the association of ubiquitin
or aB-crystallin with tau was not detect-
able. Similarly, tau hyperphosphorylation
by OA did not cause the association of
ubiquitin or aB-crystallin with tau (Fig.
6¢). Also, tau dephosphorylation by LiCl
(20 mM, 24 hr) did not lead to the presence
of either ubiquitin or aB-crystallin in the
immunoprecipitates (data not shown).
Hence proteasomal inhibition caused tau
ubiquitination and its association with aB-
crystallin, and this effect was not a conse-
quence of the phosphorylation status of tau.
Immunoprecipitation performed with anti-
bodies against aB-crystallin followed by
Western blot procedure with antibodies
against ubiquitin did not reveal the associa-
tion of ubiquitin with aB-crystallin (data not
shown); hence ubiquitin that is associated
with the tau immunoprecipitate is not at-
tributable to ubiquitinated aB-crystallin.

MG-132 leads to an increase of
ubiquitin and tau in the RIPA buffer
insoluble fraction

Cells were treated with MG-132 (1 um, 18
hr) and extracted with buffers with in-
creasing protein solubilization abilities,
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i.e., HSB, RIPA, and SDS-sample buffer a)

(see Materials and Methods). Western blot

analysis revealed that MG-132 increased
the insolubility of tau. The majority of tau

i

is extractable with HSB. After MG-132
treatment an increased amount (10-15%
more than in the control) remained insol-

uble and was found in the pellet remaining
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after extraction with RIPA; it could be sol- - -—
ubilized only in SDS-sample buffer (Fig. e
7). aB-Crystallin was not detectable in the ' h

HSB and RIPA fractions but only in the |
SDS-sample buffer extract, whereas b
HSP70 was present in all three. Ubiquitin

was not detectable in HSB and mainly SC op so ; SMGP
present in the SDS-sample buffer extract.

Hence tau, which was insoluble in high salt  Figures.

and RIPA buffer containing Triton X-100
and soluble only in SDS-sample buffer,
was found together with ubiquitin and
aB-crystallin in the least soluble fraction
(Fig. 7).

MG-132 induces the occurrence of
thioflavine S-positive cytoplasmic
inclusions that colocalize with
ubiquitin, aB-crystallin, and tau

To investigate whether proteasomal inhi-
bition leads to aggregate formations simi-
lar to those observed in neurodegenerative
diseases, we performed indirect immuno-
fluorescence with mADb antibodies to ubiquitin, followed by thio-
flavine S staining. Thioflavine S is a histochemical dye specifically
binding to crossed B-pleated sheet structures that is used to iden-
tify fibrillary protein aggregates. Figure 8 A demonstrates that
MG-132-induced ubiquitin accumulations in oligodendrocytes
also were labeled by thioflavine S, indicating the presence of fila-
mentous, misfolded proteins. These thioflavine S-positive aggre-
gates also contained tau, as indicated by indirect immunofluores-
cence staining with polyclonal tau antibodies (Fig. 8 B). Intense
staining was observed mainly in one of the major cell processes
and the adjacent cytoplasm; the staining pattern resembled that
observed in coiled bodies (Goldbaum et al., 2003). Indirect im-
munofluorescent double staining performed with anti-tau and
anti-ubiquitin antibodies, furthermore, indicated that tau and
ubiquitin were colocalized in the aggregates (Fig. 8C). Also, aB-
crystallin immunoreactivity was present in thioflavine S-positive
protein deposits (Fig. 8 D). Hence in oligodendrocytes the thio-
flavine S-positive protein aggregates can be induced by MG-132,
and these inclusions contain tau protein, aB-crystallin, and ubiq-
uitin (Fig. 8).

Discussion

Inclusion body pathology in a variety of neurodegenerative dis-
orders originating in nerve cells or glia is demonstrated in many
studies by immunohistochemical detection of ubiquitin and
HSPs. The presence of HSPs, which initially may serve a protec-
tive role, points to the involvement of stress situations during
pathogenesis (for review, see Layfield et al., 2001; Richter-
Landsberg and Goldbaum, 2003). Inclusion bodies, furthermore,
are characterized by the presence of specific misfolded cellular
proteins. Although a-synuclein is the major constituent of Lewy
bodies in Parkinson’s Disease, in AD and other tauopathies de-
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Proteasomal stress leads to the association of aB-crystallin and ubiquitin with microtubules and tau. 4, Microtubule
binding assay. Oligodendrocytes were untreated (Co) or treated with the protein phosphatase inhibitor okadaicacid (0A; 50 nm, 18
hr) or with MG-132 (MG; 1 um, 18 hr). Cell lysates were separated into cytoskeletal (P) and soluble fractions (S) after MT assembly
and were subjected to immunoblot analysis by using polyclonal tau 17026, mAb 12E8, mAb anti-c-tubulin, and a panel of
antibodies to the following heat shock proteins: HSP70, HSP32, HSP25, and aB-crystallin. OA leads to the hyperphosphorylation
of tau proteins and to its detachment from the MTs, as indicated by an increase of tau in the soluble (S) and a decrease in the
cytoskeletal (P) fraction. MG-132 increases the binding affinity of tau to MTs, as indicated by an increase of tau in the cytoskeletal
fraction (P). HSP25, aB-crystallin, and ubiquitin are found predominantly to be associated with the cytoskeleton, whereas HSP70
is present mainly in the soluble fraction; HSP32 is present in both. b, ¢, MG-132 leads to the ubiquitination of tau and to its
association with aB-crystallin. Oligodendrocytes were untreated (Co), treated with okadaic acid (OA; 25 nm, 6 hr), with MG-132
(MG; T pm, 18 hr), or with OA (25 nw, 6 hr), followed by 18 hr of incubation with MG-132 (OA+MG). Cell lysates were subjected
toimmunoblot procedure by using a panel of different antibodies as indicated on the right ( ). Inmunoprecipitation of cell lysates
was performed with anti-tau 17026 antibodies ( ¢). The immunoprecipitate (IP) and the remaining supernatant (SN) were sub-
jected toimmunoblot analysis by using antibodies against ubiquitin and against c-tubulin and a panel of antibodies against HSPs,
asindicated on the right (c). Note that tau is ubiquitinated and associated with a:B-crystallin only after treatment with MG-132.

posits of fibrillary tau are prominent in neuronal and glial cells
(Goedert et al., 1998; Lee et al., 2001). Inhibition of the proteaso-
mal pathway contributes to the accumulation of ubiquitinated
proteins and aggregates, caused by their impaired clearance, and
also may lead to HSP induction (Lee and Goldberg, 1998).

Here we show that proteasomal inhibition by MG-132 and
lactacystin in oligodendrocytes leads to apoptotic cell death and
to the induction of HSPs in a time- and concentration-dependent
manner. Specifically, aB-crystallin, which is a consistent constit-
uent of glial cell inclusions (Chin and Goldman, 1996; Goldbaum
etal., 2003), and ubiquitin were upregulated. MG-132 caused the
dephosphorylation of tau and a decrease in its solubility. Further-
more, proteasomal inhibition led to ubiquitination of tau, its
association with aB-crystallin, and the occurrence of thioflavine
S-positive aggregates in the oligodendroglial cytoplasm. These
aggregates were positive for tau and also contained ubiquitin and
aB-crystallin; hence they resembled glial cytoplasmic inclusions
observed in white matter diseases and FTDP-17.

Proteolytic stress-induced tau dephosphorylation in oligo-
dendrocytes was detected by tau-1, 12E8, and PHF-1 antibodies
and thus occurred at similar epitopes as previously described for
the effects of HS and OS in oligodendrocytes (Goldbaum and
Richter-Landsberg, 2002). However, in contrast to HS and OS,
the dephosphorylation of tau was not transient, but prominent,
even after 18 hr of treatment. The biological activity of tau is
regulated by phosphorylation. Dephosphorylation, specifically in
the flanking domains of the MT binding repeats, stabilizes the
MT network (Johnson and Hartigan, 1998; Buée et al., 2000).
Hyperphosphorylation of tau has been connected with its patho-
logical aggregation. Phosphorylation at Ser®®?, which is recog-
nized by the 12E8 antibody, strongly reduces tau affinity to MTs
and leads to its detachment. On the other hand, tau phosphory-
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Figure 7.  MG-132 alters the solubility of tau. Oligodendrocytes were treated with MG-132
(MG; 1 m, 18 hr) and extracted with buffers of increasing protein solubilization ability, namely
HSB, RIPA, and SDS-sample buffer (see Materials and Methods). Co, Untreated control. Note
that after treatment with MG-132 the amount of tau and ubiquitin is increased in the least
soluble fraction (SB). Also, aeB-crystallin is detectable only in the SB fraction.

lation at the same site might protect tau against aggregation and
may stabilize tau against proteolytic degradation (Schneider et
al., 1999; Krishnamurthy et al., 2000). It might be speculated that
tau dephosphorylation leading to an increased M T binding activ-
ity, which occurs in oligodendrocytes after thermal and oxidative
stress (Goldbaum and Richter-Landsberg, 2002) and, as shown in
this study, also after proteolytic stress, initially is an attempt to
stabilize the MT network.

Microtubule binding assay further demonstrated that aB-
crystallin and ubiquitin bind to the MTs and were detectable only
barely in the cytoplasmic fraction. Thus proteasomal inhibition
caused the recruitment of ubiquitin and the small HSP oB-
crystallin to the cytoskeleton and induced its specific interaction
with tau, as shown by coimmunoprecipitation. Proteasome-
mediated degradation of tau has been observed in several studies
(Canu et al., 2000; Cardozo and Michaud, 2002; David et al.,
2002; Goldbaum et al., 2003); however, this has been attributed to
degradation by the 20S proteasomes without the requirement of
ubiquitination (David et al., 2002). Our study demonstrates for
the first time that proteasomal impairment leads to tau ubiquiti-
nation. This effect most likely was caused by the accumulation of
misfolded tau protein and was not related merely to the altered
phosphorylation state of tau, because it was not observed after
treatment with okadaic acid, leading to tau hyperphosphoryla-
tion, or treatment with LiCl, leading to tau dephosphorylation.
This assumption is sustained further by the present finding that
MG-132 led to an increase in the proportion of Triton X-100-
insoluble tau.
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Figure 8. Proteasomal stress leads to the formation of ubiquitin- and thioflavine S-positive
inclusions containing aeB-crystallin. Oligodendrocytes either were untreated (Co) or subjected
to MG-132 (1 pm) for 18 hr. Scale bars, 20 m. A, Presence of ubiquitin in inclusions bodies.
Indirect immunofluorescence was performed with monoclonal anti-ubiquitin (red; g, d), fol-
lowed by thioflavine S staining (green; b, ). ¢, f, Overlay with nuclear DAPI staining (blue). a—c,
Untreated control; d—f, MG-132-treated cells. B, Presence of tau in inclusion bodies. Indirect
immunofluorescence with polyclonal anti-tau 17026 (g, d), followed by thioflavine S staining
(green; b, e). ¢, f, Overlay with nuclear DAPI staining (blue). a— ¢, Untreated control; d—f, MG-
132-treated cells. , Colocalization of tau and ubiquitin in the inclusion bodies. Indirect immu-
nofluorescence double staining was performed with polyclonal anti-tau 17026 (red; g, d) and
monoclonal anti-ubiquitin (green; b, e). ¢, f, Overlay with nuclear DAPI staining (blue). a—c,
Untreated control; d—f, MG-132-treated cells. D, Presence of aeB-crystallin in inclusion bodies.
Indirectimmunofluorescence was performed with mAb aB-crystallin (red; a), followed by thio-
flavine S staining (green; b). ¢, Overlay with nuclear DAPI staining (blue).
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The accumulation of misfolded proteins leads to the activa-
tion of the ubiquitin—proteasome pathway (Glickman and Ciec-
hanover, 2002). Proteasomal inhibitors and other stressors,
which impair this system, cause the upregulation of HSPs and
ubiquitin. HSPs constitute the major cellular defense against un-
folded proteins (for review, see Sherman and Goldberg, 2001),
and their expression is connected to the protection of neural cells
(for review, see Richter-Landsberg and Goldbaum, 2003). HSPs
and ubiquitinated proteins detected in inclusion bodies, on the
one hand, point to an unsuccessful attempt by the ubiquitin—
proteasomal machinery to remove abnormal proteins. On the
other hand, ubiquitin might be involved in protective mecha-
nisms by surface-coating hydrophobic domains of protein aggre-
gates, thereby preventing further growth of the aggregates or in-
teractions with other cell constituents such as the cytoskeleton, as
has been suggested by Gray (2001). Multi-ubiquitin chains of at
least four subunits are required for substrate recognition of the
26S proteasome (Pickart, 2000), whereas modification of pro-
teins by single or short ubiquitin chains might be a regulator of
the location and cellular activity (Hicke, 2001). In PHFs tau
mono-ubiquitination seems to be predominant (Morishima-
Kawashima et al., 1993). It remains to be established whether
proteasome inhibition leads to mono- or poly-ubiquitination of
tau in oligodendrocytes.

aB-Crystallin belongs to the group of small HSPs that have
physiological roles as modulators of the cytoskeleton (Liang and
MacRae, 1997; Head and Goldman, 2000). In the CNS aB-
crystallin is primarily inducible in oligodendrocytes (Goldbaum
and Richter-Landsberg, 2001) and has been connected to inclu-
sion body formation (Head and Goldman, 2000). It is the major
component of Rosenthal fibers, the characteristic inclusion bod-
ies found in astrocytes of patients with Alexander’s disease, and is
involved in the modulation of intermediate filament organiza-
tion under conditions of physiological stress and neurodegenera-
tive disease (Head and Goldman, 2000). Oligodendrocytes do not
have intermediate filaments but are rich in MTs that maintain the
cellular morphology and provide the basis for intracellular trans-
port processes (Richter-Landsberg, 2001). Here we show that
aB-crystallin is recruited to the cytoskeleton and directly inter-
acts with tau, possibly to prevent MT disorganization and tau
aggregation. Hence aB-crystallin, which has chaperone activity,
might be involved in the protection of the MT network, as has
been suggested previously (Arai and Atomi, 1997; Goldbaum et
al., 2003), and inclusion body formation is a later stage of the
pathogenic response.

Our data further show that proteasomal inhibition by MG-
132 or lactacystin in oligodendrocytes caused the onset of pro-
grammed cell death, which was accompanied by activation of the
caspase pathway. Oligodendrocytes are metabolically most active
cells (Pfeiffer et al., 1993); the maintenance of the myelin sheath
makes the energy requirement two- to threefold higher than
other brain cells (Connor and Menzies, 1996), and an effective
protein quality control system appears to be essential for oligo-
dendroglial functions and survival. As indicated by the present
study, the chronic impairment of the ubiquitin—proteasome
pathway cannot be counteracted by the induction of HSPs. Spe-
cifically, the increase and association of the chaperone aB-
crystallin with tau and the MTs fail to rescue the cells. Also, oli-
godendrocytes are not protected by upregulation of HSP70,
which in other cellular models and transgenic mice has been
shown to prevent tau aggregation and promoted tau binding to
MTs (Dou et al., 2003). It might be speculated that the long-term
inhibition of the proteasome system, leading to the continuous
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presence of misfolded proteins and upregulation of HSPs, de-
pletes the cells of chaperone activity and contributes to cell death.
Furthermore, although the neurotoxic mechanisms of aggregate
formation remain controversial, intracellular fibrillary protein
deposits can impair intracellular trafficking and disturb cell mor-
phology, which eventually has deleterious consequences.

To summarize, the present data indicate that proteasomal in-
hibition in oligodendrocytes causes the upregulation of HSPs and
the accumulation of ubiquitinated proteins, including tau. Tau
dephosphorylation and the specific stress-induced interaction of
aB-crystallin with the cytoskeleton possibly represent a protec-
tive means; however, this is unsuccessful, and continuous protea-
somal stress leads to a severe disturbance of the MT network and
tau-positive inclusion bodies are formed. Hence the impairment
of the ubiquitin—proteasome pathway is linked to oligodendro-
glial cell death and inclusion body formation and might contrib-
ute to neurodegenerative diseases with glial cell pathology.

References

Alves-Rodrigues A, Gregori L, Figueiredo-Pereira ME (1998) Ubiquitin,
cellular inclusions, and their role in neurodegeneration. Trends Neurosci
12:516-520.

Arai H, Atomi Y (1997) Chaperone activity of aB-crystallin suppresses tu-
bulin aggregation through complex formation. Cell Struct Funct
22:539-544.

Berry RW, Quinn B, Johnson N, Binder LI (2001) Pathological tau accumu-
lations in neurodegenerative disease: review and case report. Neurochem
Int 39:469-479.

Buée L, Bussiere T, Buée-Scherrer V, Delacourte A, Hof PR (2000) Tau
protein isoforms, phosphorylation, and role in neurodegenerative disor-
ders. Brain Res Rev 33:95-130.

Canu N, Barbato C, Ciotti MT, Serafino A, Dus L, Calissano P (2000) Pro-
teasome involvement and accumulation of ubiquitinated proteins in cer-
ebellar granule neurons undergoing apoptosis. ] Neurosci 20:589-599.

Cardozo C, Michaud C (2002) Proteasome-mediated degradation of tau
proteins occurs independently of the chymotrypsin-like activity by a non-
processive pathway. Arch Biochem Biophys 408:103-110.

Chin SS-M, Goldman JE (1996) Glial inclusions in CNS degenerative dis-
eases. ] Neuropathol Exp Neurol 55:499-508.

Connor JR, Menzies SL (1996) Relationship ofiron to oligodendrocytes and
myelination. Glia 17:83-93.

David DC, Layfield R, Serpell L, Narain Y, Goedert M, Spillantini MG (2002)
Proteasomal degradation of tau protein. ] Neurochem 83:176-185.

Dou F, Netzer WJ, Tanemura K, Li F, Hartl U, Takashima A, Gouras GK,
Greengard P, Xu H (2003) Chaperones increase association of tau pro-
tein with microtubules. Proc Natl Acad Sci USA 100:721-726.

Fort P, Marty L, Piechaczyk M, el Sabrouty S, Dani C, Jeanteur P, Blanchard
JM (1985) Various rat adult tissues express only one major mRNA spe-
cies from the glyceraldehyde-3-phosphate-dehydrogenase multigenic
family. Nucleic Acids Res 13:1431-1442.

Glickman MH, Ciechanover A (2002) The ubiquitin—proteasome proteo-
Iytic pathway: destruction for the sake of construction. Physiol Rev
82:373-428.

Goedert M, Spillantini MG, Crowther RA (1992) Cloning of a big tau
microtubule-associated protein characteristic of the peripheral nervous
system. Proc Natl Acad Sci USA 89:1983-1987.

Goedert M, Spillantini MG, Davies SW (1998) Filamentous nerve cell inclu-
sions in neurodegenerative diseases. Curr Opin Neurobiol 8:619-632.

Goldbaum O, Richter-Landsberg C (2001) Stress proteins in oligodendro-
cytes: differential effects of heat shock and oxidative stress. ] Neurochem
78:1233-1242.

Goldbaum O, Richter-Landsberg C (2002) Activation of PP2A-like phos-
phatase and modulation of tau phosphorylation accompany stress-
induced apoptosis in cultured oligodendrocytes. Glia 40:271-282.

Goldbaum O, Oppermann M, Handschuh M, Dabir D, Zhang B, Forman MS,
Trojanowski JQ, Lee VM-Y, Richter-Landsberg C (2003) Proteasome
inhibition stabilizes tau inclusions in oligodendroglial cells that occur
after treatment with okadaic acid. ] Neurosci 23:8872—8880.

Gorath M, Stahnke T, Mronga T, Goldbaum O, Richter-Landsberg C (2001)



Goldbaum and Richter-Landsberg ¢ Proteasome Inhibition in Oligodendrocytes

Developmental changes of tau protein and mRNA in cultured rat brain
oligodendrocytes. Glia 36:89-101.

Gray DA (2001) Damage control—a possible non-proteolytic role for ubiq-
uitin in limiting neurodegeneration. Neuropathol Appl Neurobiol
27:89-94.

Head MW, Goldman JE (2000) Small heat shock proteins, the cytoskeleton
and inclusion body formation. Neuropathol Appl Neurobiol 26:304-312.

Hicke L (2001) Protein regulation by monoubiquitination. Nat Rev Mol
Cell Biol 2:195-201.

Ito H, Kamei K, Iwamamoto I, Inaguma Y, Garcia-Mata R, Sztul E, Kato K
(2002) Inhibition of proteasomes induces accumulation, phosphoryla-
tion, and recruitment of HSP27 and aB-crystallin to aggresomes. J Bio-
chem 131:593-603.

Johnson GVW, Hartigan JA (1998) Tau protein in normal and Alzheimer’s
disease brain: an update. Alzheimers Dis Rev 3:125-141.

Keller JN, Gee J, Ding Q (2002) The proteasome in brain aging. Ageing Res
Rev 1:279-293.

Komori T (1999) Tau-positive glial inclusions in progressive supranuclear
palsy, corticobasal degeneration, and Pick’s disease. Brain Pathol
9:663—-679.

Kopito RR (2000) Aggresomes, inclusion bodies, and protein aggregation.
Trends Cell Biol 10:524-530.

Krishnamurthy PK, Mays JL, Bijur GN, Johnson GVW (2000) Transient
oxidative stress in SH-SY5Y human neuroblastoma cells results in caspase
dependent and independent cell death and tau proteolysis. ] Neurosci Res
61:515-523.

Kutty RK, Kutty G, Wiggert B, Chader GJ, Darrow RM, Organisciak DT
(1995) Induction of heme oxygenase 1 in the retina by intense visible
light: suppression by the antioxidant dimethylthiourea. Proc Natl Acad
Sci USA 92:1177-1181.

Lantos PL (1998) The definition of multiple system atrophy: a review of
recent developments. ] Neuropathol Exp Neurol 57:1099-1111.

Layfield R, Alban A, Mayer RJ, Lowe J (2001) The ubiquitin protein cata-
bolic disorders. Neuropathol Appl Neurobiol 27:171-179.

Lee DH, Goldberg AL (1998) Proteasome inhibitors: valuable new tools for
cell biologists. Trends Cell Biol 8:397-403.

Lee VM-Y, Goedert M, Trojanowski JQ (2001) Neurodegenerative tauopa-
thies. Annu Rev Neurosci 24:1121-1159.

Lemischka IR, Farmer S, Racaniello VR, Sharp PA (1981) Nucleotide se-
quence and evolution of a mammalian a-tubulin messenger RNA. ] Mol
Biol 151:101-120.

Liang P, MacRae TH (1997) Molecular chaperones and the cytoskeleton.
J Cell Sci 110:1431-1440.

Morishima-Kawashima M, Hasegawa M, Takio K, Suzuki M, Titani K, Thara
Y (1993) Ubiqutin is conjugated with amino-terminally processed tau
in paired helical filaments. Neuron 10:1151-1160.

Miiller R, Heinrich M, Heck S, Blohm D, Richter-Landsberg C (1997) Ex-
pression of microtubule-associated proteins MAP2 and tau in cultured rat
brain oligodendrocytes. Cell Tissue Res 288:239—-249.

Murayama S, Arima K, Nakazato Y, Satoh J, Oda M, Inose T (1992) Immu-

J. Neurosci., June 23, 2004 - 24(25):5748 -5757 5757

nocytochemical and ultrastructural studies of neuronal and oligodendro-
glial cytoplasmic inclusions in multiple system atrophy. 2. Oligodendro-
glial cytoplasmic inclusions. Acta Neuropathol (Berl) 84:32-38.

Neuhoff V, Philipp K, Zimmer HG, Mesecke S (1979) A simple, versatile,
sensitive and volume-independent method for quantitative protein deter-
mination which is independent of other external influences. Hoppe Sey-
lers Z Physiol Chem 360:1657-1670.

Pfeiffer SE, Warrington AE, Bansal R (1993) The oligodendrocyte and its
many cellular processes. Trends Cell Biol 3:191-197.

Pickart CM (2000) Ubiquitin in chains. Trends Biol Sci 25:544 -548.

Richter-Landsberg C (2001) Organization and functional roles of the cy-
toskeleton in oligodendrocytes. Microsc Res Tech 53:628—636.

Richter-Landsberg C, Goldbaum O (2003) Stress proteins in neural cells:
functional roles in health and disease. Cell Mol Life Sci 60:337-349.

Richter-Landsberg C, Gorath M (1999) Developmental regulation of alter-
natively spliced isoforms of mRNA encoding MAP2 and tau in rat brain
oligodendrocytes during culture maturation. ] Neurosci Res 56:259-270.

Richter-Landsberg C, Vollgraf U (1998) Mode of cell injury and death after
hydrogen peroxide exposure in cultured oligodendroglia cells. Exp Cell
Res 244:218-229.

Roach A, Boylan K, Horvath S, Prusiner SB, Hood LE (1983) Characteriza-
tion of cloned ¢cDNA representing rat myelin basic protein: absence of
expression in brain of shiverer mutant mice. Cell 34:799—806.

Schneider A, Biernat J, Von Bergen M, Mandelkow E, Mandelkow EM
(1999) Phosphorylation that detaches tau protein from microtubules
(Ser?°'/Ser*'*) also protects it against aggregation into Alzheimer paired
helical filaments. Biochemistry 38:3549—-3558.

Schwartz AL, Ciechanover A (1999) The ubiquitin—proteasome pathway
and pathogenesis of human diseases. Annu Rev Med 50:57-74.

Sherman MY, Goldberg AL (2001) Cellular defenses against unfolded pro-
teins: a cell biologist thinks about neurodegenerative diseases. Neuron
29:15-32.

Suzuki S, Li A-J, Ishisaki A, Hou X, Hasegawa M, Fukumura M, Akaike T,
Imamura T (2001) Feeding suppression by fibroblast growth factor-1 is
accompanied by selective induction of heat shock protein 27 in hypotha-
lamic astrocytes. Eur ] Neurosci 13:2299-2308.

Taylor JP, Hardy J, Fischbeck KH (2002) Toxic proteins in neurodegenera-
tive disease. Science 296:1991-1995.

Tu PH, Galvin JE, Baba M, Giasson B, Tomita T, Leight S, Nakajo S, Iwatsuho
T, Trojanowski JQ, Lee VM-Y (1998) Glial cytoplasmic inclusions in
white matter oligodendrocytes of multiple system atrophy brains contain
insoluble a-synuclein. Ann Neurol 44:415-422.

Van Stipdonk MJB, Willems AA, Plomp AC, Van Noort JM, Boog CJP
(2000) Tolerance controls encephalitogenicity of aB-crystallin in the
Lewis rats. ] Neuroimmunol 102:103-111.

Vogelsberg-Ragaglia V, Bruce J, Richter-Landsberg C, Zhang B, Hong M,
Trojanowski JQ, Lee VM-Y (2000) Distinct FTDP-17 missense muta-
tions in tau produce tau aggregates and other pathological phenotypes in
transfected CHO cells. Mol Biol Cell 11:4093—4104.



