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(Bacl(ground: Ubiquilin-1 may contribute to the development of Alzheimer disease; however, the mechanisms are unclear.
Results: Ubiquilin-1 functions as a molecular chaperone, binding to and preventing the aggregation of amyloid precursor

Conclusion: The molecular chaperone function of ubiquilin-1 contributes to amyloid precursor protein biosynthesis and

Significance: Decreased quality control of amyloid precursor protein by ubiquilin-1 may contribute to late onset Alzheimer

J

Alzheimer disease (AD) is associated with extracellular depo-
sition of proteolytic fragments of amyloid precursor protein
(APP). Although mutations in APP and proteases that mediate
its processing are known to result in familial, early onset forms
of AD, the mechanisms underlying the more common sporadic,
yet genetically complex forms of the disease are still unclear.
Four single-nucleotide polymorphisms within the ubiquilin-1
gene have been shown to be genetically associated with AD,
implicating its gene product in the pathogenesis of late onset
AD. However, genetic linkage between ubiquilin-1 and AD has
not been confirmed in studies examining different populations.
Here we show that regardless of genotype, ubiquilin-1 protein
levels are significantly decreased in late onset AD patient brains,
suggesting that diminished ubiquilin function may be a com-
mon denominator in AD progression. Our interrogation of
putative ubiquilin-1 activities based on sequence similarities to
proteins involved in cellular quality control showed that ubiqui-
lin-1 can be biochemically defined as a bona fide molecular
chaperone and that this activity is capable of preventing the
aggregation of amyloid precursor protein both in vitro and in
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live neurons. Furthermore, we show that reduced activity of
ubiquilin-1 results in augmented production of pathogenic
amyloid precursor protein fragments as well as increased neu-
ronal death. Our results support the notion that ubiquilin-1
chaperone activity is necessary to regulate the production of
APP and its fragments and that diminished ubiquilin-1 levels
may contribute to AD pathogenesis.

Extracellular deposition and aggregation of enzymatically
cleaved fragments of amyloid precursor protein (APP)* are
hallmarks of Alzheimer disease (AD). In normal physiology,
full-length APP is cleaved by a series of enzymes known as
secretases. Sequential cleavage of APP by 3-secretase followed
by vy-secretase generates the APP intracellular domain (AICD)
(1) and several extracellular fragments, including amyloido-
genic A3 peptides. There are multiple y-secretase cleavage sites
within APP that allow the production of various A3 fragments
of different lengths (2). The two major AB peptides differ in
length by two residues, with the longer AB,, peptide being
more amyloidogenic than AB,, (3). Distinct mutations in APP
and the secretases are associated with increased amyloidogen-
esis and have been linked to early onset familial forms of the
disease (4). The pathogenesis of the more common sporadic
late onset form of the disease, however, is still unclear.

Recently, genetic studies have linked the UUBQLNI gene
(which encodes the ubiquilin-1 protein) to late onset AD (5, 6).
These studies have suggested that alterations in the levels of
full-length or splice variants of ubiquilin-1, caused by the pres-
ence of particular SNPs in its promoter or intron regions,
respectively, may be related to the development of late onset
AD (5-7). However, similar analyses with different populations

“The abbreviations used are: APP, amyloid precursor protein; AD, Alzheimer
disease; SNP, single-nucleotide polymorphism; AICD, APP intracellular
domain; UBL, ubiquitin-like; UBA, ubiquitin-associated; CS, citrate syn-
thase; FL, firefly luciferase; AFM, atomic force microscopy; PI, propidium
iodide; PS, presenilin.
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have found weak (8) or no (9 -15) associations. These discrep-
ancies may be explained, at least partially, by the presence of as
yet uncharacterized SNPs throughout and beyond the ubiqui-
lin-1 locus that modulate its production (and that of putative
functional variants).

Ubiquilin-1 is a ~63-kDa multi-domain protein that is a
member of the UBL-UBA family of proteins, which contain a
ubiquitin-like (UBL) domain at the N terminus and a ubiquitin-
associated (UBA) domain at the C terminus. The UBL domain
has structural homology to ubiquitin and has been shown to
bind the S5a subunit of the 19 S proteasome cap (16, 17). The
UBA domain has been shown to interact directly with ubiquitin
(18-20). One functional model suggests that UBL-UBA pro-
teins promote protein degradation by serving as shuttles that
link ubiquitinated substrates to the proteasome (16). However,
ubiquilin and its homologs have also been shown to stabilize a
number of proteasome substrates (21-25), suggesting that the
functions of this class of UBL-UBA proteins may be alterna-
tively switched by additional regulatory mechanisms. The cen-
tral region of ubiquilin-1 contains two regions of similarity to
the co-chaperone Sti-1 (also known as Hop). Sti-1 domains
mediate hydrophobic protein-protein interactions and may
possess intrinsic chaperone activity (26, 27).

Here we show that ubiquilin-1 protein levels in AD patient
brains are decreased in Braak stages II-VI compared with stage
I, an index of the extent of pathological changes. Ubiquilin-1
was found to possess intrinsic molecular chaperone activity and
protect against the aggregation of AICD in vitro and APP in
vivo. Furthermore, decreased ubiquilin-1 levels resulted in
increased pathogenic processing of APP and subsequent cell
death. Our results are consistent with the notion that ubiqui-
lin-1 chaperone activity regulates APP biosynthesis and pro-
cessing and that diminished ubiquilin-1 levels may contribute
to late onset AD pathogenesis.

EXPERIMENTAL PROCEDURES

AD Brain Samples—Human frontal cortex samples were
obtained from the Joseph and Kathleen Bryan Alzheimer’s Dis-
ease Research Center (Duke University Medical Center) (28),
genotyped by the Molecular Genomics Core at the University of
Texas Medical Branch, and analyzed by SDS-PAGE and West-
ern blotting. The ubiquilin-1 protein level was normalized to
o/ B-tubulin. All work with human tissues was approved by the
Office of Research Subject Protections Institutional Review
Board of the University of Texas Medical Branch.

Cell Lines—Human HeLa cells were purchased from ATCC
and cultured in DMEM supplemented with 10% FBS, 2 mm
L-glutamine, 100 units/ml penicillin, and 100 ug/ml streptomy-
cin. Rat PC12 cells were purchased from ATCC. They were
cultured in propagation medium, which consisted of DMEM
supplemented with 10% FBS, 5% horse serum, 100 units/ml
penicillin, and 100 ug/ml streptomycin, or differentiation
medium, which consisted of DMEM supplemented with 1%
FBS, 2% horse serum, and 50 ng/ml NGF.

Primary cortical neurons were obtained from embryonic
(days 17-19) rat pups and were cultured on poly-Dp-lysine-
coated glass coverslips in neurobasal medium (Invitrogen) sup-
plemented with 2% B-27 supplement, 250 um L-glutamine, 25
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uM B-mercaptoethanol, 100 units/ml penicillin, 100 pg/ml
streptomycin. L-Glutamate at a final concentration of 25 um
was added to the medium for the initial plating. Subsequent
medium changes were done by removing half the medium and
replacing it with fresh medium without L-glutamate.

Antibodies—A polyclonal APP antibody (IMG-190-2; from
Imgenex) directed against amino acids 1-10 of the A3 peptide
was used to detect full-length APP. All of the results were con-
firmed with monoclonal antibody clone 6E10. The polyclonal
antibody gives the same staining pattern as the well character-
ized 6E10 (29-31). Polyclonal anti-AICD was from Covance
(32). Monoclonal anti-ubiquilin antibody was from Invitrogen
(33). Monoclonal anti-c-Myc antibody was from Roche Applied
Science. Monoclonal anti-cytochrome ¢ was from Invitrogen.
Polyclonal o/ tubulin was from Cell Signaling, and polyclonal
GFP antibody was from Evrogen. Specificity controls were
included by omission of the primary antibody incubation.

Yeast Two-hybrid—The yeast two-hybrid screen of a rat
¢DNA library with human ubiquilin-1 as bait was performed
with the Matchmaker GAL4 two-hybrid system (Clontech).
The screening methodology and library have been described
elsewhere (34).

Recombinant Protein Purification—Recombinant N-termi-
nal His,-tagged ubiquilin proteins were generated by amplify-
ing fragments of human ubiquilin cDNA (kindly provided by
Mervyn J. Monteiro), incorporating a 5’ Sall restriction site and
a 3’ Xbal restriction site, and cloning in frame to the Sall-Xbal
sites of the pProEx-HT bacterial expression vector (Invitrogen)
to yield pProEx-HT-UBL. PCR primers were as follows:
5'-AAA GTC GAC AAT GGC CGA GAG TGG TGA AAG
C-3' (forward); 5'-CGC TCC TGC TCT AGA CTATGA TGG
CTG GGA-3’ (full-length, reverse); and 5'-GCT CTA GAC
TAA GACAAAAGT TGT CGCTGCATC TGA CT-3' (UBL,
reverse). The UBL construct consists of residues 1-181 of
human ubiquilin. Proteins were purified using TALON cobalt-
based metal affinity resin (Clontech).

Recombinant GST-tagged AICD was generated by amplify-
ing the AICD sequence (amino acid residues 649 —695) from
full-length APP . (kindly provided by Hui Zheng), incorporat-
ing a 5" BamHI restriction site and a 3" EcoRI restriction site,
and cloning into the BamHI-EcoRI sites of the pGEX-4T-1 vec-
tor (GE Life Sciences), which encodes a thrombin recognition
site for removal of the tag from the protein product. PCR prim-
ers were 5'-CGC GGA TCC AAG AAA CAGTACACA TCC
ATT-3" and 5'-CGG AAT TCC CTA GTT CTG CAT CTG
CTC AAA GAA-3'. Pure AICD for in vitro aggregation exper-
iments was generated by cleavage of GST with thrombin pro-
tease. GST was removed by sequential extractions with gluta-
thione-Sepharose beads. A dot blot with an AICD-specific
antibody was used to verify the presence of pure AICD in the
final eluate. Pure AICD was also analyzed on 15% SDS-PAGE
gel and stained with Coomassie Blue, demonstrating >90%
purity (supplemental Fig. S1).

Expression Constructs—To generate an APP-GFP fusion
construct, APP - was amplified using PCR, incorporating a 5’
HindIII restriction site and a 3’ Sacll restriction site, and was
cloned in frame to the HindIII-Sacll sites of the pmaxFP*™-
Green-N mammalian expression vector (Amaxa). This vector
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has been described elsewhere, and this particular GFP variant
has been shown to have no effect on proteasomal degradation
(35). PCR primers were 5'-TTC AAG CTT CCA TGC TGC
CCG GTT TGG CAC TG-3' and 5'-TCC CCG CGG GTT
CTG CAT CTG CTC AAA GAA CTT GTA G-3".

For the UBL domain expression constructs, the UBL domain
sequence was cut from the previously generated pProEx-HT-
UBL bacterial expression construct with Sall and Xhol, which
generated a fragment containing the UBL sequence with a short
C-terminal stretch of the pProEx-HT multiple cloning site.
This fragment was subsequently cloned into the Sall-Xhol sites
of the pCMV-Myc mammalian expression vector (Clontech).

APP/Ubiquilin Pulldown Experiments—For the experiment
described in Fig. 2B examining ubiquilin binding to APP in live
cells, we used HeLa cells overexpressing APP, Myc-tagged
ubiquilin, or both. 24 h post-transfection, the cells were incu-
bated for 30 min at room temperature with Lomant’s reagent
(dithio-bis[succinimidyl propionate]), a cell-permeant thiol-
cleavable cross-linking compound, or vehicle (Me,SO). The
cross-linking reaction was stopped by adding 10 mm Tris and
incubating on ice for 15 min before washing and lysis in PBS
plus 0.1% Triton X-100. APP has a metal-binding domain that
binds copper and cobalt with high affinity (36), and this method
has been used previously to purify APP to homogeneity (37). To
reduce background inherent in co-immunoprecipitations
caused by the heavy chain of IgG (which runs at a similar molec-
ular weight to ubiquilin), we exploited this feature to pull down
APP using a cobalt-based metal affinity resin (TALON resin;
Clontech). 200 ug of protein in 500 ul of volume was incubated
overnight at 4 °C with 30 ul of a 50% slurry of cobalt beads with
rotation. The beads were then washed three times, and residual
fluid was removed and quenched in SDS-PAGE sample buffer.
Equal volumes of each fraction were analyzed by Western blot-
ting. Input fractions were also analyzed to verify overexpres-
sion. This experiment was repeated three times with similar
results.

For the experiment described in Fig. 2C examining purified
ubiquilin binding to APP in vitro, we immunoprecipitated APP
from rat brain lysates using 500 g of protein in 500 ul of vol-
ume supplemented with 5 ug of APP polyclonal antibody and
30 ul of immobilized protein A (50% slurry). No antibody was
added to negative control tubes, and the cytochrome c antibody
was used as a nonspecific control. After 2 h of incubation with
rotation at 4 °C, the beads were washed three times before
resuspension in 500 ul of buffer and supplemented with 10 ug
of purified ubiquilin protein and/or 2 mm cross-linking reagent.
The mixture was incubated while rotating for 30 min at room
temperature before washing and quenching. Equal volumes of
each fraction were analyzed by Western blotting, and 0.25 ug of
purified ubiquilin protein was run with the samples as a positive
control. This experiment was repeated three times with similar
results.

RNA Interference—Stealth-modified double-stranded RNA
against the human ubiquilin-1 gene (sense sequences, 5'-ACA
AAC GUU GGA ACU UGC CAG GAA U-3/, 5'-GGA ACC
AAU GCU GAG UGC UGC ACA A-3', and 5'-CCU UGU
UAC AGA UUC AGC AGG GUU U-3’) and the rat ubiquilin-1
gene (sense sequences, 5'-GCC GCA AGA UAA UUC AGC
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UCA GCA A-3', 5'-CCC UUU GUG CAG AGC AUG CUC
UCA A-3',and 5'-GAG CCU UGA GCA ACCUAG AAA GUA
U-3’) was obtained from Invitrogen. Transfection with Lipo-
fectamine 2000 (Invitrogen) of various doses and combinations
of the RNA duplexes was used to determine that a combination
all three duplexes at a final concentration of 100 pmol/ml of cell
culture media gave maximal knockdown. Universal control
oligomers (medium GC content) were also obtained from
Invitrogen.

Citrate Synthase (CS) Inactivation—CS inactivation experi-
ments were carried out by plotting initial velocity measure-
ments of mixtures of the enzyme exposed to 43 °C in the pres-
ence and absence of ubiquilin-1, essentially as described (38).
Purified CS from porcine heart was purchased from Sigma. The
original ammonium sulfate storage solution was exchanged for
TE buffer (50 mm Tris, 2 mm EDTA, pH 8.0) via dialysis, and
protein concentration was determined using absorbance at 280
nm. Single-use aliquots were snap-frozen in liquid nitrogen and
stored at —80 °C until required. For each assay, the reaction
mixture consisted of 186 ul of TE buffer, 2 ul of 10 mm oxalo-
acetic acid in 50 mm Tris, 6 pl of 5 mm acetyl-CoA in TE buffer,
2 wl of 10 mm Ellman’s reagent, and 4 ul of the inactivation
reaction (enzyme * putative chaperone or control protein).
The inactivation reaction is made up in 40 mm HEPES-KOH,
pH 7.5, and contains 0.15 uM CS in a total volume of 50 ul.
Initial maximal enzymatic activity (at £ = 0) for each reaction
was determined at 25 °C, and then the reaction was transferred
to a 43 °C shaking (300 rpm) Eppendorf thermomixer to induce
inactivation. Absorption measurements (at 412 nm) were taken
att =0, 5, 10, 15, 20, 30, and 60 min. The slopes for each time
point were then plotted to determine the inactivation kinetics.

Luciferase Refolding Assay—A firefly luciferase (FL) refolding
assay (39) was used to assess the chaperone activity of ubiqui-
lin-1. FL was denatured in a denaturation buffer (6 M guani-
dinium hydrochloride, 5mm DTT, 5 mM magnesium acetate, 50
mM potassium acetate, and 25 mm HEPES-KOH, pH 7.4) for 30
min at 25 °C. To initiate refolding, denatured FL (10 um) was
diluted 100-fold into refolding buffer (5 mm magnesium ace-
tate, 50 mm potassium acetate, 25 mm HEPES-KOH, pH 7.4, 3
mM ATP, 10 mg/ml BSA, and 5 mm DTT) in the presence or
absence of purified ubiquilin (20 um). After a 20-min incuba-
tion period, the reactions were supplemented with bacterial
DnaK (10 pum), DnaJ (2 um), and GrpE (6 um) to reveal the
extent of folding-competent luciferase intermediates contained
in each reaction. The activity of 100 nM native luciferase in
refolding buffer was set as 100%. FL activity was measured at
10-min intervals using a Sirius Luminometer (Berthold).

In Vitro Aggregation of Purified AICD—For light scattering
and sedimentation experiments, AICD was freshly prepared to
avoid freeze-thaw and cryopreservation artifacts. For light scat-
tering experiments, AICD was diluted to a final concentration
of 1 um in PBS, and the final concentration of ubiquilin was 0.5
uM. Samples were maintained at a constant temperature of
43 °Cto induce thermal aggregation. Absorbance readings were
taken every 10 min. For sedimentation experiments, freshly
cleaved and purified AICD and purified ubiquilin (full-length
and UBL) were incubated at a final concentration of 145 nMm in
20 mm Tris, 150 mm NaCl at 43 °C to induce aggregation. Ali-
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quots of each aggregation reaction were removed and snap-
frozen in liquid nitrogen at 0-, 48-, and 72-h time points for
later processing. Each frozen sample was thawed, and half of
each sample was centrifuged at 21,000 X g to sediment aggre-
gated material. The pellets were then resuspended in 20 mm
Tris, 150 mMm NaCl, and both the total and pellet fractions were
spotted onto a nitrocellulose membrane. The membranes were
blotted with an AICD-specific antibody.

Atomic Force Microscopy (AFM)—For AFM sample prepara-
tion, frozen single-use aliquots of AICD were thawed and incu-
bated at a final concentration of 17.3 uM in a total volume of 15
pl with equimolar concentrations of ubiquilin proteins where
applicable. Samples were incubated at 43 °C with shaking for 2
days to induce thermal aggregation. Each sample was diluted
1:20 in deionized H,O prior to imaging. For imaging, 2 ul of the
diluted reaction was placed onto a freshly cleaved mica surface
and allowed to dry overnight. Samples were imaged in air with
ahome-built AFM using a Nanotec scanning probe microscope
control system (Dulcinea; Nanotec Electronica) operating in
tapping mode, using MSNL cantilevers (0.1 N/m, Veeco). Typ-
ical tapping amplitudes at imaging were 10 —20 nm at the reso-
nance frequency of the cantilevers in air (30 -50 kHz). Images
were acquired at rates of 60 s/image (256 pixels, 2000 nm).
Image processing was performed with WSxM software (Nano-
tec) (40). Standard image processing consisted of plane subtrac-
tion and flattening.

Cellular Aggregation Assays—For filter trap assays, PC12
cells were solubilized in Triton-based lysis buffer, briefly soni-
cated for three 1-s pulses to shear DNA as previously described
(20,41-44), and centrifuged at 16,000 X g for 30 min to remove
cellular debris. Supernatants were spotted onto a cellulose ace-
tate membrane (0.22-pum pore size) in a dot blot apparatus
attached to a vacuum source. Gentle vacuum was applied to
pull samples through the membrane, trapping protein aggre-
gates larger than 0.22 um in the cellulose acetate. The mem-
brane was then blotted with an APP antibody to detect the
presence of Af3-containing aggregates.

Quantification of APP Aggregates and Immunohistochemistry—
For quantification of aggregates in cells, APP-GFP was overex-
pressed in differentiated PC12 cells. The cells were fixed on
glass coverslips in 4% paraformaldehyde for 20 min. APP-GFP
could be visualized directly in fixed cells. For immunofluores-
cence of APP,., cells were treated with 70% formic acid prior
to the addition of the primary antibody to recover the epitope.
An Alexa Fluor 350-conjugated secondary antibody (Invitro-
gen) was used. Quantification of aggregates was performed in a
double-blind manner, where slides were prepared and cells
were counted by two separate experimenters. Fluorescence
expression patterns were determined manually by an experi-
menter who was blinded to the experimental condition.

AP Levels and Cell Death—A3,, and Af3,, levels were deter-
mined by ELISA (Invitrogen; catalog numbers KHB3481 and
KHB3544) according to the manufacturer’s instructions. Cell
death was determined by quantifying propidium iodide (PI)-
positive cells as previously described (45). Briefly, the cells were
gently scraped, transferred to a 2-ml tube, and centrifuged at
1000 X g for 1 min. The cells were resuspended in PI dissolved
in PBS and incubated in the dark for 15 min. The cells were then
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pelleted and resuspended in 20 ul of PBS. The entire volume
was then spotted onto a glass slide and covered with a coverslip.
Images from five different fields for each slide were taken with a
fluorescence microscope. When bound to nucleic acids, PI
absorbs at 535 nm and emits at 617 nm (red). PI-positive cells
and the total number of cells were manually counted in a
blinded manner, and the results were expressed as a percentage
of positive cells.

Statistical Analyses—Cell counts of APP-GFP were statisti-
cally analyzed using Fisher’s exact test using a 2 X 2 contin-
gency table comparing multiple aggregates versus aggregate-
free cells or single aggregates versus aggregate free cells.
Statistical significance in all other figures was determined by
using unpaired two-tailed ¢ tests. All comparisons were consid-
ered significant if p < 0.05 with the exception of APP-GFP cell
counts, in which p values less than 0.01 were determined to be
significant. The actual p values are provided in the figures.

RESULTS

Ubiquilin-1 Protein Levels Are Reduced in AD Cortex—We
began our analysis by genotyping and examining post-mortem
frontal cortex samples from 20 late onset AD patients (Braak
stages III-VI) and 20 gender- and age-matched individuals with
no cognitive impairment (Braak stages I and II) (Fig. 1A and
supplemental Table S1). Brain samples classified as Braak
stages II-VI showed marked reduction in total ubiquilin-1 pro-
tein levels compared with stage I (Fig. 1). Remarkably, we found
no correlation between any of the genotyped ubiquilin-1 SNPs
with ubiquilin-1 protein levels or with Braak stage. However,
consistent with previous findings (46), the APOE4 allele of the
apolipoprotein E gene displayed strong association with occur-
rence of AD in our patient cohort (Fig. 1A and supplemental
Table S1). The marked reduction in ubiquilin-1 protein in these
samples is not likely to simply result from brain atrophy char-
acteristic of late Braak stages, because the levels of the cytoskel-
etal protein tubulin are unaltered in most samples examined,
although samples 6, 7, 16, 21, 22, and 24 appear to have lower
tubulin levels, which could be due to post-mortem sample deg-
radation. To rule out this possibility, we removed those samples
and reanalyzed the data using one-way analysis of variance and
Student’s ¢ test. The revised statistical analysis shows that all
Braak stages analyzed (II-VI) were significantly different from
Braak stage I. The Student’s ¢ test comparison between groups
was as follows: stage [ versus 11, p < 0.05; [ versus 111, p < 0.01; I
versus IV, p < 0.01; L versus V, 0.001; and I versus VI, p < 0.01).
Moreover, because there is no significant neuronal loss in Braak
stage II (47), yet ubiquilin-1 levels are already drastically dimin-
ished by that stage, our results suggest that reduction in ubiqui-
lin-1 protein levels precede significant neuronal death in the
cortices of AD patients, regardless of the particular constella-
tion of SNPs present throughout the ubiquilin-1 locus (47).

Ubiquilin-1 Interacts with APP—To explore a possible mech-
anism for the role of ubiquilin in AD, we performed a yeast
two-hybrid screen of a rat cDNA library with the human full-
length ubiquilin-1 protein to identify putative interaction part-
ners. Ten percent of the clones isolated in the screen corre-
sponded to the AICD or the intracellular domain of its homolog
APP-like protein (Fig. 24). To determine whether this interac-
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FIGURE 1. Ubiquilin-1 protein levels are decreased in late onset AD patient brains. A, Western blot of ubiquilin-1 and «/B-tubulin levels in post-mortem
cortical brain samples (50 ug of total protein/lane) of human patients (aged 72-85 years) arranged by Braak staging, as indicated. All of the samples were
handled underidentical conditions, and the blots were exposed simultaneously on the same film. The genotypes of each patient for ubiquilin-1 and APOE SNPs
are indicated below each lane. H indicates heterozygosity for that SNP. SNPs highlighted in red indicate risk alleles. The rs2781002risk allele has been proposed
to be either C (5) or T (8) (in italics). B, quantification of ubiquilin-1 protein levels as a function of Braak stage, displayed as ratios of the intensities of the bands
corresponding to ubiquilin-1 over «/B-tubulin, determined densitometrically for each sample (symbols) and their means * S.E. (bars). The p values were
determined by t test comparison with Stage |. Samples 6, 7,16, 21, 22, and 24 have lower tubulin levels, which may be indicative of degradation. Excluding these
samples from the analysis shows that all Braak stages analyzed (lI-V1) were significantly different from Braak stage I. The Student’s t test comparison between

groups were as follows: stage | versus Il, p < 0.05; | versus Ill, p < 0.01; l versus IV, p < 0.01; | versus V, 0.001; and | versus VI, p < 0.01).

tion was relevant in a mammalian system, we transfected HeLa
cells with ubiquilin-1 singly and in combination with the neu-
ronal splice variant of APP (APP,,,) and performed co-precip-
itation experiments. Ubiquilin-1 could be co-precipitated with
both endogenous and overexpressed APP (Fig. 2B). Treatment
of cells prior to lysis with Lomant’s reagent (dithio-bis[succin-
imidyl propionate]), a cell-permeant cross-linking compound,
greatly increased binding of ubiquilin-1 to APP (Fig. 2B),
despite a significant reduction in the amount of protein that
could be transferred out of the gel following electrophoresis
(data not shown). This finding suggests that complex formation
between ubiquilin-1 and APP is transient. To determine
whether purified recombinant ubiquilin was capable of inter-
acting with native, endogenous APP, we immunoprecipitated
APP from rat brain lysates and examined binding to purified
recombinant ubiquilin-1. No binding of recombinant ubiqui-
lin-1 to immobilized APP was detected without cross-linker,
but binding was readily detected after incubation with cross-
linker (Fig. 2C). Immunoprecipitation of brain lysates with an
irrelevant protein (cytochrome c) resulted in no co-precipita-
tion of ubiquilin-1 (Fig. 2C). The transient nature of the inter-
action between ubiquilin-1 and APP, as evidenced by increased
detection of co-precipitating complexes in the presence of a
cross-linker is compatible with a chaperone-client relationship
(48). This notion is supported by the presence of the two Sti-1
domains within the ubiquilin-1 sequence that are known to
possess chaperone-like properties (27).
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Ubiquilin-1 Displays Properties of a Molecular Chaperone—
To investigate whether ubiquilin-1 possesses chaperone-like
activity, we tested its capacity to protect the model client pro-
tein CS against thermal inactivation, a biochemical hallmark of
molecular chaperones (38). Upon exposure to elevated temper-
atures (43 °C), CS is rapidly inactivated via the production of
reversible unfolding intermediates that subsequently aggre-
gate. Productive binding and release of these intermediates by a
molecular chaperone increases their kinetic partition toward
productive refolding, thereby effectively stabilizing the native
enzyme (49). We found that mixtures of CS containing ubiqui-
lin-1 were significantly stabilized upon exposure to elevated
temperature compared with those without it: the time it took
for half of the enzyme molecules to become inactivated (a term
we are calling here t,,) increased from ~3 to ~12 min (Fig. 34;
p <0.05). Moreover, ubiquilin-1 provided considerably greater
protection against thermal denaturation than the well charac-
terized molecular chaperone Hsp90 at equivalent stoichiome-
tries (t,, = ~6 min). Using an actual refolding assay, we found
that ubiquilin-1 displayed a considerable ability to maintain the
model client protein firefly luciferase in a state competent for
refolding upon dilution from denaturant (supplemental Fig.
S1). Thus, ubiquilin-1 can function as a bona fide molecular
chaperone for at least two model client proteins.

Ubiquilin-1 Is a Chaperone for the AICD in Vitro—We next
investigated whether ubiquilin-1 exerts chaperone activity on
APP, a biologically relevant client. Having found that ubiqui-
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FIGURE 2. A transient interaction exists between ubiquilin-1 and APP.
A, histogram depicting interaction partners of ubiquilin-1 derived from a
yeast two-hybrid screen, displayed as individual genes (italicized) or orga-
nized into functional classes. B, metal affinity pulldown (see “Experimental
Procedures”) of APP from Hela cells overexpressing c-Myc-tagged ubiqui-
lin-1 and/or APP, as indicated. The cells were treated with or without DSP
(Lomant’s reagent) prior to lysis. Co-precipitating ubiquilin-1 was detected
with an anti-c-Myc antibody. Mock cells were transfected with yellow fluores-
cent protein (YFP). The asterisk marks a nonspecific band. C, purified ubiqui-
lin-1 binding to APP immunoprecipitated from rat brain with or without DSP
cross-linking. No antibody (No Ab) and cytochrome ¢ (Cyt C Ab) immunopre-
cipitations were used as controls. 0.25 ug of purified ubiquilin-1 was used as
aloading control. Coomassie Blue staining of gels after transfer indicated that
DSP treatment significantly inhibited transfer of proteins out of the gel (data
not shown), and thus these lanes are underrepresented. The experiments in B
and C were repeated three times with similar results.

lin-1 binds to the AICD (Fig. 24) and full-length APP (Fig. 2, B
and C), we tested whether ubiquilin-1 was capable of prevent-
ing the aggregation of AICD. The rationale for using AICD in
these experiments is that ubiquilin is a cytosolic protein and
thus must exert any chaperone-like activity on the cytosolic
portion of APP (i.e. the AICD). As a tool to examine whether
ubiquilin-1 can function as a molecular chaperone for the
AICD, we experimentally induced aggregation of AICD by sub-
jecting it to elevated temperatures (43 °C). We followed AICD
aggregation kinetically by monitoring light scattering at 420 nm
(Fig. 3B). In contrast to AICD alone, mixtures containing
ubiquilin-1 and AICD displayed no increase in light scattering
over the entire duration of the experiment, indicating that
ubiquilin-1 is capable of significantly suppressing AICD aggre-
gation under these conditions. To verify that AICD formed
bona fide aggregates, we examined the solubility properties of
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these mixtures by dot blot analyses and their structural charac-
teristics by AFM, which can image aggregates with nanometer
resolution and does not require staining or fixation (50). Mix-
tures containing AICD and ubiquilin-1 had less insoluble AICD
when analyzed by sedimentation and dot blot analysis com-
pared with reactions containing AICD plus GST as a control or
the UBL domain of ubiquilin-1 (Fig. 3C). This was also evident
when the reactions were analyzed by SDS-PAGE followed by
Coomassie staining (data not shown). When imaged by AFM,
total reaction mixtures containing AICD and ubiquilin-1 were
found to contain no detectable aggregates (Fig. 3D), whereas
large (~50 nm) amorphous aggregates were prominently found
in reactions incubated without ubiquilin-1 (Fig. 3D). Impor-
tantly, the UBL domain of ubiquilin-1 alone was not able to
prevent AICD aggregation as determined by dot blot (Fig. 3C)
or AFM (data not shown). Thus, it appears that ubiquilin-1 is
capable of exerting chaperone activity on the AICD, preventing
its aggregation under various in vitro conditions and that this
activity does not reside on its UBL domain. Attempts to purify
soluble recombinant ubiquilin containing only the Sti-1 or UBA
domains (or combinations thereof) were unsuccessful, and thus
the specific contributions of these domains to the chaperone
activity of ubiquilin could not be directly assessed.

Ubiquilin-1 Is a Chaperone for APP in Living Cells—We next
wished to determine whether ubiquilin-1 functions as a molec-
ular chaperone for APP in living cells. We hypothesized that
forced overexpression of APP would overwhelm the endoge-
nous pool of ubiquilin-1 and lead to aggregation of the full-
length protein, whereas overexpression of ubiquilin-1 would
rescue this phenotype. We began by studying the behavior of
APP upon overexpression in nerve growth factor-differentiated
PC12 cells. We observed three distinct distribution patterns: 1)
a diffuse or vesicular pattern, consistent with the localization of
APP to secretory compartments (~65% of the cells); 2) a single
large aggregate, which may correspond to an aggresome
because of its size and perinuclear localization (51) (~20% of
the cells); or 3) multiple aggregates present throughout the
soma and neurites (~15% of the cells) (Fig. 3E). Overexpression
of a fusion protein of APP with a C-terminal GFP moiety
resulted essentially in the same proportions and patterns of
distribution (Fig. 3E) and thus was utilized for subsequent
experiments. When ubiquilin-1 was co-overexpressed in these
cells, a significant reduction in the proportion of cells contain-
ing single (~8%) and multiple (~12%) aggregates was consis-
tently observed, with a corresponding increase in the propor-
tion of cells with no aggregates (~80%) (Fig. 3F). This was not
simply due to decreased APP accumulation, because expression
of ubiquilin-1 increased APP expression levels (Fig. 3F, inset).
We next wished to ascertain whether the ability of ubiquilin-1
to prevent APP aggregation was preserved in intact neurons
and thus performed similar overexpression experiments in rat
primary cortical neurons (Fig. 3G). We observed essentially the
same trend: the number of cells without any aggregates
increased significantly when ubiquilin-1 was co-overexpressed
compared with cells overexpressing APP-GFP alone (~69%
versus ~39%, respectively), with the corresponding reduction
in the number of cells containing single (11% versus 16%) and
multiple (20% versus 45%) aggregates. We next reasoned that if
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FIGURE 3. Ubiquilin-1 exerts chaperone activity on APP in vitro and in live cells. A, inactivation kinetics of CS alone or in mixtures supplemented with
purified Hsp90 or ubiquilin-1, as indicated, upon exposure to 43 °C. The inset shows the mean times (*+ S.E.) for half of the enzyme molecules to become
inactivated (t:,) from four separate experiments. B, aggregation kinetics monitored by light scattering at 420 nm of purified AICD alone or in combination with
ubiquilin-1 upon exposure to 43 °C. AICD aggregated in every one of five separate trials, whereas AICD supplemented with ubiquilin did not demonstrate an
increasein light scattering in four separate trials. C, dot blot analysis of in vitro aggregation mixtures of AICD with ubiquilin-1, AICD plus GST as a control, or AICD
plus the UBL domain of ubiquilin upon exposure to 43 °C. Aliquots were removed at the indicated times, and insoluble material was sedimented by centrifu-
gation. Equal amounts of total, soluble, and insoluble fractions were spotted onto a nitrocellulose membrane and probed with an anti-AICD antibody. D, AFM
images of aliquots of total material from mixtures set up as in B after 48 h of incubation at 43 °C. Aggregates had a diameter of 46 = 24 nm (n = 611 particles).
E, representative images of the three patterns of APP and APP-GFP localization upon overexpression in differentiated PC12 cells observed by immunofluores-
cence (lower panels) and fluorescence (upper panels) microscopy, respectively. F, quantification of APP-GFP fluorescence patterns in differentiated PC12 cells
co-transfected with APP-GFP and vector (pcDNA), or ubiquilin-1, as indicated. Total numbers of scored cells are displayed above each bar, and significant p
values are indicated within the bar. In the inset, the effect of ubiquilin-1 expression on total APP-GFP accumulation is shown by Western blotting with anti-APP
and anti-GFP antibodies. Tubulin is used as a loading control. G, quantification of APP-GFP fluorescence patterns in rat primary cortical neurons, as in F.
H, quantification of APP-GFP fluorescence patterns in differentiated PC12 cells treated with RNAi oligonucleotides targeting ubiquilin-1 or control RNAi
oligonucleotides (left panel) and Western blot confirming decreased levels of ubiquilin-1, but not ubiquilin-2 (asterisk), protein levels only in cells treated with
ubiquilin-1 RNAI oligonucleotides (right panel). |, filter trap assay of total lysates from cells as in F, filtered through cellulose acetate membranes (0.22 um)
probed with an anti-APP antibody. The bottom panel is the quantification of APP levels normalized to cells not expressing ubiquilin-1 from three separate
experiments. The pvaluesin A, C,and | were determined by a Student’s t test. The p values in F~-H were determined by Fisher’s exact test and are indicated within
the bars.

the endogenous steady-state levels of ubiquilin-1 play a role in
modulating the aggregation properties of APP, then RNAi-me-
diated reduction of ubiquilin-1 protein levels should result in
different patterns of APP localization. When we performed
such an experiment in PC12 cells (Fig. 3H), we observed that
indeed, the fraction of cells with multiple aggregates was
increased when compared with cells treated with control RNA
(15.7% versus 8.3%, respectively), whereas the amount of diffuse
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APP-GFP significantly decreased (p = 0.007). Interestingly, a
reduction of ~5% in the fraction of cells containing single
aggregates was noted upon ubiquilin-1 knockdown, which may
be related to an impairment of aggresome formation under
these conditions (52). Importantly, expression of the UBL
domain alone had no effect on the number of cells with multiple
aggregates (data not shown). However, the UBL domain did
reduce the number of cells containing single aggregates/ag-
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FIGURE 4. Ubiquilin-1 reduces APP amyloidogenesis and APP-associated cell death. A, quantification of AB,,/AB4, production in HeLa cells co-transfected
with vector only (pcDNA), APP alone, APP and ubiquilin-1, or APP and UBL domain, as indicated. n.s., not significant relative to APP or APP plus ubiquilin-1. The
data are pooled from three separate experiments. B, quantification of cell death determined by propidium iodide staining in HeLa cells transfected with the
yellow fluorescent protein (YFP), APP, APP and ubiquilin-1, or APP and ubiquilin-1 RNAi oligonucleotides, as indicated. The n values are as follows: YFP, 6; APP,
4; APP/Ubiquilin-1, 4; APP/Ubiquilin-1 RNAI, 7; and Ubiquilin-1 RNAI, 4. C, representative photomicrographs of Pl-stained cells in various experimental condi-

tions stated above.

gresomes. Because ubiquilin-1 is known to mediate aggresome
formation (24, 52) and ubiquitin-modified proteins are a prom-
inent feature of aggresomes (53), we interpret this result as the
UBL domain exerting a dominant-negative effect on aggresome
formation. To confirm that the material described as aggre-
gated in the above experiments actually corresponded to insol-
uble APP, we performed filter trap assays (54) (Fig. 3]). Overex-
pressed APP was preferentially retained on the filter compared
with endogenous APP, and consistent with our microscopy
results, overexpression of ubiquilin-1 resulted in a decrease in
the accumulation of insoluble overexpressed and endogenous
APP (Fig. 3[; p < 0.01). Taken together, our results suggest that
ubiquilin-1 functions as a molecular chaperone to prevent the
aggregation of APP in neuronal cells.

Ubiquilin-1 Protects against APP-associated Toxicity—Pro-
teolytic products of APP, particularly AB peptides, play a cen-
tral role in AD pathogenesis (55). Because ubiquilin-1 appears
to function in the cellular quality control of APP maturation, we
sought to determine whether alterations in ubiquilin-1 levels
affect amyloidogenic processing of APP. Levels of secreted
AB,, and AB,, were measured in the media of HeLa cells over-
expressing APP. Because elevated production of AB,,, which is
more aggregation prone than the A3,, species, has been shown
to correlate with disease states (3), we determined the fraction
of AB,, to AB,, in our experiments. Overexpression of APP in
HeLa cells markedly elevated the ratio of secreted AB,,/AB,,
compared with nonexpressing cells (Fig. 44). In contrast, co-
overexpression of APP with ubiquilin-1 resulted in a significant
decrease in the ratio of secreted Af,,/AB,,. Overexpression of
APP with the UBL domain led to highly variable A ratio mea-
surements and thus did not reach significance compared with
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APP or APP plus ubiquilin-1 expressing cells. The capacity of
ubiquilin-1 to reduce the production of pathogenic AB,, pep-
tides prompted us to investigate whether ubiquilin-1 may pro-
tect against APP-induced toxicity and death (Fig. 4B). We
found that ~25% of HeLa cells die within 24 h upon overexpres-
sion of APP (compared with ~10% of cells overexpressing the
innocuous protein YFP). Significantly, cells co-overexpressing
APP and ubiquilin-1 showed considerably reduced cell death
(~15%). If ubiquilin-1 is able to protect cells against APP-in-
duced toxicity, then RNAi-mediated knockdown of endoge-
nous ubiquilin-1 should render cells more susceptible to APP-
induced cell death. When we performed such an experiment,
we observed that, indeed, cell death rates were markedly
increased (~60% compared with ~40% of RNAi-treated cells
not overexpressing APP) (Fig. 4B). Thus, the strongly reduced
ubiquilin-1 protein levels detected in the brains of AD patients
(Fig. 1) may render them particularly susceptible to APP-re-
lated toxicity.

DISCUSSION

Single-nucleotide polymorphisms in the ubiquilin-1 gene
have been linked to late onset AD (5—8). However, the molec-
ular basis by which ubiquilin-1 could contribute to late onset
AD pathogenesis has remained obscure. In the present study,
we have shown that ubiquilin-1 is a bone fide molecular chap-
erone for APP and that ubiquilin-1 protein levels are decreased
in brain tissue from patients with AD pathology, irrespective of
SNP genotype. Thus, decreased levels of ubiquilin-1 may be a
common factor in late onset AD, leading to decreased quality
control of APP biogenesis. Our results further suggest that
altered quality control of APP biosynthesis and processing may
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be a mechanism by which reduced ubiquilin-1 levels may con-
tribute to the pathogenesis of late onset AD.

Ubiquilin-1 has previously been shown to interact with pre-
senilin (PS) proteins (23), which constitute the catalytic core of
the y-secretase. Specifically, ubiquilin-1 decreases endoprote-
olysis of high molecular weight PS species (24). Endoproteolysis
of full-length PS proteins, which may rely on the proteasome, is
required to generate the C- and N-terminal fragments that par-
ticipate in +y-secretase assembly. Overexpression of ubiquilin
decreased the levels of PS fragments and two other y-secretase
components (56). This suggests that decreased 7y-secretase
activity may accompany ubiquilin overexpression, although
this has not been tested directly. Our results indicate that a
relationship exists between ubiquilin and APP that is independ-
ent of the PS proteins. These findings are in agreement with a
previous study showing that knockdown of ubiquilin by RNAi
accelerates the maturation of APP through the secretory path-
way independently of any changes in 3- or y-secretase levels
(57).

We found that the ubiquilin-APP interaction displays char-
acteristics of a chaperone-client relationship. The interaction
between ubiquilin and the AICD is transient in nature, as evi-
denced by increased interaction in the presence of the cross-
linker in co-precipitation experiments (Fig. 2B) that is typical of
chaperone-client protein interactions (48). Molecular chaper-
ones transiently associate with exposed hydrophobic regions of
client proteins, preventing inappropriate hydrophobic interac-
tions that may lead to aberrant folding or aggregation (58). The
Sti-1 domains present in ubiquilin contain a hydrophobic cleft,
and it has been suggested that these domains exert molecular
chaperone-like activity (27). Attempts to purify and thus assess
the potential chaperone activity of the Sti-1 domains in ubiqui-
lin were unsuccessful, so it remains to be determined whether
these domains mediate the chaperone activity of ubiquilin.
Interestingly, other groups have reported that ubiquilin plays a
role in the cellular response to protein misfolding and aggrega-
tion (59). Specifically, ubiquilin has been shown to protect
against polyglutamine-induced toxicity in cellular and inverte-
brate models of Huntington’s disease (60, 61). Ubiquilin is also
involved in aggresome formation (62) and may promote
removal of cellular aggregates via autophagy (63, 64). Taken
together, our results and those from previous studies suggest
that ubiquilin plays an important role in quality control of
aggregation-prone cellular proteins.

The chaperone function of ubiquilin-1 described here may
constitute a critical component of a protein quality control net-
work necessary to prevent irreversible aggregation and amy-
loidogenic processing of APP. Consistent with this notion, we
found that ubiquilin-1 protein levels are significantly decreased
in late onset AD patient brains, suggesting that diminished
ubiquilin-1 function may be a common denominator in AD
progression. Our results underscore the importance of protein-
protein interactions within the AICD in the cellular homeosta-
sis of APP and point toward the maintenance and restoration of
adequate levels of ubiquilin-1 and other cellular quality control
molecules as therapeutic targets to prevent APP-related cogni-
tive decline in late onset AD.
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