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Table 1. AB,, and AB,, levels in wild-type and neprilysin-deficient mice. AB,, and AB,,; were
extracted from mouse brains by guanidine hydrochloride and quantified as described (6). The antibodies
for the ELISA were generously provided by Takeda Chemical Industries, Ltd. Eight-week-old male mice
were used for all experiments. We performed eight independent measurements to examine the effect of
neprilysin deficiency using more than 50 mice; all the results were consistent. For neprilysin, n = 9 mouse
brains; for presenilin, n = 3 mouse brains. The amounts of APP and its proteolytic fragments remained
unchanged in neprilysin™~ mice as analyzed by Western blotting (30). The positive control data were
taken in an identical manner using mutant presenilin-1 knock-in mice (78). Each value represents the

average * SE with the indicated number of animals.

Genotype AB,, (pmol/g) AB,, (pmol/g)
Neprilysin
+/+ (control littermates) 1.084 + 0.075 0.253 = 0.011
+/- 1.475 * 0.047* 0.398 + 0.045*
—/- 2.174 = 0.130* 0.541 = 0.063*

Mutant presenilin 1

—/— (control littermates)
—/+

1.047 £ 0.138
1.176 £ 0.183

0.252 + 0.036
0.368 *+ 0.029%

*P < 0.001 and tP < 0.01, as compared to control littermates by Student’s t test.

script containing exon 1, whereas the other
forms are the major transcripts found in other
tissues, the enhancer and promoter regions up-
stream of exon 1 (23-25) are likely to selec-
tively regulate the total expression level of ne-
prilysin in neurons. Indeed, there are several
clusters of possible transcription factor (TF)
binding sites, at least one identified enhancer,
and two dinucleotide repeats in the upstream
region (Fig. 3B). Removal of the enhancer se-
quence leads to more than 90% reduction in
promoter activity (25). The neprilysin gene also
possesses two androgen-responsive elements
(26), which might be associated with the lower
incidence of the disease among males than fe-
males (27). Therefore, it may be possible that
some of the mutations or polymorphisms in

these and related regions could influence the
expression of neprilysin in a neuron-specific
manner and consequently alter A levels in the
brain. Such mutations or polymorphisms can be
either a risk factor or protective factor, depend-
ing on whether they cause down- or up-regula-
tion of neprilysin expression. Although this as-
sumption is a hypothetical prediction, the nepri-
lysin gene is indeed located within the candi-
date chromosome 3 locus associated with late-
onset AD cases (28, 29) and is, therefore, a
potential target in the search for genetic risk
factors.
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Intracellular deposition of aggregated and ubiquitylated proteins is a prominent
cytopathological feature of most neurodegenerative disorders. Whether pro-
tein aggregates themselves are pathogenic or are the consequence of an un-
derlying molecular lesion is unclear. Here, we report that protein aggregation
directly impaired the function of the ubiquitin-proteasome system. Transient
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containing a pathogenic polyglutamine repeat and a folding mutant of cystic
fibrosis transmembrane conductance regulator, caused nearly complete inhi-
bition of the ubiquitin-proteasome system. Because of the central role of
ubiquitin-dependent proteolysis in regulating fundamental cellular events such
as cell division and apoptosis, our data suggest a potential mechanism linking
protein aggregation to cellular disregulation and cell death.
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intracellular deposits of aggregated protein in
diseased neurons in nearly all sporadic and
hereditary neurodegenerative diseases has
long suggested a linkage between UPS dys-
function and pathogenesis (2). Recently this
linkage has been strengthened by genetic ev-
idence linking mutations in the UPS to sev-
eral neurodegenerative diseases and models
thereof (3—7). Despite this evidence, howev-
er, the specific causal relation between pro-
tein aggregation, UPS activity, and pathogen-
esis has remained elusive.

To investigate the specific relation be-
tween protein aggregation and the function of
the UPS, we designed a reporter consisting of
a short degron, CL1 (8), fused to the COOH-
terminus of green fluorescent protein (GFP")
(9). A clonal line of human embryonic kidney
(HEK) 293 cells stably expressing GFP* was
isolated and designated GFP“-1. Pulse-chase
analysis (/0) (Fig. 1A) indicated that GFP" is
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unstable [half-time (¢,,,) = 20 to 30 min]
compared with GFP (¢,,, > 10 hours). GFP"
was stabilized to the level of GFP when the
chase was performed in the presence of the
selective proteasome inhibitor lactacystin
(11). The proteasome inhibitors ALLN and
lactacystin, but not other protease inhibitors,
increased steady-state GFP" levels (Fig. 1B)
and specific ubiquitylation of GFP* (Fig. 1C).
Thus, the presence of a CL1 degron specifi-
cally targeted normally stable GFP for effi-
cient clearance by the UPS.

GFP" was distributed diffusely in the nu-
clear and cytoplasmic compartments of
GFPu-1 cells (Fig. 2A), establishing that the
CL1 degron did not affect the intracellular
trafficking of GFP. The mean fluorescence of
GFPU-1 cells (/2) increased linearly with
time in the presence of proteasome inhibitor,
suggesting that GFP" synthesis is unaffected
by proteasome inhibitors (Fig. 2B). GFP*
fluorescence declined rapidly in GFPU-1 cells
after exposure to a protein-synthesis inhibitor
(Fig. 2C). The ¢,,, of GFP" decline was ~30
min, in good agreement with the pulse-chase
t,,, value, and was blocked by the proteasome
inhibitor ALLN (Fig. 2C).

To determine whether GFP" fluorescence
is a valid in vivo measure of UPS function,
we compared the effect of lactacystin on
GFPu-1 cell fluorescence in vivo with the
effect of this inhibitor on proteasome activity
(I13) in cell extracts (Fig. 2D). Whereas 95
nM lactacystin inhibited 50% of chymotryp-
sin-like activity, a drug concentration of 845
nM was required to produce a 50% maximal
increase in GFP" fluorescence (Fig. 2D).
Above 75% inhibition, fluorescence in-
creased steeply with inhibitor concentration
(Fig. 2E). Thus, GFP" fluorescence could be
used as a dynamic reporter of UPS activity in
vivo, particularly under conditions of sub-
stantial UPS inhibition.

To assess the effect of protein aggregation
on the UPS, we monitored fluorescence in
GFPU-1 cells transiently expressing aggrega-
tion-prone proteins. The AF508 mutant of
cystic fibrosis membrane conductance regu-
lator (CFTR) quantitatively misfolds in the
endoplasmic reticulum (ER) and is exported
to the cytoplasm where it is degraded by the
UPS (14). At low levels of expression, HEK
cells are able to suppress AF508 aggregation
by balancing its synthesis with proteasome-
mediated degradation (/5). In contrast, over-
expressed AF508 forms stable aggregates that
are sequestered by a microtubule-dependent
process into pericentriolar cytoplasmic inclu-
sion bodies called aggresomes (/5). Forty-
eight hours after transient transfection of
GFP"-1 cells with a FLAG-AF508 expression
construct (/6), 5 to 15% of the FLAG-
AF508—expressing cells had clearly defined
FLAG-immunoreactive aggresomes, whereas
the remainder exhibited diffuse, ER localiza-
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tion (Fig. 3A). Cells with FLAG-AF508 ag-
gresomes had substantially increased GFP*
fluorescence. To quantify the effect of
FLAG-AF508 aggregation on GFP* fluores-
cence, we analyzed transfected GFP“-1 cells
for FLAG-AF508 expression and GFP* fluo-
rescence by flow cytometry (Fig. 3B). Mean

Fig. 1. GFPY is a sub- A

strate of the ubiquitin-  chase (min), 0 , 30
proteasome  system.
(A) Pulse-chase analy-
sis of GFP and GFP“. ! !
(Left) Fluorograms of
anti-GFP  immunopre-
cipitates sampled at

the indicated chase
times in the presence

or absence of lactacys-

tin. (Right) Quantifica-

tion of pulse-chase B
data for GFP" (squares)
and GFP (circles) in the
presence (closed sym-
bols) or absence (open
symbols) of lactacystin.
(B) Steady-state level

GFPu |
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of GFPY after 5-hour treatment of GFPU-1 cells with the indicated protease
inhibitors. (C) Lysates of untransfected HEK or GFP“-1 cell were treated
overnight with the proteasome inhibitor ALLN, or mock-treated, as indicat-
ed, immunoprecipitated with anti-GFP, and immunoblotted with a ubiquitin

monoclonal antibody.
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Fig. 2. GFP" fluorescence is a sensitive measure of UPS activity in
vivo. (A) GFPU-1 cells before (left) and after (right) incubation with
lactacystin (6 M). (B) Time course of fluorescence in the presence
of ALLN (10 pg/ml), assessed by flow cytometry. GFP-1 cells (@),
HEK cells (O), and GFP-expressing cells (). (C) Degradation kinet-
ics of GFPY, Fluorescence of GFPU-1 cells (squares) or stable GFP-
expressing cells (circles), assessed by flow cytometry. After a 3-hour
incubation with ALLN, cells were incubated with emetine in the
presence (closed symbols) or absence (open symbols) of ALLN (10 04
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GFP* fluorescence was 4.26-fold higher in
the population of transfected GFP“-1 cells
with high FLAG-AF508 expression than in
the population of low expressers (Fig. 3B).
Moreover, GFPY fluorescence in individual
aggresome-containing cells was, on average,
4.24 times higher than in cells lacking aggre-
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somes (Fig. 3C). Thus, the presence of aggre-
gated FLAG-AF508 led to inhibition of the
UPS.

To assess whether this effect was specific
to AF508, we tested whether an exon 1 frag-
ment of huntingtin containing an aggrega-
tion-promoting expanded polyglutamine ho-
mopolymer could inhibit the function of the

REPORTS

UPS. Proteins with long poly(Q) (i.e., >35)
expansions have an extraordinarily high ten-
dency to aggregate into cytoplasmic and nu-
clear inclusions in vivo and to form amyloid-
like fibrils in vitro (/7). Poly(Q) aggregation
is thought to be mediated by the formation of
a network of hydrogen-bonded, 3-sheet “po-

lar zippers” (/8). When expressed in GFP"-1

Fig. 3. Protein aggre-
gates inhibit the UPS.
(A) GFPU-1 cells tran-
siently transfected with
FLAG-AF508  imaged
for FLAG immunofluo-
rescence or GFPY fluo-
rescence. The arrow in-
dicates a cell containing
a FLAG-AF508 aggre-
some. (B). Quantitative
analysis of data in (A)
showing GFPY fluores-
cence (ordinate) in a
subpopulation of FLAG-
AF508-transfected
GFPU-1 cells exhibiting
high (top 3%) FLAG-
AF508 expression com-
pared with GFPY fluo-
rescence in the sub-
population containing
lower (middle 50%)
FLAG-AF508 expres-
sion. (C) GFP fluores-
cence, in FLAG-AF508-
transfected GFPU-1
cells with (bottom) or
without (top) FLAG-
immunoreactive aggre-
somes. (D) GFPU-1 cells
transiently transfected
with Q25-MYC or
Q103-MYC imaged for
huntingtin expression
(MYC immunocyto-
chemistry) or GFP flu-
orescence (bottom). In-
clusion bodies are
present in some hun-
tingtin-expressing cells
(arrows), but not in
others (arrowheads). (E)

Quantification of data from (D). GFP fluorescence in GFPU-1 cells expressing Q25-MYC (top) or
Q103-MYC (bottom) with inclusion bodies larger than 400 pixels. (F) Correlation between GFPY
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Fig. 4. Protein aggre-
gation induces accu-
mulation of ubiquitin
conjugates and cell
cycle arrest. (A) Ubig-
uitin immunoblot of
lysates of HEK cells
transfected with ei-
ther Q25-GFP or
Q103-GFP, as indicat-
ed, and sorted into
populations contain-
ing the lowest or
highest 10% of GFP

fluorescence. Each lane contains lysates from ~40,000 cells. (B) Two-
parameter FACS profiles of HEK cells transfected with GFP, Q25-GFP, or
Q103-GFP. GFP fluorescence is plotted against DNA content (propidium
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cells, Q25-MYC appeared in a bright, but
diffuse pattern in the cytoplasmic and nuclear
compartments (Fig. 3D). Although most
Q103-MYC—expressing cells exhibited simi-
lar, diffuse cytoplasmic staining, 10 to 20%
had a single prominent juxtanuclear inclusion
body that was highly correlated with in-
creased GFP" fluorescence (Fig. 3, D to F).
Mean GFP* fluorescence of the total popula-
tion of Q103-MYC-expressing cells with in-
clusions was 2.3 fold higher (P < 0.001) than
that of Q25-MYC-transfected cells. Q103-
MYC expressers with the largest inclusion
bodies exhibited a 4.1-fold higher mean
GFP" fluorescence compared with Q25-MYC
transfectants (Fig. 3E). GFP" fluorescence
and inclusion area were positively correlated
(r = 0.661), further suggesting a linkage
between protein aggregation and UPS inhibi-
tion (Fig. 3F).

We used ubiquitin immunoblotting to as-
sess the effects of expressing aggregation-
prone Q103-GFP huntingtin on accumulation
of ubiquitin conjugates (Fig. 4A). HEK cells
expressing high levels of Q103-GFP (19) ex-
hibited an increased high molecular weight
smear of ubiquitin immunoreactivity com-
pared with an identical number of cells ex-
pressing low levels of Q103-GFP. This in-
creased level of ubiquitin conjugates could
not be explained simply by overexpression of
huntingtin, because control cells expressing
Q25-GFP and sorted for the same levels of
GFP fluorescence exhibited only background
levels of ubiquitin conjugates (Fig. 4A).

Cells defective in ubiquitin conjugation
(20) or exposed to proteasome inhibitor (27,
22) arrest primarily at the G,/M boundary of
the cell cycle. To assess the effect of protein
aggregation on the cell cycle, we transfected
HEK 293 cells with GFP, Q25-GFP, or
Q103-GFP and analyzed the cells by flow
cytometry for GFP fluorescence and DNA
content (Fig. 4B) (23). Cells with the highest
level of expression of Q103-GFP had 4n
DNA content, indicating arrest in G,. No
such subpopulation of cells was observed in
cells expressing comparable levels of Q25-
GFP or GFP (Fig. 4B).
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iodide fluorescence). The fluorescence signals in the two channels are
indicated by pseudocolor, with “hot” colors (i.e., red) being highest and
“cold” colors (i.e., blue) lowest.
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Although it is widely accepted that protein
aggregation is a central event in the initiation
of cell death in the pathogenesis of inherited
neurodegenerative diseases (24), the mecha-
nism by which aggregation might be related
to a toxic gain-of-function has remained elu-
sive. The above data show that expression of
two different, unrelated proteins, sharing only
the propensity to misfold and to aggregate,
induces substantial increases in intracellular
GFP* fluorescence, indicative of severe dis-
ruption of UPS activity. Protein aggregation
also leads to accumulation of intracellular
ubiquitin conjugates and cell cycle arrest
(25). These data suggest that protein aggre-
gation causes UPS inhibition.

We find no evidence for decreased free-
ubiquitin levels in cells with inclusion bod-
ies (Fig. 4A), suggesting that protein aggre-
gates do not simply deplete pools of intra-
cellular free ubiquitin. Protein aggregates
could inhibit the UPS by saturating the
capacity of one or more molecular chaper-
ones required for UPS function (26) or by
direct interaction with the proteasome. Giv-
en the processive nature of proteasomal
proteolysis (27), it is conceivable that pro-
teasomes could become engaged by ubiqui-
tylated aggregates that they can neither un-
fold nor degrade, and would thus be unavail-
able for degrading other well-behaved sub-
strates like transcription factors and cyclins.
Indeed, proteasome subunits colocalize in in-
clusion bodies associated with neurodegen-
erative diseases (28, 29) and experimentally
induced aggresomes (30, 31).

Whether protein aggregation is a cause or a
consequence of neurotoxicity has been a long-
standing conundrum. Our data suggest that res-
olution of this quandary may lie in the essen-
tially autocatalytic nature of the relation of pro-
tein aggregates to the UPS: They are simulta-
neously inhibitors of the pathway and the

REPORTS

products that result from its inhibition. A de-
cline in UPS activity, for any reason, would
result in increased production of aggregated
proteins and could account for the accumula-
tion of ubiquitin conjugates (2) and UPS sub-
strates (32) that are aberrantly expressed in
diseased neurons. Increased aggregation would
lead to a further decline in UPS function. This
positive-feedback mechanism might help to ex-
plain the often precipitous loss of neuronal
function that characterizes the progression of
many neurodegenerative diseases.
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