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Amyloid B peptide (AB) generated from amyloid precursor protein
(APP) is central to Alzheimer’s disease (AD). Signaling pathways
affecting APP amyloidogenesis play critical roles in AD pathogen-
esis and can be exploited for therapeutic intervention. Here,
we show that sumoylation, covalent modification of cellular
proteins by small ubiquitin-like modifier (SUMO) proteins, regu-
lates AB generation. Increased protein sumoylation resulting from
overexpression of SUMO-3 dramatically reduces AB production.
Conversely, reducing endogenous protein sumoylation with
dominant-negative SUMO-3 mutants significantly increases A
production. We also show that mutant SUMO-3, K11R, which can
only be monomerically conjugated to target proteins, has an
opposite effect on AB generation to that by SUMO-3, which can
form polymeric chains on target proteins. In addition, SUMO-3
immunoreactivity is predominantly detected in neurons in brains
from AD, Down’s syndrome, and nondemented humans. There-
fore, polysumoylation reduces whereas monosumoylation or un-
dersumoylation enhances A generation. These findings provide a
regulatory mechanism in APP amyloidogenesis and suggest that
components in the sumoylation pathway may be critical in AD
onset or progression.

myloid precursor protein (APP) is an integral transmembrane

glycoprotein of multiple isoforms including the neuronal form
of 695 amino acids. Proteolytic cleavage of APP by B-secretase or
B-site APP cleavage enzyme (BACE) (1-6) initiates the amyloi-
dogenic pathway with the liberation of N-terminal fragment (-
NTF) and the formation of B-C-terminal fragment, which is then
further processed by y-secretase (7, 8) to release amyloid B8 peptide
(AB). A nonamyloidogenic pathway by a-secretase cleavage leads
to the secretion of a-NTF and precludes the formation of full-length
AB (9, 10). Various familial Alzheimer’s disease (AD)-associated
mutations in both APP and presenilins cause increased production
or deposition of AB, which is believed to induce neuronal cell death
because of its neurotoxic and/or inflammatory effects (for a review,
see ref. 11). These and other observations support that molecular
mechanisms involved in regulating APP amyloidogenesis are oblig-
atory players in AD pathogenesis.

Sumoylation has begun to be recognized as an important post-
translational modification capable of influencing protein function
(for reviews, see refs. 12-14). Sumoylation is biochemically similar
to but functionally distinct from ubiquitination, the latter being
involved in several neurodegenerative diseases but whose role in
AD is still unclear (15-17). In mammalian cells, the small ubiquitin-
like modifier (SUMO) protein family consists of three members,
SUMO-1, -2, and -3, all displaying the conserved diglycine residues
located in the C terminus. SUMO-2 and SUMO-3 are 95% identical
at the amino acid level and together seem to be distinct from
SUMO-1 in several respects. SUMO-2/3 seem to contribute more
to total protein sumoylation than SUMO-1 does, and they may have
distinct protein substrates (18). SUMO-2/3, but not SUMO-1, are
capable of forming poly(SUMO) chains, which is similar to polyu-
biquitination (19). Biochemically, SUMOs are first processed at the
diglycine motif via SUMO hydrolase/isopeptidase to generate a
free glycine residue at the C terminus, which is covalently attached
to their protein substrates through the formation of an isopeptide
bond between the liberated glycine residue and a lysine residue on
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the target protein. The biological function of sumoylation is not fully
understood, but it seems to regulate protein localization and
stability, the latter through antagonism of ubiquitin-mediated pro-
teolysis (20-22). Here, we report a previously unknown function for
sumoylation in regulating APP processing.

Materials and Methods

Cell Culture. Human embryonic kidney 293T cells and human
neuroblastoma SK-N-MC cells were grown in high glucose-
containing DMEM supplemented with 10% heat-inactivated FBS.

Normalized Library and Primary Screening. A human fetal brain
cDNA library purchased from Life Technologies (Rockville,
MD) was normalized by the method of Soares et al. (23). The
normalization was confirmed by randomly selecting ~300 clones
for sequencing, which showed minimal to no redundancy. The
normalized library was plated for single colonies (=100 colonies
per plate) and scraped, and DNA preparations were made and
assembled in 96-well microtiter plates. For initial screening, the
cDNA library was cotransfected with an APP expression plas-
mid, followed by assays for AB, B-NTF, and o-NTF. After
comparing the levels of these three APP products with the
average of each plate, cDNA pools showing altered patterns of
APP processing were deconvoluted and rescreened.

Plasmids. APP695wt, APP695sw, and BACE expression plasmids
are in pcDNA3 vectors. SUMO-3 expression plasmid is in
pCMV.SPORT?2 vector. HisG-tagged Nedd8 and ubiquitin-
expression plasmids were constructed by PCR and confirmed by
sequencing analysis. All mutant clones were generated by using
the QuikChange (Stratagene) mutagenesis method and were
confirmed by sequencing analysis.

Transfection Studies. For determining the role of SUMO in APP
processing, SUMO-3 plasmids were cotransfected with APP695
expression plasmid, followed by ELISAs for AB, B-NTF, and
a-NTF. Plasmid transfections were performed with Lipofectamine
2000 (Life Technologies) in 24-well plates. For each transfection,
4 X 10° cells were incubated with a total of 800 ng of plasmid DNA
combined with 2 ul of Lipofectamine 2000 according to the
vendor’s protocol. The total DNA contained 400 ng of APP695wt
or 160 ng of APP695sw plasmid and various amounts of other
plasmids. The empty vector pcDNA3.1 was supplemented to make
up a total of 800 ng of DNA whenever necessary. Each transfection
was done in triplicate. Forty-eight hours after transfection, the
medium was collected and assayed for AB, B-NTF, and o-NTF.

ELISAs. Determinations of AB, B-NTF, and a-NTF concentra-
tions in growth medium used standard sandwich ELISA methods
with the following antibodies. For total A, the capture antibody
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Fig. 1. SUMO-3 sumoylation regulates APP processing in 293T cells. (A) Diagram showing APP processing and antibody epitopes used in ELISA: 266.1 and 3D6
for AB, 8E5 and AF20 or 192wt for B-NTF, and 8E5 and 2H3 for a-NTF. Drawing not to scale. (B) Dose-effect of SUMO-3 expression on AB, B-NTF, and «-NTF
generation from cells cotransfected with APP and without or with increasing amounts of SUMO-3 plasmids. All transfections contained 160-ng APP plasmids.
The amount of SUMO-3 plasmids used were 0, 40, 160, and 640 ng in transfections corresponding to the columns from left to right. Vector DNAs were
supplemented to bring the total amount of DNA to 800 ng for each transfection. A similar dilution scheme was used in other figures as well. The results were
expressed as relative to the amount of APP-processing products indicated in each panel to the control. The control was APP transfection alone. (C) Western blot
showing dose—effect of SUMO-3 on a-NTF production. Equal amounts of growth media from cells transfected as indicated were probed with 8E5 antibody.
(D) Western blot showing SUMO-3 expression and protein sumoylation. Equal amounts of protein from lysates of cells transfected as indicated above were probed
with affinity-purified SUMO-3 antibody. Arrows indicate SUMO dimer and trimer. HMW Proteins, high molecular weight proteins. (E) Western blot showing
expression and sumoylation/desumoylation of SUMO-3 and mutants. Cells were mock-transfected or transfected with APP and SUMO plasmids, and lysates were
probed with anti-SUMO-3 antibody. (F) Effect of SUMO-3 and mutants on AB, B-NTF, and «-NTF generation from transfected cells as determined by ELISA. (G)
Dose-effect of SUMO-3(11R) on AB, B-NTF, and a-NTF generation as determined by ELISA. Each of the above experiments was carried out more than three times
with equivalent results as those presented. *, Significantly different from APP transfection alone (P < 0.005, ANOVA post hoc tests).

was 266.1 raised against AB domain residues 13-29, and the  raised against residues 444-592 of APP protein, and the detec-
detection antibody was biotinylated 3D6 raised against AB  tion antibody (specific for free C terminus of B-NTF) was 192wt
domain residues 1-5. For B-NTF, the capture antibody was SES  for wild-type APP and AF20 for Swedish APP, respectively,
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raised against residues 593-596. For a-NTF, the capture anti-
body was 8E5, and the detection antibody was biotinylated 2H3
raised against AB domain residues 1-12.

Standard ELISA procedure was followed. With the appropri-
ate amount of sample, this assay procedure accurately measures
concentrations of AB, B-NTF, and a-NTF, all compared with
purified standards. Final results are expressed relative to con-
trols or APP transfection alone.

Western Blot Analysis. Cells were treated according to experimental
designs and collected directly in lysis buffer according to the
method of Desterro et al. (21). Equal amounts of protein from cell
lysates were electrophoretically resolved on Tris-glycine SDS gels
and processed by standard method. APP, SUMO-3, and SUMO-1
antibodies were obtained from Zymed, BACE antibody was from
Chemicon, and anti-HisG antibody was from Invitrogen.

Pulse-Chase Experiments. 293T cells were transfected with
APP695 and SUMO-3 plasmids in six-well plates and 48 h later
were incubated with serum- and methionine/cysteine-free me-
dium containing 200 pCi (1 Ci = 37 GBq) of Promix L (*S)
in vitro cell-labeling mix (Amersham Pharmacia) for 20 min.
Medium was replaced, and the cells were then chased in com-
plete nonradioactive medium for up to 240 min. Cell lysates were
prepared and immunoprecipitated with an APP C-terminal-
specific antibody 369 (24). Immunoprecipitates were subjected
to SDS/PAGE and analyzed by radiography.

Immunohistochemistry. Brain tissues of AD and Down’s syndrome
patients or age-matched nondemented tissues were obtained
from NIA/Stanford Brain Bank. Sections (7 wm thick) were
preblocked and then probed with anti-SUMO-3 antibody at
1:500 dilution overnight at 4°C. Further processing was done
following standard protocol. Tissue sections were finally visual-
ized with DAB or VIP staining. In control staining, nonimmune
serum was used in place of the anti-SUMO-3 antibody.

Results

SUMO-3 Sumoylation Regulates APP Processing. To identify modu-
lators of APP processing, we screened a normalized human brain
cDNA expression library consisting of 1,001 pools, each with
~100 plasmids. DNA from each pool was cotransfected with an
APP expression plasmid into 293T cells, and 48 h later the
growth medium was assayed by ELISA for the level of ApB,
B-NTF, and o-NTF (Fig. 14). This allowed us to identify a
number of plasmid pools that alter patterns of APP processing,
including one that down-regulates the level of B-NTF and AB but
up-regulates that of «-NTF (data not shown). After deconvolu-
tion, a single plasmid from this pool was identified capable of
altering APP processing as the original pool. Sequence analysis
of this clone revealed that it contains a full-length cDNA
encoding SUMO-3, the 95-aa ubiquitin-like protein.

We examined the dose-response of SUMO-3 expression on
APP processing in 293T cells. The level of B-NTF was signifi-
cantly lowered with increasing amounts of SUMO-3 plasmid
transfected (Fig. 1B). The total level of secreted AB was also
similarly reduced to ~25% of the control at the highest SUMO-3
condition (Fig. 1B). Conversely, the level of a-NTF was in-
creased in a dose-dependent fashion, which was also evident for
endogenous APP (Fig. 1 B and C). When the extracts of the
transfected cells were subjected to Western blot analysis by using
a SUMO-3-specific antibody, both free SUMO-3 and sumoy-
lated proteins were detected in a SUMO-3 plasmid dose-
dependent manner (Fig. 1D). The increased sumoylated proteins
were detected mainly as high molecular weight species, typical of
what has been observed previously (18). Free monomers, dimers,
and trimers of SUMO-3 were also evident. Unconjugated mul-
timers of SUMO have been reported in yeast (25). These data
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Fig. 2. Effect of SUMO-3 and SUMO-3(G93A) on APP and BACE expression.
(A) Pulse—chase study of the kinetics of APP metabolism in 293T cells cotrans-
fected with equal amounts of APP and the plasmid indicated. Immature (I) and
mature (M, M2) APP species are indicated. (B) Dose-effect of SUMO-3 and
mutant on APP expression. Equal amounts of proteins from lysates of cells
transfected with the indicated plasmids for 48 h were probed with an anti-
C-terminal APP antibody. (C) Western blot showing dose—effect of SUMO-3
and mutant on BACE expression. Equal amounts of proteins from cells trans-
fected with indicated plasmids for 48 h were probed with an anti-BACE
antibody.

indicate that increased SUMO-3 expression and/or sumoylation
down-regulate amyloidogenic but up-regulate nonamyloido-
genic processing of APP.

We next examined the effect of lowering endogenous
SUMO-3 sumoylation on APP processing. Because SUMO-3
sumoylation requires a C-terminal diglycine motif generated
through enzymatic removal of the terminal two proximal amino
acids, we assessed mutants of the diglycine motif for the ability
to act in a dominant negative manner to down-regulate intra-
cellular SUMO-3 sumoylation. Two SUMO-3 variants, SUMO-
3(G93A) and SUMO-3(G92AG93A), where one or both of the
conserved glycine residues was mutated to alanine, were gen-
erated. These mutants were transfected into 293T cells, and the
SUMO-3 sumoylation was examined by Western blot analysis.
Compared with endogenous levels of sumoylation by SUMO-3
(mock- and vector-transfected controls), both mutants signifi-
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Effect of ubiquitination and neddylation on APP processing in 293T cells. (A) Western blot showing expression and conjugation of HisG-tagged ubiquitin

and HisG-tagged Nedd-8. Lysates from transfected cells were probed with an anti-HisG antibody. (B) Effect of ubiquitin and Nedd-8 on APP processing as

determined by ELISA for A, B-NTF, and a-NTF.

cantly decreased the total level of protein sumoylation as judged
by a reduction in the intensity of the high molecular weight
sumoylated species (Fig. 1E). Concomitantly with lower sumoy-
lation levels, increased unconjugated free SUMO-3 was detected
with each mutant compared with wild-type SUMO-3. When the
culture medium was assayed for APP derivatives, we found that
cells cotransfected with SUMO-3 mutants and APP secreted
significantly more B-NTF and A than transfection with only
APP, which was opposite to that caused by transfection with
wild-type SUMO-3 (Fig. 1F). Therefore, the level of B-NTF and
ApBisinversely associated with the level of intracellular SUMO-3
sumoylation. In addition, the level of a-NTF was also higher in
the presence of SUMO-3 mutants (Fig. 1F), suggesting that the
effect of sumoylation and desumoylation on B-secretase and
a-secretase pathways is uncoupled.

We also determined the effect of SUMO-3-mediated mono-
vs. polysumoylation on APP amyloidogenesis. To do so, we
examined the effect of SUMO-3(K11R), a SUMO-3 variant with
arginine replacing lysine at position 11. Arginine 11 is required
for the formation of poly(SUMO) chains; SUMO-3(K11R) is
capable of conjugating to its target, although its ability to form
poly(SUMO) chains is impaired (19). The influence of the
SUMO-3(K11R) mutant was assessed on APP processing. When
293T cells were cotransfected with APP and SUMO-3(K11R),
the generation of AB and B-NTF, as well as that of a-NTF, were
all up-regulated compared with APP transfection alone (Fig.
1G). Therefore, monosumoylation has a positive effect on AB
production as opposed to polysumoylation, which negatively
regulates AB production.

Effect of Sumoylation on APP and BACE Expression. As a step toward
elucidating the mechanistic details for these observations, we
examined two obvious targets of sumoylation, APP and BACE.
Because sumoylation can stabilize proteins in contrast to ubiquitin-
mediated proteolysis, we asked whether APP is directly sumoylated
and whether the half-life of APP is affected directly or indirectly by
sumoylation. We cotransfected APP and SUMO-3 into 293T cells,
cell extracts were immunoprecipitated with an APP antibody, and
the immunoprecipitates were subjected to Western blot analysis
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with a SUMO-3 antibody. No sumoylated APP was detected based
on the lack of labeled bands 100-130 kDa or larger (data not
shown). This is not unexpected as the APP sequence does not
contain the consensus sumoylation motif, yKxE/D, where ¢ is an
aliphatic residue (26, 27). It should be noted that because of the
paucity of known SUMO-3 substrates, the SUMO-3 sumoylation
motif is not yet definitively established. However, SUMO-3 can be
conjugated at the same site (YKxE/D) as that used by SUMO-1
(28). We next performed a pulse—chase analysis to determine the
half-life of APP in the presence or absence of exogenous SUMO-3
or SUMO-3(G93A). Although SUMO-3 seemed to alter the mat-
uration of APP by retarding or reducing glycosylation, the half-life
of APP was not affected by SUMO-3 or SUMO-3(G93A) (Fig. 24).
In particular, the kinetics of APP metabolism was indistinguishable
between 293T cells transfected with APP and SUMO-3(G93A) and
that with APP alone. These data suggest that the effect of sumoy-
lation on AB generation is not simply caused by an altered rate of
APP turnover.

We also examined the effect of wild-type and mutant SUMO-3
on the level of intracellular APP by Western blot analysis.
Increased expression of either SUMO-3 or SUMO-3(G93A)
increased the steady-state level of APP (Fig. 2B). No additional
high molecular weight APP species were observed (data not
shown), which is consistent with the above conclusion that APP
is not directly sumoylated. The increased total APP by either
SUMO-3 or SUMO-3(G93A) may be correlated with overall
alterations in cellular metabolism when wild-type or mutant
SUMO-3 is expressed at very high levels.

Because SUMO-3 affects APP processing, we next assessed its
influence on BACE. BACE levels were unchanged at the lower
doses of exogenous SUMO-3. Similar to APP, BACE levels were
slightly elevated when a BACE plasmid was expressed with high
levels of exogenous SUMO-3 or SUMO-3(G93A) as detected by
Western blot analysis (Fig. 2C). This effect was somewhat more
dramatic in the presence of wild-type SUMO-3 than the mutant.
Overexpression of wild-type SUMO-3 also resulted in a faster
migrating BACE species, which might reflect immature BACE
as observed with APP. At high doses of SUMO-3, high molecular
weight immunoreactive BACE proteins at ~250 kDa were also
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> A

SUMO-3 in human brain and its effect on APP processing in a human neuronal cell line. (A) SUMO-3 immunoreactivity in brain. ND, nondemented. Scale

bars represent 20 and 100 um for high and low magnifications, respectively. (B) Effect of SUMO-3 on AB, 3-NTF, and a-NTF generation in SK-N-MC cells as
determined by ELISA. (C) Schematic diagram summarizing effects of sumoylation on APP amyloidogenesis. Polysumoylation negatively (—) regulates but
monosumoylation or undersumoylation positively (+) regulates A production. SUMO proteins are indicated by small white circles.

detected on the blot (Fig. 2C). Because SUMO-3(G93A) also
increased the level of high molecular weight BACE species (Fig.
2C), it is unlikely that these represent sumoylated BACE. BACE
does contain a sequence, LKMD (positions 274-277), which
conforms to a sumoylation motif. However, mutation of the
acceptor lysine to arginine on BACE did not eliminate or reduce
the amount of high molecular weight BACE species when
coexpressed with SUMO-3 (data not shown). The level of the
high molecular weight BACE seems to be correlated with high
BACE expression levels and may simply represent aggregation.
Together, these observations indicate that overexpression of
both wild-type SUMO-3 and SUMO-3(G93A) increases intra-
cellular APP and BACE levels and that high levels of wild-type
SUMO-3 seem to retard or reduce posttranslational modifica-
tion of APP and BACE. Also, the data show that the effects of
sumoylation on APP processing are indirect.

Effect of Ubiquitin and Nedd-8 on APP Processing. To determine
whether ubiquitination potentially plays an antagonistic role to
sumoylation, we examined whether ubiquitin and Nedd-8 also
effect APP processing. Ubiquitin has been implicated in AD, but
whether it effects APP processing is unknown. Nedd-8 is a

Li et al.

ubiquitin homolog, and conjugation of Nedd-8§ to its substrate
promotes ubiquitin polymerization (29). Interestingly, the APP
binding protein, APP-BP1 (30), is one of two components of the
El activating enzyme required for Nedd-8 conjugation (31, 32).
It is also unclear whether Nedd-8 affects APP processing. We
transfected plasmids expressing HisG-tagged ubiquitin or
Nedd-8 into 293T cells and examined their expression and
substrate conjugation by Western blot analysis. Fig. 34 shows
that both free ubiquitin and Nedd-8 and their conjugates were
detected. Neither ubiquitination nor Nedd-8 altered APP pro-
cessing (Fig. 3B), and both were without effect on levels of
intracellular APP (data not shown). Therefore, ubiquitination
plays no significant role in APP processing.

SUMO-3 in Brain and Neuronal Cells. To determine the physiological
relevance of the above observations, we examined whether
SUMO-3 protein is present in brain and whether changes in
sumoylation also effect amyloidogenesis in neuronal cells. We
stained sections of brain from AD, Down’s syndrome, and
nondemented individuals with affinity-purified anti-SUMO-3
antibody. Fig. 44 shows that neuronal populations have positive
immunoreactivity for SUMO-3. SUMO-3 staining is remarkable
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in hippocampal neurons, a population significantly targeted in
AD. Four to five cases were examined for each group. Qualita-
tively, it seems that a larger percentage of neurons in AD and
Down’s syndrome brain have a SUMO-3 distribution limited to
the neuronal soma in contrast to nondemented brains, where
SUMO-3 is both somal and nuclear (Fig. 44 and data not
shown). A rigorous analysis with additional cases is needed to
confirm this preliminary observation. Nonetheless, we show that
SUMO-3 is detectable in brain neurons.

We next examined whether regulation of APP processing by
sumoylation is also operative in neuronal cells. An APP expres-
sion plasmid was transfected without or with various SUMO
constructs into the human neuroblastoma cell line SK-N-MC.
APP processing was assessed by ELISA. Fig. 4B shows that the
effect of sumoylation on APP processing observed in 293T cells
was replicated in SK-N-MC neuronal cells. Therefore, sumoy-
lation plays a role in APP processing in neuronal cells and is
likely to influence brain A levels.

Discussion

These results bring a new perspective to the field of AD research,
specifically as it pertains to APP processing and biology, which has
been extensively characterized over the past decade. The effect of
sumoylation on APP biogenesis and processing is multifaceted. We
have shown that increased and decreased SUMO-3 sumoylation are
correlated with the down- and up-regulation of AB peptide pro-
duction, respectively. Hence, abnormal regulation of APP amyloi-
dogenesis by sumoylation may occur in AD. In support of this
notion, SUMO-3 immunoreactivity is present in neuronal popula-
tions in brain. Putative SUMO-3 sumoylation disturbances could be
caused by a number of factors, including dysfunction of SUMO
proteins or the enzymatic and regulatory components involved in
protein sumoylation. Sumoylation is a reversible process, employing
SUMO-specific proteases to remove SUMO moieties from pro-
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teins. Genes encoding enzymes or proteins involved in sumoylation
are thus potential risk factors for AD. Environmental factors such
as oxidative stress, which has been shown to increase SUMO-3
sumoylation in certain cells (18), may also affect APP amyloido-
genesis by effecting sumoylation. From a therapeutic point of view,
the sumoylation pathway may be exploited because, for example, a
robust reduction in AB production could be achieved through
increasing SUMO-3 sumoylation by inhibiting SUMO-3-specific
proteases. A family of at least seven members of such proteases has
been identified to date (13).

The above results also show the functional divergence for mono-
and polysumoylation and the utility of dominant negative SUMO
variants to the emerging field of protein sumoylation. The depen-
dence of biological functionality, or APP amyloidogenesis in this
case, on the SUMO chains is a vivid resemblance to ubiquitination.
The length of ubiquitin chains can subserve different biological
activities where polyubiquitination usually designates a protein to
proteasome destruction, whereas monoubiquitination regulates
other cellular processes such as endocytosis (33). The mechanism
governing inhibition of APP amyloidogenesis by SUMO-3 poly-
sumoylation warrants further investigation, particularly in light of
the fact that both APP and BACE levels are increased by this
regulatory process. The latter might be explained by the fact that
sumoylation generally affects protein localization and transport,
which is consistent with APP and BACE using the same trafficking
route and perhaps the same transport compartment (34).

Although the sumoylation substrate(s) relevant to APP pro-
cessing remains unknown, our observations show that sumoyla-
tion plays a critical role in APP amyloidogenesis (schematically
summarized in Fig. 4C). Components of the sumoylation path-
way should now be further investigated as not only potential AD
risk factors but also therapeutic targets.
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