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Ubiquitin Regulates GGA3-mediated Degradation of BACE1™
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BACE]1 (fB-site amyloid precursor protein-cleaving enzyme 1)
is a membrane-tethered member of the aspartyl proteases,
essential for the production of B-amyloid, a toxic peptide that
accumulates in the brain of subjects affected by Alzheimer dis-
ease. The BACE1 C-terminal fragment contains a DXXLL motif
that has been shown to bind the VHS (VPS27, Hrs, and STAM)
domain of GGA1-3 (Golgi-localized 7y-ear-containing ARF-
binding proteins). GGAs are trafficking molecules involved in
the transport of proteins containing the DXXLL signal from the
Golgi complex to endosomes. Moreover, GGAs bind ubiquitin
and traffic synthetic and endosomal ubiquitinated cargoes to
lysosomes. We have previously shown that depletion of GGA3
results in increased BACEL levels and activity because of
impaired lysosomal degradation. Here, we report that the accu-
mulation of BACEL is rescued by the ectopic expression of
GGA3 in H4 neuroglioma cells depleted of GGA3. Accordingly,
the overexpression of GGA3 reduces the levels of BACE1 and
B-amyloid. We then established that mutations in the GGA3
VPS27, Hrs, and STAM domain (N91A) or in BACE1 di-leucine
motif (L499A/L500A), able to abrogate their binding, did not
affect the ability of ectopically expressed GGA3 to rescue
BACE1 accumulation in cells depleted of GGA3. Instead, we
found that BACEL1 is ubiquitinated at lysine 501 and is mainly
monoubiquitinated and Lys-63-linked polyubiquitinated.
Finally, a GGA3 mutant with reduced ability to bind ubiquitin
(GGA3L276A) was unable to regulate BACEL1 levels both in res-
cue and overexpression experiments. These findings indicate
that levels of GGA3 tightly and inversely regulate BACEL1 levels
via interaction with ubiquitin sorting machinery.

Alzheimer disease (AD)? is a devastating neurodegenerative
disorder that results in loss of memory and cognitive function,
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eventually leading to dementia. A key neuropathological event
in AD is the cerebral accumulation of an ~4-kDa peptide
termed A, the principal component of senile plaques. Amyloid
plaques are formed by aggregates of amyloid-B-peptides,
37-43-amino acid fragments (predominantly AB,, and AB,,)
derived by serial proteolysis of the amyloid precursor protein
(APP) by B- and y-secretase (1).

The B-site APP-cleaving enzyme (BACE1L) is a membrane-
tethered member of the aspartyl proteases that has been iden-
tified as B-secretase (2—4). APP proteolysis by B-secretase
results in the production of secreted B-APP polypeptide
(BAPPs) along with a membrane-associated APP C-terminal
fragment of 99 amino acids, which then serves as substrate for
y-secretase resulting in the production of AB. BACEL is an
N-glycosylated type 1 transmembrane protein that undergoes
constitutive N-terminal processing in the Golgi apparatus. The
ectodomain contains four glycosylation sites and two signature
sequences typically associated with aspartyl proteases (D(T/
S)G(T/S)). BACEL is targeted through the secretory pathway to
the plasma membrane where it can be internalized to endo-
somes (5). The BACE1 C-terminal fragment contains a specific
di-leucine (DXXLL) sorting signal that is present in several
transmembrane proteins (e.g. cation-dependent and cation-in-
dependent mannose-6-phosphate receptor) and that regulates
endocytosis and lysosomal targeting (6). Mutagenesis of
L499A/L500A results in retention of BACEL at the plasma
membrane (7-9). The BACE1 acidic di-leucine motif has been
shown to bind GGA1-3 (Golgi-localized <y -ear-containing
ARF-binding proteins), and phosphorylation of BACE1-Ser-
498 appears to increase the binding (10 -14).

GGA1-3 are monomeric adaptors that are recruited to the
trans-Golgi network (TGN) by the Arfl-GTPase. They consist
of four distinct segments as follows: a VHS (VPS27, Hrs, and
STAM) domain that binds the acidic di-leucine sorting signal,
DXXLL; a GAT (GGA and Tom1) domain that binds Arf:GTP;
a hinge region which recruits clathrin; and a +y-adaptin ear
homology domain that exhibits sequence similarity to the ear
region of y-adaptin and recruits a number of accessory pro-
teins. GGAs are necessary for the sorting of acid hydrolases to
the lysosomes. Newly synthesized acid hydrolases modified
with mannose 6-phosphate groups bind to mannose 6-phos-
phate receptors (MPRs). MPRs bind to the VHS domain of
GGAs via the DXXLL motif (15). GGAs are likely involved in
the transport of proteins containing the DXXLL signal from the
Golgi complex to the endosomes. However, several studies
have shown that cargo proteins can be recruited in the GGA
pathway not only by the di-leucine sorting motif but also by
ubiquitin (16-20). Puertollano and Bonifacino (16) have

ACEVEN

VOLUME 285-NUMBER 31+JULY 30, 2010


http://www.jbc.org/cgi/content/full/M109.092742/DC1

GGA3 Binding to Ubiquitin Regulates BACE1 Degradation

reported that RNAI silencing of GGA3, but not GGA1 or
GGA2, resulted in the accumulation of epithelial growth factor
receptor (EGFR) in enlarged early endosomes and partially
blocked its delivery to lysosomes where it is normally degraded.
The sorting and lysosomal degradation of EGER are regulated
by ubiquitination of critical lysines in its cytoplasmic domain
(21, 22). Ubiquitin (Ub) is attached to the target protein as a
monomer or in the form of isopeptide-linked polymers termed
polyubiquitin chains. Ubiquitination at one (monoubiquitina-
tion) or multiple lysines (multiubiquitination) of a target pro-
tein, e.g. EGFR, regulates its endocytosis and sorting to the lyso-
somes for degradation (23). Given that Ub contains seven lysine
residues, once a molecule of Ub is attached to the target protein,
additional Ub molecules can be linked resulting in the forma-
tion of polyubiquitin chains. Elongation in polyUb chains can
occur at any of the seven lysine residues present in Ub. Lys-48-
linked ubiquitination mainly targets proteins for proteasomal
degradation. In contrast, Lys-63-linked polyubiquitination
plays a role in endocytosis and signaling functions in a protea-
some-independent fashion (24). Increasing evidence is accu-
mulating that Lys-63-linked Ub chains are a specific signal for
protein sorting into the multivesicular body (MVB) pathway
(25). The endosomal machinery responsible for the delivery of
EGFR and other receptors to the lumen of MVB consists of
proteins containing ubiquitin-binding domains (e.g. hepatocyte
growth factor-regulated tyrosine kinase substrate (HRS), endo-
somal sorting complex required for transport complexes
(ESCRT) I-III) (26). Depletion of the endosomal proteins HRS,
STAM1, STAM2, or the tumor susceptibility gene (TSG101), a
ubiquitin-binding subunit of ESCRT I, produces accumulation
of EGFR in early endosomes similar to that resulting from
depletion of GGA3 (27-30). The GGA3 GAT domain has also
been shown to bind ubiquitin at two different sites (31-33).
One of these, site 2, centers on Leu-276. Substitution L276A in
GGA3 GAT domain abrogates binding to ubiquitin and to
TSG101 in a yeast two-hybrid system and results in the accu-
mulation of EGFR in early endosomes upon expression in
mammalian cells (16). It is important to underscore that the
short isoform of human GGA3 lacking amino acid residues
68-101 and unable to bind the di-leucine motif trafficked
EGER to lysosomes normally (16). Thus, the GGA3-mediated
regulation of EGFR degradation is independent of the interac-
tion with the GGA3 VHS domain. We have recently shown
that depletion of GGA3 results in increased BACE1 levels
and activity because of impaired degradation (34). Here, we
report that GGA3 regulates BACE1 degradation independ-
ently of VHS/di-leucine motif interaction but via binding to
the ubiquitin sorting machinery. Moreover, we have deter-
mined that BACE1 is ubiquitinated at Lys-501 and that it is mainly
monoubiquitinated and Lys-63-linked polyubiquitinated.

EXPERIMENTAL PROCEDURES

Antibodies and Expression Vectors—Anti-HA and anti-Myc
(mono- and polyclonal) antibodies were purchased from Cell
Signaling, Danvers, MA. The anti-V5 antibody was purchased
from Invitrogen. The monoclonal antibody anti-GGA3 was
purchased from BD Biosciences. The GAPDH antibody was
purchased from Chemicon, Temecula, CA. The anti-EEA1 and
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anti-LAMP2 antibodies were purchased from BD Biosciences.
The anti-BACE1 polyclonal antibody PA1-757 was purchased
from Affinity Bioreagents, Golden, CO. The monoclonal anti-
BACEL1 antibody, 3D5, was a kind gift from Dr. Robert Vassar.
BACE1-Myc and HA-GGA3 (long isoform) expression vectors
have been described previously (34). BACE1-V5 expression
vector was a kind gift from Dr. B. T. Hyman (13). HA-ubiquitin
expression vector was a kind gift from Dr. H. G. Gottlinger,
Dana Farber Cancer Institute, Boston. The pRK5-HA-ubiquitin
wild type, KO, Lys-63, and K48R mutant were purchased from
Addgene, Cambridge MA (35).

Generation of H4 Neuroglioma Stable Cell Line Expressing
GGA3 or Negative Control shRNA—Lentiviral vectors
(pLKO.1) carrying expression cassettes that express shRNAs
targeting the human GGA3 gene were purchased from Sigma
and have been described previously (34). A lentiviral vector
(pLKO.1) expressing a short hairpin sequence containing 4-bp
mismatches to any known human or mouse gene was used as
nontarget negative control (Sigma). The packaging of the virus
was performed as described previously (36). H4 human neuro-
glioma cells expressing APP751 (H4-APP751) have been
described previously (34). H4-APP751 cells were infected with
lentiviral particles expressing either negative control or GGA3
shRNA at an approximate multiplicity of infection of 100. The
day after infection, the infected cells were harvested and trans-
ferred to a 150-mm dish containing selection media (Dulbec-
co’s modified Eagle’s medium containing 10% fetal bovine
serum, 200 pug/ml G418, 2 mm L-glutamine, 100 units/ml pen-
icillin, 100 ug/ml streptomycin, and 1 pg/ml puromycin). Iso-
lated clones were screened for levels of GGA3 by Western blot
(WB) analysis with monoclonal GGA3 antibody (Cell Signaling
Technology, Danvers, MA) as described previously (34). The
H4-APP751 cell lines expressing GGA3shRNA or negative con-
trol shRNA are referred to as H4-shGGA3 or H4-NC,
respectively.

Immunofluorescence, Confocal Microscopy, and Colocaliza-
tion Analysis—H4-shGGA3 or H4-NC cells were seeded at a
density of 250,000 cells per well in 6-well plates. The following
day, cells were transfected with 2 ug of BACE1-Myc expression
vector using Superfect transfection reagent (Qiagen, Valencia,
CA). Three days post-transfection, cells were trypsinized and
re-plated onto 12-mm glass coverslips. Six days post-transfec-
tion, cells were fixed with 4% paraformaldehyde for 10 min at
room temperature and permeabilized with 0.1% Triton X-100
for 5 min. Cells were incubated in 5% normal goat sera for 1 hat
room temperature to block nonspecific binding. Primary anti-
bodies (polyclonal anti-Myc 1:400 and monoclonal anti-EEA1
1:400 or monoclonal anti-LAMP2 1:600 in 5% goat sera) were
incubated overnight at 4 °C followed by washing in phosphate-
buffered saline and incubation with goat anti-mouse Alexa
Fluor® 594 conjugate and rabbit Alexa Fluor® 488 conjugate
antibodies (Invitrogen) for 1 h at room temperature (1:200 in
5% goat sera). Nuclei were counterstained by incubation with
diamidino-2-phenylindole (Sigma) for 10 min. Coverslips were
washed with phosphate-buffered saline and mounted using
FluorSave (EMD Chemicals, Gibbstown, NJ). Between 14 and
25 cells expressing various levels of transfected BACE1 were
imaged for colocalization studies. To ensure no biasing of data,
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only the channel corresponding to BACEL1 staining (not the
subcellular organelle) was viewed prior to image capture. Con-
focal microscopy was performed on a Nikon Eclipse 77 confocal
microscope with a 60X oil Plan Apo VC objective in 0.130-um
steps. Pinhole was set to Airy (40.9 wm) resulting in an optical
section thickness of 0.13 um. Images were captured at 1024 X
1024 resolution with a pixel dwell of 3.8 ws. Laser intensity and
gain were set using a saturation indicator to prevent saturation
of pixels in any channel. Laser channels were captured sequen-
tially to prevent bleed through. Colocalization analysis of
BACEL1 and subcellular organelles was performed using Meta-
morph version 6.1 software on a representative z-section from
each cell expressing maximal fluorescence in both channels.
Background correction prior to thresholding for colocalization
was performed using a 32 X 32 median filter. Colocalization of
BACE1l and the subcellular organelle markers EEA1 and
LAMP2 was expressed as a percentage area of overlap of
BACE1 with the subcellular marker.

Site-directed Mutagenesis—Site-directed mutagenesis was
performed using the QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. The
primers used to produce each mutation are as follows:
GGA3RNAIRes (G1959A/A1962G) (along with reverse comple-
ment primer), 5'-CAG GCT GCA GTG CCC AAA TCC ATG
AAA GTG AAG-3'; L276A mutation (along with reverse com-
plement primer), 5'-GAGGACAATGATAACAGTGCGGG-
GGACATCCTGCAAGC-3'; N91A mutation (along with
reverse complement primer), 5'-GTTCCGCTTTTTGGCTG-
AGTTAATCAAAGTCGTC-3'; BACE-Myc L499A/L500A
(along with reverse complement primer), 5'-GATGACATCT-
CCGCGGCGAAGCTCGAGTC-3'; and BACE-V5 K501R
(along with reverse complement primer), 5'-GACATCTCCC-
TGCTGAGAAAGGGCAATTCTGCAG-3'. The resulting
cDNA expression vectors were verified by sequencing.

Rescue and Overexpression Experiments—H4-shGGA3 or
H4-NC cells were seeded at the density of 250,000 per well in a
6-well plate. The following day, cells were cotransfected with
0.3 ug of BACE1-Myc or BACE1-Myc LL/AA expression vec-
tor and 0.3 ug of empty vector, HA-GGA3, HA-GGA3*RNARes)
HA-GGA3N9IASRNARES o HA-GGA3L276ANARS expres-
sion vectors using Superfect transfection reagent according to
the manufacturer’s instructions (Qiagen, Valencia, CA). Cells
were harvested 6 days post-transfection and lysed as
described previously (34). Equal amounts (30 ug) of each
sample were separated by SDS-PAGE using 4-12% BisTris
gels (Invitrogen), and WB analysis was performed using anti-
Myc or anti-HA antibody to detect BACE1 or GGA3, respec-
tively, as described previously (34). GAPDH levels were
detected by WB analysis with anti-GAPDH antibody and
used as a loading control.

AB ELISA—H4-NC cells stably expressing vector or GGA3
were transiently transfected with BACE1 expression vector. Six
days post-transfection media was conditioned for ~12 h.
Secreted AB1-40 was measured in the conditioned media
using a human A B1-40-specific sandwich ELISA according to
manufacturer’s instructions (Invitrogen). AB concentration
(pg/ul) was normalized against the protein concentration (ug/
ml) in the cell lysates.
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Ubiquitination Assay—Two million H4-APP751 cells or 4
million mouse neuroglioma cells, N2A, were seeded in a
100-mm dish. The following day, the cells were cotransfected
with 3 ug of BACE1-V5 or BACE1-V5 K501R and 3 ug of HA-
ubiquitin using Superfect transfection reagent (Qiagen, Valen-
cia, CA). In another set of experiments, H4-APP751 cells were
cotransfected with 3 ug of BACE1-V5 and Ub WT or mutant
expression vectors. Cells were harvested 24 h later and lysed
with TNET buffer (25 mm Tris-HCl, 150 mm NaCl, 5 mm
EDTA, 0.5% Triton X-100) containing protease inhibitors
(Fisher). Approximately 50 ug of protein from each sample set
was incubated with protein A/G-agarose beads (Santa Cruz
Biotechnology, Santa Cruz, CA) for 2 h at 4 °C for pre-clearing.
The supernatant was incubated overnight at 4 °C with protein
A/G-agarose beads and anti-V5 monoclonal antibody at a 1:100
dilution (Invitrogen). The beads were washed three times with
RIPA buffer (1% sodium deoxycholate, 0.1% SDS, 1% Triton
X-100, 5 mMm EDTA, 50 mm Tris, pH 8, 150 mm NaCl), contain-
ing protease inhibitors. Immunocomplexes were eluted by
adding 2X WB Sample Buffer (Invitrogen) followed by incu-
bation at 55 °C for 10 min. The samples were separated by
SDS-PAGE using 4—12% BisTris gels (Invitrogen). Western
blot analysis was performed with anti-HA antibody to detect
ubiquitin (Cell Signaling Technology, Danvers, MA) in con-
junction with a mouse IgG TrueBlot immunoblotting rea-
gent (eBioscience, San Diego) in lieu of the traditional anti-
mouse secondary to avoid the detection of mouse
immunoglobulin. This was followed by WB analysis with a
monoclonal anti-V5 antibody to detect BACE1 (Invitrogen)
and followed by incubation with mouse IgG TrueBlot immu-
noblotting reagent. Ubiquitination assay of endogenous
BACE1 was performed by transfecting N2A with 6 ug of
empty vector, pRK5-HA-ubiquitin WT, pRK5-HA-ubiquitin
K48R, pRK5-HA-ubiquitin Lys-63, or pRK5-HA-ubiquitin
KO. Cells were harvested 24 h later and lysed with RIPA
buffer (1X working stock: 10 mm Tris, pH 8, 150 mm NaCl,
1% Nonidet P-40, 0.5% cholic acid, 0.1% SDS, 5 mm EDTA).
Approximately 700 ug of protein from each sample set was
incubated with protein A/G-agarose beads (Santa Cruz Bio-
technology) and a polyclonal BACE1 antibody at a concen-
tration of 1 ug/ml (Affinity Bioreagents, Golden, CO). West-
ern blot analysis was performed with anti-HA or 3D5
antibody to detect ubiquitin or endogenous BACEI,
respectively.

In Vitro Ubiquitin Binding Assay—Two millions H4-APP751
cells were seeded in a 100-mm dish. The following day, the cells
were transfected with 10 ug of GGA3 or GGA3L276A expres-
sion vector using Superfect transfection reagent (Qiagen,
Valencia, CA). Cells were harvested 72 h later and lysed with
TNET buffer containing protease inhibitors. Approximately
500 ug of protein of each sample were pre-cleared by incuba-
tion with protein A-agarose beads (Sigma) for 2 h at 4 °C. The
supernatant from GGA3 or GGA3L276A-expressing cells was
then incubated overnight at 4 °C with protein A-agarose beads
(as negative control) or with ubiquitin-agarose beads (Sigma).
The beads were washed four times with RIPA buffer containing
protease inhibitors. Proteins bound to the beads were eluted as
described above. Western blot analysis was performed with
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FIGURE 1. Depletion and overexpression of GGA3 inversely regulates BACE1 levels. A, levels of endogenous GGA3 were analyzed in H4 neuroglioma cells
stably expressing GGA3 (H4-shGGA3) or negative control (H4-NC) shRNAs. Western blot analysis was performed using anti-GGA3 antibody. GAPDH was used as
loading control. B, graph represents mean = S.E. of at least six GGA3 level measurements. Densitometry was performed using a Versadoc Imager and Quantity
One software (Bio-Rad). GGA3 densitometry values were normalized against GAPDH values. C, H4-NC and H4-shGGA3 cells were transiently transfected with
the indicated expression vectors. Cells were collected at 6 days post-transfection. Levels of BACE1, GGA3, and GAPDH were analyzed by WB using anti-Myc,
anti-HA, and anti-GAPDH antibody, respectively. D, graph represents mean = S.E. of at least eight BACE1 level measurements. Densitometry was performed as
described above. BACE1 accumulates by ~2-fold in H4-shGGA3 cells compared with H4-NC (vector H4shGGA3 versus vector H4-NC unpaired t test with Welch
correction **, p = 0.004). BACE1 accumulation was rescued by the expression of RNAi-resistant GGA3 mutant in H4-shGGA3 cells (vector versus HA-GGA3RNARes
unpaired t test with Welch correction **, p = 0.001). Moreover, the overexpression of GGA3 in H4-NC cells reduced the levels of BACE1 (vector versus HA-GGA3
unpaired t test with Welch correction *, p = 0.03). £, H4-NC cells stably expressing vector or GGA3 were transiently transfected with BACE1 expression vector.
Media were conditioned for ~12 h at 6 days post-transfection. The graph represents mean = S.E. of at least six AB1-40 measurements by ELISA. AB
concentration (pg/ul) was normalized against the protein concentration (ug/ml) in the cell lysates. Levels of AB1-40 were significantly decreased in the
conditioned media from cells expressing GGA3 and BACET compared with that from cells expressing empty vector and BACE1 (vector versus HA-GGA3

unpaired t test with Welch correction *, p = 0.02).

monoclonal GGA3 antibody (Cell Signaling Technology, Dan-
vers, MA) and mouse IgG TrueBlot immunoblotting reagent
(eBioscience, San Diego).

Densitometry and Statistical Analysis—Densitometry analy-
sis was performed on a Macintosh computer using a Versadoc
Imager and Quantity One software (Bio-Rad). Intensity values
for BACE1 or GGA3 were normalized against intensity value of
the loading control, GAPDH. Statistical analysis was performed
using InStat3 software. Unpaired ¢ test was employed for data
sets that passed a normality test. Unpaired ¢ test with Welch
correction was employed for data sets that passed normality
test but had different standard deviations.

RESULTS

Depletion and Overexpression of GGA3 Inversely Regulates
BACEI Levels—We have previously shown that both ectopi-
cally expressed and endogenous BACEL1 levels increased when
GGA3 was depleted by transient transfection of synthetic RNAi
duplex or by infection of lentivirus expressing short hairpin
RNA (shRNA) targeting different regions of the GGA3 gene in
both human and mouse cell lines (human H4 and mouse N2A
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neuroglioma cells) as well as in primary neuronal cultures (34).
We have also shown that depletion of GGA3 enhances 3-secre-
tase activity as evidenced by increased levels of the APP C-ter-
minal fragment of 99 amino acids and AB. These data support
the hypothesis that GGA3 plays a role in modulating BACE1
turnover and stability most likely by sorting BACELI to late
endocytic compartments/lysosomes (based on our earlier find-
ings (9)).

Next, we established H4 cell lines that stably express human
GGA3 shRNA (H4-shGGA3) or negative control shRNA (H4-
NC) in lentiviral vectors. The stable down-regulation of GGA3
was performed in H4 cell lines stably expressing APP751
(H4APP751) to be able to measure secreted AB by ELISA. The
levels of endogenous GGA3 were decreased by 80% in the
H4-shGGA3 cell line compared with control cells (H4-NC cell
line) (Fig. 1, A and B).

We next tested the effect of ectopic expression of GGA3 on
BACE] levels in H4-shGGA3 and H4-NC cells. To restore
GGA3 expression in H4-shGGA3 cells, we generated a GGA3
expression vector resistant to RNAi by introducing two silent
mutations at the site recognized by the GGA3shRNA (HA-
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shGGA3
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FIGURE 2. Depletion of GGA3 results in BACE1 accumulation in early endosomes because of impaired
delivery of BACE1 to late endosomes/lysosomes. BACE1-Myc-tagged expression vector was transiently
transfected in H4-NC (A-F) and H4-shGGA3 cell lines (G-L). Subcellular localization of BACE1 was assessed 6
days post-transfection. BACE1 was immunostained using polyclonal anti-Myc (1:400) followed by incubation
with goat anti-rabbit Alexa Fluor® 488 conjugate antibody (A, D, G, and J). EEA1 (B and H) and LAMP2 (E and K)
were used as a marker for early endosomes and late endosomes-lysosomes, respectively, using monoclonal
anti-EEA1 (1:400) or monoclonal anti-LAMP2 (1:600 in 5% goat sera) followed by incubation with goat anti-
mouse Alexa Fluor® 594 conjugate antibody. Nuclei were counterstained by incubation with 4’,6-diamidino-
2-phenylindole. The images for BACE1 and EEA1 or LAMP2 staining were merged (Overlay) to determine the
area of colocalization (G, F, I, and L), Orthogonal sections were acquired and revealed the authenticity of the

colocalization (G, F, I, and L). NC, negative control.

GGA3RNARes) BACE1-Myc expression vector was cotrans-
fected with empty vector, HA-GGA3, or HA-GGA3RNARes jp
both H4-shGGA3 and H4-NC cells. Cells were collected 6 days
post-transfection. WB analysis with anti-HA tag antibody
revealed that levels of ectopically expressed GGA3 were
decreased in H4-shRNA cells compared with H4-NC because
of RNAI. Instead, the ectopic expression of HA-GGA3RNAIRes
resulted in comparable levels of GGA3 protein in both
H4-shGGA3 and H4-NC cell lines demonstrating that the
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Overla mutant is protected from RNAI.

We confirmed that BACE1 levels
increase by ~2-fold in H4-
shGGA3 cells compared with
H4-NC (vector H4-shGGA3 ver-
sus vector H4-NC unpaired ¢ test
with Welch correction **, p =
0.004). However, BACE1 accumu-
lation was rescued by the expres-
sion of the RNAi-resistant GGA3
mutant in H4-shGGA3 cells
(vector versus HA-GGA3RNAiRes
unpaired ¢ test with Welch cor-
rection **, p = 0.001). Moreover,
the overexpression of GGA3 in
H4-NC cells reduced the levels of
BACE1 (vector versus HA-GGA3
unpaired ¢ test with Welch correc-
tion *, p = 0.03) (Fig. 1, C and D).
We next assessed whether over-
expression of GGA3 reduced lev-
els of secreted AB1-40, as a mea-
sure of BACE1 activity. H4-NC cells
stably expressing vector or GGA3
were transiently transfected with
a BACE1l expression vector. As
expected, we found that levels of
AB1-40 were significantly de-
creased in conditioned media from
cells expressing GGA3 and BACE1
compared with that from cells
expressing empty vector and
BACE1 (vector versus HA-GGA3
unpaired ¢ test with Welch correc-
tion *, p = 0.02) (Fig. 1E). These
findings indicate that levels of
GGA3 tightly and inversely regulate
levels and activity of BACEL.
Depletion of GGA3 Results in
BACEI Accumulation in Early
Endosomes Because of Impaired
Trafficking of BACEI to Late
Endosomes/Lysosomes—We  have
previously reported that BACEL is
degraded in the lysosomes (9). Thus,
we determined whether GGA3 reg-
ulates BACE1 degradation by sort-
ing it to the lysosomes. BACE1-
Myc-tagged expression vector was
transiently transfected in H4-NC and H4-shGGA3 cell lines.
Subcellular localization of BACE1 was assessed 6 days post-
transfection. Immunofluorescent staining of EEA1 was used as
a marker of early endosomes, whereas LAMP2 staining was
used as a marker of late endosomes/lysosomes. Confocal
microscopy showed that BACE1 was enriched in LAMP2-pos-
itive compartments in H4-NC cells (Fig. 2, A-F). Instead,
BACE1l accumulates in EEAl-positive compartments in
H4-shGGA3 cells most likely because of its failure to reach the
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lysosomes (Fig. 2, G-L). Orthogonal sections were acquired and
demonstrated the authenticity of the colocalization. Quantifi-
cation analysis using Metamorph software confirmed that the
percentage of BACE1 staining that colocalizes with LAMP2
staining was significantly higher in H4-NC compared with
H4-shGGA3 cells (unpaired ¢ test with Welch correction ***,
p < 0.0001). Instead, the percentage of BACE1 staining that
colocalizes with EEA1 staining was significantly higher in
H4-shGGA3 cells compared with H4-NC (unpaired ¢ test with
Welch correction ***, p < 0.0001) (supplemental Fig. S1). Pre-
vious studies, including our own, have shown that BACE1 local-
izes mainly in the TGN and early endosomes when analyzed
between 48 and 56 h post-transfection (9, 37). It is possible that
at these time points, the rate of synthesis of ectopically
expressed BACE1 prevails on the rate of degradation, and as a
consequence, the amount of BACE1 trafficked to the lysosomes
is most likely under the detection limit of immunofluorescence
microscopy. However, in this study, the subcellular localization
of transiently expressed BACE1 was assessed at 6 days post-
transfection when the synthesis of BACE1 by the expression
vector was greatly reduced and the majority of BACE1 was tar-
geted for degradation.

Interaction between GGA3 VHS Domain and BACEI C-ter-
minal Acidic Di-leucine Motif Is Not Necessary for GGA3-me-
diated Regulation of BACE1—It has previously been shown that
the VHS domain of GGA1-3 binds to the acidic di-leucine
motif in the BACE1 C terminus (10-14). Thus, we deter-
mined whether the interaction between the GGA3 VHS
domain and the BACE1 di-leucine motif is required for
GGA3-mediated regulation of BACEL. The asparagine at
position 91 in the VHS domain of GGA3 is essential for the
interaction with the acidic di-leucine motif. It has previously
been demonstrated that amino acid substitution N91A in
GGA3 VHS domain abrogates the interaction with the MPR
di-leucine motif (Fig. 3A) (38). First, the N91A substitution
was introduced into the HA-GGA3RNARes expression vector
by site-directed mutagenesis. We next assessed whether
HA-GGA3N91ARNARES \yag able to rescue BACEL accumu-
lation in H4-shGGA3 cells to a similar extent as that of
HA-GGA3RNARes H4-shGGA3 cells were transfected with
BACE1-Myc and empty vector, HA-GGA3RNARes  or
HA-GGA3N91ARNAReS HANC cells were transfected with
BACE1-Myc and empty vector. BACE1 and GGA3 protein
levels were analyzed by WB using an anti-Myc or anti-HA
antibody, respectively (Fig. 3B). We found that HA-
GGA3N91ARNAIRES ywag able to restore normal levels of
BACEI similarly to that of HA-GGA3®N4iRes in H4-shGGA3
cells (Fig. 3C). These data indicate that the binding between
the GGA3 VHS domain and the di-leucine motifin BACE1 is
not required for the GGA3-mediated regulation of BACEL.

To confirm these findings, a BACE1 mutant in which Leu-
499 and Leu-500 had been substituted by alanines (BACE1LL/
AA-Myc) was also used (Fig. 4A4). These substitutions have pre-
viously been shown to abrogate the binding between BACE1
C-terminal peptide and the GGA VHS domain (10). Thus,
we set out to determine whether the accumulation of
BACE1LL/AA in H4-shGGA3 was rescued by the ectopic
expression of GGA3RNARes Ve found that both BACE1 and
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FIGURE 3. Expression of GGA3N91A rescues BACE1 accumulation in cells
depleted of GGA3. A, schematic representation of GGA3 domains and mul-
tiple sequence alignment of human (NP_619525), Mus musculus
(NP_766636), Bos taurus (XP_587687), and Canis familiaris (XP_540429) GGA3
VHS domain (amino acids 24 -143). Asparagine at position 91 was substituted
by alanine (A) and is indicated by the red circle. B, H4-NC and H4-shGGA3 cells
were transiently transfected with the indicated expression vectors. Cells were
collected at 6 days post-transfection. Levels of BACE1, GGA3, and GAPDH
were analyzed by WB using anti-Myc, anti-HA, and anti-GAPDH antibody,
respectively. C, graph represents mean =+ S.E. of at least four BACE1 level
measurements. Densitometry was performed as described in Fig. 1.
HA-GGA3N91ARNARes \vas able to rescue BACE1 accumulation similarly to
HA-GGA3RNARES in H4-shGGA3 cells.

BACE1LL/AA accumulate in shGGA3 cells when compared
with H4-NC cells. Levels of BACE1LL/AA were increased in
both H4-NC and H4-shGGA3 cells compared with BACE1 as
reported previously (8). However, the ectopic expression of
GGA3RNAIRes reduced the levels of BACEILL/AA (by ~30%)
similarly to that of BACE1 in H4-shGGA3 cells (Fig. 4, Band C).
These findings indicate that GGA3 regulates BACEL levels
independently of the interaction between its VHS domain and
di-leucine motif in the BACE1 C terminus.

BACE]I Is Ubiquitinated at Lysine 501—Given that GGA3
regulates the degradation of ubiquitinated cargoes, we next set
out to determine whether ubiquitin is the signal for BACE1
recruitment in the GGA3 pathway. Ubiquitination is a reversi-
ble post-translation modification of cellular proteins. Ub is
covalently attached to the e-amino group of lysine residues of
the target protein. The C terminus of BACE1 contains a lysine
at amino acid position 501 (Fig. 5A4). To test whether lysine 501
is a site of ubiquitination, we substituted lysine 501 to arginine
(K501R) in a V5-tagged BACE1 expression vector. HA-ubiq-
uitin was cotransfected with empty vector, BACE1-V5, or
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FIGURE 4. Expression of GGA3 rescues the accumulation of BACE1LL/AA
as well as BACE1 wild type in cells depleted of GGA3. A, amino acid
sequence of BACET C-terminal fragment. Tm stands for transmembrane
domain. Amino acid substitutions L499A and L500A are indicated. B, H4-NC
and H4-shGGAS3 cells were transiently transfected with the indicated expres-
sion vectors. Cells were collected at 6 days post-transfection. Levels of BACE1,
GGA3, and GAPDH were analyzed by WB using anti-Myc, anti-HA, and anti-
GAPDH antibody, respectively. C, graph represents mean = S.E. of at least
three BACE1 level measurements. Densitometry was performed as described
in Fig. 1. HA-GGA3RNARes \was able to rescue the accumulation of wild type
BACE1 as well as BACETLL/AA in H4-shGGA3 cells.

BACE1K501R-V5 expression vectors in H4-APP751 cells. Cell
lysates were immunoprecipitated with anti-V5 antibody.
Western blot analysis of the immunoprecipitates with
anti-HA antibody revealed that BACE1 is ubiquitinated, but
amino substitution K501R greatly reduced BACE1 ubiquiti-
nation. No ubiquitin was detected in the immunoprecipi-
tates from cells transfected with empty vector and HA-ubiq-
uitin as a negative control (Fig. 5B). Similar results were
obtained when lysine 501 was substituted to alanine in the
BACE1-Myc expression vector (supplemental Fig. S2). To
confirm these findings in additional cell lines, murine neu-
roglioma N2A cells were cotransfected with HA-ubiquitin
and BACE1-V5 or BACE1K501R-V5 expression vectors. Cell
lysates were immunoprecipitated with anti-V5 antibody.
Western blot analysis of the immunoprecipitates with anti-HA
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FIGURE 5. BACE1 is ubiquitinated, and amino substitution K501R greatly
reduces BACE1 ubiquitination. A, amino acid sequence of BACE1 C-termi-
nal fragment. Tm stands for transmembrane domain. Amino acid substitution
K501R is indicated. B and C, HA-ubiquitin was cotransfected with empty vec-
tor, BACE1-V5, or BACETK501R-V5 expression vectors in H4-APP751 or N2A
cells, respectively. Cells were collected and lysed 24 h post-transfection.
BACET was immunoprecipitated using anti-V5 antibody. Ubiquitination of
BACE1 was assessed by WB analysis of the immunoprecipitates with anti-HA
antibody. Please note that ubiquitinated BACET has a higher molecular
weight because of the presence of Ub. No ubiquitin was detected in immu-
noprecipitate from cells transfected with empty vector and HA-ubiquitin or
empty vector and BACE1-V5. Western blot analysis with anti-V5 antibody
revealed that similar amount of BACE1 was immunoprecipitated (/P). BACE1
immunoprecipitates were ubiquitinated, but amino substitution K501R
greatly reduced BACE1 ubiquitination. * indicates a nonspecific band.

antibody revealed that BACE1 is ubiquitinated, but amino sub-
stitution K501R greatly reduced BACE1 ubiquitination in N2A
cells as well as in H4 cells. No ubiquitin was detected in the
immunoprecipitates from cells transfected with empty vector
and HA-ubiquitin or empty vector and BACE1-V5 as negative
controls. As a further control, we showed that BACE1 was
immunoprecipitated in a similar amount both in cells express-
ing BACE1-V5 or BACE1K501R-V5 (Fig. 5, B and C).
Endogenous and Ectopically Expressed BACEIL Is Mainly
Monoubiquitinated and Lys-63-linked Polyubiquitinated—To
determine whether BACE1 is monoubiquitinated, Lys-48-
and/or Lys-63-linked polyubiquitinated, we employed mutant
HA-tagged Ub expression vectors. Monoubiquitination of cel-
lular proteins has been previously assessed by using a mutant
Ub in which all seven lysine residues are substituted with argin-
ines (Ub-KO), and thus it is unable to form any Ub chains (39).
Lys-48-linked polyubiquitination mainly targets ubiquitinated
proteins for proteasomal degradation and can be assessed by
using a mutant Ub in which Lys-48 has been substituted to
arginine and thus is unable to form polyUb chains at Lys-48
(UbK48R). The lack of ubiquitination following expression of
K48R mutant indicates that the target protein is mainly Lys-48-
linked ubiquitinated. In contrast, a mutant Ub having all lysines
but Lys-63 substituted by arginines will allow only Lys-63-
linked ubiquitination of the target protein (35). Thus, H4 cells
were cotransfected with BACE1-V5 and empty vector,
HA-ubiquitin WT, HA-ubiquitin Lys-63, HA-ubiquitin KO, or
HA-ubiquitin K48R. Cell lysates were immunoprecipitated
with anti-V5 antibody. Western blot analysis of the immuno-

ACEVEN

VOLUME 285+-NUMBER 31-JULY 30, 2010


http://www.jbc.org/cgi/content/full/M109.092742/DC1

GGA3 Binding to Ubiquitin Regulates BACE1 Degradation

precipitates with anti-HA antibody revealed that BACE1 was
ubiquitinated upon expression of Ub WT, Lys-63, KO, or K48R
mutant. No ubiquitin was detected in the immunoprecipitates
from cells transfected with empty vector as a negative control
(Fig. 6A). As a further control, Western blot analysis of immu-
noprecipitates with anti-V5 revealed that BACE1 was immuno-
precipitated in each sample (Fig. 6B). Western blot analysis of
cell lysates (input) with anti-HA or anti-V5 was performed to
assess the levels of expressions of BACE1-V5 and HA-Ub WT
or mutants (Fig. 6, C and D). Next, we set out to determine
whether endogenous BACE] is ubiquitinated in a pattern sim-
ilar to ectopically expressed BACE1. N2A cells were transfected
with empty vector, HA-ubiquitin WT, HA-ubiquitin Lys-63,
HA-ubiquitin KO, or HA-ubiquitin K48R expression vectors.
Endogenous BACE1 was immunoprecipitated from cell lysates
using a polyclonal anti-BACE1L antibody (PA1-757, Affinity
Bioreagents, Golden, CO). Western blot analysis of the immu-
noprecipitates or cell lysates (input) was performed with
anti-HA or monoclonal anti-BACE1 antibody, 3D5, to detect
ubiquitin or endogenous BACEL1 (Fig. 6, E-G and F-H), respec-
tively. Endogenous BACE1 was ubiquitinated upon expression
of Ub WT, Lys-63, KO, or K48R mutants similarly to ectopically
expressed BACEL. No ubiquitin was detected in the immuno-
precipitates from cells transfected with empty vector as a neg-
ative control. The data indicate that both endogenous and
ectopically expressed BACE1 are ubiquitinated not only
upon expression of Ub WT but also of a Ub mutant that
allows only monoubiquitination (Ub KO), a Ub mutant that
allows the formation of only Lys-63-linked polyUb chains,
and a Ub mutant that does not allow the formation of Lys-
48-linked polyUb chains (K48R). Thus, we have determined
that both ectopically expressed and endogenous BACE], in
H4 and N2A cell lines, respectively, are mainly monoubiq-
uitinated and Lys-63-linked ubiquitinated, although Lys-48-
linked ubiquitination does not appear to be a major post-
translation modification of BACE1.

Binding of GGA3 to Ubiquitin Is Necessary to Regulate
BACEI Degradation—It has previously been shown that the
amino acid substitution L276A in the GGA3 GAT domain
abrogates binding to ubiquitin and TSG101 in a yeast two-hy-
brid system and that GGA3L276A does not rescue the accu-
mulation of EGFR in early endosomes of mammalian cells
depleted of GGA3 (Fig. 7A) (16). Thus, we set out to deter-
mine whether GGA3 binding to the ubiquitin sorting
machinery is necessary to regulate BACE1 degradation. First,
we generated a HA-GGA3L276A mutant by site-directed
mutagenesis and tested the ability of GGA3 and GGA3L276A
to bind ubiquitin in vitro. H4-APP751 cells were transfected
with HA-GGA3 or HA-GGA3L276A expression vectors and
cell lysates were incubated with ubiquitin-coated agarose beads
or protein A-coated agarose beads as a negative control. As
shown previously, GGA3 was able to bind ubiquitin, whereas
the amino acid substitution L276A greatly impaired GGA3
binding to ubiquitin (Fig. 7B). GGA3L276A binding to ubiq-
uitin was ~50% decreased relative to GGA3 binding after nor-
malization to the amount of GGA3 or GGA3L276A present in
the input (Fig. 5C). It is important to emphasize that Puertol-
lano and Bonifacino (16) found that this mutation abrogates the
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FIGURE 6. Endogenous and ectopically expressed BACE1 is mainly
monoubiquitinated and Lys-63-linked polyubiquitinated. A, H4 cells
were cotransfected with BACE1-V5 and empty vector, HA-ubiquitin wild type
(WT), HA-ubiquitin Lys-63, HA-ubiquitin KO, or HA-ubiquitin K48R. Cell lysates
were immunoprecipitated (/P) with anti-V5 antibody. Western blot analysis of
the immunoprecipitates with anti-HA antibody revealed that BACET was
ubiquitinated upon expression of Ub WT, Lys-63, KO, or K48R mutant. No
ubiquitin was detected in the immunoprecipitates from cells transfected with
empty vector as a negative controls. B, Western blot analysis of immunopre-
cipitates with anti-V5 revealed that BACE1 was immunoprecipitated in each
sample. C and D, Western blot analysis of cell lysates (input) with anti-HA or
anti V5 was performed to assess the levels of expressions of BACE1-V5 and
HA-Ub WT or mutants. E, N2A cells were transfected with empty vector, HA-
ubiquitin wild type (WT), HA-ubiquitin Lys-63, HA-ubiquitin KO, or HA-ubiqg-
uitin K48R expression vectors. Endogenous BACET was immunoprecipitated
from cell lysates using a polyclonal anti-BACE1 antibody (PA1-757, Affinity
Bioreagents, Golden, CO). E, Western blot analysis of the immunoprecipitate
anti-HA that endogenous BACE1 was ubiquitinated upon expression of Ub
WT, Lys-63, KO, or K48R mutant similarly to ectopically expressed BACE1. No
ubiquitin was detected in the immunoprecipitates from cells transfected with
empty vector as a negative controls. F, Western blot analysis of immunopre-
cipitates with monoclonal anti-BACE1 antibody, 3D5, revealed that endoge-
nous BACET was immunoprecipitated in each sample. G and H, Western blot
analysis of cell lysates (input) with anti-HA or anti-3D5 antibody was per-
formed to assess the levels HA-Ub WT or mutants and endogenous BACET. *
indicates a nonspecific band.

binding of GGA3 to ubiquitin and Tsgl101 employing a GGA3
VHS-GAT truncated construct as bait in a yeast two-hybrid
system. In contrast, we assessed the Ub binding of the endoge-
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nous and whole GGA3 protein immunopurified from mamma-
lian cells. Our data are consistent with the presence of two
distinct ubiquitin-binding sites in the GAT domain of GGA3
(31-33). Moreover, the solution of the crystal structure of the

GGA3 GAT domain with ubiquitin
has revealed that ubiquitin binds to
a hydrophobic and acidic patch on
helices a1 and a2 of the GAT three-
helix bundle and that site 1 is the
primary binding site for ubiquitin
(32). Given that changes in confor-
mation can strongly affect protein
binding to ubiquitin, it possible that
GGA3/Ub binding can be affected
by the presence of the other
domains of GGA3, which may pro-
duce a change in conformation of
the Ub-binding hydrophobic patch
both directly and/or via interaction
with additional binding partners
resulting in the decrease in the Ub
binding that we observed.

Next, we tested the ability of
GGA3L276A to rescue the accumu-
lation of BACE1l in H4-shGGA3
cells. BACE1-Myc expression vec-
tor was cotransfected with an
empty vector, HA-GGA3RNAIRes,
or HA-GGA3L276ANNARE expres-
sion vector in H4-shGGA3 and
H4-NC cells. Western blotting with
an anti-GGA3 antibody revealed
that levels of endogenous GGA3 are
decreased in H4-shGGA3 com-
pared with H4-NC cells expressing
empty vector because of RNAi-me-
diated down-regulation. Instead,
protein levels of HA-GGA3RNAIRes
and HA-GGABL276ANARE were
comparable in both cell lines (Fig.
7, D and F, respectively). BACE1
accumulation was reversed by the
expression of HA-GGA3RNAiRes
but not by the expression of HA-
GGA3L276AMNARe in H4-shGGA3
cells (HA-GGA3RNAIRES yopgys HA-
GGA3L76ARNARe ynpaired ¢ test
with Welch correction *, p = 0.02)
(Fig. 7, D and E). The ectopic
expression of HA-GGA3RNARes jp
H4-NC cells resulted in GGA3
overexpression and reduced levels
of BACE1 compared with vector
alone (Fig. 7, F and G). However,
the overexpression of HA-
GGA3L276 ARNARES fajled to down-
regulate BACE1l in H4-shGGA3
cells (HA-GGA3RNARES yorgys HA-

24116 JOURNAL OF BIOLOGICAL CHEMISTRY

GGA3L276 ARNARes ynpaired ¢ test with Welch correction *#,
p = 0.001). These data indicate that GGA3 binding to the ubiq-
uitin sorting machinery is necessary for the regulation of
BACE]1 levels.
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DISCUSSION

Our major finding is the identification of a novel post-trans-
lational mechanism by which GGA3 level tightly and inversely
regulates levels and activity of BACEL. We demonstrate here
that, unexpectedly, direct binding of GGA3 VHS domain to
BACE]1 via the di-leucine motif is not necessary for this regula-
tion. Instead, GGA3 interaction with ubiquitin is essential for
regulating BACEL1 levels.

Our previous studies demonstrated that RNAi-mediated
depletion of GGA3 results in increased levels of BACE1 and
ABinvitro (34). Furthermore, we determined that depletion
of GGA3 naturally occurs following caspase activation both
in cellular models of apoptosis and in a rodent model of
stroke. More importantly, we discovered that GGA3 protein
levels were significantly decreased in the temporal cortex of
AD brains samples compared with nondemented control. In
contrast, BACE1 levels were significantly increased and
inversely correlated with GGA3 levels in the AD group but
not in the nondemented control group (34). Accordingly, we
report here that although GGA3 depletion increases BACE1
levels, the overexpression of GGA3 reduces levels of BACE1
and AB1-40 in vitro.

We then determined that GGA3 is necessary for the traffick-
ing of BACEL1 to the lysosomes where it is normally degraded
(9). We have shown that BACE1 accumulates in early endo-
somes in H4 cells depleted of GGA3, whereas BACEL1 is trans-
ported to lysosomes in control cells.

Because GGAs have been shown to bind the acidic di-leucine
motif in the BACE1 C terminus, we assessed whether this bind-
ing is necessary for GGA3-mediated regulation of BACEL. Sur-
prisingly, we found that mutations in the GGA3 VHS domain or
in the BACEL1 di-leucine motif, which are able to abrogate their
binding, did not affect the ability of ectopically expressed GGA3
to rescue BACE1 accumulation in H4 cells depleted of GGA3.

Having ruled out that the VHS/di-leucine interaction is
required for GGA3-mediated regulation of BACE1 and given
that GGA3 regulates the degradation of ubiquitinated cargoes,
we next set out to determine whether ubiquitin is the signal for
BACE]1 recruitment in the GGA3 pathway. We found that
BACE] is ubiquitinated at lysine 501, indicating that BACE1
can bind the GGA3 GAT domain via ubiquitin. Moreover, we
have determined that both endogenous and ectopically
expressed BACEL is mainly monoubiquitinated and Lys-63-
linked polyubiquitinated. Finally, we determined that the bind-

ing of GGA3 to ubiquitin is necessary to regulate BACEL1 levels
by demonstrating that a GGA3 mutant with reduced ability to
bind ubiquitin (GGA3L276A) is unable to regulate BACEL1 lev-
els both in rescue and overexpression experiments.

Our findings are in agreement with increasing evidence
showing that GGAs bind ubiquitin and traffic both synthetic
and endosomal ubiquitinated cargoes to lysosomes (16 —20). In
further support of a role for ubiquitin versus VHS/di-leucine
motif in the recruitment of cargoes in the GGA pathway, the
amino acid residues in the GGA VHS domain necessary to bind
the di-leucine motif are not conserved in Saccharomyces cerevi-
siae (38). Moreover, yeast GGAs traffic cargo proteins that do
not contain the acidic di-leucine motif (15). Ubiquitin is a sort-
ing signal for membrane proteins at the TGN, plasma mem-
brane, and endosomes to be delivered to lysosomes (6, 40).
MVB cargoes are monoubiquitinated, multiubiquitinated, and
Lys-63-linked polyubiquitinated. Lysine 48-linked chains can
also lead to lysosomal delivery but less efficiently than Lys-63-
linked chains (23). Increasing evidence is accumulating that
Lys-63-linked ubiquitin chains are a specific signal for protein
sorting into the MVB pathway (25). More importantly, it has
recently been shown that trafficking of the yeast membrane
protein Gapl to MVB required both its Lys-63-linked ubiquiti-
nation and the yeast Gga GAT domain suggesting that Ggas
recognize Lys-63-linked Ub chains (19). While this manuscript
was under review, Ren and Hurley (41) reported that the VHS
domain of Hrs, STAM, GGAs and other trafficking molecules
binds Lys-63-linked tetra-Ub chains 50-fold more tightly than
monoubiquitin, although only 2-fold more than Lys-48-linked
tetraubiquitin.

Our present findings showing that BACE1 is monoubiquiti-
nated and polyubiquitinated via Lys-63-linked Ub chains fur-
ther support our previous observations that BACE1 is degraded
via the lysosomal pathway (9) and a role for GGA3 in the deliv-
ery of BACEL to the MVB/lysosomes pathway. In contrast, Lys-
48-linked ubiquitination, the main signal for proteasomal deg-
radation, is negligible in BACE1 supporting our previous
observation that inhibition of lysosomal hydrolases but not of
the proteasome results in accumulation of endogenous levels of
BACEL1 in avariety of cell lines and in primary neuronal cultures
(9). A previous study reported that ectopically expressed
BACEL is ubiquitinated and that BACE1 accumulates following
inhibition of the proteasome (42). Although we confirm and
extend the observation by Qing et al. (42) regarding BACE1

FIGURE 7. Binding of GGA3 to ubiquitin is necessary to regulate BACE1 degradation. A, schematic representation of GGA3 domains and multiple sequence
alignment of human (NP_619525), M. musculus (NP_766636), B. taurus (XP_587687) and C. familiaris (XP_540429) GGA3 GAT domain (amino acids 204-323).
Ubiquitin site 1 and 2 are underlined. Leucine at position 276 was substituted by alanine (A) and is indicated by the red circle. B, in vitro ubiquitin binding assay.
H4-APP751 cells were transiently transfected with the indicated expression vectors. Cell lysates were incubated overnight at 4 °C with protein A-agarose beads
(as negative control) or with ubiquitin-agarose beads. Western blot analysis with anti-HA antibody detected GGA3 protein bound to beads and in the cell
lysates used as input. C, graph represents mean = S.E. of at least three GGA3 or GGA3L276A level measurements. Densitometry was performed as described in
Fig. 1. Levels of ubiquitin-bound GGA3 were normalized against levels of GGA3 in input. D-F, H4-shGGA3 and H4-NC cells were transiently transfected with the
indicated expression vectors. Cells were collected at 6 days post-transfection. Duplicate samples were analyzed. Levels of BACE1, GGA3, and GAPDH were
analyzed by WB using anti-Myc, anti-GGA3, and anti-GAPDH antibody, respectively. E, graph represents mean = S.E. of at least 14, 17, and 12 BACE1 level
measurements in H4-shGGA3 cells expressing empty vector, HA-GGA3RNARes  or HA-GGA3L276ARNARes, respectively. Densitometry was performed as
described in Fig. 1. BACE1 accumulation was reverted by the expression of HA-GGA3™NARes byt not by the expression of HA-GGA3L276ARNARES in H4-shGGA3
cells (HA-GGA3RNARES yorsys HA-GGA3L276ARNARES ynpaired t test with Welch correction *, p = 0.02). G, graph represents mean * S.E. of at least 16,20,and 11
BACET levels measurements in H4-NC cells expressing empty vector, HA-GGA3RNARes or HA-GGA3L276ARNARes respectively. The ectopic expression of
HA-GGA3RNARRes in H4-NC cells resulted in GGA3 overexpression and reduced levels of BACE1 compared with vector alone (E). However, the overex-
pression of HA-GGA3L276ARNARes failed to down-regulate BACE1 in H4-NC cells (HA-GGA3RNARES yersys HA-GGA3L76ARNARes ynpaired t test with Welch
correction **, p = 0.001).
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ubiquitination, our previous (9) and current data do not sup-
port a major role for the proteasome in the degradation of
BACEL. Given that caspase activation results in BACEL1 stabili-
zation (34), the accumulation of BACE1 observed by Qing et al.
(42) following treatment with proteasome inhibitors is most
likely due to the induction of apoptosis associated with protea-
some inhibition (43). More recently, Zhang et al. (44) have
reported that UBB+1, a mutant ubiquitin that consists of a
ubiquitin moiety and a 19-amino acid C-terminal extension,
accumulates following cerebral ischemia and binds to BACE1
in a caspase-dependent fashion. It has been shown that exces-
sive UBB+1 becomes an endogenous inhibitor of the protea-
some, and once a protein is tagged by UBB+1, it becomes
resistant to proteasomal degradation (45). We have previously
reported that caspase activation results in GGA3 cleavage
and depletion resulting in elevation of BACE1 levels follow-
ing experimental cerebral ischemia (34). Although we can-
not rule out that the inhibition of the proteasome by UBB+1
may play a role in BACE1 stabilization in stress conditions,
an alternative explanation could be that under stress condi-
tions UBB+1 binds to BACE1L preventing its normal ubiq-
uitination, and as a result, BACE1 trafficking to MVBs and
lysosomes is impaired.

Our findings that GGA3-mediated regulation of BACEL is
independent of VHS/di-leucine motif interaction can help to
explain the differential effects that mutation of the
di-leucine sorting motif and depletion that GGAs has on
BACE]1 trafficking and activity. He et al. (37) have demon-
strated that depletion of GGA1-3 results in BACE1 accumu-
lation in early endosomes but not at the cell membrane,
excluding a role for GGAs in BACEL1 internalization. Instead
mutagenesis of the di-leucine motif impairs BACE1 internal-
ization and results in retention of BACE1 at the cell mem-
brane (7-9, 37). Interestingly, He et al. (37) have observed
that GGA3 but not GGAL partially colocalizes with
BACE1LL/AA suggesting the presence of alternative binding
sites for GGA3 and BACEL. Moreover, they have also shown
that mutation of the BACE1 di-leucine motif has no effect on
A production, although we have reported that depletion of
GGA3 increases Af levels (34).

Taking all these findings together, we can hypothesize that
GGAs may play a dual role in the trafficking of BACEL. It is
possible that GGAs traffic BACE1 as well as MPRs from the
TGN to early endosomes (37). Then BACELI is transported
from the endosomes to the cell membrane, where it can be
internalized to the endosomes again. At this point, GGAs
can transport BACE1L back to the TGN (12) or sort it to the
lysosomes for degradation (Fig. 8). Thus, depletion of GGAs
interrupts both routes resulting in the accumulation of
BACEI in early endosomes. Given that a low pH is necessary
for BACE1L activity, the accumulation of BACE1 in these
acidic organelles results in increased B-secretase activity and
AP production in cells depleted of GGA3 (34). When the
VHS/di-leucine motif binding is abrogated because of the
LL/AA mutation, BACEL1 is transported directly to the cell
membrane escaping the endosomes. Because the internaliza-
tion of the LL/AA mutant is impaired, BACE1 accumulates
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FIGURE 8. Role of GGAs in BACE1 trafficking. Schematic representation of
BACE1 intracellular trafficking mediated by GGAs.

at the membrane where 3-secretase activity may be impaired
and as a consequence Af levels do not increase (37).

Thus, we can hypothesize that VHS/di-leucine binding reg-
ulates the cycling of BACE1 from the TGN to the endosomes
and vice versa. Instead, the binding of ubiquitinated BACELI to
the GGA3 GAT domain regulates the sorting of synthetic and
endosomal BACE1 to lysosomes for degradation. Further stud-
ies will be necessary to determine whether GGAs play different
roles in the trafficking of BACEL, e.g. GGA3 targeting ubiquiti-
nated BACEL for degradation and GGA1/2 cycling BACE1
between TGN and endosomes. Several sources of evidence sup-
port a unique role for GGA3 in the regulation of ubiquitinated
cargo degradation. Depletion of GGA3, but not GGA1 and -2,
impairs the degradation of EGFR (16). Among three human
GGAs (GGA1-3), ubiquitin binds most strongly to GGA3 (16,
17, 46). It has been shown previously that, unlike GGA1-GAT
and GGA2-GAT, the GAT domain of GGA3 does not bind to
Rabaptin-5, which in complex with Rabex-5, a guanine nucleo-
tide exchange factor, participates in endosomal tethering/fu-
sion events (47). More recently, Ren and Hurley (41) reported
that among GGAs only GGA3VHS domain binds ubiquitin,
supporting a specific role for GGA3 in the trafficking of
ubiquinated cargoes to MVBs.

Given that the subcellular localization of BACE1 affects
B-secretase activity, factors that regulate BACEL1 trafficking
may represent novel therapeutic targets for the treatment of
AD. In addition to GGAs, the reticulon/Nogo family of pro-
teins has also been shown to interact with BACE1 and regu-
late B-secretase activity. The overexpression of RTN3 results
in the retention of BACEL1 in the endoplasmic reticulum and
the reduction of AB production both in vitro and in vivo (48,
49).

Because levels of BACEL are elevated in AD brains and they
are inversely correlated with GGA3 levels (34), our studies sug-
gest that therapies able to increase GGA3 expression in the
brain may represent a potential treatment for AD.
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