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The ␤-amyloid peptide (A␤) is a major component of Alzheimer disease (AD)-associated senile plaques and is generated by sequential
cleavage of the ␤-amyloid precursor protein (APP) by ␤-secretase (BACE1) and ␥-secretase. BACE1 cleaves APP at the N terminus of the
A␤ domain, generating a membrane-bound C-terminal fragment (CTF-␤) that can be subsequently cleaved by ␥-secretase within the
transmembrane domain to release A␤. Because BACE1 initiates A␤ generation, it represents a potential target molecule to interfere with
A␤ production in therapeutic strategies for AD. BACE1 interacts with Golgi-localized, ␥-ear-containing, ADP ribosylation factor-binding
(GGA) proteins that are involved in the subcellular trafficking of BACE1. Here, we show that GGA1 is preferentially expressed in neurons
of the human brain. GGA1 was also detected in activated microglia surrounding amyloid plaques in AD brains. Functional analyses with
cultured cells demonstrate that GGA1 is implicated in the proteolytic processing of APP. Overexpression of GGA1 or a dominant-negative
variant reduced cleavage of APP by BACE1 as indicated by a decrease in CTF-␤ generation. Importantly, overexpression of GGA1 reduced,
whereas RNAi-mediated suppression of GGA1 increased the secretion of A␤. The modulation of APP processing by GGA1 is independent
of a direct interaction of both proteins. Because total cellular activity of BACE1 was not affected by GGA1 expression, our data indicate
that changes in the subcellular trafficking of BACE1 or other GGA1-dependent proteins contribute to changes in APP processing and A␤
generation. Thus, GGA proteins might be involved in the pathogenesis of AD.
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Introduction
Accumulation of the amyloid ␤-peptide (A␤) is an invariant feature of Alzheimer’s disease (AD), and increasing evidence suggests that this peptide plays an important role in AD pathogenesis
(Hardy and Selkoe, 2002; Aguzzi and Haass, 2003). A␤ derives
from the ␤-amyloid precursor protein (APP) by proteolytic processing involving sequential cleavages by ␤-secretase and
␥-secretase (Selkoe, 2001; Walter et al., 2001a; Annaert and de
Strooper, 2002). ␤-secretase was identified as the aspartyl protease ␤-site APP cleaving enzyme-1 (BACE1) that cleaves APP at
the N terminus of the A␤ domain (Hussain et al., 1999; Sinha et
al., 1999; Yan et al., 1999; Haniu et al., 2000; Lin et al., 2000). This
cleavage results in the secretion of the APP ectodomain (APPs-␤)
and the generation of a membrane bound C-terminal fragment
(CTF-␤) that can be subsequently cleaved by ␥-secretase to release A␤.
Because BACE1 initiates A␤ generation and represents a po-
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tential target to lower A␤ levels in the brain, it is important to
understand the molecular mechanisms that regulate its cellular
metabolism and activity. During transport through the secretory
pathway, BACE1 undergoes maturation by complex
N-glycosylation and proteolytic removal of the pro-peptide
(Capell et al., 2000; Creemers et al., 2000). Mature BACE1 is then
transported to the cell surface, from which it can be reinternalized into endosomal compartments (Huse et al., 2000; Walter et
al., 2001b). Consistent with the subcellular localization of
BACE1, ␤-secretase cleavage of APP has been identified in the
trans-Golgi network (TGN) and endosomal compartments as
well as at the plasma membrane (Vassar and Citron, 2000; Walter
et al., 2001a). The subcellular transport of BACE1 is regulated by
phosphorylation of its cytoplasmic domain by casein kinase-1
(Walter et al., 2001b; Pastorino et al., 2002). Phosphorylation of
BACE1 also affects the interaction with Golgi-localized, ␥-earcontaining, ADP ribosylation factor-binding (GGA) proteins
that bind to a characteristic motif within the cytoplasmic domain
(von Arnim et al., 2004; He et al., 2002; Shiba et al., 2004; He et al.,
2003).
GGA proteins are monomeric adaptor proteins that mediate
transport of cargo proteins between the TGN and endosomes
(Dell’Angelica et al., 2000; Hirst et al., 2000; Doray et al., 2002).
The proteins contain distinct domains that serve several functions in protein sorting and vesicle targeting. Although the
N-terminal Vps, Hrs, and STAM (VHS) domain binds to DXXLL
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oculation of rabbits with synthetic A␤40 and a
peptide representing the last 15 C-terminal
amino acids of human APP, respectively.
Monoclonal antibodies 6E10 and 4G8 were obtained from Signet Laboratories (Dedham,
MA). Polyclonal rabbit-antibody GGA1 was
purchased from Abcam (Cambridge, UK).
Monoclonal antibody Bap1a, against the A␤
domain of APP, was described previously
(Tamboli et al., 2005).
A fluorometric assay to determine BACE1
activity in cell lysates was obtained from R&D
Systems (Minneapolis, MN) and applied according to the supplier’s instructions.
Human autopsy brains were received from
the University Hospital Bonn, the Municipal
Hospital Offenbach (Germany) and at the
Huddinge Brain Bank in accordance with the
laws and the permission of the local ethical
committees. Clinical diagnosis was based on
combined Diagnostic and Statistical Manual of
Mental Disorders IV criteria. Additional information on brain material is detailed in supplemental Table 1 (available at www.jneurosci.org
as supplemental material). Paraffin sections
from different brain regions were studied by
immunohistochemistry for GGA1. For neuropathological examination, paraffin sections
were stained with the aldehyde fuchsin–Darrow
red or hematoxylin and eosin, with the Gallyas
Figure 1. Expression of GGA1 in neuronal cells in AD brain. A–G, Detection of GGA1 in human AD brain was performed as silver method to detect neurofibrillary changes
described in the Materials and Methods. The hippocampal formation exhibits a distinct diffuse neuropil staining for GGA1 of the (Braak and Braak, 1991) and with an antibody
neuropil of the pyramidal cell layer of the subiculum, the Ammon’s horn sectors CA1–CA3 as well as in the molecular layer of the raised against A␤17–24 (4G8; 1:5000; formic acid
dentate gyrus (arrows). The presubicular region, the temporal isocortex (TI) and the CA4 region exhibit lower levels of GGA1. The pretreatment; Signet Laboratories) to stain sewhite matter did not exhibit a significant GGA1 staining. The hippocampal formation of an AD brain exhibits a pattern similar to nile plaques and cerebral amyloid angiopathy.
normal human brain (see also supplemental Fig. 2, available at www.jneurosci.org as supplemental material). Neuropil staining The neuropathological diagnosis of definite AD
is pronounced in the hippocampal subfields CA1–CA3, the subiculum, and the molecular layer of the fascia dentata (arrows). The was determined by using widely accepted conneuropil of the TI was less densely stained. The white matter (WM) did not exhibit GGA1. Neurons of the dentate gyrus displayed sensus (The National Institute on Aging, and
a faint cytoplasmic staining (B, E). CA4 dentate hilar cells contained large amounts of GGA1-positive, cytoplasmic material (C, F ) Reagan Institute Working Group on Diagnostic
and CA1 pyramidal cells showed a small amount of cytoplasmic GGA1 material (D, G). Scale bars: A, 800 m; (in D) B–D, 70 m; Criteria for the Neuropathological Assessment
(in E) E–G, 3 m.
of Alzheimer’s Disease, 1997). The stage of neurofibrillary pathology was determined according to Braak and Braak (1991); that for A␤motifs in cytoplasmic domains of cargo proteins, the GGA and
plaques and cerebral amyloid angiopathy was determined according to
Tom (GAT) domain and a variable hinge region bind to ADPrecently published criteria (Thal et al., 2002, 2003).
ribosylation factors (ARFs) and clathrin, respectively. The
cDNAs, fusion proteins, and cell culture. The cDNAs encoding the hu␥-adaptin ear (GAE) domain can interact with additional proman APP695 isoform, GGA1 full-length (FL) and dominant-negative
teins (Bonifacino, 2004). Although the function of GGAs in cul(DN) have been described previously (Wahle et al., 2005). To generate
fusion proteins of glutathione-S-transferase (GST), the different dotured peripheral cells is well established, their roles in the nervous
mains of GGA1 were amplified by PCR, and the resulting fragment was
system or an involvement in neurodegenerative diseases is not
subcloned into EcoRI/SalI restriction sites of pGEX-5X-1 (GE Healthknown.
care, Piscataway, NJ). Primer sequences used for PCR are available on
Here, we demonstrate that GGA1 is preferentially expressed in
request. Fusion proteins were expressed in Escherichia coli DH5␣ and
neuronal cells in the human brain. GGA1 was also detected in
purified according to the supplier’s instructions. Cloning of BACE CT
activated microglial cells in AD brains. By analyzing the funcfusion proteins was described previously (Walter et al., 2001b).
tional role of GGA1 in cultured cells with endogenous ␤-secretase
Human embryonic kidney (HEK) 293 and neuroblastoma SH-SY5Y
activity, we found that GGA1 alters the proteolytic processing of
cells were cultured in DMEM with Glutamax (Invitrogen, Carlsbad, CA)
APP and the secretion of APPs and A␤. Together, our data demor RPMI (Roswell Park Memorial Institute) 1640 (Invitrogen) suppleonstrate that GGA1 is functionally involved in A␤ generation,
mented with 10% fetal calf serum, respectively. Cells were transfected
suggesting a role of this protein in AD pathogenesis.
with cDNAs encoding the APP695 isoform or the indicated GGA1 variants using fugene reagent (Roche, Indianapolis, IN), and stably expressMaterials and Methods
ing clones were selected by culturing in 200 g/ml G418 and 100 g/ml
Zeocin (Invitrogen), respectively. Cell viability was assessed by MTT
Reagents and human brain tissue. The monoclonal antibody against
[3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay
c-myc was purchased from LGC Promochem (Teddington, UK). Antias described previously (Tamboli et al., 2005), and was not significantly
body 5313 recognizing the N-terminal domain of APP (Walter et al.,
affected during stable expression of GGA1 variants (data not shown).
2001b) and antibody 7520 against the cytoplasmic domain of BACE1
RNA interference of GGA1 expression. For siRNA-mediated knock(Walter et al., 2001b) were generously provided by Dr. C. Haass (Unidown of GGA1, a mixture of three different siRNA oligonucleotides was
versity of Munich, Germany). Polyclonal antibodies 2964 against A␤ and
used [Qiagen (Crawley, UK) siRNA hsGGA1_1, 1_3, 1_9]. Cells were
antibody 140 against the C-terminal domain of APP were raised by in-
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transfected with 200 pM of each of the three
siRNAs at 30% confluency using Lipofectamine
2000 according to the manufacturer’s instructions. As control, 600 pM of nonsilencing siRNA
was transfected (Qiagen). GGA1 knockdown
was confirmed by Western immunoblotting using polyclonal GGA1 antibody (Abcam), as well
as by real-time PCR (Bio-Rad, Hercules, CA)
using specific probes. Expression of ␤-actin was
analyzed as control.
Metabolic labeling and immunoprecipitation.
Cells were starved at 37°C in methionine-free,
serum-free medium for 45 min and then labeled with [ 35S]methionine/[ 35S]cysteine (MP
Biomedicals, Irvine, CA) at 37°C for the indicated time periods. Cells were then washed with
PBS and chased in medium supplemented with
10% fetal calf serum and excess amount of unlabeled methionine as indicated in the respective experiments. After washing with PBS, cells
were lysed in STEN buffer (in mM: 50 Tris, pH
7.6, 150 NaCl, and 2 EDTA) supplemented with
1% NP-40/1% Triton X-100/2% bovine serum
albumin) on ice for 10 min. Lysates were clarified by centrifugation for 20 min at 14000 ⫻ g.
Immunoprecipitation of the respective proteins from cleared lysates or conditioned media
was performed at 4°C for 2 h with the antibodies indicated. Immunoprecipitated proteins
were separated in SDS-PAGE, transferred to nitrocellulose membranes (Schleicher and Figure 2. Expression of GGA1 in activated microglia in AD brain. A, B, AD cases exhibited a number of astrocytes exhibiting
Schuell BioScience, Keene, NH) and analyzed cytoplasmic GGA1 as indicated by double-label immunohistochemistry for GGA1 (brown) and GFAP (blue-black). Note that these
by autoradiography or phosphorimaging. Al- astrocytes often occur without association to senile plaques (A, B, arrowheads). GGA1-exhibiting neurons were not associated
ternatively, proteins were detected by enhanced with reactive GFAP-positive astrocytes (B, arrows). Different types of cortical neurons exhibited varying levels of GGA1 (A, B,
chemiluminescence technique (ECL reagent arrows). C, D, Neurons embedded within the A␤ masses of diffuse plaques (arrows in C show neurons identified by their nuclear
from GE Healthcare).
structure with a prominent nucleolus and by the presence of stubs of neurites) were slightly positive for GGA1 when colabeling of
Immunocytochemistry and immunohisto- GGA1 (brown) and A␤ (D; blue– black). E, In cored plaques, the amyloid core (c) was rimmed by GGA1-positive cells (arrows), and
chemistry. Cells were grown on polylysine- in the neighborhood of the plaque, non-neuronal GGA1-positive cells were seen (arrowhead). F, Plaque-associated GGA1 was only
coated glass coverslips to 50 – 80% confluence seen within cells. The amyloid material, especially the amyloid core, did not stain for GGA1. G–I, Double-label immunofluoresand fixed in 4% paraformaldehyde at room cence of cells for GGA1 (red) and CD68 (green) demonstrates coexpression of GGA1 and CD68 in microglial cells. J, L, Three neurons
temperature before processing for immunoflu- in the CA1-subiculum area exhibited similar levels of GGA1. K, L, One of these three neurons was also positive for abnormal
orescence as described previously (Walter et al., -protein, indicating that GGA1 protein expression in these neighboring neurons was not altered in neurons with  pathology.
2001b). Bound primary antibodies were de- Scale bars: (in B) D, E, J–L, 70 m; A, 40 m; B, 20 m; C, 80 m; F, 60 m; G–I, 100 m.
tected by Alexa 488- or Alexa 594-conjugated
secondary antibodies (Invitrogen). Cells were
analyzed using a Nikon (Tokyo, Japan) fluorescence microscope (Eclipse
E800) equipped with a digital camera, and micrographs were stored in tiff
format and processed using the Photoshop program (Adobe Systems,
San Jose, CA).
For immunohistochemistry, sections from human autopsy brain of
the regions listed in supplemental Table 3 (available at www.jneurosci.
org as supplemental material) were microtomed at 4 m thickness. Immunohistochemistry for the detection of GGA1 was performed after
pretreatment with 1N HCl. Primary antibodies against GGA1 were detected with biotinylated secondary antibodies directed against rabbitIgG, ABC complex, and 3,3 diaminobenzidine (DAB)–HCl (SigmaAldrich, St. Louis, MO). Counterstaining with hematoxylin was
performed afterward. Sections were mounted in Corbit and viewed and
documented with a Leica Microsystems (Wetzlar, Germany) DMLB
microscope.
Double-label immunohistochemistry on control and AD brain sections was performed using the polyclonal anti-GGA1 antibody combined
with (1) an antibody raised against the CD68 epitope [CD68; Dako
Figure 3. Decreased levels of GGA1 in human AD brain. A, Endogenous GGA1 in human brain
(Glostrup, Denmark); clone KP1; 1:100; protease pretreatment] detectlysates of AD cases (AD) and age-matched controls (C) was detected by Western immunobloting microglial cells and macrophages, (2) anti-A␤17–24, and (3) an antiting. HEK293 cell lysate overexpressing a myc-tagged version of GGA1 was used as a positive
body directed against abnormal phosphorylated -protein (1:250; AT-8;
control. L, Cell lysate. GGA1 is detected in two forms, likely representing phosphorylated (GGA1)
Pierce-Endogen, Rockford, IL). The primary antibodies were visualized
and nonphosphorylated (GGA1*) variants. ␤-Actin was used as a loading control. B, Detection
with carbocyanin 2 (Cy2)-labeled antibodies directed against mouse IgG
of BACE1, APP, and PS1 in lysates of control and AD brains by Western blotting was performed as
described in A.
and Cy3-labeled antibodies against rabbit IgG (1:50; Cy2 and Cy3; Di-
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anova, Hamburg, Germany). These sections were mounted in Corbit
without counterstaining. Alternatively, double-label immunohistochemistry was performed with different chromogens. First, GGA1 was
detected with biotinylated secondary antibodies directed against rabbit
IgG and visualized with ABC complex and DAB (brown). For the second
step, monoclonal mouse anti-GFAP or anti-A␤17–24 were administered
to the sections after blocking peroxidase activity with methanol– hydrogen peroxide. The antibodies were detected with biotinylated secondary
antibodies and visualized with the ABC complex and the Vector SGperoxidase kit (Vector Laboratories, Burlingame, CA). Immunolabeled
sections were analyzed with the Leica Microsystems DMLB microscope.
Surface plasmon resonance measurements. Synthetic biotin-labeled
peptides representing the cytoplasmic tail of APP or BACE1 were immobilized on a Biacore streptavidin chip using standard coupling according
to the manufacturer’s instructions. Binding curves for the respective fusion proteins (concentrations ranging from 50 nM to 5 M) were obtained, and dissociation constants were determined by steady-state affinity curve fits.
Data analysis. For metabolic labeling experiments, band intensities
were analyzed by phosphorimaging using FLA2000 (Fujifilm, Tokyo,
Japan) and the Fujifilm Image Gauge 3.0 software. For enhanced chemiluminescence detection, signals were measured and analyzed using an
ECL imager (ChemiDocTM XRS; Bio-Rad) and the Quantity One software package (Bio-Rad). For quantitations, three independent experiments (n ⫽ 3) were performed. Statistical analysis was performed using
Student’s t test. Significance values are as follows: *p ⬍ 0.05; **P ⬍ 0.01.
For brain material, exact logistic regression analysis controlled for age,
gender, and Braak stage, and postmortem intervals were performed with
LogXact 5.0 (Cytel, Cambridge, MA).

Results
Expression of GGA1 in human control and AD brain
Because the expression of GGA1 in the brain has not been characterized thus far, we first performed immunohistochemical experiments using human control and AD brains. In both AD and
control brains, GGA1 was mainly located in the neuropil as well
as in the perikaryon of the nerve cells (Fig. 1 A) (supplemental
Fig. 2, Table 3, available at www.jneurosci.org as supplemental
material). Different types of nerve cells as well as different areas of
the brain exhibited varying levels of GGA1. Within the neuropil,
there is a mild to moderate diffuse staining (Fig. 1 A), whereby the
neuropil of the hippocampal formation was more strongly
stained than the neuropil of the adjacent temporal neocortex
(Fig. 1 A). Similarly, the cytoplasmic expression of GGA1 in different neurons varied. Although dentate gyrus granule cells did
not exhibit significant GGA1 reactivity, CA4 neurons were
strongly positive and CA1/subiculum pyramidal cells showed a
mild GGA1 immunodecoration (Fig. 1 B–G). Microglial cells and
oligodendrocytes contained no anti-GGA1-immunopositive
material, whereas some astrocytes in the subpial zone of the molecular layer showed cytoplasmic GGA1 (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material). Overall, the neuronal expression pattern of GGA1 did not show
marked differences between control and AD brain (supplemental
Fig. 2, supplemental Table 3, available at www.jneurosci.org as
supplemental material). However, GGA1-positive astrocytes
were seen more frequently in AD cases (Fig. 2 A) (supplemental
Fig. 4, available at www.jneurosci.org as supplemental material).
They were found with and without association to senile plaques
(Fig. 2 A, B). GGA1-positive astrocytes were mainly found in neocortical and allocortical parts of the brain. Subcortical nuclei less
frequently exhibited GGA1-positive astrocytes (supplemental
Table 3, available at www.jneurosci.org as supplemental material). Amyloid material in senile plaques was not stained for
GGA1 (Fig. 2C–F ). In diffuse plaques, neurons embedded in the
diffuse A␤-matrix faintly exhibited GGA1 (Fig. 2C,D ). In cored

Figure 4. Colocalization of GGA1 and APP in cultured cells. A, Schematic of GGA1 including
the VHS (amino acids 1–140), GAT (141–302), hinge (303–513) and ␥-ear domain (514 – 639).
GGA1 DN is truncated after amino acid 247 and lacks parts of the GAT domain as well as the hinge
and ␥-ear domains. B, Stable expression of APP and c-myc-tagged GGA1 variants in HEK293
cells. Protein-matched samples were loaded on SDS-PAGE, and the expression pattern was
analyzed by Western immunoblotting with antibodies against the cytoplasmic domain of APP
(140) and c-myc, respectively. APP is expressed in its mature (m) and immature (im) form. GGA1
is present in two forms, which might represent the phosphorylated and nonphosphorylated (*)
species. C, Subcellular localization of APP and GGA1 variants was analyzed by costaining with
polyclonal antibody 140 and monoclonal anti-c-myc antibody. Primary antibodies were detected by Alexa 488-conjugated anti-rabbit (green) and Alexa 594-conjugated anti-mouse secondary antibodies (red), respectively. Scale bar, 20 m. ctr., Cells expressing APP alone.

plaques, activated microglial cells, bordering the amyloid core,
exhibited GGA1 as demonstrated by the colocalization of the
microglial-associated epitope CD68 and GGA1 and by demonstrating GGA1-positive cells being associated with cored plaques
in an anti-GGA1–anti-A␤17–24 double labeling (Fig. 2G–I ). In
addition, microglial cells bordering A␤ plaques were also seen
(Fig. 2 E). Double labeling of GGA1 and abnormal -protein
showed that neurons that accumulate abnormal -protein do not
differ in the exhibition of GGA1 from neighboring neurons negative for abnormal -protein (Fig. 2 J–L).
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We next analyzed the expression levels
of GGA1 in brains of AD cases and controls by Western immunoblotting. Consistent with results from cultured cells
(Ghosh and Kornfeld, 2003), two variants
of GGA1 were also detected in human
brain lysates that might represent phosphorylated
and
nonphosphorylated
forms. Interestingly, levels of GGA1 were
found to be significantly decreased in AD
brains by ⬃40% ( p ⬍ 0.05) (Fig. 3A).
Consistent with previous data (Holsinger
et al., 2002; Yang et al., 2003; Sastre et al.,
2006), levels of BACE1 were slightly increased in AD brains (Fig. 3B). Levels of
presenilin 1, a critical component of the
␥-secretase complex, and that of APP were
not significantly changed (Fig. 3B).
Colocalization of GGA1 and APP in
cultured cells
To investigate the functional role of GGA1
proteins in the proteolytic processing of
APP, we first used HEK293 cells that endogenously express ␤-secretase activity
(Haass et al., 1992; Vassar et al., 1999).
These cells were stably transfected with
cDNA of human APP695 alone or in combination with myc-tagged GGA1 FL or DN
variant that includes the VHS and a part of
the GAT domain, responsible for binding
to cargo proteins and ARF, respectively
(Fig. 4 A). The GGA1 DN variant has been
shown to interfere with transport of cargo
protein from TGN to endosomal/lysosomal compartments (Puertollano et al.,
2001). Western immunoblotting demonstrated the stable expression of APP and
the respective GGA1 variants (Fig. 4 B).
Immunocytochemical experiments revealed localization of APP predominantly
in juxtanuclear and peripheral vesicular
structures, where it colocalizes with both
GGA1 FL and GGA1 DN variants (Fig.
4C). To characterize these structures, cells Figure 5. Analysis of the subcellular localization of APP and its interaction with GGA1. A, B, Localization of APP to the TGN and
were costained with antibodies against endosomal compartments by fluorescence microscopy. Cells stably expressing APP alone (ctr.), or together with GGA1 or GGA1 DN
TGN46 and early endosomal antigen 1 were stained with polyclonal antibodies against APP. Cells were costained with monoclonal antibodies against TGN46 (A) or EEA1
(EEA1) that localize the TGN and early en- (B). Primary antibodies were detected by Alexa 488-conjugated anti-rabbit (green) and Alexa 594-conjugated anti-mouse secdosomal compartments, respectively. ondary antibodies (red), respectively. Nuclei were stained with DAPI. Scale bar, 3520 m. C, Maturation of APP. HEK293 cells
expressing APP alone or together with GGA1 or GGA1 DN were pulse labeled with [ S]methionine for 15 min and chased for the
Consistent with a localization of APP in indicated time periods. Cells were lysed, and APP was immunoprecipitated with antibody 140. Radiolabeled proteins were detected by
the TGN and early endosomes, APP partly phosphorimaging. Mature (m) and immature (im) forms of APP are indicated. D, Interaction of GGA1 and APP was investigated by
colocalized with TGN46 and EEA1, re- pull-downassays.LysatesofHEK293cellsoverexpressingAPPwereincubatedwithGSTfusionproteinscarryingtheVHS(GST-GGA1VHS),
spectively (Fig. 5 A, B). The expression of VHS plus GAT (GST-GGA1 DN), or the GAT (GST-GGA1GAT) domain. GST was used as a negative control. Precipitated APP was detected by
GGA1 variants had no apparent effects on Western immunoblotting with antibody 140. E, Lysates of HEK293 cells overexpressing BACE1 were incubated with the fusion protein
the localization of APP in the TGN and GST-GGA1VHS or GST alone. Precipitated BACE1 was detected by Western immunoblotting. Although BACE1 was precipitated with GSTendosomes (Fig. 5 A, B), indicating that GGA1VHS (D), no significant interaction of APP was detected with the different fusion proteins (E). F, Surface plasmon resonance analysis
GGA1 did not affect subcellular trafficking oftheinteractionofAPPorBACE1withGSTfusionproteins.APP(top)orBACE1(bottom)C-terminalpeptideswereimmobilizedonsensor
of APP. As revealed by pulse-chase exper- chips, and the respective GST-GGA1 fusion proteins were injected at the indicated concentrations.
iments, the maturation of APP was also
expression at the cell surface is not significantly changed during
unaltered by the overexpression of GGA1 variants (Fig. 5C), inexpression of GGA1 FL or DN variants (data not shown).
dicating that the transport of APP from the endoplasmic reticuTo assess whether APP directly binds to GGA1, we first perlum to and within the Golgi compartment was not affected by
formed pull-down assays with GST fusion proteins that carry
GGA1. Moreover, biotinylation experiments revealed that APP
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distinct functional domains of GGA1. However, no significant
binding between GGA1 and APP was observed (Fig. 5D). In addition, we also applied surface plasmon resonance spectrometry
to test a potential interaction of the APP cytoplasmic domain
with GGA1. Consistent with the results from pull-down assays,
no binding of APP to GGA1 was detected by both methods,
whereas the cytoplasmic domain of BACE1 readily bound to
GGA1 under similar conditions (Fig. 5F ). Together, these data
indicate that GGA1 colocalizes with, but does not directly bind
to, APP.
GGA1 affects proteolytic processing of APP
Because recent data demonstrate that GGAs alter endocytic trafficking of BACE1 (Wahle et al., 2005), we next analyzed whether
overexpression of GGA1 variants affect proteolytic processing of
APP by pulse-chase experiments. Cells were radiolabeled with
[ 35S]methionine and APP, and its proteolytic processing derivatives were immunoprecipitated from cell lysates and conditioned
media with antibodies directed against APP intracellular and extracellular domains, respectively. Although overexpression of
GGA1 FL did not significantly alter the secretion of total APPs,
cells overexpressing GGA1 DN secreted significantly lower levels
of APPs (Fig. 6 A, B). To specifically detect APPs-␣, media were
also immunoprecipitated with an antibody against the A␤ domain. Consistent with previous studies (Haass et al., 1992; Tamboli et al., 2005), HEK293 cells predominantly secrete APPs-␣
compared with APPs-␤, indicating relative low ␤-secretase activity in this cell type (data not shown). In cells expressing GGA1
DN, secretion of APPs-␣ was also markedly reduced, whereas
GGA1 FL expression did not significantly affect APPs-␣ secretion
compared with cells overexpressing APP alone (Fig. 6 A, C). Neither GGA1 FL nor GGA1 DN affected total protein secretion,
indicating a selective effect on secretion and/or proteolytic processing of APP (supplemental Fig. 5, available at www.jneurosci.
org as supplemental material).
Notably, the expression of both GGA1 FL and GGA1 DN led
to marked reduction in A␤ secretion (Fig. 6 A, E). Very similar
effects were also observed with the human neuroblastoma cell
line SH-SY5Y (Fig. 6 F). Because the secretion of A␤ is affected by
the relative contribution of ␣- and ␤-secretase to the processing
of APP, which results in generation of CTF-␣ and CTF-␤, respectively, we also analyzed the levels of APP CTF variants in the
different cell lines. Compared with cells overexpressing APP
alone, cells coexpressing GGA1 FL or GGA1 DN revealed decreased levels of CTF-␤ (Fig. 6 A, D), suggesting decreased cleavage of APP by ␤-secretase relative to cleavage by ␣-secretase.
Because neither the maturation nor total cellular activity of
BACE1 is altered by GGA1 expression (supplemental Fig. 5, available at www.jneurosci.org as supplemental material), these data
suggest that altered subcellular trafficking of BACE1 contributed
to differences in ␤-secretory processing of APP and secretion of
A␤. This notion is also supported by the finding that expression
of GGA1 FL or DN variants did not affect the levels of AICD (APP
intracellular domain), indicating unaltered cellular ␥-secretase
activity (supplemental Fig. 5, available at www.jneurosci.org as
supplemental material).
We also used an RNAi approach to decrease endogenous
GGA1 expression. H4 cells were transfected with specific siRNA
oligonucleotides targeting human GGA1 mRNA or with nontargeting control oligonucleotides. The cells transfected with GGA1
siRNAs showed decreased expression of endogenous GGA1 protein compared with control cells (Fig. 6G). As determined by real
time reverse transcription-PCR, GGA1 mRNA levels were also

Figure 6. GGA1 affects the proteolytic processing of APP and decreases secretion of A␤. A,
HEK293 cells expressing APP alone (ctr) or together with GGA1 or GGA1 DN were pulse labeled
with [ 35S]methionine for 2 h. One set of cells was immediately lysed after the pulse, and APP
was immunoprecipitated from the cell lysates (top row). Another set of cells was chased for 6 h,
and secreted APP was immunoprecipitated with antibody 5313 that recognizes both APPs-␣
and APPs-␤ (second row), or immunoprecipitated with antibody BAP1a that selectively detects
APPs-␣ (third row). Radiolabeled proteins were detected by phosphorimaging. APP CTFs were
immunoprecipitated with antibody 140 from cell lysates, and A␤ was immunoprecipitated
with antibody 2964 from the chase media. Precipitates were separated by SDS-PAGE, and
radiolabeled proteins were detected by phosphoimaging. B, C, Quantification of secreted total
APPs (B) and APPs-␣ (C) by normalization to total cellular APP after pulse labeling. D, E,
Quantification of A␤ secretion (E) and cellular levels of CTF-␣ and CTF-␤ (D) by phosphoimaging. Values represent means of three independent experiments ⫾ SD. F, GGA1 expression and
A␤ generation in neuroblastoma cells. SH-SY5Y cells were transiently transfected with APP
alone or together with GGA1 or GGA1 DN. Pulse-chase experiment and analysis of A␤ secretion
was performed as described above by phosphoimaging (top row) and quantification (bottom
row). G, H4 cells were transfected with nontargeting (ctr.) or GGA1-specific siRNAs. Expression
of endogenous GGA1 in cell lysates was analyzed by Western immunoblotting (top). Secreted
A␤ was immunoprecipitated with antibody 2964 and detected with by Western immunoblotting with monoclonal antibody 6E10. ␤-actin in cell lysates was detected as control.

decreased by 74% (data not shown). The RNAi-mediated suppression of GGA1 significantly increased levels of secreted A␤ of
⬃30% ( p ⬍ 0.05) compared with control cells, also supporting a
role of GGA1 in the proteolytic processing of APP (Fig. 6G).
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Discussion
The role of GGA proteins in the nervous
system is not known. GGA1 mRNA has
been detected in brain tissue (Boman et al.,
2000), but expression of the corresponding protein has not been demonstrated
thus far. We show by immunohistochemical experiments that GGA1 mainly occurred in the neuropil and in the cytoplasm of neurons in both control and AD
brains. The expression of GGA1 varied in
different types of neurons, but did not
show significant differences between control and AD brain as well as between neurofibrillary tangle-bearing neurons and
neurofibrillary tangle-free neurons in AD
cases. However, the number of GGA1positive astrocytes was higher in AD cases Figure 7. Model for the role of GGA1 in APP processing. BACE1 and APP share similar transport routes within the secretory
compared with controls. Interestingly, se- pathway to the cell surface (1). Both proteins could be endocytosed from the cell surface into endosomal compartments (2). GGA1
nile plaque-associated microglial cells also proteins are involved in the retrograde transport from endosomal compartments to the TGN (3). Thus, GGA1 might reduce the
express GGA1, whereas the amyloid mate- amount of BACE1 in these compartments. Consistent with this model, overexpression of GGA1 in cultured cells reduced processing
rial itself did not stain positive for GGA1. of APP to A␤. In addition, GGA1 might also facilitate the direct transport of BACE1 from the TGN to endosomal compartments. The
Thus, reactive plaque-associated micro- GGA1 DN variant could therefore decrease this transport route, also resulting in decreased endosomal BACE1. Decreasing expresglial cells appear to upregulate GGA1 in sion of GGA1 by RNAi led to elevated secretion of A␤, probably by increasing the amount of BACE1 in endosomal compartments.
the pathogenesis of AD. By quantitative Additional GGA-dependent mechanisms, e.g., interaction with LR11/SorLa or M6P receptor (?), could also affect trafficking the
proteolytic processing of APP (see Discussion).
Western immunoblotting, we detected decreased GGA1 expression in AD brains as
endosomal/lysosomal compartments (Koo and Squazzo, 1994;
compared with controls, whereas BACE1 levels are slightly inHaass et al., 1995; Thinakaran et al., 1996). High overexpression
creased. However, the physiological relevance of decreased GGA1
of BACE1 was also shown to decrease A␤ levels in cell culture and
expression on APP processing and A␤ generation is unclear in the
transgenic mice by additional cleavages within A␤ (Fluhrer et al.,
absence of GGA1 knock-out mice.
2002, 2003; Liu et al., 2002; Lee et al., 2005). Thus, overexpression
For functional investigations on the role of GGA proteins on
of BACE1 and aberrant cleavage of APP might have masked
proteolytic processing of APP, we used mainly HEK293 cells that
GGA-dependent effects on post-Golgi secretory and endocytic
endogenously express low levels of ␤-secretase activity and have
trafficking.
been used to identify BACE1 (Sinha et al., 1999; Vassar et al.,
The expression of a GGA1 DN variant in HEK293 cells with
1999; Yan et al., 1999). Our immunocytochemical studies reendogenous BACE1 expression resulted in decreased secretion of
vealed that GGA1 colocalized with APP in juxtanuclear and peAPP variants, whereas GGA1 FL did not significantly affect APP
ripheral vesicular structures, indicating localization of both prosecretion. Importantly, A␤ secretion was significantly reduced by
teins in Golgi and endosomal compartments. However, we did
overexpressing GGA1 FL or the DN variant in both peripheral
not detect a direct interaction of these proteins by pull-down
(HEK293) and neuroblastoma (SH-SY5Y) cell lines. In addition,
assays or surface plasmon resonance analysis. This is consistent
suppression of GGA1 expression by RNAi resulted in an inwith the lack of a DXXLL motif in the cytoplasmic domain of APP
creased A␤ secretion. Which mechanisms could underlie the obthat determines recognition by the VHS domain of GGA proserved changes in the secretion of APPs and A␤? BACE1 and APP
teins. Therefore, it is unlikely that APP represents a cargo protein
share similar transport routes from the Golgi to the cell surface
of GGAs and that its subcellular trafficking is regulated by direct
(Fig. 7). Although most of the APP is cleaved in this pathway by
binding to GGAs.
␣-secretase, at least in HEK293 cells, ␤-secretase activity has been
GGA proteins have been shown to interact with the cytoplasdemonstrated in the TGN and secretory vesicles that contribute
mic domain of BACE1 in a phosphorylation-state-dependent
to increased ␤-cleavage of Swedish mutant APP and increased A␤
manner and to regulate the endocytic trafficking of this protease
secretion (Haass et al., 1995; Thinakaran et al., 1996). From the
(He et al., 2002, 2003, 2005; von Arnim et al., 2004; Wahle et al.,
cell surface, both APP and BACE1 could be internalized into
2005). It was therefore speculated that phosphorylation of
endosomal compartments, in which APP could preferentially be
BACE1 and/or interaction with GGAs is also implicated in the
cleaved by ␤-secretase. Because GGA1 could shuttle BACE1 from
␤-secretory processing of APP and the generation of A␤. Howendosomal compartments to other compartments, including the
ever, in previous studies, no significant differences in APP proTGN, this could reduce the amount of BACE1 in endosomes and
cessing were observed in cells that overexpressed BACE1 (von
thus ␤-secretory cleavage of APP. In line with this, decreasing
Arnim et al., 2004; He et al., 2005). This might be partly attributexpression of GGA1 by RNAi led to elevated secretion of A␤,
able to aberrant cleavage of APP by overexpressed BACE1. Inprobably by increasing the amount of BACE1 in endosomal comdeed, it has been shown that overexpression of BACE1 strongly
partments. GGA proteins could also facilitate transport of speincreases ␤-secretory cleavage of APP already in early secretory
cific cargo proteins [e.g., the mannose 6 phosphate receptors
compartments (Capell et al., 2000; Liu et al., 2002; Lee et al.,
(M6PRs)] from the TGN to endosomal compartments and the
2005), whereas under physiological expression levels, ␤-secretase
expression of GGA1 DN inhibits this transport route (Puertolcleavage of wild-type APP has been localized predominantly to
lano et al., 2001; Zhu et al., 2001). We detected colocalization and
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copurification of BACE1 with AP-1-positive vesicles (data not
shown), known to mediate the direct transport of cargo proteins
from TGN to endosomes (Diaz and Pfeffer, 1998; Meyer et al.,
2000). Therefore, BACE1 might also undergo direct transport
from TGN to endosomal/lysosomal compartments without passing the cell surface (Fig. 7). In that case, expression of GGA1 DN
might lead to reduced BACE1 levels in endosomal/lysosomal
compartments and thereby decrease ␤-secretory processing of
APP and A␤ generation in this compartment.
GGA proteins could also affect the proteolytic processing of
APP, independent of a direct interaction with BACE1. It was
demonstrated that LR11/SorLA interacts with APP and affects its
subcellular localization and proteolytic processing (Andersen et
al., 2006; Offe et al., 2006; Spoelgen et al., 2006). Because LR11/
sorLA also represents a cargo for GGA proteins (Jacobsen et al.,
2002), it is plausible that trafficking and metabolism of APP
could be affected when LR11/SorLA is complexed with GGA proteins. In addition, GGA proteins are adaptor proteins that, in
addition to binding to cargo proteins, also interact with the small
GTPase ARF, clathrin, and additional proteins involved in vesicle
assembly and targeting (Bonifacino, 2004). Therefore, expression
of GGA1 variants might also impair vesicular transport by interfering with ARF- or clathrin-dependent mechanisms that could
also alter APP processing. In addition, GGAs could also affect
APP metabolism indirectly by regulating the transport of other
proteins. Indeed, GGAs also mediate forward trafficking of the
M6PR from the TGN to endosomal compartments (Puertollano
et al., 2001), and expression of this receptor has also been shown
to affect A␤ generation (Mathews et al., 2002). Thus, GGAdependent changes in M6PR trafficking could also contribute to
the observed changes in APP processing. It will be interesting to
further dissect the GGA-dependent mechanisms that regulate the
proteolytic processing of APP and thereby determine their potential role in the pathogenesis of AD.
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