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Accumulation of expanded polyglutamine proteins is con-
sidered to be a major pathogenic biomarker of Huntington
disease. We isolated SCAMP5 as a novel regulator of cellular
accumulation of expanded polyglutamine track protein using
cell-based aggregation assays. Ectopic expression of SCAMP5
augments the formation of ubiquitin-positive and detergent-
resistant aggregates of mutant huntingtin (mtHTT). Expres-
sion of SCAMP5 is markedly increased in the striatum of
Huntington disease patients and is induced in cultured stria-
tal neurons by endoplasmic reticulum (ER) stress or by
mtHTT. The increase of SCAMP5 impairs endocytosis, which
in turn enhances mtHTT aggregation. On the contrary,
down-regulation of SCAMP5 alleviates ER stress-induced
mtHTT aggregation and endocytosis inhibition. Moreover,
stereotactic injection into the striatum and intraperitoneal
injection of tunicamycin significantly increasemtHTT aggre-
gation in the striatum of R6/2 mice and in the cortex of N171-
82Q mice, respectively. Taken together, these results suggest
that exposure to ER stress increases SCAMP5 in the striatum,
which positively regulates mtHTT aggregation via the endo-
cytosis pathway.

The expansion of CAG repeats (usually beyond a critical
threshold of �37 glutamine repeats) encoding polyglu-
tamine (polyQ)3 causes, to date, nine late-onset progressive
neurodegenerative disorders (1, 2). Expanded polyQ-con-

taining huntingtin is the main aggregate component in the
affected neurons (3). Also, molecular chaperones, such as
Hsp70, Hsp40/HDJ1 (dHDJ1), and chaperonin TRiC, per-
turb the aggregation of polyQ track protein and reduce
polyQ track cytotoxicity in yeast and cell lines (4–6) and in
Drosophila and mouse models (4, 7). Thus, it seems that HD
pathology is closely correlated with the accumulation of
insoluble aggregates of mutant huntingtin (mtHTT) con-
taining expanded polyQ (2, 3, 8, 9).
Endoplasmic reticulum (ER) stress is crucial in many bio-

logical responses and is generated by various signals, such as
unfolded protein response, aberrant calcium regulation, oxi-
dative stress, and inflammation (10, 11). ER stress response is
generally considered an adaptive reaction of cells to environ-
mental stress, serving as a survival signal (10). On the other
hand, increasing evidence also strengthens the importance
of ER stress in human diseases. A malfunction or excess of
ER stress response caused by aging, genetic mutations, and
environmental insults is implicated in human diseases, such
as Alzheimer disease, Parkinson disease, diabetes mellitus,
and inflammation (12–16). mtHTT also induces ER stress at
the early stage of HD, and pathogenic ER stress from an aging
or stressful environment is severe at the late stage of HD
(17–19). However, the molecular event linking the aggrega-
tion of polyQ track protein to ER stress response is unknown.
The ubiquitin/proteasome pathway, a major protein degra-

dation system, is altered or impaired in the cell culturemodel of
HD (20–22). On the contrary, autophagy employing lysoso-
mal degradation has been recently considered as a major
clearance pathway of insoluble aggregates of polyQ track
protein. Thus, inhibition of autophagy has been suggested to
modulate the aggregate formation of mtHTT and to affect
the toxicity of polyglutamine expansions in fly and mouse
models of HD (23–25). However, a key molecule controlling
the aggregation and clearance of polyQ track proteins needs
to be identified.
To further our understanding of the regulation of polyQ

track protein aggregation, we screened human full-length
cDNAs and isolated SCAMP5 (secretory carrier membrane
protein 5) as a modulator of polyQ track protein aggregation.
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SCAMP5 is up-regulated by mtHTT and ER stress and func-
tions to inhibit endocytosis to increase mtHTT aggregation.

EXPERIMENTAL PROCEDURES

Human cDNA Collections—Total RNAs were purified from
neuronal cells and tumor samples. The full-length cDNA
library was constructed by PCR-based oligocapping methods
(45) and subcloned into the pCNS-D2 mammalian expression
vector. Individual cDNA was identified by DNA sequencing
analysis and annotated. A group of 2,200 cDNA clones includ-
ing 600 kinase cDNAs was selected, and another group of 2,000
cDNA clones in pCMV6 was purchased from OriGene, Inc.
PlasmidConstructions—Human SCAMP5 cDNAwas ampli-

fied by PCR and subcloned into the HindIII site of pEGFP-N1
(pGFP-S5), pcDNA-HA (pSCAMP5-HA), or pDsRed-Mono-
mer-C1 (pmRFP-S5; Clontech) in a sense or antisense orienta-
tion. Green fluorescent protein (GFP)-fused polyglutamine
(n � 110) (p110Q-GFP) was constructed by subcloning the
PCR product into pEGFP-C1. Deletion mutants (D1–D4) were
constructed by subcloning of the PCR products containing
respective amino acid residues of human SCAMP5 into
pcDNA-HA and pEGFP-N1. Human SCAMP1 cDNA was
amplified by PCR and subcloned into the KpnI site of
pcDNA-HA (pSCAMP1-HA). The pSCAMP1-(1–149)/5 chi-
mera was constructed by subcloning the PCR products of the
SCAMP5 and SCAMP1 fragment (1–447 bp) into the KpnI and
HindIII sites of pcDNA-HA.
Cell-based Functional Screening—For primary screening,

HEK293F cells grown in a 96-well culture plate were co-trans-
fected with pDsRed-Monomer-C1, pHTTex120Q-GFP (or
p110Q-GFP), and an individual cDNA in amammalian expres-
sion vector. GFP-positive cells were observed for 18, 24, and
36 h under a fluorescence microscope for the aggregation of
polyQ track protein. Transfection efficiency was normalized by
that of RFP. For a secondary screening, the putative positive
clones were examined again for their overexpression and
knockdown effects on the aggregation of polyQ track protein.
Primary Culture of Striatal, Cortical, and Hippocampal

Neurons—The striatal, cortical, and hippocampal tissues of rat
embryonic day 16 brain were dissociated by incubating with
0.01% trypsin/EDTA (Invitrogen) and plated on culture dishes
coated with poly-L-lysine (0.01% in 100 mM borate buffer, pH
8.5) (Sigma) in NeurobasalTMmedium containing 2% B27 sup-
plement (Invitrogen). Neurons grown in vitro for 3 days were
transfected with the appropriate DNA using LipofectamineTM
2000 reagent (Invitrogen).
Immunocytochemistry—Immunocytochemistry was per-

formed as described (32). Briefly, rat primary neurons were
grown on a coverslip coated with poly-L-lysine, fixed with 4%
paraformaldehyde, and permeabilizedwith 0.01%TritonX-100
(Sigma). After blocking with 3% bovine serum albumin, the
samples were incubated with anti-SCAMP5 (Abcam), anti-
CHOP (Santa Cruz Biotechnology), or anti-ubiquitin antibody
(ZymedLaboratories, Inc. andChemicon) at room temperature
for 1 h. After reaction with secondary antibodies (Molecular
Probes), samples were examined with an UltraVIEW confocal
imaging system (PerkinElmer Life Sciences) and an Eclipse TE
2000-U microscope (Nikon).

Immunohistochemistry—Sectioned brain tissues were per-
meabilized with 0.3% Triton X-100 in phosphate-buffered
saline (PBS) for 30 min and blocked with 5% bovine serum
albumin in PBS for 30 min. Thereafter, the tissues were incu-
bated with anti-mtHTT antibody (EM48, Chemicon) and anti-
SCAMP5 or anti-GRP78 antibody (Santa Cruz Biotechnology)
overnight at 4 °C. The samples were washedwith PBS and incu-
bated with secondary antibody and Hoechst 33342 (Molecular
Probes).
Western Blotting—Protein samples in buffer (10% glycerol,

2% SDS, 62.5 mM Tris-HCl, 2% �-mercaptoethanol, pH 6.8)
were separated by SDS-PAGE and subjected to Western blot-
ting as described (39). For preparation of insoluble fractions,
cell lysates were subjected to centrifugation at 400 � g for 3
min. The pellets were washed with lysis buffer (0.1% Nonidet
P-40, 250 mM NaCl, 5 mM EDTA, 50 mM Hepes, pH 7.4) and

FIGURE 1. Up-regulation of SCAMP5 in the striatum of HD patients and
overexpression effects on the aggregation of mtHTT in cultured cells.
A, SCAMP5 increases the aggregation of mtHTT. Rat primary striatal neurons
were cultured from embryonic day 16 and maintained for 3 days in vitro as
described under “Experimental Procedures.” The striatal neurons were then
co-transfected with HTTex120Q-GFP (120Q/HTT-GFP) and either mock
(mRFP) or SCAMP5 fused with monomeric RFP (mRFP-S5; red) for 24 h and
observed under a confocal microscope (right panel). Percentages of aggrega-
tion were determined by counting cells showing the aggregation of
HTTex120Q-GFP among total GFP-positive cells (350 cells/counting). Bars
represent means � S.D. (n � 3) (left panel). B, SCAMP5 does not affect the
aggregation of huntingtin exon 1 containing the normal range of polyQ (n �
18). SH-SY5Y cells were co-transfected with HTTex18Q-GFP (18Q) and either
mRFP or mRFP-S5 for 24 h. Cells were then examined under a microscope as in
A. C, PC12 rat neuronal cells stably expressing mutant huntingtin (HTT 103Q-
GFP) under the control of ecdysone-inducible promoter were pre-incubated
for 18 h with 2 �M tebufenozide. Cells were then co-transfected for an addi-
tional 96 h with either mock (mRFP) or mRFP-S5 in the presence of tebufeno-
zide and examined under a fluorescence microscope. Cells harboring the
aggregates of HTT 103Q-GFP were examined as in A. D, a Western blotting
showing up-regulation of SCAMP5 in HD patients is shown. Striatum samples
from five HD patients (grade 3) and three age-matched controls were ana-
lyzed with Western blotting using the indicated antibodies. E, PC12 rat neu-
ronal cells stably expressing mutant huntingtin (HTT 103Q-GFP) under the
control of an ecdysone-inducible promoter were incubated for the indicated
times with 2 �M tebufenozide (Tebu.). Thereafter, cells were lysed and ana-
lyzed by Western blotting using anti-SCAMP5 and anti-CHOP antibodies.
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resuspended in a volume of PBS equal to the volume of
supernatant.
Post-mortem Brain Samples—Striatum samples from five

HD patients (grade 3) and three age-matched controls were
from Boston University School of Medicine (Bedford, MA).
R6/2Mice—R6/2mice, which are transgenic for exon 1 of the

human HD gene, carrying about 115–150 glutamine repeats
(The Jackson Laboratory), and their wild-type littermates were
used at 9-week age ranges.
Generation of Stable Cells—SH-SY5Y cells were transfected

with SCAMP5 short hairpin RNA (OpenBiosystem:
TRCN0000105535�TRCN0000105538) for 24 h and then
incubated with 3 �g/ml puromycin (Invitrogen) for 5 days for
the generation of mixed cell populations (SH-SY5Y/ctrl and
SH-SY5Y/35–38). HTT 103Q-GFP/PC12 cells (Htt14A2.5/ec-
dysone-inducible PC12 cells) were kindly provided by Dr. L.M.
Thompson (University of California).
Transferrin Uptake Assay—Cells were grown on a coverslip

coated with poly-L-lysine and starved for 30 min. Thereafter,
cells were incubated with Alexa 594-labeled transferrin (25
�g/ml) (Molecular Probes) for 15min, washed three times with
ice-cold PBS on ice, and then fixed with 4% paraformaldehyde
for observation under a confocal microscope.
Cell Death Assay—Cells were stained with 5 �M ethidium

homodimer (Molecular Probes) for 10 min and then examined
under fluorescence microscope.

RESULTS

Functional Isolation of SCAMP5 as an Enhancer of mtHTT
Aggregation—To find out new regulators of polyQ track protein
aggregation, we screened 4,200 human full-length cDNAs in
the expression vector with cell-based assays. We examined
overexpression effects of each clone on the aggregation of GFP-
fused polyglutamine (n � 110) (poly110Q-GFP) or GFP-fused
segment of HTT exon 1 containing expanded polyglutamine
(n � 120) (HTTex120Q-GFP) (26). When these polyQ track
constructswere expressed in cells, GFP allowed the detection of
expression, aggregation, and subcellular localization of the chi-
mera under a fluorescence microscope. During the screening,
transfection efficiency, which was normalized by co-transfec-
tion with monomeric RFP (mRFP), was relatively even for the
clones, andGFP-positive dotswere counted as aggregates of the
polyQ track protein. We confirmed HTTex120Q-GFP dots as

FIGURE 2. ER stress increases the aggregation of mtHTT (HTTex120Q-
GFP) via up-regulation of SCAMP5. A, induction of SCAMP5 by ER stress.
Primary rat striatal, cortical, and hippocampal neurons were cultured from

embryonic day 16, maintained in vitro for 3 days, and then left untreated or
exposed to A23187 (A23), tunicamycin (Tuni), or thapsigargin (Tg). After 24 h,
cells were harvested and examined with Western blotting using anti-SCAMP5
and anti-GRP78 antibodies. B, increased aggregation of HTTex120Q-GFP by
ER stress. Primary rat striatal, cortical, and hippocampal neurons were trans-
fected with HTTex120Q-GFP for 18 h and then left untreated or exposed to 0.5
�M thapsigargin for the indicated times. Cells were then examined for the
aggregation of HTTex120Q-GFP under a fluorescence microscope. Bars rep-
resent mean values � S.D. (n � 3). C, reduction of ER stress-induced aggrega-
tion of HTTex120Q-GFP in SCAMP5 knockdown cells. SH-SY5Y cells were
transfected with control (Ctrl; pLKO.1) or SCAMP5 short hairpin RNA
(TRCN0000105535�TRCN0000105538) and selected with puromycin. Mixed
populations of cells were transfected with HTTex120Q-GFP for 18 h, incu-
bated with thapsigargin (Tg) for 18 h, and examined for the aggregation of
HTTex120Q-GFP under a fluorescence microscope (upper panel). After that,
cells (Ctrl; 35�38) were examined for the expression level of SCAMP5 with
Western blot analysis (lower panel). Bars represent mean values � S.D. from at
least three independent experiments. DMSO, dimethyl sulfoxide.
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protein aggregates with immunostaining assays using anti-
ubiquitin antibody and detergent-resistant assays (supplemen-
tal Fig. S1, B and C). From the secondary screening, we isolated
24 putative positive clones that regulate the aggregation of
polyQ track protein in cell culture (data not shown). In partic-
ular, SCAMP5 exhibited strong effects on the aggregation of
HTTex120Q-GFP in a dose-dependentmanner during second-
ary screening (supplemental Fig. S1A). SCAMP5 is believed to
be a vesicle membrane protein with unclear functions (30) and
shows brain-specific expression. Thus, a role for SCAMP5 was
assessed in detail.
Ectopic expression of SCAMP5 increased the number of cells

showing HTTex120Q-GFP aggregates in the primary striatal
neurons (Fig. 1A), SH-SY5Y neuronal cells (supplemental Fig.
S1A) and HEK293F non-neuronal cells (supplemental Fig.
S1D), but did not enhance the aggregation of huntingtin exon 1
containing a normal length of polyQ (n � 18) (Fig. 1B). By
employing ecdysone-inducible long term expression of the
GFP-taggedmutant huntingtin fragment encoding exon 1 with
103 glutamines (HTT 103Q-GFP) in PC12 neuronal cells
(27), we also observed that the number of cells with HTT
103Q-GFP aggregates was increased 4-fold by the expression
of SCAMP5 (Fig. 1C). This SCAMP5-mediated aggregation
of HTTex120Q-GFP was increased in a dose-dependent
manner in AF5 striatal neuronal cells (28) (data not shown).
SCAMP5 Is Increased in Striatum of HD Patients and in Cul-

tured Cells by ER Stress—Next, we determined the expression
level of SCAMP5 in the striatum of HD patients. SCAMP5 was
markedly increased in the striatum of HD patients (grade 3)
compared with age-matched controls (Fig. 1D). In addition, the
level of SCAMP5 was also increased at day 6 in PC12 neuro-
nal cells by ecdysone-inducible expression of HTT 103Q-
GFP (Fig. 1E). Interestingly, an ER stress marker, CHOP, was
induced by HTT 103Q-GFP (Fig. 1E), which prompted us to
examine the interaction between ER stress and polyQ track
protein aggregation.
Notably, we found that SCAMP5 was highly induced in the

primary striatal neurons in response to ER stress triggered by
tunicamycin (an inhibitor of protein glycosylation), thapsigar-
gin (an ER Ca2�-ATPase inhibitor), or A23187 (a Ca2� iono-
phore) but not in hippocampal neurons (Fig. 2A). We also
found that the expression of SCAMP5was induced in SH-SY5Y
and AF5 neuronal cell lines exposed to ER stress (data not
shown). From reverse transcription (RT)-PCR analysis, we
observed that themRNA level of SCAMP5was not significantly
changed by thapsigargin and tunicamycin (data not shown),

FIGURE 3. ER stress increases mtHTT aggregation in the primary striatal
cells and striatal tissues of R6/2 mice. A, thapsigargin (Tg) induces ubiq-
uitin-positive aggregation in the primary striatal neurons of R6/2 mice. Pri-
mary striatal neurons were cultured from newborn R6/2 mice at day 2 and

maintained in vitro for 3 days. Thereafter, cells were incubated with dimethyl
sulfoxide (DMSO) or 0.5 �M thapsigargin for 24 h and co-stained with anti-
ubiquitin (green) and anti-SCAMP5 (red) antibodies. Nuclei were stained by
Hoechst 33342 (blue). B, tunicamycin (Tuni) increases the aggregation of
mtHTT in the striatal tissues of R6/2 mice. The striata of R6/2 mice were
directly injected with dimethyl sulfoxide (left striatum) or tunicamycin (0.5
�g, right striatum) at 60 days of age. Three days after the injection, frozen
sections of brain tissues were co-stained with anti-mutant huntingtin anti-
body (EM48) (green; arrow) and either anti-SCAMP5 (red) or anti-GRP78 (red)
antibody (upper panel). Nuclei were stained by Hoechst 33342 (blue). EM48-
positive aggregates in cells were counted under a confocal microscope, and
its relative ratio is represented as -fold change (lower panel).
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suggesting that the increase of SCAMP5maybe regulated at the
post-transcriptional level.
ER Stress Induces the Aggregation of mtHTT via SCAMP5—

We then examined the effects of ER stress on the aggregation of
mtHTT. Exposure to thapsigargin highly increased the aggre-
gation of HTTex120Q-GFP in the primary striatal neurons
(3.5-fold) (Fig. 2B) and in the NeuN-positive primary striatal
neurons (data not shown) but not in the hippocampal neurons.
Similarly, thapsigargin significantly increased both SCAMP5
expression and HTTex120Q-GFP aggregation in SH-SY5Y
cells (Fig. 2C).
Next, we generated stable SH-SY5Y cell lines showing the

reduced expression of SCAMP5 (SH-SY5Y/37) with short hair-
pin RNA (TRCN0000105537) (Fig. 2C, lower panel). The
expression of SCAMP5 was not increased in SH-SY5Y/37 cells
in response to thapsigargin compared with control cells (SH-
SY5Y/ctrl). (Fig. 2C, lower panel). We also found that thapsi-
gargin-induced aggregation of HTTex120Q-GFP was not
increased in SH-SY5Y/37 cells (Fig. 2C, upper panel). These
observations suggest that the expression level of SCAMP5 is
critical for the regulation of ER stress-induced aggregation of
HTTex120Q-GFP.
In addition, thapsigargin treatment increased both SCAMP5

expression and ubiquitin-positive cytosolic aggregates in the

primary striatal neurons cultured
fromnewborn R6/2HDmodelmice
(29) (Fig. 3A). Moreover, direct
injection of tunicamycin into the
striatum of R6/2 mice increased
EM48-positive and nuclear aggre-
gation of mtHTT (arrows) as well as
the expression of SCAMP5 and
GRP78 in the same cells of striatal
sections (Fig. 3B). In parallel, intra-
peritoneal injection of tunicamycin
enhanced nuclear aggregation of
mtHTT in the cortex of N171-82Q
mice (data not shown).
SCAMP5 Induces mtHTT Aggre-

gation via Endocytosis Inhibition—
SCAMP5 shows significant amino
acid sequence identity (45–57%)
with other members of the SCAMP
family. The observation that the
N-terminal deletion mutant of
SCAMP1 has a structural similarity
with SCAMP5 and exhibits the
inhibitory effect on receptor-medi-
ated endocytosis led us to examine
the effect of SCAMP5 on endocyto-
sis (31). We found that thapsigargin
treatment inhibited transferrin up-
take in SH-SY5Y cells (Fig. 4A).
However, this inhibition of trans-
ferrin uptake was alleviated in
SH-SY5Y/37 cells, which express
reduced amounts of SCAMP5. Like-
wise, thapsigargin inhibited trans-

ferrin uptake in the primary striatal neurons (supplemental Fig.
S2A). In addition, ectopic expression of SCAMP5 also sup-
pressed transferrin uptake to 70% of control cells in the pri-
mary striatal neurons and AF5 cells (Fig. 4B) as well as in
SH-SY5Y cells (data not shown). These results suggest that
the increased expression of SCAMP5 impairs receptor-me-
diated endocytosis.
To define the domain(s) responsible for endocytosis inhibi-

tion and mtHTT aggregation, several deletion mutants of
SCAMP5 (SCAMP5-D) were generated (Fig. 4C, left panel).
Like the wild type, the SCAMP5-D4 mutant lacking the C ter-
minus effectively inhibited endocytosis and mtHTT aggrega-
tion. However, further deletion from the C terminus, such as
SCAMP5-D3 mutant losing transmembrane domain 4, abro-
gated the ability of SCAMP5 to inhibit endocytosis and to
induce mtHTT aggregation, whereas deletion of transmem-
brane domains 3 and 4 seems to partially recover these activi-
ties. These results show a good correlation between the ability
of SCAMP5 to inhibit endocytosis and to increase mtHTT
aggregation, andmost regions of SCAMP5, except theC-termi-
nal tail region spanning residues 167–235, are required for the
aggregation of mtHTT (Fig. 4C, right panel). Also, the associa-
tion of endocytosis inhibition with the increased aggregation of
mtHTT was evident in our analysis employing the endocytosis

FIGURE 4. SCAMP5 induces the aggregation of mtHTT (HTTex120Q-GFP) via endocytosis inhibition. A, ER
stress impairs receptor-mediated endocytosis via SCAMP5. SH-SH5Y/ctrl and SH-SH5Y/37 cells were exposed
to thapsigargin (Tg) for 24 h and then incubated with 25 �g/ml transferrin-Alexa 594 (red) and Hoechst 33342
(blue). Cells were observed under a confocal microscope. DMSO, dimethyl sulfoxide. B, ectopic expression of
SCAMP5 suppresses endocytosis in the primary striatal neurons. Primary rat striatal neurons were transfected
with either GFP or SCAMP5-GFP (S5) for 24 h. After incubation with transferrin/Alexa 594, cells were observed
under confocal microscope. The percentage of transferrin uptake (mean values � S.D.; n � 3) was determined
in the primary striatal neurons and AF5 cells using captured images with a confocal microscope. C, shown are
the effects of SCAMP5 deletion mutants on HTTex120Q-GFP aggregation and endocytosis inhibition. Shown is
a schematic diagram of SCAMP5 (FL) and its deletion (D) (left panel). SH-SY5Y cells were transfected with GFP
(Mock), SCAMP5-GFP (FL), or its deletion mutants (D1–D4) for 24 h and transferrin uptake assay was then
performed as in A. For aggregation assays, SH-SY5Y cells were co-transfected with HTTex120Q-GFP and either
SCAMP5-HA or its deletion mutants for 24 h. The results are summarized with mean values � S.D. from at least
three independent experiments (right panel).

SCAMP5 as an Aggregation Regulator of polyQ Protein

11322 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 17 • APRIL 24, 2009

http://www.jbc.org/cgi/content/full/M807620200/DC1


inhibitor. DynaminK44Amutant, a dominant-negativemutant
of endocytosis induced SDS-insoluble aggregates of mtHTT
(supplemental Fig. S2B). These data support our hypothesis
that the inhibition of endocytosis pathway by SCAMP5may be
critical to regulate the aggregation of mtHTT.
SCAMP1 has multiple NPF (asparagine-proline-phenylala-

nine) repeats, which are known as binding partners of the
EPS15 homology domain of intersectin in its N terminus. To
obtain further insight into a role of SCAMP5 in endocytosis, a
chimera (SCAMP1-(1–149)/5) was generated by fusing the N
terminus of the SCAMP1-(1–149)-containing NPF repeats
with SCAMP5 (Fig. 5A, upper panel). Compared with
SCAMP5, ectopic expression of the SCAMP1-(1–149)/5 chi-
mera was much less able to induce mtHTT aggregation and to
inhibit endocytosis (Fig. 5A, lower panel). Also, addition of the
N terminus of SCAMP1 did not change the subcellular local-
ization of SCAMP5 (supplemental Fig. S2C). SCAMP5 was
reported to be located in synaptic vesicles (30) and located in

the plasma membrane (supplemental Fig. S2C). These results
support our proposal that the SCAMP5-mediated inhibition of
endocytosis is linked to mtHTT aggregation and suggest that
SCAMP5 may function as a negative regulator of endocytosis.
In addition, ectopic expression of SCAMP5 was not toxic to
cells (Fig. 5,A andB) but enhanced the toxicity ofmtHTTwhen
coexpressedwithmtHTT in neuronal cells (Fig. 5B), suggesting
that the SCAMP5-mediated increase of mtHTT aggregation
may be linked to the neurotoxic activity of mtHTT.

DISCUSSION

Despite the discrepancy between polyQ track protein aggre-
gation and neurodegeneration (33, 34), cellular aggregation of
expanded polyQ track protein is considered as a major patho-
genic factor in polyglutamine disease (2, 9, 29, 35). Genome-
wide functional screenings have been performed by several
groups. Hundreds of huntingtin-interacting proteins were iso-
lated using pulldown and yeast two-hybrid assays (36). Also,
modifiers of ataxin-3 neurodegeneration and polyglutamine
aggregation were screened with thousands of fly (37) and Cae-
norhabditis elegansmutant lines (38).We isolated 24 enhancers
of polyQ track protein aggregation using cell-based assay.
Compared with the previous screenings, many genes function-
ing in the protein and vesicle transport process were isolated
from our assays, and the aggregation enhancers identified here
did not much overlap with those isolated by the other group.
Despite some limitation of the overexpression and relative
expression levels of each clone, our screening using cDNA
overexpression can be an effective way to isolate newmodifiers
of polyglutamine disease.
The three SCAMP proteins (SCAMP1–3) share a common

domain structure composed of a cytoplasmic N-terminal
domain with multiple NPF repeats, four highly conserved
transmembrane regions, and a short cytoplasmic C-terminal
tail. Interestingly, SCAMP4 and SCAMP5 lack the N-terminal
NPF repeats that are highly conserved in all other SCAMP pro-
teins (30). Among them, SCAMP5 was most potent in increas-
ing mtHTT aggregation (data not shown). SCAMP5 is appar-
ently induced in AF5 and SH-SY5Y neuronal cells by ER stress.
ER stress-induced up-regulation of SCAMP5 was also evident
in the striatum and cortex tissues and in cultured primary stri-
atal and cortical cells.
Interestingly, polyQ track protein is able to induce ER stress

and to increase the expression of SCAMP5. Thus, ER stress,
which was also observed by other groups to be generated by
mtHTT (17–19), may be mediated by SCAMP5. This regula-
tion may form a positive feedback loop to accelerate the aggre-
gation of polyQ track protein. Furthermore, treatment with
tumor necrosis factor-� and oxidative stress, such asH2O2, was
also able to increase the expression of SCAMP5 in cultured cells
(data not shown). Thus, we hypothesize that the increase of
SCAMP5 in the brains of HD patients may be caused by path-
ogenic stresses, including ER stress, inflammation, and oxida-
tive stress as well as genetic alteration in huntingtin and may
contribute to the accumulation of polyQ track proteins for neu-
rotoxicity (Fig. 5C).
Autophagy is getting more attention as a clearance pathway

of polyQ track protein. Inhibition of autophagy increases aggre-

FIGURE 5. Ectopic expression of SCAMP5 enhances the neurotoxicity of
mtHTT. A, shown is the effect of the SCAMP5 chimera (SCAMP1-(1–149)/5) on
HTTex120Q-GFP aggregation, endocytosis, and cell death. A schematic dia-
gram of the SCAMP1-(1–149)/5 chimera is shown (upper panel). SH-SY5Y cells
were transfected with the SCAMP1, SCAMP5, or SCAMP1-(1–149)/5 chimera
with HTTex120Q-GFP for 24 h and then analyzed for mtHTT aggregation
under a fluorescence microscope. For a transferrin uptake assay, SH-SY5Y
cells were transfected with the indicated construct for 24 h and then assessed
for endocytosis as described in the legend of Fig. 4. Cells were then captured
into images with the same exposure time under a confocal microscope, and
the numbers of transferrin-positive cells on the images were counted. The
results are summarized with mean values � S.D. from at least three independ-
ent experiments (lower panel). For cell death assay, SH-SY5Y cells were co-
transfected with GFP and the indicated plasmid for 24 h, stained with
ethidium homodimer, and examined under a microscope. B, SCAMP5
enhances the neurotoxicity of mtHTT. SH-SY5Y cells were transfected for 24 h
with GFP or HTTex120Q-GFP together with pcDNA or SCAMP5 as indicated
and examined under the microscope after staining with ethidium
homodimer. C, shown is the proposed role of SCAMP5 in the regulation of
mtHTT aggregation.
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gate formation of mtHTT (23, 25), while activation of autoph-
agy by rapamycin, an inhibitor of mTOR, rescues huntingtin-
induced degeneration in flies (24). The autophagic process
initiates with the formation of autophagic vesicles (23, 24, 40),
and the degradation of such autophagic vesicles is followed by
fusionwith lysosomes (40). Recent papers show that the pertur-
bation of endocytosis causes malfunction of autophagic clear-
ance (41–43), suggesting that endocytosis may be tightly asso-
ciated with the autophagic process. Thus, we suggest that the
inhibition of endocytosis by SCAMP5 may reduce lysosomal
degradation of polyQ track protein by autophagic clearance,
resulting in the accumulation of autophagosomes.
Furthermore, we found a large portion of endocytotic pro-

teins (33%) and signal transduction proteins (33%) to be effec-
tive modulators of mtHTT aggregation such as RAB4A (mem-
ber of the Ras oncogene family), RABGEF1 (RAB guanine
nucleotide exchange factor 1), SEC23B (Sec23 homolog B),
SEC24D (SEC24-related gene family, member D), SMAP1
(stromal membrane-associated protein 1), and Slp2 (synapto-
tagmin-like protein 2) from our cell-based assay. Thus, vesicle
transport, including endocytosis, seems to be required for the
maintenance of lysosomal biogenesis (46) and for autophagic
clearance (44). Although molecular detail on how the
increased expression of SCAMP5 regulates endocytosis
remains to be further addressed, we propose that SCAMP5-
mediated interference of endocytosis may affect lysosomal
activity, which eventually impairs the removal process of
mtHTT aggregates. Taken together, these results elucidate
that SCAMP5 is a key regulatory molecule linking ER stress
to the aggregation of polyQ track protein via endocytosis
modulation.
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