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Background: Synoviolin, a ubiquitin ligase, modulates the generation of A� produced by �-secretase.
Results: Rer1, a negative regulator of �-secretase activity, is ubiquitinated and degraded by synoviolin.
Conclusion: Synoviolinmodulates the generation of A� by inducing the degradation of Rer1, thereby regulating assembly of the
�-secretase complex.
Significance: Rer1 is a key factor in modulating the generation of A� by synoviolin, which is associated with ERAD.

Alzheimer’s disease is characterized by the deposition of A�,
which is generated from the amyloid precursor protein through
its cleavage by �- and �-secretases. The �-secretase complex
component nicastrin (NCT) plays significant roles in the assem-
bly and proper trafficking of the �-secretase complex and in the
recognition of amyloid precursor protein. NCT is incorporated
into the �-secretase complex in the endoplasmic reticulum (ER)
and glycosylated in the Golgi. In contrast, unassembled NCT is
retrieved or retained in the ERby the protein Retention in endo-
plasmic reticulum 1 (Rer1). We reported previously that syno-
violin (Syvn), an E3 ubiquitin ligase, degrades NCT and affects
the generation of A�. Here, we examined in more detail the
effect of Syvn on the generation of A�. We found that overex-
pression of a dominant negative form of Syvn (C307A mutant)
and a Syvn-RNAi decreased the generation of A�. These results
indicate that the ubiquitin ligase activity of Syvn up-regulates
the generation of A�. We hypothesized, therefore, that Syvn
regulates the assembly or localization of the �-secretase com-
plex by ubiquitinating Rer1, resulting in its subsequent degra-
dation. Our findings that the level of Rer1 was increased in Syvn
knockout fibroblasts because of inhibition of its degradation
support this hypothesis.Moreover, we found that Rer1 interacts
with Syvn in the ER, is ubiquitinated by Syvn, and is then
degraded via the proteasome or lysosomal pathways. Finally, we
showed that localization of mature NCT to the plasma mem-
brane as well as �-secretase complex levels are decreased in
fibroblasts of Syvn knockout mice. Thus, it is likely that Syvn

regulates the assembly of the�-secretase complex via the degra-
dation of Rer1, which results in the generation of A�.

Alzheimer disease (AD)4 is characterized by the formation of
senile plaques, which are composed of amyloid �-peptide (A�)
(1). A� is produced by cleavage of amyloid precursor protein
(APP) by �- and �-secretases. �-Secretase is a multiprotein
complex consisting of presenilin (PS), nicastrin (NCT), anterior
pharynx defective-1 (Aph-1), and presenilin enhancer-2
(Pen-2) (2). The assembly of this complex is initiated by the
formation of an NCT�Aph-1 subcomplex and completed by
transmembrane domain (TMD)-mediated association of addi-
tional components (3, 4). The protein designated Retention in
endoplasmic reticulum 1 (Rer1) is a limiting factor in this proc-
ess that negatively regulates �-secretase complex assembly by
binding to the TMD of NCT and competing with Aph-1 (5).
Rer1 is also involved in retention in the ER of Pen2 by interact-
ing with its TMD (6).
NCT, the only glycoprotein in this complex, plays a signifi-

cant role in recruiting one of the substrates, APP, into the
�-secretase complex (7). NCT exists as 3 forms as follows: ung-
lycosylated form (�80 kDa), an immature N-linked glycosy-
lated form (immature NCT,�110 kDa), and amatureN-linked
isoform (mature NCT,�150 kDa) (8). Immature NCT is incor-
porated into the�-secretase complex in the ER and glycosylated
in the Golgi and is converted to the mature form, which acti-
vates �-secretase (8–10), although an unassembled NCT is
retrieved or retained to the ER by Rer1 (5).
Synoviolin (Syvn), also called Hrd1, is named after the rheu-

matoid synovial cells in which it was discovered and is a causa-
tive factor for arthropathy because of its antiapoptotic effects
(11). Syvn/Hrd1 is a mammalian homologue of yeast Hrd1p/
Del3p, which is a member of the E3 ubiquitin ligase family.
These enzymes are centrally involved in ER-associated degra-
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dation (ERAD) and contribute to ER quality control, which is a
process that insures correct protein degradation by the protea-
some pathway (12–14). Our previous research demonstrates
that Syvn is involved in the degradation of immature NCT and
that the overexpression of Syvn enhances the generation of A�
(15). However, the precise mechanisms responsible for up-reg-
ulating A� levels and influencing the effect of Syvn on intracel-
lular trafficking of NCT are unknown.
Here, we focused on Rer1, which modulates the trafficking

and assembly of �-secretase (5), and determined the effect of
Syvn on Rer1.We show that Syvn is involved in the degradation
of Rer1 by ubiquitination of the latter, thereby modulating the
generation of A�.

EXPERIMENTAL PROCEDURES

Plasmids and Retrovirus-mediated Infection—The plasmid
vectors pMX-Syvn-FLAG and pMX-Syvn C307A-FLAG were
generated as described (11, 15). The human sequence encoding
Rer1 (hRer1) was excised fromhRer1 pcDNA3.1 Zeo(�) (Invit-
rogen) (6) by double digestion with HindIII and XhoI and
inserted into the pMX vector. Retrovirus-mediated infection
was carried out according to published methods (16).
Antibodies and Reagents—The commercial antibodies used

in this study are as follows: anti-HRD1 (Syvn) C-terminal anti-
body (Abgent); monoclonal antibody againstmono- and polyu-
biquitin (Biomol); anti-Aph-1aL (C terminus) polyclonal anti-
body (Covance); anti-APP (N terminus) monoclonal antibody,
anti-PS1 loopmonoclonal antibody, and anti-NCTmonoclonal
antibody (Chemicon International); anti-FLAG M2 monoclo-
nal antibody, anti-NCT polyclonal antibody, anti-Rer1 poly-
clonal antibody, and anti-�-Actin monoclonal antibody (Sigma-
Aldrich); anti-integrin �3 antibody, anti-integrin �1 antibody,
and anti-syntaxin 6 antibody (BD Biosciences); anti-calnexin
antibody (Santa Cruz Biotechnology, Inc.); and HRP-conju-
gated anti-mouse IgG and anti-rabbit IgG (Cell Signaling Tech-
nology). The commercial reagents used in this study are as fol-
lows: lactacystin (Peptide Institute), chloroquine diphosphate
salt (Sigma-Aldrich), and cycloheximide (Wako Pure Chemical
Industries).
Cell Culture—Synoviolin-null (Syvn�/�) murine fibroblasts

(17) and murine fibroblasts overexpressing human APP (APP
fibroblasts) were cultured in DMEM (Wako Pure Chemical
Industries) supplemented with 10% FBS (Sigma). Cells were
maintained at 37 °C in an atmosphere of 5% CO2 in a tissue
culture incubator.
Treatment of Cells with Cycloheximide—WT or Syvn�/�

fibroblasts (1 � 105 cells) overexpressing hRer1 were seeded in
60-mm tissue culture dishes, incubated overnight at 37 °C, and
then incubatedwith 50�g/ml cycloheximide at 37 °C for 0, 6, or
12 h and collected.
Western Blotting—Cells were lysed on ice in lysis buffer (20

mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100) contain-
ing a complete protease inhibitor mixture (Roche Applied Sci-
ence). Protein concentrations were determined using a BCA
protein assay kit (Thermo Fisher Scientific). Protein samples
were subjected to 5–20% SDS-PAGE and electrophoretically
transferred to PVDF membranes (Millipore). The membranes
were soaked in 5% nonfat dry milk (BD Biosciences) in TBST

(10 mM Tris-HCl (pH 7.5), 150 mMNaCl, and 0.05% Tween 20)
for 1 h and then incubated with primary antibody in TBST
containing 0.1% BSA, and 1 mM NaN3 overnight at 4 °C. After
washingwithTBST, themembraneswere incubatedwithHRP-
conjugated secondary antibodies for 1 h. The antigen-antibody
complexes were detected by enhanced chemiluminescence
using a Luminescent Image Analyzer LAS-3000 (Fujifilm). The
magnitude of the signal was digitized using Multi Gauge Ver.
2.3 software (Fujifilm).
Immunoprecipitation—Syvn�/� fibroblasts coinfected with

pMX-hRer1 and pMX, pMX-Syvn-FLAG, or pMX-C307A-
FLAG were collected and solubilized on ice in radioimmune
precipitation assay buffer (50 mM Tris-HCl (pH 7.5), 150 mM

NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1%
SDS) containing complete protease inhibitor mixture. To
detect ubiquitinated Rer1, cells were treated with 10 �M lacta-
cystin for 10 h or 50 �M chloroquine for 24 h before cell collec-
tion. Lysates containing equal amounts of protein were incu-
bated with protein G-Sepharose beads (GE Healthcare) for 1 h
at 4 °C. Proteins were immunoprecipitated overnight with pri-
mary antibody or normal IgG (Santa Cruz Biotechnology, Inc.).
The antibody-bound complexes were isolated by incubation
with protein G-Sepharose beads for 4 h and then washed in
radioimmune precipitation assay buffer. The protein com-
plexes were eluted in 2� SDS sample buffer and analyzed by
Western blotting.
Subcellular Fractionation Using Iodixanol-gradient Centri-

fugation—WTfibroblasts or Syvn�/� fibroblasts were grown in
eight 10-cm tissue culture dishes, and subcellular fractionation
was performed as described previously (18). Cells were homog-
enized in a buffer (10 mM HEPES (pH 7.4), 1 mM EDTA, and
0.25 M sucrose containing complete protease inhibitor mix-
ture). The postnuclear supernatant was centrifuged at 65,000�
g for 1 h at 4 °C. The resultant vesicle pellets were rehomog-
enized in 0.8ml of the homogenization buffer and layered on an
iodixanol (Cosmo Bio) step gradient (1 ml of 2.5%, 2ml of 5%, 2
ml of 7.5%, 2 ml of 10%, 0.5 ml of 12.5%, 2 ml of 15%, 0.5 ml of
17.5%, 0.5 ml of 20%, and 0.3 ml of 30% (v/v)). After centrifuga-
tion at 90,000 � g for 2.5 h at 4 °C, 11 fractions were collected
from the top of the gradient. Equal volumes of each fraction
were then analyzed by Western blotting.
Biotinylation and Isolation of Cell Surface Proteins—WT

fibroblasts or Syvn�/� fibroblasts grown in two 10-cm culture
dishes were washed with cold PBS and incubated at room tem-
perature for 15 min with solutions containing 0.25 mg/ml of
EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific) or
PBS (non-biotinylated control). This solution was removed,
and the cells were treated with a quenching solution (Thermo
Fisher Scientific), washed with PBS, and lysed with radioim-
mune precipitation assay buffer containing a complete protease
inhibitor mixture. The biotinylated proteins were coimmu-
noprecipitated overnight with streptavidin-agarose beads
(Solulink) and analyzed by Western blotting.
Blue Native PAGE—WT fibroblasts or Syvn�/� fibroblasts

were preparedwith a native sample buffer (Invitrogen) contain-
ing 1% digitonin and a protease inhibitormixture and subjected
to blue native PAGE using theNovex Bis-Tris gel system (Invit-
rogen) according to the instructions of the manufacturer.
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RNA Interference and ELISA—APP fibroblasts (6� 105 cells)
were seeded in a 24-well plate and transfected with synoviolin
siRNA or negative control RNA using HiPerfect transfection
reagent (Qiagen). The target sequence used in this study was
5�-CTGGAGAGTTTCAGATGATTA-3�. AllStars negative
control siRNA labeled with Alexa Fluor 488 (RNAi human/
mouse starter kit, Qiagen) was used as a negative control. After
3 days of incubation, conditionedmedia were collected, and the
A� levels weremeasured using human/rat�amyloid ELISA kits
for A�40 and A�42 (Wako Pure Chemical Industries).
Quantitative Real-time PCR—The expression levels of Rer1

in Syvn�/� fibroblasts or WT fibroblasts were compared using
quantitative real-time PCR. RNA was extracted using ISOGEN
(Nippon Gene) according to the instructions of the manufac-
turer and reverse-transcribed with ImProm-II reverse tran-
scriptase (Promega). Real-time PCR was performed using
FastStart Universal SYBR Green Master (Roche Applied Sci-

ence) and specific oligonucleotide primer pairs for mouse Rer1
(QT00146580, Qiagen) according to the instructions of the
manufacturer. Amplification and detection were performed
using a 7500 fast real-time PCR system (Applied Biosystems)
under the following conditions: 1 cycle each at 50 °C for 2 min
and 95 °C for 10 min, 40 cycles each at 95 °C for 15 s and 60 °C
for 1 min. All data were normalized to that of �-actin.

RESULTS

Decrease in A� Secretion by Knockdown of Syvn or Overex-
pression of Syvn C307A—Because overexpression of Syvn
increased the secretion of A� from APP fibroblasts (15), we
analyzed the effect of Syvn onA� secretion by transfecting Syvn
siRNA into APP fibroblasts and measuring A� levels in the
medium by ELISA. The levels of A� 40 and A� 42 were
decreased to �72.1 � 1.4% (n � 4, p � 0.001) and 79.6 � 4.7%
(n � 4, p � 0.05), respectively, compared with the control

FIGURE 1. The effect of Syvn siRNA or a Syvn dominant-negative mutant (C307A) on secretion of A�. A, APP fibroblasts transfected with Syvn or control
siRNAs. After 3 days of incubation, A�40 and A�42 levels in the conditioned media were measured by ELISA as described under “Experimental Procedures.”
Values are expressed as mean � S.E. from four independent experiments. *, p � 0.05; **, p � 0.001 (two-tailed Student’s t test). B, the down-regulation of Syvn
by its cognate RNAi was confirmed by Western blotting with an anti-Syvn antibody. Endogenous NCT levels were assessed with an anti-NCT antibody. The
upper and lower bands represent mature and immature NCT, respectively. The space between the blots indicates that they were assembled from different areas
of the same blot. Exogenous APP and endogenous �-actin served as a loading control were blotted with an anti-APP monoclonal antibody and anti-�-actin
antibody, respectively. C, A�40 and A�42 levels in the conditioned media harvested from APP fibroblasts overexpressing Syvn C307A or from control cells (-)
were measured by ELISA. Values are expressed as mean � S.E. from four independent experiments. *, p � 0.05; **, p � 0.001 (two-tailed Student’s t test).
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(Fig. 1A). The suppression of Syvn expressionwas confirmed by
Western blotting (Fig. 1B). The level of NCT expression was
increased in cells transfected with Syvn RNAi, whereas that of
APP was not changed (Fig. 1B). These results agreed with our
previous observations (15). Moreover, we also determined
whether ubiquitin ligase activity is required for the elevation of
A� secretion in cells overexpressing Syvn. We compared the
levels of A� secretion by APP fibroblasts that overexpressed a
dominant-negative mutant of Syvn, (Syvn C307A), which lacks
ubiquitin ligase activity, with the control. The levels of A� 40
and A� 42 decreased to �54.6 � 0.75% (n � 4, p � 0.001) and
65.6 � 1.9% (n � 4, p � 0.05) (Fig. 1C). These results indicate
that the ubiquitin ligase activity of Syvn significantly contrib-
uted to the increased levels of secreted A�.
Accumulation of Rer1 in Syvn�/� Fibroblasts—Immature

NCT accumulates in Syvn�/� fibroblasts compared with WT
(15). Although NCT was ubiquitinated and degraded in cells
overexpressing Syvn, the level of A� increased (15). These
results suggest that Syvn-mediated ubiquitination modulates
the ability of the �-secretase complex to process APP. To better
understand why the A� level increased, we focused on Rer1,
which is the only component known, to our knowledge, to
modulate trafficking and assembly of �-secretase (5). First, we
analyzedRer1 levels inWTand Syvn�/� fibroblasts byWestern
blotting. The results show that the level of Rer1 in Syvn�/�

fibroblasts was�1.6-times higher than that inWT (Fig. 2A). To
determine whether this increase was caused by protein synthe-
sis or by diminished degradation of Rer1, the expression of Rer1

mRNA was determined by quantitative real-time PCR. There
was no significant change in the levels of Rer1 mRNA between
WT and Syvn�/� fibroblasts (Fig. 2B), strongly suggesting that
the accumulation of Rer1 was caused by a delay in protein deg-
radation. Moreover, we examined the stability of Rer1 in WT
and Syvn�/� fibroblasts overexpressing Rer1 by treatment with
cycloheximide, a protein synthesis inhibitor. The degradation
of Rer1 was delayed in Syvn�/� fibroblasts compared withWT
(Fig. 3). These results indicate that Syvn is involved in the deg-
radation of Rer1.
The Degradation of Rer1 Mediated by Syvn—We next deter-

mined whether the ubiquitin ligase activity of Syvn is required
for the degradation of Rer1. We compared endogenous Rer1
levels in WT and Syvn�/� fibroblasts overexpressing either
Syvn or Syvn C307A and found that Rer1 levels were decreased
by overexpressing Syvn but not Syvn C307A in both cell lines
(Fig. 4). Thus, Rer1 degradation depends on the ubiquitin ligase
activity of Syvn. The levels of immatureNCTwere dramatically
increased in Syvn�/� fibroblasts (Fig. 4) (15). Moreover, an
increase in the levels of immatureNCTwas also observedwhen
Syvn C307A was overexpressed (15).
E3 ubiquitin ligases confer specificity upon the ubiquitin sys-

tem by directly interacting with substrates. If Rer1 is a substrate
for Syvn, these two proteins might interact strongly enough to
be detected. We therefore attempted to determine whether we

FIGURE 2. Rer1 levels are elevated in Syvn�/� fibroblasts. A, Western blot
analysis of lysates prepared from WT and Syvn�/� fibroblasts with the indi-
cated antibodies. Twenty micrograms of protein was loaded in each lane, and
�-actin served as a loading control (left panel). Quantitation of Rer1 levels
from three independent experiments as shown in the left panel (right graph).
Values are expressed as mean � S.D. *, p � 0.05 (two-tailed Student’s t test).
B, quantitative real-time PCR analysis of Rer1 mRNA levels in WT and Syvn�/�

fibroblasts. Values are expressed as means � S.D. from four independent
experiments. p � 0.24.

FIGURE 3. The stability of Rer1 in WT or Syvn�/� fibroblasts after cyclo-
heximide treatment. WT or Syvn�/� fibroblasts overexpressing hRer1 were
treated with 50 �g/ml cycloheximide for 0, 6, or 12 h. Rer1 levels in the lysates
were determined by Western blotting with an anti-Rer1 antibody (upper
panel). Five micrograms of protein was loaded in each lane, and �-actin
served as a loading control (lower panel). Quantitation of Rer1 levels from four
independent experiments shown in the upper panel is presented by the graph
below the blots. Values are expressed as means � S.E. *, indicates statistical
significance of the differences between the cell line data on the basis of a
two-tailed Student’s t test and p � 0.05. The space between the blots indi-
cates that they were assembled from different areas of the same blot.
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could immunoprecipitate these putative complexes from
Syvn�/� fibroblasts overexpressing Syvn-FLAG or C307A-
FLAG together with Rer1 using an anti-FLAG antibody to pre-
cipitate. An anti-Rer1 antibody was used to probeWestern blot
analyses of the putative complexes. As shown in Fig. 5A, Rer1
was coimmunoprecipitated with Syvn or Syvn C307A. The

interactions between Rer1 and Syvn or Syvn C307A were also
demonstrated by immunoprecipitation with an anti-Rer1 anti-
body (Fig. 5B) and then by probing with anti-FLAG. These
results show that Syvn can interact with Rer1 independently of
the ubiquitin ligase activity of Syvn.Moreover, subcellular frac-
tionation confirmed that Rer1 colocalized with Syvn in the ER,
although Rer1 wasmainly distributed in the Golgi inWT fibro-
blasts (Fig. 6). Interestingly, Rer1 accumulated in the ER in
Syvn�/� fibroblasts in contrast toWT (Fig. 6), strongly suggest-
ing that Rer1 in the ER undergoes degradation mediated by
Syvn.
We next determined whether Syvn is involved in the ubiq-

uitination of Rer1. Rer1 was immunoprecipitated from
Syvn�/� fibroblasts overexpressing Syvn-FLAG or C307A-
FLAG together with Rer1 after treatment with lactacystin, a
proteasome inhibitor. Levels of ubiquitinated Rer1 were com-
pared by Western blotting with mono- and polyubiquitin anti-
body, which can detect both types of ubiquitination. The levels
of ubiquitinated Rer1 (high-molecular-weight smear bands,
�250 kDa) were elevated in cells that overexpressed Syvn but
not Syvn C307A (Fig. 7A). We also examined the effect of Syvn
on the ubiquitination of endogenous Rer1 using Syvn�/� fibro-
blasts overexpressing Syvn-FLAG or C307A-FLAG, and
obtained similar results (data not shown). These results suggest
that Rer1 can be ubiquitinated by Syvn and then degraded via
the proteasome pathway. However, we cannot completely
exclude the possibility that the immunoprecipitated high-mo-
lecular-weight bands (�250 kDa) were generated by other
ubiquitinated proteins associated with Rer1. Interestingly, we
found that the level of Syvn-dependent Rer1 ubiquitination
(�30 kDa) is increased after treatment with chloroquine, a lys-
osomal enzyme inhibitor (Fig. 7B). Polyubiquitinated Rer1
(�250 kDa) and monoubiquitinated Rer1 (�30 kDa) might
therefore be degraded by a proteasome pathway and a lyso-
somal pathway, respectively. Thus, Rer1 is ubiquitinated by
Syvn and degraded by the proteasome and, possibly, by a lyso-
somal pathway.
The Levels of the NCT and �-Secretase Complex on the Cell

Surface Were Decreased in Syvn Knockout Fibroblasts—We
observed here that Syvn is involved in the degradation of Rer1,
which modulates the trafficking and assembly of �-secretase.
To determine whether A� secretion is modulated by Syvn via
the localization or assembly of �-secretase, we investigated the
localization of mature NCT in the plasma membrane (PM),
where �-secretase recognizes the APP CTF generated by cleav-
age with �- or �-secretase (19). We found that localization of
mature NCT in the PM fractions from Syvn�/� fibroblasts was
significantly lower than that in WT fibroblasts (the percentage
of mature NCT level in PM fractions relative to that in total
fractions was 27 � 12% (mean � S.D.) (Syvn�/� fibroblasts)
versus 46 � 13% (WT), n � 4, p � 0.05) (Fig. 6). We also deter-
mined the levels ofNCTon the cell surface using a biotinylation
assay. Previous studies examining biotinylation of the cell sur-
face show that immature NCT is also present on the plasma
membrane and that the levels of mature NCT on the plasma
membrane increases in Syvn�/� fibroblasts (15). These results
differ from our results reported here (Fig. 6). However, we
found that the previously employed method also recovered

FIGURE 4. The ubiquitin ligase activity of Syvn is required for the degra-
dation of Rer1. Western blot analysis of cell lysates from WT and Syvn�/�

fibroblasts overexpressing pMX (-), pMX-Syvn (Syvn), or pMX-Syvn C307A
(C307A). Antibodies are indicated, and 20 �g of protein was loaded in each
lane, and �-actin served as a loading control.

FIGURE 5. Role of the ubiquitin ligase activity of Syvn on its interaction
with Rer1. A, Syvn�/� fibroblasts overexpressing Syvn-FLAG or Syvn C307A-
FLAG together with hRer1 were immunoprecipitated with an anti-FLAG anti-
body (FLAG) or normal mouse IgG (IgG), followed by Western blot analysis of
the immunoprecipitated (IP) fraction using an anti-Rer1 antibody (right pan-
els). The expression levels of Syvn-FLAG or Syvn C307A-FLAG and Rer1 were
confirmed in each lysate fraction (left panels). The antibody fraction and
beads fraction served as controls and demonstrated the specificity of the
immunoprecipitated bands. B, Syvn�/� fibroblasts overexpressing Syvn-
FLAG or Syvn C307A-FLAG together with hRer1 were immunoprecipitated
with an anti-Rer1 antibody (Rer1) or normal rabbit IgG followed by Western
blot analysis of the IP fraction using an anti-FLAG antibody (right panels). The
expression levels of Syvn-FLAG or Syvn C307A-FLAG and Rer1 were con-
firmed in the lysate fraction (left panels). The antibody fraction and beads
fraction served as controls and demonstrated the specificity of the immuno-
precipitated bands.
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intracellular proteins, such asmatureNCT and immatureNCT
residing in the ERof Syvn�/� cells within the eluate. The reason
for this is unknown (data not shown). Therefore, we employed
a modified cell surface biotinylation protocol here. The results
show that mature NCT (and not immature NCT) is present on
the cell surface in Syvn�/� cells as reported by others (19) and
decreased to 82.3 � 18.5% (p � 0.01) in Syvn�/� fibroblasts
(Fig. 8A). This supports the results obtained from the subcellu-
lar fractionation experiment (Fig. 6) and strongly suggests that
Syvn facilitates the trafficking of mature NCT to the cell sur-
face. Further, we analyzed the effect of Syvn on the assembly of
the �-secretase complex using Blue Native PAGE. Consistent
with published data, we could detect the mature �-secretase
complex at �440 kDa (5) byWestern blotting using antibodies
against NCT, Aph-1, and the C terminus of PS1 (Fig. 8B). The
results show that the level of themature complexwas decreased
in Syvn�/� fibroblasts (Fig. 8B). Interestingly, we also detected
a subcomplex (�250 kDa) byWestern blotting using anti-NCT
and anti-Aph-1 antibodies but not an anti-PS1 antibody. We

consider this to represent a complex between immature NCT
and the Aph-1 subcomplex because the level of NCT in the
subcomplex was increased in Syvn�/� fibroblasts and was
accompanied by an increase in the level of immature NCT in
Syvn�/� fibroblasts (Fig. 8B). Thus, we conclude that it is likely
that Syvn regulates the assembly of the �-secretase complex via
the degradation of Rer1, which causes an increase in the gener-
ation of A�.

DISCUSSION

We reported that Syvn regulates the maturation of NCT and
generation of A� without changing the levels of APP and other
�-secretase components, such as PS1, Aph-1, and Pen-2 (15).
We show here that the suppression of Syvn expression led to a
decrease in the level of A� and the magnitude of the ratio of
mature to immature NCT (Figs. 1,A and B, and 2A). Moreover,
the effect of overexpressing a dominant negative form of Syvn
(Syvn C307A) on the generation of A� was consistent with this
result (Fig. 1C). These results strongly suggest that the ubiqui-
tin ligase activity of Syvn is involved in the generation of A�,
possibly by modulating the maturation of NCT.
To better understand the precisemechanisms underlying the

modulation of the generation of A� mediated by Syvn, we
focused here on Rer1. Rer1 is a limiting factor that negatively
regulates the assembly of the �-secretase complex by binding to
the TMD of NCT and competing with Aph-1 (5). Overexpres-
sion of Rer1 leads to a decrease in the generation of A� (5).
Here, we show that Syvn is involved in the degradation of Rer1,
as demonstrated by our findings that the levels of Rer1
increased in Syvn�/� fibroblasts because of the inhibition of its
degradation (Figs. 2 and 3). This was abolished by the overex-
pression of Syvn (Fig. 4). Moreover, our immunoprecipitation
and subcellular fractionation analyses suggest strongly that
Syvn interacts with Rer1 in the ER (Figs. 5 and 6). We also
demonstrated that the level of ubiquitinated Rer1 is increased
depending on the ubiquitin ligase activity of Syvn (Fig. 7).
Therefore, it is likely that Rer1 is a substrate for Syvn. In addi-
tion, the localization of mature NCT in the plasma membrane
was decreased in Syvn�/� fibroblasts (Figs. 6 and 8A), perhaps
because NCT in Syvn�/� cells is retrieved to the ER to a greater
extent than that in WT cells because the level of Rer1 in
Syvn�/� cells is higher than that in WT cells.

FIGURE 6. Subcellular fractionation of Rer1, Syvn, and NCT in WT and Syvn�/� fibroblasts. The numbers above the lanes represent the fractions of the
gradient separation from the top to the bottom of the tube. Equal volumes of each fraction were analyzed by Western blotting with the indicated antibodies.
Calnexin, syntaxin 6, and integrin �3 are the ER, Golgi, and PM markers, respectively.

FIGURE 7. Rer1 is ubiquitinated by Syvn. A, Rer1 immunoprecipitation from
the following cell lines treated with 10 �M lactacystin for 10 h (lower panel):
Syvn�/� fibroblasts infected with pMX (-), pMX-Syvn-FLAG (Syvn), or pMX-
C307A-FLAG (C307A) together with pMX-hRer1. Ubiquitinated Rer1 precipi-
tated by the anti-Rer1 antibody was detected by Western blotting with
anti-mono- and polyubiquitin antibody (upper panel). B, Rer1 was immuno-
precipitated from Syvn�/� fibroblasts treated with 50 �M chloroquine for 24 h
(lower panel) and infected as shown in Fig. 7A. Ubiquitinated Rer1 precipi-
tated with the anti-Rer1 antibody was detected by Western blotting with anti-
mono- and polyubiquitin antibody (upper panel).
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The level of the �-secretase complex on the cell surface was
also likely to be decreased in Syvn�/� fibroblasts because
mature glycosylation of NCT is necessary for trafficking the
�-secretase complex to the post-Golgi compartments (19).
Indeed, using Blue Native PAGE, we showed that the �-secre-
tase complex was decreased in Syvn�/� fibroblasts (Fig. 8B).
These findings agree with data from the original studies show-
ing that Rer1 negatively regulates the �-secretase complex
assembly and �-secretase activity (5, 20, 21). This study now
shows that Syvn is involved in the degradation of Rer1. When
we consider published data alongwith those generated here, we
propose that the ubiquitination of Rer1 by Syvn decreases the
level of Rer1, facilitating the incorporation of NCT into the �-
secretase complex.However, Syvndeficiency increases the level
of Rer1. This inhibits the incorporation of NCT into the
�-secretase complex, thereby reducing the level of the �-secre-
tase complex and the generation of A� (Fig. 9).

Syvn is an E3 ubiquitin ligase involved in ERAD, a highly
complex process that ensures the integrity of the protein deg-
radation pathway and contributes to ER quality control (14).
Syvn is associated with the degradation of proteins that accu-
mulate in the ER by ERAD and prevents ER stress (unfolded
protein response) (12, 13). Further, Syvn expression is induced
by ER stress and protects against ER stress-induced apoptosis
(17, 22, 23). These results suggest that Rer1 was ubiquitinated
by Syvn and degraded through ERAD. Therefore, Rer1 might
also play a role in ER-Golgi quality control. Rer1 recognizes
polar amino acids in TMDs of some membrane proteins (24)
and modulates the localization of unassembled subunits in the
ER (5, 6, 25, 26). A decrease in the levels of Rer1 could allow its
target membrane proteins to be transported via the secretory

pathway. Thus, an important issue thatmust be addressed is the
possible involvement of Rer1 in ER-Golgi quality control.
We show here that ubiquitinated Rer1 was degraded by the

proteasome and possibly by the lysosomal pathways (Fig. 7).
Although Rer1 resides mainly in the cis-Golgi and not in post-
Golgi in both yeast and mammalian cells (27, 28), a small frac-
tion of ubiquitinated Rer1 might pass through the Golgi com-

FIGURE 8. Syvn facilitates the trafficking of mature NCT and the assembly of the �-secretase complex. A, Western blot analysis of cell surface proteins and
lysates prepared from WT and Syvn�/� fibroblasts with the indicated antibodies. Cell surface proteins were biotinylated (Biotin�) and isolated as described
under “Experimental Procedures.” Non-biotinylated cells (Biotin-) were used as a negative control. The same volume of eluted sample (Cell Surface) and the
same amount of protein (Lysate) were loaded in each lane. Integrin �1 served as a loading control (left panel). Quantitation of cell-surface NCT levels from four
independent experiments is shown in the left panel (right graph). Values are expressed as mean � S.D. *, p � 0.01 (two-tailed Student’s t test). B, Blue Native
PAGE (BN-PAGE) and SDS-PAGE analysis of lysates prepared from WT and Syvn�/� fibroblasts as described under “Experimental Procedures” and blotted with
anti-NCT (left panel), anti-Aph1 (middle panel), and anti-PS1 antibodies (right panel).

FIGURE 9. Model for modulation of �-secretase complex assembly by
Syvn-mediated by Rer1 degradation. NCT is incorporated into the �-secre-
tase complex in the ER and glycosylated in the Golgi, thereby activating
�-secretase activity (left panel). In contrast, an unassembled NCT in the Golgi
is translocated to the ER by Rer1 (right panel). Rer1 is also a limiting factor that
negatively regulates �-secretase complex assembly by binding to NCT, which
competes with Aph-1 (bottom panel). Syvn is involved in the degradation of
Rer1, thereby facilitating the formation of the �-secretase complex and gen-
eration of A� (bottom panel).
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plex and be delivered through the trans-Golgi network to the
lysosome for degradation. Ubiquitinated proteins are usually
degraded by the proteasome pathway. However, there are only
a few reports, to our knowledge, on the lysosomal pathway (29).
We believe that this study provides evidence to support the
conclusion that ubiquitinated protein can be degraded by the
lysosomal pathway. Alternatively, autophagy, which is involved
in the degradation of ER (reticulophagy) (30), might mediate
degradation. It is important to note that autophagy acts as a
compensatory degradation system when the ubiquitin-protea-
some system is impaired and is linked to this process by histone
deacetylase 6 (HDAC6), which interactswith polyubiquitinated
proteins (31).
In conclusion, this study reveals that Syvn is involved in the

degradation of Rer1, which modulates the maturation and
localization of NCT and the generation of A�. Moreover, our
data strongly suggest that ubiquitinated Rer1 was degraded by
the proteasome and lysosomal pathways. Thus, we conclude
that Rer1, a negative regulator of the assembly of the �-secre-
tase complex, appears to be a key factor that modulates the
generation of A� by synoviolin associated with ERAD. These
findings better illuminate the link between ERAD and the gen-
eration of A� and may contribute to the development of new
diagnostic and therapeutic tools for AD.
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