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Amyloid fibril formation of mutant transthyretin (TTR) that
causes familial amyloid polyneuropathy occurs in the extracel-
lular space. Thus, secretion of TTR variants contributes to the
pathogenesis of amyloidosis. However, the molecular mecha-
nisms underlying the endoplasmic reticulum (ER) exit or reten-
tion and subsequent degradation of TTR variants remain
unclear. Here, we demonstrated that the nonsecreted TTR vari-
ants, such as D18G TTR and amyloidogenic TTRs with intro-
duced monomeric mutation (M-TTRs), stably interact with the
ER chaperone BiP in mammalian cells. These proteins were co-
secreted with the secreted form of BiP in which the KDEL signal
was removed, indicating that BiP partially contributes to the ER
retention of nonsecreted TTR variants. More interestingly, the
degradation efficiency of nonsecreted TTRs was increased when
BiP was down-regulated by small interfering RNA. Thus, BiP
protects the TTR variants from immediate degradation. Addi-
tionally, we showed that the stability of nonsecreted TTR vari-
ants is not disturbed in the coat complex II-deficient conditions,
which are enough to inhibit the ER export of secreted TTR vari-
ants, including wild-type TTR. Therefore, the post-ER retrieval
mechanism might not contribute to the ER-associated degrada-
tion of nonsecreted TTR variants. These findings suggest that
the affinity to the ER-resident protein BiP regulates the fate of
TTR variants in the ER.
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Familial transthyretin (TTR)* disease, which is autosomal
dominant, is associated with a point mutation in the TTR gene.
TTR is a soluble nonglycosylated secretory protein that func-
tions as a homotetramer in the extracellular space (1). Mutant
TTR forms amorphous aggregates and amyloid fibrils, which
cause familial transthyretin disease (2). To date, over 100 TTR
variants have been reported, and these variants can be classified
according to their amyloidogenicity as either amyloidogenic
TTR, such as V30M, D18G, and A25T TTRs, or nonamyloido-
genic TTR, such as T119M TTR. It is known that onset of the
disease, tissue selectivity, and severity are different with TTR
variants (2—4), and these variations result from differences in
secretion efficiency and amyloidogenicity of TTR variants.
D18G and A25T TTRs, which exhibit late onset central nervous
system-selective amyloidosis and are present at very low con-
centrations in the blood (3, 5), have low secretion efficiencies
that might be attributed to a combination of low thermody-
namic and kinetic stabilities in vitro (4). These TTRs are recog-
nized by the endoplasmic reticulum (ER) quality control system
and subjected to proteasomal degradation, which is known as
ER-associated degradation (ERAD). Therefore, ERAD leads to
low secretion of highly destabilized TTR variants, protecting
against severe early onset of systemic amyloidosis.

Secretory proteins are translocated co-translationally or
post-translationally to the ER. These newly synthesized pro-
teins interact with ER molecular chaperones to become prop-
erly folded and assembled into a mature protein complex for
transport along the secretory pathway (6). When maturation of
proteins is aborted or inefficient, they are retained in the ER
with ER chaperones. Thus, ER chaperones also participate in a
quality control mechanism to prevent transport-incompetent
proteins from being exported out of the ER. Moreover, ER
chaperones act on those retained proteins either for further
maturation or for ERAD, which protects the ER from the
destructive consequence of protein aggregation (7, 8). Some
ERAD substrates require transport between the ER and Golgi
(9). These proteins are exported from the ER and they can be
retrieved to the ER by retrograde transport at post-ER compart-

“The abbreviations used are: TTR, transthyretin; ER, endoplasmic reticulum;
ERAD, ER-associated degradation; M-TTR, amyloidogenic TTR with intro-
duced monomeric mutation; CHX, cycloheximide; siRNA, small interfering
RNA; PDI, protein-disulfide isomerase; CRT, calreticulin.
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FIGURE 1.D18G TTR and amyloidogenic M-TTRs associate with BiP. TTRs and M-TTRs were transiently transfected in HelLa cells. After 48 h, cells were lysed
and immunoprecipitated (/P) with anti-TTR (A) or anti-BiP (B) antibody. Co-immunoprecipitates were blotted (/B) with the indicated antibodies. HC IgG, heavy

chain IgG. WT, wild type.

ments (10, 11), indicating that the post-ER retrieval system also
participates in quality control mechanisms for proper disposal
of some proteins. It is likely that the ER quality control of TTR
variant proteins is also regulated by such mechanism(s).

We have previously investigated the secretion pattern of
TTR variants and their monomeric counterparts (M-TTRs),
which are TTRs with introduced monomeric mutations F87M/
L110M. In this report, we demonstrated that D18G TTR and
amyloidogenic M-TTRs are retained in the ER and subse-
quently degraded by ERAD (12). Recent report shows that
D18G TTR is significantly captured by BiP in the Escherichia
coli system (13), suggesting that BiP probably facilitates D18G
TTR degradation. However, the interaction of BiP with TTR
variants in mammalian cells and the role of BiP in ER quality
control for TTR variants remain unclear.

Here, we investigated which molecular chaperones bind to
TTR variants in mammalian cells and showed that only BiP
interacts with D18G TTR and amyloidogenic (D18G and
V30M) M-TTRs, which are retained in the ER (referred to as
nonsecreted TTRs). This interaction partially contributes to
the ER retention of these TTR variants. Moreover, our results
indicated that BiP negatively regulates the ERAD of these vari-
ants. Furthermore, we suggested that a post-ER retrieval mech-
anism might not be required for the efficient degradation of the
nonsecreted TTR variants. Thus, our findings suggest that the
fate of TTR variants is regulated by BiP in mammalian cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HeLa cells were cultured in
minimal essential medium (Sigma) supplemented with 10%
fetal bovine serum. Cells were maintained at 37 °C in a humid-
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ified atmosphere of 5% CO, and 95% air. Transient transfec-
tions of plasmid DNA were performed with TransIT-LT-1
(Mirus Corp., Madison, W1I), as described previously (12).

Plasmid Constructs and Materials—Human wild-type TTR
and TTR variant constructs have been described previously
(12). Human BiP/GRP78 cDNA was inserted into the BamHI
and Xbal sites of pEF6/Myc-His vector (Invitrogen). BiP-myc
and BiPs-myc were generated using the QuikChange II site-
directed mutagenesis kit (Stratagene, La Jolla, CA). Human
Sar1-GTP (H79G) in pIRES2-DsRed2 vector was described
previously (14). Antibodies used were as follows. Rabbit poly-
clonal anti-human TTR (anti-prealbumin) antibody was from
Dako (Glostrup, Denmark); goat polyclonal anti-GRP78/BiP
(C-20; sc-1051), goat polyclonal anti-calregulin (calreticulin;
T-19), mouse monoclonal anti-c-Myc (9E10), and goat poly-
clonal anti-actin (I-19; sc-1616) antibodies were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); rabbit poly-
clonal anti-Hsp70 (SPA-812), rabbit polyclonal anti-calreticu-
lin (anti-CRT; SPA-600), mouse monoclonal anti-KDEL (SPA-
827), and rabbit polyclonal anti-protein-disulfide isomerase
(anti-PDI; SPA-890) antibodies were from Stressgen (San
Diego, CA); mouse monoclonal anti-human cystic fibrosis
transmembrane conductance regulator C terminus antibody
was from R&D Systems, Inc. (clone 24-1; Minneapolis, MN);
mouse monoclonal anti-ubiquitinylated protein antibody
(clone FK2) was from BIOMOL International (Plymouth Meet-
ing, PA); horseradish peroxidase-conjugated anti-rabbit, anti-
goat, and anti-mouse antibodies were from Jackson Immuno-
Research Laboratories (West Grove, PA). Cycloheximide
(CHX) was purchased from Sigma. H89 was from BIOMOL.
MG-132 was from Calbiochem.
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Immunoprecipitation—For im-
munoprecipitation of the TTR-BiP
complex and ubiquitinylated TTR,
cell lysates were isolated from cells,
as described previously (12), except
that we used here 1% Triton X-100
buffer (1% Triton X-100, 50 mMm
Tris-HCI, pH 7.5, and 150 mm
NaCl) to detect the TTR-BiP com-
plex. Medium and lysate samples
were incubated for 6 h at 4 °C with
each antibody described in the fig-
ure legends, followed by incubation
with protein G-Sepharose 4 Fast
Flow (GE Healthcare) for 2 h at4 °C.
The immunoprecipitates were
washed four times with protein
recovery buffer and prepared for
SDS-PAGE.

SDS-PAGE and Western Blotting—
Media and cell lysate samples were
prepared as described previously
(12). Samples were analyzed by
SDS-PAGE on 6, 10, 12, or 15%
polyacrylamide gels. Proteins were
transferred onto polyvinylidene
difluoride membranes (Millipore
Corp., Bedford, MA) and then
probed with the indicated antibod-
ies. Immunological bands were
identified with horseradish perox-
idase-conjugated secondary anti-
body followed by reaction with
SuperSignal chemiluminescence
reagent (Pierce).

Metabolic Labeling and Chase
Experiment—Cells were transiently
transfected with DNAs as described
in the figure legends. Forty-eight
hours after, cells were preincubated
with labeling medium (methionine
and cysteine-free Dulbecco’s modi-
fied Eagle’s medium; Invitrogen) for
15 min at 37 °C and labeled with
[**S]methionine and [**S]cysteine
(>1000 Ci/mmol; PerkinElmer Life
Sciences) at 50 puCi/ml for 15 min.

FIGURE 2. D18G TTR and amyloidogenic M-TTRs are co-secreted with AKDEL BiP (BiPs). A, BiP constructs  For chase, the cells were washed

used in this study. B, BiP-myc, BiPs-myc, or control vector was transiently co-transfected with TTRs or M-TTRs in
HelLa cells. After 24 h, medium was changed, and cells were maintained for another 24 h. Media were immu-

twice with minimal essential

noprecipitated (/P) with anti-c-Myc antibody and analyzed by Western blotting (/8) with anti-TTR and anti-c- medium, and the labeling medium

Myc antibodies. WT, wild type.

Small Interfering RNA (siRNA) Preparation—The target
sequence of BiP siRNA 1, BiP siRNA 2, and GL2-LUC siRNA
(control siRNA) were reported previously (15, 16). Transient
transfection with siRNA was performed using TransIT-TKO
(Mirus Corp.) following the protocol recommended by the

manufacturer.
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was replaced with complete mini-
mal essential medium containing 50

uM CHX. Both the intracellular and extracellular forms of
radiolabeled TTR were isolated by immunoprecipitation.
Media were immunoprecipitated as described above. The cells
were lysed in radioimmunoprecipitation assay buffer (50 mm
Tris-HCI, 150 mm NaCl, 1 mg/ml sodium deoxycholate, and 1%

Nonidet P-40) containing 1% protease inhibitor mixture
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FIGURE 3. Expression levels of D18G TTR and amyloidogenic M-TTRs are decreased by BiP siRNA. A, 25 nm
BiP siRNA (siBiP) 1 or GL2-LUC siRNA (Control siRNA) was transiently co-transfected with TTRs (left) or M-TTRs
(right) in HeLa cells. After 44 h, medium was changed, and cells were maintained for another 4 h. Media (top)
and cell lysates (bottom) were analyzed by Western blotting with anti-TTR, anti-KDEL, and anti-actin antibodies.
B, BiP siRNA (siBiP) 1 was transiently co-transfected with D18G TTR in HeLa cells at the indicated concentration.
After 48 h, cells were lysed and analyzed by Western blotting with anti-KDEL, anti-Hsp70, and anti-actin anti-
bodies. C, 25 nm BiP siRNA 1, BiP siRNA 2, or control siRNA (CON) was transiently co-transfected with D18G TTR
in Hela cells. After 48 h, cell lysates were analyzed by Western blotting with anti-TTR, anti-KDEL, anti-Hsp70,
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cipitates with the indicated antibod-
ies showed that BiP but not other
ER-resident (CRT and PDI) or cyto-
solic (heat shock protein 70
(Hsp70)) chaperones were co-im-
munoprecipitated with D18G TTR
and amyloidogenic M-TTRs, which
are not secreted (Fig. 14). In con-
trast, none of the chaperones that
we analyzed were co-immunopre-
cipitated with the secreted TTRs:
wild-type TTR, V30M TTR, and
wild-type M-TTR (Fig. 1A4). These
results are consistent with a previ-
ous report using recombinant pro-
teins (13). Furthermore, immuno-
precipitation analysis using anti-BiP
antibody confirmed that D18G TTR
and amyloidogenic M-TTRs but not
wild-type TTR, V30M TTR, and
wild-type M-TTR interacted with
BiP (Fig. 1B). The failure to co-im-
munoprecipitate BiP with wild-type
TTR, V30M TTR, and wild-type
M-TTR was not due to lower
expression levels of these proteins,
since similar levels of TTR and
M-TTR variants were found in the
total cell lysates (Fig. 1, input).
Therefore, these results imply that
stable interaction of ER-resident
protein BiP with D18G TTR and

anti-PDI, anti-CRT, and anti-actin antibodies. WT, wild type.

(Sigma) and subjected to immunoprecipitation with anti-hu-
man TTR antibody. Immune complexes were precipitated,
washed four times with radioimmunoprecipitation assay
buffer, boiled for 10 min in sample buffer (final 2% SDS), and
separated by 15% SDS-PAGE under reducing conditions. The
gels were then analyzed by a BAS imaging plate scanner (BAS-
2000; Fujifilm) and quantified using Image Gauge software
(version 3.4; Fujifilm).

RESULTS

ER-resident Chaperone BiP Preferentially Associates with
DI18G TTR and Amyloidogenic M-TTRs—ER-resident chaper-
ones are known to participate in a quality control mechanism to
prevent transport-incompetent proteins from being exported
out of the ER (17, 18). Moreover, a recent report (13) showed
that D18G T'TR binds to BiP in E. coli. To investigate the role of
molecular chaperones, including BiP, on the ER quality control
of TTR variants, we first examined whether nonsecreted TTR
variants are bound to BiP or other ER-resident chaperones in
mammalian cells. Wild-type TTR and variant (D18G and
V30M) TTRs or their corresponding M-TTRs were transiently
transfected into HeLa cells, which do not express TTR, and cell
lysates were immunoprecipitated with anti-TTR antibody prior
to analysis by SDS-PAGE. Western blotting of co-immunopre-
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amyloidogenic M-TTR variants
possibly contributes to the ER
retention of these proteins.

BiP Is Responsible for the ER Retention of DI8G TIR and
Amyloidogenic M-TTRs—If BiP is the dominant molecule that
contributes to the ER retention of nonsecreted TTR variants,
overexpression of the secreted form of BiP in which the ER-
retention signal, KDEL, was removed and replaced with Myc
tag (hereafter referred to as BiPs-myc; Fig. 2A) would be
expected to cause D18G TTR and amyloidogenic M-TTRs to
leave the ER and move with BiPs-myc to the culture medium
(19). Cell media from HeLa cells that were transfected with
BiPs-myc and TTRs or M-TTRs were collected and immuno-
precipitated with anti-c-Myc antibody. Western blotting con-
firmed that, similar to previous reports (19), BiPs-myc was
secreted into the media (Fig. 2B). On the other hand, BiP-myc,
which has an intact KDEL sequence (Fig. 2A4), was not present
in the media (Fig. 2B). Because the intracellular levels of BiP-
myc and BiPs-myc were comparable and both were efficiently
recognized by anti-c-Myc antibody, these results could not be
attributed to differences in intracellular level or antibody rec-
ognition (data not shown).

Wild-type and V30M TTRs were not co-secreted with BiPs-
myc, but interestingly, D18G TTR and all M-TTRs were co-
immunoprecipitated with BiPs-myc and detected in the media
(Fig. 2B), indicating a stable interaction of D18G TTR and amy-
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loidogenic M-TTRs with BiP. These results collectively suggest
that the strong interaction of BiP with D18G TTR and amyloi-
dogenic M-TTRs is one of the mechanisms by which these
TTRs are retained in the ER.

BiP Down-regulation Promotes the Degradation of DI8G
TTR—We further investigated the role of BiP in the fate of
D18G TTR and amyloidogenic M-TTRs in the ER by knocking
down the endogenous BiP expression using siRNAs, BiP siRNA
1 or 2 (15). We found no significant difference in the secre-
tion levels of wild-type TTR, V30M TTR, and wild-type
M-TTR in cells transfected with BiP siRNA 1 when com-
pared with that in cells transfected with control siRNA
(GL2-LucsiRNA) (Fig. 34, Medium). Consistently, the intra-
cellular levels of wild-type TTR, V30M TTR, and wild-type
M-TTR were barely affected by BiP siRNA 1 (Fig. 34, Cell
lysate). In contrast, the intracellular levels of D18G TTR and
amyloidogenic M-TTRs, which interact with BiP, were
decreased in BiP siRNA 1-transfected cells compared with
that in control siRNA-transfected cells (Fig. 34, Cell lysate).
Moreover, intracellular levels of D18G TTR were decreased
in a BiP siRNA 1 dose-dependent manner (Fig. 3B). Simi-
larly, co-transfection of D18G TTR with another siRNA
against BiP (BiP siRNA 2) reduced the intracellular levels of
D18G TTR (Fig. 3C). No change in protein levels of other
chaperones, such as PDI, CRT, and Hsp70, a protein homol-
ogous to BiP, was observed upon transfection of BiP siRNA 1
or 2 (Fig. 3C and Fig. S1). Control siRNA did not affect the
expression levels of either BiP or Hsp70 (data not shown),
demonstrating the specificity of BiP siRNA in our system.
The down-regulation of the intracellular levels of D18G TTR
and amyloidogenic M-TTRs by BiP siRNA implies that BiP
modulates the ERAD of these proteins.

To clarify this possibility, we next investigated the effect of
BiP down-regulation on the protein stability of D18G TTR by
performing pulse-chase experiments with or without BiP
siRNA. In these experiments, we only used BiP siRNA 1,
because this was enough to knock down BiP. HeLa cells co-
transfected with wild-type or D18G TTR and BiP siRNA or
control siRNA were pulse-labeled with [>*S]methionine and
chased at the indicated time. Intracellular and extracellular
TTR was immunoprecipitated and then loaded onto SDS-poly-
acrylamide gel, and the amount of protein was quantified using
Image Gauge software. Wild-type TTR was slightly secreted at
30 min after pulse labeling and was almost completely secreted
into the medium at 90 min in control siRNA-transfected cells
(Fig. 4A, Medium, closed circles). BiP siRNA did not affect the
secretion efficiency of wild-type TTR (Fig. 4A, Medium, open
circles). The secretion of D18G TTR was barely detectable in
HeLa cells transfected with control or BiP siRNA (Fig. 4B,
Medium), indicating that BiP siRNA did not increase the secre-

The ER Quality Control of TTR Variants

tion efficiency of D18G TTR. The intracellular level of labeled
D18G TTR in control siRNA-transfected cell lysates was
decreased time dependently with #, ~ 70 min (Fig. 4B, Cell
lysate, closed triangles). Interestingly, in BiP siRNA-transfected
cells, the intracellular level of labeled D18G TTR at the 60 min
time point was already less than 50% (1, ~ 40 min) (Fig. 4B, Cell
lysate, open triangles). These results suggest that the degrada-
tion efficiency of D18G TTR was enhanced by BiP down-regu-
lation. BiP siRNA did not affect the expression level of wild-type
cystic fibrosis transmembrane conductance regulator (Fig. S2),
which is degraded by ERAD through the BiP-independent
pathway (20 —22). Moreover, BiP siRNA treatment did not alter
the steady-state levels of other chaperones (PDI, CRT, and
Hsp70) and ubiquitinylated proteins in the lysates of cells that
were transfected with control vector pEF6 (Fig. S3). These
results indicated that BiP siRNA treatment did not substantially
affect the total (global) ERAD efficiency in the cells under our
experimental conditions. Taken together, we conclude that BiP
negatively regulates the ERAD of D18G TTR (and possibly that
of the amyloidogenic M-TTRs) by interacting stably with this
variant TTR.

BiP Down-regulation Promotes D18G TTR Polyubiquiti-
nation—D18G TTR and amyloidogenic M-TTRs were previ-
ously shown to be degraded by the proteasomal pathway (4, 12).
Since most ERAD substrates are ubiquitinylated prior to pro-
teasome targeting, D18G TTR and amyloidogenic M-TTRs
may be ubiquitinylated before proteasomal degradation (23).
Because our results above (Figs. 3 and 4) suggested that BiP
siRNA enhanced the ERAD of D18G TTR and amyloidogenic
M-TTRs, we next investigated whether the ubiquitination lev-
els of D18G TTR and amyloidogenic M-TTRs are increased by
BiP siRNA. Ubiquitinylated TTRs and M-TTRs in the presence
or absence of BiP siRNA were determined by immunoprecipi-
tation using anti-TTR antibody and Western blotting with anti-
ubiquitinylated protein antibody. Low levels of ubiquitinylated
wild-type TTR or M-TTR and ubiquitinylated V30M TTR were
detected within 6 h of MG-132 treatment, but these levels were
not affected by BiP siRNA co-transfection (Fig. 4, C and D). In
contrast, the ubiquitination levels of the nonsecreted TTRs,
D18G TTR,D18G M-TTR, and V30M M-TTR, were increased
in BiP siRNA-transfected cells compared with control siRNA-
transfected cells (Fig. 4, C and D). These results support our
hypothesis that BiP down-regulation promotes the ERAD of
nonsecreted TTR variants.

Post-ER Retrieval Pathway Is Not Required for ERAD of TTR
Variants—Some ERAD substrates require transport between
the ER and Golgi, which is mediated by the KDEL receptor (9).
BiP is one of the proteins that have been shown to leak out to the
post-ER compartments and to be retrieved to the ER through its
C-terminal KDEL motif (24). To investigate whether the

FIGURE 4. BiP siRNA promotes the ERAD of D18G TTR and amyloidogenic M-TTRs. A and B, 25 nm BiP siRNA (siBiP) or control siRNA (siCtrl) was transiently
co-transfected with wild-type TTR (A) or D18G TTR (B) in Hela cells. After 48 h, cells were labeled with [**SImethionine/cysteine for 15 min and chased at the
indicated times. Intracellular and secreted TTRs were immunoprecipitated and loaded onto SDS-polyacrylamide gel, followed by autoradiography (top). The
signals for TTR were quantified and plotted (bottom). Secretion efficiency (%) = 100 X ((secreted TTR at given time t)/(intracellular TTR at t = 0 min)). The mean
and S.E. values were calculated from two independent experiments. C and D, TTRs (C) or M-TTRs (D) were transiently co-transfected with 25 nm BiP siRNA or
control siRNA in Hela cells. After 42 h, cells were treated with 30 um proteasome inhibitor MG-132 for 6 h. Cell lysates were immunoprecipitated (/P) with
anti-TTR antibody. The immunoprecipitates and cell lysates (Input) were resolved by SDS-PAGE and analyzed by Western blotting with anti-ubiquitinylated
protein, anti-TTR, anti-KDEL, and anti-actin antibodies. Ub-TTR and Ub-protein, ubiquitinylated TTR and ubiquitinylated proteins, respectively. WT, wild type.
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form that inhibits COPII coat disas-
sembly, resulting in inhibition of ER
to Golgi transport (25-27). Cell
media and lysates were collected at
0 or 2 h after CHX treatment. At the
0 h time point, samples were taken
immediately after adding CHX. In
cells co-transfected with Sar1-GTP,
the secretion of wild-type TTR,
V30M TTR, and wild-type M-TTR
was decreased compared with that
in cells transfected with empty vec-
tor (control cells) (Fig. 5, A and B,
Medium). Consistently, the intra-
cellular levels of these TTRs at 2 h
after adding CHX were higher in
Sar1-GTP-transfected cells than in
control cells, in which the TTR
intracellular levels were substan-
tially reduced due to their efficient
secretion into the media (Fig. 5, A
and B, Cell lysate) (12). Sar1-GTP
co-transfection had no effect on the
decreased levels of intracellular
D18G TTR, D18G M-TTR, and
V30M M-TTR at 2 h after adding
CHX (Fig. 5, A and B, Cell lysate).
To confirm the effect of Sar1-GTP

on the secretion and degradation
efficiencies of TTR, HeLa cells co-

transfected with wild-type TTR or
D18G TTR and Sar1-GTP or empty
vector were pulse-labeled with
[**S]methionine for 15 min, and
then the media and cell lysates were
collected at the indicated time.
Intracellular and extracellular TTRs
were immunoprecipitated and then
loaded onto SDS-polyacrylamide
gel, and the amount of protein was

quantified using Image Gauge soft-
ware. Pulse-chase analysis indicated

A Medium
TTR: WT D18G V30M
Sar1-GTP: - - + + T
time(h 0 2 0 2 0 2 0 2 0 2 0 2
a-TTR = —|| = - TTR
Cell lysate
TTR: WT D18G V30Mm
Sar1-GTP: - - + + B I T
time(h) 0 2 0 2 0 2 0 2 0 2 0 2
o-TTR [ m——] e | === ai—] - TTR
[P T 10 I —— e — [=————1]= san
a-Actin — — | |- Actin
B Medium
M-TTR: WT D18G V3om
Sar1-GTP: - - + + CEE N S
tme(hy 0 2 0 2 0 2 0 2 0 2 0 2
o-TTR == 1[ | | TR
Cell lysate
M-TTR: WT D18G V30oMm
Sar1-GTP: - - + + e,
time(h): 0 2 0 2 0 2 0 2 02 0 2
G-TTR [ o —] -4 TTR
a-Sart [=—— | — I — ———I= sar
a-Actin | ] -t Actin
C Medium Cell lysate
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FIGURE 5. Degradation of TTR is not COPIlI-dependent. A and B, Sar1-GTP (H79G) was transiently co-trans-
fected with TTRs (A) or M-TTRs (B) in HeLa cells. After 24 h, media and cell lysates were collected immediately (O
h) or 2 h after the addition of 50 um CHX. Media and cell lysates were analyzed by Western blotting with
anti-TTR, anti-Sar1, and anti-actin antibodies. Cand D, Sar1-GTP or empty vector was transiently co-transfected
with wild-type TTR (C) or D18G TTR (D) in HeLa cells. After 24 h, cells were labeled with [3*SImethionine/cysteine
for 15 min and chased at the indicated times. Intracellular and secreted TTRs were immunoprecipitated and
loaded onto SDS-polyacrylamide gel, followed by autoradiography (top). The signals for TTR were quantified
and plotted (bottom). Secretion efficiency (%) = 100 X ((secreted TTR at given time t)/(intracellular TTRat t =

0 min)). The mean and S.E. values were calculated from two independent experiments. WT, wild type.

post-ER retrieval mechanism contributes to the ER quality con-
trol of D18G TTR, we co-transfected Sarl (H79G) (referred to
as Sar1-GTP) with TTR or M-TTR variants in HeLa cells. Sar1-
GTP is a constitutively active mutant locked in the GTP-bound
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deficient conditions.

that the secretion efficiency of
wild-type TTR was substantially
decreased by co-transfection of
Sarl-GTP compared with control
cells (Fig. 5C, Medium). On the
other hand, the degradation effi-
ciency of nonsecreted variants
D18G TTR, D18G M-TTR, and
V30M M-TTR was not affected by
Sarl-GTP (Fig. 5D, Cell lysate),
indicating that the ERAD of this
variant (and possibly that of the

amyloidogenic M-TTRs) could occur efficiently under COPII-

To confirm these observations, we used the protein kinase
inhibitor H89 that was previously shown to inhibit Sar1 recruit-
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FIGURE 6. Secretion of TTR but not degradation is inhibited by the kinase inhibitor H89. A and B, Hela cells
were transiently transfected with TTRs (A) and M-TTRs (B). After 24 h, cells were treated with 50 um CHX together with
H89 (50 or 75 um) or DMSO (as control) for 3 h. Media and cell lysates were analyzed by Western blotting with
anti-TTR and anti-actin antibodies. C and D, HeLa cells were transiently transfected with wild-type TTR (C) or D18G
TTR (D). After 24 h, cells were treated with 75 um H89 for 3 h and then were labeled with [3*SJmethionine/cysteine for
15 min and chased at the indicated times. Intracellular and secreted TTRs were immunoprecipitated and loaded
onto SDS-polyacrylamide gel, followed by autoradiography (top). The signals for TTR were quantified and plotted
(bottom). Secretion efficiency (%) = 100 X ((secreted TTR at given time t)/(intracellular TTR at t = 0 min)). The mean
and S.E. values were calculated from two independent experiments.

V30M TTR, and wild-type M-TTR
in a dose-dependent manner (Fig. 6,
A and B, Medium). In agreement
with these results, the secretion effi-
ciency of wild-type TTR was highly
inhibited in H89-treated cells rela-
tive to control cells (DMSO-
treated) in pulse-chase analysis (Fig.
6C, Medium). However, the levels of
nonsecreted TTR variants D18G
TTR, D18G M-TTR, and V30M
M-TTR in the media and cell lysates
were not affected by H89 treatment
(Fig. 6, A and B). These results were
confirmed by pulse-chase analysis
of D18G TTR (Fig. 6D). Taken
together, these findings indicate
that the conditions that interfere
with COPII function prevent the
secretion of wild-type TTR, V30M
TTR, and wild-type M-TTR but
have little effect on the nonsecretion
or the degradation of D18G TTR,
D18G M-TTR, and V30M M-TTR.
Thus, the secretion pathway of wild-
type TTR and V30M TTR (the
secreted TTRs) is largely dependent
on COPII machinery, whereas the
ERAD pathway of nonsecreted TTR
variants does not require the
post-ER mechanism.

DISCUSSION

In this study, we investigated the
mechanism of the ER retention and
ERAD of TTR variants in mamma-
lian cells by examining the molecu-
lar chaperones that associate with
these proteins. As determined by
immunoprecipitation analyses, BiP
specifically interacted with nonse-
creted TTR variants D18G TTR and
amyloidogenic M-TTRs. The pres-
ent study first shows D18G TTR
binding to endogenous BiP in mam-
malian cells (Fig. 1). The stable
interaction of BiP with D18G TTR
and amyloidogenic M-TTRs was
attested by the fact that these vari-
ant TTRs were secreted only in the
presence of BiPs-myc, the secreted
form of BiP in which the ER reten-
tion KDEL signal was removed (Fig.
2B). This strong interaction with
BiP may partly explain the reason

ment and COPII coat assembly (28). The addition of H89 and  why these variants were retained in the ER. However, because
CHX for 3 h to the cells transfected with TTR and M-TTR their secretion efficiencies were not improved when the BiP
variants strongly inhibited the secretion of wild-type TTR, expression level was down-regulated (Fig. 34, Medium), it
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might be possible that the nonsecretion of these variants was
due to their inability to be recognized by COPII components.
By overexpressing Sarl-GTP, which is a dominant-negative
mutant that promotes cargo collection into stable COPII-
coated intermediates, the nonsecreted TTRs would have been
protected from ERAD if they were recruited to the assembling
COPII polymer at the ER exit sites, like wild-type cystic fibrosis
transmembrane conductance regulator (29). However, degra-
dation efficiency of D18G TTR was comparable between the
control- and Sarl-GTP-transfected cells (Fig. 5D), indicating
that D18G TTR failed to engage the COPII machinery. Thus,
the ER retention of nonsecreted TTR variants may be doubly
caused by binding with BiP and the nonrecognition by COPII
machinery. These two regulatory mechanisms are not neces-
sarily mutually exclusive (6).

More importantly, we indicated here that the ubiquitination
level of non-secreted TTR variants and the ERAD of D18G TTR
were increased by BiP down-regulation (Fig. 4, B—D). These
results suggest that interaction of nonsecreted TTR variants
with BiP may suppress their ERAD pathway including retro-
translocation to the cytoplasm and subsequent ubiquitination
of these proteins. This is in contrast to previous studies showing
that BiP is required for ERAD (7, 30-32). Although the under-
lying factors crucial for the decision of BiP to lead to or to retain
its substrates from ERAD remain undetermined, the regulation
by BiP is probably dependent on BiP substrate features. The
ERAD process is constituted by several steps: 1) recognition of
substrate to prevent from aggregation and immediate degrada-
tion (recognition step), 2) delivery of substrate to the retro-
translocation machinery (delivery step), 3) retrotranslocation
and ubiquitination, and 4) proteasomal targeting and degrada-
tion (23). In mammalian cells, it is reported that the calnexin
cycle and the BiP/PDI chaperone system may act sequentially
not only to assist protein folding but also to promote ERAD of
BACE457, which is a membrane glycoprotein, and its soluble
variant BACEA457 (7). Additionally, treatment of SubAB,
which specifically cleaves BiP, depleting cellular stores of BiP,
extended the half-life of type I membrane glycoprotein, T-cell
antigen receptor « (30). On the other hand, the half-life of
unfolded immunoglobulin light chains, which are soluble non-
glycosylated proteins, is probably determined by the physical
stability of BiP association with an unfolded region of immuno-
globulin light chain (33). In addition, we first showed here that
BiP down-regulation promotes the ERAD of D18G TTR and
amyloidogenic M-TTRs, which are soluble nonglycosylated
proteins. Based on these findings, we propose some possibilities
about ERAD regulation by BiP. One is that the ERAD promo-
tion (or inhibition) by BiP may depend on whether or not its
substrate is glycosylated. Another possibility is that the effect of
BiP on ERAD of substrate may depend on the step of the ERAD
process in which BiP is involved. These possibilities may or may
not be interdependent. It is likely that when BiP works at the
delivery step of the ERAD process, BiP positively regulates the
degradation of substrate, such as in the case of BACE and T-cell
antigen receptor a. On the other hand, when BiP works at the
recognition step of the ERAD process, BiP may negatively reg-
ulate the degradation of substrate, such as D18G TTR. These
substrates may need to be subsequently transferred from BiP to
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another molecule like XTP3-B or OS-9, which will deliver the
substrate to the retrotranslocation machinery. This seems
probable, since XTP3-B is known to interact with D18G TTR
(34).

In contrast to a previous report, which suggests that the
post-ER retrieval pathway through KDEL proteins, such as BiP,
has an important role in the ERAD of T-cell antigen receptor «
(9), our results showed that inhibiting ER export (under COPII-
deficient conditions) had no significant effect on the ERAD of
D18G TTR (Figs. 5 and 6). Therefore, undergoing post-ER
retrieval may also be one of the major differences between the
substrates whose ERAD is promoted by BiP and the substrates
whose ERAD is inhibited by BiP.

In conclusion, we suggest here that the ER retention of D18G
TTR and amyloidogenic M-TTRs is partially regulated by their
affinity for the ER-resident protein, BiP. Moreover, we first
showed that the binding of BiP to TTR probably functions to
delay the ERAD of nonsecreted TTR variants. These findings
suggest that complicated molecular networks in the ER, includ-
ing BiP, may control the ER retention or ERAD of TTR variants.
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