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The serpinopathies are a family of diseases characterized
by theaccumulationoforderedpolymersofmutantproteinwithin
the endoplasmic reticulum. They are a diverse group including
�1-antitrypsin deficiency and the inherited dementia familial
encephalopathy with neuroserpin inclusion bodies or FENIB.
We have used transient transfection of COS7 cells and mouse
embryonic fibroblasts, PC12 cell lines that conditionally express
wild type and mutant neuroserpin and fly models of FENIB to
assess the cellular handling of wild type and mutant serpins. By
using a polymer-specific monoclonal antibody, we show that
mutant neuroserpin forms polymers after a delay of at least 30
min and that polymers canbe cleared inPC12 cell lines and from
the brain in a flymodel of FENIB.At steady state, the fractions of
intracellular polymerogenic G392E mutant neuroserpin in the
monomeric and polymeric states are comparable. Inhibition of
the proteasomewithMG132 reveals that bothmutant neuroser-
pin and �1-antitrypsin are degraded predominantly by endo-
plasmic reticulum-associated degradation (ERAD). Pharmaco-
logical and genetic inhibitions demonstrate that autophagy is
responsible for bulk turnover of wild type and mutant serpins,
but can be stimulated by rapamycin to compensate for protea-
some inhibition. The significance of these findings to the treat-
ment of serpinopathies is discussed.

Many human diseases result from aberrant protein-protein
interactions. Often these occur due to improper protein folding
and so have been termed the conformational diseases (1). Defec-
tive protein folding can lead to the exposure of normally buried
hydrophobic residues, thus encouraging non-native interactions.
In such cases, unstructured aggregates of protein can accumulate
that are toxic to the cell. Such misfolding can either occur consti-

tutively, as a result of coding sequencemutations or be induced by
insults such as heat shock or hypoxia. In contrast, some proteins
aggregate to formmore structured polymers. Many proteins with
widely differing primary sequences have been shown to form
fibrils through aberrant �-strand linkages. This material forms
intohighlyorderedamyloid fibrils inconditions suchasAlzheimer
andHuntingtondiseasesandtheprionencephalopathies.Another
important group of diseases resulting in the formation of high
molecular weight-ordered structures is the serpinopathies that
result frommutations inmembers of the serine protease inhibitor
(serpin) family of proteins.
Serpins are potent suicide inhibitors of a wide variety of both

extra- and intracellular proteases (2). To achieve irreversible
inhibition of their target protease, each serpin offers a reactive
center loop that acts as a pseudosubstrate for the catalytic site of
the protease. This is cleaved, triggering a dramatic conforma-
tional change in the serpin and the formation of an inactive
complex (3). Mutations within the serpins subvert this mecha-
nism and allow insertion of the reactive center loop of onemol-
ecule into the�-sheet of another, an event that can be recursive,
leading to the formation of long ordered polymers (4, 5). This
can cause disease by either loss-of-function due to the deregu-
lation of proteolysis or a toxic-gain-of-function through the
local accumulation of polymers within the endoplasmic reticu-
lum (ER)6 of the cell of synthesis (2).

Aggregation of misfolded protein within the ER is countered
by a complex homeostatic pathway, the unfolded protein
response (UPR) that aims to adapt the cell to its increased load
of ER client protein (6, 7). This response involves a transient
attenuation of protein translation and a parallel transcriptional
up-regulation of components of the ER folding machinery. In
addition,misfolded proteins are targeted for degradation by the
ubiquitin-proteasome pathway, requiring their retrotransloca-
tion from the ER lumen back into the cytoplasm, so-called ER-
associated degradation (ERAD) (8). If, however, the combined
efforts of the UPR and ERAD fail to adapt the cell to its ER
synthetic load, an as yet poorly defined process leads to death of
the cell by apoptosis (9, 10).
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We have described a familial dementia, FENIB, caused by
polymerization of neuroserpin within the brains of affected
humans (11). This disease demonstrates a remarkable geno-
type-phenotype correlation, with a number of separate muta-
tions affecting the in vitro rate of polymerization with a con-
cordant increase in disease severity (12). Although rare,
affecting only a few families worldwide, FENIB provides a use-
ful model with which to understand the pathogenesis of other
more common serpinopathies. Recently, we observed that the
accumulation of polymerized mutant neuroserpin within the
ER fails to trigger the UPR (13). Instead, an UPR-independent
but calcium-dependent signaling pathway leads to the activa-
tion of NF�B. A similar response has been described to the
accumulation of other folded ER proteins and termed the ER
Overload Response (EOR) (14).
Recent reports have suggested that the accumulation of poly-

mers of mutant �1-antitrypsin within the ER of hepatocytes is
handled by autophagy (15, 16). Similar findings have been
described for cytosolic protein aggregates of Huntingtin, sug-
gesting that diseases caused by protein accumulation may be
treated by augmentation of autophagy (17). We were intrigued
by the potential to treat FENIB by promoting polymer degrada-
tion. We therefore generated mammalian cell lines and Dro-
sophila models (12) of neuroserpin accumulation in order to
elucidate the pathways by which polymers are cleared from
cells.Here,we demonstrate that autophagy does not show spec-
ificity for polymerogenic serpin mutants in neuronal-like PC12
cells, but instead is involved in the degradation of all forms of
neuroserpin. In contrast, ERAD selectively degrades mutant
neuroserpin and �1-antitrypsin. Of clinical significance, aug-
mentation of constitutive autophagy by treatment with rapa-
mycin can selectively overcome the accumulation of mutant
serpins when ERAD is impaired.

EXPERIMENTAL PROCEDURES

Fly Culture—All stocks had the w1118 genetic background
andwere cultured at 25 °C on standard fly foodwith dried yeast.
Stocks were maintained at 25 °C. Transgene expression was
driven with the elavc1555-GAL4 pan-neuronal driver (18) and
the GeneSwitch system was employed (19) for polymer wash-
out experiments. Briefly, RU486, Mifepristone (Sigma-Aldrich
Co.) was dissolved in 100% (v/v) ethanol at 20 mg/ml (19, 20).
This stock solution was diluted in water to 2% (v/v) and used to
make yeast paste with 1 ml of RU486 solution to 0.55 g of dried
yeast. Yeast paste was streaked onto standard fly food prepared
without dried yeast. Expression was induced by placing flies
carrying the elavGS driver and the relevant neuroserpin trans-
gene onto the food for 48 h. Induction was stopped by moving
flies to normal food with dried yeast.
ELISA—The ELISA protocol for cell and fly extracts was

essentially identical, except fly extracts were prepared as fol-
lows. Three aliquots of 5 whole flies were homogenized in 300
�l of 150 mM NaCl, 50 mM Tris pH 7.5, 1% v/v Nonidet p40, 5
mM EDTA with EDTA-free protease inhibitor mixture tablets
(Roche Applied Science). The samples were homogenized
using or tungsten balls and a mixer mill (Retsch, Haan, Ger-
many) in 96-well 1.2-ml storage plates (Abgene, Epsom, UK).
The samples were centrifuged, and 70 �l of supernatant was

retrieved. High binding surface COSTAR 96-well plates (Corn-
ing, NY) were coated overnight with affinity-purified rabbit
polyclonal antibodies against neuroserpin (Abcam, Cambridge,
UK) at 2 �g/ml in carbonate/bicarbonate buffer (Na2CO3/
NAHCO3, pH 9.5). After washing (0.9% (w/v) NaCl, 0.05% (v/v)
Tween 20), the plates were blocked for 1 h in blocking buffer
(PBS, 0.25% (w/v) bovine serum albumin, 0.05% (v/v) Tween
20). Samples and standards were diluted in blocking buffer and
incubated for 2 h. The detection antibodies were a pool of
mouse monoclonal antibodies (12) and were used at 333 ng/ml
each, to a total concentration of 1 �g/ml or the antipolymer
monoclonal antibody (7C6) used at 1 �g/ml, and incubated for
2 h. Rabbit anti-mouse IgG horseradish peroxidase-labeled
antibody (Sigma Aldrich) diluted 1:20,000 was used as a sec-
ondary antibody and incubated for 1 h. The reaction was devel-
oped with TMB liquid substrate (Sigma Aldrich) for 10 min in
the dark, and the reactionwas stoppedwith 1MH2SO4.Absorb-
ance was read at 450 nm on a Thermo-max microplate reader
(Molecular Devices, Sunnyvale, CA).
ExpressionVectors—Transient transfectionswere performed

with pcDNA3.1 encoding the sequences for neuroserpin (WT,
S52R, G392E) and �1-antitrypsin (M, Z). Tet-ON inducible
PC12 cells conditionally expressingWT and S52Rmutant neu-
roserpin were generated using pTRE2hyg plasmid (BD Bio-
science). In co-transfection experiments, luciferase was ex-
pressed from the pTRE2hyg vector (BD Bioscience).
Cell Culture and Transfection—COS7 cells were maintained

in DMEM supplemented with 10% v/v fetal bovine serum at
37 °C and 5% CO2 v/v in a humidified incubator. Transfections
were performed in 6-well plates that had been precoated with
0.1 mg/ml poly-L-lysine. Typically, 11 � 104 COS7 cells were
plated into eachwell of a 6-well dish and transfectedwith 2.5�g
of plasmid DNA were introduced into each well mixed with
6.25 �l of LipofectamineLTX (Invitrogen, 15338-100) and 2.5
�l of PLUS reagent (Invitrogen, 11514-015) in serum-freeOpti-
MEM-Glut culture medium (Invitrogen, 31985-062) following
the protocol recommended by Invitrogen. MEFs were cultured
similarly, except for transfectionswhen typically, 23� 104MEF
cells were plated into each well of a 6-well dish and transfected
with 4.0 �g of plasmid DNA into each well mixed with 6 �l of
Lipofectamin2000 (Invitrogen, 11668-019) and 200 �l DMEM
medium (Sigma, D6546). PC12 cells were differentiated into
neurons by plating onto glass coverslips pretreated with 0.1
mg/ml poly-L-lysine and 0.1 mg/ml rat tail collagen I, and cul-
turing in DMEM supplemented with 1% (v/v) heat-inactivated
horse serum, nonessential amino acids, HEPES buffer, 0.2
units/ml bovine insulin, 200 mg/ml Geneticin, 100 mg/ml
Hygromycin B, and 150 ng/ml nerve growth factor for 7 days.
SDS and Non-denaturing PAGE and Western Blot Analysis—

The cell pellet fromeachwell of 6-well plateswas lysed in 150�l
of Nonidet lysis buffer (150 mM NaCl, 50 mM Tris-Cl, pH 7.5,
1% v/v Nonidet P-40), and 2 ml of culture medium from each
well were concentrated 10 times in Vivaspin 2-ml concentra-
tors with a 3000-Da cut-off membrane (Viva-science AG, Han-
nover, Germany). Samples of 20 �l were mixed with 5 �l 5�
loading buffer containing 10% (v/v) �-mercaptoethanol and 4%
w/v SDS and analyzed by 10% or 12% w/v SDS-polyacrylamide
gel electrophoresis (PAGE). Nondenaturing PAGE was per-
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formed on 7.5% (w/v) acrylamide nondenaturing gels using 5�
loading buffer without SDS and �-mercaptoethanol. The pro-
teins were transferred from the gels onto Immobilon P mem-
brane (Millipore Corp., Bedford,MA) at 100V for 1 h forWest-
ern blot analysis. 20% v/v methanol was added to the transfer
buffer for gels that had been run in SDS. After transfer, the
membrane was washed in PBT (PBS plus 0.1% (v/v) Tween 20)
and blocked overnight in PBT plus 5% (w/v) dried skimmed
milk powder. The following day, the membrane was incubated
with appropriate antibody in 5% (w/v) bovine serum albumin
stock (in PBS with 0.01% (v/v) sodium azide) for 120 min,
washed six times for 5 min with PBT, and then incubated with
1:75,000 anti-rabbit IgG-horseradish peroxidase antibody in
PBT-milk for 75 min. The membrane was washed another six
times for 5 min with PBT and 10 min in PBS before developing
using the ECL SuperSignal West Femto maximum sensitivity
substrate (Pierce) and exposed to film.
Metabolic Labeling and Immunoprecipitation—Thirty-six

hours after transfection, cells were starved in 1 ml of methio-
nine and cysteine-free DMEM for 1 h, pulsed for 30 min with
1.3 MBq/well Easy TagTM Expre35S Protein Labeling Mix
(PerkinElmer) containing 35S-labeledmethionine and cysteine,
and then harvested or washed with cold PBS and cultured in 1
ml of chase medium (DMEM containing 200 mM methionine
and 200 mM cysteine). For the pulse-chase of 3 h, the chase
medium was supplemented with 10% (v/v) fetal bovine serum.
After the chase period, the culture medium was collected and
centrifuged at 2000 rpm and 4 °C for 11 min, and the cells were
harvested by adding 0.5 ml/well Nonidet lysis buffer (150 mM

NaCl, 50 mM Tris-Cl, pH 7.5, 1% v/v Nonidet P-40) containing
a protease inhibitor mixture (Complete; EDTA-free protease
inhibitor mixture tablets (Roche Applied Science)), scraping
and vortexing for 3 � 3 s, and then centrifuging at 16,000
rpm and 4 °C for 16min. The supernatants from culturemedium
and cell lysate samples were precleared with rabbit IgG bound
to 50�l of 50% (v/v) protein A-Sepharose for at least 1 h at 4 °C,
and then neuroserpin proteins were immunoprecipitated in
parallel either with a purified antibody for total neuroserpin or
with a polymer-specific antibody overnight at 4 °C. The specific
antibodieswere prebound to proteinA-Sepharose (50�l of 50%
(v/v) protein A-Sepharose plus 1.5 �g of purified antibody at
4 °C for 2 h). The following day, immunocomplexes were
washed four times with cold washing buffer (150 mM NaCl, 50
mM Tris-Cl, pH 7.5, 1% v/v Nonidet P-40) and once with cold
PBS. Radiolabeled proteins were recovered 2� SDS-PAGE
loading buffer by heating for 5 min at 99 °C, separated on 10%
(w/v) acrylamide gels, and detected by autoradiography with a
Cyclone phosphorimager (Packard Instrument Co.).

RESULTS

Neuroserpin Forms Intracellular Polymers in aTime-depend-
ent Manner Following Completion of the Polypeptide Chain
Biosynthesis—When wild type (WT) neuroserpin is expressed
heterologously in COS7 cells, it can readily be detected by
immunofluorescence confocal microscopy as reticular staining
throughout the cell (Fig. 1A, left panel). We have previously
shown that WT neuroserpin co-localizes with both ER and
Golgi markers (12). In contrast, polymerogenic mutants, such

as S52R andG392E neuroserpin, are retained in punctate struc-
tures (Fig. 1A, center and right panels) that we have previously
shown to co-localize with ERmarkers (12). This is related to the
formation of polymers that can be visualized by non-denatur-
ing PAGE (Fig. 1B). The polymers isolated frommedium some-
times resolve at different sizes compared with the polymers
from cells. This is likely to reflect differences in the glycosyla-
tion of the extracellular proteins resulting from their transit
through the Golgi (21).
To test if neuroserpin polymers form co-translationally or

post-translationally, COS7 cells were transfected with expres-
sion vectors for WT, S52R, or G392E neuroserpin. These cells
were then pulse-labeled with [35S]methionine/cysteine for 30
min followed by a 3 h chase in the absence of label and in the
presence of excess unlabeled methionine and cysteine. Lysates
were prepared and subjected to immunoprecipitation using
either a total neuroserpin polyclonal antiserum or a polymer
selective monoclonal antibody (7C6 (12)). At the end of the

FIGURE 1. Expression of polymerogenic mutants of neuroserpin. A, COS7
cells were transiently transfected with WT, S52R, and G392E neuroserpin
expression vectors. Neuroserpin was detected using a specific polyclonal
antibody and rhodamine-conjugated secondary antibody. Nuclei were
stained with DAPI. Bar, 10 �m. B, COS7 cells were transiently transfected with
WT, S52R, and G392E neuroserpin expression vectors. Conditioned medium
M and cell lysate C were separated by 7.5% w/v non-denaturing PAGE and
immunostained with a polyclonal neuroserpin antibody. Note the formation
of polymer ladders in the S52R and G392E mutants within both the cells and
the medium. C, COS7 cells expressing WT, S52R, and G392E neuroserpin were
pulsed for 30 min with [35S]methionine and chased in excess unlabeled
methionine. Samples of cell lysate C and media M were taken at the end of the
pulse and following 3 h of chase. Parallel samples were immunoprecipitated
with a pan-neuroserpin rabbit polyclonal antibody (total NS; upper panels)
and with an anti-neuroserpin polymer mouse monoclonal antibody (7C6,
lower panels) and then assessed by 10% w/v SDS-PAGE.
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pulse,WTneuroserpinwas detected solelywithin the cell lysate
using the total neuroserpin antiserum, while after 3 h of chase it
could also be detected within the medium (Fig. 1C). No WT
neuroserpin could be immunoprecipitated using the polymer
selective monoclonal antibody. In contrast, when cells express-
ing G392E mutant neuroserpin were analyzed, we found that
even at the end of the chase period relatively little labeled neu-
roserpin could be detected within the medium. The S52R
mutant, which polymerizes less rapidly and produces a milder
clinical phenotype, was secreted into the medium at a level
intermediate between WT and G392E neuroserpin. The poly-
mer-specific antibody immunoprecipitated mutant neuroser-
pin from cell lysates of both S52R- and G392E-expressing cells
and this “polymeric” fraction increased dramatically during the
chase period. Because all the specimens were lysed simulta-
neously and treated identically, it is unlikely that these observed
differenceswere caused by post-lysis polymerization and there-
fore indicate that following its initial synthesis, mutant neuro-
serpin polymerizes within the ER, and this is associated with
impaired secretion. Crucially, this demonstrates for the first
time in vivo that polymerization of amutant serpin occurs post-
translationally following a delay of at least 30 min, probably
after individual molecules are completely folded.
Neuroserpin Accumulation Requires Continued Protein

Synthesis—To determine whether intracellular polymers can
be cleared from the cell, we inducedWT and S52R neuroserpin
in PC12 cells by incubating the cell lines with doxycycline for 2
days followed by withdrawal of the drug. We then monitored
the persistence of transgenic neuroserpin by both immunoflu-
orescence and immunoblot analysis (Fig. 2,A andB). Neuroser-
pin immunoreactivity was lost from cells at a similar rate in
both WT and S52R genotypes, with decay curves that were
statistically indistinguishable (p � 0.5, two way analysis of vari-
ance; Fig. 2C).
To test whether this effect was relevant to neuroserpin poly-

mers in vivo, we generated lines of Drosophila using the Gene-
Switch (19) system in which the expression of neuroserpin
could be regulated by addition of the drugRU486 to the feed. As
we have previously shown for constitutive expression of neuro-
serpin (12), the most polymerogenic mutant of neuroserpin
(G392E) accumulated in fly brains (Fig. 2D). This was shown to
be in the form of polymers by using a specific anti-polymer
ELISA (Fig. 2D) (12). Furthermore, withdrawal of the drug was
followed by a washout of these polymers from the brain. This is
the first demonstration that serpin polymers can be cleared
from cells in an animal model of a serpinopathy.
Chemical Inhibition of Autophagy Does Not Distinguish

betweenWild Type andMutant Serpins in COS7 Cells—Serpin
polymers are relatively stable structures in vitro, yet their levels
decayed when synthesis was discontinued. This indicated that
polymers must be degraded within the cell. Previous reports
have implicated autophagy in the clearance of mutant �1-anti-
trypsin (15, 16), and so we assessed the effects of agents that
modify this process on the clearance of neuroserpin in a COS7
cell model of disease (21). 3MA, a phosphatidylinositol (PI)
3-kinase inhibitor frequently used to block autophagy (22), was
added to the growth medium, and then total neuroserpin was
analyzed in cell lysates. Whereas 3MA did impair clearance of

FIGURE 2. Neuroserpin levels decay equally for wild type and polymero-
genic neuroserpin following cessation of expression. A, Tet-ON WT and
S52R PC12 were induced to express neuroserpin with doxycycline for 2 days,
fixed, and stained for neuroserpin. Cells were similarly induced followed by
doxycycline withdrawal for 5 days. Bar, 10 �m, B, Tet-ON WT and S52R PC12
were induced to express neuroserpin with doxycycline for 2 days followed by
a washout for 0.5 to 6 days. Samples were separated by 10% w/v SDS-PAGE
and immunoblotted for neuroserpin. GAPDH served as a loading control.
C, combined data from three independent repeats of B; untreated samples (UT)
show non-induced expression levels; mean � S.E. D, transgenic GeneSwitch
Drosophila melanogaster were induced to express G392E neuroserpin by the
addition of RU486 to the feed. After 2 days, flies were transferred onto food
lacking RU486. Neuroserpin polymers were measured in fly heads by ELISA;
n � 3, mean � S.E.
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the neuroserpin signal, it failed to distinguish betweenWTneu-
roserpin and either of the polymerogenicmutants (Fig. 3,A and
B). We were concerned that these results might have been
caused by an effect of 3MA on pathways other than autophagy.
For this reason, we also treated cells with bafilomycin A1, an
inhibitor of the V-ATPase essential for autophagosome matu-
ration (23). LC3 is a protein involved in autophagasome forma-
tion that is lipidated during this process. This lipidation causes
an apparent mobility shift of LC3 to a smaller LC3 II form,
which is found on incompletely formed autophagasomes.
Bafilomycin A1 treatment caused an increase of both LC3 and
its processed form LC3 II, confirming the accumulation of
immature autophagosomes (Fig. 3A). This treatment increased
the levels of bothWTand polymerogenic neuroserpin, suggest-
ing that in COS7 cells autophagy was not directed toward the
polymerogenic proteins, but instead was involved in constitu-
tive protein turnover (Fig. 3, A and B).
Our findings appeared at odds with previous reports that

autophagy is critical to the clearance of polymers for another
serpin,�1-antitrypsin (15, 16).We therefore assessed the effects
of these pharmacological agents on the clearance of �1-anti-
trypsin during transient expression. Once again, inhibition of
autophagy failed to distinguish between WT (M) antitrypsin
and the polymerogenic Z mutant of �1-antitrypsin, but instead
increased the level of both proteins to a similar extent (Fig. 3, A
and C). Next, we attempted to augment autophagy through
inhibition of the mTOR signaling pathway with the selective
compound rapamycin (24). Once again, there was no evidence
of mutant-selective autophagic degradation, as rapamycin
failed to affect the levels of any of the serpins despite efficient
mTOR inhibition as reported by loss of S6 phosphorylation
(Fig. 3D).
Chemical Inhibition of Autophagy Does Not Distinguish

between Wild Type and Mutant Serpins in PC12 Cells—This
phenomenon was not limited to COS7 cells, as similar effects
on neuroserpin levels were observedwith both 3MAand bafilo-
mycin A1 for the PC12 cells lines expressing neuroserpin from
an inducible promoter (Fig. 4). Expression of transgenic protein
was induced and then allowed to clear by withdrawal of the
induction agent. Once again, elevated LC3 and LC3 II levels in
the bafilomycin samples confirmed the accumulation of imma-
ture autophagosomes (Fig. 4C). Treatment with either agent
increased the level ofWTandmutant neuroserpin in these cells
during the induction phase and delayed the loss of neuroserpin
during the washout phase. Indeed, treatment of non-induced
WT or mutant-expressing cells with either agent led to neu-
roserpin accumulation within the cells. This most likely
reflected the accumulation of neuroserpin expressed at low
levels because of leakiness of the inducible promoter.
The Proteasome Is Important in the Selectivity of Mutant Ser-

pin Degradation—Because we were unable to observe a
mutant-specific effect of inhibiting autophagy in either COS7
or PC12 cells, we next assessed the role of ERAD in the degra-
dation of serpin polymers. Tet-On PC12 cell lines were induced
to express neuroserpin prior to treatment with the proteasome
inhibitor MG132. This led to an increase in the level of each
transgenic protein aswe have described previously for transient
neuroserpin expression in COS7 cells (21). However, the effect

FIGURE 3. Autophagy degrades both wild type and polymerogenic ser-
pins in COS7 cells. A, COS7 cells were transfected with expression vectors for
wild type neuroserpin (WT) or either of two polymerogenic mutants (S52R
and G392E) or wild type (M) or polymerogenic mutant (Z) �1-antitrypsin. A
luciferase expression vector was used as transfection control. Cells were
treated for 1 day with solvent control, 10 mM 3MA, or 400 nM Bafilomycin A1.
Samples were subjected to 10% w/v SDS-PAGE and immunoblotted for neu-
roserpin or �1-antitrypsin (arrowhead). GAPDH served as a loading control
and LC3 immunoblot demonstrated LC3 II accumulation during bafilomycin
A1 treatment. B, neuroserpin band intensity was quantified and expressed
graphically; n � 3, mean � S.E. C, �1-antitrypsin band intensity was quantified
and expressed graphically; n � 3, mean � S.E. D, cells were transfected as in A
and treated either with 200 nM rapamycin or solvent control. The immunoblot
demonstrated no changes in the level of neuroserpin or �1-antitrypsin
(arrowhead). The lower molecular weight bands detected by the �1-antitryp-
sin antibody most likely represent degradation products. S6 phosphorylation
was abrogated by rapamycin without significant effect on total S6 levels.
GAPDH served as loading control and luciferase served as transfection
control.
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of proteasome inhibition was more marked for the cells
expressing mutant neuroserpin (Fig. 5, A and B). To confirm
these results we then tested the effect of an alternative protea-
somal inhibitor, lactacystin, on the G392E polymerogenic
mutant of neuroserpin. Once again, inhibition of the protea-
some specifically increased mutant protein levels (Fig. 5C).
An up-regulation of autophagy has been described in some

settings of ERdysfunction, although the signaling pathway link-
ing these two processes has yet to be fully defined (25–27).
Despite our finding that ERAD is primarily responsible for the
selective clearance of mutant serpins, there remained the
potential that autophagy might play a role. We therefore
manipulated the autophagic pathway using chemical and
genetic means in cells in which ERAD was compromised.
First, cells were induced to express neuroserpin in the pres-

ence of MG132. These cells were then treated with rapamycin
to augment autophagy. Rapamycin partially rescued the
MG132-induced accumulation of neuroserpin, an effect that
was more dramatic for the polymerogenic (S52R) mutant (Fig.
5, A and B). The effect became even more apparent during the
washout phase. MG132 significantly inhibited the loss of
mutant but not WT neuroserpin. Remarkably, this effect was
abrogated by the co-administration of rapamycin, while rapa-
mycin had little effect alone (Fig. 5, A and B). Similar effects
were seen with lactacystin and the G392E mutant (Fig. 5C).

An important weakness of the pharmacological approach
was the potential for off-pathway effects of the chemicals used.
To address this concern, we also utilized mouse embryonic
fibroblasts (MEFs) that were incapable of autophagy because of
targeted deletion of the ATG5 gene (28). ATG5�/� and
ATG5�/� cells were transiently transfected with expression
vectors encoding eitherWT or polymerogenic mutants of neu-
roserpin and then treated with MG132. Inhibition of the pro-
teasome in ATG5�/� MEFs caused a modest increase of neu-
roserpin immunoreactivity, that was most marked for the
G392Emutant. However, in the autophagy-deficientATG5�/�

MEFs, both polymerogenic mutants were markedly increased
following treatment with MG132 (S52R p � 0.05, G392E p �
0.01; Fig. 5, D and E). While it would not be valid to compare
total levels of transiently expressed neuroserpin between the
two cell lines, it was apparent the proteasome inhibition had a
more dramatic effect in the autophagy-deficient cells. This sug-
gested that, at least in fibroblasts, autophagy cooperates with
ERAD to oppose accumulation of the polymerogenic mutants
of neuroserpin.
MG132 Increases Intracellular Levels of BothMonomeric and

Polymeric Mutant Neuroserpin—MG132 is well known to
induce both the unfolded protein and heat shock responses.We
were therefore concerned that these homeostatic responses
might affect intracellular levels of transgenic protein through

FIGURE 4. 3MA and bafilomycin A1 inhibit loss of wild type and polymerogenic neuroserpin in TetON PC12 cell lines. A, Tet-ON WT and S52R PC12 were
induced to express neuroserpin with doxycycline for 2 or 3 days followed by 1 day of doxycycline withdrawal. The 2-day induction was included to demonstrate
neuroserpin expression levels at the time of 3MA addition. Samples were subjected to 10% w/v SDS-PAGE and immunoblotted for neuroserpin. GAPDH served
as a loading control. B, intensity of the neuroserpin band was quantified and expressed graphically; n � 3, mean � S.E.; *, p � 0.05. C, Tet-ON WT and S52R PC12
were induced to express neuroserpin with doxycycline for 2 days followed by 1 day of doxycycline withdrawal. The cells were treated with bafalomycin A1 as
shown. Samples were subjected to 10% w/v SDS-PAGE and immunoblotted for neuroserpin and LC3. GAPDH served as a loading control. D, intensity of the
neuroserpin band was quantified and expressed graphically; n � 3, mean � S.E.; *, p � 0.05; **, p � 0.01. IND, induction; WO, washout; Baf, bafalomycin.
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mechanisms other than degradation, e.g. transcription or trans-
lation. We therefore pulse-labeled COS7 cells expressing WT
or mutant neuroserpin with [35S]methionine and cysteine and
then tested the effect of MG132 during the chase period. Inhi-
bition of the proteasome led to persistence of intracellular S52R
and G392E neuroserpin and increased secretion of S52R neu-
roserpin (Fig. 6A). This indicated that MG132 was affecting a
post-translational process, most likely ERAD of the transgenic
proteins.
Next, we tested the ability of rapamycin to reduce the levels

of mutant neuroserpin in metabolically labeled COS7 cells
treated with the proteasome inhibitor lactacystin. The effects
were similar to those seen byWestern blot in Fig. 5, with rapa-
mycin selectively lowering mutant G392E neuroserpin only in
cells treated with the proteasome inhibitor (Fig. 6B).
Finally, we wished to determine if the effect of proteasome

inhibition was on the levels of mutant monomers, polymers, or
both. Once again, we metabolically labeled newly synthesized
WT neuroserpin or the highly polymerogenic G392E mutant
for 30 min and then chased with unlabeled medium for 3 h to
allow formation of polymers. During the chase period, cells
were treated with or without MG132. Cell lysates and condi-
tioned media were then subjected to immunoprecipitation
either with the polyclonal antibody to detect total neuroserpin
or with the polymer-specific 7C6 monoclonal antibody (Fig.
6C). MG132 led to a modest increase in total WT protein both
in cell lysates and in themedium. As before, noWTproteinwas
detectable with the polymer-specific antibody. In contrast, in
theG392E-expressing cellsMG132 caused amarked increase of
intracellular neuroserpin, both total and polymeric. To ensure
that polymeric neuroserpin had been successfully immunode-
pleted, a further immunoprecipitation was then performed on
the flow-through, which yielded no further neuroserpin. How-
ever, when the flow-through was immunoprecipitated with the
polyclonal antibody able to recognize all neuroserpin conform-
ers, neuroserpin could be isolated indicating that a substantial
proportion of the labeled protein remained in the monomeric
form. These data demonstrated that within the cell the levels of
polymers and monomers of the polymerogenic mutant neuro-
serpin were comparable. Treatment with MG132 increased
bothmonomeric and polymeric neuroserpin to a similar extent.

DISCUSSION

In this study, we set out to determine how polymerogenic
mutant serpins are cleared from the cell.We observed that neu-

FIGURE 5. ER-associated degradation selectively degrades mutant neu-
roserpin. A, Tet-ON WT and S52R PC12 were induced to express neuroserpin
with doxycycline for 2 days followed by withdrawal for 1 day of washout.

During either induction or washout periods, cells were treated with 100 nM

MG132 (MG) and/or rapamycin 200 nM (Rap). Control cells were left untreated
(UT). Cell lysates were subjected to SDS-PAGE and immunoblotted for total
neuroserpin using the polyclonal anti-neuroserpin antibody (21). B, com-
bined data from three independent repeats are expressed graphically;
mean � S.E. *, p � 0.05. C, Tet-ON WT and G392E PC12 were induced to
express neuroserpin with doxycycline for 2 days. During the final 23 h of
induction, cells were treated with 5 �M lactacystin and/or rapamycin 200 nM.
Cell lysates were subjected to SDS-PAGE and immunoblotted for total neuro-
serpin using the polyclonal anti-neuroserpin antibody (21). D, ATG5�/� or
ATG5�/� MEFs were transiently transfected with expression vectors for wild
type (WT) or polymerogenic mutants (S52R and G392E) of neuroserpin. Cells
were treated with 100 nM MG132 and/or 200 nM rapamycin, and cell lysates
were subjected to SDS-PAGE and immunoblotted for total neuroserpin.
E, combined data from three independent repeats are expressed graphically;
mean � S.E.*, p � 0.05; **, p � 0.01.

Mutant Serpin Degradation

AUGUST 21, 2009 • VOLUME 284 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 22799



roserpin polymers form slowly, with a lag period of at least 30
min. We also observed in both inducible Tet-ON PC12 cells
and transiently transfected COS7 cells that ERAD is responsi-
ble for much of the degradation of polymerogenic mutant ser-
pins, while autophagy appears to degrade bothmutant andWT
transgenic protein without evidence of selectivity. In contrast,
in fibroblasts, inhibition of the proteasomehad a proportionally
greater effect in autophagy-deficientATG5�/� cells, indicating
that at least in this cell type some of themutant protein could be
cleared selectively by autophagy.
Aberrant protein folding is the cause of many human dis-

eases (7). The serpinopathies comprise an unusual subset of
these diseases, because their causative mutations promote the

formation of large ordered poly-
mers (1). These polymers are not
trafficked, but instead accumulate
as punctate structures that co-local-
ize with ERmarkers (12, 21, 29). It is
striking that unlike many abnor-
mally folded ER proteins, retained
serpin polymers fail to activate the
unfolded protein response (30–32).
Large inclusions of neuroserpin
polymers form in the brain of
patients with FENIB, however, their
appearance takesmany years, rather
than the days required in cultured
cells (11, 12, 34). It is likely that the
faster rate of polymer accumulation
seen in the cultured cells reflects
higher expression levels in this
model or defects in the degradation
of mutant neuroserpin.
The established model of serpin

polymerization, whereby the reac-
tive center loop of one molecule
inserts into the �-sheet A of
another (2), has recently been chal-
lenged by amodel based on the crys-
tal structure of a dimer of anti-
thrombin formed at low pH (4).
This structure showed a larger
domain swap that involved a�-hair-
pin containing the reactive center
loop and strand 5A. This mecha-
nism was extrapolated by molecular
modeling into longer chains of po-
lymers. The authors argue that this
mechanism is likely as serpin poly-
mers formed while the protein was
folding rather than from folded pro-
tein. We therefore determined if
aberrant folding of newly synthe-
sized neuroserpin might allow co-
translational polymerization. Our
inability to detect polymers by spe-
cific immunoprecipitation follow-
ing metabolic labeling for 30 min,

followed by the appearance of polymers after 3 h of chase, dem-
onstrated that full-length polypeptide chains are first synthe-
sized and only then are polymers assembled from pre-existing
neuroserpin molecules. This still does not preclude the forma-
tion of polymers from incompletely folded subunits, but it does
indicate that monomers require at least 30 min of ER residence
before being incorporated into polymers.
Previous studies in both yeast (35, 36) and mammalian cells

(16, 37, 38) have suggested that ERAD is involved in the degra-
dation of Z�1-antitrypsin. However, the remarkable stability of
serpin polymers in vitro has led some to question whether
ERAD could adequately handle serpin polymers in vivo. This
would require the delivery of serpin monomers back into the

FIGURE 6. MG132 increases intracellular levels of both monomeric and polymeric mutant neuroserpin.
A, COS7 cells expressing WT, S52R or G392E neuroserpin, or the parental vector pcDNA3.1 (Con) were meta-
bolically labeled for 30 min with [35S]methionine and cysteine. Cells were treated throughout with 7 �M MG132
and/or 0.5 �M rapamycin or with the drug solvent control. Neuroserpin was immunoprecipitated from cell
lysates (C) and conditioned media (M) with the polyclonal (total) neuroserpin antibody then samples were
resolved on 10% w/v SDS-PAGE and subjected to autoradiography. B, COS7 cells expressing WT or G392E
neuroserpin were metabolically labeled for 30 min with [35S]methionine and cysteine. During the pulse, cells
were treated with lactacystin 25 �M and/or rapamycin 0.5 �M. Neuroserpin was immunoprecipitated from cell
lysates (C) and conditioned media (M) with the polyclonal (total) neuroserpin antibody then samples were
resolved on 10% w/v SDS-PAGE and subjected to autoradiography. C, COS7 cells expressing WT or G392E
neuroserpin were metabolically labeled for 30 min with [35S]methionine and cysteine. After 3 h of chase in the
presence or absence of MG132, neuroserpin was immunoprecipitated from cell lysates and medium with
either the total neuroserpin polyclonal antibody or the polymer-specific monoclonal antibody (7C6). The
G392E neuroserpin flow-through was then subjected to a further round of immunoprecipitation with the 7C6
antibody before the remaining neuroserpin was immunoprecipitated with the polyclonal (total) antibody.
Samples were resolved on 10% w/v SDS-PAGE and subjected to autoradiography.
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cytosol and such disassembly of serpin polymers has not yet
been observed in cell or animal models of disease. Autophagy
offered an attractive alternative mechanism, since this process
is able to degrade large organelles in addition to long-lived pro-
teins (24). Morphologic studies of Z �1-antitrypsin-expressing
fibroblast cell lines supported such a role for autophagy, with
electron microscopy revealing dilated ER cisternae filled with
granular material that co-localized with autophagosomemark-
ers (16). Subsequently, the degradation of Z �1-antitrypsin was
shown to be delayed in autophagy-deficient ATG5�/� embry-
onic stem cells and that Z�1-antitrypsin co-localizedwith LC3-
GFP, amarker of autophagosomes (15). It is worth highlighting,
however, that in the latter study, degradation of WT �1-antit-
rypsin was not measured. It is therefore unclear if autophagy
degrades heterologously expressed mutant �1-antitrypsin in
fibroblasts to a greater or lesser extent compared with WT
�1-antitrypsin. Further studies in yeast identified Z �1-antiryp-
sin degradation-deficient (add) mutants, of which one (add3)
could be complemented by VPS30/Atg6, a component of a PI
3-kinase complex involved in autophagy (39). Thus it was sug-
gested that separate pathways might be responsible for degrad-
ing soluble Z �1-antitrypsin and large aggregates. While heter-
ologous expression in yeast has provided some insights into
serpin degradation, we felt it necessary to study neuroserpin
degradation in cells with similar physiology to those likely to
express the protein in vivo. We observed that, surprisingly,WT
and mutant neuroserpins are cleared from cells and fly models
of diseasewith equal efficiency. PC12 cells andneurons package
WT neuroserpin into secretory vesicles that undergo regulated
exocytosis, while retaining mutant neuroserpins within their
ER. We reasoned, therefore, that much of the decay of mutant
neuroserpin immunoreactivity likely reflected the degradation
of retained proteins rather than secretion. We found that both
autophagy and ERAD participate in the degradation of neuro-
serpin in neuronal-like PC12 cells. However it was ERAD, and
not autophagy, that provided specificity for mutant neuroser-
pin. The finding that polymer formation occurred in vivo fol-
lowing a lag phase of at least 30 min suggested that mutant
monomers may be susceptible to classical ERAD for a consid-
erable period of time. It is interesting that we went on to
observe inMEFs that inhibition of the proteasome had a far less
dramatic effect, except in ATG5�/� MEFs in which the auto-
phagic pathway was disabled genetically. This most likely
reveals an important cell-type specific difference in serpin deg-
radation and emphasizes the importance of studying each ser-
pin in a cell type appropriate to its synthesis in vivo.
Autophagy has been shown to be up-regulated during ER

stress (25, 26) but there is little evidence for ER stress signaling
in the serpinopathies (30–32). Autophagy plays a major role in
organelle turnover and this may explain why its deficiency in
ATG5�/� cells is associated with the accumulation of serpin
polymers. One possible interpretation of our findings is that
proteasomal degradation selectively targetsmutantmonomers,
while autophagy is responsible for bulk turnover. This model
would help reconcile the competing evidence that both auto-
phagy and ERAD play important roles in serpin clearance. It
also fits well with the observation that alternate pathways
appear to be responsible for degrading soluble Z �1-antitrypsin

and large aggregates in a yeast model (39). This is notable, since
these mutants fail to activate an UPR and may indicate that
their targeting for ERAD involves a signal distinct from that re-
quired by the UPR or that their degradation is so efficient that
activation of the UPR is avoided. During these experiments, we
were mindful that althoughMG132 is frequently used as a pro-
teasome inhibitor, it also has some inhibitory activity against
lysosomal cathepsins. Our observation that MG132 treatment
led to a more dramatic increase of mutant neuroserpin in
ATG5�/� mutant cells was reassuring in this regard, because it
indicated that the MG132 effect was not mediated through
impaired autophagolysosome function.
We have shown that while inhibition of autophagy, either

throughpharmacological or geneticmeans, led to an increase in
wild type andmutant serpin levels, augmenting autophagy with
rapamycin failed to improve serpin clearance under basal con-
ditions. This may indicate that autophagic turnover of proteins
within the ER was functioning maximally in the system used
and that inhibition of mTOR signaling was unable to increase
the rate further. However, when proteasome impairment led to
the accumulation of serpin polymers, rapamycin treatment did
rescue the clearance of the accumulated polymerogenic mu-
tants. The reasonwhy autophagic clearance could be induced in
that setting is not clear. Perhaps additional signals are gener-
ated during such treatments that are able to activate autophagy
over-and-above mTOR inhibition, or else the accumulated
mutant protein might become more accessible to autophagic
clearance either by being relocated to a subdomain of the ER
(29) or perhaps some of the protein was returned to the cytosol
by retrotranslocation. A link between proteasome function,
longevity and aging has been suggested (40) and aging has been
show to perturb 26S proteasome assembly (33). It is therefore
tempting to speculate that if impaired proteasome function
with age contributes to the late accumulation of intracellular
polymers, then augmentation of autophagy with agents such as
rapamycin might provide clinical benefit.
Taken together, our findings demonstrate that the degrada-

tion of polymerogenic mutant serpins involves both specific
ERAD and nonspecific autophagy. Although autophagic pro-
tein turnover may play a minor part in mutant protein degra-
dation, its importance can be revealedwhen ERAD fails. At that
point the augmentation of autophagy can help rescue the clear-
ance of these toxic species.
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