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Elimination ofmisfolded proteins from the endoplasmic reticu-
lum (ER) by ER-associated degradation involves substrate retro-
translocation from the ER lumen into the cytosol for degradation
by the proteasome. For many substrates, retrotranslocation
requires the action of ubiquitinating enzymes,which polyubiquiti-
nate substrates emerging fromtheER lumen, andof thep97-Ufd1-
Npl4 ATPase complex, which hydrolyzes ATP to dislocate polyu-
biquitinated substrates into the cytosol. Polypeptides extracted by
p97 are eventually transferred to the proteasome for destruction.
Inmammalian cells, ERAD can be blocked by a chemical inhibitor
termedEeyarestatin I, but themechanismofEerI action is unclear.
Herewereport thatEerIcanassociatewithap97complexto inhibit
ERAD. The interaction of EerI with the p97 complex appears to
negatively influence adeubiquitinatingprocess that ismediatedby
p97-associated deubiquitinating enzymes. We further show that
ataxin-3, a p97-associated deubiquitinating enzyme previously
implicated in ER-associated degradation, is among those affected.
Interestingly, p97-associated deubiquitination is also involved in
degradation of a soluble substrate.Our analyses establish a role for
a novel deubiquitinating process in proteasome-dependent pro-
tein turnover.

In eukaryotic cells the ubiquitin proteasome system (UPS)2
plays pivotal roles in many protein quality control pathways
including the elimination of misfolded proteins from the endo-
plasmic reticulum (ER) (1–3). Terminally misfolded ER proteins
(both membrane and soluble substrates) are recognized by ER
chaperones and targeted to export sites at the ER membrane.
Polypeptides are subsequently transferred across the membrane
via an unknown conduit to enter the cytosol where they become
substrates of the UPS. This pathway, termed retrotranslocation,
ER-associatedproteindegradation (ERAD)ordislocation is essen-
tial to adapt cells to ER stress caused by proteinmisfolding (4–6).

Interestingly, the retrotranslocation pathway can be hijacked by
many viruses to down-regulate the expression of correctly folded
cellular proteins involved in the immune defense of cells, which
allows these viruses to propagate without being detected by the
cytotoxic T cells (7, 8). For example, either of the two proteins
(US11 and US2) encoded by human cytomegalovirus (HCMV) is
able to induce rapid dislocation and degradation of newly synthe-
sizedMHC class I heavy chains (9, 10).
Because polypeptides can adopt a variety of incorrectly folded

states, differentmisfoldedproteins are likely tobedistinguishedby
discrete mechanisms. Genetic studies in yeast have uncovered at
least two routes by which misfolded proteins can be selected to
undergo retrotranslocation (11–15). Recent biochemical analyses
have identifiedmolecular constituents that account for themech-
anistic differences of these pathways. It appears that substrates
containing lesions in their luminal domains (ERAD-L substrates)
are recognized by chaperones such as Kar2p, Yos9p, and Htm1p/
Mn11p, and are targeted to a membrane complex that comprises
proteins including Der1p, Usa1p, Hrd3p, and the ubiquitin ligase
Hrd1p (16–22). On the other hand, proteins carrying misfolding
signals in their cytosolic domains (ERAD-C substrates) are dis-
posed of by a different set of factors associated with another ubiq-
uitin ligaseDoa10p (20).Whensubstrates leave theER, thesepath-
ways merge at a highly conserved AAA ATPase (ATPase
associated with various cellular activities) termed Cdc48p in yeast
or p97/VCP inmammals (23–25). Inmammalian cells, p97 can be
recruited to theERmembranevia associationwith twomembrane
proteins, Derlin and VIMP, whichmediate the transport of a sub-
set of substrates to thecytosol (26–32). In yeast, the linkofCdc48p
to the ER membrane is provided by Ubx2p (33–35). With the
assistance of a dimeric cofactor, Ufd1-Npl4, Cdc48p/p97 acts on
both ERAD-L and ERAD-C substrates to extract them from the
membrane once these substrates are polyubiquitinated (36–42).
In the next step, substrates dislocated by p97 need to be deliv-

ered to the proteasome, which likely occurs in a tightly coupled
manner at the ERmembrane with the help of some shuttling fac-
tors. It was proposed that several ubiquitin-binding proteins
including a p97-bound ubiquitin ligase Ufd2 and the proteasome-
associated factor Rad23 may form a ubiquitin receiving chain to
hand over polyubiquitinated substrates to the proteasome (43).
We recently reported that the degradation of several ERAD sub-
strates is also regulated by a p97-associated deubiquitinating
enzyme (DUB) named ataxin-3 (atx3), which may be part of the
substrate delivery system (44). Using EerI as a tool, we now dem-
onstrate the involvement of a p97-associated deubiquitinating
process (PAD) in ERAD, which is mediated by p97-associated
DUBs such as atx3. We provide evidence that PAD acts on dislo-
cated substrates to facilitate their degradation.
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EXPERIMENTAL PROCEDURES

Constructs, Antibodies, and Chemicals—The pRK-FLAG-
atx3 wt and the C14A mutant plasmids, and the antibodies to
ubiquitin, p97 were described previously (44). The pLNCX2-
HA-GFP� plasmid was constructed by ligating the PCR-ampli-
fied HA-GFP� into the BglII and NotI sites of the pLNCX2
vector (Clontech). The pRK-FLAG-HAUSP construct was gen-
erated by cloning the PCR-amplified HAUSP cDNA into the
SalI and NotI site of the pRK vector. The following primers
were used: 5�-ACGCGTCGACCATGAACCACCAGCAGCA-
GCAGCAGC, 5�-ATAGTTTAGCGGCCGCTCAGTTATG-
GATTTTAATGGCCTTTTC. FLAG, HA, and GFP antibodies
were purchased from Sigma, Roche Applied Science, and

Invitrogen, respectively. EerI and
MG132 were purchased from
Chembridge Inc. and Calbiochem,
respectively.
Cell Lines—A9 cells (stably

expressing US11 and HA-tagged
heavy chain) were described previ-
ously (45). TG12 cells (stably
expressing TCR�-GFP) were a gen-
erous gift of Dr. R. Kopito (Stanford
University). To make an astrocy-
toma cell line expressingHA-tagged
GFP�, a retroviral packaging cell
line (GP2-293 cells) was co-trans-
fected with pLNCX2-HA-GFP�
and a plasmid expressing the
VSV-G protein. The retrovirus-
containing medium was collected
72 h after transfection, and used to
infect 373MG cells. HA-GFP�-ex-
pressing cells were selected by neo-
mycin (500 �g/ml). Individual
clones were expanded, and a clone
that accumulates HA-GFP� upon
MG132 treatment was used in this
study.
Mammalian Cell Culture, Tran-

sient Gene Expression, Fraction-
ation, and Coimmunoprecipita-
tion—Astrocytoma cells and 293T
cells were maintained according to
standard procedures. Transfections
in 293T cells were done with Trans
IT 293 (Mirus). Radiolabeling and
fractionation experiments in astro-
cytoma cells were performed as
described previously (36). Briefly,
astrocytoma cells expressing US11
were treated with chemicals as indi-
cated in the figure legends. Cells
were labeled with 27.5 �Ci of
[35S]methionine per 1.0 � 106 cells.
After washing, the cells were per-
meabilized by addition of 0.028%
digitonin on ice in the presence of

anATP-regenerating system. The sampleswere then incubated
at 37 °C for different time periods and separated into mem-
brane and supernatant fractions. Immunoprecipitation with
heavy chain antibodies were done as described (36). To detect
ubiquitinated HC, cells were solubilized in a buffer containing
50 mM Tris/HCl pH 7.4, 150 mM sodium chloride, 2 mM mag-
nesium chloride, 0.5% Nonidet P-40, and a protease inhibitor
mixture. Cell extracts were adjusted to contain 0.2% SDS, 0.5
mM dithiothreitol, and 5 mM N-ethylmaleimide (NEM). Sam-
ples were heated at 95 °C for 5 min before subjected to immu-
noprecipitation. For coimmunoprecipitation experiments,
cells were extracted with buffer N (30mMTris/HCl pH 7.4, 150
mMpotassium acetate, 4mMmagnesium acetate, 1%DeoxyBig-

FIGURE 1. Accumulation of polyubiquitinated proteins in EerI-treated cells. A, structure of EerI. B, EerI
treatment leads to an accumulation of polyubiquitinated HC in cytosol. A9 cells were treated with either Me2SO
(DMSO) or EerI (10 �M, 14 h), and permeabilized with the detergent digitonin. A portion of the cells was
solubilized directly (T), whereas the rest of each sample was fractionated into a pellet (P) and a supernatant
fraction (S). HC was immunoprecipitated (IP) with an anti-HA antibody under denaturing condition and ana-
lyzed by immunoblotting (IB). (HC�CHO, glycosylated HC; HC-CHO, deglycosylated HC; asterisk, a nonspecific
protein cross-reacting with the ubiquitin antibody). C, as in B, except that A9 cells treated with either EerI or
MG132 (10 �M) were analyzed. D, accumulation of polyubiquitinated TCR� in EerI-treated cells. Where as
indicated, TCR�-GFP-expressing cells were treated with both EerI and MG132 (TCR��CHO, glycosylated TCR�;
TCR�-CHO, deglycosylated TCR�). A fraction of the extracts (WCE) was analyzed directly by immunoblotting.
E, accumulation of polyubiquitinated proteins in EerI-treated cells. WCE of 293T cells treated with the indicated
compounds were analyzed by immunoblotting.
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CHAP, and a protease inhibitor mixture). All cell extracts were
cleared by centrifugation (20,000 � g) and subjected to immu-
noprecipitation with antibodies indicated in the figure legends.
Immunoblots were visualized with a LAS3000 cooled CCD
camera system. Results were quantified using MultiGauge v3.0
Software.
In Vitro Deubiquitination Experiments—To detect p97-,

atx3-, or HAUSP-associated deubiquitination, cells were
extractedwith bufferN (30mMTris/HCl pH7.4, 150mMpotas-
sium acetate, 4 mM magnesium acetate, 1% DeoxyBigCHAP,

and a protease inhibitor mixture).
Cell extracts were subjected to
immunoprecipitation with either
p97 antibodies or anti-FLAG anti-
body to isolate p97 or FLAG-tagged
atx3/HAUSP. Proteins bound to the
beads were incubated in a deubiq-
uitinating buffer (50 mM Tris/HCl,
pH 7.4, 20mMpotassium chloride, 5
mM magnesium chloride, 1 mM di-
thiothreitol, 2.5% bovine serum
albumin) at 37 °C. Deubiquitination
reaction was stopped by addition of
SDS sample buffer. Samples were
subjected to SDS-PAGE and immu-
noblotting analyses.
Binding of EerI to a p97 Complex—

To detect the association of EerI
with p97 complexes, EerI-treated or
-untreated cells were lysed in a
buffer containing 30 mM Tris/HCl
pH 7.4, 150mMpotassium acetate, 4
mM magnesium acetate, 1% Deoxy-
BigCHAP, 5 mM N-ethylmaleimide,
and a protease inhibitor mixture.
p97 and its associated factors were
immunoprecipitated with an anti-
p97 antibody. The beads were
washed with a phosphate saline
buffer, and the fluorescence inten-
sity was measured using a 488/530
nm filter on a Perkin Elmer 1420
Victor plate reader. The amount of
EerI associated with p97 complexes
was calculated as Itreated � Iuntreated,
wherein Itreated is the fluorescence
intensity associated with p97 pre-
cipitates in EerI-treated cells and
Iuntreated represents the background
fluorescence associated with p97
precipitates in untreated cells. As a
control, Hsp90 was immunopre-
cipitated from these extracts, and
the associated fluorescence was
measured in parallel with p97.
Where indicated, p97 was precipi-
tated by a FLAG antibody from
extract of either untreated or EerI-

treated cells that had also been transfected with FLAG-tagged
atx3 or a control empty vector.

RESULTS

Accumulation of Polyubiquitinated Intermediates in EerI-
treatedCells—EerI was identified as a potent inhibitor of ERAD
(Fig. 1A), but the precise target of its action is unclear. To
understand how EerI influences retrotranslocation, we exam-
ined its effect on the degradation of HA-tagged MHC class I
heavy chain (HLA-A2) (HC) in astrocytoma cells expressing the

FIGURE 2. EerI inhibits PAD. A, scheme of the in vitro deubiquitination experiment. Ub-S, ubiquitinated sub-
strates. B, EerI increases the level of p97-bound polyubiquitinated substrates. 293T cells treated with either
Me2SO (DMSO) or EerI (10 �M, 12 h) were lysed in a deoxyBigCHAP lysis buffer. A fraction of the lysate was
analyzed directly by immunoblotting (IB) (WCE). The rest of the samples were subjected to immunoprecipita-
tion with the indicated antibodies. Bottom panels are Coomassie Blue-stained gels. C, p97 and its associated
proteins were immunoprecipitated from detergent extracts of DMSO-, MG132-, or EerI-treated cells, and incu-
bated in vitro for the indicated time points. The graph shows the quantification of the experiment. D, as in
C, except that ATP (5 mM) was included in the deubiquitinating reactions. Note that only 30% of the immuno-
precipitated material for EerI-treated samples was loaded on the gel. The graphs show the quantification of two
independent experiments (exp.).
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HCMV protein US11 (A9 cells). A9 cells treated with EerI or as
a control with Me2SO were permeabilized in a buffer contain-
ing a low concentration of the detergent digitonin. The perme-
abilized cells were then subjected to centrifugation to obtain a
supernatant fraction that contained cytosol and a pellet fraction
that contained the ER membrane (36, 41, 45). HC was immu-
noprecipitated from detergent extracts of these fractions under
denaturing condition, and analyzed by immunoblotting (44,
45). Compared with Me2SO-treated cells, polyubiquitinated
HCwas accumulated in the cytosol of EerI-treated cells (Fig. 1B,
lanes 4 and 6). As a positive control, we treated A9 cells with
MG132, a proteasome inhibitor. Consistent with previous

reports (9, 36, 45), inhibition of the
proteasome function uncoupled
dislocation and degradation, lead-
ing to an accumulation of polyubiq-
uitinated HC in cytosol (Fig. 1C,
lanes 4 and 6). However, a signifi-
cant fraction of HC accumulated in
MG132-treated cells was non-ubiq-
uitinated species with its N-linked
glycan removed by a cytosolic
N-glycanase (46, 47). The accumu-
lation of these unmodified sub-
strates upon inhibition of the pro-
teasome function has been observed
for many proteasome substrates,
and was generally attributed to deu-
biquitination by cytosolic DUBs.
Interestingly, compared with
MG132-treated cells, EerI-treated
cells contained very few such deu-
biquitinated, deglycosylated HC
molecules, although they accumu-
lated a similar amount of polyubiq-
uitinated HC. These results suggest
that EerI may inhibit a deubiquiti-
nating process required for the deg-
radation of dislocated HC.
We next compared the effect of

EerI and MG132 on degradation of
overexpressed TCR�-GFP, a glyco-
protein dislocated from the ER
membrane because of the lack of its
assembly partner (48–50). Similar
to HC, polyubiquitinated TCR�-
GFP was accumulated in MG132-
treated cells together with a deubiq-
uitinated, deglycosylated species
(Fig. 1D, lane 3). In contrast, cells
treated with EerI alone or with
both EerI and MG132 accumu-
lated polyubiquitinated TCR�-
GFP (lanes 2 and 4), but contained
few deubiquitinated, deglycosylated
TCR�-GFP molecules. These data
suggest that EerI may also inhibit
the degradation of TCR� by influ-

encing its deubiquitination, a process that occurs upstream of
the proteasome.
Consistent with the notion that EerI inhibits a deubiquitinat-

ing process, cells exposed to EerI started to accumulate polyu-
biquitinated proteins �1.5 h after treatment. In addition, for a
given time period, EerI-treated cells accumulated more polyu-
biquitinated proteins thanMG132-treated cells (Fig. 1E, lane 5
versus lane 6), even though EerI was shown to only affect the
degradation of a subset of the proteasomal substrates (51).
EerI Inhibits PAD—Upon reaching the proteasome, many

substrates are subjected to deubiquitination by DUBs associ-
ated with the proteasome before degradation takes place (52,

FIGURE 3. EerI inhibits atx3-dependent deubiquitination. A and B, atx3-dependent deubiquitination.
A, FLAG-tagged atx3 and its associated proteins were immunoprecipitated from detergent extracts of atx3-
expressing cells, and subjected to in vitro deubiquitination. Where indicated, the precipitated materials were
incubated in the presence of ubiquitin aldehyde (Ub-A). B, ubiquitinated substrates bound to either FLAG-
tagged wild-type atx3 (F-atx3) or to FLAG-tagged atx3 C14A (F-atx3 C14A) were analyzed by in vitro deubiq-
uitination. C, EerI inhibits atx3-dependent deubiquitination. atx3 and its associated proteins immunoprecipi-
tated from detergent extracts of Me2SO (DMSO)- or EerI-treated cells (10 �M, 5 h) were incubated and analyzed
as in A. The graph shows the quantification of the experiment. D, as in C, except that the atx3-substrate complex
isolated from cells treated with MG132 was also included, and that the treatment time was 10 h.
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53). For those proteins that are handed over to the proteasome
via p97 (such as the ERAD substrates), their deubiquitination
appears to begin while these substrates are still bound by p97.
Recent studies suggested that atx3, a p97-associated DUB, may
promote deubiquitination at p97 to facilitate ER-associated
degradation (44, 54). Thus, it is possible that EerI may target
PAD. This assumption would explain why several non-ERAD
substrates are not affected by EerI (51).
To study PAD, we used a previously established in vitro deu-

biquitination assay. p97 and its associated substrates were
immunoprecipitated from cell extracts and incubated in vitro.
Ubiquitin chains on these substrates were deconjugated by

DUBs present in the precipitated complex, leading to a reduc-
tion in polyubiquitin conjugates (Fig. 2A) (44). Interestingly, in
vitro deubiquitination of p97 substrates was slow unless ATPwas
present (supplemental Fig. S1). This is unlikely causedbyATP-de-
pendent degradation by the proteasome, because the proteolytic
subunits of theproteasomewerenot detected in thep97 immuno-
precipitates under this condition (44). Perhaps, p97-bound sub-
stratesneeded tobe released inanATP-dependent reactionbefore
they could gain access to a p97-associated DUB.
Because EerI did not inhibit the retrotranslocation and deg-

radation of MHC class I heavy chain when added to permeabi-
lized US11 cells (data not shown), we suspected that EerI might
need to be metabolized into an active species in intact cells to
exert its inhibitory effect. Consistent with this interpretation,
US11 cells grown in suspension after being treated with trypsin
no longer responded to EerI (supplemental Fig. S2). These tryp-
sin-treated cells apparently could still take up EerI because they
became yellowish after exposure to EerI and emitted fluores-
cence when excited with an appropriate light (EerI is a yellow
chemical that emits fluorescence at the wavelength of 488 nm)
(Fig. 7A). Thus, it is possible that trypsinization or permeabili-
zation of cells disrupts certain cellular pathways required for
activation of EerI. For this reason, we first treated cells with EerI
or as a control with Me2SO. The p97-substrate complex was
then immunopurified from these cells, and subjected to deubiq-
uitination in vitro. Compared with control cells, significantly
more polyubiquitinated proteins were bound to p97 in EerI-
treated cells (Fig. 2B, lane 8 versus lane 7). In contrast, when
Hsp90, an abundant cytosolic protein, was immunoprecipitated,
little ubiquitinated proteins were co-precipitated (lanes 5 and 6).
Whenp97-associated substrateswere subjected to in vitrodeubiq-
uitination by DUBs co-precipitated with p97, substrates isolated
from EerI-treated cells were significantly more stable (only
reduced by �10% after incubation compared with �60% for sub-
strates isolated fromcontrol cells) (Fig. 2C, lanes3, 4 versus lanes1,
2). Kinetic experiment further supported this conclusion (Fig. 2D,
lanes 5–8 versus lanes 1–4). On the other hand, inhibition of the
proteasome function only slightly affected PAD (Fig. 2C, lanes
5–6, also see the graph in Fig. 2C). Together, these data suggest
that EerI inhibits deubiquitination associated with p97.
EerI Inhibits atx3-mediatedDeubiquitination—Because atx3

acts downstream of p97 to promote
deubiquitination of substrates dis-
located by p97 during retrotranslo-
cation (44), we wanted to determine
whether EerI affects atx3-associated
deubiquitination. To study atx3-de-
pendent deubiquitination, atx3 and
its associated substrates were
immunoprecipitated from deter-
gent extracts of 293T cells express-
ing FLAG-tagged atx3, and incu-
bated in vitro in the absence of ATP.
Immunoblotting showed that ubiq-
uitinated proteins bound by atx3
were rapidly turned over, which was
apparently caused by deubiquitina-
tion because it could be inhibited by

FIGURE 4. EerI does not disrupt the interaction between p97 and atx3.
Detergent extracts of 293T cells treated with Me2SO (DMSO) or EerI were
subjected to immunoprecipitation with either control (IgG) or anti-p97 (�p97)
antibodies. The immunoprecipitated material was immunoblotted (IB) with
the indicated antibodies. Where indicated, a fraction of the extract (input,
15%) was directly analyzed by immunoblotting.

FIGURE 5. EerI does not affect HAUSP-associated deubiquitination. 293T cells transfected with a plasmid
expressing FLAG-tagged HAUSP together with HA-ubiquitin were treated as indicated. HAUSP and its associ-
ated substrates were immunoprecipitated from detergent extracts. HAUSP-mediated deubiquitination was
analyzed. The graphs show the quantification of two independent experiments (exp.).
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ubiquitin aldehyde, a deubiquitination inhibitor (Fig. 3A, lanes
4–6 versus lanes 1–3). In addition, because substrates co-
precipitated with a deubiquitination defective atx3 mutant
(atx3 C14A) remained relatively stable under the same con-
dition (Fig. 3B), the disappearance of atx3-associated sub-
strates in this reaction was primarily caused by atx3-medi-
ated deubiquitination.
In accordance with the idea that EerI may need to be con-

verted into an active form in cells to inhibit the degradation of
p97 substrates, adding EerI to purified atx3-substrate complex
had no effect on atx3-mediated deubiquitination (data not
shown). We therefore isolated atx3-substrate complex from
cells treated with Me2SO, EerI, or MG132, and analyzed the
deubiquitination of atx3-associated substrates in vitro. Com-
pared with control cells, atx3-bound ubiquitin conjugates from
EerI-treated cells were more resistant to deubiquitination (Fig.
3C, lanes 5–8 versus lanes 1–4). By contrast, ubiquitin chains
on atx3 substrates isolated fromMG132-treated cells were rap-
idly deconjugated similar to those purified from control cells
(Fig. 3D, lanes 7–9 versus lanes 1–3). These data suggest that
EerI inhibits atx3-associated deubiquitination.
To see whether EerI could irreversibly inhibit the enzymatic

activity of atx3, atx3 purified from EerI-treated cells was ana-

lyzed for its ability to disassemble
excess chemically synthesized ubiq-
uitin conjugates (Ub2–7). The
results indicated that atx3 isolated
from EerI-treated cells still re-
tained deubiquitinating activity
toward exogenously added substrate
(Ub2–7) (supplemental Fig. S3).
Thus, EerI appears to inhibit atx3-
associated deubiquitination with-
out irreversibly abolishing its enzy-
matic activity. Further, because the
association of p97 with atx3 was not
disrupted in EerI-treated cells (Fig.
4, lane 6 versus lane 5), EerI or its
metabolites may influence atx3-as-
sociated deubiquitination possibly
by acting on a cofactor that is asso-
ciated with the p97-atx3 complex
(see below).
To see whether EerI could influ-

ence deubiquitinating process
mediated by other DUBs, we tested
the effect of EerI on HAUSP-associ-
ated deubiquitination. HAUSP is a
deubiquitinating enzyme that regu-
lates the stability of many cellular
factors including the tumor sup-
pressor protein p53 (55). To this
end, we expressed FLAG-tagged
HAUSP in 293T cells, and treated
these cells with either EerI or
Me2SO. Cell extracts were sub-
jected to immunoprecipitation with
anti-FLAG antibody to purify

HAUSP and its associated ubiquitinated substrates. EerI treat-
ment moderately increased the amount of ubiquitinated pro-
teins associated with HAUSP (Fig. 5, lane 5 versus lane 1),
which may be caused by an interaction of HAUSP with the
accumulated polyubiquitinated proteins in EerI-treated cell
extract. Nonetheless, when HAUSP-associated deubiquitina-
tion was measured, HAUSP-bound substrates isolated from
either Me2SO- or EerI-treated cells both decayed rapidly (Fig.
5). These experiments suggest that HAUSP-associated deubiq-
uitination is not affected by EerI.
EerI Inhibits the Degradation of a Soluble Substrate—Be-

cause the degradation of GFP�, a soluble proteasome substrate
(56) is strongly influenced by expression of an atx3mutant (57),
we speculated that the degradation of GFP� may involve PAD.
Consistent with this interpretation, expression of a dominant
negative p97 mutant stabilized GFP� in part as a p97-associ-
ated form (data not shown), confirming that GFP� is a p97
substrate. We therefore tested whether EerI could inhibit the
degradation of GFP�. Indeed, in EerI-treated cells, GFP� was
present almost exclusively as a polyubiquitinated form. This
was in contrast to MG132-treated cells in which GFP� was
mostly accumulated in a deubiquitinated form, and only to a
lesser extent as polyubiquitinated species (Fig. 6A, lane 6 versus

FIGURE 6. EerI inhibits the degradation of a cytosolic p97 substrate. A, EerI inhibits the degradation of
GFP�. Astrocytoma cells stably expressing HA-tagged GFP� were treated with the indicated chemicals (12 h). The
steady state levels of GFP� in WCE were analyzed by IB. Where indicated, GFP� was first immunoprecipitated before
immunoblotting. B, EerI does not affect the degradation of Ub-R-GFP. C, rate of GFP� accumulation in EerI-
treated cells correlates with that of an ERAD substrate. Stable cell lines expressing either GFP� or TCR�-GFP
were treated with EerI for the indicated time points. WCE were analyzed by IB.
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lane 5). On the other hand, the degradation of Ub-R-GFP, a
substrate whose degradation is independent of atx3 (44), was
not affected by EerI-treatment (Fig. 6B). Kinetic experiments
showed that GFP� was accumulated in EerI-treated cells at a
similar rate as the ERAD substrate TCR�-GFP (Fig. 6C), indi-

cating that the blockage in the deg-
radation of GFP� is not a secon-
dary defect of ERAD inhibition.
Together, these data indicate that
EerI also delays the degradation of a
soluble p97 substrate by influencing
its deubiquitination.
A p97 Complex Is Targeted by

EerI—To understand how EerI
affects p97-associated deubiquiti-
nation, we tested whether EerI
could associate with p97 complexes
in cells. We took advantage of the
observation that EerI emitted fluo-
rescence when excited with an
appropriate light (Fig. 7A). If EerI
associates with a p97 complex, we
should be able to detect fluores-
cence emitted from p97 complexes
isolated from EerI-treated cells.
Indeed, p97 complex purified from
EerI-treated cells consistently emit-
ted fluorescence at higher levels
than that isolated from untreated
cells, which we took as background.
By contrast, little fluorescence was
detected in association with Hsp90
in EerI-treated cells (Fig. 7B). More-
over, when we purified p97 by pre-
cipitating its interaction partner
atx3, we also observed fluorescence
emitted from samples purified from
EerI-treated cells (Fig. 7C). Taken
together, these results suggest that
EerI can associate with a p97 com-
plex in cells.
To further understand how EerI

affects the function of p97, we ana-
lyzed the interaction of p97 with its
known partners in EerI-treated
cells. Co-immunoprecipitation ex-
periments showed that EerI did
not disrupt the interaction of p97
with Derlin-1 and VIMP (Fig. 8A),
neither was its association with
Ufd1 affected (Fig. 8B). However,
when we purified p97 from cells
radiolabeled with [35S]methionine,
an unknown protein of �180 kDa
was found to interact with p97 in
untreated cells, but not in EerI-
treated cells (Fig. 8C, lane 5 versus
lane 2). Interestingly, fractionation

experiments showed that the interaction of p97 with this 180
kDa protein was exclusively restricted to the membrane frac-
tion (Fig. 8D, lane 3 versus lane 4). Together, these data suggest
that EerI selectively disrupts the interaction of p97 with certain
factors in cells.

FIGURE 7. EerI associates with a p97 complex in cells. A, EerI emits fluorescence. a.u. artificial unit. B, associ-
ation of EerI with p97. Endogenous p97 or Hsp90 was immunoprecipitated from extracts of EerI-treated 293T
cells. The amount of EerI co-precipitated was determined by measuring the fluorescence associated with the
precipitated material as described under “Experimental Procedures.” p97 or Hsp90 purified from untreated
cells was used as blank. The immunoprecipitated proteins were also analyzed by IB with the indicated anti-
bodies. Error bars show S.D. of five independent experiments. C, association of EerI with p97-atx3 complex.
Endogenous p97 was immunoprecipitated (IP) with FLAG antibody from extract of EerI-treated cells that had
been transfected with FLAG-atx3 (F-atx3). The amount of EerI present in the precipitated complex was deter-
mined as described under “Experimental Procedures.” As a control, cells transfected with an empty vector was
used (�). The gel show the precipitated proteins determined by immunoblotting. Error bars show the S.D. of
three independent experiments.
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DISCUSSION

In this report, we demonstrate that EerI inhibits some
deubiquitination reactions associated with the dislocase p97.
We further identified atx3 as one of the DUBs affected by
EerI. We previously showed that atx3 functions downstream
of p97, and the latter hydrolyzes ATP to extract ERAD sub-
strates from the ER membrane. Thus, atx3-mediated PAD
appears to act preferentially on substrates that have been
extracted from the ER membrane. Accordingly, inhibition of
PAD should result in accumulation of a fraction of polyubiq-
uitinated retrotranslocation substrates in cytosol, which was
indeed observed in cells treated with EerI (Fig. 1, B and C).
Interestingly, a previous study has proposed that EerI may
inhibit ERAD by blocking substrate dislocation from the ER
membrane (51). Our finding that the degradation of a cyto-
solic proteasome substrate, which does not involve mem-
brane dislocation, is also inhibited by EerI argues against this
model. Instead, it favors the idea that the target of EerI must
reside in cytosol, which is in line with our interpretation that

EerI targets certain cytosolic deu-
biquitinating activities associated
with p97.
The discrepancy between the

two reports is likely caused by the
different methodologies used in
these studies. In previously pub-
lished work, the fate of newly syn-
thesized MHC class I heavy chain
was examined by pulse-chase
experiments after cells were
treated with EerI for 16 h. Because
EerI treatment causes accumula-
tion of polyubiquitinated proteins
in cells, which should lead to
depletion of the free ubiquitin
pool, and because ubiquitin is
required for heavy chain disloca-
tion in US11 cells (58, 59), it is pos-
sible that a prolonged treatment
with EerI may ultimately block
dislocation as a consequence of
ubiquitin deficiency induced by
lack of deubiquitination. In this
case, the cytosolic accumulation of
polyubiquitinated ERAD sub-
strates prior to dislocation inhibi-
tion can only be detected by exam-
ining the steady state level of these
substrates as shown in this study,
but would escape detection by the
previously published approach.
Our results suggest that EerI

can associate with a p97 complex
to influence a downstream deu-
biquitination process. We at-
tempted to determine the in vitro
ATPase activity of p97 that had
been purified from either EerI-

treated or untreated cells. We found that EerI treatment did
not lower the ATPase activity of p97 (data not shown). This
is consistent with our finding that fully dislocatedMHC class
I heavy is accumulated in the cytosol of EerI-treated cells.
These data indicate that EerI-induced defect in deubiquiti-
nation is unlikely a secondary consequence of inactivation of
the p97 ATPase activity.
How does EerI act to influence PAD? The binding of EerI to

p97 complexes does not block the interaction between p97 and
the deubiquitinating enzyme atx3 (Fig. 4), neither does it irre-
versibly inactivate the enzymatic activity of atx3. Thus, EerI
might cause a conformational change in certain constituents
of a p97 complex or alter its composition by influencing the
association of p97 with some other cofactors. Our co-immu-
noprecipitation data indicate that at least the association of
p97 with an unknown protein of 180 kDa is disrupted in cells
treated with EerI. Characterizing the identity of this 180 kDa
protein may provide some clues on how EerI influences the
function of p97.

FIGURE 8. EerI targets a p97 complex. A, EerI does not affect the association of p97 with Derlin-1 and
VIMP. Endogenous proteins from extracts of 293T cells were analyzed by immunoprecipitation with the
indicated antibodies followed by immunoblotting. B, EerI does not affect the association of p97 with Ufd1.
C, EerI treatment alters a p97 complex. EerI-treated or -untreated astrocytoma cells were radiolabeled with
[35S]Met/Cys. Detergent extracts were subjected to immunoprecipitation with the indicated antibodies.
Note that the short labeling time used did not allow the labeling of all p97 cofactors. Nonetheless, an
unknown protein of 180 kDa (indicated by the arrow) was found in association with p97 only in untreated
cells. D, interaction of the 180 kDa protein with p97 is exclusively on the membrane. Astrocytoma cells
were treated with either Me2SO (DMSO) or EerI, and permeabilized with the detergent digitonin. A portion
of the cells was solubilized directly (T), whereas the rest of each sample was fractionated into a pellet (P)
containing the ER membrane and a supernatant fraction (S) containing cytosol before subjected to solu-
bilization and immunoprecipitation.
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Why would substrates need to be deubiquitinated by
enzymes associated with p97? Although ubiquitin chains con-
sisting of at least 4 ubiquitin moieties are required for guiding a
substrate to the proteasome, these conjugates eventually
need to be removed by DUBs associated with the proteasome
before degradation can take place efficiently (52, 53). Thus, it
is possible that p97-associated deubiquitination may par-
tially trim ubiquitin chains attached to a p97 substrate,
which may facilitate the subsequent disassembly of these
ubiquitin chains by a downstream proteasome-associated
DUB. Alternatively, p97-associated DUBs may have an edit-
ing function to disassemble ubiquitin chains containing
incorrect linkages. This would ensure that substrates to be
transferred to the proteasome always carry ubiquitin chains
with the proper linkage.
Several lines of evidence suggest that EerI may need to be

metabolized into an active species to exert its inhibitory
effect. First, EerI does not inhibit atx3-mediated deubiquiti-
nation unless atx3-substrate complex purified from EerI-
treated cells is analyzed. Second, US11 cells grown in sus-
pension after being treated with trypsin no longer respond to
EerI. Third, when added to permeabilized US11 cells, EerI
fails to inhibit retrotranslocation of MHC class I heavy chain
even at a concentration 15 times higher than that needed to
block HC degradation in intact cells (data not shown). Pre-
sumably, trypsinization or permeabilization of cells disrupts
certain cellular pathways required to activate EerI.
In summary, our results suggest that EerI specifically targets

a subset of deubiquitinating processes in cells that are associ-
ated with p97. Since the UPS plays a critical role in cell cycle
progression, which is particularly essential for the survival of
cancer cells, anUPS inhibitor like EerImay offer attractive ther-
apeutic possibilities for certain types of human cancer. Indeed,
a proteasome inhibitor named bortezomib has recently been
approved for treating patients with multiple myeloma (60). It
would be interesting to test whether EerI can be further devel-
oped to become an anti-cancer therapy.
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