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Background: Mechanisms for sterol- and geranylgeraniol-induced dislocation of reductase from ER membranes into
cytosol for degradation are unclear.
Results: VCP/p97 mediates extraction of reductase across ER membranes, whereas the proteasome 19 S regulatory particle (RP)
dislodges extracted reductase into cytosol.
Conclusion: VCP/p97 and proteasome 19 S RP mediate sequential steps in reductase degradation.
Significance: These results define a new step in the reductase degradative pathway.

Accelerated endoplasmic reticulum (ER)-associated degrada-
tion (ERAD) of the cholesterol biosynthetic enzyme 3-hydroxy-
3-methylglutaryl-coenzyme A reductase results from its sterol-
induced binding to ER membrane proteins called Insig-1 and
Insig-2. This binding allows for subsequent ubiquitination of
reductase by Insig-associated ubiquitin ligases. Once ubiquiti-
nated, reductase becomes dislocated from ER membranes into
the cytosol for degradation by 26 S proteasomes through poorly
defined reactions mediated by the AAA-ATPase valosin-con-
taining protein (VCP)/p97 and augmented by the nonsterol iso-
prenoid geranylgeraniol. Here, we report that the oxysterol
25-hydroxycholesterol and geranylgeraniol combine to trigger
extraction of reductase across ER membranes prior to its cyto-
solic release. This conclusion was drawn from studies utilizing a
novel assay that measures membrane extraction of reductase by
determining susceptibility of a lumenal epitope in the enzyme to
in vitro protease digestion. Susceptibility of the lumenal epitope
to protease digestion and thus membrane extraction of reduc-
tase were tightly regulated by 25-hydroxycholesterol and gera-
nylgeraniol. The reaction was inhibited by RNA interference-
mediated knockdown of either Insigs or VCP/p97. In contrast,
reductase continued to become membrane-extracted, but not
cytosolically dislocated, in cells deficient for AAA-ATPases of
the proteasome 19 S regulatory particle. These findings estab-
lish sequential roles for VCP/p97 and the 19 S regulatory parti-
cle in the sterol-accelerated ERAD of reductase that may be
applicable to the ERAD of other substrates.

Endoplasmic reticulum (ER)2-associated degradation (ERAD)
is a highly conserved cellular process through which misfolded or
unassembled secretory and membrane proteins are selectively
degraded by cytosolic 26 S proteasomes (1). In addition to its cen-
tral role in maintenance of ER homeostasis, the ERAD pathway
contributes to the feedback control of 3-hydroxy-3-methylglu-
taryl-coenzyme A (HMG-CoA) reductase (2, 3). In animal cells,
the ER-localized reductase catalyzes conversion of HMG-CoA to
mevalonate, which constitutes a rate-controlling step in synthesis
of cholesterol and nonsterol isoprenoids including heme A,
ubiquinone, dolichol, and the farnesyl and geranylgeranyl groups
found attached to many cellular proteins (4). The ERAD of reduc-
tase is triggered by its sterol-induced binding to the ER membrane
proteins Insig-1 and Insig-2 (5, 6). This binding is mediated
entirely by the N-terminal membrane domain of reductase, which
contains eight membrane-spanning segments and precedes a
cytosolic C-terminal domain that exerts catalytic activity (7, 8). A
pair of Insig-associated ubiquitin ligases, gp78 and Trc8, combine
to initiate ubiquitination of reductase on two cytosolic lysine resi-
dues in the membrane domain of the enzyme (6, 9, 10). Ubiquiti-
nation targets reductase for recognition by VCP/p97, an AAA
(ATPases associated with diverse cellular activities)-ATPase that
has been implicated in the extraction of ERAD substrates from ER
membranes and their subsequent delivery to cytosolic 26 S protea-
somes for degradation (11). The 20-carbon nonsterol isoprenoid
geranylgeraniol augments sterol-accelerated ERAD of reductase
but does not appreciably affect its sterol-induced ubiquitination (6,
12). Thus, geranylgeraniol appears to augment sterol-accelerated
ERAD of reductase by modulating postubiquitination steps in the
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A key event in the ERAD pathway is dislocation of substrates
from ER membranes into the cytosol where they become fully
accessible to proteasomes for degradation. Although cytosolic
dislocation has been demonstrated for both soluble substrates
sequestered within the ER lumen and membrane-bound sub-
strates with one or more membrane-spanning segments (1, 13),
underlying mechanisms for the reaction remain to be com-
pletely elucidated. Previous studies showed that sterols cause
intact, full-length reductase to become dislocated from ER
membranes into the cytosol (14, 15). This sterol-induced cyto-
solic dislocation of reductase was augmented by nonsterol iso-
prenoids, and the reaction required ubiquitination of the
enzyme as well as the actions of Insigs and VCP/p97 (15). More
recently, we found that the in vitro addition of sterols triggered
dislocation of ubiquitinated reductase from membranes of per-
meabilized cells through an Insig-dependent reaction that was
enhanced by geranylgeraniol (12). Despite these lines of evi-
dence supporting the relevance of cytosolic dislocation to
ERAD of reductase, only a small fraction of the protein (�10%)
was recovered from the cytosol of intact or permeabilized cells
treated with sterols (12, 15). This apparent inefficiency, which
hampers efforts to further elucidate mechanisms for cytosolic
dislocation and to determine how geranylgeraniol modulates
the reaction, may result from a yet to be identified step in reduc-
tase ERAD that precedes dislocation. However, identification
of this putative intermediate step in cytosolic dislocation of
reductase requires development of a robust assay for the
reaction.

In the current study, we developed an assay that measures the
sterol-induced extraction of reductase across ER membranes.
Intact membranes isolated from cells expressing a form of
reductase containing T7 epitopes in the N-glycosylated lumen-
al loop between transmembrane domains 7 and 8 were sub-
jected to in vitro digestion with the protease trypsin. Trypsi-
nolysis produced protected fragments of reductase that were
observed in anti-T7 immunoblots. A substantial fraction of the
lumenal T7 epitopes in reductase became susceptible to trypsin
digestion when cells were treated with the oxysterol 25-hy-
droxycholesterol (25-HC) and geranylgeraniol prior to harvest
and subcellular fractionation. This result indicates that sterols
together with geranylgeraniol trigger extraction of reductase
across the ER membrane, resulting in exposure of the lumenal
loop between transmembrane domains 7 and 8 to the cytosol.
The sterol-induced membrane extraction of reductase as deter-
mined by susceptibility of the lumenal T7 epitope to trypsinoly-
sis was inhibited by RNA interference (RNAi)-mediated knock-
down of Insigs or VCP/p97. In contrast, the extraction of
reductase across membranes continued in cells subjected to
RNAi-mediated knockdown of AAA-ATPases of the protea-
some 19 S regulatory particle (RP) (16, 17). Interestingly,
knockdown of the 19 S RP inhibited not only the proteasome-
mediated ERAD of reductase, but the treatment also blunted its
sterol-induced cytosolic dislocation. These observations con-
sidered together with our previous studies (15) provide bio-
chemical evidence that VCP/p97 mediates the sterol-induced
extraction of ubiquitinated reductase across ER membranes,
whereas the 19 S RP mediates release of membrane-extracted
reductase into the cytosol for proteasomal degradation.

EXPERIMENTAL PROCEDURES

Materials

We obtained MG-132 from Boston Biochem (Cambridge,
MA); trypsin and trypsin inhibitor from Sigma; horseradish
peroxidase-conjugated donkey anti-mouse, anti-rabbit, and
anti-biotin IgGs (affinity-purified) as well as biotin-conjugated
anti-mouse IgGs (affinity-purified) from Jackson ImmunoRe-
search Laboratories (West Grove, PA); geranylgeraniol from
Santa Cruz Biotechnology (Dallas, TX); and 25-hydroxycholes-
terol from Steraloids (Newport, RI). Apomine was synthesized
by the Core Medicinal Chemistry laboratory at the University
of Texas Southwestern Medical Center. Other reagents includ-
ing lipoprotein-deficient serum (LPDS; d � 1.215 g/ml),
sodium compactin, and sodium mevalonate were prepared or
obtained from previously described sources (18, 19).

Cell Culture

Monolayers of CHO-K1 cells were maintained in tissue cul-
ture at 37 °C in 8 –9% CO2. Stock cultures were maintained in
medium A (1:1 mixture of Ham’s F-12 medium and Dulbecco’s
modified Eagle’s medium containing 100 units/ml penicillin
and 100 �g/ml streptomycin sulfate) supplemented with 5%
FCS. UT-2 cells, a clone of reductase-deficient CHO-K1 cells
(20), were maintained in medium B (medium A supplemented
with 5% FCS and 0.2 mM mevalonate). UT-2/pHMG-Red-T7
cells were generated as follows. On day 0, UT-2 cells were set up
at a density of 4 � 105 cells/100-mm dish in medium B. On day
1, the cells were transfected with 2 �g/dish pCMV-HMG-Red-
T7, which encodes full-length hamster reductase with two cop-
ies of the T7 epitope inserted in the lumenal loop between
transmembrane helices 7 and 8 of reductase (5), using FuGENE
6 transfection reagent (Roche Applied Science) as described
previously (21). Following incubation for 16 h at 37 °C, the cells
were switched to medium C (medium B supplemented with 700
�g/ml G418). Fresh medium was added every 2–3 days until
colonies formed after about 2 weeks. Individual colonies were
isolated using cloning cylinders, and expression of T7-tagged
reductase was determined by immunoblot analysis. Cells from a
single colony of cells expressing a moderate level of transfected
reductase (as determined by immunoblot analysis with mono-
clonal anti-T7 IgG) were selected, cloned by limiting dilution,
and maintained in medium C.

Isolation of Cell Membranes

Protocol 1—Triplicate dishes of cells were harvested into cul-
ture medium and washed with PBS. The cell pellets were resus-
pended in 500 �l of Buffer A (10 mM HEPES-KOH (pH 7.4), 10
mM KCl, 1.5 mM MgCl2, 5 mM sodium EDTA, 5 mM sodium
EGTA, 250 mM sucrose, 5 mM dithiothreitol, and 0.1 mM leu-
peptin), passed through a 22.5-gauge needle 30 times, and cen-
trifuged at 1000 � g for 7 min at 4 °C. The resulting postnuclear
supernatants were then subjected to an additional round of
centrifugation at 16,000 � g for 15 min at 4 °C. The resulting
pellets were designated as the membrane fraction.

Protocol 2—Triplicate dishes of cells were harvested into cul-
ture medium, washed with PBS, resuspended in Buffer A, and
lysed for preparation of postnuclear supernatants as described
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above. The postnuclear supernatants were then subjected to
centrifugation at 100,000 � g for 45 min at 4 °C. The resulting
pellet and supernatant fractions were designated membrane
and cytosol, respectively.

Trypsin Proteolysis

Cells were harvested, and the membrane fractions were pre-
pared using Protocol 1 or 2 as indicated in the figure legends.
The membrane pellets were resuspended in 100 �l of Buffer B
(Buffer A without dithiothreitol and leupeptin supplemented
with 100 mM NaCl). The resuspended membranes were pooled
together when appropriate and divided into 56-�l aliquots
for trypsin digestion. Some of the aliquots of membranes were
treated with 1% Nonidet P-40 (final concentration) prior to
trypsin digestion as indicated in the figure legends. Varying
amounts of trypsin were added to the resuspended membranes
in a volume of 2 �l, and samples were incubated at 30 °C for the
times indicated in the figure legends. Trypsin proteolysis was
terminated by the addition of Buffer C (62.5 mM Tris-HCl (pH
6.8), 15% (w/v) SDS, 8 M urea, 10% (v/v) glycerol, and 100 mM

dithiothreitol) containing 40 �g of soybean trypsin inhibitor
and 4� SDS loading buffer (1� final concentration). Samples
were then heated at 37 °C for 20 min and subjected to SDS-
PAGE followed by immunoblot analysis as described below.

Immunoblot Analysis

The protein concentration of membrane and cytosol frac-
tions was determined using the Coomassie Bradford and BCA
protein assay kits (Thermo Scientific, Rockford, IL). Aliquots of
the fractions were mixed with an equal volume of Buffer C and
4� SDS loading buffer added to a final concentration of 1�. For
anti-Scap immunoblots, fractions were directly mixed with 4�
SDS loading buffer to a final concentration of 1�. Samples were
fractionated on SDS-polyacrylamide gels calibrated with
prestained molecular mass markers (Bio-Rad) after which the
proteins were transferred to nitrocellulose membranes and
subjected to immunoblot analysis. Primary antibodies used for
immunoblotting were as follows: IgG-A9, a mouse monoclonal
antibody against hamster HMG-CoA reductase (22); monoclo-
nal anti-T7 tag IgG (EMD Biosciences, Darmstadt, Germany);
IgG-9D5, a mouse monoclonal antibody against hamster Scap
(23); IgG-18, a mouse monoclonal antibody against VCP/p97
(BD Transduction Laboratories); rabbit polyclonal anti-cal-
nexin IgG (Novus Biologicals, Littleton, CO); MLO7, rabbit
polyclonal antiserum against rat GM130 (24); IgG-TBP1-19, a
mouse monoclonal antibody against human Rpt5 (Enzo Life
Sciences, Farmingdale, NY); IgG-p42-23, a mouse monoclonal
antibody against human Rpt4 (Biomol International/Enzo Life
Sciences, Ann Arbor, MI), and rabbit polyclonal anti-Rpt2 IgG
(Enzo Life Sciences). Bound antibodies were visualized with
peroxidase-conjugated donkey anti-mouse or anti-rabbit IgG
using the SuperSignal West Pico chemiluminescent substrate
(Thermo Scientific) according to the manufacturer’s instruc-
tions. Filters were exposed to film at room temperature.

RNAi

RNAi was carried out as described previously with minor
modifications (15). Duplexes of small interfering RNA (siRNA)

were designed and synthesized by Dharmacon/Thermo Fisher
Scientific. Sequences of the siRNAs used in the current study
are listed in Table 1; the siRNA duplex against the control gene,
green fluorescent protein (GFP), was described previously (25).

UT-2/pHMG-Red-T7 and CHO-K1 cells were set up for
experiments in 60- or 100-mm dishes as described in the figure
legends. Unless indicated otherwise, the cells were transfected
on days 1 and 2 with duplexes of siRNA using a ratio of 2 �l of
LipofectamineTM RNAiMAX (Invitrogen) to 40 –50 pmol of
siRNA duplexes/dish. Cells were washed with 2 ml of medium
A (without antibiotics) and refed 1.6 ml of medium A (without
antibiotics)/dish. Duplexes of siRNAs were diluted in Opti-
MEM I reduced serum medium (Invitrogen) to a final volume of
370 �l/dish. Lipofectamine RNAiMAX was diluted with Opti-
MEM I to a final volume of 30 �l/dish and incubated at room
temperature for 5 min. The siRNA and Lipofectamine RNAiMAX
mixtures were combined and further incubated for 10–20 min at
room temperature. The combined siRNA and Lipofectamine
RNAiMAX mixtures (400 �l) were then added to each dish. Incu-
bation conditions are described in the figure legends. Following
incubations, triplicate dishes of cells were harvested and pooled for
analysis. When 100-mm dishes were used, cells were transfected
on day 1 with duplexes of siRNA using a ratio of 6 �l of Lipo-
fectamine RNAiMAX to 120 pmol of siRNA duplexes/dish. Cells
were washed with 5 ml of medium A (without antibiotics) and
refed 4.8 ml of medium A (without antibiotics)/dish. Duplexes of
siRNAs were diluted in Opti-MEM I reduced serum medium
(Invitrogen) to a final volume of 1110 �l/dish. Lipofectamine
RNAi MAX was diluted with Opti-MEM I to a final volume of 90
�l/dish and incubated at room temperature for 5 min. The siRNA
and Lipofectamine RNAiMAX mixtures were combined and fur-
ther incubated for 10–20 min at room temperature. The com-
bined siRNA and Lipofectamine RNAiMAX mixtures (1.2 ml)
were then added to each dish. Incubation conditions are described
in the figure legends. Following incubations, triplicate dishes of
cells were harvested and pooled for analysis.

RESULTS

A plausible explanation for the inefficiency of reductase dis-
location from ER membranes of intact or permeabilized cells is

TABLE 1
siRNAs used in this study

Name
GenBankTM accession

number Sequence (5�–3�)

GFP CAGCCACAACGUCUAUAUCUU
Insig-1 NM_001244079.1 AAACAUAGGACGACAGUUAUU
Insig-2 NM_001244078.1 UGACAGGCAUCUAGGAGAAUU
VCP/p97 NM_009503.4 GAAUAGAGUUGUUCGGAAUUU
Rpt1-1 NM_011188.3 GGGAUUUGGCUGCAGAUAAUU
Rpt1-2 GCUCACUGGUAUUAAAGAAUU
Rpt2-1 NM_008947.3 GCCACAAACCGAAUAGAAAUU
Rpt2-2 AGAAGGAUGACAAGGACAAUU
Rpt3-1 NM_011874.2 GGCCAAGGACUUCGAGAAAUU
Rpt3-2 AGGUAAUCAUGGCCACAAAUU
Rpt4-1 NM_025959.3 CAGGAAGAUUAGAUAGAAAUU
Rpt4-2 GCUACAAACAGACCAGAUAUU
Rpt4-3 GAUCAUGGCUACAAACAGAUU
Rpt5-1 NM_008948.2 GAAUAUGACUCUCGGGUGAUU
Rpt5-2 UCAAGAUCAUGAAGAGUGAUU
Rpt5-3 CGGCAGGAGAAGAUGGCGAUU
Rpt6-1 NM_008950.1 CUGAACUGGUACAGAAAUUUU
Rpt6-2 CCAAGAACAUCAAGGUUAUUU
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the existence of additional postubiquitination steps that occur
prior to cytosolic release. For example, ubiquitinated reductase
may become extracted across the ER membrane and subse-
quently dislocated into the cytosol for degradation. To measure
this putative extraction step, we examined the membrane asso-
ciation of reductase in sterol-treated cells. Reductase-deficient
UT-2 cells (20) were transfected with an expression plasmid
encoding a previously described version of full-length reduc-
tase, designated HMG-Red-T7, which contains two copies of
the T7 epitope in the lumenal loop between transmembrane
helices 7 and 8 (5). A stable line expressing HMG-Red-T7 was
isolated and designated UT-2/pHMG-Red-T7. In the experi-
ment of Fig. 1A, sterol-depleted UT-2/pHMG-Red-T7 cells
were treated with the proteasome inhibitor MG-132 (to block
reductase ERAD) in the absence or presence of 25-HC plus
mevalonate (to provide nonsterol isoprenoids). Following
treatments, cells were harvested for subcellular fractionation.
Resulting membranes were then washed in control Tris-buff-
ered saline (TBS), 100 mM Na2CO3, 1 M KCl, or 1% Nonidet
P-40 buffers and subsequently separated into pellet and super-
natant fractions by centrifugation. Immunoblot analysis of
these fractions revealed that reductase remained associated
with the pellet when membranes were washed with the control

TBS buffer (Fig. 1A, top and bottom panels, lanes 1 and 2).
However, 25-HC plus mevalonate caused a small fraction of
reductase to become released from membranes that were
treated with the high pH buffer containing 100 mM Na2CO3
(bottom panel, lane 4). Treatment of the membranes with the
nonionic detergent Nonidet P-40 released reductase into the
supernatant regardless of the absence or presence of 25-HC
plus mevalonate (lanes 7 and 8). The samples were also immu-
noblotted for two control proteins, GM130 and calnexin. The
Golgi-localized GM130 lacks transmembrane helices and is
associated with membranes via hydrophobic interactions (26).
Consistent with this, the protein was fully released from mem-
branes by high pH (bottom panel, lanes 11 and 12). Calnexin, a
molecular chaperone that is integrated in ER membranes by a
single membrane-spanning segment (27), was only released
into the supernatant when membranes were dissolved in Non-
idet P-40 (bottom panel, lanes 23 and 24).

The experiment shown in Fig. 1B examines the individual
and combined effects of sterol and nonsterol isoprenoids on the
membrane association of reductase. The results show that
when added to cells alone high concentrations of mevalonate (3
and 10 mM) or 25-HC caused a slight increase in the amount of
reductase released from membranes by the high pH wash (Fig.
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FIGURE 1. Peripheral association of HMG-CoA reductase with membranes of sterol-treated cells. UT-2/pHMG-Red-T7 cells were set up for experiments on
day 0 in medium C at a density of 2 � 105 (A) or 5 � 105 (B and C) cells/100-mm dish. On day 3, the cells were switched to medium A supplemented with 5% LPDS,
10 �M compactin, 50 �M mevalonate, and 1 �M MG-132 in the absence or presence of 1 �g/ml 25-HC; 10 mM mevalonate (Mev.; A); 1, 3, or 10 mM mevalonate
(B); and 1, 3, or 10 �M geranylgeraniol (GGOH; C) as indicated. Following incubation for 16 h at 37 °C, cells were harvested, resuspended in buffer containing 20
mM Tris-HCl (pH 7.4) and 250 mM sucrose, and lysed. Resulting lysates were then subjected to centrifugation at 1000 � g to generate postnuclear supernatants
that were subjected to an additional round of centrifugation at 20,000 � g. Membrane pellets were resuspended in an equal volume of one of the following
buffers: 20 mM Tris-HCl (pH 7.4) and 140 mM NaCl (Control), 20 mM Tris-HCl (pH 7.4) and 1 M KCl, 100 mM Na2CO3, and 20 mM Tris-HCl (pH 7.4) and 1% Nonidet
P-40 (NP-40). Following rotation for 2 h at 4 °C, samples were layered on buffer containing 20 mM Tris-HCl (pH 7.4) and 500 mM sucrose and subjected to
centrifugation for 30 min at 100,000 � g. Equal proportions of the resulting pellet (P) and supernatant (S) fractions were subjected to SDS-PAGE followed by
immunoblot analysis with anti-T7 IgG (against reductase), MLO7 (against GM130), and anti-calnexin IgG.
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1B, second panel, compare lane 3 with lanes 4 –7). The effect of
high concentrations of mevalonate can be attributed to its con-
version to sterol as well as nonsterol isoprenoids in UT-2/
pHMG-Red-T7 cells. The combination of 10 mM mevalonate
and 25-HC enhanced the high pH-mediated release of reduc-
tase from isolated membranes (lane 10). GM130 was only
released by high pH wash (fourth panel, lanes 3–10), whereas
Nonidet P-40 treatment of membranes caused the complete
release of calnexin from membranes (sixth panel, lanes 11 and
12). To more clearly demonstrate the effect of nonsterol iso-
prenoids on the membrane association of reductase, we con-
ducted an experiment using geranylgeraniol, which, unlike
mevalonate, cannot become incorporated into sterols. The
results show that reductase remained associated with the mem-
brane pellet when cells were treated with geranylgeraniol alone
(Fig. 1C, second panel, lanes 4 – 6), but the nonsterol isoprenoid
combined with 25-HC to cause release of reductase from mem-
branes (Fig. 1C, second panel, lanes 8 –10).

Results of Fig. 1 show that sterol and nonsterol isoprenoids
combine to trigger the extraction of reductase across ER mem-

branes. However, the reaction appeared to be inefficient as
determined by membrane association of reductase. Thus, we
next sought to develop a more robust assay for sterol-induced
membrane extraction of reductase that exploits the lumenal
orientation of the T7 epitope in HMG-Red-T7 (Fig. 2A). This
orientation was confirmed by subjecting intact membranes
from sterol-deprived UT-2/pHMG-Red-T7 cells to in vitro
digestion with trypsin, which produced protected fragments of
reductase that were detected by anti-T7 immunoblot analysis;
these fragments were completely destroyed by trypsinolysis
when membrane were first dissolved in Nonidet P-40 detergent
(data not shown). The lumenal orientation of the T7 epitope in
HMG-Red-T7 is further supported by the observation that the
trypsin-protected fragments were sensitive to digestion by
either peptide-N-glycosidase F or endoglycosidase H, endogly-
cosidases that removed the single N-glycan in reductase (data
not shown).

Having established the membrane orientation of the T7
epitope in HMG-Red-T7, we next set out to determine whether
in vitro trypsin digestion could be used to monitor sterol- and
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FIGURE 2. Sterol and nonsterol isoprenoids enhance susceptibility of lumenal T7 epitope in HMG-Red-T7 to trypsinolysis. A, topology of HMG-CoA
reductase, Scap, and calnexin denoting the location of two T7 epitope tags in reductase encoded by pCMV-HMG-Red-T7, the epitope in Scap recognized by
monoclonal IgG-9D5, and the region in calnexin recognized by anti-calnexin IgG. Sites for N-linked glycosylation in HMG-CoA reductase and Scap are indicated.
B and C, UT-2/pHMG-Red-T7 cells were set up for experiments on day 0 at a density of 5 � 105 cells/100-mm dish in medium C. On day 2, the cells were refed
medium B supplemented with 5% LPDS, 10 �M compactin, 50 �M mevalonate (Mev.), and 1 �M MG-132 in the absence or presence of 1 �g/ml 25-HC plus 10
mM mevalonate as indicated. Following incubation at 37 °C for 16 h, the cells were harvested for subcellular fractionation using Protocol 1 as described under
“Experimental Procedures.” The resulting membrane fractions were resuspended in Buffer B and digested with 2–20 �g of trypsin for 30 min at 30 °C (B) or with
20 �g of trypsin for the indicated amount of time at 30 °C (C). Following treatments, reactions were terminated, and the samples were subjected to SDS-PAGE
followed by immunoblot analysis with anti-T7 IgG (against reductase), IgG-9D5 (against Scap), and anti-calnexin IgG.
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geranylgeraniol-induced extraction of the protein across ER
membranes. In the experiment of Fig. 2B, UT-2/pHMG-
Red-T7 cells were subjected to treatment with MG-132 in the
absence or presence of 25-HC plus mevalonate prior to harvest
and subcellular fractionation. Aliquots of the resulting mem-
brane fractions were then incubated with increasing amounts
of trypsin and subsequently analyzed by anti-T7 immunoblot-
ting. In the absence of trypsin, equivalent amounts of full-
length reductase were detected in membranes isolated from
cells incubated with or without 25-HC plus mevalonate (Fig.
2B, top panel, lanes 1 and 2). The lowest concentration of tryp-
sin produced the expected protected fragments in both the
absence and presence of 25-HC plus mevalonate (lanes 3 and 4).
At higher concentrations of trypsin, 25-HC plus mevalonate
enhanced the susceptibility of the protected fragments of
reductase to digestion (top panel, compare lanes 5, 7, and 9 with
lanes 6, 8, and 10). To control for membrane integrity, samples
were immunoblotted for the cholesterol-sensing escort protein
Scap and calnexin. Scap is integrated in ER membranes with a
topology similar to that of reductase: the N-terminal domain of
Scap contains eight membrane-spanning helices and is fol-
lowed by a large cytosolic domain that contains WD repeats
(Fig. 2A) (23, 28). The monoclonal antibody IgG-9D5 recog-
nizes residues 540 –707 of Scap that corresponds to the large,
N-glycosylated lumenal loop between transmembrane helices 7
and 8 of the protein; this antibody was used previously to define
the membrane orientation of Scap (28). Trypsinolysis of mem-
branes led to the appearance of a protected fragment of Scap
that was detected in IgG-9D5 immunoblots, and importantly,
the susceptibility of this fragment to trypsinolysis was not influ-
enced by the absence or presence of 25-HC plus mevalonate
(Fig. 2B, middle panel, lanes 5–10). Calnexin is a type II ER
membrane protein that consists of a large N-terminal lumenal
domain, a single transmembrane helix, and a short cytoplasmic
tail (Fig. 2A) (27). Immunoblot analysis with polyclonal anti-
bodies against the lumenal domain of calnexin revealed gener-
ation of a protected fragment of the protein in the presence of
trypsin; the amount of this protected fragment did not change
when cells were treated with the combination of 25-HC and
mevalonate (bottom panel, lanes 5-10). Fig. 2C shows an exper-
iment in which membranes from cells treated with 25-HC and
mevalonate were incubated with a fixed concentration of tryp-
sin for various periods of time. Protected fragments of reduc-
tase were observed in immunoblots of membranes from sterol-
deprived cells treated with trypsin for the shortest period of
time, 15 min (Fig. 2C, top panel, lane 7); the amount of these
fragments was reduced in membranes from 25-HC plus meval-
onate-treated cells (lane 8). Longer incubations with trypsin led
to a slight reduction of the protected fragments of reductase in
membranes from sterol-deprived cells (lanes 9 and 11), a likely
reflection of the basal membrane extraction and degradation of
reductase. The susceptibility of these fragments to trypsin was
enhanced when cells were treated with 25-HC plus mevalonate
prior to subcellular fractionation (lanes 10 and 12). The ex
pected protease-protected fragment of Scap was observed in
the IgG-9D5 immunoblot, and importantly, the susceptibility
of this fragment to trypsinolysis was not influenced by the

absence or presence of 25-HC plus mevalonate (Fig. 2C, bottom
panel, lanes 7–12).

The contribution of sterol and nonsterol isoprenoids to the
membrane extraction of reductase as determined by sensitivity
to trypsin digestion was examined by treating UT-2/pHMG-
Red-T7 cells with 25-HC, mevalonate, and geranylgeraniol
individually or in combination prior to harvest and subcellular
fractionation. Immunoblot analysis shows that in the absence
of 25-HC a high concentration (10 mM) of mevalonate caused a
significant fraction of the protected fragment of reductase to
become fully digested by trypsin in vitro (Fig. 3A, top panel,
lanes 3– 6). This is consistent with conversion of mevalonate to
both sterol and nonsterol isoprenoids that maximally stimulate
the degradation (2, 6) as well as the membrane extraction of
reductase. Treatment of the cells with 25-HC alone did not
render the protected fragment susceptible to trypsinolysis (lane
7); however, 25-HC together with low concentrations of meval-
onate (1 and 3 mM) caused the fragment to disappear upon
trypsin digestion (lanes 8 and 9). Levels of the protected frag-
ment of Scap remained constant regardless of whether or not
cells were treated with 25-HC and/or mevalonate (bottom
panel, lanes 3–10). Similar results were obtained when we
measured the effect of geranylgeraniol on the membrane
extraction of reductase (Fig. 3B). The trypsin-protected frag-
ment of reductase persisted in membranes from cells treated
individually with geranylgeraniol (Fig. 3B, top panel, lanes 4 – 6)
or 25-HC (lane 7). However, geranylgeraniol combined with
25-HC to cause the protected fragments to become susceptible
to trypsinolysis (lanes 8 –10). These results obtained for mem-
brane extraction of HMG-Red-T7 are consistent with those
that demonstrate the requirement of sterol and nonsterol iso-
prenoids for accelerated ERAD of the protein (Fig. 3, C and D).

In cultured cells, the 1,1-bisphosphonate ester apomine and
its structurally related analog SR-12813 mimic 25-HC in stim-
ulating Insig-dependent ubiquitination and subsequent ERAD
of reductase (29, 30). Thus, we next designed an experiment to
evaluate apomine in triggering the extraction of reductase
across ER membranes. In membranes from UT-2/pHMG-
Red-T7 cells treated with 25-HC plus mevalonate (3 mM), the
protected fragments of reductase were digested by trypsin as
expected (Fig. 3E, top panel, compare lanes 5 and 6). Treatment
of the cells with apomine and 3 mM mevalonate rendered the
protected fragments susceptible to trypsinolysis (lanes 7 and 8),
indicating that, like 25-HC, apomine induces extraction of
reductase across ER membranes en route to degradation.

To further establish the physiologic relevance of the mem-
brane extraction of reductase, we next examined a role for
Insigs in the reaction using RNAi. UT-2/pHMG-Red-T7 cells
were transfected with duplexes of siRNAs targeting a control
mRNA encoding GFP or mRNAs encoding Insig-1 and Insig-2.
Following siRNA transfection, cells were treated in the absence
or presence of 25-HC plus mevalonate and MG-132 prior to
harvest, subcellular fractionation, and treatment of membranes
with or without trypsin. The results show that in the presence of
25-HC plus mevalonate and absence of MG-132 reductase was
appropriately degraded from membranes of cells transfected
with GFP siRNA (Fig. 4A, top panel, lanes 1 and 2). Trypsin
digestion of sterol-deprived membranes led to the appearance
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of the expected protected fragments of reductase (lane 3).
These protected fragments were absent in membranes from
sterol-treated cells (lane 4). However, this absence was due to
accelerated ERAD of reductase rather than from extraction of
the protein across ER membranes. Treatment with Nonidet
P-40 disrupted membrane integrity and rendered the protected
fragments of reductase susceptible to trypsinolysis (lane 5). As
expected, RNAi-mediated knockdown of Insig-1 and Insig-2
blocked sterol-accelerated degradation of reductase (Fig. 4A,
top panel, compare lanes 1 and 2 with lanes 7 and 8). The 25-HC
plus mevalonate-dependent susceptibility of the protected
fragments to trypsinolysis was blunted in Insig-1 and -2 knock-
down cells (lanes 9 and 10). The fragments were fully digested
by trypsin in the presence of Nonidet P-40 (lanes 11 and 12),
indicating their sequestration in the ER lumen. Levels of tryp-
sin-protected fragments of Scap and calnexin were not affected
by the absence or presence of 25-HC plus mevalonate in control
or Insig-1/-2 knockdown cells (middle and bottom panels, lanes
3, 4, 9, and 10).

In the experiment of Fig. 4B, the membrane extraction assay
was conducted with membranes from cells in which reductase
degradation was blocked by either proteasome inhibition or
RNAi-mediated knockdown of Insigs. In control cells trans-
fected with the GFP siRNA and treated with MG-132, sterol-
accelerated degradation of reductase was blocked (Fig. 4B, top
panel, lanes 1 and 2). Trypsin digestion led to the appearance of
the protected fragment of reductase in membranes isolated
from cells incubated in the absence (lane 3), but not in the
presence, of 25-HC plus mevalonate (lane 4). Knockdown of

Insig-1 and Insig-2 resulted in resistance of the protected frag-
ments of reductase to trypsinolysis (lanes 7 and 8), demonstrat-
ing their requirement in the membrane extraction of reductase.

Considering its role in cytosolic dislocation of reductase (15),
we next conducted RNAi experiments to determine whether
VCP/p97 is required for membrane extraction of the enzyme.
As expected, knockdown of VCP/p97 blunted sterol-acceler-
ated reductase ERAD (Fig. 4C, top panel, compare lanes 1 and 2
with lanes 5 and 6). In the absence of MG-132, the trypsin-
protected fragments of reductase were observed in membranes
from control-transfected cells deprived of sterols (lane 3) but
not in membranes isolated from cells treated with 25-HC plus
mevalonate (lane 4) because of accelerated reductase degrada-
tion. The protected fragments of reductase in membranes from
VCP/p97 knockdown cells resisted trypsin digestion (lanes 7
and 8) regardless of whether the cells had been treated with or
without 25-HC plus mevalonate before harvest. In the presence
of MG-132, 25-HC plus mevalonate rendered the protected
fragments of reductase susceptible to trypsinolysis in GFP
knockdown cells (Fig. 4D, top panel, lanes 3 and 4). However,
these fragments were again resistant to digestion in VCP/p97
knockdown cells (lanes 7 and 8), consistent with a key role for
VCP/p97 in sterol-induced extraction of reductase to the cyto-
solic face of the ER. It should be noted that RNAi-mediated
knockdown of VCP/p97 or Insig-1 and Insig-2 prevented mem-
brane extraction of reductase in MG-132-treated cells (Fig. 4E).

In previous studies, we reconstituted Insig-mediated, sterol-
accelerated ERAD of mammalian reductase in Drosophila S2
cells (30). Building on this observation, we recently conducted a
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high throughput genome-wide RNAi screen in S2 cells. Several
genes encoding components of the 26 S proteasome were iden-
tified among those required for sterol-accelerated ERAD of
reductase in S2 cells.3 Some of these genes encode Drosophila
homologs of the AAA-ATPase subunits of the proteasome 19 S

RP (16, 17). The 19 S RP uses energy from ATP hydrolysis to
unfold substrates, trigger the activation of the 20 S core particle
(CP) of the proteasome, and translocate the substrate into the
proteolytic chamber of the 20 S CP. Although the requirement
for the 19 S RP in reductase degradation in Drosophila cells was
not surprising, it led us to the realization that the regulatory
particle has been implicated in cytosolic dislocation of several3 D.-J. Jun and R. A. DeBose-Boyd, unpublished observations.
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ERAD substrates (17). To determine whether the 19 S RP is
required for cytosolic dislocation of reductase, we began by
screening siRNAs that target the AAA-ATPases of the regula-
tory particle for the ability to block reductase degradation. The
results show that knockdown of these ATPases blunted reduc-
tase degradation to various degrees (Fig. 5A), which is likely due
to the efficiency of their RNAi-mediated knockdown. Thus, we
focused on three AAA-ATPases, Rpt2, Rpt5, and Rtp4, whose
knockdown consistently inhibited reductase degradation and
for which specific antibodies are commercially available.

In the experiment of Fig. 5B, CHO-K1 cells transfected with
control GFP or Rpt5 siRNA duplexes were treated in the
absence or presence of 25-HC plus mevalonate and MG-132.
The cells were subsequently harvested, and postnuclear super-
natants were separated into membrane and cytosol fractions by
100,000 � g centrifugation. The results show that 25-HC plus
mevalonate stimulated ERAD of reductase from membranes as

expected (Fig. 5B, top panel, compare lanes 1 and 2). This deg-
radation was blocked by treatment of the cells with MG-132
(lane 4) or by the RNAi-mediated knockdown of Rpt5 (compare
lanes 5 and 6). In the presence of MG-132, full-length reductase
appeared in the cytosol but only when cells were also subjected
to treatment with 25-HC plus mevalonate (second panel, lane
4). In contrast, reductase was not present in the cytosol of Rpt5
knockdown cells regardless of the absence or presence of
MG-132 (second panel, lanes 5– 8). In unpublished studies,4 we
found that Rpt5 co-precipitated with cytosolic reductase in
25-HC plus mevalonate-treated cells, consistent with a role of
the 19 S RP in reductase dislocation. The sterol-accelerated
ERAD (Fig. 5C, top panel, lanes 3 and 4) and the cytosolic dis-
location of reductase (bottom panel, lanes 9 and 10) were also

4 L. L. Morris, I. Z. Hartman, D.-J. Jun, J. Seemann, and R. A. DeBose-Boyd,
unpublished studies.
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blunted by RNAi-mediated knockdown of the Rpt4 AAA-AT-
Pase subunit of the 19 S RP. Knockdown of the other AAA-
ATPases of the 19 S RP similarly blunted the sterol-induced
cytosolic dislocation of reductase (data not shown). Moreover,
ubiquitinated proteins accumulated in Rpt4 and Rpt5 knock-
down cells to levels similar to those observed in MG-132-
treated cells (data not shown). This indicates that the effect of
Rpt4 and Rpt5 knockdown on reductase dislocation results
from disruption of the entire 19 S RP rather than a specific
effect of the individual ATPase subunits.

We next examined whether ATPases of the 19 S RP are
required for sterol-induced membrane extraction of reductase
using the trypsin protection assay. As shown in Fig. 6A, reduc-
tase was extracted across membranes of UT-2/pHMG-Red-T7
cells transfected with control GFP siRNA and treated with
25-HC plus mevalonate in the presence of MG-132 (top panel,
compare lanes 3 and 4). The RNAi-mediated knockdown of
VCP/p97 blunted sterol-induced membrane extraction of
reductase as expected (lanes 7 and 8); however, the enzyme
continued to become extracted in 25-HC plus mevalonate-
treated Rpt5 knockdown cells (lanes 11 and 12). At least three
replicate experiments confirm the continued membrane
extraction of reductase in Rpt5 knockdown cells (data not
shown). Similar results were obtained in cells lacking the Rpt2
AAA-ATPase subunit of the 19 S RP. Knockdown of VCP/p97,
but not Rpt2, blunted membrane extraction of reductase (Fig.
6B, top panel, compare lanes 3, 4, 7, 8, 11, and 12).

The results of Fig. 6, A and B, indicate that VCP/p97 and the
19 S RP mediate distinct steps (membrane extraction and cyto-
solic dislocation) in the reductase ERAD pathway. However, an
alternative explanation for these results is that VCP/p97 solely
mediates membrane extraction and cytosolic dislocation of
reductase. The 19 S RP has been shown to exhibit chaperone
activity in vitro (31) and to prevent aggregation of dislocated
catalytic A chains of the toxin ricin (32). In the absence of the
19 S RP, membrane-extracted and/or cytosolic reductase may
become aggregated and pellet with membranes upon centrifu-
gation. To rule out this possibility, membranes isolated from
control and Rpt5 knockdown cells were resuspended in buffer
containing a high concentration of sucrose; the samples were
then overlaid with buffer of decreasing sucrose concentration.
Following centrifugation overnight, aliquots taken from the top
to bottom of the gradient were analyzed by immunoblot. The
results show that the majority of reductase as well as calnexin
floated to the lower sucrose gradient in control knockdown
cells (Fig. 6C, top two panels, lanes 2– 4). A similar pattern was
observed in Rpt5 knockdown cells (bottom two panels, lanes
2– 4), indicating that reductase remained membrane-associ-
ated regardless of the absence or presence of Rpt5. The cytoso-
lic protein Bag6 has been identified in a ubiquitin ligase-associ-
ated multiprotein complex that chaperones dislocated ERAD
substrates to proteasomes for degradation (33). In Bag6 knock-
down cells, degradation of these substrates is blocked, their
solubility in the detergent Nonidet P-40 is reduced, and the pro-
teins accumulate in detergent-insoluble aggregates. Another line
of evidence indicating that the 19 S RP does not perform a chap-
erone function in reductase degradation is provided by the deter-
gent solubility experiment shown in Fig. 6D. The results of this

experiment show that the solubility of reductase in Nonidet P-40
remained unchanged in control and Rpt5 knockdown cells (top
panel, compare lanes 6 and 8).

DISCUSSION

Fig. 7 shows a model for the sterol-accelerated ERAD of
reductase based on data presented in the current study. Similar
to previously proposed models (10), the reaction is initiated by
sterol-induced binding of reductase to Insigs, resulting in gp78/
Trc8-mediated ubiquitination of the protein. The current
results indicate that once ubiquitinated reductase becomes
extracted across the ER membrane through a reaction medi-
ated by the AAA-ATPase VCP/p97. Membrane-associated,
extracted reductase then becomes dislodged from membranes
and dislocated into the cytosol where the protein is degraded by
proteasomes. The novel aspect of this revised model is the pro-
posed membrane extraction step that is distinct from and pre-
cedes cytosolic dislocation of reductase. Initial evidence for this
putative intermediate step is provided by experiments examin-
ing the membrane association of reductase (Fig. 1A). When
proteasomes were inhibited by MG-132, the oxysterol 25-HC
and the nonsterol isoprenoid geranylgeraniol caused a fraction
of reductase to become peripherally associated with mem-
branes as indicated by its release by high pH wash (Fig. 1, B and
C). These results indicate that sterol and nonsterol isoprenoids
trigger reductase to become fully extracted across the ER mem-
brane prior to degradation. These results taken together with
our previous observation that geranylgeraniol also combines
with 25-HC to maximally stimulate reductase ERAD but does
not appreciably affect sterol-induced ubiquitination of the pro-
tein (6, 12) form the basis for the conclusion that gera-
nylgeraniol modulates postubiquitination steps in reductase
ERAD (see Fig. 7).

Considering that reductase is embedded in ER membranes, it
is logical to postulate that its extraction across ER membranes
must precede cytosolic dislocation as depicted in Fig. 7. How-
ever, it remained to be determined whether membrane extrac-
tion and cytosolic dislocation of reductase are distinct and sep-
arable or coupled reactions. To distinguish between these
possibilities, we sought to develop an assay for membrane
extraction of reductase that is more robust than measuring its
association with membranes. For this purpose, we exploited a
previously described version of reductase containing T7 epi-
topes in the lumenal loop between transmembrane domains 7
and 8 (Fig. 2A) (6). In vitro digestion of intact membranes iso-
lated from sterol-deprived cells with trypsin generated frag-
ments of reductase detected in anti-T7 immunoblots that were
protected from proteolysis. Trypsinolysis of membranes from
sterol-treated cells led to a marked reduction in the amount of
protected fragments in a manner that was proportional to the
amount of trypsin in the assay (Fig. 2B) and duration of incuba-
tion (Fig. 2C). The extraction of reductase across the ER mem-
brane as determined by susceptibility of its lumenal T7 epitopes
to trypsin digestion required the additions of both 25-HC and
mevalonate or geranylgeraniol to cells prior to harvest and sub-
cellular fractionation (Fig. 3, A and B). In addition, membrane
extraction of reductase was triggered by apomine (Fig. 3E), a
1,1-bisphosphonate ester that mimics sterols in accelerating
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reductase ERAD (29, 30). RNAi-mediated knockdown of
Insig-1 and Insig-2 not only blunted sterol-accelerated ERAD
of reductase, but the treatment also blocked its membrane
extraction (Fig. 4, A, B, and E). Knockdown of VCP/p97 simi-
larly abolished both the sterol-induced membrane extraction

and ERAD of reductase (Fig. 4, C, D, and E). These observations
indicate that sterol- and geranylgeraniol-regulated susceptibil-
ity of the lumenal T7 epitopes in reductase to trypsinolysis
results from its Insig-dependent, VCP/p97-mediated extrac-
tion across membranes, exposing the lumenal epitopes to the

FIGURE 6. Sterol and nonsterol isoprenoids trigger membrane extraction of HMG-CoA reductase in cells deficient for AAA-ATPases of the proteasome
19 S regulatory particle. UT-2/pHMG-Red-T7 (A and B) and CHO-K1 (C and D) cells were set up for experiments, transfected with the Rpt5-1 or Rpt2-1 siRNA
duplex as indicated, and treated in the absence or presence of 1 �M MG-132, 1 �g/ml 25-HC, and 10 mM mevalonate (Mev.) as described in the legends for Figs.
4 and 5. A and B, following treatments, cells were harvested for subcellular fractionation using Protocol 1, and aliquots of resulting membranes were subjected
to trypsinolysis as described in the legends for Figs. 4 and 5. After trypsinolysis, samples together with aliquots of the cytosol were subjected to SDS-PAGE, and
immunoblot analysis was carried out with anti-T7 IgG (against reductase), IgG-18 (against VCP/p97), IgG-TBP1-19 (against Rpt5), anti-Rpt2 IgG, and anti-
calnexin IgG. Bands corresponding to the protected fragments of reductase in the anti-T7 immunoblots were quantified using ImageJ software. The intensities
of the protected fragments of reductase in the absence of 25-HC plus mevalonate were arbitrarily set as 1 for each of the RNAi-mediated knockdowns. C,
membranes from control and Rpt5 knockdown cells treated with 25-HC plus 10 mM mevalonate and 10 �M MG-132 were resuspended in TBS containing 71.5%
sucrose, and the samples were then overlaid with TBS containing 65 and 10% sucrose. After centrifugation at 100,000 � g for 16 h at 4 °C, aliquots were
removed from the top to the bottom of the gradient and analyzed by SDS-PAGE and immunoblot analysis with anti-T7 IgG (against reductase), anti-calnexin
IgG, and IgG-TBP1-19 (against Rpt5). D, membranes from control and Rpt5 knockdown cells treated with 10 �M MG-132, 1 �g/ml 25-HC, and 10 mM mevalonate
were resuspended in TBS with or without 0.1% Nonidet P-40 (NP-40). Following rotation at 4 °C for 1 h, the samples were separated into soluble supernatant
and insoluble pellet fractions by centrifugation. Aliquots of the fractions were then analyzed by immunoblotting with IgG-A9 (against reductase) and anti-
calnexin IgG.
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cytosolic face of the ER. It is important to note that a significant
fraction of reductase was observed to be extracted in the trypsin
protection assay, whereas only a small fraction of the protein
was found to be extracted in membrane association studies. A
plausible explanation for this difference is that membrane asso-
ciation studies using the high pH wash measure reductase that
has become completely membrane-extracted, whereas the
trypsin protection assay measures both completely and par-
tially extracted populations of reductase (see Fig. 7). Partially
extracted reductase may result from a feedback mechanism
that prevents accumulation of ERAD substrates in the cytosol
when proteasomes are impaired or from the saturation of pro-
teins required for extraction of reductase across membranes.

The 26 S proteasome consists of two large subcomplexes
designated the 20 S CP and the 19 S RP (16, 17, 34). The 20 S CP
comprises four stacked heptameric rings organized in a barrel
structure with openings at each end. The two inner rings are
composed of �-subunits that exhibit proteolytic activity,
whereas the two outer rings consist of structural �-subunits.
Both ends of the 20 S CP are associated with the 19 S RP, which
is composed of a base that contains six AAA-ATPases and a lid
containing non-ATPase subunits. Factors within the lid of the
19 S RP mediate recruitment of ubiquitinated substrates and
their subsequent deubiquitination. Binding of the base to the
20 S CP activates proteolysis, and the AAA-ATPases of the base
facilitate substrate unfolding and delivery into the proteolytic
chamber for degradation. In addition, the 19 S RP has been
implicated in cytosolic dislocation of ERAD substrates (17,
35–37); however, the majority of these studies focused on sol-
uble substrates sequestered within the ER lumen. In some cases,
dislocation of these substrates was independent of ubiquitina-

tion and the action of VCP/p97. In the few studies in which a
role for the 19 S RP in the ERAD of membrane-bound sub-
strates was examined, degradation appeared to be coupled to
retrotranslocation and extraction; proteasome inhibition did
not cause the appearance of these substrates in the cytosol (38,
39). This contrasts with our previous and current findings that
MG-132 uncoupled sterol-induced cytosolic dislocation of
reductase from its sterol-accelerated proteasomal degradation.
Treatment of cells with the inhibitor caused reductase to
appear in the cytosol of sterol-treated cells (15). This appear-
ance, which required reductase ubiquitination as well as the
presence of Insigs and VCP/p97, indicated that reductase may
become dislocated from ER membranes before proteasomal
degradation commences. Notably, AAA-ATPases of the 19 S
RP have been shown to be required for the ERAD of Hmg2p, a
homolog of reductase in the yeast Saccharomyces cerevisiae
(37). However, a role for the 19 S RP in the cytosolic dislocation
of Hmg2p was not appraised in the study.

In the current study, we appraised a role for the 19 S RP in
postubiquitination steps of sterol-accelerated reductase degra-
dation. Consistent with a role for proteasomes in sterol-accel-
erated reductase ERAD, the reaction was blunted by the
proteasome inhibitor MG-132 or by the knockdown of AAA-
ATPases of the 19 S RP (16, 17) (Fig. 5A). In surprising contrast
to results obtained when proteolytic activity of proteasomes
was inhibited, knockdown of the 19 S RP ATPases prevented
sterol-induced dislocation of reductase into the cytosol (Fig. 5,
B and C). Experiments utilizing the trypsin protection assay
revealed that although VCP/p97 knockdown inhibited sterol-
induced extraction of reductase across membranes, the reac-
tion continued in cells deficient for the 19 S RP (Fig. 6, A and B).

Cytosol

ER Lumen

Ubiquitin
Chains

Cytosolic
Dislocation

19S RP
20S CP

Ubiquitination
Sterols
Insigs

Extraction
Geranyl-
geraniol

VCP/p97

26S Proteasome

Proteasomal
Degradation

19S RP

HMG CoA
Reductase

Lumenal
T7 Tag

FIGURE 7. Model for the Insig-mediated, sterol-accelerated ER-associated degradation of HMG-CoA reductase. The diagram shows a schematic repre-
sentation of the sterol-accelerated ERAD of HMG-CoA reductase. Sterol-induced binding to Insigs results in ubiquitination of HMG-CoA reductase on two
cytosolic lysine residues in the membrane domain. Ubiquitination of reductase, which is mediated by two Insig-associated ubiquitin ligases called gp78 and
Trc8, marks the enzyme for VCP/p97-mediated extraction across ER membranes through a reaction that is enhanced by geranylgeraniol. Partially extracted
reductase with the T7-tagged lumenal loop between transmembrane helices 7 and 8 exposed to the cytosol is indicated as an intermediate in the complete
extraction of reductase. Once extracted, reductase is released from membranes into the cytosol through a reaction mediated by the proteasome 19 S RP and
finally delivered into the 20 S proteasome CP for degradation.
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Knockdown of the 19 S RP did not appear to cause membrane-
extracted reductase to become aggregated as indicated by its
association with membranes in knockdown cells (Fig. 6C) and
its detergent solubility (Fig. 6D). These findings not only dem-
onstrate that the 19 S RP and 20 S CP mediate, respectively, the
cytosolic dislocation and proteolytic degradation of reductase,
they also support our proposal that membrane extraction
(mediated by VCP/p97 and enhanced by geranylgeraniol) and
cytosolic dislocation (mediated by the 19 S RP) are sequential,
separable steps in the reductase ERAD pathway (see Fig. 7). It is
noteworthy that dislocation of at least one lumenal ERAD sub-
strate, the �s heavy chain of secretory IgM, involves consecu-
tive membrane extraction and cytosolic dislocation steps medi-
ated by VCP/p97 and proteasomes, respectively (40). However,
a major difference exists in the mechanism for membrane
extraction and cytosolic dislocation of reductase and �s: pro-
teolytic activity of proteasomes is required for dislocation of �s,
whereas reductase dislocation can only be observed upon pro-
teasome inhibition. Proteasome inhibition is known to cause
several membrane-bound ERAD substrates in addition to
reductase to accumulate in the cytosol of cells (13, 41– 47). It
will thus be important to determine in future studies whether
membrane extraction and release into the cytosol through
sequential actions of VCP/p97 and the proteasome 19 S RP are
a general ERAD mechanism or a peculiarity in the sterol-ac-
celerated ERAD of reductase. Finally, the current findings
together with our previous studies (6, 12) pinpoint the action of
geranylgeraniol in reductase ERAD to reactions that underlie
VCP/p97-mediated membrane extraction of ubiquitinated
reductase. The establishment of a robust assay for membrane
extraction of reductase provides a means to further character-
ize the mechanism for geranylgeraniol-mediated augmentation
of reductase ERAD and to identify the target of the nonsterol
isoprenoid, which may be an unknown membrane protein or
ubiquitinated reductase itself.
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