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CYP3A4 is a dominant human liver cytochrome P450 enzyme
engaged in the metabolism and disposition of >50% of clinically
relevant drugs and held responsible for many adverse drug-
drug interactions. CYP3A4 and its mammalian liver CYP3A
orthologs are endoplasmic reticulum (ER)-anchored monotopic
proteins that undergo ubiquitin (Ub)-dependent proteasomal
degradation (UPD) in an ER-associated degradation (ERAD)
process. These integral ER proteins are ubiquitinated in vivo,
and in vitro studies have identified the ER-integral gp78 and the
cytosolic co-chaperone, CHIP (C terminus of Hsp70-interacting
protein), as the relevant E3 Ub-ligases, along with their cognate
E2 Ub-conjugating enzymes UBC7 and UbcH5a, respectively.
Using lentiviral ShRNA templates targeted against each of these
Ub-ligases, we now document that both E3s are indeed physio-
logically involved in CYP3A ERAD/UPD in cultured rat hepato-
cytes. Accordingly, specific RNAi resulted in ~80% knockdown
of each hepatic Ub-ligase, with a corresponding =2.5-fold
CYP3A stabilization. Surprisingly, however, such stabilization
resulted in increased levels of functionally active CYP3A,
thereby challenging the previous notion that E3 recognition and
subsequent ERAD of CYP3A proteins required ab initio their
structural and/or functional inactivation. Furthermore, coex-
pression in HepG2 cells of both CYP3A4 and gp78, but not its
functionally inactive RING-finger mutant, resulted in enhanced
CYP3A4 loss greater than that in corresponding cells expressing
only CYP3AA4. Stabilization of a functionally active CYP3A after
RNAi knockdown of either of the E3s, coupled with the
increased CYP3A4 loss on gp78 or CHIP coexpression, suggests
that ERAD-associated E3 Ub-ligases can influence clinically rel-
evant drug metabolism by effectively regulating the physiologi-
cal CYP3A content and consequently its function.
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The CYP3A subfamily of hepatic cytochrome P450 hemo-
proteins includes CYP3A4, the dominant human liver P450
enzyme responsible for the metabolism of more than 50% of
clinically relevant drugs and other xenobiotics (1). The CYPs
3A,% in common with many hepatic P450s, are excellent exam-
ples of integral endoplasmic reticulum (ER) membrane-an-
chored monotopic proteins, with their N termini embedded in
the ER and their catalytic domains exposed to the cytosol. Using
various iz vivo and in vitro reconstituted eukaryotic systems, we
have shown that both native® and structurally inactivated CYPs
3A incur ubiquitin (Ub)-dependent proteasomal degradation
(UPD), in a typical ER-associated degradation (ERAD) process
involving phosphorylation, ubiquitination, ER membrane
extraction into the cytosol, and subsequent degradation by the
26S proteasome (2-13). Indeed mechanism-based CYP3A
inactivation often results in active site structural lesions within
their cytosolic domain (2, 6, 7), thereby qualifying these pro-
teins as bona fide ERAD-C substrates.

The pathways of P450 degradation appear to be highly con-
served in all eukaryotes from yeast to man (11-22). Accord-
ingly, our studies of heterologous expression of CYP3A4 in wild
type Saccharomyces cerevisiae and mutants containing defined
genetic lesions in various ERAD components have enabled us to
characterize CYP3A ERAD/UPD by identifying several partic-
ipants such as the ERAD-associated soluble E2 Ub-conjugating
enzyme Ubc7p and its membrane anchor Cuelp, Cdc48p-
Ufd1p-Npl4 AAA-ATPase complex (homologous to the mam-
malian p97 complex), and Rpnlp (Hrd2p), an essential 26S pro-

2The abbreviations used are: CYP, cytochrome P450; P450s, cytochrome
P450 hemoproteins; BFC, 7-benzyloxy-4-trifluoromethylcoumarin; CHIP, C
terminus of Hsp70-interacting protein; CT, control; DDEP, 3,5-dicarbe-
thoxy-2,6-dimethyl-4-ethyl-1,4-dihydropyridine; Dex, dexamethasone;
DD, drug-drug interaction; ER, endoplasmic reticulum; ERAD, ER-associ-
ated degradation; HFC, 7-hydroxy-4-trifluoromethylcoumarin; HMM, high
molecular mass; nt, nucleotide(s); qRT, quantitative real-time; PCR, poly-
merase chain reaction; ROS, reactive oxygen species; Ub, ubiquitin; UBC,
genes for Ub-conjugating enzymes; UPD, Ub-dependent proteasomal
degradation.

3 By “native” we refer to the CYP3A/P450 enzyme that has not been structur-
ally and/or functionally inactivated by an exogenous mechanism-based
inactivator. Regrettably, the ubiquitination of truly “native state” CYP3A
enzymes by UBC7/gp78 or UbcH5a/CHIP complexes cannot be directly
evaluated because of the relatively prolonged 90-min incubation periods
at 30 °C generally required to detect protein ubiquitination. During such a
prolonged incubation, CYP3A proteins unfold and thus can no longer be
considered unequivocally native.
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teasomal cap subunit, as important participants in CYP3A
ERAD (13, 14, 17). Despite the unambiguous finding that
CYP3A4 is indeed degraded in an Ubc7p/Cuelp- and Rpnlp-
dependent ERAD process (14, 17), none of the canonical yeast
E3 Ub-ligases such as DoalOp or even Hrd1p/Hrd3p involved in
the ERAD of several integral and lumenal ER proteins and/or
cytosolic proteins (19-27) could be implicated (13, 14, 17).
Because this could reflect subtle differences in the recognition
of a mammalian CYP3A protein by these yeast Ub-ligases, we
examined in vitro CYP3A4 ubiquitination systems functionally
reconstituted with purified, recombinant mammalian E2-E3
enzymes. These analyses, although enabling us once again to
exclude HRD1 and TEB4, the mammalian homologs of yeast
Hrd1p and DoalOp (26, 28 —31), revealed MmUBC7 (Ube2g2)/
gp78/AMFR and UbcH5a/CHIP as functional E2-E3 enzyme
complexes in in vitro CYP3A4 ubiquitination (10).

The E3 Ub-ligase gp78/AMER (“glycoprotein” 78/autocrine
motility factor receptor) is a polytopic protein N-terminally
anchored to the ER membrane with its intrinsic RING-finger
Ub-ligase, Cuel-like, UBC7/Ube2g2-binding, substrate recog-
nition, and p97-binding regions all situated in its cytosolic
C-terminal (residues 309 —643) domain (gp78C), which is the
functionally active E3 domain (32-39). Its ER topology, UBC7
dependence, and functional p97 association are consistent with
the known requirements for CYP3A4 ERAD and its plausible
role in this process. On the other hand, UbcH5a-dependent
cytosolic E3 CHIP (C terminus of Hsp70-interacting protein) is
a U-box E3 Ub-ligase that also functions as a co-chaperone
(40-45). CHIP contains three tandem tetratricopeptide
repeats in its N-terminal domain, which bind Hsc70 and Hsp90,
and a C-terminal U-box, which is RING-finger-like and func-
tions as a chaperone-dependent Ub-ligase that links the client
substrates of the cytosolic chaperone machinery to their UPD
(41-51). Support for its involvement in CYP3A4 ERAD could
not be gleaned from our yeast analyses because S. cerevisiae
lacks CHIP (20). However, our preliminary findings of CYP3A4
stabilization in a temperature-sensitive Hsp70-defective yeast
mutant (ssal-45), coupled with the reported ability of CHIP to
ubiquitinate not only CYP3A4 (10) but also CYP2E1, another
hepatic ER-anchored P450 (49), in in vitro functionally recon-
stituted ubiquitination systems, underscored its plausible
involvement in CYP3A4 ERAD.

Given the ability of both gp78 and CHIP to ubiquitinate
CYP3A4 invitro, and the compelling preliminary evidence sup-
porting a plausible role for each E3 Ub-ligase in CYP3A ERAD,
we sought to establish their relative physiological relevance to
this process in cultured primary rat hepatocytes through in vivo
gp78 and/or CHIP knockdown via RNA interference (RNAi).
Our findings described herein document that both E3 Ub-li-
gases are relevant to CYP3A4 ERAD, as specific knockdown of
each enzyme results in an immunochemically detectable
CYP3A stabilization that is functionally relevant and has clini-
cal implications for drug-drug interactions (DDIs).

EXPERIMENTAL PROCEDURES
Materials—7-Hydroxy-4-trifluoromethylcoumarin ~ (HFC)

and 7-benzyloxy-4-trifluoromethylcoumarin (BFC) were ob-
tained from BD Gentest (Woburn, MA). B-Glucuronidase/ar-
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ylsulfatase was purchased from Roche Applied Science. Lipo-
fectamine 2000 was obtained from Invitrogen. Common cell
culture media, supplements, culture plasticware, and commer-
cial sources of protease inhibitors and dexamethasone (Dex)
have been reported previously (52, 53). Goat polyclonal IgGs
were raised commercially against purified recombinant rat
hepatic CYP3A23 and purified by Hi-Trap® protein A-Sepha-
rose affinity chromatography.

Plasmids pCIneo-gp78-(1-643) encoding full-length human
gp78, pClneo-gp78Rf-m, its double RING-finger double
mutant (gp78RM), and pClneo-gp78C encoding the cytosolic
C-terminal gp78 domain (residues 309 — 643) (35, 36) were pro-
vided by Dr. A. M. Weissman. The cytosolic C-terminal gp78
domain was digested from pGEX4T2-gp78C and cloned into
pcDNAG6 vector to make the eukaryotic overexpression plas-
mid. All other buffers and reagents were of the highest com-
mercial grade. pcDNA3.1-CHIP plasmid encoding the full-
length 303-residue human CHIP was provided by Dr. Cam
Patterson.

Lentiviral shRNA Constructs—shRNA target sequences were
selected based on the Gene Link™ prediction program. The
shRNA primers were amplified using pTZu6 + 1 followed by
cloning into the pHRCMVpuroWsinl8 vector. For gp78
(XM_341644.4), the sequences targeted were GCCTAC-
CGCGCCCTCAGCCAGCCC (shRNAI, targeting exon 3,
300-318 nt) and CAAGACACCTCTTGTCCAACATGC
(shRNAZ2, targeting exon 9, 1318 —1336 nt). In the case of CHIP
(NM_001025625.2), the sequences targeted were GAGAGT-
TATGATGAGGCCATT (shRNA1, targeting exon 2, 415—-435
nt), CAAGGAGCAGCGACTCAACTT (shRNA2, targeting
exon 10, 1410-1430 nt), GAGAGTGAGCTGCACTCCTAT
(shRNA3, targeting exon 11, 1558 -1578 nt), and CCCTTCG-
CATTGCTAAGAAGA (shRNA4, targeting exon 12, 1852—
1872 nt). The control (CT) shRNA sequence was a “scrambled”
GACTTCATAAGGCGCATG sequence that through BLAST
analyses was verified not to be similar or to target any sequence
in the rat genome.

Lentiviral Packaging in HEK293T and Quantitation—
HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM-high glucose) containing 10% v/v fetal bovine
serum (FBS) and penicillin/streptomycin (50 ug/ml) to
80-90% confluency on 6-well collagen-coated plates. On the
day of the transfection, the medium was changed to serum-free
Opti-MEM. The packaging vesicular stomatitis virus G expres-
sion vector pMD.G1, rev expression vector pCMVARS8.91, and
an appropriate lentiviral pHRCMVPURO-Wsinl18-shRNA
expression plasmid were mixed with Lipofectamine 2000 in
Opti-MEM. The cells were incubated at 37 °C with this mixture
for 4—6 h. The medium was then changed to serum containing
DMEM. The medium from the infected cells was collected on
day 2 and fresh medium added. On day 4, the medium was
collected again and pooled with that from day 2. These pooled
media containing secreted virus were filtered through a
0.45-um filter, and the virus stock was stored at —80 °C. For
quantitation of the viral stock, a 5-10-ml aliquot of the pooled
virus-containing media was centrifuged over a 10-ml cushion of
20% w/v sucrose at 100,000 X g at 4 °C in a Beckman Ultracen-
trifuge. The supernatant was removed, the glassy pellet was
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resuspended in lysis buffer, and viral RNA was extracted. This
viral RNA was used for absolute quantification by quantitative
real-time PCR (qRT-PCR) analyses (see below) using the
following primers and probes. The gp78 primers were ACCT-
CATGCACCACATTCACATGC (forward) and CAAGACA-
CCTCTTGTCCAACATGC (reverse), and the probe was 5'-/
56-FAM/TAATGCGGTGTCTTGGGCTGTGTGAA/36-TA-
MSp/-3'. The CHIP primers were ACCCGGAACCCACTTG-
TGGCAGTG (forward) and CTGGATGGGCAGTCTGTGA-
AGGCG (reverse), and the probe was 5'-/FAM/ATCTGA-
AGATGCAGCAGCCTGAA/36-TAMSp/-3'.

Each viral stock was quantified using a standard curve.
Thereafter, the entire volume of viral supernatant was centri-
fuged and the pellet resuspended in Williams” Medium E to
yield a final concentration of 500 ng/ml. This stock was ali-
quoted and stored at —80°C until used for rat hepatocyte
infection.

Rat Hepatocyte Infection and Culture—Male Sprague-Daw-
ley rats (4—6 weeks old) purchased from Simonsen Laborato-
ries (Gilroy, CA) were fed and given water ad libitum and han-
dled according to the Institutional Animal Care and Use
Committee guidelines. Hepatocytes were isolated from rats by
in situ liver perfusion with collagenase (liver digest medium).
Hepatocytes (3.5 X 10°) were mixed with the packaged lentivi-
ral shRNA containing medium (1 pg of viral RNA/plate),
seeded onto 60-mm Permanox culture dishes precoated with
type I rat tail collagen, and incubated at 37 °C. After 3 h, the
medium was removed, and fresh medium containing 1 ug of
virus/plate was added to the hepatocytes for overnight infec-
tion. After 18 —20 h, the medium was changed, and cells were
overlaid with 0.25 mg/ml Matrigel. Cells were cultured as
described (4, 52—54) in Williams’ E medium containing insulin-
transferrin-selenium G, 0.1 um Dex, 50 units/ml penicillin/
streptomycin, 2 mm L-glutamine, and 0.1% w/v BSA. Cells were
maintained for 2 days with a daily change of medium to enable
the recovery and restoration of hepatic function (55). At 72 h of
culture, puromycin (5 ug/ml) was added to the medium for
selection of cells that had been successfully infected by the
shRNA-containing virus. The medium was replaced daily, and
cells were cultured for a further 4 —5 days with daily light micro-
scopic examination for any signs of cell death or cytotoxicity. In
some cases, cells were treated with vehicle (dimethyl sulfoxide)
or the CYP3A inducer Dex (10 um) from days 3 to 7. In other
cases, on day 7, Dex (10 uMm)-pretreated cells were treated with
DDEP (3,5-dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropy-
ridine; 30 um) for 3 h before harvesting.

In preliminary experiments, the optimal time for =80%
knockdown of gp78 or CHIP was determined to be =7 days. At
this time, cells were harvested in lysis buffer consisting of Tris-
HCI (20 mm, pH 7.5), 1% v/v Triton, NaCl (150 mm), 10% v/v
glycerol, EDTA (1 mm), EGTA (1 mm), NaF (100 mm), tetraba-
sic sodium pyrophosphate (10 mm), B-glycerophosphate (17.5
mwm), N-ethylmaleimide (5 mm), Na;VO, (1 mm), and protease
inhibitors PMSF (1 mm), leupeptin (20 M), aprotinin (1.5 um),
E-64 (50 uMm), pepstatin (10 wMm), antipain (10 um), 4-
2(aminoethyl)benzenesulfonyl fluoride (AEBSF; 1 mwm), and
bestatin (60 um). The cells were lysed using an OMNI™™-TH
homogenizer and sonicated for 40 s. Lysates were clarified by
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sedimentation at maximum speed in a tabletop microcentri-
fuge at 4 °C for 15 min. Lysate supernatants were subjected to
Western immunoblotting analyses and densitometric quantifi-
cation using Image] software (see below).

In parallel, some shRNA-infected cell cultures were also har-
vested in an RNA-stabilizing reagent (Qiagen) and used for
total RNA extraction and qRT-PCR analyses (see below).

HepG2 Cell Culture and Expression—HepG2 cells were
grown in minimal Eagle’s medium (MEM) containing 10% v/v
FBS and supplemented with nonessential amino acids in 6-well
collagen-coated plates till they reached 80-90% confluency.
gp78, CHIP, and/or CYP3A expression plasmids were mixed
with Lipofectamine 2000 and Opti-MEM. The mixture was
added and the cells incubated at 37 °C for 4—6 h, following
which the medium was changed to serum-containing MEM.
Protein expression was verified by harvesting cells at 0-48 h
from the time of transfection by Western immunoblotting
analyses of each protein using a specific polyclonal antibody.

CYP3A Immunoprecipitation—CYP3A was routinely immu-
noprecipitated before the extent of its ubiquitination was deter-
mined as described previously (4, 52). For CYP3A immunopre-
cipitation, 1 mg of cell lysate protein was immunoprecipitated
with 2 mg of goat anti-CYP3A antibody. Similarly, 500 pg of
protein from the sodium carbonate-washed microsomal sub-
fraction, 2 mg of protein from the corresponding cytosolic sub-
fraction, and 200 ug of the solubilized “trichloroacetic acid pel-
let” were immunoprecipitated with 3 mg, 2 mg, and 500 ug,
respectively, of goat anti-CYP3A antibody.

Immunoblotting Analyses—CYP3A and ubiquitinated
CYP3A immunoprecipitates were immunoblotted as described
(4, 12, 52). For gp78 and CHIP immunoblotting analyses, lysate
protein (50 ug) was subjected to 10% SDS-PAGE followed by
electroblotting onto a nitrocellulose membrane. The gp78 and
CHIP proteins were immunoblotted with primary rabbit poly-
clonal antibodies (sc-33541 and sc-66830, respectively, from
Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The gp78
antibody (sc-33541) was raised against an epitope correspond-
ing to gp78 residues 236-345 in the internal and C-terminal
domain, thus recognizing both full-length gp78 and gp78C. The
CHIP antibody (sc-66830) was raised against an epitope corre-
sponding to its C-terminal residues 73—303. This was followed
by goat anti-rabbit HRP-conjugated secondary antibody (cata-
log No. 170-6515) from Bio-Rad Laboratories. Unless otherwise
indicated, 5% w/v nonfat milk in 0.1% v/v Tween TBS (TTBS)
was used for blocking and to make all primary and secondary
antibody dilutions. All immunoblots were developed with the
SuperSignal West maximum sensitivity Femto or Pico chemi-
luminescent substrate (product No. 34095) from Pierce. Actin
immunoblotting analyses were routinely conducted with each
lysate (10 ug of protein) to ensure equivalent protein loading.
Densitometrically derived arbitrary units of individual immu-
noblots were normalized against the corresponding values of
the actin loading controls and then expressed as percent of
control/basal values.

Densitometric Quantification—Direct quantification of the
immunoblots was performed by Image] software (National
Institutes of Health) analyses.
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qRT-PCR Analyses—Total RNA was extracted with the
Ambion RNAqueous-Micro kit (Ambion Inc., Austin, TX; cat-
alog No. AM1931) and treated with DNase to free it from DNA
contamination using the Ambion DNA-free kit. This was fol-
lowed by reverse transcription to cDNA by Moloney murine
leukemia virus reverse transcriptase (Invitrogen) exactly as
described (53, 54). Universal PCR Master Mix (catalog No.
430447) and TagMan primer-probe mixes were purchased
from Applied Biosystems Inc. for the detection of rat mRNA
sequences for CYP3A23 (catalog No. Rn01412959_g1), cyto-
chrome b, (catalog No. Rn01483963_m1), and 3-glucuronidase
(GUS; catalog No. Rn00566655_m1). The gp78 primers were:
ACCTCATGCACCACATTCACATGC (forward) and CAA-
GACACCTCTTGTCCAACATGC (reverse). The CHIP prim-
ers were: ACCCGGAACCCACTTGTGGCAGTG (forward)
and CTGGATGGGCAGTCTGTGAAGGCG (reverse). The
PCR reaction mixture (10 ul) was made as follows (final con-
centrations): 1x PCR master mix containing 1x TagMan buffer,
200 uM of each ANTP, 1.5 units of AmpliTaq Gold DNA poly-
merase, 200 nM probes, 900 nM primers, nuclease-free water, 10
ng of cDNA (from the reverse transcriptase reaction). PCR was
performed in a MicroAmp ABI Prism 384-well clear optical
reaction plate using the ABI Prism 7900 detector system. The
initial denaturation cycle was at 95 °C for 10 min followed by 40
cycles with denaturation at 95 °C for 20 s, and annealing/exten-
sion at 60 °C for 1 min. The Ct (cycle number at which the
fluorescent signal reaches the threshold level) value reflecting
the expression of each gene was normalized to that of the
endogenous control B-glucuronidase (GUS) gene. Relative
gene expression was calculated as 2~ *“* where ACt is defined as
Ct for the gene of interest — Ct for GUS. All values are
expressed as percent increase/decrease with respect to the RNA
value in untreated hepatocytes.

The specificity of the knockdown was verified by parallel
qRT-PCR analyses of the RNA sample with the appropriate
primers and probes to detect CYP3A23, gp78, CHIP, or cyto-
chrome b; mRNA.

Immunofluorescence Staining—shRNA-infected cells were
fixed in methanol for 15 min at —20 °C and incubated for 1 h
with 2% v/v nonimmune rabbit serum. This was followed by
incubation with goat anti-CYP3A antibody (1:500, v/v) for 1 h
at room temperature. After washing with PBS, cells were incu-
bated with Alexa Fluor 488 rabbit anti-goat antibody (1:3000,
v/v). Cells were observed with a Zeiss Axiovert 200M, LSM 510
Meta confocal microscope at X20 magnification. Images were
collected at 1024 X 1024 frame resolution with a pinhole 0of 0.75
Airy unit. The relative immunofluorescence intensity was quan-
titated as the mean intensity of a cytoplasmic area (4 um X 5 um)
excluding the nucleus within each cell, using the dedicated Zeiss
confocal software. Intensity values (mean * S.D.; n = 50 cells)
ranged from 1 to 256, corresponding to the fluorescence
dynamic range of 1 (no signal) and 256 maximal (saturation)
immunofluorescence signal, respectively, of the 20-um? area.

Preparation of Microsomal and Cytosolic Subfractions—To
determine whether the ER localization and/or subsequent
extraction into the cytosol of the parent and ubiquitinated
CYP3A species was affected by the 7-day gp78 or CHIP knock-
down, on the 8th day the protein was radiolabeled by **S pulse-
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chase (60 uCi of L-[**S]Met/Cys for 1 h at 37 °C). This was
followed by chase with cold methionine/cysteine as detailed
(52). Two h following cold chase, microsomes were isolated
from rat hepatocytes as described (54). The supernatant
obtained after the first 100,000 X gultracentrifugation was used
as the cytosolic subfraction and subjected to CYP3A immuno-
precipitation as described above. To determine the content of
CYP3A normally ER-integrated relative to that dislocated but
still loosely associated with the external ER surface, micro-
somes were subjected to a 0.1 M sodium carbonate wash.
Accordingly, the resuspended microsomes from *°S-pulse-
chase experiments were treated with 0.1 M sodium carbonate
and then incubated on ice for 30 min followed by ultracentrif-
ugation at 180,000 X g for 1 h. This treatment is expected to
solubilize and “wash” out CYP3A protein loosely associated
with the ER membranes into the sodium carbonate fraction
(supernatant from the 180,000 X g ultracentrifugation). The
resulting 180,000 X g pellet, representing firmly integrated
microsomal proteins, was resuspended and used for CYP3A
immunoprecipitation. The 180,000 X g supernatant was fur-
ther treated with 100% trichloroacetic acid, incubated on ice for
30 min to precipitate constituent proteins, and then sedi-
mented at 21,000 X g. The 21,000 X g supernatant was dis-
carded after it was deemed free of any nonprecipitated
radiolabeled proteins including CYP3A. The trichloroacetic
acid-precipitated protein pellet (“trichloroacetic acid pellet”)
was washed with 100% acetone, solubilized in immunoprecipi-
tation buffer, and subjected to CYP3A immunoprecipitation as
described above. This immunoprecipitate represents any
CYP3A proteins dislocated from the ER but remaining loosely
associated with the ER membranes.

BFC 7-O-Debenzylation Assays—CYP3A function was
assessed by a fluorescence-based assay performed as described
(56) by direct incubation of rat hepatocytes cultured in 60-mm
Permanox plates as described above and infected with gp78
shRNA 1 + 2, CHIP-4 shRNA, or control shRNA for 7 days. A
volume of 500 ul of incubation medium (1 mm Na,HPO,, 137
mm NaCl, 5 mm KCl, 0.5 mm MgCl,, 2 mm CaCl,, 10 mm glu-
cose, and 10 mm Hepes, pH 7.4, buffered solution) containing
the substrate BFC (100 um) was added to each plate. At defined
time points between 0 and 60 min at 37 °C, reactions were
stopped by aspiration of the incubation medium. Any HFC con-
jugates formed during the assay were hydrolyzed by incubation
of the medium supernatants with B-glucuronidase/arylsulfa-
tase (150 Fishman units/ml and 1200 Roy units/ml, respec-
tively) for 2 h at 37 °C. Samples were diluted (1:2, v/v) in the
quenching solution (0.25 mMm Tris, 60% acetonitrile), and HFC
metabolite formation was quantified fluorimetrically (excita-
tion wavelength 410 nm and emission wavelength 510 nm)
using a SpectraMax Mb5e fluorescence microplate reader
(Molecular Devices, Sunnyvale, CA). An HFC standard curve
was used to express the results as mean = S.D. umol of HFC
metabolite formed/3.5 X 10° hepatocytes of three individual
cultures. Microsomes were isolated from cultures similarly
treated in parallel, and their BFC O-debenzylase activity was
determined after 30 min of incubation at 37 °C (56).
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FIGURE 1. Effects of RNAi-mediated gp78 knockdown on CYP3A content
in cultured rat hepatocytes. Effects are shown of shRNA-1 and shRNA-2
targeted against hepatic gp78, individually or in combination (gp78 1/2), on
hepatic CYP3A content derived from each shRNA-infected cell culture. Hepa-
tocytes were infected with shRNA-1, shRNA-2, shRNA-1 + shRNA-2 (gp78 1/2)
directed against hepatic gp78, or an shRNA containing a sequence known not
to target any known rat gene (CT) and then treated with the CYP3A inducer
Dex. A, arepresentative example of CYP3A Western immunoblotting analyses
of these hepatocyte lysates (50 ug of protein) is shown at the top, with corre-
sponding aliquots used for actin immunoblotting analyses as loading con-
trols. Densitometric quantification of hepatic CYP3A content from three indi-
vidual experiments is shown at the bottom. Statistical analyses revealed
significant differences in hepatic CYP3A content between CT and shRNA-1-,
shRNA-2-, or shRNA gp78 1/2-infected cells at p < 0.01. No statistically signif-
icant differences were observed between shRNA 1- or shRNA 2-infected cells.
B, the effects of gp78 shRNA 1/2 on hepatic gp78 mRNA. C, evidence of the
target specificity of gp78 shRNA 1/2 against gp78 mRNA and that of CHIP-4
shRNA against CHIP mRNA by qRT-PCR analyses are documented. D, a repre-
sentative example of gp78 Western immunoblotting analyses of these hepa-
tocyte lysates (50 ng of protein) is shown at the top, with corresponding
aliquots used for actin immunoblotting analyses as loading controls. Densi-
tometric quantification of hepatic gp78 content from three individual exper-
iments is shown at the bottom. Statistical analyses revealed significant differ-
encesin hepatic gp78 content between CT and shRNA gp78 1/2-infected cells
at p < 0.01. E, effects of gp78 shRNA 1/2 on hepatic ubiquitinated CYP3A
species, detected after ubiquitin immunoblotting (/B) analyses of CYP3A
immunoprecipitates (/P) derived from each shRNA-infected cell culture are
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FIGURE 2. Stabilization of native constitutive, Dex-inducible, and DDEP-
inactivated CYP3A content in cultured rat hepatocytes following RNAi-
mediated gp78 knockdown. Hepatocytes were infected with shRNA gp78
1/2 or the control shRNA (CT). Combined effects of shRNA gp78 1/2 on hepatic
CYP3A content of untreated (first 2 lanes) and Dex-pretreated hepatocytes
(next 4 lanes) are shown. Some of the Dex-pretreated cultures were also
treated with DDEP, a mechanism-based CYP3A inactivator for 6 h (last 2 lanes).
A representative example of CYP3A Western immunoblotting analyses of
these hepatocyte lysates (50 ng of protein) is shown at the top, with corre-
sponding aliquots used for actin immunoblotting analyses as the loading
controls. Densitometric quantification of hepatic CYP3A content from three
individual experiments is shown at the bottom. Statistical analyses revealed
significant differences in hepatic CYP3A content between CT and corre-
sponding shRNA gp78 1/2-infected cells at p < 0.01.

Statistical Analyses—Experiments were performed in tripli-
cate. Data were compared by analysis of variance, and p values
of <0.05 were considered statistically significant.

RESULTS

Effects of Lentiviral shRNAi-mediated gp78 Knockdown on
CYP3A Content in Cultured Rat Hepatocytes—In preliminary
experiments we determined the relative efficiency individually
and in combination of shRNA-1 and -2 directed against gp78 on
CYP3A content of Dex-treated cultured hepatocytes after 7
days of infection (Fig. 1A4). We found that shRNA-1 and
shRNA-2 yielded a comparable gp78 knockdown, as revealed
by the relative CYP3A stabilization (=270%) relative to basal
CYP3A levels (100%) in cells infected with a sShRNA known to
target no known rat gene, henceforth referred to as “control”
(CT) shRNA. However, concomitant infection with both
shRNA-1 and shRNA-2 consistently led to a higher extent
(325 = 7.02%) of CYP3A stabilization relative to control levels
(Fig. 1A). Accordingly, this sSARNA combination (termed gp78

shown. Densitometric quantification of hepatic ubiquitinated CYP3A
(area between 65 kDa and top of the gel) from three individual experi-
ments is shown at the right. Statistical analyses revealed significant differ-
ences in hepatic CYP3A content between CT and shRNA gp78 1/2-infected
cellsat p < 0.01.
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FIGURE 3. Effects of coexpression of CYP3A4 and gp78 in cultured HepG2 cells. A, HepG2 cells were grown
to confluence and then co-infected with a vector expressing CYP3A4 and a vector expressing full-length
functionally active gp78 (gp78-WT), its RING-finger mutant (gp78-RM), or just its ER membrane anchor-deleted
C-terminal domain (gp78-C) for 0-48 h. The time course of the densitometrically quantified gp78 protein in
cells expressed by each of these vectors is shown. B, HepG2 cells coexpressing CYP3A4 and a vector expressing
gp78-WT, its inactive gp78-RM, or gp78-C and harvested at 48 h are shown. Control HepG2 cells expressing just
CYP3A4 by itself (no coexpression vector) or along with the empty vector (Mock) were cultured in parallel. A
representative example of CYP3A Western immunoblotting analyses of these hepatocyte lysates (30 ug of
protein) is shown at the top, with corresponding aliquots used for actin immunoblotting analyses as the
loading controls. Densitometric quantification of hepatic CYP3A content (mean = S.D.) from three individual
experiments is shown at the bottom. Statistical analyses revealed significant differences in hepatic CYP3A4
content of cells expressing CYP3A4 alone and corresponding gp78-WT or gp78-C expressing cells at p < 0.01.
Significant differences were also observed in the CYP3A4 content of gp78-WT- or gp78-C-expressing cells and
those expressing gp78-RM at p < 0.01, and between the CYP3A4 content of gp78-WT and gp78-C expressing
cellsatp < 0.01.Nossignificant differences in CYP3A4 content were observed between cells expressing CYP3A4

CYP3A loss was significantly abro-
gated by hepatic gp78 knockdown,
and CYP3A was stabilized to levels
almost as high (256 = 12.7%) as
those observed in cells treated with
Dex alone (Fig. 2). Together these
findings verify that DDEP-mediated
acceleration of hepatic CYP3A
ERAD is blocked on hepatic gp78
knockdown, consistent with a sig-
nificant role for gp78 in CYP3A
ERAD.

Coexpression of Hepatic gp78 and
CYP3A4 in HepG2 Cells Enhances
CYP3A4 Turnover—In preliminary
studies, the time course of expres-
sion of the pcDNA6-His A vector
encoding full-length gp78 (gp78-
WT), its full-length ring mutant
of gp78 (gp78RM), or the trans-
membrane anchor-deleted C-ter-
minal domain of gp78 (gp78C) was
found to be comparable at 48 h
(Fig. 3A). This time point was
therefore used to examine the
individual effects of coexpressing
each of these vectors with that of
CYP3A4 (Fig. 3B). Coexpression of
gp78-WT and CYP3A4 led to a sig-
nificant decrease in CYP3A4 levels
in HepG2 cells as compared with

alone (None) and cells expressing the empty vector (Mock).

1/2) was used in all subsequent studies. qRT-PCR analyses of
total hepatic RNA isolated from cultured hepatocytes revealed
that after 7 days of infection, gp78 1/2 was found to knock down
mRNA levels by 78 = 1.5% of basal values (Fig. 1B). qRT-PCR
analyses also indicated no corresponding mRNA knockdown of
CYP3A23, cytochrome b, (another integral ER protein), CHIP,
or GUS (a housekeeping gene), thereby attesting to the speci-
ficity of the gp78 knockdown (Fig. 1C). Parallel gp78 immuno-
blotting analyses of lysates from hepatocytes cultured in paral-
lel revealed a corresponding 77 = 1.6% hepatic gp78 protein
knockdown from basal values in control shRNA-infected cells
(Fig. 1D). No CHIP protein knockdown was seen when aliquots
of these lysates were subjected to CHIP immunoblotting anal-
yses (Fig. 1D). CYP3A stabilization was associated with consis-
tently lowered ubiquitination as monitored by ubiquitin immu-
noblotting analyses of the CYP3A immunoprecipitates from
these cell lysates (Fig. 1E).

Stabilization of the constitutive CYP3A (CYP3A2) on the
order of 173 * 7.67% relative to corresponding control values
was also observed on parallel CYP3A immunoblotting analyses
of lysates from non-Dex-treated cells (Fig. 2). This was further
enhanced on Dex-mediated CYP3A induction to 278 * 14.2%.
Treatment of Dex-pretreated cells with the CYP3A mecha-
nism-based inactivator DDEP for 6 h, as expected, significantly
lowered the basal levels of CYP3A (Fig. 2). However, this

NOVEMBER 12, 2010+VOLUME 285-NUMBER 46

control cells expressing CYP3A4
alone (None) or cells coexpressing
CYP3A4 and the empty pcDNA6-His A vector (Mock) (Fig. 3B).
By contrast, coexpression of the inactive RING-finger mutant,
gp78RM, had no significant effect on CYP3A4 levels in HepG2
cells (Fig. 3B). Surprisingly, coexpression of just the active
C-terminal domain, gp78C, led to a significantly enhanced loss
of coexpressed CYP3A4, even though the levels of gp78 protein
were nearly comparable by immunoblotting analyses (Fig. 3B).
These findings revealed that the soluble gp78C was more effi-
cient than its full-length ER-anchored counterpart in support-
ing CYP3A4 ERAD* (Fig. 3B).

Effects of Lentiviral shRNAi-mediated Hepatic CHIP Knock-
down on CYP3A Content in Cultured Rat Hepatocytes—Four
different lentiviral sShARNA templates targeted against specific
CHIP exons were used to knock down hepatic CHIP content in
cultured rat hepatocytes (Fig. 4). Although individually all four
shRNAs significantly knocked down CHIP relative to the con-
trol shRNA targeting no known rat gene, shRNA construct
CHIP-4 was the most effective, exhibiting a CHIP mRNA

*Wefind itinteresting thatin HepG2 cells, the expression of the soluble C-ter-
minal domain of gp78 (gp78C) rather than the full-length ER membrane-
anchored gp78 was more efficientin supporting CYP3A4 degradation. This
is consistent with our findings (76) that in the presence of a functional p97
AAA-ATPase complex, the chaperone complex involved in the extraction
of ER proteins, a considerable fraction of the parent 55-kDa CYP3A species
is found in the cytosol.
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FIGURE 4. Effects of RNAi-mediated CHIP knockdown on CYP3A content in cultured rat hepatocytes.
Hepatocytes were infected with shRNA templates CHIP-1, CHIP-2, CHIP-3, or CHIP-4 targeted against various
exons of the rat CHIP gene or the control shRNA template (CT) and then treated with the CYP3A inducer Dex.
Individual effects of shRNAs CHIP-1-4 on hepatic CHIP mRNA (A) and CHIP protein content (B) are shown. B, a
representative example of CHIP Western immunoblotting analyses of these hepatocyte lysates (50 ug of
protein) is shown at the top, with corresponding aliquots used for actin immunoblotting analyses as loading
controls. Densitometric quantification of hepatic CHIP content from three individual experiments is shown at
the bottom. Statistical analyses revealed significant differences in hepatic CHIP content between CT and cells
infected with each CHIP-shRNA at p < 0.01. C, individual effects of shRNAs CHIP-1-4 on hepatic CYP3A content
derived from each shRNA-infected cell culture are shown. A representative example of CYP3A Western immu-
noblotting analyses of these hepatocyte lysates (50 ug of protein) is shown at the top, with corresponding
aliquots used for actin immunoblotting analyses as loading controls. Densitometric quantification of hepatic
CYP3A content (mean = S.D.) from three individual experiments is shown at the bottom. Statistical analyses
revealed significant differences in hepatic CYP3A content between CT and shRNA CHIP-1, CHIP-2, CHIP-3, and
CHIP-4 at p < 0.01, p < 0.01, p < 0.01, and p < 0.01, respectively. No statistically significant differences were
observed between CHIP-1- or CHIP-2-infected cells. D, individual effects of shRNAs CHIP-1-4 on hepatic ubig-
uitinated CYP3A species are indicated, as detected after Ub immunoblotting (/B) analyses of CYP3A immuno-
precipitates (IP) derived from each shRNA-infected cell culture. Densitometric quantification of hepatic ubig-
uitinated CYP3A (area between 65 kDa and top of the gel) from three individual experiments is shown at the
right. Statistical analyses revealed significant differences in hepatic CYP3A content between CT and shRNA
CHIP-1, CHIP-2, CHIP-3, and CHIP-4-infected cells at p < 0.05, p < 0.01, p < 0.01 and p < 0.01, respectively.

(Fig. 4C). Corresponding ubiquitin
immunoblotting analyses of CYP3A
immunoprecipitates from the cor-
responding lysates faithfully re-
flected the relative extent of hepatic
CHIP protein knockdown (Fig. 4D).
The extent of CYP3A stabiliza-
tion after CHIP knockdown was
comparable with that seen with
a similar extent of hepatic gp78
knockdown, thereby revealing that
both E3 Ub-ligases were involved
in CYP3A ERAD in vivo. Our
attempts to simultaneously knock
down both gp78 and CHIP
resulted in considerable cytotoxic-
ity and cell death and, thus, unre-
liable CYP3A stabilization.

Effects of CHIP Coexpression on
CYP3A4 Degradation in HepG2
Cells—In preliminary studies, the
time course of expression of the vec-
tor encoding full-length CHIP was
found to be maximal between 24
and 48 h (Fig. 5A). The 48-h time
point was therefore selected to
examine the individual effects of
coexpressing this vector with
CYP3A4 (Fig. 5B). Coexpression
of CHIP and CYP3A4 led to a signif-
icant decrease in CYP3A4 levels in
HepG2 cells, as compared with con-
trol cells expressing CYP3A4 alone
or cells coexpressing CYP3A4 and
the empty vector (Mock) (Fig. 5B).
These findings are consistent with a
significant role of CHIP in CYP3A4
ERAD (Fig. 5B).

In Situ Verification of CYP3A
Stabilization after gp78 or CHIP
Knockdown—Confocal immunoflu-
orescence microscopic analyses of
cells infected with CT, gp78 1/2, or
CHIP-4 shRNA showed no signifi-
cant effects on cell morphology at 7
days of infection. However, the
CYP3A content, consistent with the
immunoblotting analyses, was visi-

knockdown of ~80.6 = 1.13% (Fig. 44) and a corresponding
reduction of 73.3 = 0.84% basal hepatic CHIP protein content
(Fig. 4B). The specificity of CHIP-4 was documented by qRT-
PCR analyses indicating no corresponding mRNA knockdown
of CYP3A23, cytochrome b, gp78, or GUS, thereby attesting to
the specificity of the CHIP knockdown (Fig. 1C). Correspond-
ing CYP3A immunoblotting analyses showed a statistically sig-
nificant hepatic CYP3A stabilization ranging from 168 * 6.11
to 237 = 2.90% with shRNA-1, -2, and -3 and an even greater
CYP3A stabilization with CHIP shRNA-4 of ~ 250 = 2.90%

35872 JOURNAL OF BIOLOGICAL CHEMISTRY

bly and markedly increased in gp78 1/2- or CHIP-4 shRNA-
infected cells over the controls (Fig. 6). Accordingly, quantifi-
cation of the relative immunofluorescence intensity of a
20-um? cytoplasmic area (excluding the nucleus) of CT and
gp78 1/2- and CHIP-4 shRNA-infected cells yielded 47.2 = 4.8,
84.5 * 4.3, and 69.4 * 3.6 arbitrary units (mean * S.D., n = 50
cells), respectively.

Relative Intracellular Localization of the Parent and/or Ubiq-
uitinated CYP3A Species after gp78 or CHIP Knockdown—The
above confocal immunofluorescence analyses clearly indicated
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FIGURE 5. Effects of coexpression of CYP3A4 and CHIP in cultured HepG2 cells. A, HepG2 cells were grown
to confluence and then co-infected with expression vectors for CYP3A4 and CHIP for 0-48 h. The time course
of the densitometrically quantified CHIP protein expressed by the CHIP vector is shown. B, HepG2 cells coex-
pressing CYP3A4 and CHIP vectors and harvested at 48 h are shown. Control HepG2 cells expressing just
CYP3A4 by itself (no coexpression vector (None)) or along with the empty vector (Mock) were cultured in
parallel. A representative example of CYP3A Western immunoblotting analyses of these hepatocyte lysates (30
g of protein) is shown at the top, with corresponding aliquots used for actin immunoblotting analyses as the
loading controls. Densitometric quantification of hepatic CYP3A content (mean = S.D.) from three individual
experiments is shown at the bottom. Statistical analyses revealed significant differences in hepatic CYP3A4
content between cells expressing CYP3A4 by itself and corresponding CHIP-expressing cells at p < 0.01. No
significant differences in hepatic CYP3A4 content were observed between cells expressing CYP3A4 by itself
and those expressing the empty vector (mock).
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FIGURE 6. RNAi-mediated gp78 or CHIP knockdown with in situ verification of CYP3A stabilization in
cultured rat hepatocytes by confocal immunofluorescence microscopy. Rat hepatocyte cultures were
infected with CT shRNA, shRNA gp78 1/2, or shRNA CHIP-4 for 7 days. shRNA-infected rat hepatocyte cultures
were fixed and stained with antibodies to CYP3A (green). Data from a representative experiment showing
CYP3A accumulation are shown.

trast, after gp78 knockdown, the
parent CYP3A content in the ER
was increased relative to that of the
CT cells. However, the correspond-
ing level of the HMM CYP3A spe-
cies was considerably decreased in
the ER and also even further
decreased in the cytosol relative to
corresponding levels in CT cells.
These findings are consistent with a
significant role of gp78 in CYP3A
ubiquitination and its recruitment
of p97 to the ER (see “Discussion”).
The finding that HMM-ubiquiti-
nated [**S]-CYP3A species were
still detected in the ER, albeit at a
reduced level, is consistent with
unaltered CHIP and/or residual
gp78 activity in these cells (Fig. 74).

On the other hand, following
CHIP knockdown, the levels of ER-
anchored parent CYP3A species
significantly increased, whereas the
levels of detectable HMM-ubiquiti-
nated [*°S]-CYP3A species were
further reduced, despite a func-
tional gp78 (Fig. 7A). This finding
suggests a significant role of CHIP
in CYP3A ubiquitination. More-
over, very little CYP3A was ex-
tracted into the cytosol relative to
the corresponding levels in CT cells
or even those after gp78 knockdown
(Fig. 7A). The corresponding quan-
tification of the parent (55 kDa) and
HMM (65-250 kDa) [**S]-CYP3A
content from three separate experi-
ments using ImageQuant software
verifies this assessment (Fig. 7B).

Is the Observed Hepatic CYP3A
Stabilization Functionally  Rele-
vant?—Although our RNAIi analy-
ses revealed that both gp78 and
CHIP were involved in CYP3A
ubiquitination, it was unclear

CYP3A stabilization after either gp78 or CHIP knockdown rel-
ative to corresponding controls. However, at the magnification
used, it provided no clues as to the precise intracellular CYP3A
localization following its stabilization and/or whether gp78 or
CHIP knockdown affected its ER extraction. To gain better
insight into this trafficking, CYP3A was subjected to **S-pulse-
chase analyses. In CT shRNA infected cells, in the presence
of functionally active gp78, CHIP Ub-ligases, and p97 AAA
ATPase following the 2-h chase period, [**S]-CYP3A was found
as parent (55 kDa) and HMM-ubiquitinated species in both the
ER and the cytosol (Fig. 7). This is consistent with a fully func-
tional CYP3A ubiquitination process, its extraction into the
cytosol, and its subsequent proteasomal degradation. By con-

NOVEMBER 12, 2010+VOLUME 285-NUMBER 46

whether the stabilized hepatic CYP3A represented a function-
ally active CYP3A species or a structurally inactive species
already marked for cellular disposal. In the former case, such
stabilization would be pharmacologically/clinically relevant
but in the latter case inconsequential except for its cellular “gar-
bage” accumulation factor and consequent contribution to ER
stress induction. We therefore examined the functional rele-
vance of the CYP3A stabilized after gp78 or CHIP knockdown
in cultured rat hepatocytes “in vivo” and in hepatic microsomes
isolated after such knockdown relative to corresponding con-
trols (Fig. 8). A fluorescence-based assay for monitoring the
CYP3A-dependent O-debenzylation of BEC, a relatively selec-
tive diagnostic probe for CYP3A4 function (56), was used after
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FIGURE 7. Relative intracellular localization of parent and ubiquitinated
HMM CYP3A species after gp78 or CHIP RNAi in cultured hepatocytes.
Rat hepatocyte cultures were infected with CT shRNA, shRNA gp78 1/2, or
shRNA CHIP-4 for 7 days. On the 8th day, they were subjected to >*S-pulse-
chase analyses. Two h after cold chase, cells were harvested, and homoge-
nates were subfractionated into cytosol and microsomes. CYP3A immuno-
precipitates (45 wl) from the cytosol, sodium carbonate-washed microsomes,
and a trichloroacetic acid (TCA) pellet derived from the sodium carbonate
wash were obtained as described under “Experimental Procedures” and sub-
jected to SDS-PAGE analyses. The gels were dried and then exposed to
Phophorlmaging screens and visualized using a Typhoon scanner. A, a typical
SDS-polyacrylamide gelis shown as a representative of corresponding CYP3A
immunoprecipitates from pooled hepatocyte cultures. B, the relative [>*S]-
CYP3A intensity of the parent CYP3A (55-kDa band) and the ubiquitinated
CYP3A species between 65 and 250 kDa in each lane were quantified using
ImageQuant software. Values are mean = S.D. of three individual determina-
tions. The color wheel intensity code is as follows: white > magenta > red >
orange > yellow > green > light blue > dark blue > black.

preliminary optimization for intact hepatocytes in monolayer
cultures as well as hepatic microsomes derived from these cul-
tures. A significant time-dependent increase of HFC, the O-de-
benzylated BFC metabolite, was detected in the culture
medium after both gp78 and CHIP knockdown relative to the
corresponding controls (Fig. 84). No corresponding increase in
HFC formation was detected in the cell lysates, thereby reveal-

35874 JOURNAL OF BIOLOGICAL CHEMISTRY

ing that most of the HFC formed was exported extracellularly
into the culture medium. Corresponding BFC assays with
microsomes isolated from these gp78- and CHIP-knocked
down hepatocytes showed a significant increase of 2.2- and 2.8-
fold over corresponding control values for HFC formation at 7
days post-knockdown (Fig. 8B). These findings in both intact
cells and microsomes isolated from these cells indicate that the
CYP3A stabilization observed on knockdown of either of the
Ub-ligases is functionally relevant.

DISCUSSION

The E3 Ub-ligases gp78 and CHIP are known to participate in
the ERAD/UPD of several heterologous cellular substrates (32—
51). Although gp78 apparently also ubiquitinates itself (36, 57,
58), CHIP ubiquitinates Hsp70, an essential functional partner
in these UPD-relevant CHIP-chaperone complexes (43, 45, 59).
This Hsp70 ubiquitination reportedly occurs after all of the
aberrant proteins generated during a heat shock/proteotoxic
stress response have been duly cleared via UPD, thereby signal-
ing the restoration of cellular normalcy (45). Our findings
detailed above clearly reveal that both gp78 and CHIP individ-
ually are involved in CYP3A ERAD in cultured primary hepa-
tocytes and thus support the findings from our in vitro recon-
stituted CYP3A4 ubiquitination systems (9, 10). Thus, the
CYP3A proteins appear to be quite promiscuous in their choice
of cellular E2-E3 complexes summoned for their turnover.
Although CHIP is known to ubiquitinate CYP2E1 (49), another
hepatic P450, our preliminary findings indicate that in vitro
CYP2EL1 is also a gp78 substrate.”

Our finding that RNAi knockdown of either E3 results in the
stabilization of a functionally active CYP3A protein suggests
that each Ub-ligase has an important role in the regulation of its
physiological levels and, apparently, these individual roles are
complementary rather than redundant. Accordingly, any
genetic polymorphisms or defects that impair the function of
each of the Ub-ligases in humans could significantly increase
both basal and Dex-inducible hepatic CYP3A4 content and
result in clinically relevant DDIs due to enhanced drug metab-
olism. Conversely, conditions that enhance E3 expression
would also lower CYP3A content and influence clinically rele-
vant DDIs due to impaired drug metabolism. This was indeed
the case when functionally active full-length gp78 or its C-ter-
minal domain, but not its functionally inactive RING mutant,
was expressed in HepG2 cells (Fig. 3). This CYP3A decrease
may be clinically relevant because the E3 gp78 gene is a pro-
metastatic oncogene that is overexpressed in certain malignant
tumors and human cancers of the lung, gastrointestinal tract,
breast, liver, thymus, and skin (60— 63). It apparently is not only
one of the 189 most mutated genes in breast and colon cancers,
but also its expression correlates well with the progression and
poor prognosis for these diseases (61, 63). This prometastatic
action of gp78 is mediated by its targeting of the ER transmem-
brane metastasis suppressor KAI1/CD82 for ERAD (62, 63).
Interestingly, African American breast cancer patients show a
significantly higher expression of gp78 in their tumors relative

®Y.-Q. Wang, S. Guan, D. R. Koop, P. Acharya, M. Liao, A. L. Burlingame, and
M. A. Correia, manuscript submitted for publication.
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FIGURE 8. Functional relevance of hepatic CYP3A stabilization after gp78 or CHIP RNAi. Rat hepatocyte
cultures were infected with the control sShRNA, shRNA gp78 1/2, or shRNA CHIP-4 for 7 days. On the 7th day, the
functional activity of CYP3A was assayed in intact hepatocytes or microsomal preparations isolated from these
cells by assessing their ability to catalyze the 7-O-debenzylation of BFC, a diagnostic CYP3A functional probe,
to HFC. A, the time course of HFC formation (wmol of HFC formed/3.5 X 10° cells) in the medium is assayed
following treatment with B-glucuronidase + arylsulfatase to convert any in vivo conjugated HFC metabolites
to the free unconjugated HFC species. The time course includes experimental values (mean = S.D.) from three
individual experiments. Statistical analyses revealed significant differences in hepatic CYP3A function between
CT and shRNA gp78 1/2 or CHIP-4-infected cells at p < 0.05 and p < 0.01, respectively. Statistically significant
differences in hepatic CYP3A function between shRNA gp78 1/2- and shRNA CHIP-4-infected cells were also
observed at p < 0.01. B, values for HFC formation (wmol of HFC formed/mg of protein/30 min) in BFC assays
catalyzed by microsomes derived from CT, shRNA gp78 1/2- or CHIP-4-infected cells are also shown.
Statistical analyses revealed significant differences in hepatic CYP3A function between CT and shRNA
gp78 1/2- and CHIP-4-infected cells at p < 0.01 and p < 0.01, respectively. Statistically significant differ-
ences in hepatic CYP3A function between shRNA gp78 1/2- and shRNA CHIP-4-infected cell microsomes

intermediate species may be a mul-
tisite phosphorylated P450 protein
9).°

Additional mechanistic possibili-
ties also exist. First, it is plausible
that with the knockdown of either
gp78 (which actually contains a p97/
VCP-interacting motif (VIM) in its
C-terminal domain (36-38)) or
CHIP,® p97 recruitment to the ER is
impaired, and consequently CYP3A
extraction out of the ER is reduced
leading to its ER accumulation. Our
findings reveal that indeed the ER
extraction of parent and ubiqui-
tinated CYP3A species into the
cytosol is markedly reduced after
gp78 knockdown and even more so
after CHIP knockdown (Fig. 7).
Although impaired CYP3A ubig-
uitination is most likely responsible,
it remains to be determined
whether impaired p97 recruitment
also contributes to some extent to
CYP3A stabilization.

Second, that an “abnormal”
CYP3A4 species is a substrate for

were also observed at p < 0.01.

to those of their European American cohorts (64). This genetic
predisposition for higher gp78 expression, if extended to sur-
rounding normal liver tissue and coupled with an inherently
low hepatic CYP3A4/CYP3A5 function, may constitute a sig-
nificant risk factor for clinically relevant DDIs in the African
American population.

At a molecular level, our findings of increased levels of func-
tionally active CYP3A following the knockdown of each Ub-
ligase are both intriguing and surprising. They reveal that not
all of the CYP3A species targeted to ERAD are ab initio irrevo-
cably inactivated, structurally damaged, and/or aberrant,
thereby qualifying as fatally damaged proteins requiring cellu-
lar disposal. Although, in the case of irreversibly inactivated
P450s, it is predictable that structural damage would mark the
protein for removal by ERAD/UPD, this is much less obvious in
the case of a native functional P450. Our findings thus also raise
the specific issue of the critical timing during the cellular life
span of a functional P450 when it is first committed to triage
and the specific mechanism whereby this occurs. They suggest
either of two possibilities: 1) that in addition to targeting an
inactive, structurally damaged P450 species, each E3 Ub-ligase
also acts directly in the recognition and targeting to ERAD of a
native, structurally and functionally intact P450 species, as
recently proposed for other “wild type” proteins (20); or 2) that
when its ERAD process is disrupted, the native/functional
CYP3A species accumulates in the ER essentially because its
forward progression to the particular cellular intermediate that
is specifically recognized by either the gp78 or CHIP E3 Ub-
ligase is blocked. Our preliminary findings indicate that this
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both E3-ligases and refolding chap-
erones. If the E3-ligases and chaper-
ones were to compete for abnormal CYP3A4, then down-regu-
lation of the E3-ligases would be expected to increase the levels
of normal CYP3A4 through refolding (as discussed below).
Other conceivable indirect mechanisms by which E3 knock-
down could increase functionally active CYP3A4 levels include
elevation of signaling proteins or chaperone levels that might
have a “protective” effect on CYP3A4. However, our parallel
immunoblotting analyses of four relevant hepatic cytosolic and
ER chaperones, Hsp70, Hsp90, Grp78, and Grp94, following
gp78 or CHIP knockdown argue against such a cellular chaper-
one elevation (supplemental Fig. S1).

CHIP-Hsp70 chaperone complexes are involved in key cel-
lular protein triage decisions (40). As such, CHIP is known to
attenuate both Hsp70 ATPase activity and client substrate
affinity, thereby reducing its protein refolding capabilities (40).
Given that Hsp70-mediated corralling of the P450 substrate
would be required for its recognition by CHIP, the intriguing
possibility exists that CHIP knockdown may actually promote
the refolding of the Hsp70-bound CYP3A species into a func-
tionally active protein by slowing its degradation and thus
diverting it away from UPD. Consistent with this possibility, we
find it noteworthy that: 1) despite the otherwise comparable
extent (=2.5-fold) of immunochemically detectable CYP3A
stabilization, the level of functionally active CYP3A stabilized

6 Although a similar p97-interacting motif in CHIP is yet to be identified, con-
focal immunofluorescence microscopic and two-hybrid analyses of p97
and CHIP suggest that their direct interactions are indeed plausible (77,
78).
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after CHIP knockdown is significantly greater than that
detected after gp78 knockdown (Fig. 8); and 2) the stabilization
of parent [**S]-CYP3A species is relatively greater while HMM-
ubiquitinated [**S]-CYP3A species are minimally detected in
the hepatic ER after CHIP knockdown (Fig. 7). Furthermore,
after gp78 knockdown, the relative stabilization of parent [**S]-
CYP3A species was less, whereas the level of HMM-ubiquiti-
nated [**S]-CYP3A species was relatively higher in the hepatic
ER than the corresponding values observed after CHIP knock-
down (Fig. 7).

Although each of the two E3 Ub-ligases can directly ubiquiti-
nate CYP3A4 in vitro (10) and apparently operate concurrently
in vivo, it is presently unclear whether gp78 and CHIP function
independently or cooperatively in CYP3A ERAD/UPD. Indeed,
gp78 has been proposed to function as an E4 Ub-ligase (38, 65).
As such it could function after the protein is first modified by
CHIP and thus targeted for ERAD/UPD. This possibility may
account for the lower extent of functionally active CYP3A sta-
bilization observed after gp78 knockdown, if CYP3A were
indeed to be initially ubiquitinated by CHIP. The markedly
reduced ER-anchored HMM-ubiquitinated [**S]-CYP3A spe-
cies after hepatic CHIP knockdown, despite a functional gp78
(Fig. 7), strengthens this notion. Our studies attempting to tar-
get both Ub-ligases for simultaneous knockdown not surpris-
ingly resulted in cytotoxicity and cell death, consistent with
their critical role in the ERAD/UPD of important cellular pro-
teins and protein quality control.

We find it interesting that CHIP ™'~ mice exhibit premature
aging and various pathologies associated with disrupted protein
quality control (66). Among these is the widespread oxidative
damage as monitored by tissue 8-isoprostane levels, excellent
indices of intracellular lipid peroxidation. The marked increase
in hepatic 8-isoprostane levels in 3-month-old CHIP ™/~ mice
relative to those of age-matched wild type controls suggests
early oxidative damage to the livers of these young mice that
within 12 months not only spreads to additional tissues but also
results in the decline of the hepatic proteasomal function (66 —
68). Given our findings that CHIP knockdown apparently
increases the levels of functionally active P450s, it is tempting to
speculate that these stabilized hepatic P450s may partly con-
tribute to such oxidative damage. The CYPs 3A and CYP2E1
are particularly notorious for undergoing futile oxidative
cycling and generating H,O, and other reactive oxygen species
(ROS) in the absence of relevant substrates (69 —75). Such oxi-
datively uncoupled P450-dependent metabolism and mito-
chondrial oxidative activity are proposed to contribute equiva-
lently to the intracellularly generated ROS burden (70). It is not
surprising then that in the absence of an effective ERAD/UPD
to remove oxidized proteins, cellular proteins including the 26S
proteasome, damaged by intracellularly generated ROS, would
accumulate. These findings thus suggest that in the face of a
compromised hepatic CHIP or gp78 function, the accumula-
tion of functionally active CYPs 3A and CYP2E], particularly
over an extended period (i.e. months), may also be pathophysi-
ologically relevant.

In summary, our findings described above reveal that both
gp78 and CHIP Ub-ligases effectively participate in CYP3A
ERAD/UPD in vivo, and thus can also regulate hepatic CYP3A
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content. Abrogation of gp78 and CHIP Ub-ligase function
through RNAi results in the stabilization of a functionally active
CYP3A species that may be pharmacologically and clinically
relevant, given the vast array of clinically prescribed drugs
whose metabolism and disposition is dependent on these P450
enzymes. The well recognized proclivity of the CYP3A subfam-
ily to generate ROS through futile catalytic cycling in the
absence of relevant substrates, suggests that such a stabilization
of functionally active CYP3A enzymes may also be pathophysi-
ologically relevant.
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