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 Apolipoprotein (apo) B-100 is the major protein com-
ponent of VLDLs. Assembly of VLDL in the liver begins at 
the endoplasmic reticulum (ER) with the formation of a 
primordial lipoprotein. As apoB-100 enters the ER lumen 
cotranslationally, it must associate with suffi cient lipids for 
VLDL assembly to proceed. The microsomal triglyceride 
transfer protein (MTP) facilitates transfer of lipids onto 
nascent apoB-100 ( 1 ). ApoB-100 is somewhat unique in 
that its secretion can be regulated by degradation ( 2 ), 
whereas control of expression of most proteins is at the 
level of mRNA transcription or translation. During condi-
tions that limit lipid supply, such as low MTP activity ( 3 ) 
or reduced lipid availability ( 4, 5 ), apoB-100 is delivered to 
and degraded by the cytosolic proteasome in a process 
termed ER-associated degradation (ERAD). ApoB-100 con-
tains large hydrophobic regions that require lipidation 
during apoB-100 synthesis or the nascent protein is tar-
geted to ERAD ( 6 ). In a process that remains poorly de-
fi ned, apoB-100 can be secreted only if lipidation/assembly 
satisfi es the quality control surveillance system in the se-
cretory pathway. 

 The ERAD pathway removes malfolded proteins from 
the ER lumen or membrane [reviewed in ( 7 )]. ERAD 
helps reduce the burden on ER-resident chaperones and 
allows the cell to maintain ER homeostasis. The typical 
ERAD pathway for a protein in the secretory pathway con-
sists of at least the following steps: substrate recognition, 
retrotranslocation from the ER into the cytosol and ubiq-
uitination, followed by degradation in the proteasome. 

       Abstract   Apolipoprotein B-100 (apoB-100) is degraded 
by endoplasmic reticulum-associated degradation (ERAD) 
when lipid availability limits assembly of VLDLs. The ubiq-
uitin ligase gp78 and the AAA-ATPase p97 have been impli-
cated in the proteasomal degradation of apoB-100. To study 
the relationship between ERAD and VLDL assembly, we 
used small interfering RNA (siRNA) to reduce gp78 expres-
sion in HepG2 cells. Reduction of gp78 decreased apoB-100 
ubiquitination and cytosolic apoB-ubiquitin conjugates. Ra-
diolabeling studies revealed that gp78 knockdown increased 
secretion of newly synthesized apoB-100 and, unexpectedly, 
enhanced VLDL assembly, as the shift in apoB-100 density 
in gp78-reduced cells was accompanied by increased triacyl-
glycerol (TG) secretion. To explore the mechanisms by 
which gp78 reduction might enhance VLDL assembly, we 
compared the effects of gp78 knockdown with those of 
U0126, a mitogen-activated protein kinase/ERK kinase  1/2 
inhibitor that enhances apoB-100 secretion in HepG2 cells. 
U0126 treatment increased secretion of both apoB100 and 
TG and decreased the ubiquitination and cellular accumu-
lation of apoB-100. Furthermore, p97 knockdown caused 
apoB-100 to accumulate in the cell, but if gp78 was concomi-
tantly reduced or assembly was enhanced by U0126 treat-
ment, cellular apoB-100 returned toward baseline. This 
indicates that ubiquitination commits apoB-100 to p97-
mediated retrotranslocation during ERAD.   Thus, decreas-
ing ubiquitination of apoB-100 enhances VLDL assembly, 
whereas improving apoB-100 lipidation decreases its ubiq-
uitination, suggesting that ubiquitination has a regulatory 
role in VLDL assembly.  —Fisher, E. A., N. A. Khanna, and 
R. S. McLeod.  Ubiquitination regulates the assembly of 
VLDL in HepG2 cells and is the committing step of the 
apoB-100 ERAD pathway.  J. Lipid Res . 2011.  52:  1170–1180.   
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signaling using the compound U0126 ( 17 ). The exact mech-
anism is unclear. In this study, we examined the relationship 
between enhanced VLDL assembly, p97-mediated retro-
translocation, and gp78-dependent ubiquitination on the 
stability and secretion of apoB-100 in HepG2 cells. 

 MATERIALS AND METHODS 

 Cell culture 
 HepG2 cells were obtained from the American Type Culture 

Collection (ATCC, Manassis, VA; HB-8065). Cells were maintained 
in 10 cm culture dishes (Falcon) in DMEM (Invitrogen Corp., 
Burlington, ON) supplemented with 2 mM glutamine. Cells were 
split by trypsinization at  � 70–80% confl uence every two days. For 
experiments, cells were either plated onto 35 mm Primaria dishes 
or 12-well tissue culture plates [for small interfering (si)RNA trans-
fection]. Unless indicated otherwise, cells were maintained in a 
37°C humidifi ed incubator with 5% CO 2  atmosphere. Where indi-
cated, 70–80% confl uent monolayers were treated with 25  m M 
MG132 (BIOMOL International, Plymouth Meeting, PA) or with 
1 or 10  m M U0126 (Promega, Madison, WI). 

 Immunoblotting 
 Proteins were resolved by SDS-PAGE, transferred to nitrocellu-

lose membranes, and visualized by immunoblotting with antibodies 
to apoB (1D1; Ottawa Heart Institute Research Corp., Ottawa, ON), 
ubiquitin (SPA-203: Stressgen Bioreagents, Ann Arbor, MI), caln-
exin (SPA-865; Stressgen), p97 (PRO65278; Research Diagnostics 
Inc., Concord, MA), heat shock protein 70 (SPA-820; Stressgen), 
BiP/ Glucose-regulated protein 78 (GL-19, Sigma-Aldrich), and 
actin (MAB1501, Chemicon, Temecula, CA). Secondary antibodies 
were mouse- or rabbit-specifi c HRP conjugates purchased from 
Chemicon. All immunoblots were developed using BM chemilumi-
nescence (POD) from Roche Diagnostics. 

 Reduction of HepG2 p97 and gp78 with siRNA 
 For each well of a 12-well plate, transfection medium was pre-

pared containing either nontargeting siRNA #1 (Dharmacon, Inc.), 
p97/VCP siRNA (si-p97, ID:119276, Ambion, Inc., Austin, TX), or 
one of two different gp78-targeting duplexes (si-gp78, ID:9537, 
Ambion or si-gp78-A, HSS100448, Invitrogen) and siPORT NeoFX 
transfection reagent (Ambion) adjusted to a fi nal volume of 100  m l 
using Opti-MEM I medium (Invitrogen). HepG2 cells, at 70–80% 
confl uence, were trypsinized and resuspended in low serum growth 
medium (2% FBS in DMEM). Suspended cells were added to the 
100  m l transfection medium in each well to a fi nal volume of 1 ml 
and siRNA concentration of 50 nM. The transfection medium was 
replaced with growth medium 24 h after transfection and subse-
quent analyses were performed 72 h following transfection. The 
effi ciency of the siRNA knockdown was determined by immuno-
blotting of cell lysates for p97 protein and by quantitative poly-
merase chain reaction for the gp78 mRNA levels (see below). 

 Quantitative PCR 
 RNA was isolated from HepG2 cells with the RNeasy Plus 

Mini Kit (#74134; Qiagen). Reverse transcription for each RNA 
was performed as follows: 2  m g RNA and 0.2 mM of each deoxy-
nucelotide triphosphate (dNTP) and 500 ng Oligo dT were 
brought to 12  m l with water and heated for 5 min at 65°C and 
then cooled to 4°C for 5 min. Added to this mixture were 10 
mM DTT, 5× 1st strand buffer, and 200 U Superscript II enzyme 
(18064-014, Invitrogen) for a fi nal volume of 20  m l per tube. 
Samples were incubated at 42°C for 50 min, 94°C for 15 min, and 

These steps require cooperation between luminal chaper-
ones, integral membrane proteins, cytosolic chaperones, 
and the proteasome. Some of these ERAD components 
have been implicated in the proteasomal degradation of 
apoB-100 ( 8 ). 

 During apoB-100 biogenesis, competition between lipi-
dation and the degradative machinery may govern the 
level of VLDL secretion ( 9 ). When lipidation is insuffi cient 
to support VLDL assembly, the cotranslational entry of 
apoB into the ER lumen through the Sec61 translocon is 
delayed, causing portions of the newly synthesized apoB to 
become cytosolically exposed ( 10 ). This ‘translocation ar-
rest’ gives nascent apoB-100 a bitopic topology, defi ned as 
simultaneous exposure to the cytosol and ER lumen. It is 
possible that this unique conformation initiates the ERAD 
of apoB-100 but it is unclear what factor(s) are necessary 
and suffi cient for substrate recognition. On one hand, 
poor apoB lipidation could create exposed hydrophobic 
domains in the ER lumen that attract specifi c chaperones, 
whereas on the other hand, cytosolic exposure of newly 
translated apoB-100 epitopes may provoke interaction 
with cytosolic components of the ERAD machinery. Fur-
thermore, delayed movement through the translocon may 
contribute to activation of ERAD as well. 

 The ER chaperone glucose-regulated protein 78/bind-
ing immunoglobulin protein (Grp78/BiP) associates with 
nascent apoB-100 when the interaction between MTP and 
apoB-100 is disrupted ( 11 ). Prolonged association with 
BiP may initiate removal of a poorly folded apoB polypep-
tide. It has been shown by us ( 12)  and by Rutledge et al. 
( 11 ) that the ATPase associated with various cellular activi-
ties (AAA-ATPase) p97 (also called valosin-containing pro-
tein, VCP) is involved in the removal of apoB-100 from the 
ER into the cytosol and facilitates its proteasomal degrada-
tion. Members of the cytosolic heat shock protein (Hsp) 
family, including Hsp70 and Hsp90 ( 13, 14 ), also have 
roles in apoB-100 degradation. These chaperones may 
maintain cytosolic polypeptides in an unfolded state that is 
suitable for effi cient proteasomal degradation. Overex-
pression of the E3 ubiquitin ligase glycoprotein 78 (gp78) 
(also known as autocrine motility factor receptor) in 
HepG2 cells increased apoB-100 ubiquitination and deg-
radation while decreasing apoB-100 secretion ( 15 ). To 
date, this is the only ubiquitin ligase implicated in the 
ERAD pathway of apoB-100. Gp78 can interact directly 
with p97 via a VCP-interaction motif to form a complex 
that coordinates retrotranslocation and ubiquitination of 
substrates from the ER for degradation ( 16 ). This led us to 
speculate about the functional relationship between gp78 
and p97 in apoB-100 ERAD. 

 In the HepG2 cell line, apoB-100 secretion is limited by 
ineffi cient mobilization of lipids to the site of VLDL assem-
bly. As a result, the majority of apoB-100-containing lipopro-
tein secreted from HepG2 cells is in the LDL density, rather 
than the mature VLDL secreted by primary hepatocytes. 
Furthermore, a large portion of nascent apoB-100 is re-
moved from the secretory pathway and degraded by ERAD. 
Recently, it was reported that the VLDL assembly “defect” in 
HepG2 cells could be corrected by inhibiting MEK/ERK 
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pared as described previously ( 19 ). After ultracentrifugation for 
20 h at 55,000 rpm in a SW60Ti rotor, 12 fractions of 330  m l were 
collected. Immunoprecipitation, SDS-PAGE, and quantifi cation 
of labeled apoB-100 were performed as described above. 

 Metabolic labeling of glycerolipids 
 HepG2 cells were pretreated (16 h) with 10  m M U0126 or were 

transfected with siRNA 72 prior to labeling. Cells were labeled for 
2 h with 10  m Ci/ml [2- 3 H] glycerol (3.00 Ci/mmol; Amersham 
GE Healthcare) and incubated with 360  m M OA and/or 10  m M 
U0126 where indicated. Medium samples were collected and cell 
monolayers were harvested in PBS. Lipid extraction was per-
formed using chloroform-methanol (2:1, by volume) and lipids 
were separated by TLC on Silica Gel 60 precoated plates for TLC 
(20 × 20 cm, 250  m m thickness) using L- a -phosphatidylcholine, 
cholesterol oleate, and triolein as lipid standards ( 20 ). Plates 
were visualized with iodine, TG and L- a -phosphatidylcholine 
bands were collected, and radioactivity was quantifi ed by liquid 
scintillation counting. 

 Trypsin digestion in permeabilized cells 
 Transfected HepG2 cells were permeabilized with digitonin 

(described above), and washed to remove cytosol contents. Per-
meabilized cells were placed on ice and incubated for 30 min 
with the indicated concentration of trypsin (Boehringer Mannheim, 
QC) in CSK buffer. Soybean trypsin inhibitor (Boehringer 
Mannheim) was then added to a fi nal concentration of 500 
 m g/ml. Cell lysis and immunoblot analysis of apoB-100 and 
calnexin were performed as described above. 

 RESULTS 

 Gp78 siRNA reduces apoB-100 ubiquitination and 
cotranslational accumulation during proteasome 
inhibition 

 To examine the functional relationship between gp78 
and apoB-100 metabolism, we used an RNA interference 
strategy to reduce gp78 expression in HepG2 cells. It has 
been previously reported that overexpression of gp78 in 
HepG2 cells enhances apoB-100 ubiquitination and 
decreases apoB-100 secretion ( 15 ). Cells transfected with 
either a nontargeting (NT) control siRNA duplex or gp78-
targeting siRNA (si-gp78) were harvested 72 h posttrans-
fection for mRNA and protein analysis. To establish the 
effi ciency of the si-gp78 knockdown, total RNA was iso-
lated from the cells for real-time PCR analysis. Gp78 mRNA 
in the cells was reduced by 54 ± 13% (n = 3) compared 
with NT when normalized to cyclophilin mRNA (  Fig. 1A  ). 
 Immunoblot analysis revealed similar reductions of gp78 
protein mass (data not shown). 

 Because gp78 is an ERAD-associated protein, reducing 
its expression might compromise normal protein turnover 
in the ER. If this were the case, ER stress caused by impaired 
protein turnover might trigger an unfolded protein re-
sponse (UPR), the hallmark of which is increased BiP expres-
sion ( 21 ). BiP mass was not changed by the gp78 knockdown 
( Fig. 1B ), suggesting that ER function was not compromised. 
Additionally, the cytosolic stress marker Hsp70 was not 
changed, indicating that no cytosolic heat shock response 
( 22 ) was provoked by the gp78 knockdown nor was p97 
expression altered ( Fig. 1B ). Notably, the knockdown of 

cooled to 4°C. Each PCR reaction tube contained the following: 
4  m l of the reverse transcriptase reaction, 10  m l Platinum SYBR 
Green Supermix-UDG (11733, Invitrogen), 250–300 nM of each 
the forward and reverse primers, and was brought to 20  m l total 
volume with water. Reactions were heated at 50°C for 2 min, 95°C 
for 2 min, and then subjected to 40 cycles of: 95°C 15 s, 65°C 30 
s, 72°C 30 s. Knockdown effi ciency (%) was determined by com-
paring the  D Ct values between treatments, normalized to cyclo-
philin as a housekeeping gene. 

 Metabolic labeling 
 HepG2 cells in 35 mm Primaria dishes at  � 70–80% confl u-

ence were incubated in cysteine/methionine-free DMEM for 1 h 
and then incubated for 1 to 3 h, depending on the experiment, 
in cysteine/methionine-free DMEM containing 100  m Ci of 
[ 35 S]cysteine/methionine (Express Protein Labeling Mix, Perkin-
Elmer, Boston, MA). Where indicated, cells were supplemented 
with 360  m M oleic acid (OA) or 10% BSA (vehicle only) during the 
depletion, pulse, and chase periods. U0126 or MG132 treatments 
(or DMSO only) where carried through all incubations. For analysis 
of steady-state apoB-100 synthesis and secretion, the labeling me-
dium was removed after 3 h and the cells were recovered by lysis as 
described below. For pulse-chase analysis of apoB stability and secre-
tion, the labeling medium was removed after a 1 h pulse and the 
monolayers were incubated with DMEM containing 2 mM methio-
nine and 0.6 mM cysteine plus any indicated supplements. Cells and 
medium were collected by lysis in a radioimmunoprecipitation assay 
(RIPA) buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 
1% Triton X-100) containing 1% SDS as previously described ( 6 ). 

 Immunoprecipitation 
 Cell and medium samples were diluted to 0.1% SDS and apoB 

protein was collected by immunoprecipitation with a goat poly-
clonal antibody to human apoB (AB742; Chemicon). Immunocom-
plexes were recovered on protein A Sepharose beads (Amersham 
Biosciences, Inc., Baie d’Urfé, QC), washed and eluted into SDS-
PAGE sample buffer. ApoB-100 was resolved by 5% SDS-PAGE and 
visualized by autoradiography. Radioactivity was quantifi ed from 
excised gel bands by liquid scintillation counting. A polyclonal anti-
body to human apoAI (Roche Diagnostics, Laval, QC) was used 
to immunoprecipitate HepG2 apoAI. Immune complexes were 
resolved by SDS-PAGE on 10% (w/v) polyacrylamide gels. 

 Digitonin permeabilization of HepG2 cells 
 Confl uent monolayers of HepG2 cells were incubated in CSK 

buffer (10 mM PIPES pH 6.8, 0.3 M sucrose, 0.1 M KCl, 2.5 mM 
MgCl 2 , 1 mM sodium-free EDTA) with or without digitonin 
(75  m g/ml) for 10 min on ice ( 18 ). Cytosol fractions were col-
lected and membrane fractions were recovered by lysis in 1% 
SDS as described above. 

 Ubiquitination analysis 
 HepG2 cells were incubated in the absence or presence of 25 

 m M MG132 for the indicated time. Where indicated, cells were 
then permeabilized with digitonin and cytosol and membrane 
fractions were collected. Lysates were adjusted to 0.1% SDS and 
apoB was collected by immunoprecipitation with polyclonal anti-
body to human apoB and protein A Sepharose as described 
above. After several washes in RIPA buffer containing 0.1% SDS, 
the immunoprecipitant apoB was resolved by SDS-PAGE (5%), 
transferred to nitrocellulose, and immunoblotted with monoclo-
nal antibodies to apoB (1D1) or ubiquitin. 

 Sucrose density gradient ultracentrifugation 
 Medium was collected from radiolabeled HepG2 cells, brought 

to 12.5% sucrose, and a discontinuous sucrose gradient was pre-
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ubiquitin-positive apoB-100 proteins in the membrane 
fraction ( Fig. 1D ). This suggested that gp78 mediates effi -
cient ubiquitination and contributes to the production 
of lower molecular weight apoB-ubiquitin conjugates in 
the cytosol. 

 In MG132 treated cells, the lower molecular weight 
apoB-ubiquitin pool detected by immunoblotting could 
be generated cotranslationally (ubiquitinated, incompletely 
translated apoB-100 protein). To explore this, we monitored 
apoB-100 synthesis using metabolic labeling (0–20 min) of 
puromycin synchronized cells (supplementary  Fig. I ). In-
clusion of MG132 caused the accumulation of incomplete 
apoB polypeptides in NT cells (left panel, +MG132 com-
pared with –MG132 at 5, 10, 20 min). In contrast, in gp78-
reduced cells, the pattern of incomplete apoB polypeptides 
was not markedly different with or without MG132 (right 
panel). This suggested that effi cient cotranslational target-
ing of apoB to ERAD requires gp78 expression. 

 Gp78 knockdown increases apoB and triglyceride 
secretion and shifts the secreted apoB-100 particle 
density to VLDL from LDL 

 To examine the effect of reduced gp78 expression on 
newly synthesized apoB-100, we monitored intracellular 
turnover and secretion using pulse-chase radiolabeling. 

gp78 did not alter the level of apoB-100 in HepG2 cells as 
detected by immunoblot ( Fig. 1C , top panels). 

 To examine the role of gp78 in apoB degradation, cells 
transfected with NT or gp78 siRNA were treated with the pro-
teasome inhibitor MG132 for up to one h. Cells transfected 
with NT siRNA accumulated ubiquitinated apoB polypep-
tides ( Fig. 1C , lower panels), visible in the apoB immuno-
precipitates as a characteristic smear detected with an 
anti-ubiquitin antibody. In contrast, the cells transfected with 
gp78 siRNA accumulated far less ubiquitinated apoB protein, 
suggesting that gp78 expression is responsible for the genera-
tion of apoB-ubiquitin conjugates. These data complement 
previous observations ( 15 ) where gp78 overexpression in-
creased the ubiquitination of apoB in HepG2 cells. 

 Digitonin permeabilization was used to examine cytoso-
lic apoB with or without gp78 knockdown. As indicated in 
the left panel of  Fig. 1D , the majority of apoB was found in 
the membrane fraction (Memb, deliberately overexposed 
to reveal the cytosolic apoB). Upon treatment of NT cells 
with MG132, apoB-ubiquitin conjugates accumulated in 
both the membrane and cytosol fractions (right panel), 
with the lower molecular weight poly-ubiquitinated spe-
cies found only in the cytosol fraction. In contrast to 
NT-transfected cells, the gp78-reduced cells contained 
less apoB-ubiquitin conjugates in the cytosol and fewer 

  Fig.   1.  siRNA-mediated reduction of gp78 decreases the accumulation of ubiquitinated apoB-100. HepG2 
cells were transfected with nontargeting (NT) or gp78-targeting siRNA (si-gp78). A: Quantitative PCR analy-
sis of gp78 mRNA at 72 h posttransfection, normalized to cyclophilin mRNA. Mean ± SD, n = 3. B: Seventy-
two hours posttransfection total cell lysates were collected, resolved by SDS-PAGE, and transferred to 
nitrocellulose. Cellular proteins in NT and si-gp78 cells were detected by immunoblot analysis. C: Seventy-
two hours posttransfection, cells were treated with 25 µM of the proteasome inhibitor MG132 for up to 1 h. 
ApoB-100 was immunoprecipitated from cell lysates and apoB-100 and ubiquitin were detected by immuno-
blot analysis. D: Cells were transfected and then treated for 30 min with or without 25  m M MG132. Cells were 
then permeabilized with digitonin and separated into the membrane (Memb) and cytosol (Cytosol) frac-
tions. ApoB was recovered by immunoprecipitation and apoB (left panel) and ubiquitin (right panel) re-
vealed by immunoblotting.   
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 Reduction of gp78 alters the cytosolic exposure of 
apoB-100 

 It has been shown that a portion of the cellular apoB-
100 pool is cytosolically exposed as it progresses through 
the secretory pathway ( 23, 24 ). The extent of cytosolic ex-
posure of apoB-100 could affect its susceptibility to degra-
dation. We hypothesized that reduced ubiquitination 
might decrease the cytosolic exposure of apoB-100. To test 
this, permeabilized NT and si-gp78 cells were trypsin di-
gested to destroy proteins not protected within the mi-
crosomal and nuclear membrane compartments. The 
ER-luminal N-terminus of calnexin was protected against 
trypsin digestion in both NT and si-gp78 cells (  Fig. 4A  ).  
ApoB-100 was sensitive to trypsin digestion but more apoB-
100 was protected in si-gp78 than in NT cells ( Fig. 4B ). A 
radiolabeling approach also revealed improved protection 
of apoB-100 against trypsin digestion with si-gp78 when 
normalized to apoA-I (supplementary  Fig. III ). This sug-
gested that reduced gp78 expression alters the membrane 
topology of apoB-100. 

 Inhibition of ERK1/2 phosphorylation in HepG2 cells 
improves VLDL assembly, lipid incorporation, and 
secretion 

 As previously reported ( 17 ), we found that the MEK in-
hibitor U0126 shifted the apoB-100 density profi le in a 
dose-responsive manner from LDL to VLDL when radiola-
beled cell culture medium was examined by gradient ul-
tracentrifugation (  Fig. 5A , B ).  

 To examine the secretion of cellular TG, U0126-treated 
cells were incubated with [2- 3 H]glycerol for 2 h, followed 
by collection and analysis of [ 3 H]TG from the cells and 
media. U0126 did not stimulate incorporation of [ 3 H]glyc-
erol into cellular TG, whereas oleic acid induced a large 
increase in cellular [ 3 H]TG levels ( Fig. 5C ). Secretion of 
[ 3 H]TG into the medium was modestly stimulated by ei-
ther U0126 or OA, and there was a more than additive ef-
fect on [ 3 H]TG secretion when U0126 and oleic acid were 
added together ( Fig. 5D ). Taken together, these observations 

Cells were pulse-labeled for 1 h with [ 35 S]cysteine/methi-
onine, and cells and media were then collected after a 2 h 
chase and analyzed for levels of radiolabeled apoB-100 
and apoAI. In the gp78-reduced cells, apoB-100 secretion 
was increased by nearly 30% (  Fig. 2A  ) over the NT-trans-
fected cells but apoB-100 stability was not increased by 
gp78 knockdown. Secretion of apoAI was not impaired by 
the gp78-knockdown ( Fig. 2B ), indicating that the secre-
tory pathway was not compromised.  

 We hypothesized that the increase in apoB-100 secre-
tion might refl ect the production of small, dense, poorly 
lipidated lipoproteins that had escaped degradation. To 
examine the effect of gp78 knockdown on VLDL assem-
bly, chase medium was fractionated by density gradient 
ultracentrifugation and radiolabeled apoB-100 was recov-
ered from each fraction. Unexpectedly, we observed a 
shift in the secretion profi le in gp78 knockdown cells com-
pared with NT control cells (  Fig. 3A  ).  Reduced gp78 ex-
pression increased the apoB-100 radiolabel in VLDL-sized 
particles ( Fig. 3B ). The unexpected shift in lipoprotein 
density was also observed with a second siRNA duplex tar-
geting gp78 ( Fig. 3A, B , si-gp78-A), demonstrating that the 
enhanced VLDL assembly was not an off-target effect of 
that particular siRNA. 

 It appeared that when gp78 expression was reduced, the 
apoB protein could acquire more lipid than NT control 
cells, because the decreased density of the secreted lipo-
proteins is indicative of an increased lipid-to-protein ratio. 
[ 3 H]Glycerol labeling revealed that triglyceride secretion 
was modestly increased by the gp78 knockdown in the 
presence of oleic acid ( Fig. 3C ). Interestingly, triglyceride 
synthesis from glycerol was reduced in si-gp78 cells ( Fig. 
3D ) but this did not compromise TG secretion. Notably, 
gp78 reduction did not alter the levels of several proteins 
involved in lipid metabolism including diacylglycerol acyl-
transferase-1 (DGAT1), MTP, HMG-CoA reductase, sterol 
regulatory element-binding protein 1a (SREBP1a), peroxi-
some proliferator-activated receptor (PPAR)- a  and PPAR g . 
(supplementary  Fig. II ). 

  Fig.   2.  siRNA-mediated reduction of gp78 increases 
apoB-100 secretion. Autoradiographs and quantitation 
of apoB-100 (A) and apoAI (B) in cells and medium by 
pulse-chase analysis. Seventy-two hours following trans-
fection with either nontargeting (NT) or gp78-target-
ing (si-gp78) siRNA, HepG2 cells were labeled with 
[ 35 S]cysteine/methionine for 1 h and then chased for 
2 h as described in Materials and Methods. ApoB and 
apoAI were recovered from cells and media by immu-
noprecipitation and visualized in SDS-PAGE gels by 
autoradiography (top panels). Total (medium plus 
cells) and secreted radiolabeled proteins are expressed 
as percent of initial radiolabel. Autoradiographs and 
quantitation (mean ± SD) are derived from triplicate 
wells from a representative experiment, which was re-
peated three times.   
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tion and increased secretion suggested that MEK/ERK in-
hibition by U0126 reduced the entry of newly synthesized 
apoB into the ERAD pathway by creating an environment 
that favored VLDL assembly. 

 Immunoblot analysis ( Fig. 6C ) showed that U0126-
treated cells accumulated much less ubiquitinated apoB 
following the MG132 treatments. This suggested that in 
these cells apoB-100 could escape from the ERAD pathway 
at a step before ubiquitination. The decrease in ubiquit-
inated apoB was not accompanied by a reduction in global 
ubiquitination in U0126-treated cells (supplementary  Fig. 
IV A , left panel). 

 si-gp78 and U0126 treatment both reduce the apoB-100 
accumulation and BiP induction observed in 
p97-reduced cells 

 The removal of apoB-100 from the ER into the cytosol 
for proteasomal degradation is facilitated by p97 ( 11, 12 ). 
Gp78 and p97 are known to associate with one another 
and coordinate the ubiquitination and retrotranslocation 
of other ERAD substrates ( 25 ). Knockdown of p97 delayed 
the turnover of nascent apoB-100, causing it to accumu-
late intracellularly ( 12 ). We hypothesized that if gp78 and 
p97 act in the same apoB ERAD pathway, gp78-dependent 
ubiquitination may occur before p97-mediated retrotranslo-
cation and if so, gp78 knockdown in p97-reduced cells would 
reverse the apoB accumulation and enhance secretion. 

suggested that the increase in cellular [ 3 H]TG with oleic 
acid alone did not increase [ 3 H]TG secretion markedly, 
but the inclusion of U0126 improved the incorporation of 
[ 3 H]TG into VLDL. 

 MEK1/2 inhibition decreases apoB-100 ubiquitination 
and diverts apoB-100 ERAD substrates into the secretory 
pathway 

 Based on the similar enhancement of VLDL formation 
in gp78 knockdown cells and with U0126 treatment, we 
hypothesized that apoB-100 could escape ubiquitination 
and degradation in U0126-treated cells because the mal-
folding that triggers ERAD was reduced. When MG132 
and U0126 were included together, less nascent apoB ac-
cumulated than with MG132 alone (  Fig. 6A  , left panel), 
suggesting that U0126 reduced apoB-100 ERAD substrates. 
Total apoB-100 secretion was profoundly increased by 
U0126 but MG132 had no effect on apoB-100 secretion 
( Fig. 6A , right panel). As shown in  Fig. 6B , U0126 and 
MG132, alone or together, stabilized apoB-100 during a 1 
h chase compared with the untreated control. Conversely, 
U0126 increased apoB-100 secretion whereas MG132 did 
not ( Fig. 6B , right panel). Because U0126 did not increase 
apoB-100 synthesis ( Fig. 6A , left panel), the enhanced se-
cretion appeared to represent apoB-100 that had escaped 
ERAD during conditions of improved lipid incorporation. 
Taken together, the reduced cellular apoB-100 accumula-

  Fig.   3.  siRNA-mediated reduction of cellular gp78 enhances VLDL and triglyceride secretion from HepG2 
cells. A: Density gradient ultracentrifugation profi les of secreted apoB-100. Cells were transfected with either 
NT siRNA or siRNA duplexes targeting gp78 (si-gp78 or si-gp78-A). Seventy-two hours posttransfection, cells 
were depleted for 1 h in cysteine/methionine-free media and then pulse-labeled for 1 h with [ 35 S]cysteine/
methionine. Pulse medium was replaced with chase medium for 2 h after which medium samples were col-
lected. Samples were subjected to density gradient ultracentrifugation and apoB was immunoprecipitated 
from each fraction and visualized by SDS-PAGE and autoradiography. B: Quantitation of apoB-100. Radiola-
beled apoB-100 bands were excised from the gel and quantifi ed by liquid scintillation counting. Results are 
expressed as cpm per mg cell protein. The data presented is representative of three experiments. C, D: 
Transfected HepG2 cells were labeled for 2 h with [2- 3 H] glycerol in the presence or absence of 360  m M oleic 
acid. Lipids were extracted from cells and media in methanol-chloroform and separated by TLC. The tri-
glyceride bands were visualized by iodine staining and quantifi ed by liquid scintillation counting. Data are 
mean ± SD, n = 3.    by guest, on June 20, 2012
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knockdown ( Fig. 7B ). Both gp78 knockdown and U0126 
were able to enhance apoB-100 secretion from p97 knock-
down cells ( Fig. 7A, B , right panels). Unlike U0126, gp78 
knockdown did not alter phospho-ERK1/2 levels (supple-
mentary  Fig. IV B ), suggesting that the effects of gp78 
r eduction and U0126 treatment are mechanistically 
distinct. 

 Our previous study ( 12 ) showed an increase in BiP lev-
els with p97 knockdown, consistent with a modest ER 
stress, and this was also observed here ( Fig. 7C, D ). Inter-
estingly, both gp78 knockdown ( Fig. 7C ) and U0126 treat-
ment ( Fig. 7D ) decreased the elevated BiP levels observed 
in p97-reduced cells. These observations suggest that ei-
ther preventing ubiquitination or enhancing assembly 
can reduce the apoB accumulation and ER stress in p97-
reduced cells. 

 DISCUSSION 

 The present work has revealed an expanded role for the 
ubiquitin ligase gp78 in the metabolism of apoB-100. Our 
knockdown experiments complement results presented in a 
gp78 overexpression study ( 15 ) to indicate that gp78 is a 
ubiquitin ligase that regulates apoB-100 ERAD. In addition, 
because decreasing the ubiquitination of apoB-100 can en-
hance VLDL assembly, it reveals a new level of complexity in 
the relationship between apoB secretion and ERAD. Our 
studies using the MEK/ERK inhibitor U0126 have shown 
that this compound acts by increasing the effi ciency of cou-
pling of new TG synthesis to VLDL assembly in HepG2 cells. 
Finally, our double knockdown experiments suggest that 
ubiquitination of apoB-100 in HepG2 cells occurs before the 
involvement of p97 and is the committing step for ERAD. 
Thus, poorly lipidated or translocation-arrested apoB-100 
are not ERAD substrates but polyubiquitinated apoB is. 
These observations lend weight to the new possibility that 
regulation of VLDL assembly in hepatocytes may be depen-
dent on a functional ERAD pathway. 

Furthermore, U0126 would reduce apoB accumulation 
in p97-reduced cells because apoB could be diverted 
from ERAD before ubiquitination, thus avoiding the p97-
dependent step. 

 Transfected cells were radiolabeled for 3 h in the pres-
ence of oleic acid. Although the p97 knockdown caused 
marked apoB-100 accumulation relative to control cells 
(NT), the combined knockdown of both p97 and gp78 
caused almost no accumulation of nascent apoB-100 (  Fig. 
7A  , left panel).  U0126 had the same effect on apoB-100 
as gp78 knockdown when superimposed upon the p97 

  Fig.   4.  Reduced gp78 expression protects apoB-100 from trypsin 
digestion in digitonin-permeabilized HepG2 cells. A: Cells were 
transfected with either nontargeting (NT) or gp78-targeting siRNA. 
Seventy-two hours posttransfection the cells were permeabilized 
with digitonin and the supernatant was discarded, leaving only the 
nuclear and microsomal membranes intact. The remaining mono-
layers were then treated with trypsin at the indicated concentration 
for 30 min on ice. Soybean trypsin inhibitor was added and the 
monolayers were collected. Calnexin and apoB were visualized in 
each sample by immunoblot analysis. B: ApoB-100 was quantifi ed 
by scanning densitometry and is expressed as percent of 0 µg/ml 
trypsin control.   

  Fig.   5.  U0126 treatment enhances assembly of VLDL 
in HepG2 cells and increases secretion of radiolabeled 
triglycerides. HepG2 cells were treated with 1 or 10  m M 
U0126 for 16 h. Cells were then incubated in the pres-
ence or absence of 360  m M oleic acid and labeled with 
[ 35 S]cysteine/methionine for 3.5 h. After labeling, the 
media were fractionated by sucrose density gradient 
ultracentrifugation and each fraction was subjected 
to apoB immunoprecipitation using goat anti-human 
apoB antibody. A: Eluted proteins were resolved on a 
5% SDS-PAGE gel, visualized by autoradiography. B: 
The radioactivity in apoB-100 was quantifi ed by scintil-
lation counting. C, D: HepG2 cells were treated with 10 
 m M U0126 for 16 h were labeled for 2 h with [2- 3 H] 
glycerol in the presence or absence of 360  m M oleic 
acid. Lipids were extracted from cells (C) and media 
(D) in methanol-chloroform and separated by TLC. 
The triglyceride bands were visualized by iodine stain-
ing and quantifi ed by liquid scintillation counting. Val-
ues are mean ± SD, n = 3.   
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down did not alter ERK1/2 phosphorylation or the ex-
pression of proteins known to regulate VLDL secretion 
and/or lipid metabolism (DGAT1, HMG-CoA reductase, 
MTP, SREBP1a, PPAR a  and PPAR g ). To our knowledge, 
the only demonstrable similarity between the gp78 knock-
down and U0126 are the effects on apoB-100 ubiquitina-
tion and VLDL secretion. The ERAD pathway degrades a 
large portion of nascent apoB and this can increase further 
when ubiquitination is enhanced ( 15 ). Because reduction 

 Our data suggest that a portion of HepG2 apoB-100 that 
would normally be degraded by the ERAD pathway can 
continue through the secretory pathway to a different fate 
when ubiquitination or lipidation is modulated. Decreased 
ubiquitination (by gp78 knockdown) and improved lipid 
incorporation (by inhibiting ERK1/2 phosphorylation 
with U0126) both enhanced the secretion of apoB-100 
and lipids without increasing cellular apoB-100 levels. 
U0126 did not alter global ubiquitination, and gp78 knock-

  Fig.   6.  U0126 treatment reduces cell apoB-100 ubiq-
uitination and enhances secretion. A, B: HepG2 cells 
were treated with U0126 for 16 h. Cells were then incu-
bated for 1 h with 360  m M oleic acid, with or without 
25  m M MG132, before a 1 h pulse with [ 35 S]cysteine/
methionine. Labeled apoB-100 was collected by immu-
noprecipitation, resolved by SDS-PAGE, and quanti-
fi ed by liquid scintillation counting. A: Cells and media 
were collected after the pulse period. Data are mean 
and range of duplicates. B: Medium was removed and 
replaced with chase medium and cells and media were 
collected after the indicated chase time. Data are mean 
± SD, n = 3. C: U0126-treated cells (16 h) were incu-
bated for 1 h with 360  m M oleic acid prior to MG132 
treatment for the indicated time period. ApoB immu-
noprecipitates were collected from cell lysates and an-
alyzed by immunoblotting for apoB (top panel) and 
ubiquitin (bottom panel).   

  Fig.   7.  Knockdown of gp78 and U0126 treatment normalize the impaired turnover of apoB-100, and BiP 
expression in p97 knockdown cells. A: HepG2 cells were transfected with NT, gp78, p97 siRNA, or both gp78 
and p97 siRNA. Following a 1 h preincubation with 360  m M oleic acid in cysteine/methionine free media, 
cells were labeled with [ 35 S]cysteine/methionine in the presence of oleic acid for 3 h. Cells and media were 
collected and apoB-100 was recovered by immunoprecipitation, resolved by SDS-PAGE, and quantifi ed by 
liquid scintillation counting. Data points represent mean ± SD (n = 3). B: Fifty-six hours posttransfection, 
cells with either NT or p97-targeting siRNA were treated with 10  m M U0126 for 16 h, then labeled as in A in 
the presence of U0126. C, D: Immunoblot analysis of cell proteins following siRNA or U0126 treatment.   
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tion ( 12 ). The accumulated apoB-100 apparently cannot 
reenter the assembly pathway, because oleic acid supple-
mentation during pulse-chase radiolabeling did not elicit 
additional apoB-100 secretion from si-p97 cells (data 
not shown). However, apoB-100 can become secretion-
competent if ERAD is blocked at the recognition or ubiq-
uitination step (U0126 and gp78 knockdown, respectively). 
Because U0126 and gp78 knockdown normalized cellular 
apoB-100 turnover in si-p97 cells, our observations suggest 
that the gp78-dependent ubiquitination of apoB-100 is the 
committing step of ERAD and that p97-mediated ret-
rotranslocation occurs thereafter. 

 Gp78 is an integral membrane protein that can serve as 
a scaffold for the assembly of protein complexes that coor-
dinate the ERAD of several substrates ( 25 ). Gp78 can di-
rectly bind to and recruit p97 to the surface of the ER 
membrane ( 16 ). It is possible that decreased gp78 expres-
sion alters the stoichiometry of dedicated ERAD com-
plexes (containing p97 and other proteins) at the ER 
bilayer. However, it was recently reported that the ex-
panded polyglutamine tracts of the huntingtin protein 
bind the Cue domain of gp78 and sterically hinder the 
gp78/p97 association but do not affect the ability of gp78 
to ubiquitinate the huntingtin protein ( 32 ). This suggests 
that the E3 ligase activity of gp78 does not depend on 
the formation of a p97-associated ERAD complex. Because 
the gp78 and p97 knockdowns have essentially oppo-
site efects on apoB-100 fate, disrupted ubiquitination of 
apoB-100 is the probable cause of increased apoB-100 
secretion in gp78-reduced cells. 

 The lack of ER stress in gp78-reduced cells may relate to 
the modest knockdown effi ciency or may indicate that 
other ubiquitin ligases can partially compensate for de-
creased gp78 activity. The knockdown of p97 induces BiP 
expression to varying degrees depending on knockdown 
effi ciency and cell type ( 33, 34 ), indicative of UPR activa-
tion ( 35 ). In our system, this stress appears to be relatively 
mild as it does not induce CCAAT/enhancer-binding pro-
tein homologous protein, a marker of severe, potentially 
apoptosis-inducing stress (data not shown), or impair the 
synthesis or secretion of apoB-100 or apoAI. More severe 
levels of UPR activation have been shown to compromise 
the biogenesis of apoB-100 ( 36 ). When gp78 knockdown 
or U0126 treatment was superimposed upon si-p97 cells, 
BiP levels were lower than with the p97 knockdown alone. 
Therefore, by modulating apoB-100 metabolism through 
distinct mechanisms, gp78 knockdown and U0126 are able 
to improve ER homeostasis in p97-reduced cells. This sug-
gests that delayed apoB-100 turnover may be the major 
cause of the ER stress in p97 knockdown cells. Indeed, it 
was recently proposed that overproduction of the apoB-
100 protein may be a “molecular link” between lipid-
induced ER stress and hepatic insulin resistance ( 37 ). 

 Hepatic apoB-100 secretion is of emerging relevance in 
the regulation of plasma LDL ( 38 ). The present study 
highlights the importance of a functional ERAD pathway 
in regulating levels of apoB-100 secretion from HepG2 
cells. The liver, among other organs, displays an age-related 
decline in protein quality control, including decreased 

of apoB ubiquitination enhances assembly, apoB sub-
strates could be selected for ERAD based on folding/as-
sembly kinetics during or after translation and, as a result, 
prevent assembly at maximum capacity. Taken together, 
these observations suggest that ERAD capacity and VLDL 
output may be linked. 

 In gp78 knockdown cells, newly synthesized apoB-100 
was less accessible to the cytosol and secretion of both 
apoB-100 and TG were increased, suggesting that im-
paired ubiquitination infl uences both the topology of 
apoB-100 and lipid recruitment during VLDL biogene-
sis. If ubiquitin is ligated onto a cytosolic motif of trans-
location-arrested apoB-100, the branched apoB-ubiquitin 
conjugate could restrict translocation through the Sec61 
channel. Conversely, lack of ubiquitination may allow 
apoB-100 to avoid prolonged exposure to the cytosol 
and increase the likelihood of successful translocation 
and VLDL assembly. The ERAD paradigm posits that 
recognition of malfolded protein substrates occurs prior 
to the involvement of ubiquitin ligase enzymes ( 26 ). 
U0126 treatment enhances incorporation of TG into 
VLDL and in so doing may allow apoB to avoid translo-
cation arrest and escape ERAD at the substrate recogni-
tion stage. Improved lumenal lipidation and decreased 
cytosolic exposure (presumably due to increased trans-
location effi ciency) occur together when apoB escapes 
ERAD. Nevertheless, the location and molecular nature 
of the recognition event(s) remain(s) unclear. ApoB-
100, because of its unique exposure to the cytosol dur-
ing assembly, may not require the targeting and partial 
retrotranslocation steps required by most ERAD sub-
strates before their ubiquitination ( 7 ). If poorly lipi-
dated apoB-100 is not ubiquitinated, it appears to be 
able to reengage with the factors that support VLDL as-
sembly, possibly displacing ERAD substrate recognition 
factors. 

 Our data suggests a regulatory role for ubiquitination in 
VLDL assembly. During biogenesis, a portion of the na-
scent apoB-100 may exist in an intermediate, uncommitted 
state: not fully secretion-competent, yet not terminally 
malfolded. ApoB-100 contains hydrophobic  b  domains 
that bind strongly to lipids ( 27 ). Until the quality control 
surveillance machinery is satisfi ed with the status of these 
domains, it appears that apoB-100 must remain account-
able to the ERAD pathway. ApoB-100 associates with the 
membrane during initial stages of assembly and then is re-
leased into the lumen during VLDL particle maturation 
( 28, 29 ), coinciding with conformational changes in apoB 
in the Golgi ( 30 ). Cytosol-exposed apoB-100 has been ob-
served in post-ER compartments after translation has been 
completed but perhaps before the fi nal maturation step ( 31 ). 
Release of apoB-100 into the lumen during particle matura-
tion may release apoB from susceptibility to proteasome-
mediated ERAD. Perhaps there exist basal levels of 
ubiquitination that do not trigger ERAD but can be ex-
tended or removed based on temporal quality control 
surveillance. 

 When p97 is reduced, apoB-100 proteins become ar-
rested at the ER membrane due to limited retrotransloca-
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ability to induce expression of Hsps, including Hsp70 and 
Hsp90 ( 22, 39 ). With aging, compromised quality control 
and decreased ubiquitination could contribute to the 
overproduction and secretion of apoB-100. It would be in-
teresting to examine how pathological conditions that 
arise in the liver affect the capacity to degrade apoB-100 by 
ERAD. 

 In conclusion, our work suggests that ubiquitination of 
apoB-100 has a regulatory role during VLDL assembly in 
HepG2 cells. Moreover, gp78 acts before and indepen-
dently of p97 in the same apoB-100 ERAD pathway. Taken 
together, our data implicates ubiquitination as the com-
mitting step of apoB-100 to ERAD, without which the na-
scent protein can proceed to assemble mature VLDL.  
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