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 Hepatic apolipoprotein B100 (apoB100) protein biogen-
esis is a complex process involving regulation at cotransla-
tional and posttranslational levels ( 1–6 ). Intracellular and 
especially endoplasmic reticulum (ER) availability of core 
lipoprotein lipid substrates, particularly triglyceride, ap-
pears to govern the intracellular fate of newly synthesized 
apoB100 protein ( 7, 8 ). In lipid poor states, a signifi cant 
proportion of newly synthesized apoB100 is degraded in 
cultured hepatoma cells ( 9–12 ). The bulk of apoB100 degra-
dation appears to be mediated by the ubiquitin-proteasome 
degradative system ( 13, 14 ). The intracellular fate of apoB100 
is also critically dependent on its interaction with several 
key ER factors. Microsomal triglyceride transfer protein 
(MTP), an ER-localized lipid transfer protein, plays an im-
portant role in the lipidation and secretion of apoB100-
containing lipoproteins ( 15, 16 ). There is ample evidence 
showing the association of the newly synthesized apoB100 
polypeptides with numerous other ER chaperones, in-
cluding GRP94, GRP78, ERp72, calreticulin, cyclophilin B, 
and calnexin ( 17, 18 ). Perturbation in ER function and 
interactions of apoB100 with such molecular chaperones 
would thus be expected to have major consequences on the 

       Abstract   Glucosamine impairs hepatic apolipoprotein 
B100 (apoB100) production by inducing endoplasmic re-
ticulum (ER) stress and enhancing cotranslational and 
posttranslational apoB100 degradation (Qiu, W., R. K. 
Avramoglu, A. C. Rutledge, J. Tsai, and K. Adeli. Mechanisms 
of glucosamine-induced suppression of the hepatic assembly 
and secretion of apolipoprotein B-100-containing lipopro-
teins.  J. Lipid Res.  2006. 47: 1749–1761). Here    , we report 
that glucosamine also regulates apoB100 protein synthesis 
via ER-stress-induced PERK activation. Short-term (4 h) glu-
cosamine treatment of HepG2 cells reduced both cellular 
(by 62%) and secreted apoB100 (by 43%) without altering 
apoB100 mRNA. Treatment with proteasomal inhibitors 
only partially prevented the suppressive effects of glu-
cosamine, suggesting that mechanisms other than protea-
somal degradation may also be involved. Glucosamine-induced 
ER stress was associated with a signifi cantly reduced 
apoB100 synthesis with no signifi cant change in posttransla-
tional decay rates, suggesting that glucosamine exerted its 
effect early during apoB biosynthesis. The role of PERK 
and its substrate,  � -subunit of eukaryotic initiation factor 2 
(eIF2 � ), in the suppressive effects of glucosamine on apoB 
synthesis was then investigated. Coexpression of apoB15 
(normally resistant to intracellular degradation) with wild-
type double stranded (ds) RNA activated protein kinase 
(PKR)-like endoplasmic reticulum kinase (PERK) in COS-7 
cells resulted in a dramatic reduction in the levels of newly 
synthesized apoB15. Interestingly, cotransfection with 
apoB15 and a kinase inactive PERK mutant (K618A) in-
creased apoB15 expression. In addition, short-term glucos-
amine treatment stimulated an increase in phosphorylation 
of PERK and eIF2 � .   Taken together, these data suggest 
that in addition to the induction of ER-associated degrada-
tion and other degradative pathways, ER stress is associated 
with suppression of apoB synthesis via a PERK-dependent 
mechanism. —Qiu, W., Q. Su, A. C. Rutledge, J. Zhang, and K. 
Adeli.  Glucosamine-induced endoplasmic reticulum stress 
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were blocked with a solution of 1% BSA, incubated with the indi-
cated antibodies (see fi gure legends) and then incubated with 
appropriate secondary antibodies conjugated to horseradish per-
oxidase. Membranes were then covered in an enhanced chemilu-
minescence detection reagent (Amersham Pharmacia Biotech, 
Woodbridge, ON, Canada) for 1 to 5 min and exposed to Kodak 
Hyperfi lm. Films were developed, and quantitative analysis was 
performed using an imaging densitometer (Bio-Rad, Mississauga, 
ON, Canada) ( 24 ). Anti-human apoB, anti-human apoE, and 
anti-albumin antibodies were obtained from Midland Bioprod-
ucts (Boone, IA). Monoclonal anti-KDEL antibody was from 
CalBiochem (San Diego, CA). Anti-phosphorylated-PERK, anti-
phosphorylated-eIF2 � , and anti-eIF2 �  antibodies were from On-
cogene (Boston, MA). 

 Metabolic labeling of glucosamine-treated cells 
 After a 3 h treatment of HepG2 cells with 4 mM glucosamine, 

the cells were preincubated in methionine/cysteine-free MEM 
with 4 mM glucosamine at 37°C for 1 h, followed by pulse label-
ing with 100  � Ci/ml [ 35 S] methionine for 1 h in the presence of 
various proteasomal inhibitors (see fi gure legends). Following 
the pulse, the medium was harvested for immunoprecipitation of 
secreted apoB100 or albumin ( 22 ). The cells were lysed using 
500  � l solubilizing buffer, and cellular apoB100 was immunopre-
cipitated. In pulse-chase experiments, HepG2 cells were incu-
bated in methionine/cysteine-free MEM in the presence or 
absence of varying amounts of inhibitors at 37°C for 1 h, labeled 
with 100  � Ci/ml [ 35 S] methionine for 10 min, and then chased 
for 0, 5, 10, 15, 30, 60, or 120 min under the conditions described 
in the fi gure legends. 

 Transient transfection with PERK constructs 
 COS-7 or McA-RH7777 cells (5 × 10 5 ) were seeded in six-well 

plates 4 h before the experiments. After washing the cells once 
with 2 ml of sterile PBS, 1  � g of apoB15 cDNA and 1  � g of wild-
type (WT) PERK cDNA or kinase inactive mutant (K618A) PERK 
cDNA ( 25 ) were cotransfected into the cells using 10  � l Lipo-
fectamine TM  (Life Technologies, Grand Island, NY) according to 
the manufacturer’s protocol. 

 RT-PCR analysis of mRNA 
 Following treatment of HepG2 cells with 4 mM glucoamine for 

4 h, total RNA was extracted using a commercially available kit 
(RNeasy, Qiagen, Mississauga, ON, Canada). First-strand cDNA 
was synthesized from 5  � g of total RNA using SuperScript II re-
verse transcriptase (Invitrogen, Burlington, ON, Canada) ( 26 ). 
The resulting cDNA was subjected to 28 cycles of PCR amplifi ca-
tion (denaturation at 95°C for 30 s; annealing at 55°C for 60s; 
extension at 72°C for 90 s). The primer pairs used for detecting 
mRNA levels are listed in  Table 1 .  

 Immunoprecipitation, SDS-PAGE, and fl uorography 
 Immunoprecipitation was performed as described previously 

( 22 ). The gels were fi xed and saturated with Amplify (Amersham 
Pharmacia Biotech) before being dried and exposed to Kodak 
Hyperfi lm at  � 80°C for 1–4 days. Films were developed, and 
quantitative analysis of apoB100 bands was performed using an 
imaging densitometer. 

 Statistical analyses 
 Results are displayed as mean ± SD, n  �  3. The unpaired, two-

tailed  t -test was used to assess differences between experimental 
groups and controls. Probability values of < 0.05 were considered 
to be statistically signifi cant. 

effi ciency of apoB100-containing lipoprotein assembly 
and secretion. 

 There is now growing evidence for a link between ER 
stress and dysregulation of the assembly and secretion of 
apoB100-containing lipoproteins. During the response to 
ER stress, unfolded or malfolded proteins retained in the 
ER lumen are retrotranslocated into the cytoplasm by ER-
associated degradation (ERAD) machinery and degraded 
by the proteasome ( 19 ). Oyadomari et al. ( 20 ) reported 
that chaperone protein P58 dramatically increased apoB100 
degradation by recruiting the chaperone protein HSP70 to 
the cytosolic face of the translocon. Ota, Gayet, and Gins-
berg ( 21 ) recently demonstrated that treatment of McA-
RH7777 cells with oleate at a high concentration (1.2 mM) 
or for a long period of time (16 h) could induce ER stress, 
which involved an upregulation of GRP78. Increased GRP78 
level was accompanied by decreased apoB100 secretion, 
suggesting that there is an inverse relationship between 
lipid-loading-mediated ER stress and apoB100 secretion 
( 21 ). Previous work in our laboratory has also shown a strong 
inverse association between GRP78 expression and apoB100 
stability in ER of HepG2 cells ( 22 ). Interestingly, treatment 
of HepG2 cells, primary hamster hepatocytes, or McA-
RH7777 cells with glucosamine increased levels of GRP78 
and decreased cellular and secreted apoB100 ( 22, 23 ). 

 In this report, we provide new evidence that glu-
cosamine-induced ER stress is also associated with altera-
tions in apoB100 protein synthesis. The mammalian ER 
stress responses are mediated by PERK, activating tran-
scription factor 6 (ATF6), and inositol requirement 1 
(IRE1) pathways ( 19 ). We have found glucosamine- 
induced ER stress to be associated with increased phos-
phorylation of double stranded (ds) RNA activated protein 
kinase (PKR)-like endoplasmic reticulum kinase (PERK) 
and  � -subunit of eukaryotic initiation factor 2 (eIF2 � ), 
leading to impaired apoB100 synthesis. 

 EXPERIMENTAL PROCEDURES 

 Cell culture 
 HepG2 cells (1 × 10 6 ) were seeded on collagen-coated six-well 

plates in MEM containing 10% FBS and allowed to adhere for 
4 h. The medium was replaced with high glucose DMEM (4.5 mg/
ml; Multicell cat. no. 10013CV) containing 10% FBS and 4 mM 
glucosamine (Sigma-Aldrich, St. Louis, MO), and cells were incu-
bated for 4 h at 37°C with 5% CO 2 . 

 Immunoblot analysis 
 Following treatment with 4 mM glucosamine, the cultured 

cells were washed twice with PBS and lysed using solubilizing 
buffer (PBS containing 1% Nonidet P-40, 1% deoxycholate, 5 mM 
EDTA, 1 mM EGTA, 1 mM PMSF, 100 kallikrein-inactivating 
units/ml aprotinin, and phosphatase inhibitors, as described 
previously) ( 24 ). For experiments involving detection of phos-
phorylated proteins, cells were lysed in a special solubilizing 
buffer (solubilizing buffer + 100 mM sodium fl uoride and 10 mM 
sodium pyrophosphate tetra basic decahydrate). Following SDS-
PAGE, proteins were transferred electrophoretically for 16 h at 
4°C onto polyvinylidene fl uoride membranes. The membranes 
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level was unchanged by glucosamine treatment, indicating 
that the decrease in apoB100 protein mass was not caused 
by a drop in the amount of apoB100 mRNA ( Fig. 1B ). By 
contrast, the increase in GRP78 protein mass following 
glucosamine treatment was associated with a higher 
amount of its mRNA (4.3 ± 0.3-fold, n = 4,  P  < 0.05). These 
results suggest that similar to the long-term glucosamine 
treatment, glucosamine treatment for 4 h could interfere 
with apoB100 production and upregulate GRP78 expres-
sion, which is an indication of ER stress. 

 Short-term glucosamine treatment reduces the amount 
of newly synthesized apoB100, an effect only partially 
prevented by cotreatment with ALLN or lactacystin 

 Next, we examined the ability of proteasomal inhibitors, 
 N -acetyl-leucinyl-leucinyl-nor-leucinal (ALLN) and clasto-
lactocystin  � -lactone (lactacystin), to prevent the loss of 
apoB100 induced by short-term (4 h) glucosamine treat-
ment. The amount of [ 35 S]-labeled apoB100 recovered in 
the absence of glucosamine treatment was signifi cantly 
greater in the presence of ALLN or lactacystin in both cell 
(  Fig. 2A  ;  1.85-fold, n = 4,  P  < 0.05; 1.77-fold, n = 4,  P  < 0.05) 

 RESULTS 

 Short-term glucosamine treatment of HepG2 cells 
induces GRP78 expression and reduces apoB100 
secretion 

 Long-term (16 h) glucosamine treatment of HepG2 
cells was previously shown to upregulate GRP78 and de-
crease apoB100 secretion from HepG2 cells ( 22 ). Here, 
we examined the effects of short-term (4 h) glucosamine 
treatment. HepG2 cells were treated with 0–16 mM glu-
coamine for 4 h, and immunoblotting was performed us-
ing anti-apoB or anti-KDEL antibodies. As shown in   Fig. 
1A  ,  cellular and secreted apoB100 levels were reduced in a 
dose-dependent manner. At a concentration of 4 mM glu-
cosamine, cellular and secreted apoB100 were signifi cantly 
decreased to 62 ± 7% (n = 4,  P  < 0.05) and 43 ± 6% (n = 4, 
 P  < 0.05), respectively, compared with untreated control 
cells. The reduction in apoB100 protein mass was associ-
ated with a remarkable increase (3.4 ± 0.1-fold, n = 4,  P  < 
0.05) in the expression of GRP78. By contrast, the levels of 
albumin, a major secretory protein of HepG2 cells, did not 
change following glucosamine treatment. ApoB100 mRNA 

  Fig.   1.  Short-term glucosamine treatment impairs 
apoB100 biosynthesis. HepG2 cells (1 × 10 6 ) were 
treated with 0, 1, 2, 4, 8, or 16 mM glucosamine for 4 
h. A: The media were collected and cells were lysed. 
Twenty micrograms of protein from each sample was 
analyzed by immunoblotting with antibodies against 
apoB, albumin, KDEL, and  � -actin. B: mRNA levels 
were measured by RT-PCR as described in Experi-
mental Procedures. The RT-PCR products of GRP78, 
apoB, and apoE from HepG2 cells were quantifi ed 
and normalized to the amount of 18S rRNA product. 
In A and B, protein or mRNA levels were expressed 
as a percentage of the highest value for each factor.   

 TABLE 1. cDNA sequence of primers used in RT-PCR for detecting human mRNAs of apoB, apoE, MTP, 
GRP78, XBP1(U), XBP1(S), ATF6, and 18SrRNA 

Gene Bank No. and Name 5 ′  → 3 ′ Product Size (bp)

apoB100 M14162 apoB100 F AGACAGCATCTTCGTGTTTCAA 123
R ATCATTTAGTTTCAGCCCAGGA

apoE NM 000041 APOE F GGTCGCTTTTGGGATTACCT 133
R TGTAGGCCTTCAACTCCTTCAT

MTP NM 000253 MTTP F TCTGAGAGCACAGCGTTTACAT 144
R GTTGTTGAAAGCGTCACATGAT

GRP78 NM 005347 HSPA5 F ATGATGCTGAGAAGTTTGCTGA 134
R GGAAAGTTTACCTCCCAGCTTT

XBP1(U) XBP1(S) NM005080 XBP1(U) NM 
001079539 XBP1(S)

F GGAGTTAAGACAGCGCTTGG XBP1(U) 168 
XBP1(S) 142R GAGATGTTCTGGAGGGGTGA

ATF6 NM007348 ATF6 F GCTGGATGAAGTTGTGTCAGAG 126
R TGTTCCAACATGCTCATAGGTC

18S rRNA NR 003286 18S rRNA F TAAGTCCCTGCCCTTTGTACACA 71
R GATCCGAGGGCCTCACTAAAC
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 Pulse-labeling experiments were also conducted in 
HepG2 cells pretreated with 4 mM glucosamine and/or 
0.4 or 1.2 mM oleate for 4 h. As expected, oleate treatment 
increased both cellular ( Fig. 2D ) and secreted ( Fig. 2E ) 
apoB100 levels following a 1 h pulse compared with un-
treated cells (n = 4,  P  < 0.05). However, in the presence of 
glucosamine, oleate treatment could not increase the cel-
lular or secreted levels of apoB100 to the same extent seen 
without glucosamine treatment (n = 4,  P  < 0.05). There-
fore, addition of fatty acids, which could increase triglycer-
ide production, was not able to overcome the effects of 
glucosamine. Oleate treatment has been shown previously 
to promote production of apoB100-containing lipoproteins 
by decreasing the amount of poorly lipidated and mis-
folded apoB100 that would be targeted for proteasomal 
degradation ( 1 ). These results provide further evidence 
that induction of proteasomal degradation is not entirely 
responsible for the decrease in apoB100 levels caused by 
glucosamine treatment. In addition, cotreatment with 4 
mM glucosamine and 0.4 or 1.2 mM oleate for 4 h had no 

and media fractions ( Fig. 2B ; 1.42-fold, n = 4,  P  < 0.05; 
1.37-fold, n = 4,  P  < 0.05), respectively, compared with un-
treated control cells. The amount of [ 35 S]-labeled apoB100 
recovered was also signifi cantly greater in glucosamine-
treated cells following the addition of ALLN or lactacystin. 
This increase was seen in both the cell ( Fig. 2A ; 1.52-fold, 
n = 4,  P  < 0.05; 1.44-fold, n = 4,  P  < 0.05) and media frac-
tions ( Fig. 2B , 0.98-fold, n = 4,  P  < 0.05; 0.94-fold, n = 4, 
 P  < 0.05). Importantly, however, the glucosamine-induced 
apoB100 loss could not be completely prevented by pro-
teasome inhibition, suggesting that mechanisms other 
than proteasomal degradation may also be involved. These 
results are consistent with the inability of MG132, another 
proteasomal inhibitor, to completely block the loss of 
apoB100 observed with long-term (16 h) glucosamine 
treatment ( 22 ). As shown in  Fig. 2C , no changes in 
apoB100, apoE, or MTP mRNA levels were observed in the 
presence of ALLN and/or glucosamine. The only change 
in mRNA detected was the increase in GRP78 mRNA upon 
glucosamine treatment that was also shown in  Fig. 1B . 

  Fig.   2.  Proteasomal inhibitors can only partially prevent the reduction in the amount of newly synthesized apoB100 induced by short-term 
glucosamine treatment. HepG2 cells (1 × 10 6 ) were untreated or treated with 4 mM glucosamine for 3 h, deprived of methionine and cysteine 
for 1 h in the presence or absence of 4 mM glucosamine and 20 µg/ml ALLN or 10 µM lactacystin, and then incubated with 100 µCi/ml [ 35 S] 
methionine for 1 h. A: Immunoprecipitated cellular [ 35 S]-labeled apoB100. B: Immunoprecipitated secreted [ 35 S]-labeled apoB100. C: 
mRNA levels were measured by RT-PCR as described in Experimental Procedures. The RT-PCR products of apoB, apoE, MTP, and GRP78 
from HepG2 cells treated with 4 mM glucosamine for 4 h and then treated with 20 µg/ml ALLN in addition to the glucosamine for another 
2 h were quantifi ed, normalized to the amount of 18S rRNA, and expressed as a percentage of the control group. HepG2 cells (1 × 10 6 ) were 
also treated with 4 mM glucosamine in the presence of 0, 0.4, or 1.2 mM oleate for 3 h, incubated with methionine/cysteine depleted DMEM 
for 1 h, and then pulsed with 100 µCi/ml [ 35 S] methionine for 1 h. D: Immunoprecipitated cellular [ 35 S]-labeled apoB100. E: Immunopre-
cipitated secreted [ 35 S]-labeled apoB100. F: TCA precipitable radioactivity upon treatment with 0, 0.4, or 1.2 mM oleate. * P  < 0.05.   
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[ 35 S]-labeled apoB100 was substantially reduced at early 
chase time points (0 to 15 minutes) in glucosamine-treated 
cells (the asterisk indicates differences with the control 
values for each time point), suggesting that the effect of 
glucosamine on apoB100 levels may occur during its syn-
thesis (translationally). In contrast, glucosamine treatment 
did not affect the levels of albumin, a control secretory 
protein, under the same experimental conditions ( Fig. 
3B ). Although glucosamine treatment has been shown to 
promote proteasomal degradation of apoB100, which is a 
cotranslational and posttranslational process, this pathway 
was inhibited by the addition of ALLN, suggesting that in 
these experiments glucosamine was causing an early loss 
of apoB100 by a mechanism other than proteasomal deg-
radation. To further investigate this possibility, we next 

effect on total protein synthesis by HepG2 cells, as deter-
mined by total TCA-precipitable radioactity ( Fig. 2F ), indi-
cating that there is no global effect on protein synthesis at 
the concentrations tested. 

 Glucosamine exerts its effect early during apoB 
biosynthesis 

 Detailed pulse-chase experiments using a 10 min pulse 
and chase times of 0 to 120 min were carried out in the 
presence of ALLN and glucosamine to assess the effects of 
these treatments on the production and loss of apoB100. 
As shown in   Fig. 3A  ,  when proteasomal degradation was 
blocked by ALLN, apoB100 decay rates did not signifi -
cantly differ between control and glucosamine-treated 
cells. Importantly, however, the total accumulation of 

  Fig.   3.  Glucosamine exerts its effect early during apoB100 biosynthesis. HepG2 or McA-RH7777 cells (1 × 10 6 ) were untreated or treated 
with 4 mM glucosamine for 3 h and then incubated with methionine/cysteine-depleted DMEM with or without glucosamine for 1 h in the 
presence of 20 µg/ml ALLN. A, B: HepG2 cells were labeled with 100 µCi/ml [ 35 S] methionine for 10 min and then chased for 0, 5, 10, 15, 
30, 60, or 120 min. ALLN with or without glucosamine was present during the entire pulse-chase period. C, D: HepG2 cells were labeled 
with 100 µCi/ml [ 35 S] methionine for 0, 15, 30, 60, or 120 min in the presence of ALLN. E, F: McA-RH7777 cells were transiently trans-
fected with apoB15 for 40 h and then treated similarly to the HepG2 cells in C and D. G, H: HepG2 cells were labeled with 100 µCi/ml [ 35 S] 
methionine for 2, 4, 8, or 16 min in the presence of ALLN. The cell lysates were fi rst immunoprecipitated with anti-human apoB antibody 
(A, C, E, and G) and then with anti-human albumin antibody (B, D, F, and H). * P  < 0.05.   
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apoB100 translation being attenuated by glucosamine 
treatment. 

 Short-term glucosamine treatment activates the PERK 
pathway 

 Further experiments were conducted to determine the 
mechanism mediating glucosamine-induced ER stress and 
attenuation of apoB100 synthesis. As shown in   Fig. 4A  , 
following 4 h of glucosamine treatment, the levels of phos-
phorylation of PERK and eIF2 �  were signifi cantly in-
creased by 3.6-fold (n = 4,  P  < 0.05) and 2.1-fold (n = 4,  P  < 
0.05), respectively. However, if the treatment was contin-
ued for 16 h, the levels of phosphorylation of PERK and 
eIF2 �  were signifi cantly decreased to 38% ( P  < 0.05) and 
65% ( P  < 0.05), respectively, compared with the 4 h treat-
ment. These results suggest that short-term (4 h) glu-
cosamine treatment activated the PERK pathway but that 
the activation was not maintained with long-term glu-
cosamine treatment. We also assessed two other ER stress 
response pathways, ATF6 and IRE1. As shown in  Fig. 4B , 
the ATF6 mRNA level began to increase following 4 h of 4 
mM glucosamine treatment, but the increase was not sta-
tistically signifi cant until 16 h of treatment. With 4 h of 
glucosamine treatment, the amount of the spliced form of 
XBP1 mRNA, which is generated upon activation of the 
IRE1 pathway of the ER stress response, was only 42% ( P  < 
0.05) of the amount formed with 4 h of tunicamycin treat-
ment (a positive control), and even less of the spliced form 
of XBP1 mRNA was present following 16 h of glucosamine 
treatment. The GRP78 mRNA level was signifi cantly in-
creased in HepG2 cells treated with either 5 µg/ml tuni-
camycin for 4 h or 4 mM glucosamine for 4 or 16 h. These 
results suggest that both 4 and 16 h treatments with 4 mM 
glucosamine induced ER stress. The upregulation of 

performed a detailed pulse experiment using pulse times 
of 0 to 120 min to determine whether glucoamine treat-
ment was affecting apoB synthesis. As demonstrated in  Fig. 
3C , the accumulation of [ 35 S]-labeled apoB100 was signifi -
cantly reduced in glucosamine-treated HepG2 cells begin-
ning at 15 min and continuing up to 120 min of 
radiolabeling (n = 3,  P  < 0.05), despite addition of ALLN 
in both the prepulse and pulse periods. In contrast, glu-
cosamine treatment did not affect the levels of albumin, a 
control secretory protein, under the same experimental 
conditions ( Fig. 3D ). Similar results were obtained in McA-
RH7777 cells transiently transfected with apoB15 and 
treated with glucosamine ( Figs. 3E, F ). ApoB15 was used 
because such small forms of apoB have been shown to be 
resistant to proteasomal degradation ( 27 ). These results 
indicate further that proteasomal degradation is unlikely 
to be responsible for the early decrease in apoB100 levels 
that has been observed upon short-term glucosamine 
treatment in the presence of ALLN. These results led to 
the hypothesis that glucosamine treatment might also be 
impairing translation of apoB100. To further investigate 
this possibility, radiolabeling experiments with short pulse 
periods were conducted. As shown in  Fig. 3G  in the pres-
ence of ALLN, the appearance of newly synthesized (na-
scent) apoB polypeptide chains at 80 or 250 kDa was 
reduced in glucosamine-treated cells within the fi rst 2 to 4 
min of radiolabeling (bars 1 and 3 vs. 2 and 4). The amount 
of newly synthesized apoB100 was also markedly sup-
pressed in glucosamine-treated cells after 8 to 16 min of 
radiolabeling (bars 5 and 7 vs. 6 and 8). No changes were 
observed in the amount of the control protein, albumin, 
with glucosamine treatment ( Fig. 3H ). These results may 
suggest that translation initiation rate of apoB (or possibly 
elongation rate) is reduced and are consistent with 

  Fig.   4.  Short-term glucosamine treatment induces 
ER stress responses. A: HepG2 cells (1 × 10 6 ) were 
treated with or without 4 mM glucosamine for 4 h. 
The cells were lysed and 40 µg of total protein from 
each sample was analyzed by immunoblotting with 
antibodies against phosphorylated PERK, phosphor-
ylated eIF2 � , eIF2 � , and  � -actin. B: HepG2 cells (1 × 
10 6 ) were treated with 4 mM glucosamine for 4 or 16 
h. Tunicamycin treatment (5 µg/ml) was used as a 
positive control. mRNA levels were measured by RT-
PCR as described in Experimental Procedures. The 
RT-PCR products of spliced XBP-1, ATF6, and GRP78 
from HepG2 cells were quantifi ed and normalized to 
the amount of 18S rRNA. * P  < 0.05.   
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nase inactive mutant (K618A) PERK cDNA, or no cDNA 
(mock) to evaluate the effects on the synthesis of apoB15. 
As demonstrated in the left panel of   Fig. 5A  ,  the mass of 
the WT and mutant forms of PERK was notably increased 
following transient expression of the constructs in both 
control and glucosamine-treated COS-7 cells. By contrast, 
there was no change in  � -actin, a control protein. Interest-
ingly, increased phosphorylation of eIF2 �  on serine 51 
( Fig. 5A , right panel, bar 2) following transient expression 
of WT PERK was associated with a 35% reduction in the 
amount of newly synthesized apoB15 ( P  < 0.05) compared 
with mock-transfected cells ( Fig. 5B , bar 1 vs. 2), suggest-
ing that the translation of apoB15 may have been attenu-
ated due to impaired eIF2 �  function. In contrast, transient 
expression of kinase inactive PERK led to a signifi cant in-
crease in newly synthesized apoB15 (178% of control,  P  < 
0.05) (Fig. 5B, bar 1 vs. 3). This likely occurred due to the 
dominant-negative property of the mutant PERK con-

GRP78 could have been induced by a combination of the 
ER stress pathways, most likely the IRE1 and ATF6 arms of 
the pathway, which play a role in the upregulation of chap-
erone proteins ( 19 ). However, the inhibition of apoB100 
translation observed with 4 h of glucosamine treatment 
was likely a consequence of activation of the PERK path-
way since there was little activation of the IRE1 and ATF6 
pathways at this time point and since it is the PERK path-
way that plays a role in inhibiting general translation 
through phosphorylation of eIF2 �  to try to reduce the 
burden on the ER under ER stress conditions ( 19 ). 

 Glucosamine-induced PERK activation attenuates 
apoB100 synthesis 

 To verify that the glucosamine-induced reduction of 
apoB100 synthesis was associated with PERK activation, we 
cotransfected COS-7 cells with plasmids encoding apoB15 
cDNA and Myc-tagged WT PERK cDNA, Myc-tagged ki-

  Fig.   5.  Glucosamine-induced PERK activation attenuates apoB100 synthesis. A–C: COS-7 cells (1 × 10 6 ) were cotransfected with 1 µg of a 
plasmid encoding apoB15 cDNA and 1 µg of a plasmid encoding WT PERK cDNA, kinase inactive mutant (K618A) PERK cDNA, or no 
cDNA (mock). Cells were incubated for 40 h and then treated with or without 4 mM glucosamine for 3 h. A: The cells were incubated in 
the presence or absence of 4 mM glucosamine for 1 h. Cell lysates were analyzed by immunoblotting with antibodies against the myc-tag on 
the PERK constructs, phosphorylated eIF2 � , eIF2 � , and  � -actin ( P  < 0.05). B, C: The cells were incubated with methionine/cysteine- 
depleted DMEM for 1 h and then radiolabeled with 100 µCi/ml [ 35 S] methionine for 1 h in the presence of 20 µg/ml ALLN. The prepulse 
and pulse steps were performed in the presence or absence of 4 mM glucosamine. The cell lysates (B) and conditioned media (C) were 
immunoprecipitated with anti-human apoB antibody. McA-RH7777 cells (1 × 10 6 ) stably expressing human apoB50 (D and E) ( 28 ) or 
normal McA-RH7777 cells (F and G) were transfected with 1 µg of WT PERK or K618A PERK cDNA, incubated for 40 h, and then incu-
bated with or without 4 mM glucosamine for 3 h. The cells were then starved of methionine/cysteine for 1 h and labeled with 100 µCi/ml 
[ 35 S] methionine for 1 h in the presence of 20 µg/ml ALLN with or without 4 mM glucosamine. The cell lysates (D and F) and conditioned 
media (E and G) were fi rst immunoprecipitated with anti-human apoB100 antibody, followed by a second immunoprecipitation with anti-
apoE antibody and a third immunoprecipitation with anti-albumin antibody. Bands corresponding to proteins of interest were scanned and 
quantifi ed.  P  < 0.05.   
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disappearance of apoB100 from the cells during the 2 h 
chase period was similar between control and glucosamine-
treated cells, despite signifi cantly lower accumulation of 
apoB100 with glucosamine treatment. These observations 
suggest that under these experimental conditions, the pre-
dominant effect of glucosamine may have been at the level 
of apoB100 protein synthesis. 

 To further investigate ER-stress-associated alterations in 
apoB100 protein synthesis, experiments were conducted 
using a shorter apoB15 construct. ApoB15 is known to be 
relatively stable and resistant to intracellular degradation. 
Stability of apoB molecules has previously been shown to 
be inversely proportional to the length of the nascent poly-
peptide ( 27 ). Experiments involving cotransfection of 
apoB15 cDNA with WT PERK cDNA or kinase inactive mu-
tant PERK cDNA indicate that apoB15 synthesis and cel-
lular accumulation can be modulated by altering PERK 
activity. ApoB15 levels were markedly reduced in cells 
overexpressing WT PERK, while apoB15 expression was 
increased in cells overexpressing kinase inactive PERK. 
The same results were obtained following transient trans-
fection of PERK cDNA into McA-RH7777 cells stably ex-
pressing apoB50 or normal McA-RH7777 cells expressing 
endogenous apoB100. It is interesting that although acti-
vation of the PERK pathway is associated with a global de-
cline in translation initiation via phosphorylation of eIF2 � , 
translation of apoB100 appears to be particularly sensitive 
to modulation by the PERK pathway. In our studies, two 
other hepatic-specifi c control proteins, albumin and apoE, 
appeared to be less affected under the same experimental 
conditions (at glucosamine concentrations of 4 or 16 
mM). At higher concentrations (32 mM for 4 h), down-
regulation of secretion of all three secretory proteins 
(apoB100, apoE, and albumin) was observed with a greater 
effect observed on apoB100 (data not shown), suggesting 
that at higher concentrations, glucosamine has a global 
inhibitory effect on all secretory proteins. Ota, Gayet, and 
Ginsberg ( 21 ), also reported that oleate (at concentra-
tions >1.2 mM) induced hepatic ER stress in rat McA-
RH7777 cells leading to increased apoB100 degradation 
but appeared to have no effects on apoB48, albumin, or 
apoA-I levels. The underlying mechanisms for this high 
sensitivity of apoB100 to ER stress are unknown. We postu-
late that at lower concentrations of glucosamine (up to 16 
mM), apoB100 may be more sensitive to glucosamine 
treatment (compared with other hepatic secretory pro-
teins, such as apoE and albumin) possibly due to the pres-
ence of an N-linked glycosylation site at its N terminus and 
its large size. N-linked glycosylation has been shown to in-
trinsically accelerate folding and enhance stability ( 29 ). As 
previously shown ( 23 ), glucosamine can interfere with N-
linked glycosylation of apoB cotranslationally and induce 
misfolding, possibly leading to inhibition of translation 
and subsequent proteasomal degradation. Some proteins, 
such as apoE, appear to be less dependent on N-linked 
glycosylation for folding and secretion ( 30 ), possibly due 
to their smaller size. 

 MTP is an important ER resident chaperone that lipi-
dates the nascent apoB100 protein and facilitates VLDL 

struct, which should have inhibited any basal activation of 
the pathway, thereby removing translation inhibition and 
increasing the translation of apoB15. Unexpectedly, there 
was a slight increase in phosphorylation of eIF2 �  upon ex-
pression of the mutant form of PERK. The reason for this 
is unclear. Short-term glucosamine treatment enhanced 
activation of the PERK pathway and eIF2 �  phosphoryla-
tion in cells overexpressing WT PERK, which was associ-
ated with a 30% reduction ( P  < 0.05) in apoB15 level ( Fig. 
5B , bar 2 vs. 5). In contrast, the activation of the PERK 
pathway by glucosamine treatment appeared to negate the 
inhibition of the pathway by the kinase inactive form of 
PERK. This is supported by lower apoB15 production in 
cells treated with glucosamine and expressing K618A 
PERK compared with that in cells expressing K618A PERK 
alone ( Fig. 5B , bar 3, 178% vs. bar 6, 129%,  P  < 0.05). 
ApoB15 secretion was also similarly affected ( Fig. 5C ). 
These experiments were repeated in McA-RH7777 cells 
stably expressing human apoB50 ( 28 ) ( Fig. 5D, E ) and 
also in normal McA-RH7777 cells expressing endogenous 
apoB100 ( Fig. 5F, G ). Transient expression of WT PERK 
cDNA signifi cantly suppressed the synthesis apoB50 or 
apoB100 but had no effect on control proteins, apoE or 
albumin ( Fig. 5D–G ). These results provide further evi-
dence that glucosamine may impair all apoB forms tested, 
including apoB15, apoB50, and apoB100 synthesis via a 
PERK-dependent mechanism. 

 DISCUSSION 

 In response to ER stress in mammalian cells, three path-
ways regulate induction of chaperone expression, ERAD 
components, and translational attenuation ( 19 ). These co-
ordinated signaling events allow the cell to respond to ex-
cessive accumulation of misfolded proteins in the ER by 
increasing the folding capacity, reducing protein synthe-
sis, and enhancing proteasomal degradation. Previous 
work in our laboratory demonstrated that 16 h glucosamine 
treatment of HepG2 cells and other hepatocyte cell mod-
els can induce ER stress, which is associated with increased 
levels of GRP78 and a decreased rate of apoB100 secretion 
due to increased proteasomal and nonproteasomal degra-
dation ( 22, 23 ). In this study, we report that glucosamine-
induced ER stress is also associated with suppression of 
apoB100 synthesis via a mechanism involving increased 
PERK signaling. We fi rst found that short-term (4 h) glu-
cosamine treatment of HepG2 cells signifi cantly reduced 
both cellular and secreted apoB100. Proteasomal inhibi-
tors, ALLN or lactacystin, could only partially protect 
against the suppressive effects of glucosamine on total 
apoB100 levels, suggesting involvement of other cotransla-
tional or posttranslational mechanisms. Monitoring of 
apoB100 biosynthesis using detailed pulse-chase experi-
ments revealed a signifi cantly reduced level of apoB100 
accumulation at early time points, indicating that glu-
cosamine exerted its suppressive effects very early in 
apoB100 biosynthesis. Importantly, with short-term glu-
cosamine treatment in the presence of ALLN, the rate of 
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ment appears to lead to  a ) PERK phosphorylation and in-
activation of eIF2 � , causing translational attenuation of 
apoB100 synthesis;  b ) activation of ATF6 and IRE1 path-
ways, thus inducing increased ER chaperone capacity and 
an increase in ERAD components;  c ) accelerated degrada-
tion of misfolded apoB100 molcules via the proteasomal 
pathway ( 22 ); and  d ) increased posttranslational, nonpro-
teasomal degradation of apoB100 via the postendoplasmic 
reticulum presecretory proteolysis pathway ( 23 ).  

 The authors thank Dr. Zemin Yao (University of Ottawa) for 
providing McA-RH7777 cells stably expressing human apoB50. 

 REFERENCES 

    1 .  Fisher ,  E. A. , and  H. N.   Ginsberg .  2002 .  Complexity in the secretory 
pathway: the assembly and secretion of apolipoprotein B-containing 
lipoproteins.    J. Biol. Chem.     277   :   17377 – 17380 .  

    2 .  Liao ,  W. ,  S. C.   Yeung , and  L.   Chan .  1998 .  Proteasome-mediated 
degradation of apolipoprotein B targets both nascent peptides 
cotranslationally before translocation and full-length apolipopro-
tein B after translocation into the endoplasmic reticulum .   J. Biol. 
Chem.     273   :   27225 – 27230 .  

    3 .  Fisher ,  E. A. ,  M.   Zhou ,  D. M.   Mitchell ,  X.   Wu ,  S.   Omura ,  H.   Wang , 
 A. L.   Goldberg , and  H. N.   Ginsberg .  1997 .  The degradation of apo-
lipoprotein B100 is mediated by the ubiquitin-proteasome pathway 
and involves heat shock protein 70 .   J. Biol. Chem.     272   :   20427 – 20434 .  

    4 .  Adeli ,  K.   1994 .  Regulated intracellular degradation of apoli-
poprotein B in semipermeable HepG2 cells .   J. Biol. Chem.     269   :  
 9166 – 9175 .  

    5 .  Cavallo ,  D. ,  D.   Rudy ,  A.   Mohammadi ,  J.   Macri , and  K.   Adeli .  1999 . 
 Studies on degradative mechanisms mediating post-translational 
fragmentation of apolipoprotein B and the generation of the 70-
kDa fragment .   J. Biol. Chem.     274   :   23135 – 23143 .  

    6 .  Qiu , W. ,  R.   Kohen-Avramoglu ,  F.   Rashid-Kolvear ,  C. S.   Au ,  T. M.  
 Chong ,  G. F.   Lewis ,  D. K.   Trinh ,  R. C.   Austin ,  R.   Urade , and  K.  
 Adeli .  2004 .  Overexpression of the endoplasmic reticulum 60 pro-
tein ER-60 downregulates apoB100 secretion by inducing its intra-
cellular degradation via a nonproteasomal pathway: evidence for 
an ER-60-mediated and pCMB-sensitive intracellular degradative 
pathway.    Biochemistry   .    43   :   4819 – 4831 .  

    7 .  Dixon ,  J. L. ,  S.   Furukawa , and  H. N.   Ginsberg .  1991 .  Oleate stimu-
lates secretion of apolipoprotein B-containing lipoproteins from 
Hep G2 cells by inhibiting early intracellular degradation of apoli-
poprotein B.    J. Biol. Chem.     266   :   5080 – 5086 .  

    8 .  Moberly ,  J. B. ,  T. G.   Cole ,  D. H.   Alpers , and  G.   Schonfeld .  1990 . 
 Oleic acid stimulation of apolipoprotein B secretion from HepG2 
and Caco-2 cells occurs post-transcriptionally .   Biochim. Biophys. 
Acta   .    1042   :   70 – 80 .  

    9 .  Sato ,  R. ,  T.   Imanaka ,  A.   Takatsuki , and  T.   Takano .  1990 . 
 Degradation of newly synthesized apolipoprotein B-100 in a pre-
Golgi compartment.    J. Biol. Chem.     265   :   11880 – 11884 .  

    10 .  Cartwright ,  I. J. , and  J. A.   Higgins .  1996 .  Intracellular degradation 
in the regulation of secretion of apolipoprotein B-100 by rabbit he-
patocytes.    Biochem. J.     314   :   977 – 984 .  

    11 .  Wang ,  H. ,  X.   Chen , and  E. A.   Fisher .  1993 .  N-3 fatty acids stimu-
late intracellular degradation of apoprotein B in rat hepatocytes.  
  J. Clin. Invest.     91   :   1380 – 1389 .  

    12 .  Taghibiglou ,  C. ,  D.   Rudy ,  S. C.   Van Iderstine ,  A.   Aiton ,  D.   Cavallo , 
 R.   Cheung , and  K.   Adeli .  2000 .  Intracellular mechanisms regulat-
ing apoB-containing lipoprotein assembly and secretion in primary 
hamster hepatocytes .   J. Lipid Res.     41   :   499 – 513 .  

    13 .  Yeung ,  S. J. ,  S. H.   Chen , and  L.   Chan .  1996 .  Ubiquitin-proteasome 
pathway mediates intracellular degradation of apolipoprotein B.  
  Biochemistry   .    35   :   13843 – 13848 .  

    14 .  Zhou ,  M. ,  E. A.   Fisher , and  H. N.   Ginsberg .  1998 .  Regulated Co-
translational ubiquitination of apolipoprotein B100. A new para-
digm for proteasomal degradation of a secretory protein .   J. Biol. 
Chem.     273   :   24649 – 24653 .  

    15 .  Wetterau ,  J. R. ,  L. P.   Aggerbeck ,  M. E.   Bouma ,  C.   Eisenberg ,  A.  
 Munck ,  M.   Hermier ,  J.   Schmitz ,  G.   Gay ,  D. J.   Rader , and  R. E.  

assembly ( 16 ). Pan et al. ( 31 ) reported that treatment of 
HepG2 cells with an MTP inhibitor (CP-10447) led to 
translocation arrest of apoB100 at the ER and had a nega-
tive effect on the synthesis of apoB100 at the stage of pep-
tide elongation. However, Liao et al. ( 32 ) showed that 
blocking MTP activity interferes with the secretion of 
apoB100-containing proteins without causing retention of 
apoB at the ER or ER stress, suggesting that MTP activity is 
disassociated from ER stress. These experiments and pre-
vious studies have demonstrated that suppression of 
apoB100 biosynthesis with glucosamine treatment did not 
involve changes in MTP mRNA or protein expression ( 22 ). 
Therefore, MTP was unlikely to be involved in the loss of 
apoB100 observed with glucosamine treatment. 

 We previously found that not only GRP78 but also 
GRP94 was upregulated in HepG2 cells following glu-
cosamine treatment ( 22 ). We postulate that the ATF6 
pathway is activated upon glucosamine-induced ER stress, 
leading to increased expression of GRP78 and GRP94. 
ATF6, a transmembrane transcription factor, is translo-
cated to the Golgi apparatus and cleaved by proteases, 
such as S1P and S2P, upon ER stress, leading to enhanced 
transcription of ER chaperones, such as GRP78 and GRP94 
( 33 ). Interestingly, lipidated nascent apoB100 molecules 
are transported to the Golgi associated with network of ER 
molecular chaperones, including GRP78 and GRP94 ( 18 ). 
Alterations in ER concentrations of these chaperones are 
thus expected to exert major effects on ER biogenesis of 
apoB100 and its nascent lipoprotein particles. Our cur-
rent results suggest that XBP-1 and ATF6 may also play a 
role in the increased GRP78 mRNA and protein levels ob-
served with short-term glucosamine-induced ER stress. 

 The ER-stress-induced IRE1 pathway may also play a 
role in regulating apoB100 biogenesis at the ER. IRE1, an 
ER transmembrane RNase, senses ER stress via its ER lu-
men domains and splices XBP1 premRNA via its cytosolic 
domains. The spliced form of XBP1 mRNA is translated 
into a transcription factor that induces the expression of 
proteins involved in lipid synthesis and ER biogenesis and 
enhances the expression of ER chaperones such as GRP78, 
p58IPK, ERdj4, PDI-P5, and HEDJ ( 34–36 ). XBP1 also ac-
tivates transcription of ERAD component genes, such as 
EDEM, HRD1, Derlin-2, and Derlin-3, through a  cis -acting, 
unfolded protein response element ( 21 ). XBP1 was re-
cently shown by Ota, Gayet, and Ginsberg ( 21 ) to mediate 
the ER stress inducing effects of oleate at high concentra-
tions and the resulting suppression of apoB100 secretion. 
The XBP1 pathway may also mediate some of the effects of 
glucosamine-induced ER stress. The IRE1 pathway via 
XBP1 likely played a role along with ATF6 in the upreg-
ulation of GRP78 mRNA and protein observed with 
glucosamine treatment. GRP78 upregulation has been 
found previously to promote proteasomal degradation of 
apoB100 ( 22 ) and therefore under conditions where pro-
teasomal inhibitors were not present, could have played a 
role in the loss of apoB100 that occurred. 

 In summary, induction of ER stress by glucosamine ap-
pears to alter apoB100 biogenesis in the ER via multiple 
mechanisms. Induction of ER stress by glucosamine treat-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


PERK activation inhibits apoB synthesis 1823

 Gregg .  1992 .  Absence of microsomal triglyceride transfer protein 
in individuals with abetalipoproteinemia .   Science   .    258   :   999 – 1001 .  

    16 .  Gordon ,  D. A. ,  H.   Jamil ,  R. E.   Gregg ,  S. O.   Olofsson , and  J.   Boren . 
 1996 .  Inhibition of the microsomal triglyceride transfer protein 
blocks the fi rst step of apolipoprotein B lipoprotein assembly but 
not the addition of bulk core lipids in the second step .   J. Biol. Chem.   
  271   :   33047 – 33053 .  

    17 .  Chen ,  Y. ,  F.   Le Caherec , and  S. L.   Chuck .  1998 .  Calnexin and other 
factors that alter translocation affect the rapid binding of ubiquitin 
to apoB in the Sec61 complex .   J. Biol. Chem.     273   :   11887 – 11894 .  

    18 .  Zhang ,  J. , and  H.   Herscovitz .  2003 .  Nascent lipidated apolipopro-
tein B is transported to the Golgi as an incompletely folded inter-
mediate as probed by its association with network of endoplasmic 
reticulum molecular chaperones, GRP94, ERp72, BiP, calreticulin, 
and cyclophilin B.    J. Biol. Chem.     278   :   7459 – 7468 .  

    19 .  Yoshida ,  H.   2007 .  ER stress and diseases.    FEBS J.     274   :   630 – 658 .  
    20 .  Oyadomari ,  S. ,  C.   Yun ,  E. A.   Fisher ,  N.   Kreglinger ,  G.   Kreibich , 

 M.   Oyadomari ,  H. P.   Harding ,  A. G.   Goodman ,  H.   Harant ,  J. L.  
 Garrison ,  et al .  2006 .  Cotranslocational degradation protects the 
stressed endoplasmic reticulum from protein overload.    Cell   .    126   :  
 727 – 739 .  

    21 .  Ota ,  T. ,  C.   Gayet , and  H. N.   Ginsberg .  2008 .  Inhibition of apoli-
poprotein B100 secretion by lipid-induced hepatic endoplasmic 
reticulum stress in rodents.    J. Clin. Invest.     118   :   316 – 332 .  

    22 .  Qiu ,  W. ,  R.   Kohen-Avramoglu ,  S.   Mhapsekar ,  J.   Tsai ,  R. C.   Austin , 
and  K.   Adeli .  2005 .  Glucosamine-induced endoplasmic reticu-
lum stress promotes ApoB100 degradation: evidence for Grp78-
mediated targeting to proteasomal degradation.    Arterioscler. Thromb. 
Vasc. Biol.     25   :   571 – 577 .  

    23 .  Qiu ,  W. ,  R. K.   Avramoglu ,  A. C.   Rutledge ,  J.   Tsai , and  K.   Adeli . 
 2006 .  Mechanisms of glucosamine-induced suppression of the he-
patic assembly and secretion of apolipoprotein B-100-containing 
lipoproteins.    J. Lipid Res.     47   :   1749 – 1761 .  

    24 .  Qiu ,  W. ,  R. K.   Avramoglu ,  N.   Dube ,  T. M.   Chong ,  M.   Naples ,  C.  
 Au ,  K. G.   Sidiropoulos ,  G. F.   Lewis ,  J. S.   Cohn ,  M. L.   Tremblay , 
 et al .  2004 .  Hepatic PTP-1B expression regulates the assembly and 
secretion of apolipoprotein B-containing lipoproteins: evidence 
from protein tyrosine phosphatase-1B overexpression, knockout, 
and RNAi studies.    Diabetes   .    53   :   3057 – 3066 .  

    25 .  Su ,  Q. ,  S.   Wang ,  H. Q.   Gao ,  S.   Kazemi ,  H. P.   Harding ,  D.   Ron , 
and  A. E.   Koromilas .  2008 .  Modulation of the eukaryotic initiation 
factor 2 alpha-subunit kinase PERK by tyrosine phosphorylation.  
  J. Biol. Chem.     283   :   469 – 475 .  

    26 .  Qiu ,  W. ,  C.   Taghibiglou ,  R. K.   Avramoglu ,  S. C.   Van Iderstine ,  M.  
 Naples ,  H.   Ashrafpour ,  S.   Mhapsekar ,  R.   Sato , and  K.   Adeli .  2005 . 
 Oleate-mediated stimulation of microsomal triglyceride transfer 
protein (MTP) gene promoter: implications for hepatic MTP over-
expression in insulin resistance.    Biochemistry   .    44   :   3041 – 3049 .  

    27 .  Cavallo ,  D. ,  R. S.   McLeod ,  D.   Rudy ,  A.   Aiton ,  Z.   Yao , and  K.   Adeli . 
 1998 .  Intracellular translocation and stability of apolipoprotein B 
are inversely proportional to the length of the nascent polypeptide.  
  J. Biol. Chem.     273   :   33397 – 33405 .  

    28 .  Vukmirica ,  J. ,  T.   Nishimaki-Mogami ,  K.   Tran ,  J.   Shan ,  R. S.   McLeod , 
 J.   Yuan , and  Z.   Yao .  2002 .  The N-linked oligosaccharides at the 
amino terminus of human apoB are important for the assembly 
and secretion of VLDL.    J. Lipid Res.     43   :   1496 – 1507 .  

    29 .  Hanson ,  S. R. ,  E. K.   Culyba ,  T-L.   Hsu ,  C-H.   Wong ,  J. W.   Kelly , and 
 E. T.   Powers .  2009 .  The core trisaccharide of an N-linked glycopro-
tein intrinsically accelerates folding and enhances stability.    Proc. 
Natl. Acad. Sci. USA   .    106   :   3131 – 3136 .  

    30 .  Wernette-Hammond ,  M. E. ,  S. J.   Lauer ,  A.   Corsini ,  D.   Walker ,  J. M.  
 Taylor , and  S. C.   Rall ,  Jr .  1989 .  Glycosylation of human apolipopro-
tein E. The carbohydrate attachment site is threonine 194.    J. Biol. 
Chem.     264   :   9094 – 9101 .  

    31 .  Pan ,  M. ,  J.   Liang ,  E. A.   Fisher , and  H. N.   Ginsberg .  2000 .  Inhibition 
of translocation of nascent apolipoprotein B across the endoplas-
mic reticulum membrane is associated with selective inhibition of 
the synthesis of apolipoprotein B.    J. Biol. Chem.     275   :   27399 – 27405 .  

    32 .  Liao ,  W. ,  T. Y.   Hui ,  S. G.   Young , and  R. A.   Davis .  2003 .  Blocking 
microsomal triglyceride transfer protein interferes with apoB secre-
tion without causing retention or stress in the ER.    J. Lipid Res.     44   :  
 978 – 985 .  

    33 .  Haze ,  K. ,  H.   Yoshida ,  H.   Yanagi ,  T.   Yura , and  K.   Mori .  1999 . 
 Mammalian transcription factor ATF6 is synthesized as a trans-
membrane protein and activated by proteolysis in response to en-
doplasmic reticulum stress.    Mol. Biol. Cell   .    10   :   3787 – 3799 .  

    34 .  Lee ,  A. H. ,  N. N.   Iwakoshi , and  L. H.   Glimcher .  2003 .  XBP-1 regu-
lates a subset of endoplasmic reticulum resident chaperone genes 
in the unfolded protein response.    Mol. Cell. Biol.     23   :   7448 – 7459 .  

    35 .  Sriburi ,  R. ,  S.   Jackowski ,  K.   Mori , and  J. W.   Brewer .  2004 .  XBP1: a 
link between the unfolded protein response, lipid biosynthesis, and 
biogenesis of the endoplasmic reticulum.    J. Cell Biol.     167   :   35 – 41 .  

    36 .  Iwawaki ,  T. ,  A.   Hosoda ,  T.   Okuda ,  Y.   Kamigori ,  C.   Nomura-
Furuwatari ,  Y.   Kimata ,  A.   Tsuru , and  K.   Kohno .  2001 .  Translational 
control by the ER transmembrane kinase ribonuclease IRE1 under 
ER stress.    Nat. Cell Biol.     3   :   158 – 164 .         

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

