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Abstract

Insulin acutely stimulates the degradation of apolipoprotein B (apo B) which decreases very low 

density lipoprotein (VLDL) secretion by liver. Insulin-dependent apo B degradation (IDAD) 

occurs following phosphatidylinositide 3-kinase (PI3K) activation and involves lysosomal 

degradation. Insulin suppression of apo B secretion is blocked by over-expression of phosphatase 

and tensin homologue (PTEN) in McArdle RH7777 (McA) cells suggesting the importance of 

Class I PI3K generated PI (3,4,5) triphosphate (PIP3) in IDAD. Classical autophagy inhibitors 

including 3-methyladenine, L-asparagine and bafilomycin A1 also blocked the ability of insulin to 

suppress apo B secretion by rat hepatocytes (RH) suggesting that IDAD occurs through an 

autophagy-related mechanism. IDAD is also blocked following over-expression in McA cells of a 

dominant negative kinase-defective Vps34, a class III PI3K that generates PI 3-monophosphate 

required for autophagy. Vps34 inhibition of IDAD occurs without altering insulin-dependent S473 

phosphorylation Akt indicating PI3K/PIP3/Akt signaling is intact. Cellular p62/SQSTM1, an 

inverse indicator of autophagy, is increased with insulin treatment consistent with the known 

ability of insulin to inhibit autophagy, and therefore the role of insulin in utilizing components of 

autophagy for apo B degradation is unexpected. Thapsigargan, an inducer of endoplasmic 

reticulum (ER) stress, and a recently demonstrated autophagy inhibitor, blocked apo B secretion 

which contrasted with other autophagy inhibitors and mutant Vps34 results which were permissive 

with respect to apo B secretion. Pulse chase studies indicated that intact B100 and B48 proteins 

were retained in cells treated with thapsigargan consistent with their accumulation in 

autophagosomal vacuoles. Differences between IDAD and ER stress-coupled autophagy mediated 

by thapsgargin suggest that IDAD involves an unique form of autophagy. Insulin action resulting 

in hepatic apo B degradation is novel and important in understanding regulation of hepatic VLDL 

metabolism.
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Introduction

Dissection of the regulatory pathways involved in hepatic VLDL secretion is fundamental to 

understanding mechanisms involved in the development of hypertriglyceridemia in insulin 

resistant states [1]. Assembly of VLDL is complex involving fusion of triglyceride and apo 

B, a required structural protein, that is synthesized full length as B100 or shorter form as 

B48 [2]. Insulin suppresses VLDL apo B assembly and secretion downstream of Class I 

phosphatidylinositide 3-kinase (PI3K) activation [3,4]. Loss of insulin-dependent reduction 

in hepatic VLDL secretion during the postprandial period occurs early during development 

of hepatic insulin resistance, and may precede disordered glucose metabolism [5]. In HepG2 

cells where lipid supply is restricted, a large portion of nascent B100 becomes ubiquitinated 

and undergoes endoplasmic reticulum-associated degradation (ERAD) by proteasomes [6]. 

Post-ER presecretory proteolysis (PERPP) of apo B occurs through autophagic degradation, 

and can be stimulated by oxidation [7], fatty acid-induced ER stress [8], and expression of 

missense mutations within the βα1 domain of apo B [9]. Little is known about the 

mechanism(s) responsible for insulin-dependent apo B degradation (IDAD) which occurs in 

a post-ER cellular compartment presumptively lysosomes [3]. IDAD favors B100 

degradation over B48 [10], and recent studies demonstrate that insulin increases B100 

binding to sortilin which may initiate selective post-ER degradation of B100 in lysosomes 

[11].

The current study was undertaken to define the role of PI3K, and to further characterize the 

role autophagy plays in IDAD. Since insulin inhibits autophagy by activation of the 

PI3K/Akt/mammalian target of rapamycin pathway [12], IDAD is a novel action of insulin. 

In McArdle RH7777 (McA) cells, over-expression of phosphatase and tensin homologue 

(PTEN), which mainly targets the 3’ phosphate of PI (3,4,5) triphosphate (PIP3) [13], 

prevented IDAD supporting a role for PIP3-generated by Class I PI3K. Classical autophagy 

inhibitors eliminated IDAD and normalized apo B secretory rates in the presence of insulin 

further supporting autophagy as the mechanism for IDAD. To test this possibility, we 

examined the role of Vps34, a Class III PI3K whose kinase activity is essential in liver 

autophagy [14]. Expression of a kinase-defective Vps34 mutant abolished IDAD in McA 

cells. Thapsigargan which induces ER stress and inhibits autophagy [15] resulted in cellular 

retention of intact B100 and B48 which contrasted with other autophagy inhibitors which 

were permissive for apo B secretion. The physiological importance of IDAD is that 

resistance in this pathway results in hypersecretion of VLDL which is the main cause of 

hypertriglyceridemia in metabolic syndrome and type 2 diabetes [16].

2. Materials and Methods

2.1 Materials

Wild type McA cells were obtained from the ATCC (Manassas, VA). Waymouth's 752/1 

medium, Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum, horse serum, 

3-methyladenine (3MA), L-asparagine (ASN), bafilomycin A1 (BafA1), puromycin 

(PURO), thapsigargan and most other chemicals were from Sigma-Aldrich (St. Louis, MO). 

Purified bovine serum albumin (BSA) was purchased from Serologicals Proteins, Inc. 

(Bayer Corp., Kankakee, IL). PROTEAN®TGX™ SDS polyacrylamide gels (4-15% (w/v) 

Sparks et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2015 February 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



acrylamide), nitrocellulose and PVDF membranes, and ECL reagents were obtained from 

Bio-Rad Laboratories (Hercules, CA). Rabbit anti-phosphoAkt (S473, #9271)) and anti-Akt 

(#9272) antibodies were from Cell Signaling Technology (Danvers, MA). Mouse anti-

glyceraldehyde phosphate dehydrogenase (GAPDH) and rabbit anti-PTEN antibodies were 

obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Rabbit anti-p62/SQSTM1 

was from Medical & Biological Laboratories, Nagoya, Japan). Lipofectamine 2000, Plus™ 

Reagent, and rabbit anti-Vps34 antibody were from Invitrogen (Carlsbad, CA). Anti-rabbit 

and anti-mouse horseradish peroxidase (HRP)-linked IgG and Hyperfilm™ were purchased 

from GE Healthcare (Buckinghamshire, UK).

2.2 Cell Culture

Rat hepatocytes (RH) were isolated from Sprague-Dawley rat livers, and were cultured on 

collagen-coated dishes in Waymouth's 751/1 medium containing 0.2% (w/v) BSA as 

described previously [17]. Wild-type McA cells were maintained in culture in complete 

DMEM (cDMEM) [11]. Inhibitors were used at reported concentrations and validated in RH 

where cell toxicity was minimal as determined by LDH release.

2.3 Radioimmunoassay

Cellular and media apo B concentrations were determined in triplicate by competitive RIA 

as described previously [3] using rat VLDL apo B as standard and 125I-labeled mouse 

monoclonal antibody equally reactive to rat B100 and B48 [18]. Apo B concentrations were 

normalized to cell protein on a per dish basis. Protein concentrations were determined using 

Thermo Scientific Pierce bicinchoninic acid (BCA) protein assay (Rockland, IL).

2.4 Adenoviral transduction in vitro

Adenoviral (Ad) vectors Ad-CMV-human PTEN (#1547) and Ad-CMV-green fluorescent 

protein (GFP) (#1060) were purchased from VectorBiolabs (Philadelphia, PA). McA cells 

were seeded and cultured in cDMEM until reaching 50-60% confluence and were infected at 

10 multiplicities of infection (MOI) with Ad-CMV-PTEN or Ad-CMV-GFP for 24 h. 

Afterwards, plates were rinsed, fresh cDMEM medium was added for a 6 h recovery period, 

and cells were reincubated in DMEM containing 1% BSA (1% BSA/DMEM) overnight for 

12-14 h. Cells were then incubated in 1% BSA (w/v)/DMEM ± insulin (final, 500 nM) for 6 

h; medium was collected and apo B concentration was quantified by RIA (3-100 mm plates 

per condition) in each experiment).

2.5 McArdle RH7777 cell transfections

The pcDNA3 PURO plasmid encoding a rat kinase defective Vps34p (Vps34mt) was a kind 

gift from Dr. Howard W. Davidson [19]. The pcDNA3-Vps34mt and empty vector plasmids 

were transfected into McA cells using Lipofectamine 2000 with Plus™ Reagent (Invitrogen) 

according to manufacturer's instructions. Transfected McA cells were selected in cDMEM 

containing puromycin (2.5 μg/mL), and passaged 3 times in selection medium prior to study. 

After reaching 70-80% confluence, transfected McA cells were rinsed and reincubated for 

12-14 h in DMEM containing 1% (w/v) BSA. After a medium change, cells were treated ± 
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insulin (final, 500 nM) for 6 h; medium was collected and apo B concentration was 

quantified by RIA (3-100 mm plates per condition) for each experiment.

2.6 Pulse chase studies in RH

Pulse chase studies were carried out using EXPRE35S35S-protein labeling as described [20]. 

Briefly, hepatocytes were pre-incubated in depletion medium containing 1 μM thapsigargan 

or equivalent DMSO for 45 min followed by addition of 130-175 μCi (Spec. Act. 1175 Ci/

mmol) EXPRE35S35S-protein labeling mix (NEG-072, Perkin-Elmer Life Sciences, Boston, 

MA). Incubation was continued for 30 min, and cells were reincubated in chase medium 

containing 10 mM L-methionine and 2.5 mM L-cysteine and 1 μM thapsigargan or 

DMSO. 35S-apo B was immunoprecipitated from cells and media using rabbit anti-rat apo B 

polyclonal antibody [20]. Immunoprecipitated 35S-labeled apo B was eluted into SDS-gel 

loading buffer, and B100 and B48 were separated by SDS-PAGE [20]. 35S-labeled B100 

and B48 were quantified by PhosphorImager analysis using ImageQuant software 

(Molecular Dynamics, Sunnyvale, CA).

2.7 Western immunoblotting

Western immunoblotting analysis of cellular protein expression levels were carried as 

described previously following protein separation by SDS-PAGE on TGX SDS-gels 

(4-15%) and electrophoretic transfer to PVDF membranes [11]. After membrane blocking 

and incubations with primary antibodies, secondary HRP-linked anti-rabbit or anti-mouse 

antibody binding to membranes was evaluated by ECL chemiluminescence detection using 

Hyperfilm™ or imaged directly using the BioRad Laboratories ChemiDocXRS+ system 

(Hercules, CA).

2.8 Statistics

Unless otherwise stated, data are expressed as mean ± S.E.M. where n = the number of 

independent experiments and where 3-5 individual plates per condition were analyzed in 

each experiment. Significant differences were determined using Student's t-test with p-

values < 0.05 being considered significant.

3. Results and Discussion

Previous studies using broad specificity inhibitors of PI3K, wortmannin and LY294002, 

indicated that insulin-stimulated PI3K activity is necessary for IDAD [3,4,20]. The role of 

Class I PI3K in initiating IDAD is supported by studies showing that expression of 

constitutively active p110α subunit of Class I PI3K suppresses apo B secretion in the 

absence of insulin [11]. PTEN is a lipid phosphatase whose main catalytic function is to 

dephosphorylate the 3’ phosphate group of PIP3 [21]. Over-expression of PTEN (2-4 fold) 

in McA cells by Ad-CMV PTEN infection (Fig. 1A) prevented the 29% ± 5% reduction in 

apo B secretion induced by insulin in McA cells expressing GFP (Fig. 1B). Insulin 

eliminated 89% ± 3.4 % of the insulin effect observed in McA cells expressing GFP (p < 

0.05). Considering the relative specificity of PTEN for PIP3 [13], loss of insulin suppression 

with increased PTEN expression provides additional support for PIP3, the product of 

insulin-stimulated Class I PI3K, in IDAD.
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We first suggested autophagy as a mechanism for IDAD [22]. To examine this possibility, 

we tested classical autophagy inhibitors for their ability to block IDAD including 3MA, 

ASN and BafA1. 3MA blocks autophagic sequestration [23], while ASN interferes with 

amphisome-lysosome fusion [24], and BafA1 acts by inhibiting the vacuolar H+-ATPase 

which prevents vesicle acidification and limits lysosomal degradation [25]. Pre-incubation 

of RH with each of the three inhibitors was followed by insulin addition (final, 100 nM), and 

media apo B secreted in 5 h was measured. All three inhibitors blocked the ability of insulin 

to suppress the secretion of apo B (Fig. 2A) compared with insulin in the absence of 

inhibitors which suppressed apo B on average by 42% ± 9% (p < 0.001). Insulin suppression 

was reduced to 12% ± 3.8% in 3MA treated cells (n = 7); 6% ± 2.5% in ASN treated cells (n 

= 3) and was increased by 5% ± 2.1% (n = 3) in BafA1-treated cells, and these changes were 

significantly different than the reduction observed with insulin alone.

Apo B is known to be degraded by the proteasome through ERAD which is inhibited by 10 

μM lactacystin (LAC) [6]. To exclude a role for ERAD in insulin-dependent degradation, 

RH were preincubated with 10 μM LAC (45 min) followed by incubation ± insulin (final, 

100 nM) for 5 h and media apo B concentrations analyzed. Insulin inhibited apo B secretion 

in the absence of LAC by 51% ± 5% (n = 5, p < 0.001), and in presence of LAC by 67% ± 

14% (n = 5, p < 0.001). These results indicate that IDAD is not mediated by proteasomal 

degradation, and favor autophagy as the relevant mechanism involved.

We next examined the role of Class III PI3K Vps34 which plays an essential role in liver 

autophagy [26] and whose kinase activity produces PI3P, a phospholipid critical in 

membrane trafficking. We used a kinase-deficient mutant Vps34 (Vps34mt) [19] which we 

expressed in McA cells by transfection (Fig. 2B). Over-expression of Vps34mt significantly 

reduced the ability of insulin to suppress apo B secretion to only 2% ± 3% compared with an 

average reduction of 33% ± 5% in control McA cells transfected with empty vector (Fig. 

2C). However, insulin maintained its ability to stimulate S473 phosphorylation of Akt 

indicating that insulin stimulated the PI3K/PIP3/Akt pathway (Fig. 2D). Cellular p62/

SQSTM1 levels were significantly increased by an average of 22% by insulin (mean ± S.D.: 

0.72 ± 14 vs 0.88 ± 0.16, n = 4 independent studies) indicative of autophagy inhibition [27], 

and consistent with the known effect of insulin to inhibit autophagy [28]. The ability of 

insulin to inhibit autophagy yet initiate degradation of apo B through Vps34 is unexpected. 

As Vps34 is not known to be activated by insulin [29], our results suggest an initiating event 

prior to entry of apo B into an autophagy pathway which we speculate involves Class I PI3K 

and PIP3 generation.

Thapsigargan inhibits the ER Ca2+ ATPase and induces ER stress by inhibiting Rab7 

dependent ER stress induced autophagosomal vacuolar (AV) fusion with endosomal/

lysosomal structures [15]. In RH thapsigargin rapidly suppressed apo B secretion (Fig. 3A), 

and by 5 h media apo B was reduced by 67% ± 10% (p < 0.01, mean ± S.D., n = 4). Similar 

results were obtained in McA cells where apo B secretion was reduced by 84% ± 13% (p < 

0.01, n = 3). Pulse chase studies demonstrated an almost complete blockade of 35S-B100 

and 35S-B48 secretion by thapsigargin with cellular retention of intact B100 and B48 (Fig 

3B). Kinetic analysis confirmed that 40% of B100 and 64% of newly synthesized B100 and 

B48 were retained in cells by 3 h (Fig. 3C,D). These results are consistent with thapsigargan 
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causing AV accumulation and inhibiting autophagic degradation of apo B not degraded by 

the proteasome [15]. Pulse chase studies in McA cells yielded similar results with 48% of 

B100 and 52% of B48 being retained in cells by 3 h of chase (data not shown). Retention of 

both B100 and B48 with thapsigargan contrasts with IDAD which shows selectivity for 

B100 and when IDAD is inhibited permits apo B to be secreted.

In RH insulin rapidly stimulates Class I PI3K which translocates to low density microsomes 

where apo B synthesis and VLDL assembly is initiated [4]. Disappearance of apo B 

following insulin requires movement to a post-ER compartment for degradation [3]. 

Reversal of insulin suppression of apo B secretion by PTEN over-expression provides new 

evidence supporting the role of insulin-activated Class I PI3K and PIP3 in initiating IDAD. 

Supporting this conclusion are the following findings. Constitutively active Class I PI3K is 

sufficient to mediate suppressed apo B secretion in the absence of insulin [11]. Insulin 

receptor-mediated tyrosine phosphorylation of insulin receptor substrates induces activation 

of Class I PI3K, and vanadate, which blocks dephosphorylation, mimics insulin suppression 

of apo B [30]. Furthermore, increased expression of protein tyrosine phosphatase 1B, an ER-

localized phosphatase, leads to stabilization of cellular apo B [31]. We hypothesize that PIP3 

generation from ER-localized Class I PI3K targets B100 in an unknown manner leading to 

increased interaction with sortilin [11], a Golgi localized sorting protein [32]. Considering 

that insulin inhibits the maturation phase of VLDL assembly by preventing bulk lipid 

transfer to pre-VLDL [33] which also takes place in the Golgi [34], it is possible that by 

blocking maturation, immature pre-VLDL-apo B particles are shunted to lysosomes 

employing elements of autophagy including Vps34.

Class II PI3Ks have also been shown to be activated by insulin mainly producing PI3P [35] 

which is central to autophagy and membrane trafficking [36]. Recently, Class II PI3K-C2γ 

and PI (3,4) biphosphate product have been shown to be involved in IDAD rather than class 

I PI3K and PIP3 [37]. Insulin maintained its suppressive effect on apo B secretion in the 

presence of PIK75, a Class I PI3K inhibitor [37]. However, PIK75 preferentially inhibits 

p110α and incompletely blocks insulin signaling to Akt leaving open the possibility that 

p110β, which is not inhibited by PIK75, plays a role in IDAD [38]. Recent studies indicate 

that p110β may function as a positive regulator of autophagy [39]. More research will be 

necessary to define roles for different classes of PI3K, and the required product 

phospholipids for each step in IDAD.

We propose a sequence of events in IDAD whereby activated Class I PI3K translocates to 

the ER generating PIP3 and initiating IDAD [4]. As apo B moves in the secretory pathway, 

B100 binding to sortilin is increased [11] followed by a complex sequence of events 

involving activated PI3K and elements of autophagy ultimately leading to apo B degradation 

in lysosomes. Increasing our knowledge of how IDAD is regulated is fundamental to our 

understanding of hepatic VLDL metabolism. In humans IDAD is reduced with insulin 

resistance, and is associated with hypersecretion of triglyceride and associated 

hypertriglyceridemia [1]. Identifying each step in the IDAD pathway will provide future 

therapeutic targets for modification of hepatic triglyceride metabolic pathways.
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Abbreviations

ERAD endoplasmic reticulum-associated degradation

PI3K phosphatidylinositide 3-kinase

PIP3 phosphatidylinositide (3,4,5) triphosphate

PI3P phosphatidylinositide 3 monophosphate

PTEN phosphatase and tensin homologue

PERPP post-ER presecretory proteolysis

IDAD insulin-dependent apolipoprotein B degradation

VLDL very low density lipoprotein
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Fig. 1. 
Insulin suppression of apo B secretion by McA cells is prevented by PTEN over-expression. 

McA cells were infected with either Ad-CMV-GFP or Ad-CMV-PTEN, and following 

serum starvation, were incubated ± insulin for 6 h and media apo B quantified by RIA. (A) 

Cellular GFP and PTEN expression were determined by western immunoblotting. (B) 

Differences in media apo B ± insulin as a percentage of the no insulin condition are 

presented as mean percent ± S.E.M. from 3 independent studies. *Indicates that the percent 

reduction of apo B secretion with insulin in GFP expressing cells differs significantly from 

that of PTEN expressing cells at p < 0.01.
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Fig. 2. 
Autophagy inhibitors block insulin suppression of apo B secretion by RH. (A) RH were pre-

treated with 10 mM 3MA, 20 mM ASN or 100 nM BafA1 or vehicle control (CON) for 45 

min followed by ± insulin addition (final, 100 nM) and incubations were continued for 5 h. 

Media apo B concentrations were determined by RIA, and the reduction with insulin was 

calculated as a percentage change from the no insulin condition. Results are mean percent ± 

S.E.M. from 3-6 independent rat liver preparations using 3-5 dishes per condition. 

*Indicates that the percent reduction with insulin is significantly different only in control RH 

at p < 0.001. (B) Vps34mt or empty vector plasmids were expressed in McA cells followed 

by ± insulin treatment for 6 h and media apo B was quantified by RIA. (B) Cellular Vps34 

and GAPDH (loading control) were evaluated by western immunoblotting. (C) Reduced 

media apo B content with insulin as a percentage of no insulin at 6 h for empty vector 

control (CON) and Vps34 mt expressing cells is shown as mean percent ± S.E.M. where 3-4 

plates were analyzed per condition in 4 independent studies. *Indicates reduced apo B 

secretion with insulin is significant at p < 0.01. (D) Insulin-dependent phosphorylation of 

S463 of pAkt relative to Akt mass as determined by western immunoblotting.
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Fig. 3. 
Thapsigargan treatment of RH blocks apo B secretion, and leads to cellular retention of 

intact B100 and B48. (A) RH were incubated with 1 μM thapsigargan (Thaps) (○−○) or 

DMSO (●−●), and media apo B was measured by RIA at various times thereafter. Average 

media apo B ± S.D. (n = 4 replicate plates) is plotted time. (B) RH were incubated with 1 

μM Thaps for 45 min and subjected to pulse chase analysis. Cell and media 35S-labeled apo 

B were isolated and 35S-B100 and 35S-B48 were visualized by Phosphoimager. (C, D) 

Cellular 35S-apo B is plotted as percent remaining of pulse labeled 35S-apo B at 20 min 

against time of chase for B100 (C) and for B48 (D).
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