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ABSTRACT 34 

 35 

The apolipoprotein A5 (APOA5) gene has been shown to be important in lowering plasma 36 

triglyceride levels. Since several studies have shown that hyperinsulinemia is associated with 37 

hypertriglyceridemia, we sought to determine whether APOA5 gene is regulated by insulin. 38 

We show here that cell and mouse treatments with insulin down-regulated APOA5 expression 39 

in a dose-dependent manner. Furthermore, we determined that insulin decreases APOA5 40 

promoter activity and subsequent deletion analyses revealed an E-box-containing fragment. 41 

We showed that Upstream Stimulatory Factors, USF1/USF2, bind to the identified E-box in 42 

the APOA5 promoter. Moreover, in cotransfection studies, USF1 stimulates APOA5 promoter 43 

activity. The treatment with insulin reduces the binding of USF1/USF2 to APOA5 promoter. 44 

The inhibition of PI3K pathway with wortmannin abolished the insulin’s effect on APOA5 45 

gene transcription. Using oligoprecipitation method of USF from nuclear extracts, we 46 

demontrated that phosphorylated USF1 failed to bind to APOA5 promoter. This indicates that 47 

the  APOA5 gene transrepression by insulin involves a phosphorylation of USF through PI3K, 48 

that modulate their binding to APOA5 promoter and results in APOA5 down-regulation. The 49 

effect of exogenous hyperinsulinemia in healthy men shows a decrease of the plasma ApoAV 50 

level. These data suggest a potential mechanism involving APOA5 gene in 51 

hypertriglyceridemia associated with hyperinsulinemia. 52 

 53 

 54 
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INTRODUCTION 55 

 56 

 Several epidemiological studies have established that, in addition to elevated 57 

cholesterol level in LDL and reduced cholesterol level in HDL, hypertriglyceridemia is an 58 

independent risk factor for coronary heart diseases (8, 15). In addition, hypertriglyceridemia 59 

is often associated with the metabolic syndrome that characterizes diabetes and obesity (14, 60 

20). Type 2 diabetes is frequently linked to hyperglycemia, hyperinsulinemia and 61 

hypertriglyceridemia, and the leading cause of death for individuals with diabetes is 62 

cardiovascular diseases (19). 63 

Insulin plays a major role in the regulation of carbohydrate and lipid metabolism in 64 

liver, adipose tissue and muscle. Hepatic fatty acid oxidation, lipogenesis and glycerolipid 65 

synthesis are subject to regulation by insulin (24). Insulin controls the lipids synthesis from 66 

glucose in liver and adipose tissue where they are utilized, and controls the exportation of 67 

fatty acids into lipoproteins from the liver to the extrahepatic organs in which they are utilized 68 

or stored. First, insulin increases apolipoprotein A1 (APOA1), the major apolipoprotein 69 

component of HDL which has an intrinsic antiatherogenic properties (23, 29). In addition, 70 

insulin decreases apolipoprotein C3 (APOC3), which is positively associated with 71 

hypertriglyceridemia (5, 17). Insulin also increases apolipoprotein A4 (APOA4), which play a 72 

role in the prevention of atherosclerosis through the reverse cholesterol transport from 73 

peripheral tissues to the liver (10, 12, 31). 74 

The apolipoprotein A5 gene (APOA5) was identified through comparative sequence 75 

analysis of genomic DNA sequences and has been shown to be important in determining 76 

plasma triglyceride levels in mice and humans (25). This gene is mainly expressed in the liver 77 

and resides in HDL and VLDL lipoprotein particles (25, 35). It has been demonstrated that 78 

mice expressing a human APOA5 transgene showed a decrease in plasma triglyceride 79 

concentration to one-third those in control mice. Conversely, knockout mice lacking APOA5 80 
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had four times as much plasma triglycerides as controls. Moreover, adenoviral overexpression 81 

of APOA5 reduces serum levels of triglycerides and cholesterol in mice (36). Furthermore, 82 

strong genetic associations have been described between polymorphisms the human APOA5 83 

gene and triglyceride concentrations(1, 2, 11, 21, 22, 27, 30, 33). Finally, PPARα agonists are 84 

known to have hypotriglyceridemic effect, and several recent studies have shown that the 85 

APOA5 gene is highly up-regulated by PPARα and FXR (26, 37). 86 

In the current study, we investigated the regulation of APOA5 gene expression by 87 

insulin both in vitro and in vivo models. We showed that insulin negatively regulates APOA5 88 

gene expression at the transcriptional level in a dose-dependent manner. We elucidated the 89 

mechanism of this down-regulation which involves a phosphorylation pathway. Moreover, the 90 

human ApoAV protein level is down-regulated after insulin infusion.  91 
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EXPERIMENTAL PROCEDURES 92 

 93 

Cloning and construction of recombinant plasmids 94 

Human APOA5 promoter fragments (-304/+63, -146/+63 and -61/+63) were amplified 95 

by PCR using an APOA5 genomic BAC clone as template and cloned in the pGL3 luciferase 96 

vector. The followed forward oligonucleotide 5’-TCT GTT GGT GGG CCA GC  97 

C AG-3’, 5’-GGT GCC AGG GAA AGG GCA GG-3’, 5’-CAA TTG GTG CCA GAG GCT 98 

CAG-3’ and the reverse oligonucleotide 5’-AAT GCC CTC CCT TAG GAC TGT GAC-3’ 99 

primers were used for the PCR reaction. 100 

Cell culture 101 

The human hepatoma cell line HepG2 was maintained in Dulbecco’s modified Eagle’s 102 

minimal (DMEM) medium containing 4.5 g/L of glucose, supplemented with 10% fetal calf 103 

serum (FCS), 1% glutamin, 1% penicillin-stretomycin, 1% sodium pyruvate and 1% non-104 

essential amino acids (Invitrogen). The culture was maintained at 37°C in a humidified 105 

atmosphere contained 5% CO2. Medium was changed every other day. For treatments, cell 106 

culture medium was changed for 18 h in order to deprive the cells of glucose. The treatment 107 

was done in fresh medium identical to this used for the weaning and added with different 108 

insulin concentrations during 24 h. 109 

For experiment using wortmannin the same volume of vehicle (DMSO) was used as control. 110 

Wortmannin 200 nM was added to culture medium 30 min before adding of insulin. 111 

Primary rat hepatocytes 112 

Rat hepatocytes were isolated by collagenase perfusion from livers of Wistar rats as 113 

described previously (34). Hepatocytes (cell viability higher than 85% by trypan blue 114 

exclusion test) were cultured as a monolayer in serum-free William’s E medium 115 

supplemented with 2 mM glutamin, 25 µg/mL gentamicin, 100 nM dexamethasone and 0.1% 116 

fatty acid free-BSA at 37°C in a humidified atmosphere containing 5% CO2. After a 6 h 117 
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incubation, medium was changed to glucose-free DMEM medium supplemented with 2 mM 118 

glutamin, 25 µg/mL gentamicin, 100 nM dexamethasone, 10 mM lactate and 5.5 mM glucose. 119 

After overnight culture, cells were incubated for the indicated time in fresh culture medium 120 

supplemented with 2 mM glutamine, 25 µg/mL gentamicine and 100 nM dexamethasone.  121 

Primary human hepatocytes 122 

 Human hepatocytes were isolated from the liver of a 21 years old woman. Hepatocytes 123 

were cultured in William’s E medium supplemented with 10% FCS, 0.1% BSA, 10 nM T3 124 

and 1 µM dexamethasone at 37°C in a humidified atmosphere containing 5% CO2. After 6 h 125 

of incubation, medium was changed to FCS free medium supplemented with 0.1% BSA, 10 126 

nM T3 and 1 µM dexamethasone for 18 h. Next, cells were incubated for 16 h in a culture 127 

medium deprived of glucose and FCS, supplemented with 100 nM dexamethasone and 10 nM 128 

T3. Finally, cells were treated in the same fresh medium with different concentrations of 129 

insulin as described in the “Results” section. 130 

RNA extraction and real-time PCR analysis 131 

Total RNA from HepG2 cells or from mouse liver were extracted using RNeasy kit 132 

(Qiagen). mRNA quantification analysis was performed after a reverse transcription and a 133 

real-time PCR using the MX 4000 apparatus (Stratagene). 134 

APOA5 mRNA was quantified and normalized with the 36B4 gene which code for the human 135 

acidic ribosomal phosphoprotein. Specific primers used for the amplifications are as follow: 136 

hAPOA5 forward : 5’-ACG CAC GCA TCC AGC AGA AC-3’; hAPOA5 reverse : 5’-TCG 137 

GAG AGC ATC TGG GGG TC-3’; rAPOA5 forward : 5’-GCC TGG GAA GGA GCC TCC 138 

TCG GC-3’; rAPOA5 reverse :5’-GCT CCA TCA GCT CGA CCG TGT AGG G-3’; 139 

mAPOA5 forward : 5’-CTC TGT CCC ACA AAC TCA CAC G-3’; mAPOA5 reverse : 5’-140 

AGG TAG GTG TCA TGC CGA AAA G-3’ ; 36B4 forward : 5’-CAT GCT CAA CAT CTC 141 

CCC CTT CTC C-3’; 36B4 reverse : 5’-GGG AAG GTG TAA TCC GTC TCC ACA G-3’.  142 
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The PCR amplifications were performed with the Brilliant Quantitative PCR Core Reagent 143 

Kit (Stratagene). 144 

Treatment of mice with insulin 145 

 Female C57/BL6 mice weighing between 20-25 g were purchased from Charles River 146 

Laboratories. Mice were maintained on standard rodent chow diet. Three groups of six mice 147 

were studied. After 4 h of fasting, mice were then injected intraperitoneally with  148 

0.5 U/Kg or 1 U/Kg of insulin, or vehicle as control. 6 h after the injection of insulin, the 149 

livers were excised and snap-frozen in liquid nitrogen for total RNA extraction. Mouse apoa5 150 

mRNA was quantified and normalized with the 36B4 gene. 151 

Transient transfection assays 152 

 Transfection studies were carried out with human hepatoma HepG2 cells plated in 24-153 

well plates. Culture medium was changed  to fresh medium in order to deprive the cells of 154 

glucose for 18 hours. Transfections studies were performed at 50-60% confluence by the 155 

calcium phosphate co-precipitation procedure as described previously (38). Cells were 156 

transfected with 0.3 µg of reporter vector, which contains the –304/+63 human APOA5 157 

promoter fragment. Simultaneously, 30 ng of CMV-β-galactosidase expression vector as a 158 

control were transfected in cells for transfection efficiency. For the deletion analysis, cells 159 

were transfected with different constructions of the human APOA5 promoter. Three luciferase 160 

constructs were used for this experiment:-304/+63, -146/+63 and –61/+63. After incubation 161 

for 2 h, cells were washed with PBS solution and incubated for 24 h with different 162 

concentrations of insulin. Cells were lysed and the cytosolic fraction was collected. Luciferase 163 

activity was measured and normalized according to β-galactosidase activity.  164 

For the co-transfection experiments with USF1, 30 ng of this expression vector were added 165 

for the precipitation.  166 
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Preparation of nuclear extracts and electrophoretic mobility shift assays. 167 

HepG2 cells were treated with 10 nM of insulin for 24 h, washed and resuspended in 168 

DMEM medium containing 10% FCS and 10% DMSO, frozen in liquid nitrogen and 169 

conserved at –80°C. To prepare nuclear extracts, cells were centrifuged for 5 min at 1000 rpm 170 

and resuspended in 5 mL of buffer A (15 mM Tris-HCl, pH8, 15 mM NaCl, 60 mM KCl,  171 

0.5 mM EDTA, 1 mM PMSF), centrifuged for 5 min at 1000 rpm and at 4°C and resuspended 172 

in 200 µL of buffer A with 0.05% Triton X100 and centrifuged for 10 min at 1200 rpm. The 173 

pellet was washed with 5 mL of buffer A 0.05% Triton X100 and then with 5 mL of buffer A. 174 

The nuclei were incubated in 50 µL of buffer A supplemented with 360 mM of KCl at 4°C for  175 

30 min and centrifuged for 5 min at 13000 rpm. The concentration of proteins in the 176 

supernatant was determined. 177 

To study the insulin’s regulatory region in the APOA5 gene, a synthetic double-stranded 178 

oligonucleotide from the human APOA5 gene was used (5’-CTT TTG AAC TTC CAC GTG 179 

GTA TTT ACT CAG-3’). A 23-bp double-stranded oligonucleotide containing the E-box 180 

consensus for the binding of USFs (5’-CAC CCG GTC ACG TGG CCT ACA CC-3’) was 181 

used as a control probe. Double-stranded oligonucleotide were T4-polynucleotide kinase end-182 

labeled using [γ-32P]ATP and purified using the QIAquick Nucleotide Removal Kit (Qiagen). 183 

2.5 µg of nuclear extracts were preincubated in a total volume of 20 µL for 30 min on ice with 184 

2.5 µg of poly (dIdC) and 1 µg of herring sperm DNA in a binding buffer. For supershift 185 

experiments, 1 µg of anti-USF1 or anti-USF2 antibodies (Santa Cruz Biotechnology) were 186 

added in this binding reaction. 1 µL of end-labeled double-stranded oligonucleotide was 187 

added before a second incubation for 30 min on ice. Then, DNA-protein complexes were 188 

separated by electrophoresis on 5% polyacrylamide gel in 0.25X TBE buffer. The gel was 189 

dried and exposed to a film with an intensifying screen. 190 
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Oligoprecipitation assay 191 

 For this experiment, 5’-biotin labelled oligonucleotides corresponding to APOA5 E-192 

box used in EMSA were employed. 2 µL of double-stranded biotin-labeled oligonucleotides 193 

were incubated with 10 µg of nuclear extracts from HepG2 cells in EMSA mix for at least 1 h 194 

at 4°C. After 3 wash steps with EMSA binding buffer, 20 µL streptavidin-sepharose HP beads 195 

(Amersham Bioscience) were added in the oligoprotein complex for 1 h at 4°C. Then, 196 

samples were centrifuged, washed and boiled in order to remove protein from the probe. 197 

Proteins were separated on 10% SDS-PAGE and incubated with antibodies according to 198 

manufacturer’s instructions (Santa Cruz Biotechnology). 199 

Insulin clamp study in humans 200 

Twelve healthy men participated in the study. All subjects underwent a history and 201 

physical examination and laboratory tests for exclusion of hepatic, renal, thyroid and 202 

hematological abnormalities. None of the subjects used any medication. The purpose, nature 203 

and potential risks of the studies were explained to the subjects before their written consent 204 

was obtained. The study protocol was approved by the ethical committee of the Helsinki 205 

University Central Hospital. All subjects were admitted at 7.30 am after an overnight (12 h) 206 

fast to the metabolic ward of the Department of Medicine, University of Helsinki. An 207 

indwelling cannula was inserted in an antecubital vein for infusions. A second cannula was 208 

inserted retrogradely into a heated hand vein to obtain arterialized venous blood for blood 209 

samplings. The study design allowed each subject to serve as their own controls. At 210 

0 minute, infusion of saline or insulin was started. The euglycemic clamp study was 211 

performed as previously described (9). Insulin (Actrapid Human, Novo Nordisk, Copenhagen, 212 

Denmark) was infused in a primed continuous manner at a rate of 1 mU/Kg/min for 8 h. 213 

Normoglycemia was maintained by adjusting the rate of a 20% glucose infusion based on 214 

plasma glucose measurements which were performed at 5 minutes intervals.  215 

 216 
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Measurement of ApoAV protein level in human plasma 217 

An enzyme-linked immunosorbent sandwich assay was used to measure ApoAV in 218 

sera. A pool of two monoclonal anti-human ApoAV antibodies solution, raised in mice by 219 

using recombinant protein, was used at 10 µg/mL in PBS 0.1 M, pH 7.2 to coat the wells of 220 

the microtiter plates at room temperature overnight. The wells were washed twice with PBS  221 

0.1 M. The remaining sites for protein binding were saturated with 3% BSA/PBS for 1 h at 222 

37°C. The wells were washed twice with PBS. 90 µL of the antigen solution was added to the 223 

wells. For quantitation, a pool of human plasma was calibrated and titrated using ApoAV 224 

recombinant protein as a primary standard. Then, the pool of human plasma was used for the 225 

calibration curve. The antigen solution is incubated for 2 h at room temperature. The wells 226 

were washed with PBS. The horseradish peroxidase labeled second anti-ApoAV polyclonal 227 

antibody, produced in rabbit using synthetic peptide, was diluted in the blocking buffer and 228 

added to the wells. After incubation of 2 hours at 37°C, the plates were washed with PBS. 229 

Prior to developing the enzyme label, 30 mg of o-phenylenediamine (ODP) was dissolved in 230 

20 mL 0.1 M citrate/phosphate buffer and 20 µL of 30% H2O2. Then 100 µL of the enzyme 231 

substrate solution were added to each micotiter well. After incubation of 30 min, the reaction 232 

was terminated by adding HCl l M and the absorbance at 492 nm was measured using a 233 

microplate photometer (Dynex Technologies). 234 

 235 

 236 

 237 
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RESULTS 238 

 239 

To determine whether insulin can modulate APOA5 gene expression in human HepG2 240 

cell line and in both primary human and rat hepatocytes, we analyzed APOA5 mRNA levels 241 

after a 24 h treatment with insulin 10 nM. We observed a down regulation of APOA5 gene 242 

expression in all cellular models (Fig. 1A). In HepG2 cells and human primary hepatocytes at 243 

10 nM of insulin, APOA5 gene expression is reduced by 46% and 60% respectively after 24 h 244 

of treatment (Fig. 1A). In rat primary hepatocytes, at 10 nM of insulin the apoA5 gene 245 

expression is dramatically decreased by 90%. These data demonstrate that insulin decreases 246 

both human and rat APOA5 mRNA levels in culture. We demonstrated that in rat primary 247 

hepatocytes the down-regulation of apoa5 by insulin is dose-dependent (Fig. 1B). In this 248 

experiment, we also analyzed the expression of apoc3 gene and confirmed its down-249 

regulation by insulin (Fig. 1C) as that has been reported before (4, 16).  250 

 To investigate the regulation of apoa5 by insulin in vivo,  C57/BL6 mice were injected 251 

with 0.5 or 1 U/Kg of insulin. 6 hours later, the mice were sacrificed, RNA was extracted 252 

from liver, and apoa5 gene expression was analyzed by quantitative PCR. A significant dose-253 

dependent decrease of apoa5 mRNA levels was observed (Fig. 2).  In mice treated with 1 254 

U/Kg of insulin, apoa5 gene expression was decreased by 53% versus controls. 255 

 To determine if the decreased APOA5 mRNA levels by insulin occurs at the 256 

transcriptional level, we analyzed the promoter activity in transiently transfected HepG2 cells 257 

with the –304/+63 fragment of the human APOA5 promoter. We observed that insulin down-258 

regulated the human promoter activity with a nearly 40% reduction at the highest 259 

concentration of insulin (Fig. 3). This result supports that the regulation of human APOA5 by 260 

insulin occurs at the transcriptional level. 261 

Deletion analyses were performed by transient transfections of HepG2 with three different 262 

constructs of the human APOA5 promoter (Fig. 4). After 24 h of insulin treatment, the 263 
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promoter activity with the transfected -304/+63 and -146/+63 fragments were decreased. The 264 

effect of insulin is abolished when cells were transfected with the  265 

-61/+63 fragment. These results suggest the presence of a responsive element to insulin in the 266 

human APOA5 promoter spanning the differential region from –146 to -61. This response 267 

element is hypothesized to be responsible for the transrepression of APOA5 gene expression.  268 

The insulin’s regulatory region in the APOA5 promoter contains a sequence 5’-CAC 269 

GTG-3’ strongly homologous with the consensus E-box. The nuclear extracts from insulin 270 

treated HepG2 cells and controls were tested in electrophoretic mobility shift assay using an 271 

APOA5 probe containing the E-box. The results showed a decrease of the binding with insulin 272 

treated extracts (Fig. 5A). Since the ubiquitinous Upstream Stimulatory Factors (USFs) were 273 

initially identified by their ability to bind to the E-box, we investigated whether USFs are 274 

involved in the APOA5 gene regulation. For this, we tested whether the band observed in the 275 

gel shift assay with the nuclear extract is affected by addition of specific anti-USF antibodies. 276 

As shown in Figure 5A, the  anti-USF1 or anti-USF2 antibodies disrupted the band and 277 

resulted in a supershift. These data strongly support that USF1 and USF2 are involved in the 278 

regulation of the APOA5 gene at the transcriptional level. These data were confirmed by using 279 

the translated protein USF1 in vitro which binds to the APOA5 E-box. When the APOA5 E-280 

box is mutated, the binding with either USF1 or nuclear extracts is abolished (Fig.5B).  281 

 To determine whether the binding of  USF1 to APOA5 promoter is functional, we 282 

analyzed the promoter activity in transiently co-transfected HepG2 cells with the –304/+63 283 

fragment of the human APOA5 promoter and USF1. We observed that USF1 clearly increased 284 

the promoter activity by 8.5-fold (Fig. 6). This increase by USF1 is affected when insulin is 285 

added. 286 

To study the signaling pathway mediating the down-regulation of the APOA5 gene 287 

expression by insulin, HepG2 cells were treated with wortmannin (200nM) , an inhibitor of 288 

the PI 3-kinase pathway, followed by the addition of insulin (10nM) after 30 minutes. The 289 
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results showed that the down-regulation of the APOA5 gene by insulin (10 nM) was totally 290 

abolished in the presence of wortmannin (Fig. 7). These data suggest that the inhibitory effect 291 

of insulin on APOA5 gene expression involves a phosphorylation mechanism via the PI3K 292 

signaling pathway. 293 

To investigate the phosphorylation state of USF that binds to the APOA5 promoter, 294 

nuclear extracts were isolated from HepG2 cells and incubated with the oligonucleotide probe 295 

containing the APOA5 E-box. After incubation with streptavidin-sepharose beads, the 296 

oligoprotein complex and the supernatant were analysed by western blot using anti-USF1 and 297 

anti-phosphothreonine or anti-phosphoserine antibodies. The results demonstrated that a large 298 

amount of USF1 binds the APOA5 E-box (Fig. 8, left lane) and a small amount of USF1, 299 

which did not bind to APOA5 E-box, was detected in the supernatant (Fig. 8, right lane). The 300 

analyses with anti-phosphoserine (data not shown) and anti-phosphothreonine do not 301 

recognize the USF1 which binds to the APOA5 E-box (Fig. 8, left lane) but the USF1 in the 302 

supernatant was detected with anti-phosphthreonine (Fig. 8, right lane). These data indicate 303 

clearly that in HepG2 cells a large quantity of USF1 is not phosphorylated, this is consistent 304 

with what has been reported before (13) and that the phosphorylated form of USF1 does not 305 

bind to APOA5 E-box.  306 

 An insulin clamp study in humans was carried out to analyze the effect of insulin on 307 

human ApoAV levels in vivo (Fig. 9). In this case protein levels were examined with a human 308 

ApoAV antibody since liver RNA was not easily collectable. For this study, twelve healthy 309 

men were recruited and insulin was infused in a continuous manner at a rate of 1 mU/Kg/min 310 

over 8 hours. The glycemia was maintained at normal level by adjusting the rate with a 20% 311 

glucose infusion. This experimentally induced hyperinsulinemia significantly reduced serum 312 

ApoAV protein level at  3 h 30 and 8 h by 52 and 72%, respectively.  313 
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DISCUSSION 314 

 315 

Interest in this topic stems from the clinical observations showing that 316 

hyperinsulinemia and insulin resistance are associated with hypertriglyceridemic state and the 317 

fact that the APOA5 gene is negatively correlated with triglyceride levels. We examined the 318 

regulation of APOA5 gene expression by insulin and found a significant decrease. These 319 

studies used an in vitro model for further investigation of the molecular mechanism involved 320 

in this regulation, and were further supported by our observations in vivo in humans and mice. 321 

HepG2 cells were chosen for the study because they express the APOA5 gene as well 322 

as the insulin receptor. When HepG2 cells were exposed to high insulin concentrations (10 323 

nM), it reduced significantly endogenous human APOA5 mRNA. This APOA5 gene down-324 

regulation was confirmed in human and rat primary hepatocytes and also in mice models. 325 

Insulin has previously been shown to regulate the expression of several genes including some 326 

apolipoproteins, such as apolipoprotein A1 (APOA1), apolipoprotein A4 (APOA4) and 327 

apolipoprotein C3 (APOC3). We confirmed that rat apoc3 gene expression is nearly 4-fold 328 

decreased in our experiments (4, 12). It is well established that the plasma concentration of 329 

ApoCIII is positively correlated with levels of plasma triglycerides (18, 28) and its decrease 330 

by insulin could not explain the cause of hypertriglyceridemia associated with the 331 

hyperinsulinemia. 332 

This study shows that the repression of APOA5 gene regulation by insulin occurs at 333 

the transcriptional level. The promoter activity of human APOA5 in transfected HepG2 cells 334 

is decreased in a dose-dependent manner. Deletion analyses of the promoter and the 335 

transcriptional activity studies allowed the identification of a 85 bp DNA fragment likely to 336 

contain an element responsive to insulin. 337 

Insulin regulates many genes at the transcriptional level, but the molecular mechanism 338 

responsible for this regulation is hampered by the fact that there is no consensus insulin 339 
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response element that can account for the regulation of all insulin-responsive genes (16). The 340 

analysis of the 85 bp candidate insulin responsive fragment allowed for the selection of 30 bp 341 

fragment containing a putative E-box which could potentially explain APOA5’s 342 

responsiveness to insulin. This 30 bp fragment was used in electrophoretic mobility shift 343 

assay of nuclear extracts from HepG2 cells treated or not with insulin. The nucleoproteins 344 

binding to the probe from cells treated in hyperinsulinemic conditions were quantitatively less 345 

important than those from control cells. The 30 bp element responsive to insulin of the 346 

APOA5 promoter contains an E-box identical to the consensus motif. Results obtained with 347 

electrophoretic mobility supershift assay clearly show a binding of Upstream Stimulatory 348 

Factors, USF1 and USF2, to the E-box present in the APOA5 promoter. An other known 349 

insulin’s action on  the Fatty Acid Synthase (FAS) gene functionally requires USF binding to 350 

the E-box (4, 32, 40). USF proteins, USF1 and USF2, are members of basic helix-loop-helix 351 

leucine-zipper family of transcription factors able to interact as homo- and/or heterodimers on 352 

E-box of 5’-CANNTG-3’ sequence. The binding of the heterodimer USF1/USF2 is partially 353 

inhibited when cells were treated with 10 nM of insulin. Indeed, in normal conditions, USF1 354 

and USF2 appear to bind as heterodimers to the E-box motif and allow the basal regulation of 355 

the APOA5 gene. The transfection assay showed that USF1 increased significantly the 356 

APOA5 promoter activity and this increase is affected when insulin is added. The repression 357 

of the APOA5 gene by insulin may occur via an exclusion of the binding of transcriptional 358 

factors USF1 and USF2 to DNA. We addressed the question how insulin’s action may inhibit 359 

the binding of USF1/USF2 to APOA5 promoter. Many metabolic actions of insulin are 360 

mediated through pathways which include the activation of phosphatidylinositol 3-kinase 361 

(PI3K) and, consequently, the activation of its downstream target, the protein kinase B/Akt 362 

(PKB/Akt) (7, 39). We showed that the repression of the APOA5 gene by insulin is 363 

completely abolished in the presence of wortmannin, an inhibitor of PI3K. Indeed, when the 364 

PI3K pathway is blocked, the regulation of APOA5 gene remains unchanged at its basal level. 365 
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These data taken together with the binding decrease of USF1/USF2 to APOA5 promoter 366 

provide evidence that phosphorylation/dephosphorylation could modulate the ability of USF 367 

to bind DNA and in fact their transactivation function. The oligoprecipitation of USF from 368 

HepG2 nuclear extracts followed by immunoblot analyses with anti-USF1 and  369 

antiphosphothreonine showed that USF1 which binds E-box APOA5 is not phosphorylated 370 

and exists in a large amount in HepG2 cells, however, only a small amount of USF1 is 371 

phosphorylated on threonines and this phosphoprotein failed to bind to E-box APOA5. By 372 

contrast, it has been demonstrated that the phosphorylated form of USF1 in vitro bound DNA 373 

preferentially to transactivate certain genes (6, 13).  374 

Our data suggest a potential mechanism where insulin stimulates the PI3K pathway 375 

inducing the phosphorylation and binding exclusion to APOA5 promoter of the transcriptional 376 

activator USF and thereby resulting in the down-regulation of APOA5 gene expression (Fig. 377 

10). The insulin treatment could induce a phosphorylation of  certain amino acids in the helix-378 

loop-helix DNA binding domain of USF, thereby inhibiting its binding to APOA5 promoter. It 379 

has been reported that the insulin stimulation induces translocation, phosphorylation and 380 

activation of two isoforms of PKC, PKC-beta2 and PKC-zeta (3) and that these effects are 381 

PI3K-dependents. The phosphorylation site prediction for the helix-loop-helix DNA binding 382 

domain of USF1 by PKC shows two potential threonines, T195 and T234, and two potential 383 

serines, S194 and S233. The phosphorylation of these sites could probably alter the binding of 384 

USF1 to DNA. 385 

We assessed also the effect of the insulin in healthy men using an euglycemic 386 

hyperinsulinemic clamp study. The data showed a decrease of plasma ApoAV protein level in 387 

a short time following treatment. The ApoAV enhances the triglyceride rich particles 388 

catabolism (F.G. Schaap, P.J. Voshol, P.C Rensen, H.N. van der Vliet, R.A. Chamuleau, 389 

N.M. Maeda, L.M. Havekes, A.K. Groen and K.W. van Dijk, Abstr. American Heart 390 

Association, abstr. 1215, 2003 and I. Grosskopf, N. Baroukh, S-J. Lee, E.M. Rubin, L.A. 391 
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Pennacchio and A.D. Cooper, Abstr. American Heart Association, abstr. 1217, 2003). In our 392 

study, the triglyceride levels were not yet affected within this short time but the early decrease 393 

of ApoAV could initiate a delay of the catabolism of the triglyceride rich particles resuling in 394 

their accumulation in the plasma and therefore, exhibiting hypertriglyceridemia. 395 

In summary, our in vitro and in vivo studies demonstrated that insulin decreases 396 

APOA5 gene expression in human and rodents. This down-regulation occurs at the 397 

transcriptional level and is mediated by the PI3K signaling pathway. Binding study allowed 398 

us to underline the importance of USFs as transcriptional factors required for the regulation of 399 

the APOA5 gene through a phosphorylation/dephosphorylation mechanism. Moreover, we 400 

have shown that insulin decreases ApoAV protein level in humans after insulin 401 

administration.  402 

These results suggest that the down-regulation of APOA5 gene by insulin could 403 

contribute to the development of hypertriglyceridemia associated with hyperinsulinemia. 404 
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FIGURE LEGENDS 542 

 543 

Figure 1. Effects of insulin on APOA5 gene expression in HepG2 cells, human primary 544 

hepatocytes, and rat primary hepatocytes (A) and dose-dependent down-regulation of 545 

apoa5 (B) and apoc3 (C) gene expression by insulin. 546 

After 24 h of treatment of different cells with 10 nM of insulin, total RNA was isolated and 547 

subjected to a quantitative PCR using 36B4 as normalizing gene (Fig. 1A). The amplification 548 

was obtained with species specific primers. Fig 1B and 1C shown insulin’s down-regulation 549 

of respectively apoa5 and apoc3 gene expression after a dose-dependent treatment of rat 550 

primary hepatocytes. Fold decrease of APOA5 gene expression are shown (black bars) versus 551 

control (white bar) (means ± SD, n=3). Statistically significant differences between groups 552 

versus control were obtained with a student t-test and are indicated by asterisks 553 

(*:0.01<p<0.05, **:0.0001<p<0.01, and ***:p<0.0001). 554 

Figure 2. Effects of insulin on mouse apoa5 gene expression in vivo in C57/BL6 mice. 555 

Mice were injected intraperitoneally respectively with 0.5 U/Kg or 1 U/Kg of insulin (black 556 

bars), or vehicle as control (white bars). Total RNA from liver was extracted 6 h after 557 

injection and subjected to a quantitative PCR using 36B4 as normalizing gene. Fold decrease 558 

are shown (means ± SD, n=6). Statistically significant differences between groups versus 559 

control were obtained with a student t-test and are indicated by asterisks (*:0.01<p<0.05, 560 

**:0.0001<p<0.01, and ***:p<0.0001). 561 

Figure 3. Effect of insulin on the human APOA5 promoter activity. 562 

HepG2 cells were transfected with empty reporter plasmid (striped bars) or the -304/+63 563 

human APOA5 promoter fragment reporter plasmid (full bars). After 2 h of transfection, cells 564 

were treated with different concentrations of insulin (0, 10, 100 or 1000 nM). Cells were lysed 565 

after 24 h of treatment and the luciferase activity was measured. Results were expressed in 566 

RLU (means ± SD, n=3). Experiments were repeated at least 3 times. Statistically significant 567 
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differences between groups versus control were obtained with a student t-test and are 568 

indicated by asterisks (*:0.01<p<0.05, **:0.0001<p<0.01, and ***:p<0.0001). 569 

Figure 4. Deletion of the human APOA5 promoter and effects of insulin on the promoter 570 

activity. 571 

Schematic illustration of the reporter constructs used in the transfection studies. Boxed and 572 

bold sequence represents the E-box. HepG2 cells were transfected with different human 573 

APOA5 promoter fragments reporter plasmids, and treated with the maximal concentration of 574 

insulin (1 µM). After 24 h of treatment, the luciferase activity was measured. White bar 575 

represents the control without insulin and black bars represent the promoter activity after a 576 

treatment with insulin 1 µM. Fold induction are shown (means ± SD, n=3). Experiments were 577 

repeated at least 3 times. 578 

Figure 5. Electrophoretic mobility shift assays of nuclear extracts from HepG2 cells. 579 

Each reaction (20 µL) contained 2.5 µg of nuclear extracts from HepG2 cells control  or 580 

insulin 10 nM treated, 1 X gel shift reaction buffer, 2.5 µg of poly(dI-dC), 1 µg of herring 581 

sperm DNA and 1 µL of [γ-32P]ATP-labeled probe containing the APOA5 E-box. For 582 

supershift assay, 1 µg of anti-USF1 or 1 µg of anti-USF2 antibodies was added in the reaction 583 

mix. After incubations on ice, samples were applied to a 5% nondenaturing polyacrylamide 584 

gel. The gel was dried and exposed to a film with an intensifying screen. 585 

Figure 6. Effect of insulin on the human APOA5 promoter activity co-transfected with 586 

USF1 587 

HepG2 cells were co-transfected with the -304/+63 human APOA5 promoter fragment 588 

reporter plasmid and the USF1 expression plasmid. After 2 h of transfection, cells were 589 

treated with 1 µM of insulin. Cells were lysed after 24 h of treatment and the luciferase 590 

activity was measured. Results were expressed in fold induction (means ± SD, n=3). 591 

Experiments were repeated at least 3 times. 592 
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Figure 7. Effect of wortmannin on down-regulation of APOA5 gene expression by 593 

insulin. 594 

HepG2 cells were incubated with 10 nM of insulin (black bar) or with wortmannin 200 nM  595 

30 min before adding 10 nM of insulin (gray bar). The same volume of vehicle was used as 596 

control (white bar). After 24 h of treatment, total RNA was isolated from the cells and 597 

subjected to a quantitative PCR using 36B4 as normalizing gene. Fold induction of APOA5 598 

gene expression are shown (means ± SD, n=3). Experiments were repeated at least 3 times. 599 

Statistically significant differences between groups versus control were obtained with a 600 

student t-test and are indicated by asterisks (*:0.01<p<0.05, **:0.0001<p<0.01, and 601 

***:p<0.0001). 602 

Figure 8. Phosphorylation state of bound USF to E-box APOA5.  603 

Western blot of oligoprecipitated USF1 (left lane) from nuclear extracts and the 604 

oligoprecipitation’s supernatant (right lane). Experiment was performed using 10 µg of 605 

nuclear extracts from HepG2 cells. Immunoblot analyses  were done using anti-USF1 or anti-606 

phosphothreonin as primary antibody. 607 

Figure 9. Effects of insulin on the plasma ApoAV protein level in humans. 608 

Plasma ApoAV protein level was measured in humans after infusion of insulin (full line) or 609 

saline (dotted line). Insulin was infused at a rate of 1 mU/Kg/min for 8 h. Blood samplings of 610 

each subjects was collected at different times. The first sample was collected 30 min before 611 

the beginning of insulin or saline infusion, the second sample was collected just after the start 612 

of infusion. The third and the fourth samples were collected 3 h 30 and 8 h respectively after 613 

the infusion. Results were done in means ± SD, n=12. Statistically significant differences 614 

between groups versus control were obtained with a student t-test and are indicated by 615 

asterisks (*:0.01<p<0.05, **:0.0001<p<0.01, and ***:p<0.0001). 616 

 617 
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Figure 10. A proposed model for the roles of USF1 and USF2 in the regulation of 618 

APOA5 gene transcription.  619 

Under insulin, the PI3K pathway is stimulated inducing a phosphorylation of USF. The 620 

phosphorylated complexes lose their ability to bind APOA5 promoter and consequently their 621 

transactivation function. 622 
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