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Abstract

 

In the present study, we have investigated the in
vivo and in vitro role of two newly identified variants (G

 

�

 

944

 

A
and A

 

�

 

1180

 

C) located in the upstream promoter region of the
apolipoprotein C-III (apoC-III) gene. These variants were stud-
ied in 30 probands diagnosed with FCHL, their relatives, and
spouses. The allele frequencies of both variants were not dif-
ferent between the groups. No significant associations between
plasma lipid traits and DNA variants were observed. We further
analyzed the effect of the presence of these variants in the up-
stream enhancing region of the apoC-III gene, as five different
in vivo occurring haplotypes, on the transcriptional activity of
apoC-III in both HepG2 and Caco-2 cells. All five promoter
constructs, including the wild type, showed similar enhancing
activity of the apoC-III gene. The average transcription efficiency
was enhanced 19-fold in HepG2 cells and 11-fold in Caco-2 cells.
Previous studies have shown in vitro insulin-dependent down-
regulation of the apoC-III gene transcription in HepG2 cells by
DNA variation in an insulin response element (IRE) in the apoC-
III promoter. We observed a 30% insulin-dependent down-regula-
tion of apoC-III expression that was, however, independent of
the presence of the two IRE variants. In contrast, in Caco-2 cells,
a more variable insulin-dependent up-regulation was found that
was also independent of the presence of the IRE variants.  In
conclusion, our data suggested that the apoC-III gene tran-
scription in vitro is regulated by insulin but independent of the
presence of the two IRE variants at 

 

�

 

455 and 

 

�

 

482. We were
unable to detect associations between these apoC-III variants
and plasma lipids and insulin in our FCHL population. This
means that in vivo apoC-III transcription not only depends upon
insulin but appears to be mediated by other mechanisms.

 

—
Dallinga-Thie, G. M., M. Groenendijk, R. N. H. H. C. Blom,
T. W. A. De Bruin, and E. De Kant.
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The apolipoprotein (apo) genes apoA-I, apoC-III, and
apoA-IV are closely linked and tandemly organized within
a 15-kb DNA segment of the long arm of human chromo-
some 11 (11q23-qter) (1–4). ApoC-III is mainly synthe-
sized in the liver and is an exchangeable moiety of chylo-
micron remnants, VLDL, and HDL particles. ApoC-III
plays an important role in the metabolism of triglyceride-
rich lipoproteins by inhibiting the function of LPL (5, 6),

 

thereby reducing the capacity to hydrolyze triglyceride-
rich lipoprotein particles (7). In hypertriglyceridemic pa-
tients, a positive correlation was found between plasma
apoC-III levels and triglyceride concentrations (8, 9),
whereas LPL activity showed a negative correlation (7).
Furthermore, involvement of apoC-III in the processes of
binding lipoprotein particles to specific receptors in the
liver and in the uptake of lipids in the enterocyte was doc-
umented (10–13).

Both naturally occurring disruptions and experimental
genetic manipulations of the structure of the apoA-I–C-
III–A-IV gene cluster have indicated the importance of
the genes in lipid metabolism (14–17). The relevance
of more subtle genetic alterations that occur more fre-
quently was evaluated in genetic studies using several
DNA polymorphic markers. In a candidate gene approach
for FCHL we examined several polymorphisms in the
apoA-I–C-III–A-IV gene cluster as separate gene loci and
in combinations of haplotypes and characterized their as-
sociations with lipid and apolipoprotein phenotypes (18–
21). Similar to earlier studies (22–26), we established the
involvement of this cluster as a susceptibility region for
hyperlipidemia in our FCHL families.

The SstI polymorphism in the 3

 

�

 

 untranslated region of
the human apoC-III gene has a modifying effect on plasma
apoC-III levels (18). It is in strong linkage disequilibrium
with specific polymorphic sites in the 5

 

�

 

 regulatory region
of the gene (27–30). Two of these polymorphisms are
located within an insulin response element and have been
demonstrated to affect the level of transcription in response
to insulin treatment of cell cultures in vitro (31). However,
no in vivo evidence was found to show a direct relationship

 

Abbreviations: apo, apolipoprotein; FCS, fetal calf serum; IRE, insu-
lin response element; SSCP, single strand conformation polymorphism.
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of insulin on plasma apoC-III levels and the presence of
these two apoC-III variants (28–30).

Regulation of expression of the genes in this cluster oc-
curs primarily at the level of transcription (32). Because
the apoC-III gene is encoded in the other strand, its tran-
scription direction is opposite to apoA-I and A-IV 

 

(Fig. 1

 

).
The distal control elements of apoC-III are of great impor-
tance to transcriptional regulation of the apoA-I, apoC-III,
and apoA-IV genes (33–35). The effects of genetic hetero-
geneity on transcriptional regulation of apoC-III has been
studied to some extent. In a population of FCHL kindred,
we screened for polymorphisms in the upstream region of
the apoC-III gene. Polymorphe haplotypes of this region
were tested in combination with the proximal promoter
of apoC-III in transient expression experiments by moni-
toring the expression of a reporter gene in HepG2 and
Caco-2 cells. Here, we provide evidence that the regula-
tory region of apoC-III contains additional, previously
unpublished, polymorphic sites. This genetic heterogeneity
did not affect apoC-III transcriptional regulation either in
vitro nor in vivo. Furthermore, the present study provides
evidence for an insulin-dependent regulation of apoC-III
transcription in vitro that is independent of the presence or
absence of polymorphisms in the insulin response element.

MATERIALS AND METHODS

 

Subjects, polymorphisms, and haplotypes

 

Dutch Caucasian FCHL probands (n 

 

�

 

 30), relatives (n 

 

�

 

476), and spouses (n 

 

�

 

 236) were recruited as extensively de-
scribed (18, 19). All subjects gave informed consent. The Human
Investigation Review Committee of the University Medical Center
Utrecht approved the study protocol.

DNA was isolated from 10 ml blood following standard proce-
dures (36) and amplified in vitro using the PCR technique with a
DNA thermal cycler (Pharmacia, Uppsala, Sweden). Screening
of sequence variability in the promoter region upstream of the
apoC-III gene in 18 FCHL probands and 32 relatives was per-
formed using single strand conformation polymorphism (SSCP).
Six partly overlapping apoC-III sequence regions of 200 –300 bp,
which span the upstream region up to 

 

�

 

1342, were separately
amplified and analyzed. The differential electrophoresis mobil-
ity of polymorphic fragments was visualized after migration and
silver staining on a 12.5% polyacrylamide gel (Phast system;
Pharmacia). Running conditions were as follows: prerun 400 V,
10 mA, 2.5 W, 4

 

�

 

C/15

 

�

 

C (100 Vh); application 400 V, 1 mA, 2.5 W,
4

 

�

 

C/15

 

�

 

C (2 Vh); run 400 V, 10 mA, 2.5 W, 4

 

�

 

C/15

 

�

 

C (150–400
Vh). Gels were silver stained according to the manufacturer’s
procedure. The positions of the polymorphic sites were deter-
mined by DNA sequencing based on the Sanger dideoxy chain
termination method using commercially available kits (Pharma-
cia). The T

 

�

 

455

 

C and the C

 

�

 

482

 

T was analyzed as previously de-
scribed (30). The G

 

�

 

944

 

A was analyzed using allele-specific prim-
ers. The following primers were developed: 5

 

�

 

-AGGAGTGA
TTCTCTCGTTCA-3

 

�

 

 (forward), 5

 

�

 

-AGTGGTCCAGGAGGGGC
CGCTGA CCTT-3

 

�

 

 (wild-type reverse), and 5

 

�

 

-TGCTGGTCCAG
GAGGGGCCGCTGAATTACTCGGGGCTG AGATGTCCCC-3

 

�

 

(mutant reverse). The PCR was a touchdown procedure: 1 min
at 95

 

�

 

C followed by 2 cycles each of 45 sec at 95

 

�

 

C for denatur-
ing, 1 min at 68

 

�

 

C for annealing, and 45 min at 72

 

�

 

C for exten-
sion. These steps were repeated with a decrease in annealing
temperature in each step: 2

 

�

 

 67

 

�

 

C, 3

 

�

 

 66

 

�

 

C, 4

 

�

 

 65

 

�

 

C, 5

 

�

 

 64

 

�

 

C,

6

 

�

 

 63

 

�

 

C, and 25

 

�

 

 62

 

�

 

C and a final extension of 3 min at 72

 

�

 

C. All
products were analyzed on 3% agarose gels. The wild-type (11)
genotype contained a fragment of 169 bp, and the mutant (22)
genotype contained a fragment of 189 bp. The A

 

�

 

1180

 

C was ana-
lyzed with the following primers: 5

 

�

 

-TGGAGCCAGGACATCT
TAGG-3

 

�

 

 (forward) and 5

 

�

 

-GCTGCTTTGTACTTCTCTATCTC
ATTTCCTTTTCAGCACCACTCTGCG-3

 

�

 

 (reverse). PCR condi-
tions were as follows: 4 min at 94

 

�

 

C, 33 cycles of denaturation for
1 min at 94

 

�

 

C, annealing for 1 min at 52

 

�

 

C, and extension for 3
min at 72

 

�

 

C. Restriction digestion was performed using the re-
striction enzyme AviII (Boehringer Mannheim, Germany) at
37

 

�

 

C for 3 h. The restriction products were analyzed on 3% agar-
ose gels. The wild-type 11 fragment is 168 bp, and the mutant 22
fragments reveal two fragments of 121 and 47 bp, respectively.
The haplotypes we selected for cloning were assigned by exam-
ining the cosegregation of individual alleles in subjects from
FCHL families.

 

Construction of experimental luciferase reporter plasmids

 

The apoC-III upstream region between 

 

�

 

1342 and 

 

�

 

14 was
obtained by PCR amplification of genomic DNA using the Ex-
pand TM High Fidelity PCR system (Boehringer Mannheim),
using the primers 5

 

�

 

-TGTTAGAGGATCCTTCTGCCTG-3

 

�

 

 (sense)
and 5

 

�

 

-CTGCCTCCATGGATGAACTGAG-3

 

�

 

 (antisense). The
sense and antisense primers contained engineered BamHI and
NcoI sites, respectively. Pfu DNA polymerase was used to gener-
ate blunt-ended amplification products for cloning into the Sr fI
restriction site of pCR-Script TM Amp SK(

 

�

 

), as described
by the manufacturer (Stratagene). The orientation of the inserts
was confirmed by restriction enzyme analysis. Sequence analysis
was performed to verify all constructs and to identify by confir-
mation of the expected variant sites which one of the two pos-
sible haplotypes from heterozygous genomic DNA samples was
cloned. With the artificial engineered restriction sites in the
primer set, fragments from pCR-Script plasmids were obtained
and inserted in the multiple cloning site upstream of the
luciferase coding sequences into a 

 

Bgl

 

II-

 

Nco

 

I site of the pGL3-
basic vector (Promega) to generate the experimental reporter
constructs. The distal upstream region of apoC-III promoter in
pGL3b–apoC-III constructs was excised as 

 

Sac

 

I-

 

Sac

 

I fragments
(

 

�

 

1342 down to 

 

�

 

237), yielding the basal apoC-III proximal
promoter construct after religation. Excised DNA fragments
were isolated from agarose gels using the Easy-Pure TM kit
(Biozym). The plasmid DNA used for transfection was isolated
using the Qiafilter-plasmid-maxi kit (QIAGEN R).

 

Cell culture and transient expression assays

 

Human colon carcinoma (Caco-2) and human hepatoma
(HepG2) cells were cultured in Dulbecco’s modified Eagle’s me-
dium (Life Technologies, Inc.) supplemented with 20% heat-
inactivated fetal calf serum (FCS; Boehringer Mannheim), 2 mM
glutamine, 100 U/ml penicillin, and 100 

 

�

 

g/ml streptomycin.
Cells were grown at 37

 

�

 

C and 5% CO

 

2

 

. Transfection assays were
performed in 24-well cluster plates. Cells were seeded at 

 

�

 

50%
confluence and grown in 1 ml of the medium. Before the actual
transfection experiments, the cells were washed once with PBS
and fed with fresh medium (1 ml). Triplicate wells were trans-
fected using the calcium phosphate DNA coprecipitation
method. Each experiment was performed at least three times.
The transfection mixture contained a pGL3b construct (1 

 

�

 

g)
and the control reporter vector pRL-SV40 (Promega), which was
included for normalization of the transcription activity levels
(0.01 and 0.1 

 

�

 

g in Caco-2 and HepG2 cells, respectively). Con-
trol experiments have shown that the thymidine kinase (TK) vec-
tor was less stable than the SV40 vector under our experimental
conditions. Furthermore, the TK vector showed a dose-dependent
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increase in signal. After 20 h of incubation, the cells were
washed with PBS and allowed to recover for 28 h in fresh me-
dium. Forty-eight hours after starting the transfection experi-
ments, the cells were harvested and luciferase activities were
measured using a luminometer (Turner), as described in the
DUAL-Luciferase TM reporter assay system (Promega). This
protocol allows detection of luminescence from firefly luciferase
(pGL3) and Renilla luciferase (pRL-SV40) in a single tube. Ex-
periments in the presence of insulin (10

 

�

 

6

 

 M) in serum-free me-
dium were performed 22 h after the transfection experiments
for 6 h.

 

Statistical methods

 

Values given in the text are means 

 

	

 

 standard deviation. Statis-
tical significance was calculated using the Student’s 

 

t

 

-test using
SPSS version 8.0. The frequencies of the different polymorphisms
were calculated with the use of gene counting and allele counting.
Deviations of the Hardy-Weinberg equilibrium were tested in
spouses with the Chi-square test using the Hardy Weinberg Equi-
librium program.

 

RESULTS

 

DNA variations in the distal promoter region of apoC-III

 

DNA isolated from FCHL probands and their relatives
was screened for polymorphic sites by SSCP to identify
new variants in the 1.3-kb upstream sequence region of
the apoC-III gene. In total, 50 subjects, including 18
probands, were analyzed. If abnormalities in the SSCP pat-
tern were observed, then DNA sequence analysis was car-
ried out. Apart from the previously reported variant al-
leles at positions T

 

�

 

455

 

C and C

 

�

 

482

 

T near the insulin
response element (IRE), T

 

�

 

625

 

 deletion, G

 

�

 

630

 

A, and
C

 

�

 

641

 

A (

 

Fig.

 

 

 

1

 

) (27, 30), we characterized four new varia-
tions: G

 

�

 

944

 

A, A

 

�

 

1180

 

C, C

 

�

 

1230

 

A, and G

 

�

 

1236

 

T. The fre-
quencies of the IRE polymorphisms and the newly identi-
fied G

 

�

 

944

 

A and the A

 

�

 

1180

 

C variations were tested in 30
FCHL kindred. The three variations upstream from the
IRE, T

 

�

 

625

 

 deletion, G

 

�

 

630

 

A, and C

 

�

 

641

 

A, were in almost
complete linkage disequilibrium with the IRE variants and
were therefore not analyzed in further detail (data not
shown). The G

 

�

 

1236

 

T was not investigated further because it
is part of an allele-specific 

 

Nco

 

I recognition sequence that
was not compatible with the cloning procedure we followed.
The C

 

�

 

1230

 

A was in complete linkage disequilibrium with
the 

 

Sst

 

I polymorphic marker described earlier and there-
fore does not add additional information on the locus. 

 

Ta-
ble 1

 

 shows the gene frequencies of the four variants. We did
not observe any differences in frequency distribution be-
tween affected and unaffected family members and spouses
for the IRE variants (30). The frequency of the 

 

�

 

944

 

G allele
decreased going from probands to hyperlipidemic relatives,
normolipidemic relatives, and spouses, but this decrease did
not reach the level of significance, whereas the frequency of
the C

 

�

 

1180

 

 allele was similar in the four groups.

 

Effect of sequence heterogeneity
on transcription efficiency

To investigate whether differences in sequence in the
variable upstream region of apoC-III gene promoter affect

the transcriptional activation of the apoC-III promoter, we
generated five different constructs based on various in
vivo occurring haplotypes (Table 2). Extensively charac-
terized apoC-III promoter (�14 to �236) and distal regu-
latory sequences (�237 to �1342) obtained from five ge-
netically different individuals recruited from our FCHL
database were used. Constructs containing one of these
sequences and the reporter firefly luciferase promoter
sequence were used for transient assays in Caco-2 and
HepG2 cells. In all experiments, control constructs con-
taining only the apoC-III promoter sequence (�14 to
�236) were used and set to 100% transcriptional activity.
As shown in Fig. 2, all five promoter constructs showed
similar enhancing capacity of the minimal apoC-III pro-
moter activity. The average transcription efficiency of the en-
hancing promoter sequence was 1941 	 437% in HepG2
cells (Fig. 2A, P 
 0.0001) and 1155 	 646% in Caco-2
cells (Fig. 2B, P 
 0.001). This equals a 19-fold enhancing
capacity in HepG2 cells and an 11-fold enhancing capacity
in Caco-2 cells in our testing system. In Caco-2 cells, clone
C showed a slightly smaller increase in apoC-III transcrip-
tional activity than did clones A and E (P 
 0.05). From
these studies, we can conclude that all the variants present
in the enhancing region of the apoC-III promoter have
similar additional stimulating effects on apoC-III tran-
scriptional activity in vitro.

In an earlier report, it was found that variations in the
insulin response element located between positions �455
and �482 from the start site of the apoC-III gene resulted
in defective in vitro down-regulation of apoC-III transcrip-
tion by insulin (31). In the present study, we investigated
whether additional sequence variations in the enhancer
region resulted in a different insulin-dependent regula-
tion of apoC-III gene transcription. The effect of insulin
on apoC-III promoter activity was tested both in HepG2
and Caco-2 cells using four different promoter constructs
(see Fig. 4 legend). Experiments were performed using
standard culture conditions (see Materials and Methods),
both without FCS and without FCS but with 10�6 M insu-
lin. In HepG2 cells, insulin had no apparent effect on the
minimal apoC-III promoter activity (Fig. 3A). However, in
Caco-2 cells, a 2-fold insulin-dependent increase in apoC-

TABLE 1. Allele frequencies of four markers in the apoC-III–apoA-IV 
intergenic region in familial combined hyperlipidemia

Probands
n � 34

HL rel 
n � 219

NL rel
n � 300

Spouse
n � 236

T�455C
1 0.65 0.68 0.65 0.64
2 0.35 0.32 0.35 0.36

C�482T
1 0.66 0.78 0.77 0.76
2 0.34 0.22 0.23 0.24

G�944A
1 0.92 0.81 0.77 0.76
2 0.08 0.19 0.23 0.24

A�1180C
1 0.52 0.64 0.68 0.65
2 0.48 0.36 0.32 0.35

HL rel, hyperlipidemic relatives; NL rel, normolipidemic relatives.
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Fig. 1. ApoA-I–C-III–A-IV gene cluster located on chromosome 11.

III minimal promoter activity was observed (Fig. 3B). In
HepG2 cells, we observed a 30% insulin-dependent down-
regulation of the maximal apoC-III transcriptional expres-
sion (Fig. 4A, clone A, wild-type haplotype). No additional
effect was observed when any of the variants in the en-
hancer region was present, including the insulin response
element variants at �455 and �482 (clones B–D). If the
clones were grouped on the basis of the presence or ab-
sence of the two insulin variants, as shown in Table 3, no
difference was observed between the two groups. In con-
trast, in Caco-2 cells, an insulin-dependent up-regulation of
apoC-III transcriptional activation of 10% in clone A, 57%
in clone B, 37% in clone C, and 62% in clone D was ob-
served (Fig. 4B), which was again independent of the pres-
ence of the IRE variants (Table 3), although it must be
noted that the increase in transcriptional activity of apoC-
III in the clones containing the IRE variants (clones C and
D) reached the level of statistical significance (P 
 0.005).

DISCUSSION

In the light of an ongoing study on the role of the
apoA-I–C-III–A-IV gene cluster in FCHL, we analyzed the
distal enhancing region of the apoC-III promoter by SSCP
and sequencing to localize new polymorphic sites. Five dif-
ferent polymorphic sites in the enhancer region of the
apoC-III promoter have been described (27). Two single

TABLE 2. Common haplotypes used in the present study based on 
seven different polymorphic sites in the apoC-III promoter region

Clone T�455C C�482T T�625 del G�630A C�641A G�944A A�1180C

A T C T G C G A
B T C T G C A C
C C T — A A G A
D C T — A A G C
E T C — A A G C

Fig. 2. Effect of variations in the enhancing region of the apoC-
III gene on the transcriptional activity of the basal apoC-III pro-
moter in HepG2 cells (A) and Caco-2 cells (B). Composition of the
clones is presented in Table 2. The transcriptional activity of the
minimal promoter alone is set to 100%. Values are expressed as rel-
ative to the levels of the basal promoter and are given as mean 	
standard deviation for at least three independent experiments per-
formed in triplicate. All clones showed a statistically significant en-
hancement versus minimal promoter activity (P 
 0.0001) in both
HepG2 cells and Caco-2 cells. There is no significant difference in the
relative increase in transcriptional activities between the clones in
HepG2 cells. In Caco-2 cells, clone C showed a significantly lower in-
crease in transcriptional activities than did clones A and E (P 
 0.05).
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base pair changes (T�455C and C�482T) were located near
a possible IRE (31, 37, 38). In a population analysis, it was
shown that the haplotype based on the presence of IRE
variants and the S2 allele was associated with increased
risk for hypertriglyceridemia. In a more recent study using
a large sample of individuals from the ARIC study (29), a
similar association was found, but advanced statistical
analysis revealed the dominant role of the SstI polymor-
phism in this haplotype and not the two IRE variants. Sim-
ilar observations were found in a study on the role of the
apoA-I–C-III–A-IV gene cluster in FCHL (30). Analysis of
combinations of haplotypes based on the IRE polymor-
phisms and the SstI and MspI-AI promoter polymorphism
provided further evidence for a dominant role of the SstI
polymorphism as a major susceptibility locus in FCHL
(19). The inclusion of the IRE markers did not improve
genetic informativeness in FCHL. No relationship could
be observed between plasma insulin and plasma apoC-III
and plasma TG levels. It must be mentioned that presence
of type 2 diabetes was an exclusion criterion for ascertain-
ment and participation in our study. However, FCHL is
also characterized by insulin resistance (39) and compen-

satory hyperinsulinemia. It is known that insulin resistance
is frequently associated with increased risk for hypertri-
glyceridemia. However, in most studies, data on plasma
apoC-III levels are lacking (40, 41). It is therefore not
possible to conclude whether or not insulin directly regu-
lates plasma apoC-III levels in vivo. It must be noted that
human apoC-III transgenic mice develop hypertri-
glyceridemia but do not become insulin resistant (42), al-
though on the other hand, in a streptozotocine-treated
mouse model with low insulin levels, hepatic apoC-III
mRNA is up-regulated (38).

In the present study, we identified four new variants
(G�944A, A�1180C, G�1230A, and G�1236T) further upstream
in this region. Genotype analysis of the two variants G�944A
and A�1180C revealed that none of these polymorphic sites
have any additional effect on the expression of the FCHL
phenotype. Haplotype analysis revealed strong linkage dis-
equilibrium between these polymorphic sites and the previ-
ously analyzed SstI and MspI polymorphisms.

The importance of the apoC-III–apoA-IV intergenic re-

Fig. 3. Effect of insulin on minimal transcriptional activity of the
apoC-III promoter. A: HepG2 cells were transiently transfected in
medium containing 20% heat-inactivated fetal calf serum (FCS) or
in medium depleted with FCS or without FCS but with 10�6 M insu-
lin, as indicated in Materials and Methods. B: Caco-2 cells. Cell cul-
ture conditions were the same as those described in A. The values
are means 	 SD for three independent experiments performed in
triplicate. * In Caco-2 cells there is a significant increase in minimal
promoter activity after incubation with insulin (P 
 0.05).

Fig. 4. Effect of insulin on the regulation of the transcriptional
activation of apoC-III promoter. The cell culture conditions were the
same as those described in Fig. 3. A: HepG2 cells. B: Caco-2 cells. The
values are means 	 SD for three independent experiments per-
formed in triplicate. The clones were exactly as described in Table 2.
Black bars represent standard culture conditions, white bars repre-
sent culture medium without FCS, and dashed bars represent culture
medium without FCS plus insulin. The decrease in transcriptional ac-
tivity by insulin in HepG2 cells is statistically significant for all tested
clones (P 
 0.05). In Caco-2 cells, the increase in transcriptional
activity by insulin is significant for clones A, B, and C (P 
 0.05).
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gion for the transcriptional regulation of the apoC-III
gene is well known (43, 44). In this intergenic region, several
putative regulatory elements were identified, contributing
to the intestinal and hepatic transcription of apoC-III
(33). Mutation analysis revealed that different combina-
tions of factors are required for optimal transcription in
hepatic and intestinal cells. The minimal apoC-III pro-
moter has been localized in the �25/�160 sequence and
contains four different protein binding sites (33, 45), in-
cluding a hormone response element at �87/�72 (46).
Complete activation of the apoC-III gene requires addi-
tional elements present in the more distal region between
�500/�800 (43), where two additional hormone re-
sponse elements are present at �673/�648 and �739/
�704 (47).

We investigated in vivo occurring human haplotypes, in-
cluding the FCHL wild-type haplotype (clone A), for their
ability to influence transcriptional activity of the apoC-III
promoter and to further delineate the in vivo regulation
of apoC-III gene expression. ApoC-III is predominantly
expressed in adult liver and to a lesser extent in the intes-
tine. Therefore, in vitro experiments were carried out in
both HepG2 and Caco-2 cells. By testing different apoC-
III haplotypes, including the wild-type haplotype, we dem-
onstrated that apoC-III basal transcriptional activity is en-
hanced independent of sequence variations within this re-
gion. In HepG2 cells a 19-fold increase and in Caco-2 cells a
12-fold increase were observed. Similar results were demon-
strated by Li et al. (31) using an apoC-III promoter con-
struct containing the �455, �482, �625, �640, and �641
variants, although the promoter containing only the �455
and �482 variants showed a slightly, but significantly, higher
(17%) relative CAT activity than the wild-type construct.

The transcriptional regulation of the apoC-III pro-
moter in vitro is known to be regulated by a variety of
agents and several hormones including insulin (38). An
IRE was mapped to polymorphic sites (�482 and �455)
located in the sequence region that plays a role in the reg-
ulation of the apoC-III gene. The homologous apoC-III
constructs that we investigated showed concentration-
dependent insulin-induced suppression of transcription
in HepG2 cells but up-regulation in Caco-2 cells. In con-
trast to a previous study (31), the presence of a minor al-
lele at both polymorphic sites of the IRE locus did not

abolish insulin responsiveness of the apoC-III promoter
compared with the wild-type haplotype. It was not the pur-
pose of the present study to elucidate the role of (combi-
nations of) polymorphic sites. Our approach was to select
and compare naturally occurring apoC-III gene haplo-
types from a highly polymorphic region. In vitro studies
such as the present one provide a good basis to explore
the potential meaning of genetic heterogeneity and
epistasis. However, an in vivo model system is required as
well to thoroughly investigate the functional relevance of
genetic heterogeneity because this depends on fine mod-
ulation in transcription regulation and potentially complex
interactions with other factors that may not be present in
an in vitro cell culture system. It is therefore not surpris-
ing that data obtained in in vitro studies cannot be directly
extrapolated to the human situation as in FCHL.

In summary, these studies demonstrate an insulin-
dependent but cell-type-specific sensitivity of the basal
apoC-III transcriptional activity in vitro that was indepen-
dent of the presence of sequence heterogeneity in this
gene region. Whether an “insulin-resistant” transcriptional
regulation of apoC-III can potentially play a role in the
initiation of abnormalities in lipid metabolism remains to
be determined, but the present data do not contradict an
increased apoC-III transcription in hepatocytes under
insulin-resistant conditions.

This work was supported by grant D94.130 from the Dutch
Heart Association.

 Manuscript received 18 January 2001 and in revised form 23 April 2001.

REFERENCES

1. Cheung, P., F. T. Kao, M. L. Law, C. Jones, T. T. Puck, and L. Chan.
1984. Localization of the structural gene for human apo-
lipoprotein A-I on the long arm of human chromosome 11. Proc.
Natl. Acad. Sci. USA. 81: 508–511.

2. Elshourbagy, N. A., D. W. Walker, Y. K. Paik, M. S. Boguski, M.
Freeman, J. J. Gordon, and J. M. Taylor. 1987. Structure and ex-
pression of the human apolipoprotein A-IV gene. J. Biol. Chem.
262: 7973–7981.

3. Karanthanasis, S. K. 1985. Apolipoprotein multigene family: tan-
dem organization of human apolipoprotein A-I, C-III, A-IV genes.
Proc. Natl. Acad. Sci. USA. 82: 6374–6378.

4. Karanthanasis, S. K., V. I. Zannis, and J. L. Breslow. 1985. Isolation
and characterization of cDNA clones corresponding to two differ-
ent human apo CIII alleles. J. Lipid Res. 26: 451–456.

5. Maeda, N., H. Li, D. Lee, P. Oliver, S. H. Quarfordt, and J. Osada.
1994. Targeted disruption of the apolipoprotein C-III gene in
mice results in hypotriglyceridemia and protection from postpran-
dial hypertriglyceridemia. J. Biol. Chem. 269: 23610–23616.

6. McConathy, W. J., J. C. Gesquiere, H. Bass, A. Tartar, J-C. Fruchart,
and C-S. Wang. 1992. Inhibition of lipoprotein lipase activity by
synthetic peptides of apolipoprotein C-III. J. Lipid Res. 33: 995–1003.

7. Wang, C., W. J. McConathy, H. J. Kloer, and P. Alaupovic. 1985.
Modulation of lipoprotein lipase activity by apolipoproteins. Effect
of apolipoproein C-III. J. Clin. Invest. 75: 384–390.

8. Le, N. A., J. C. Gibson, and H. N. Ginsberg. 1988. Independent
regulation of plasma apolipoprotein C-II and C-III concentrations
in very low density and high density lipoproteins: implications for
the regulation of the catabolism of these lipoproteins. J. Lipid Res.
29: 669–677.

9. Schonfeld, G., P. K. George, J. Miller, P. Reilly, and J. L. Witztum.
1979. Apolipoprotein C-II and C-III levels in hypertriglyceridemia.
Metabolism. 28: 1001–1010.

TABLE 3. Effect of the presence (�/�) or absence (�/�)
of the two variants in the IRE on the insulin-dependent regulation

of apoC-III transcriptional activity

Presence of 
IRE Variants � � � �

Insulina � � � �
HepG2 1,969 	 304 1,282 	 193* 1,815 	 228 1,402 	 210*
Caco-2 1,458 	 623 1,807 	 690* 948 	 332 1,519 	 214**

All data are presented as means 	 SD. Data are presented as per-
centages of transcriptional activity. The transcriptional activity of the
basal apoC-III promoter was set as 100%.

* P 
 0.001, ** P 
 0.005 for the effect of insulin treatment on
transcriptional activity of apoC-III gene expression.

a Insulin is present or absent in the incubation medium.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1456 Journal of Lipid Research Volume 42, 2001

10. Brown, M. S., J. Herz, R. C. Kowal, and J. L. Goldstein. 1991. The
low-density lipoprotein receptor-related protein: double agent or
decoy? Curr. Opin. Lipidol. 2: 65–72.

11. Windler, E., and R. J. Havel. 1985. Inhinitory effects of C apolipo-
proteins from rats and humans on the uptake of triglyceride-rich
lipoproteins and their remnants by the perfused rat liver. J. Lipid
Res. 26: 556–565.

12. Kowal, R. C., J. Herz, K. H. Weisgraber, R. W. Mahley, M. S. Brown,
and J. L. Goldstein. 1992. Opposing effects of apolipoproteins E
and C on lipoprotein binding to low density lipoprotein receptor-
related protein. J. Biol. Chem. 265: 10771–10779.

13. Clavey, V., S. Lestavel-Delattre, C. Copin, J. M. Bard, and J-C. Fruchart.
1995. Modulation of lipoprotein B binding to the LDL receptor by
exogenous lipids and apolipoproteins CI, CII, CIII, and E. Arterio-
scler. Thromb. Vasc. Biol. 15: 963–971.

14. Bruns, G. A. P., S. K. Karanthanasis, and J. L. Breslow. 1984. Human
apolipoprotein A-I-C-III gene complex is located on chromosome
11. Arteriosclerosis. 15: 97–102.

15. Ito, Y., N. Azrolan, A. O’Connell, A. Walsh, and J. L. Breslow. 1990.
Hypertriglyceridemia as a result of human apo CIII gene expres-
sion in transgenic mice. Science. 249: 790–793.

16. Aalto-Setala, K., E. A. Fisher, X. Chen, T. Chajek-Saul, T. Hayek, R.
Zechner, A. Walsh, R. Ramakrishnan, H. N. Ginsberg, and J. L.
Breslow. 1992. Mechanism of hypertriglyceridemia in human apo-
lipoprotein C-III transgenic mice. J. Clin. Invest. 90: 1889–1900.

17. Ordovas, J. M., D. K. Cassidy, F. Civeira, C. L. Bisgaier, and E. J.
Schaefer. 1989. Familial apolipoprotein A-I, C-III, and A-IV defi-
ciency and premature atherosclerosis due to deletion of a gene
complex on chromosome 11. J. Biol. Chem. 264: 16339–16342.

18. Dallinga-Thie, G. M., X. D. Bu, M. V. Trip, J. I. Rotter, A. J. Lusis,
and T. W. A. De Bruin. 1996. Apolipoprotein A-I/C-III/A-IV gene
cluster in familial combined hyperlipidemia: Effects on LDL-cho-
lesterol and apolipoproteins B and C-III. J. Lipid Res. 37: 136–147.

19. Dallinga-Thie, G. M., M. van Linde-Sibenius, J. I. Rotter, R. M.
Cantor, X. Bu, A. J. Lusis, and T. W. A. De Bruin. 1997. Complex
genetic contribution of the Apo AI-CIII-AIV gene cluster to famil-
ial combined hyperlipidemia. Identification of different suscepti-
bility haplotypes. J. Clin. Invest. 99: 953–961.

20. Aouizerat, B. E., H. Allayee, R. M. Cantor, R. C. Davis, C. D. Lanning,
P. Z. Wen, G. M. Dallinga-Thie, T. W. A. De Bruin, J. I. Rotter, and
A. J. Lusis. 1999. A genome scan for familial combined hyperlipid-
emia reveals evidence of linkage with a locus on chromosome 11.
Am. J. Hum. Genet. 65: 397–412.

21. Aouizerat, B. E., H. Allayee, G. M. Dallinga-Thie, R. M. Cantor,
H. R. Vora, A. J. Lusis, J. I. Rotter, and T. W. A. de Bruin. 1997.
Evidence for a multilocus contribution to familial combined hyper-
lipidemia (FCHL). Circulation. 96 (Suppl 1): 545.

22. Rees, A., J. Stocks, C. R. Sharpe, M. A. Vella, C. C. Shoulders, J. Katz,
N. I. Jowett, F. E. Baralle, and D. J. Galton 1985. Deoxyribonucleic
acid polymorphism in the apolipoprotein AI-CIII gene cluster. Asso-
ciation with hypertriglyceridemia. J. Clin. Invest. 76: 1090–1095.

23. Aalto-Setala, K., K. Kontula, T. Sane, M. Nieminen, and E. Nikkila.
1987. DNA polymorphisms of apolipoprotein A-I/C-III and insulin
genes in familial hypertriglyceridemia and coronary heart disease.
Atherosclerosis. 66: 145–152.

24. Tas, S. 1989. Strong association of a single nucleotide substitution
in the 3�-untranslated region of the apolipoprotein-CIII gene with
common hypertriglyceridemia in Arabs. Clin. Chem. 35: 256–259.

25. Ahn, Y. I., R. Valdez, A. P. Reddy, S. A. Cole, K. M. Weiss, and R. E.
Ferrell. 1991. DNA polymorphisms of the apolipoprotein AI/CIII/
AIV gene cluster influence plasma cholesterol and triglyceride lev-
els in the Mayans of the Yucatan Peninsula, Mexico. Hum. Hered.
41: 281–289.

26. Zeng, Q., M. Dammerman, Y. Takada, A. Matsunaga, J. L. Breslow,
and J. Sasaki 1995. An apolipoprotein CIII marker associated with
hypertriglyceridemia in Caucasians also confers increased risk in a
west Japanese population. Hum. Genet. 95: 371–375.

27. Dammerman, M., L. A. Sandkuyl, J. J. Halaas, W. Chung, and J. L.
Breslow. 1993. An apolipoprotein C-III haplotype protective against
hypertriglyceridemia is specified by promotor and 3� untranslated
region polymorphisms. Proc. Natl. Acad. Sci. USA. 90: 4562–4566.

28. Shoulders, C. C., T. T. Grantham, J. D. North, A. Gaspardone, F.
Tomai, A. De Fazio, F. Versaci, P. A. Gioffre, and N. J. Cox. 1996.
Hypertriglyceridemia and the apolipoprotein CIII gene locus: lack
of association with the variant insulin response element in Italian
school children. Hum. Genet. 98: 557–566.

29. Surguchov, A. P., G. P. Page, L. Smith, W. Patsch, and E. Boer-

winkle. 1996. Polymorphic markers in apolipoprotein C-III gene
flanking regions and hypertriglyceridemia. Arterioscler. Thromb.
Vasc. Biol. 16: 941–947.

30. Groenendijk, M., R. M. Cantor, R. N. H. H. C. Blom, J. I. Rotter,
T. W. A. de Bruin, and G. M. Dallinga-Thie. 1999. Association of
plasma lipids and apolipoproteins with the insulin response
element in the apoC-III promoter region in familial combined
hyperlipid-emia. J. Lipid Res. 40: 1036–1044.

31. Li. W. W., M. M. Dammerman, J. D. Smith, S. Metzger, J. L. Breslow,
and T. Leff. 1995. Common genetic variation in the promoter of the
human apo CIII gene abolishes regulation by insulin and may con-
tribute to hypertriglyceridemia. J. Clin. Invest. 96: 2601–2605.

32. Zannis, V. I., D. Kardassis, P. Cardot, M. Hadzopoulou-Cladaras, E. E.
Zanni, and C. Cladaras. 1992. Molecular biology of the human
apolipoprotein genes: gene regulation and structure/function
relationship. Curr. Opin. Lipidol. 3: 96–113.

33. Kardassis, D., M. Laccotripe, I. Talianidis, and V. Zannis. 1996.
Transcriptional regulation of the genes involved in lipoprotein
transport—the role of proximal promoters and long-range regula-
tory elements and factors in apolipoprotein gene regulation. Hy-
pertension. 27: 980–1008.

34. Ginsburg, G. S., J. Ozer, and S. K. Karathanasis. 1995. Intestinal apo-
lipoprotein AI gene transcription is regulated by multiple distinct
DNA elements and is synergistically activated by the orphan nuclear
receptor, hepatocyte nuclear factor 4. J. Clin. Invest. 96: 528–538.

35. Naganawa, S., H. N. Ginsberg, R. M. Glickman, and G. S. Gins-
burg. 1997. Intestinal transcription and synthesis of apolipopro-
tein AI is regulated by five natural polymorphisms upstream of the
apolipoprotein CIII gene. J. Clin. Invest. 99: 1958–1965.

36. Miller, S. A., D. D. Dykes, and H. F. Polesky. 1988. A simple salting
out procedure for extracting DNA from human nucleated cells.
Nucleic Acids Res. 16: 1215.

37. O’Brien, R. M. and D. K. Granner. 1991. Regulation of gene ex-
pression by insulin. Biochem. J. 278: 609–619.

38. Chen, M., J. L. Breslow., W. Li, and T. Leff. 1994. Transcriptional
regulation of the apoC-III gene by insulin in diabetic mice: corre-
lation with changes in plasma triglyceride levels. J. Lipid Res. 35:
1918–1924.

39. Bredie, S. J. H., C. J. J. Tack, P. Smits, and A. F. H. Stalenhoef. 1997.
Nonobese patients with familial combined hyperlipidemia are in-
sulin resistant compared with their nonaffected relatives. Arterio-
scler. Thromb. Vasc. Biol. 17: 1465–1471.

40. Waterworth, D. M., J. Ribalta, V. Nicaud, J. Dallongeville, S. E.
Humphries, P. Talmud, and Group EARS. 1999. ApoCIII gene vari-
ants modulate postprandial response to both glucose and fat toler-
ance tests. Circulation. 99: 1872–1877.

41. Waterworth, D. M., P. J. Talmud, S. R. Bujac, R. M. Fisher, G. J.
Miller, and S. E. Humphries. 2000. Contribution of apolipoprotein
C-III gene variants to determination of triglyceride levels and in-
teraction with smoking in middle-aged men. Arterioscler. Thromb.
Vasc. Biol. 20: 2663–2669.

42. Reaven, G. M., C. E. Mondon, Y-D. I. Chen, and J. L. Breslow. 1994.
Hypertriglyceridemic mice transgenic for the human apolipopro-
tein C-III gene are neither insulin resistant nor hyperinsulinemic.
J. Lipid Res. 35: 820–824.

43. Ogami, K., M. Hadzopoulou-Cladaras, C. Cladaras, and V. I. Zan-
nis. 1990. Promotor elements and factors required for hepatic and
intestinal transcription of the human apo C-III gene. J. Biol. Chem.
265: 9808–9815.

44. Vergnes, L., T. Taniguchi, K. Omori, M. M. Zakin, and A. Ochoa.
1997. The apolipoprotein A-I/C-III/A-IV gene cluster: ApoC-III
and ApoA-IV expression is regulated by two common enhancers.
Biochim. Biophys. Acta Lipids Lipid Metab. 1348: 299–310.

45. Ladias, J. A. A., M. Hadzopoulos-Cladaras, D. Kardassis, P. Cardot,
J. Cheng, V. Zannis, and C. Cladaras. 1992. Transcriptional regula-
tion of human apolipoprotein genes apoB, apoCIII, and apoAII by
members of the steroid hormone receptor superfamily HNF-4,
ARP-1, EAR-2, and EAR-3. J. Biol. Chem. 267: 15849–15860.

46. Lavrentiadou, S. N., M. Hadzopoulos-Cladaras, D. Kardassis, and
V. I. Zannis. 1999. Binding specificity and modulation of the hu-
man apoCIII promoter activity by heterodimers of ligand-depen-
dent nuclear receptors. Biochemistry. 38: 964–975.

47. Talianidis, I., A. Tambakaki, J. Toursounova, and V. I. Zannis. 1995.
Complex interactions between SP1 bound to multiple distal regu-
latory sites and HNF-4 bound to the proximal promoter lead to
transcriptional activation of liver-specific human apoCIII gene.
Biochemistry. 34: 10298–10309.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

