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Abstract

Overexpression of plasma apolipoprotein CIII (apo CIII)
causes hypertriglyceridemia in transgenic mice. A geneti-
cally variant form of the human apo CIII promoter, con-

taining five single base pair changes, has been shown to
be associated with severe hypertriglyceridemia in a patient
population. In animals and in cultured cells the apo CIII
gene is transcriptionally downregulated by insulin. In this
study we demonstrate that, unlike the wild-type promoter,
the variant promoter was defective in its response to insulin
treatment, remaining constitutively active at all concentra-
tions of insulin. The loss of insulin regulation was mapped
to polymorphic sites at -482 and -455, which fall within a

previously identified insulin response element. Loss of insu-
lin regulation could result in overexpression of the apo CIII
gene and contribute to the development of hypertriglyceri-
demia. The variant apo Cmpromoter is common in the
human population and may represent a major contributing
factor to the development of hypertriglyceridemia. (J. Clin.
Invest. 1995. 96:2601-2605.) Key words: transcription, ge-

netic * gene expression regulation * hypertriglyceridemia*
apolipoproteins C * insulin resistance

Introduction

apo CIII is a constituent of triglyceride (TG)' rich lipoproteins
and is an important regulator of plasma TG concentrations (1,
2). Studies in transgenic mice have demonstrated that the level
of apo CIII has a direct and dramatic influence on plasma TG
levels (3, 4). As little as 40% additional apo CIII results in
more than a doubling of plasma TGs. Related findings have
been reported in clinical studies in which apo CIII levels have
been observed to be correlated with elevated plasma TG levels
and delayed clearance of TG-rich lipoproteins (5-7). Finally,
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1. Abbreviations used in this paper: CAT, chloramphenicol acetyltrans-
ferase; TG, triglyceride.

genetic studies have demonstrated a strong association of a
polymorphism in the 3' UTRof the human apo CIII gene with
hypertriglyceridemia in several distinct populations (8-12).
Taken together, these studies strongly suggest that expression
of the apo CIII gene is an important determinant of plasma TG
levels in the human population.

The regulation of apo CIII gene expression appears to occur
primarily at the level of transcription. In liver cells, the tran-
scriptional activity of the gene is regulated by a variety of
agents, including inflammatory cytokines like IL-1 (13) and
hypolipidemic agents such as fibric acids (14). In addition, we
have demonstrated recently that the apo CHI gene is regulated
by insulin in animals and in cultured hepatocytes ( 15 ). In these
studies, treatment of insulin-deficient diabetic mice with insulin
resulted in a 2.5-fold decrease in hepatic apo CIII mRNAlevels
and a corresponding decrease in apo CIII gene transcriptional
activity. In addition, it was shown that insulin treatment of
HepG2 cells transfected with an apo CIII luciferase reporter
construction caused a dose-dependent twofold reduction in apo
CIII transcriptional activity.

Recently, the promoter of the human apo CIII gene was
found to be genetically polymorphic, containing five sites of
single base pair sequence variation between -641 and -455
(Fig. 1). In an association study, a haplotype of the CIII gene
containing all five sequence changes was found to be associated
with an increased risk of hypertriglyceridemia ( 16). One possi-
ble explanation for the association of the variant promoter with
elevated triglycerides is that one or more of these changes in-
creases the transcriptional activity of the apo CIII gene, thereby
causing an increase in apo CIII levels and inducing the develop-
ment of hypertriglyceridemia. The goal of the current study is
to determine if the DNA sequence changes that occur in the
variant promoter cause a change in the transcriptional activity
of the apo CIII gene.

Methods

Plasmids. CATexpression vectors were derived from the puc 18-based
plasmid pKTCII, which contains the bacterial chloramphenicol acetyl-
transferase (CAT) gene under the control of the human apo CIII pro-
moter (17). A derivative of pKTCIII containing apo CIII sequences
-854 to +22 from a human genomic library served as the wild-type
(11111) construction. The 22222 construction was derived from a
cloned PCRamplification product from genomic DNAof a subject with
the 22222 variant. The 22211 and 11122 constructions were made by
exchanging an upstream or downstream restriction fragment cassette
between the 11111 and 22222 parent constructions. Luciferase expres-
sion vectors were derived directly from the apo CIII/CAT vectors by
removal of the KpnI-HindIll fragment containing apo CIII promoter
sequences (-854 to +22) from the 11111, 22222, 11122, and 22211
constructions. These fragments were then inserted upstream of the lucif-
erase coding sequences in the reporter vector pGL2-basic (Promega,
Madison, WI). Construction of 11112 and 11121 promoters was carried
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Table l. Basal Transcriptional Activity of apo CIII Promoter
Variants

Promoter genotype

11111 11122 22211 22222

Relative CAT activity 1.00 1.17 0.96 1.09
(±SD) (±0.09) (±0.18)* (±0.16) (±0.32)

CATactivity (normalized to reference /-gal activity) from different apo
CIII promoter variants transfected into HepG2 cells, expressed relative
to the activity of the wild-type (1111 1) construction. Values are the
means of seven independent experiments performed in triplicate (n
= 21). * Significant difference from the wild-type (11111) construction
(P < 0.0005).

C

-641 -630 -625 -482 -455
Allele

11111 C G T C T
22222 A A - T C

Figure 1. Sequence variation in the human apo CIII promoter. (A) A
schematic representation of the human apo CIII promoter. Hatched
boxes (labeled above) indicate regions that have been shown to interact
with DNAbinding proteins and in some cases have been shown to have
specific transcriptional activity (13, 17, 18, 25). Known transcription
factor interactions are indicated below the line. Arrows indicate location
of the five single base pair polymorphic sites. (B) DNAsequence of
the region of the apo CHI promoter containing the five polymorphic
sites (indicated by asterisks). Shaded bars indicate footprinted regions
(-616/-598, -485/-452). The functional insulin response element
(C3IRE) has been mapped to -490 to -449 (Li, W. W., and T. Leff,
manuscript in preparation). The boxed nucleotides indicate a sequence
similar to the rat PEPCKinsulin response element (15, 26). (C) The
sequence configuration of the most common CIII promoter allele
( 11111 ) and the second most common allele (22222) containing single
nucleotide changes at each of the five sites (16).

out by introduction of single base pair changes into the wild-type
( 1 11 11 ) promoter, using a site-directed mutagenesis kit (Bio Rad Labs.,
Hercules, CA). All constructions were verified by DNAsequencing.

Transfections. Transfection of the apo CHI/CAT expression vectors
into HepG2 cells was carried out as described (18). Transfection effi-
ciency was determined by cotransfection of a /3-galactosidase-express-
ing reference plasmid. apo CIII/luciferase constructions were
transfected into HepG2 cells in 20% confluent 48-well plates using
lipofectin according to the manufacturer's protocol (GIBCO BRL,
Gaithersburg, MD) with 1.375 ttg of DNA per well. Cells were
transfected for 4 h and allowed to recover in MEMplus 10% fetal
bovine serum for 48 h, followed by insulin treatment for 6 h in serum-
free media. Cells were harvested and luciferase activity was measured
and normalized to total protein as described (15). Experiments with
insulin treatment were carried out in the absence of a f-gal internal
reference plasmid. Statistical significance was calculated using the Stu-
dent's two-tailed t test.

Gel shifts. Nuclear extracts were prepared from liver isolated from
hyperglycemic female Sprague-Dawley rats. Hyperglycemia was in-

duced by a 65 mg/kg intravenous injection of streptozotocin 12 d before
time of killing. Liver tissue was disrupted in a Teflon glass homogenizer,
and the cells were lysed in hypotonic buffer. Nuclei were extracted
essentially as described (19). Gel mobility shift assay was performed
as described (17), in the presence of 0.5 mMMgCl2, 0.25 ng labeled
probe (50,000 cpm), and 9 Msg of nuclear extract. Gels were analyzed
on a Molecular Dynamics Phosphorlmager (Sunnyvale, CA).

Results and Discussion

The DNAsequences of the wild-type and variant versions of
the apo CIII promoter are shown in Fig. 1. To determine if
the sequence changes in the variant promoter affect apo CIII
transcriptional activity, we constructed a series of apo CIII pro-

moter/CAT reporter plasmids containing various versions of
the apo CIII promoter. Reporter constructions containing either
the wild-type promoter ( 11111), the variant promoter (22222),
or one of two in vitro generated promoters ( 1 1122 and 22211 )
were transfected into HepG2 cells and the relative CATactivity
was measured. The results (Table I) demonstrate that all four
promoters showed approximately the same activity, although
the promoter containing the variant sequence at the two down-
stream sites (11122) was expressed at a slightly, but signifi-
cantly, higher level than wild-type ( 11111).

Although basal activity was not strongly affected, it re-

mained a possibility that one or more of these changes affected
the ability of the promoter to respond to cellular signals that
modulate apo CIII transcription. Two of the five sites of se-

quence variation (at positions -482 and -455) fall within a

region that has been characterized recently by mutational analy-
sis as a functional insulin response element (Li, W. W., and T.
Leff, manuscript in preparation). In addition, the -455 site is
within a sequence that is similar to an insulin response element
found in the rat PEPCKgene promoter (Fig. 1 B). These obser-
vations suggested that the variant promoter might be defective
in its ability to be downregulated by insulin. To test this possibil-
ity, we transfected a series of apo CIII promoter/luciferase
reporter constructs into HepG2 cells subsequently treated with
increasing concentrations of insulin. The wild-type promoter
(11111) and the recombinant promoter containing the wild-
type sequence at the two downstream sites (2221 1 ) were down-
regulated approximately twofold by insulin in a dose-dependent
manner (Fig. 2). The degree of downregulation was consistent
with that observed in animal studies (15). In contrast, both
the variant (22222) promoter and the recombinant promoter
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Figure 2. Regulation of apo CIII promoter variants by insulin. (A) Relative transcriptional activity of wild-type and variant promoter-reporter
constructs transfected into HepG2 cells in the presence of different concentrations of insulin. The genotype of the promoter is indicated in the upper

corner of each panel according to Fig. 1 C. Data are presented as the percentage of the mean of the vehicle (no-insulin) control. Each point
represents the mean of 6-12 replicates, ±standard error. (B) Comparison of the effect of 1 AMinsulin on the transcriptional activity of each apo

CIII promoter configuration. Data are presented as percent repression of transcriptional activity relative to the vehicle (no-insulin) control for each
construction. Each point represents the mean of at least three independent experiments (4-12 replicates each) ±standard error. The asterisk indicates
significant difference between transcriptional activity in insulin versus vehicle (P < 0.005).

containing the variant sequence at the two downstream sites
(11122) were defective in their response to insulin treatment,
remaining at elevated levels at all doses of insulin (Fig. 2),
indicating that the defective insulin response is due to changes
at the two downstream sites. To determine if variation at one

or both of these sites is responsible for the loss of insulin regula-
tion, each was individually reconstructed into the wild-type pro-

moter background and transfected into HepG2 cells. Neither
the 11121 nor the 11112 construction was responsive to insulin
treatment (Fig. 2), demonstrating that a single base pair change
at either the -482 site or the -455 site is sufficient to abolish
the insulin responsiveness of the apo CIII promoter.

These findings suggest that a subject with a variant promoter
would have an apo CIII gene that was not properly downregu-
lated by insulin. In an otherwise insulin-responsive subject, this
would result in a relative overexpression of the apo CIII gene,

leading to increased susceptibility to the development of hyper-
triglyceridemia. It may be significant that several of the variant
constructions show a mild dose-dependent stimulation of tran-

scription by insulin (22222, 11122, and 11 121, Fig. 2 A) and
increased basal transcriptional activity ( 11122, Table I). These
changes could further increase apo CIII production in patients
containing a variant allele. The possibility that the variant pro-

moter configuration could lead to overexpression of the apo

CIII gene and a tendency to develop hypertriglyceridemia is
consistent with results from a previous genetic association study
(16). In this study apo CIII alleles consisting of the 22222 or

22212 promoter variants, and the less common (S2) allele of
a polymorphic SstI site in the 3' UTR of the apo CIII gene,

were associated with an increased risk of hypertriglyceridemia.
These findings suggest that, in at least some genetic back-
grounds, the variant apo CIII promoter may contribute to the
development of hypertriglyceridemia.

A possible explanation for the loss of insulin regulation by
the variant promoter is a reduced affinity for the transcription
factors that mediate the insulin response. To test this possibility,
we compared the ability of the wild-type and variant versions
of the insulin response element (C3IRE; -485 to -450) to
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Competitor Figure 3. The variant se-
quence at the -455 site

a)
L

reduces the affinity of
- 0 LoA Ad o C3IRE-specific DNA
Z z at CJ binding proteins. Gel
-_*___ mobility shift assay was

performed with a wild-
type DNAprobe (-485
to -450) representing
the C3IRE and rat liver
nuclear extract. A 200-
fold molar excess of un-

C1_I labeled competitor oligo-
nucleotide was included

D1_ - in the reactions as indi-
cated. WT is the C3IRE
oligonucleotide from
-485 to -450 (self-
competition); NS is an
unrelated (nonspecific)
oligonucleotide; -482
and -455 are versions of
the C3IRE oligonucleo-
tide which contain the
variant sequence at either
-482 or -455, respec-
tively; Double is the
C3IRE oligonucleotide

1 2 3 4 5 6 7 containing the variant se-

quence at both the -482
and the -455 sites. The

two primary DNAbinding protein activities in this extract (which was
prepared from hyperglycemic animals), DI and Cl, are indicated. Simi-
lar results were obtained in experiments carried out with rat liver nuclear
extracts prepared from normal animals; except that these extracts do
not contain the Dl binding activity (data not shown).

interact with specific DNAbinding proteins in rat liver nuclear
extracts. As presented in Fig. 3, two DNAbinding activities
interacted with an oligonucleotide probe representing the
C3IRE. The binding of these two proteins could be completed
by the wild-type oligonucleotide (self-competition), but not by
the same amount of a variant oligonucleotide containing either
a single base pair change at -455 or the double change (-455
and -482) (Fig. 3, lanes 3, 5, and 7). In contrast, the C3IRE
oligonucleotide containing the single base pair change at -482
was nearly as good a competitor as the wild-type oligonucleo-
tide (Fig. 3, lanes 3 and 6), indicating that the change at -482
did not affect the binding of these two proteins to the C3IRE.
This was an unexpected result in light of the clear transcriptional
effect of a sequence change at the -482 site (Fig. 2). It is
possible that the transcription factors interacting with sequences
around the -482 site in vivo are not present in our nuclear
extract preparations. It should be noted that, in the human popu-
lation, the -482 sequence variant rarely appears without the
-455 sequence variant ( 16). For this reason the in vitro behav-
ior of the isolated -482 mutation is of limited significance with
regard to the role of the variant promoter in human physiology.
Taken together, these results demonstrate that a single base pair
change at the -455 site reduces the affinity of the C3IRE for
specific DNAbinding proteins, and provides a potential expla-
nation for the inability of the variant apo CIII promoter allele
to respond to insulin.

Several instances of inherited defects in transcriptional regu-

lation have been described (for examples see references 20-
23). The variation in the promoter of the apo CIII gene is, to
our knowledge, the first example of a genetic polymorphism in
an insulin response element. The defective apo CIII insulin
response element can be considered an example of insulin resis-
tance at the level of the gene. Although overexpression of hu-
man apo CIII does not cause diabetes in transgenic mice (24),
the paradigm of insulin resistance at the transcriptional level,
as exemplified by apo CIII promoter, may prove applicable to
other genes. Insulin-resistant transcriptional regulation of genes
directly involved in glucose metabolism could potentially play
a role in the development of general insulin resistance and non-
insulin-dependent diabetes mellitus.
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