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Abstract We previously reported a compound heterozygote 
[T( -39)C/T( -93)G] in the human lipoprotein lipase (LPL) 
gene promoter in one out of 19 patients with familial com- 
bined hyperlipidemia (FCHL) and reduced post-heparin 
plasma LPL levels. The T( -39)C substitution resulted in 85% 
decrease in LPL promoter activity. Further screening of Cau- 
casian patients with FCHL, coronary artery disease (CAD), 
and of unselected Caucasian subjects revealed four additional 
LPL promoter variants. Among the same 19 FCHL patients 
with reduced LPL levels, we found one heterozygote for a 
G(-53)C substitution. Among 115 CAD patients, we found 
five heterozygotes and one homozygote for the T( -93)G sub 
stitution and one heterozygote for a CC insertion between 
+ 13 and + 19 of the 5’ untranslated region. In a group of 183 
unselected subjects, three heterozygotes with the T( -93)G 
substitution were found. The G(-53)C substitution led to ap- 
proximately 70-75% decrease in promoter activity as assayed 
by transient transfections of THP-1 (macrophage-like) and 
C2C12 (myotube-like) cells. The T( -93)G substitution re- 
sulted in reduction of promoter activity by approximately 40- 
50%. The CC insertion between + 13 and + 19 caused a de- 
crease in promoter activity by 20% in THP-1 and 50% in 
C2C12. Substitutions at -79 and -95, which had no effect 
on promoter function, were also discovered in the population 
samples studied.II The finding of two promoter mutations 
(-39 and -53) among 19 FCHL patients with diminished 
LPL, but not among the other groups of subjects, suggests a 
potential role of regulatory mutations of the LPL gene in the 
development of dyslipidemia in FCHL.-Yang, W-S., D.N. 
Nevin, L. Iwasaki, R Peng, B.G. Brown, J.D. Brunzell, and 
S.S. Deeb. Regulatory mutations in the human lipoprotein li- 
pase gene in patients with familial combined hyperlipidemia 
and coronary artery disease.J. Lipid Res. 1996. 37: 2627-2637. 
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Lipoprotein lipase (LPL) catalyzes the hydrolysis of 
core triglycerides of chylomicrons and very low density 
lipoproteins. Free fatty acids are generated as the result 
of this hydrolysis and can be either taken up and uti- 
lized as a source of energy or  re-esterified for storage 
in adipose tissue. Independent of its lipolytic activity, 

LPL also facilitates the uptake of a variety of lipopro- 
teins by many different cell types through receptorde- 
pendent or receptor-independent pathways (for review, 
see ref. 1). LPL is synthesized by many tissues, including 
adipose tissue, skeletal and cardiac muscle, lactating 
mammary gland, and macrophages. The expression of 
LPL in these tissues is regulated by various physiological 
factors such as fasting/feeding, hormones, and pro-in- 
flammatory cytokines (for review, see ref. 2) .  More than 
40 different LPL structural mutations have been identi- 
fied in patients with familial LPL deficiency, a rare au- 
tosomal recessive disorder characterized by fasting chy- 
lomicronemia, extreme hypertriglyeridemia, eruptive 
xanthoma, and recurrent pancreatitis (3, 4). The fre- 
quency of carriers of structural mutant alleles was es- 
timated to be 1 in 500 individuals in the general 
population (4). There is evidence to suggest that heter- 
ozygosity for LPL deficiency may also underlie some 
common lipid disorders, such as familial combined hy- 
perlipidemia (FCHL) , thereby contributing to the 
pathogenesis of atherosclerosis (5-10). 

Familial combined hyperlipidemia (FCHL) (1 1-13), 
a common inherited lipid disorder with a prevalence 
rate of 1-2% in the general population, was observed 
in at least 10-20% of the patients with premature coro- 
nary artery disease (CAD) (11, 14). FCHL is character- 
ized by an increase of plasma apoB concentration as 
well as elevated plasma triglyceride and/or cholesterol 
in multiple individuals of the affected family (15). It has 
been proposed that FCHL is heterogeneous and oligo- 
genic in etiology (7, 16). Despite intensive investigation, 
the genetic basis for FCHL still remains elusive (15). 

Abbreviations: LPL, lipoprotein lipase; FCHL, familial combined 
hyperlipidemia; CAD, coronary artery disease; VLDL, very low density 
lipoprotein; apo, apolipoprotein; nt, nucleotide. 
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Wilson, Edwards, and  Chan (5) reported  that  the lipid 
and lipoprotein  profiles of heterozygous relatives of an 
LPL-deficient proband  in  an  extended  pedigree resem- 
bled  those of patients with FCHL (5). Babirak, Brown, 
and Brunzell (’7) found  that 20 of 56 (36%) FCHL pa- 
tients had  reduced levels of post-heparin plasma LPI, 
activity and mass in  the same  range as did obligate  het- 
erozygotes of LPL deficiency. Taken  together,  these re- 
sults suggest that heterozygosity for LPI, deficiency may 
contribute to the  development of FCHL. Two studies 
have been  conducted to address this question. Ncvin, 
Brunzell, and Deeb (17) found  no structural  mutation 
affecting LPL catalytic activity among 20 FCHL patients 
who had half the  normal levels  of LPI, activity, whilc 
Gagni  et al. (18) observed one LPL mutant allele, 
Gly188Glu, among 31 French  Canadian FCHL patients 
with unknown LPL letds. 

Owing to the rarity of  LPL structural  mutations 
among FCHL patients, we previously hypothesized  that 
mutations  in  regulatory  sequences of the LPI, gene 
might  be associated with this disorder. In an initial 
screen of 20 FCHL patients who had  diminished LPI, 
levels, one was found  to be  a compound heterozygote 
for  [T( -39)C:/T( -93)Gl substitutions  (19, 20).  Thc 
-39  substitution was located within an Oct-I  binding 
site and decreased  the  promoter activity by at least 85% 
in  transient  transfection  experiments.  In view of this 
finding, we systematically searched  for  additional regu- 
latory sequence variants among FCHL patients as  well  as 
among  patients with CAD; unselected  medical  student5 
and unselected  subjects served as controls. We show 
that LPL regulatory sequence variants are  not  rare  and 
might be one of the factors that  contribute t o  the devel- 
opment of FCHL and atherosclerosis. 

SUBJECTS  AND METHODS 

Subjects 

The subjects screened  for LPL promoter variants 
were Caucasians recruited  from  the Seattle area.  These 
included 19 subjects with FCHL and half-normal levels 
of post-heparin plasma LPL activity and mass, 20 sub- 
jects with FCHL and normal levels of LPL, and I 15 pa- 
tients with angiographically  proven CAD. As a control, 
DNA samples of groups of 120 unselected  medical  stu- 
dents  and  another 63 unselected subjects at  the Univer- 
sity of Washington were screened. One of the 20 suh- 
jects with FCHL and low LPL described  in  previous 
reports is non-Caucasian and is not included  in  this re- 
port ( 1  7,19,20).  The lipoprotein  profile and post-hepa- 
rin plasma LPL activity and mass for all FCHL patients 
have been  reported  in detail (7). The post-heparin 
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plasma LPL  activity and mass of the subject with the 
-53 substitution are 61 nmol/min  per ml and 42 ng/ 
rnl, respectively. The LPL  activity and mass of the sub- 
ject carrying -39/-93 substitutions are  85  nmol/min 
per ml and 73 ng/ml, respectively. The mean LPL  activ- 
ity and mass of 127  normal subjects are 214 ? 86  nmol/ 
min per ml and 221 i 109 ng/ml, respectively. I n -  
formed  consent was obtained  according  to  the  proce- 
dures  approved by the University of Washington  Hu- 
man  Subjects Review Committee. 

Single-strand conformation polymorphism (SSCP), 
direct  sequencing  of  amplified DNA, 
and  restriction analysis 

Genomic DNA  was prepared  from  peripheral blood 
leukocytes by the  proteinase  K/phenol  method  on  an 
Applied Biosystems model 340A nucleic  acid  extractor 
according  to  the  manufacturer’s  protocol. A 564 bp seg- 
ment of the LPL promoter  extending  from  nucleotide 
(nt.) -519 to +45  (according to the  numbering in ref. 
21) was amplified by the polymerase chain  reaction 
(PCR)  using  primers R11 and FP-3 (Table l ) ,  digested 
into  three  fragments with Snu3AI and subjected to SSCP 
analysis essentially as described (19, 20). The previously 
identified promoter variant at position -39 was 
screened  for as  follows: A 156 bp fragment  from nt. 
-103 to +45 was amplified with primers K17 and FP-3 
(Table 1 ), followed by electrophoresis on a 1X  MDE gel 
(J.T. Baker Inc.,  Phillipburg, NJ) as previously de- 
scribed (19,  20). As a positive control,  the PCR product 
amplified  from  genomic DNA o f  the  patient who car- 
ried the n t .  -39 mutation ~7as used in this SSCP analysis. 

Direct  sequencing of the PCR-amplified DNA was es- 
sentially as described ( 2 2 ) .  Direct sequencing of  the (.X: 
insertion gave overlapping  patterns  staggered by two 
nucleotides. The  sequence of this mutation was con- 
firmed using the  cloned  fragment as template. 

Presence of the -53  and -93 substitutions was con- 
firmed by restriction enzyme analysis as  follows. A 370 
bp fragment  (from  nt. -325 to +45) was amplified with 
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primers R12 and FP-3, using total genomic DNA as tem- 
plate (Table 1). Amplified DNA was subjected to Sau3A 
I and Apa I digestion, respectively for screening for the 
-53 and -93 substitutions, prior to electrophoresis on 
a 3% agarose gel. 

Cloning of the LPL promoter sequences into the 
luciferase reporter vector 

Wild-type and variant promoter sequences amplified 
by PCR were cloned into the luciferase reporter vector, 
pXPl (ATCC #37576, ref. 23). In order to clone the 
variant alleles with the base substitutions at nt. -53 and 
-79, primers R17 and R18 (Table 1) were used to am- 
plify a segment of the LPL promoter extending from 
nt. -103 to +20. The PCR condition and the cloning 
procedure were essentially as described (19). A second 
set of primers, R6C and R18 (Table 1) was used to am- 
plify a segment from nt. -144 tc +20 for cloning the 
alleles with the sequence variation at nt. -93 or -95. As 
primer R18 has a Hind 111 site at its 5’ end, the amplified 
fragment was digested with Hind 111, purified by electro- 
phoresis, and cloned into the Sma I and Hind I11 sites 
of pXPl vector. A third set of primers, R17 and FP-3 
(Table 1) was used to amplify a fragment from nt. - 103 
to +45 for cloning the variant with dinucleotide inser- 
tion between nt. f 1 3  and +19. This fragment was 
cloned into the Sma I site of pXP1. The cloned variants 
and their corresponding wild-type LPL promoter seg- 
ments were verified by sequencing. Plasmid DNA for 
transfection experiments was prepared using a Qiagen 
Plasmid Kit (Qiagen Inc., Chatsworth, CA). 

Cell culture and transient transfection 

THP-1 cells were cultured in RPMI 1640 supple- 
mented with 10% fetal calf serum and 2 mM L-glutamine 
(24). Transfection of THP-1 cells was performed by the 
DEAE-dextran method basically as described (19, 25). 
Induction of the LPL promoter activitywith PMA (phor- 
bo1 12-myristate 13-acetate) and/or dibutyryl-cAMP 
(dbcAMP) plus isobutyl methylxanthine (IBMX) was re- 
ported previously (19). Cell harvest, luciferase (26), p 
galactosidase (27), and Bradford assay for protein con- 
centration (28) have been described in detail (19). 

The mouse myoblast cell line, C2C12-F3 (29) was 
maintained in Dulbecco’s modified Eagle’s medium 
supplemented with 20% fetal calf serum and 2 mM L- 
glutamine (30). The cells were transfected using the cal- 
cium phosphate method (31). Six hours prior to trans- 
fection, the cells were plated at a density of approxi- 
mately 80% confluence in a 22-mm plate with 1 ml of 
medium. The DNA/calcium phosphate co-precipitate 
was prepared as follows. Fifty pl of 0.248 M calcium chlo- 
ride containing 2 pg of luciferase reporter plasmid DNA 
and 0.5 pg of co-transfecting lacZ reporter plasmid 

DNA (pnCMVlacF) was added dropwise to 50 pl of 2 X  
HBS (50 mM HEPES, pH 7.1, 280 mM NaCl, 1.5 mM 
NaeHP04), with constant vortexing. The DNA/calcium 
phosphate solution was incubated at room temperature 
for 30 min and then added dropwise to the cells. After 
overnight incubation at 37°C with 5% COP, the medium 
containing DNA/calcium phosphate was replaced with 
1 ml fresh culture medium. The cells were incubated 
for another 24 h before harvest for luciferase, P-galac- 
tosidase and Bradford assays. 

RESULTS 

LPL regulatory sequence variants and their frequency 
among patients and controls 

SSCP analysis was used to detect sequence variants in 
a 515 bp region extending from nucleotide (nt.) -496 
of the promoter to +19 of exon 1 of the LPL gene. 
DNA from 39 FCHL patients (19 with diminished post- 
heparin plasma LPL activity and 20 with normal levels), 
115 patients with coronary artery disease (CAD), and 
183 unselected ostensibly normal subjects was analyzed. 
Among the 19 FCHL patients with low LPL, one was 
heterozygous for an Asp9Asn substitution and three 
were heterozygous for a two amino acid truncation 
( 17). These alterations in the coding sequence are 
known not to affect catalytic activity of LPL (32, 33). 

Among the 19 FCHL patients with reduced LPL activ- 
ity, we found three with novel LPL promoter variants 
(Table 2) ,  in addition to the previously reported com- 
pound heterozygote with the [T-39)C/T( -93)Gl sub- 
stitutions (19, 20). One was a heterozygote for a G+C 
substitution at nt. -53 (Fig. 1 and Fig. 2) and two were 
heterozygotes for a G+T substitution at nt. -95. Two 
of the 20 FCHL patients who had normal LPL levels 
were found to have variant alleles in this region of the 
promoter, one being heterozygous for a T+G substitu- 
tion at nt. -79 (Table 2, Fig. 1) and the other being 
heterozygous for the G+T substitution at nt. -95 (Ta- 
ble 2, Fig. l ) .  

Among the 115 CAD patients, we found 6 who carried 
the T+G substitution at nt. -93 (one homozygote and 
5 heterozygotes) (Table 2, Fig. 1 and Fig. 3) ,  two who 
were heterozygotes for the G+T substitution at nt. -95 
(Table 2, Fig. l ) ,  and one who was heterozygous for a 
dinucleotide (CC) insertion into a stretch of 5 C’s be- 
tween nt. +13 and + 19 of the 5’ untranslated region 
of the exon 1 (Table 2, Fig. 1 and Fig. 4). 

Among the unselected controls (120 medical stu- 
dents and 63 other subjects), three were heterozygous 
for the T+G substitution at nt. -93 (Table 2, Fig. 1 and 
3) and one was heterozygous for the G+T substitution 
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TABLE 2. The frequency of individuals with the L.PI. regulatoq sequencc viiri;ints 
~ - . .  . - ~ ~ ~ ~ - - .  . - ~ - ~ ~ ~ ~ ~ - .  . . ~ ~  -.__ ~ - . .  -~ -,.. . ~~~~ ~~ 

- - . ~ - ~ ~ _  - -. . ~ ~~~ 

F(ii41, alld 1 / 2  1.1'1. F(:I 11. and NI.1'1 (:AI) (:oiitrola 
Position Sequence C:harigc (11 = 19) ( I 1  = " 0 )  ( I 1  = 115) ( I 1  = 1x3) 

- 95 C, + T 2 ( 10.5) " I (5.0) I' 2 (1.7)' l (O.5)"  
- 93 'r -+ c: I ( 5 3 ) '  0 t i  (5.2)'  3 ( I . t i ) <  
~ 79 T + (; 0 l ( 5 . 0 ) "  0 0 
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FCHL, familial combined hyperlipidemia; I / ?  LPL, half normal levels of LPL; NLPL, normal levels o f  
LPL; CAD, coronary artery disease; n, number of individuals. The identification numbers (DNA samples) of 
the subjects carrying each of the substitutions arc as follows: "2C1613, LC.3038; "C1583; '1<;247,lC347; "M1126; 

; 'CI2227, IC'L74, 1C327.5, 1C.293, 1 C320,  1C342; aM640, M1097, HC2422; *CI2422; '1,<;1256; U 3 0 4 0 ;  

at nt. -95 (Table 2, Fig. 1). The T to G substitution at 
nt. -93 was of special interest, because it seemed to be 
relatively common. The allele frequency of this variant 
was 0.026 (1/38) in FCHL patients who had low LPL, 
0.030 (7/230) in CAD patients and 0.008 (3/366) in 
unselected controls. The difference in allele frequency 
between the CAD group and controls was borderline in 
statistical significance (one-tailed P = 0.044, two-tailed 
P = 0.051, Fisher's exact test). It is notable that the -93 
substitution and Asp9Asn are in complete linkage dis- 
equilibrium (n = 10). 

Promoter activity of the LPL regulatory 
sequence variants 

The functional consequences of the regulatory se- 
quence variants were investigated by transient transfec- 

tion of the human monocytic leukemic cell line THP- 
1 and the mouse myoblast cell line C2C12 with plasmid 
DNA containing wild-type or variant LPL promoter se- 
quences driving expression of the luciferase reporter 
gene. We have shown that the proximal 103 base pairs 
of the human LPL promoter that contain a TATA-like 
box, CCAAT box, Oct-1 and Spl binding sites have max- 
imal basal promoter activity in THP-1 and approxi- 
mately 25% of maximal basal promoter activity in 
C2C12 cells (W-S. Yang and S.S. Deeb, unpublished re- 
sults). Therefore, all the LPL promoter constructs in 
this study contain at least the proximal 103 base pairs 
of the LPL promoter and 20 base pairs of'the 5' untrans- 
lated region. A plasmid with the CMV promoter/en- 
hancer driving expression of the lacZ reporter gene was 
co-transfected into the cells in order to correct for trans- 

T G  G 

-70 
T I  (1) t 

TGAATTTAGGTCCCTCCCCCCAACTTATGATTTT 

C C 
(2) T (3) T 

ATAGCCAATAGGTGATGAGGTTTATTTGCATATTT -35 

-1 
(4) 

CCAGTCACATAAGCAGCCTTGGCGTGAAAACAGT 

gtcagactcgattc ccctc +20 7 * 

Fig. 1. Sequence of the proximal promote1 of the human LPL gene. The underlined sequences are (1) in- 
verted GA box, (?) C U T  box, ( 3 )  Oct-1 binding site, and (4) TATA-like box. The major transcription start 
site is indicated with an asterisk. Exon 1 sequence is shown in lower case. The nucleotides in bold are conserved 
among the human, mouse, and rhicken LPL promoters. 
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Fq. 4. Detection of the WCsubstitution at n t  -53. 
(A) Autoradiograph of an SSCP gel showing migra- 
tion patterns of singlestrand DNA fragments of a sub 
jectwith wild-type alleles (N/N)  and of a heterozygote 
for the W C  substitution at n t  -53 (-53/N). Vari- 
ant bands are indicated by arrows. A 564 bp fragment 
extending from n t  -519 to n t  +45 was PCR ampli- 
fied and digested with SuUSA I prior to electrophoresis 
on a 5% nondenaturing acrylamide gel. (B) Autora- 
diograph of a gel showing the sequence of a subject 
heterozygous for a W C  substitution at -53 (indi- 
cated by an asterisk). Sequencing was performed on 
PCR amplified DNA using total genomic DNA as tem- 
plate. (C) Photograph of an agarose gel showing mi- 
gration patterns of PCR-amplified DNA fragments of 
subjects heterozygous for the -53 substitution (lane 
1) and homozygous for wild-type alleles (lane 2), 
along with 100 bp ladder (lane 3). A 370 bp fragment 
(from nt. -325 to +45) was amplified. using total ge- 
nomic DNA as template. then digested with SnuSA I 
prior to electrophoresison a 3% agarose gel. The wild- 
type allele shows two fragments of 180 and 190 bp. 
The mutant allele shows three fragments of 81, 99. 
and 190 bp. 

fection efficiency. Both THP-1 and C2C12 cell lines 
were shown to express endogenous LPL (24; S.S. Deeb 
and R. Peng, unpublished observation). Transient 
transfection assays in THP-1 cells were performed un- 
der four different conditions: I) in the presence of PMA 
alone; 2) in the presence of dbcAMP plus IBMX, 3) in 
the presence of both PMA and dbcAMP plus IBMX, and 
4) in the absence of both. PMA is known to induce THP- 
1 cells to differentiate into macrophage-like cells and 
to markedly activate transcription of the LPL gene (24). 
Cyclic AMP is also known to induce transcription of the 
LPL gene in these cells (S.S. Deeb et al., unpublished 
observation). The promoter activity in C2C12 was as- 
sayed after partial differentiation (approximately 50%) 
into myotubes. 

MCsubstitution at nucleoti& -53. Plasmid constructs 
containing the LPL promoters from nt. -103 to +20 
with wild-type or variant sequences were transfected 
into THP-1 and C2C12 cells. This substitution reduced 
the LPL promoter activity to approximately 30% of wild- 
type in THP-1 under all four different conditions de- 
scribed above, and to approximately 25% of wild-type 
in C2C12 cells (Fig. 5). Nucleotide -53 is located be- 
tween the CCAAT (nt. -65 to -61) and Oct-l (nt. -46 

to -39) motifs and is conserved among the human, 
mouse, and chicken LPL promoters (Fig. 1) (34, 35). 
This C+C substitution at -53 creates a new Sau3A I 
site (5’-GATG3’, -56 to -53) (Fig. 2C). 
T+G substitution at nucleotide - 93. Plasmid constructs 

containing the LPL promoters from nt. -144 to +20 
with wild-type or variant sequences were transfected 
into THP-I and C2C12 cells. This T+G substitution re- 
duced the promoter activity to approximately 60% of 
wild-type in THP-1 under the four different conditions 
described above and to approximately 50% of wild-type 
in C2C12 (Fig. 6). The nucleotide T at -93 is not con- 
served among the human, mouse, and chicken LPL pro- 
moters. In fact, it is G instead of T at this position in 
both mouse and chicken LPL promoters (Fig. 1) (34, 
35). This T+G substitution at -93 destroys an Avu I1 
site (5’-GGTCG3’, from nt. -95 to -91) and creates an 
Apu I site (5’-CCXXCG3’, from nt. -95 to -90). The 
presence of this substitution in subjects carrying this 
variant was also confirmed by restriction analysis (Fig. 
3C). 

Dinucleotide (CC) insertion between nucleotide +I3 and 
+ I9 in the 5’ untranslated region of exon 1. Plasmid con- 
structs containing the LPL promoters from nt. -103 to 
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Fig. 3. Detection of the T-C substitution at nt. -93. (A) Autoradiopph of an SSCP gel showing m i p t i o n  patterns of single-strand DNA 
fragments from a subject with normal alleles (N/N) and from a heteroygote for the T-G substitution at nt. -9.7 (-93/N). Variant bands 
are indicated hy arrows. SSCP was performed as descrihed in Fig. 2. (R) hu to rad iopph  of a gel showing the sequence of two subjects, one 
heterozygous (-93/N) and the other homozygous (-9.7/-9.7) for the T -S  substitution at -9.7 (indicated hy an asterisk). Sequencing was 
performed on PCR amplified DNA using total genomic DNA as template. (C) Photograph of an agarose gel showing migration patterns of 
PCR-amplified DNA fragments of subjects homoygous for the -93 substitution (lane 1 ) .  hetero7ygous for the -9.7 substitution (lane 2). and 
homozygous for wild-tvpe alleles (lane 3). along with 100 bp ladder (lane 4). A 370 hp fragment (from nt. -92.5 to +45) was  amplified, using 
total genomic DNA as template, then digested with Apa I prior to electrophoresis on a 3% agarose gel. The wild-type allele shows two fragments 
of 90 and 280 hp. The mutant allele shows three fragments of 90.99. and 181 hp 
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Fig. 4. Detection of the 2 C insertion hetween nt. + 13 and + 19. (A) Autoradiograph of SSCP gels showing 
migration patterns of single-stranded DNA amplified from a normal subject ( N / S )  and from a heterozygote 
for the 2C insertion hetween nt. + 1.7 and + 19 of exon I (+2C/N). The mriant hands are indicated hv arrows. 
(R)  Autoradiograph of gels showing the .sequence of a normal allele (N) and a mutant allele with 2C insertion 
hetween nt. +I3 and +19 (+2C). Sequencing was performed on the pXPl vector plasmid DNA containing 
the wild-type or  mutant promoter alleles. 
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Fig. 5. Activity of the LPL promoter with the G+C substitution at nt. -53. Wild-type and mutant promoters 
(from nt. -103 to +20) driving expression of the luciferase gene were transfected into THP-1 and (2,3212 
cells. The activity in THP-1 cells was assayed in undifferentiated, PMAdifferentiated, undifferentiated but 
dbcAMP-IBMX treated, or PMAdifferen tiated plus dbcAMP-IBMX treated cells. All values were corrected for 
transfection efficiency. The data using THP-1 represent means and standard errors (SE) of 9 independent 
transfections from three separate experiments, using two different DNA preparations. The data using C2C12 
represent means and SE of 22 independent transfections from 9 separate experiments, using three different 
DNA preparations. ** P < 0.01 (t-test) 

+45 with wild-type or variant sequences were 
transfected into THP-1 and C2C12 cells. This dinucleo- 
tide insertion reduced promoter activity to approxi- 
mately 80% of wild-type in THP-1 under the four differ- 
ent conditions described above and to approximately 
50% of wild-type in C2C12 (Fig. 7). The stretch of 5 Cs 
into which the CC insertion took place is not conserved 
among the human, mouse, and chicken LPL promoters 
(Fig. 1) (34, 35). This stretch of C’s is located in close 
proximity (8 to 13 nucleotides way) to the major and 
minor transcription start sites of the human LPL gene 

T+G substitution at nucleotide - 79 and the G-+ Tsubsti- 
tution at nucleotide - 95 did not afect promoter activity. The 
promoters with these variants were demonstrated to be 
functionally equivalent to wild-type promoter by tran- 
sient transfection assays in both THP-1 and C2C12 (for 
base substitution at -79, 104 2 30% of wild-type in 
THP-1 and 96 -C 35% of wild-type in C2C12; for base 
substitution at -95, 110 2 17% of wild-type in THP-1 

(21).  

and 97 t 5% ofwild-type in C2C12). The T at position 
-79 and the G at -95 are not conserved among the 
human, mouse, and chicken LPL promoters (Fig. 1) 
(34, 35). 

DISCUSSION 

The main objective of this study was to determine 
whether or not LPL promoter mutations underlie the 
partial LPL deficiency observed in a subset of FCHL pa- 
tients. In an earlier report, the same FCHL patients 
were found not to have any LPL structural mutations 
that affect the catalytic activity (17). We have found 
three promoter variants (base substitutions at nt. -39, 
-53, and -93) in the 19 FCHL patients with reduced 
plasma LPL activity. These variants significantly re- 
duced promoter activity in transient transfection assays 
in both THP-1 and C2C12 cells. In contrast, the -39 
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Fig. 6. Activity of the LPL, promott:r with the T+G substitution at nt. -93. Wild-type and nilitant promoters 
(from 111. ~ 144 to + P O )  driving cxpression of the luciferase gene were transfected into THP-I and ( X I 2  
cells. A11 value.\ were coiwcted foi- transfection efficicncy. The data using THP-1 reprcsent rneaiis and SE of 
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data using ( X 1 2  represent means and SE of 8 independent transfections of the wild-type promoter and  19 
independent transfections of the mutant promotcr from 4 separatr experiments, using three ditferent DNA 
preparations. * P < 0.05; *I P < 0.01 (/-test). 

and -53 substitutions were not found among 20 FCHL 
patients with normal LPL levels, 115 patients with CAD, 
or among 183 control subjects. Taken together, these 
results suggest that LPL promoter mutations may con- 
tribute to the etiology of FCHL, at least in the subset 
of patients who have reduced post-heparin plasma L,PL 
activity. 

Post-heparin plasma LPL activity and mass of the indi- 
viduals carrying the -53 and - % - < I 3  substitutions 
were approximately half- of the mean values of norinal 
controls. Correlation between the level of post-heparin 
plasma LPL activity in carriers of L,PL promoter miita- 
tioris and in vitro promoter activity of these promoter- 
mutations is difficult to establish in this study because 
of the relatively small number of cases. 

The G+C substitution at nt. -53 is located between 
the CCAAT (nt. -65 to -61) and Oct-1 (nt. -46 to 
-39) motifs and within a putative (>a’+-responsive ele- 
ment, 5’-TGAGGTTT-3’ (nt. -54 to -47), similar to 
that (TGACGTTT) of the c-jos gene promoter (36) .  
DNase I protection assays of the human LPL promoter 
with nuclear extract from differentiated 3T3-Ll adipo- 
cytes revealed a footprint in the region extending ap- 
proximately froni lit. -52 t o  -35 (37). The -53 substi- 

tution may affect binding of Oct-1 to the octamer site 
or of some other transcription factors to the putative 
(:a‘+-responsive element. The T - 4  substitution at lit. 
-93 lies 2 bases 5’ to a totally conserved inverted GA 
box (5’-C<:TCCCCCC-3’, nt. -91 to -83) (Fig. 1) in the 
LPL promoter. We have shown that this motif binds the 
transcription factors Spl and Sp3 and is essential for 
the LPL promoter activity (W-S. Yang and S.S. Deeb, 
unpublished results). The nucleotides flanking this ele- 
ment may influence binding affinity of Spl and Sp3. As 
the -93 substitutions seems to be relatively prevalent, 
its impact on lipid metabolism in vivo merits further 
investigation. The -53  and -93 substitutions create 
SnuSA I and Apa I sites, respectively. 

The dinucleotide insertion between lit. + 13 arid + 19 
of the 5’ untranslated region is adjacent t o  the major 
and minor transcription initiation sites (21 ) and, therr- 
fort:, may interfere with transcription initiation. As it 
caused moderate reduction in promoter activity, its in 
vivo significance needs to be further investigated. 

As only 515 base pairs of the proxirnal LPL promoter 
were examined in this study, it is possible that more of 
the FCHI, individuals with diminished LPL levels will 
be forind to have LPL, regulatory mutations. 111 fact, we 
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Fig. 7. Activity of the LPL promoter with the 2 <; insertion between nt. + 13 and + 19. Wild-type and niutant 
promoters (from nt. - 103 to +45) driving expression of the luciferase gene were transfected into THP-1 and 
C2C12 cells. All values were corrected for transfection efficiency. The data using THP-1 represent means and 
SE of 12 independent transfections from four separate experiments, using two different DNA preparations. 
The data using C2C12 represent means and SE of 8 independent transfections of the wild-type promoter and 
10 independent transfections of the mutant promoter from three separate experiments, using two different 
DNA preparations. * P < 0.05; ** P < 0.01 (t-test). 

and others have identified several candidate enhancer 
regions in introns and 3’ flanking sequences of the LPL 
gene by DNAse I hypersensitivity (38, S.S. Deeb and W- 
S. Yang, unpublished observation). These regions serve 
as candidates for further screening for regulatory vari- 
ants. In addition to enhancer elements, a silencer ele- 
ment (from nt. -169 to nt. -152) has been reported 
in the promoter of the human LPL gene (39). Mutation 
in this element may also modulate expression of the 
LPL gene. No variants were found within this silencer 
element in this study. 

One intriguing question is why three LPL promoter 
mutations but no LPL structural mutations affecting its 
catalytic activity were found among the same FCHL pa- 
tients who had reduced LPL levels (17). It was estimated 
that the frequency of heterozygous carriers of LPL 
structural mutant alleles was 1 in 500 individuals in the 
general population (4). The absence of LPL structural 
mutations among FCHL patients may simply reflect 
their scarcity in the population from which the FCHL 
patients of this study were recruited. 

As FCHL, is relatively common among patients with 
CAD, we screened the DNA of 115 such patients for the 
presence of LPL promoter sequence variants. Among 

these, 6 patients (1 homozygote) carried the base substi- 
tution at nt. -93, two patients carried the variant with 
the base substitution at nt. -95; and one patient carried 
the variant with the dinucleotide (CC) insertion in the 
5’ untranslated region (Table 2). The frequency of indi- 
viduals carrying the variant alleles that affected pro- 
moter activity in CAD patients was more than 3-fold 
that in unselected controls (6.1%, 7/115 vs. l.6%, 
3/183; P < 0.05, Fisher’s exact test). Reymer et al. (9) 
reported an association of the LPL structural mutation 
Asn291Ser with reduced levels of HDL-cholesterol in 
male CAD patients as well as controls, and with reduced 
HDL and elevated triglyceride levels in male FCHL pa- 
tients (10). Partial LPL deficiency caused by the pro- 
moter mutations may also contribute to the develop 
ment of dyslipidemia in atherosclerosis. 

In addition to the LPL regulatory sequence muta- 
tions, the contributions from the other genetic and en- 
vironmental factors cannot be overemphasized for oli- 
gogenic disorders like FCHL and atherosclerosis. 
Individuals with heterozygous LPL deficiency tend to 
have relatively normal lipid levels, but are liable to de- 
velop dyslipidemia when challenged with secondary fac- 
tors (8, 10, 40, 41). Likewise, partial LPL deficiency 
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caused by promoter mutations may not by itself cause 
obvious metabolic derangement, but may jeopardize 
the ability of carriers to handle certain metabolic 
stresses. Therefore, the phenotypic expression of partial 
LPL deficiency would be expected to be modulated by 
other genetic and environmental Factors, including 
diet, obesity, insulin resistance, hypertension, diabetes, 
and medications like estrogen, thiazide diuretics, and 
0-adrenergic antagonists. 

Regulatory mutations have been reported in associa- 
tion with several genetic disorders including 0-thalas- 
saemia (42; reviewed in ref. 43), hereditary persistence 
of fetal hemoglobin (43, 44), hemophilia B (45, 46), 
retinoblastoma (47), and heterozygous familial hyper- 
cholesterolemia (48). Studies of these naturally oc- 
curring regulatory mutations not only provide new in- 
sight into the pathophysiology of these human 
disorders, but also offer in vivo models to decipher the 
complex networks of human gene regulation. 

In conclusion, the finding of two promoter mutations 
(-39 and -53) that profoundly reduced the promoter 
function only among the 19 FCHL patients with re- 
duced plasma LPL levels, but not among the 20 FCHL 
patients with normal LPL levels, 115 CAI) patients, and 
183 unselected ostensibly normal controls, suggests that 
partial LPL deficiency caused by promoter mutations 
may be one of the contributing factors for the etiology 
of FCHL.M 
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