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Abstract

A polymorphism consisting of the presence or absence of a
250-bp DNA fragment was detected within the angiotensin
I-converting enzyme gene (ACE) using the endothelial ACE
cDNA probe. This polymorphism was used as a marker geno-
type in a study involving 80 healthy subjects, whose serum
ACE levels were concomitantly measured. Allele frequencies
were 0.6 for the shorter allele and 0.4 for the longer allele. A
marked difference in serum ACE levels was observed between
subjects in each of the three ACE genotype classes. Serum
immunoreactive ACE concentrations were, respectively,
299.3+49, 392.6+66.8, and 494.1+88.3 ug/liter, for homozy-
gotes with the longer allele (» = 14), and heterozygotes (n
= 37) and homozygotes (n = 29) with the shorter allele. The
insertion/deletion polymorphism accounted for 47% of the
total phenotypic variance of serum ACE, showing that the
ACE gene locus is the major locus that determines serum ACE
concentration. Concomitant determination of the ACE geno-
type will improve digcrimination between normal and abnormal
serum ACE values by allowing comparison with a more appro-
priate reference interval. (J. Clin. Invest. 1990. 86:1343-
1346.) Key words: gene polymorphism ¢ genomic DNA hybrid-
ization

Introduction

Angiotensin I-converting enzyme (ACE)' (kininase II, EC
3.4.15.1) is a zinc metallopeptidase whose main known func-
tions are to convert angiotensin I into the vasoactive and aldo-
sterone-stimulating peptide angiotensin II, and to inactivate
bradykinin (1). ACE is believed to have other physiological
roles because of its wide enzymatic specificity and wide distri-
bution (2). Thus, ACE is found as a membrane-bound enzyme
in endothelial cells and different types of epithelial and neuro-
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epithelial cells as well as in a circulating form in biological
fluids, such as plasma and amniotic or seminal fluids. The
mechanisms leading to the biosynthesis of the circulating form
of ACE are still unclear, but all the data available indicate that
its structures is very similar to that of the cellular form (3).

Plasma ACE measurement is widely used for the diagnosis
and follow-up of sarcoidosis because an elevation of the en-
zyme is often observed in this disease (4). Although plasma
ACE concentrations are remarkably stable when measured re-
peatedly in a normal subject, large interindividual differences
make it difficult to interpret plasma ACE levels in a given
patient, as the reference interval for normal values is large (5).
The results of a study conducted in a large sample of healthy
families showed an intrafamilial resemblance between ACE
levels and also suggested that they are subject to the effect of a
major gene (6).

Marker genotypes are useful tools to identify the alleles
exerting a genetic effect on a quantitative trait (7). In an at-
tempt to define the role of the ACE gene in the genetic control
of circulating ACE we used the human endothelial ACE
cDNA to detect DNA polymorphisms at the ACE gene locus.
An insertion/deletion polymorphism was identified at this
locus and used as a marker genotype in a population study
designed to explore the relationship between this polymor-
phism and the serum ACE concentration.

Methods

Subjects

80 healthy Caucasians (38 males and 42 females) were selected for the
study in a center for preventive medicine. Inclusion was based both on
clinical characteristics and routine laboratory tests performed at the
centre. Inclusion criteria were a body mass index < 28 kg/m?, normal
blood pressure on WHO criteria (systolic blood pressure < 160 mmHg
and diastolic blood pressure < 90 mmHg measured in the sitting posi-
tion after a 5-min rest), glycemia < 6 mmol/liter, plasma gamma glu-
tamyl transpeptidase < 30 Ul/liter, normal sedimentation rate, nor-
mal chest x-ray, and absence of acute or chronic disease and drug
intake.

10 normal families comprising two parents and at least two chil-
dren were selected according to the same criteria, to test the mendelian
inheritance of the insertion/deletion polymorphism found at the ACE
gene locus (see Results).

Materials and experimental protocols
Serum ACE measurement. Serum ACE concentration was measured
in duplicate by direct radioimmunoassay (5).

DNA extraction. High-molecular weight DNA was isolated from
peripheral blood leukocytes by standard techniques (8). DNA concen-
trations were measured by absorbance at 260 nm.

Human ACE cDNA probe. The complete human endothelial ACE
cDNA (clones pG19-22 and pG21-11) was used in a first approach to
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the detection of restriction fragment length polymorphism (RFLP) on
the human ACE gene (9). For subsequent detection of the insertion/
deletion polymorphism, a 584-bp Ban I restriction fragment corre-
sponding to nucleotide positions 2123 to 2707 of the published cDNA
sequence (9) was routinely used. Inserts of plasmids pG19-22 and
pG21-11, and the Ban I fragment of plasmid pG19-22, were isolated
from low-gelling temperature agarose gels (SeaPlaque, FMC Bio-
products, Rockland, ME) and labeled at high specific activity by the
random-primer labeling method (10) using a commercial kit (Amer-
sham International, Amersham, UK).

RFLP detection. Individual high-molecular weight DNAs were
digested by restriction enzymes (New England Biolabs, Beverly, MA)
under the conditions advised by the supplier, and were submitted to
electrophoresis on 0.7% agarose gels. DNAs were transferred by capil-
lary blotting with alkali on nylon membranes (Hybond N+, Amer-
sham International) (11) and hybridized to labeled probes, according
to previously described protocols (8). Hybridization and filter washing
were done under high stringency conditions (9).

Statistical methods. One-way analyses of variance were used to
compare group means for the different parameters studied. To account
for the association between means and variances of Ir-ACE levels in
the three genotype groups, log-transformed values were used for the
statistical test. Allele frequencies were estimated by the gene counting
method and Hardy-Weinberg’s equilibrium was checked by the chi-
square test. Correction for biases of the estimated contribution of the
locus to the phenotypic variance of ACE was computed according to
Boerwinkle et al. (12). Pearson correlation coefficients were also com-

puted when necessary.

Results

Clinical parameters. The values for age, body mass index
(BMI), systolic and diastolic blood pressure (SBP and DBP) for
men and women are listed in Table I. BMI, which was slightly
greater for men than for women, was the only parameter that
differed significantly between sexes (P < 0.01).

Serum ACE concentrations. Serum ACE concentrations
did not differ significantly between men and women and were
not correlated to age, SBP, DBP, or BMI (Table I). Conse-
quently, these variables were not adjusted for subsequent anal-
ysis (Table II). The mean value and dispersion of serum ACE
levels in this population were similar to those observed in
previous studies of healthy subjects (5, 6, 12a).

Identification of an insertion/deletion polymorphism at the
ACE gene locus. To detect DNA polymorphisms, gel-blot hy-
bridization experiments were made on genomic DNA in 15

Table I. Clinical Data and Serum ACE Concentrations
of 80 Healthy Subjects

Men Women
n=238 n=42
Variable

Age 43.3+7.0 45.8+7.3
BMI (Kg/m?) 23.6+2.5 21.9+2.4*
SBP (mmHg) 124.7+8.5 122.9+11.3
DBP (mmHg) 78.2+7.4 75.9+6.7
Ir-ACE (ug/liter) 408.5+98.2 417.1£103.5

Ir-ACE, serum ACE concentrations measured by direct RIA of ACE.
Results are means + SD.
* Comparison between men and women: P < 0.01.
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Table II. Clinical Parameters and Serum ACE Values in Groups
with Different ACE Genotypes

I ID DD
Genotype n=14 n=37 n=29

Age 44.4+7.4 44.3+7.5 45.0+7.0
BMI (Kg/mz) 22.9+3.1 23.2+2.6 22.0+2.3
SBP (mmHg) 124.3+11.1 124.6+9.5 122.4+10.5
DBP (mmHg) 77.1+8.2 76.9+6.7 77.1£7.3
Ir-ACE* (ug/liter) 299.3+49.0 392.6+66.8 494.1+88.3
Ir-ACE Ln (ug/liter) 5.69+0.15% 5.96+0.17¢ 6.19+0.19%

I corresponds to the larger allele and D to the shorter allele. Ir-ACE,
serum concentrations obtained by direct RIA of ACE. Ir-ACE Ln,
logarithm of serum ACE concentrations. Results are means + SD.

* For Ir-ACE comparisons, the test was only carried out on log-trans-
formed values.

# Comparison between genotype groups; P < 0.001.

individuals, using the complete endothelial ACE cDNA as a
probe. A two-allele RFLP at the ACE locus was detected with
the following restriction enzymes: Xba 1, Hind 111, Bgl 11, Kpn
I, and BamH 1. Analysis of the fragment sizes obtained with
these enzymes showed that RFLPs resulted from a ~ 250-bp
insertion/deletion polymorphism. Hybridization of the filters
with different parts of the cDNA showed that this polymor-
phism could be detected by a 584-bp Ban I restriction frag-
ment, located between positions 2123 and 2707 of the cDNA
sequence (9). For the rest of the study this fragment was there-
fore used as a probe, and the polymorphism was detected with
the restriction enzyme Hind III. The insertion/larger allele is
designated 7, and the deletion/shorter allele, D.

Genetic characterization of the insertion/deletion polymor-
phism. Mendelian inheritance of the genetic polymorphism at
the ACE gene locus was established in 10 normal nuclear fami-
lies. Allele segregation in one nuclear family, analyzed by
DNA gel-blot hybridization, is shown in Fig. 1. In this family,
the father was homozygote DD, the mother was homozygote
I1, and both children were heterozygotes ID for the polymor-
phism.

ACE genotypes were determined for all subjects (Table II).
Allele frequencies were 0.406 for the I allele and 0.594 for the
D allele. The observed genotype distribution (II = 0.18, ID

Figure 1. DNA gel-blot
hybridization experi-
ments with the Ban
I-Ban I restriction frag-
ment of the ACE
cDNA. Genomic DNA
digestion of members of
a nuclear family by the
restriction enzyme
Hind 111. DNA from
the father, mother, and
two children are shown,
respectively, in lanes 7,
2, 3, and 4. DNA frag-
ment sizes, in kilobases,
are indicated by num-
bers on the right.
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=0.46, and DD = 0.36) was in agreement with the Hardy-
Weinberg proportion.

Relationship between the ACE genotype and serum ACE
level. Mean serum ACE levels were then compared among the
three groups defined by the ACE gene’s polymorphism. The
results of this comparison, given in Table II and Fig. 2, show a
significant relationship between the polymorphism and the
level of ACE in the serum ACE level, with an additive effect of
the alleles. The polymorphisms accounted for 47% of the vari-
ance in serum ACE levels.

Discussion

The stability of the circulating ACE level in a given individual
allows study of the factors influencing its long-term regulation.
A large-scale study of plasma ACE levels conducted in normal
nuclear families has shown important interindividual varia-
tion and demonstrated the presence of a familial aggregation
of ACE values due to a genetic control (6). To test the hypoth-
esis that an allelic variant of the ACE gene itself was responsi-
ble for this control, we designed a study to explore the rela-
tionship between circulating ACE levels and ACE gene poly-
morphisms.

We detected RFLPs at the ACE gene locus using an ACE
cDNA probe that spanned complete endothelial ACE mRNA
sequence. With this probe, we previously showed that a single
gene codes for ACE in man (9). Here, with most of the restric-
tion enzymes tested, we detected a two-allele RFLP corre-
sponding to an insertion/deletion polymorphism, with an al-
lelic frequency of 0.6 for the shorter allele and 0.4 for the larger
allele. Analysis of polymorphic fragment segregation in ten
nuclear families demonstrated the mendelian inheritance of
the two identified ACE gene alleles (Fig. 1).

The polymorphic insertion (250 bp long) was located in-
side the ACE gene as it hybridized with internal fragments of
the cDNA. Failure to detect the insertion/deletion polymor-
phism with some of the restriction enzymes using the cDNA as
probe indicates that the polymorphic insertion is not present
in the cloned cDNA and is probably flanked by intronic se-
quences. Gene polymorphisms caused by the presence or ab-
sence of sequence insertions have been described in several
mammalian genes, for instance in the 5’ flanking region of the
human insulin-receptor gene and the 5’ flanking region of the
rat prolactin gene (13, 14). In both cases, sequence analysis
revealed that DNA insertions consisted of repetitive elements.

All subjects included in the study were tested for ACE gene
polymorphisms by DNA gel-blot hybridization using the re-
striction enzyme Hind III. When the level of serum ACE was
compared in subjects of the three genotype classes (II, DD, and
ID), a marked difference was found between the three groups.
Subjects with the deletion polymorphism had higher ACE
levels than those with the insertion polymorphism. Interme-
diate levels were observed in heterozygotes (Table II and Fig.
2). The genetic effect accounted for 47% of the total variance
of serum ACE. As the presence of each allele had an additive
effect on serum ACE and two alleles had twice the effect of
one, each allele was codominant.

Cambien et al. recently proposed a model for the genetic
control of plasma ACE levels, based on the results of a family
study (6). In this study, the genetic analysis of familial pheno-
types suggested that these levels are affected by a major gene,
which was estimated to account for 29% of the total pheno-
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Figure 2. Serum immunoreactive ACE concentrations (ug/liter) for
individual with the I, ID, and DD genotypes, respectively, shown in
left, middle, and right panels. Solid vertical bars indicate mean con-
centration and standard deviation for each group.

typic variance of plasma ACE in adults. The present results
confirm this major gene’s effect as a clear difference in serum
ACE levels was observed between the three genotype classes
and the ACE gene was found to be the major gene responsible
for this effect. In adults, the insertion/deletion polymorphism
accounted for about half the total phenotypic variance, a pro-
portion somewhat larger than the 29% estimated from the
family study referred above. As only 47% of the serum ACE
variance found here was due to the allele effect, other genetic
or environmental factors may be involved in the interindivid-
ual variations in circulating ACE. However, in a study of sev-
eral candidate parameters (12a), no clear hormonal or envi-
ronmental influence was detected.

Gene alleles have been shown to exert quantitative effects
on plasma concentrations of other proteins. Thus, a Pvu II
polymorphism of the lipoprotein lipase gene was found to be
associated with variations in the concentrations of serum tri-
glycerides, but no significant relationship was found with other
polymorphisms of the same gene (15). Genetic variation at the
fibrinogen locus accounted for part of the variation in plasma
fibrinogen phenotypes (16). However, in both these cases, the
genetic effect appeared to be weaker than the serum ACE-ge-
notype relationship, probably due in part to the greater stabil-
ity of serum ACE concentrations which are less influenced by
environmental factors than fibrinogen and triglyceride levels.

Circulating ACE probably originates from the vascular en-
dothelial cells (1). ACE is a membrane-bound ectoenzyme of
the cell surface, to which it is anchored by a carboxyterminal
hydrophobic domain (9). The biochemical mechanism of cir-
culating ACE secretion is not clear, but several hypotheses can
be made including proteolytic cleavage of the hydrophobic
anchor and passive leakage of the membrane-bound enzyme.
Whatever the mechanism involved, it is likely that the ob-
served genetic control of serum ACE level is exerted at the
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transcriptional level. In that case, the insertion/deletion itself
may not play a direct part in controlling ACE transcription but
is more likely to be in linkage disequilibrium with regulatory
elements of the ACE gene.

The present results of DNA gel-blot hybridization indicate
that the insertion/deletion polymorphism is localized inside an
intron. However, we cannot exclude the possibility that as a
result of different ACE pre-mRNA splicing, depending on the
presence or absence of the insertion, part of this sequence
might be present in the mature RNA, thus modifying its stabil-
ity or giving rise to the presence of an additional peptide inside
the protein, and consequently altering its secretion or stability.
Such polymorphic insertion was recently described in the sig-
nal peptide of the apolipoprotein B gene (17). Lastly, the in-
sertion itself might modify the splicing process of the ACE
precursor mRNA by interfering with the lariat formation
step (18).

The observation of a genetic polymorphism that explains
much of the interindividual variability in plasma ACE levels
has clinical implications, particularly for the diagnosis of
granulomatous diseases, such as sarcoidosis in which circulat-
ing ACE levels are high because of increased ACE secretion by
monocyte-derived cells (19). By determining the genotype of
patients, it may be possible to reduce the size of the reference
interval to which a given measurement of the plasma ACE
level should be compared (Fig. 2). This would allow more
accurate conclusions to be drawn about the significance of
plasma ACE levels in individual patients (20). As ACE is im-
plicated in vasoactive peptides metabolism, the ACE gene is a
candidate gene for essential hypertension. Consequently, the
ACE gene polymorphism described here constitutes a poten-
tial tool for genetic studies of hypertension.

Acknowledgments

The authors wish to thank Drs. Champeau, René, and Villeneuve de
Genty of the Prévention Générale, Caisse Primaire d’Assurance Mala-
die, Dr. Breda and Dr. Siest of the Center for Preventive Medicine,
(Nancy), for selection of the subjects, Mrs. D. Ménard and C. Dollin
for technical assistance, Mrs. M. Dreyfus for editing the manuscript,
Mrs. N. Braure for typing the manuscript, and Mrs. A. Depardieu for
artwork.

This work was supported by INSERM and by a grant from Squibb
Laboratories Inc.

References

1. Erdos, E., and R. A. Skidgel. 1987. The angiotensin I-converting
enzyme. Lab. Invest. 56:345-348.

2. Ehlers, M. R. W, and J. F. Riordan. 1989. Angiostensin-con-
verting enzyme: new concepts concerning its biological role. Biochem-
istry. 28:5311-5318.

3. Das, M,, J. L. Hartley, and R. L. Soffers. 1987. Serum angioten-
sin-converting enzyme. Isolation and relationship to the pulmonary
enzyme. J. Biol. Chem. 252:1316-1319.

1346  Rigat, Hubert, Alhenc-Gelas, Cambien, Corvol, and Soubrier

4. Lieberman, J. 1974. Elevation of serum angiotensin converting
enzyme level in sarcoidosis. Am. J. Med. 59:365-372.

5. Alhenc-Gelas, F., J. A. Weare, R. L. Johnson, Jr,, and E. G.
Erdos. 1983. Measurement of human converting enzyme level by di-
rect radioimmunoassay. J. Lab. Clin. Med. 101:83-96.

6. Cambien, F., F. Alhenc-Gelas, B. Herbeth, J. L. Andre, R. Ra-
kotovao, M. F. Gonazales, J. Allegrini, and C. Bloch. 1988. Familial
resemblance of plasma angiotensin-converting enzyme level: the
Nancy Study. Am. J. Hum. Genet. 43:774-780.

7. Humphries, S. E. 1988. DNA polymorphisms of the apolipo-
protein genes. Their use in the investigation of the genetic component
of hyperlipidemia and atherosclerosis. Atherosclerosis. 72:89-108.

8. Marcadet, A., P. O’Connell, and D. Cohen. 1987. Standardized
Southern blot workshop technique. In Histocompatibility Testing.
Vol. I. B. Dupont, editor. Springer-Verlag, New York. 553-560.

9. Soubrier, F., F. Alhenc-Gelas, C. Hubert, J. Allegrini, M. John,
G. Tregear, and P. Corvol. 1988. Two putative active centers in human
angiotensin I-converting enzyme revealed by molecular cloning. Proc.
Natl. Acad. Sci. USA. 85:9386-9390.

10. Feinberg, A. P., and B. Vogelstein. 1983. A technique for ra-
diolabeling DNA restriction endonuclease fragments to high specific
activity. Anal. Biochem. 132:6-13.

11. Chomczynski, P., and P. K. Qasba. 1984. Alkaline transfer of
DNA to plastic membrane. Biochem. Biophys. Res. Commun.
122:340-344.

12. Boerwinkle, E., and C. F. Sing. 1986. Bias of the contribution of
single locus effect to the variance of quantitative trait. Am. J. Hum.
Genet. 39:137-144.

12a. Alhenc-Gelas, F., J. Richard, D. Courbon, J. M. Waruet, and
P. Corvol. 1990. Distribution of plasma angiotensin I-converting en-
zyme in healthy men. Relationship to environmental and hormonal
parameters. J. Clin. Lab. Med. In press.

13. Elbein, S. C. 1989. Molecular and clinical characterization of
an insertional polymorphism of the insulin-receptor gene. Diabetes.
38:737-743.

14. Schuler, L. A,, J. L. Weber, and J. Gorski. 1983. Polymorphism
near the rat prolactin gene caused by insertion of an Alu-like element.
Nature (Lond.). 305:159-160.

15. Chamberlain, J. C., J. A. Thorn, K. Oka, D. J. Galton, and J.
Stocks. 1989. DNA polymorphisms at the lipoprotein lipase gene:
associations in normal and hypertriglyceridaemic subjects. Atheroscle-
rosis. 719:85-91.

16. Humphries, S. E., M. Cook, M. Dubowitz, Y. Stirling, and
T. W. Meade. 1987. Role of genetic variation at the fibrinogen locus in
determination of plasma fibrinogen concentrations. Lancet. ii:1452-
1455.

17. Visvikis, S., L. Chan, G. Siest, P. Drouin, and E. Boerwinkle.
1990. An insertion/deletion polymorphism in the signal peptide of the
human apoliprotein B gene. Hum. Genet. 84:373-375.

18. Smith, C. W.J_, E. B. Porro, J. G. Patton, and B. Nadal-Ginard.
1989. Scanning from an independently specified branch point defines
the 3' splice site of mammalian introns. Nature (Lond.). 342:243-247.

19. Okabe, T., K. Yamagata, M. Fujisawa, J. Watanabe, and F.
Takaku. 1985. Increased angiotensin-converting enzyme in peripheral
blood monocytes from patients with sarcoidosis. J. Clin. Invest.
75:911-914.

20. Fogarty, Y., C. G. Fraser, and M. C. V. Browning. 1989. Intra-
and inter-individual variation of serum angiotensin converting en-
zyme: clinical implications. Ann. Clin. Biochem. 26:201-202.



