Hum Genet (1999) 105:641-647
Digital Object Identifier (DOI) 10.1007/s004399900172

ORIGINAL INVESTIGATION

Guanglan Guo - Jennifer A. Lade - Alan N. Wilton
Eric K. Moses - Madonna Grehan - Yuliang Fu
Hongyu Qiu - Desmond W. Cooper

Shaun P. Brennecke

Genetic susceptibility to pre-eclampsia and chromosome 7q36

© Springer-Verlag 1999

Received: 12 July 1999 / Accepted: 14 September 1999 / Published online: 16 November 1999

Abstract Pre-eclampsia is the most common serious me&PM analysis (Tjsqrp3.53;P=0.002). Further, an asso-
ical disorder of human pregnancy. The human endotheli#gdtion study was performed on unrelated PE/E cases and
cell nitric oxide synthase (eNOS) gene is a candidate ¢mntrols from both Chinese and Australian populations to
pre-eclampsia/eclampsia (PE/E) susceptibility. A linkagest for a relationship between the eNOS gene and PE/E.
study was performed on Australian PE/E families usiigp association was found between the eNOS-CA marker
25 microsatellite markers from chromosome 7, one afid PE/E in either population. However, there was a sig-
which (eNOS-CA) resides within the eNOS gene. No sigHicant difference in the allelic distribution of eNOS-CA
nificant linkage was found for the eNOS-CA marker ugetween the two ethnic groups. The linkage results sup-
ing either parametric or non-parametric analysis. Howert the possibility that a susceptibility locus for pre-
ever, D7S1805 from the eNOS gene region on 736, gactampsia resides in the 7936 region, however, there is no
a suggestion of linkage using parametric analysis (magéfinitive evidence to support the notion that the eNOS
mum LOD score =2.143 #&=0.14) and non-parametricgene itself is responsible for susceptibility to pre-eclamp-

Guanglan Guo and Jennifer A. Lade have contributed equally to

this paper.

sia.

G. Guo (0) - J.A. Lade - E.K. Moses - M. Grehan

S.P. Brennecke

Department of Perinatal Medicine, Royal Women’s Hospital,
Carlton, Victoria, 3053, Australia

e-mail: g.guo@unsw.edu.au,

Tel.: +61-3-93442966, Fax: +61-3-93472472

G. Guo - A.N. Wilton
School of Biochemistry and Molecular Genetics,
University of New South Wales, Sydney, 2052, Australia

J.A. Lade
Department of Genetics and Human Variation,
LaTrobe University, Bundoora, Victoria 3083, Australia

Y. Fu
Guangzhou Maternal and Neonatal Hospital, Guangzhou,
510180, Peoples Republic of China

H. Qiu

Department of Obstetrics and Gynaecology, Xiehe Hospital,
Tongji Medical University, Wuhan 430022,

Peoples Republic of China

D.W. Cooper
School of Biological Sciences, Macquarie University,
North Ryde, New South Wales 2019, Australia

S.P. Brennecke

Department of Obstetrics and Gynaecology,
University of Melbourne, Royal Women'’s Hospital,
Carlton, Victoria, 3053, Australia

Introduction

Pre-eclampsia (PE) is the most common serious disease of
human pregnancy. It has a world-wide incidence of 1-5%
(Cooper et al. 1993). Occurring in the mid-to-late stages
of gestation, PE is traditionally diagnosed by the three
clinical signs: pregnancy-induced hypertension, protein-
uria and oedema. Severe clinical deterioration is marked
by the development of multi-system organ dysfunction
and/or a convulsive condition called eclampsia (E). Se-
vere pre-eclampsia and eclampsia carry a high morbidity
and mortality for both mother and baby. The only effec-
tive treatment of PE/E is delivery of both fetus and pla-
centa, irrespective of gestational length.

The aetiology of PE/E remains unknown. Epidemio-
logical studies indicate that PE/E has a strong familial
component (Chesley et al. 1968; Chesley and Cooper
1986; Cooper et al. 1993; Arngrimsson et al. 1995), and is
primarily a placental disorder (Redman 1991; de Groot
and Taylor 1993; Roberts and Redman 1993). Human en-
dothelial nitric oxide synthase (eNOS) is widely distrib-
uted in placental tissue (Myatt et al. 1991; Buttery et al.
1994) and produces nitric oxide (NO), a potent vasodila-
tor and inhibitor of platelet aggregation. Reduction of pla-
cental NO synthase activity has been demonstrated in pre-
eclamptic placentae (Morris et al. 1995; Brennecke et al.



642

1997) implicating the eNOS gene in the pathophysiolo .. 78531
of PE/E. A subsequent linkage study using PE/E famili D78517
from Scotland and Iceland reported evidence for a PE 2! D78513
susceptibility locus in the eNOS gene region on chrom 133 i
some 736 (Arngrimsson et al. 1997). This, however, w 15" D7S516

not confirmed in a repetition study using the same ma g;g;fg
ers in families from Amsterdam and the United Kingdo D78519

(Lewis et al. 1999). We now report our findings from 11.2

chromosome 7 linkage study with particular emphasis 111 D75669
the eNOS gene region, using multiple Australian PE/E . ;122 DISEST

fected families. In addition, we present the results ol 1123

case control association study in Chinese and Austral ,; ; R
populations performed to investigate the relationship t ., , D78515
tween the eNOS gene and PE/E. 21.3 5.97
> D7S1804 D75498
31.1 552
. 31.2 D75486
Subjects and methods a2 [
PE/E families and definition 32 D78530 LI2
33 D751826 D7S636
. . . - D75640
This study incorporated a total of 26 Australian PE/E familic 34 0.85 NOS-CA
(Wilton et al. 1990; Harrison et al. 1997; Lade et al. 1999), whi 33 |/
included 14 cases of eclampsia, 57 of severe pre-eclampsia an q 36 D75550 2.00 Dprsass

of mild pre-eclampsia. For the association study, unrelated in
viduals from China (72 cases of severe pre-eclampsia and 48 o ) )
mal pregnancy controls) and from Australia (46 cases of sevFig.-1 Schematic diagram of chromosome 7 showing the mi-
pre-eclampsia and 80 controls) were genotyped (Guo et al. 19¢rosatellite markers typed in this study. The relative map positions
The criteria of the Australasian Society for the Study of Hypeare as given at http://www.marshmed.org/genetics/ and http://www.
tension in Pregnancy (Brown et al. 1993) were used for clinical CHLC.org/ABI/ABIRefMaps.html. The eNOS-CA marker was
agnosis of PE/E. Women were considered to have severe [positioned as previously described (Nadaud et al. 1994; Arngrims-
eclampsia if they had: (1) a rise from baseline systolic blood pressson et al. 1997). The distance between markers in the eNOS gene

of at least 25 mm Hg and/or a rise from baseline diastolic pressurregion is shown in Haldane cM. The eNOS-CA, D7S1805,
at least 15 mm Hg; or (2) the presence of a systolic pressure ¢(D7S505 and D7S483 markers were typed on 26 PE/E families;

least 140 mm Hg, and/or a diastolic pressure of at least 90 mm D7S1824, D7S1804 and all LMSI markers were typed on 21 PE/E
These levels had to occur on at least two occasions 6 h or more afamilies; D7S498 and D7S1826 markers were typed on 15 PE/E
The level of proteinuria had to be greater than 0.3 g/| ina24h SFfamllles. The Varlatlon.s in the number Of famllle.s for the Val’IO_l_JS
imen, or at least “2+” dipstick proteinuria on a random urine collemarker sets are explained by the ongoing recruitment of families
tion. Women who met these criteria and experienced convulsionduring the course of this study

unconsciousness in the perinatal period were classified as having

eclampsia. Women with the pattern of hypertension outlined abc

but with no proteinuria were classified as mild pre-eclamptics. At tnggs). All other microsatellite markers were amplified using the
clinical level, PE covers a spectrum of severity from mild to seve§gindard LMS | protocol (PE Applied Biosystems) on a FST-960
to eclampsia itself, with the progression in severity in any given casgroplate thermal sequencer (Corbett Research, Sydney, Aus-
being dependant upon individual susceptibility, pregnancy stage gifia) and PCR products were sized and genotyped using an ABI
the availability and standard of clinical care. Because PE/E is typr7 DNA sequencer with GeneScan (Version 2.1) and Genotyper

cally a disease of first pregnancies, only those women with the abpygrsion 2.0) software (PE Applied Biosystems).
features in their first, but not subsequent, pregnancies were included

in this study. Ethics approval for this study was obtained from all rel-
evant institutions and informed written consents were obtained fref8mputational analysis
family members.
All computational linkage analysis was carried out using two ma-
ternal disease state classifications. The two classifications are as
DNA genotyping follows. Firstly, MPE where mild pre-eclampsia, severe pre-
eclampsia and eclampsia are treated as affected. Secondly, SPE
Eighteen chromosome 7 microsatellite markers from the Humahere severe pre-eclampsia and eclampsia only were treated as af-
Linkage Mapping Set Version | (LMS |, PE Applied Biosystemsjected, while mild pre-eclampsia was treated as unaffected, there-
six microsatellite markers in the 7q35-36 region and one rfisre accounting for the suggestion that mild pre-eclampsia may be
crosatellite marker within intron 13 of the eNOS gene, were gefherited independently to severe pre-eclampsia and eclampsia
typed (Fig. 1). (Cooper and Liston 1979). The paternal affection status was clas-
The eNOS-CA repeat was amplified in a {dlOreaction con- sified as “unknown”.
taining 30 ng genomic DNA, 2 pmol of each primer (Nadaud et al. Allele frequencies for all chromosome 7 markers (Fig. 1) were
1994) with one fluorescently labelled, 2p®1 of each dNTP, calculated using unrelated Australian individuals from pedigrees.
3 mM MgCl, and 0.5 U AmpliTaq Gold DNA polymerase (PE
Applied Biosystems). PCR was carried out on a GeneAmp PCR
System 9600 (PE Applied Biosystems) with initial denaturation Rédigree power calculations
94°C for 10 min and two step cycles of 94°C for 1 min, 60°C for 1
min for 35 cycles followed by a final 10 min incubation at 72°he SLINK program (Ott 1989; Weeks et al. 1990) was used to
D7S1824, D7S498, D7S1805 and D7S1826 were amplified aradculate the power of 26 multi-case Australian PE/E families,
genotyped using thg3?P]dATP labelling method (Wilton et al. based on the seven inheritance models outlined in Table 1.
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Table 1 Inheritance models

used for parametric analyses Model Mode of inheritance . Gene Penetrance Reference
requency ——
ALAr; A A;
1 Autosomal recessive 0.20 0.00 1.00 Cooper and Liston 1979;
Chesley and Cooper 1986
2 Autosomal recessive 0.25 0.00 0.90 Wilton et al. 1995
3 Autosomal recessive 0.39 0.00 0.41 Liston and Kilpatrick 1991
Incomplete penetrance
4 Partial dominance 0.10 0.21 1.00 Arngrimsson et al. 1995
5 Arbitrary autosomal dominance 0.02 0.90 0.90 Arngrimsson et al. 1997
6 Affecteds-only analysis 0.02 0.01 0.01 Arngrimsson et al. 1997
7 Autosomal dominant 0.10 0.30 1.00 Arngrimsson et al. 1995

low penetrance

Parametric linkage analysis observed at a recombination fraction of 0.05 under model
. . . 2 (Table 1), with 75% of replicates establishing linkage at
Linkage analysis was carried out for all chromosome 7 markﬁr]

(Fig. 1) using the ANALYZE package (ftp://linkage.cpmc.colum= critical \,/alue of 3.0. For MP_E under the same model,.
bia.edu/software/analyze). Two-point parametric analysis was carinarker with the same properties gave an average maxi-
ried out using seven inheritance models (Table 1), six of whistum LOD score of 4.74, with 80% of replicates estab-

were used by Arngrimsson et al. (1997). Heterogeneity was tesngﬁing linkage at the critical value of 3.0.
using the HOMOG program (Ott 1991) in the ANALYZE pack-

age. Multi-point linkage analysis was carried out for microsatellite

markers in the eNOS gene region using the LINKMAP program . )

from the LINKAGE package (Lathrop et al. 1984). The eNOS-CRwo-point LOD score analysis

marker was positioned relative to the other seven markers in the

eNOS gene region, according to published data (Nadaud et'll'g\'ro-point LOD scores for a range of recombination frac-

1994; Arngrimsson et al. 1997). As different pedigrees may yii lculated f h famil df I famili
different estimates of genetic distance, both a published map a ipgs were calculated for each family and for all families

map generated from our pedigrees were used for multi-point lig@mbined. There was no suggestion of linkage based on
age analysis. two-point LOD score analysis for either the SPE or MPE
classifications for any of the 18 LMS | chromosome 7
markers under the seven inheritance models tested (Table 1).
In addition, two-point LOD score analysis was also
The affected pedigree member (APM) method (Weeks and Lamgeried out for eight microsatellite markers in the eNOS
1988) was used for non-parametric linkage analysis of eNOS-gane region. D7S1805 gave the highest LOD score with a

and D7S1805. In addition, multilocus APM (Weeks and Lan —
1992) was used for the joint analysis of five microsatellite markérg'ax of 2.143 aB=0.14 for SPE under model 1 and @2

in the eNOS gene region, (D7S1805, eNOS, D7S505, D75636 @hd2-024 at9=0.12 for the SPE model 2. The eNOS-CA
D7S483) only for SPE. The exdetvalue for each statistic was marker gave a 4, of 1.45 at9=0.20 for SPE under model
estimated by carrying out 10,000 simulations. Non-parametficand a £, of 1.38 at9=0.18 for the SPE under model 2.

linkage analysis transmission/disequilibrium test (TDT) w or SPE, four markers (D7S1824, D7S505, D7S1826
also carried out for all chromosome 7 markers (Fig.1) using ! ! ! !

TDTLIKE program (Terwilliger 1995) in the ANALYZE package. 975483) gave inconclusive LOD scores <1, while
D7S498 and D7S636 gave g Zof 1.28 and 1.25, re-

o spectively, under model 1. Two-point LOD scores for SPE

Association study under model 2 are shown for all markers typed in the

Chi-squared analysis was used for the association study to ex%mps gene ”3_9.'0”_ (Tat,)le 2). Two-point LOD scores for

ine the allele distributions of the eNOS-CA marker betwedi® MPE classification did not reach 1.00 under any of the

PE-case and control groups in Chinese and Australian populationsdels tested for the eight markers in the eNOS gene re-

Non-parametric analysis

gion.
Heterogeneity was shown for both D7S1805 and
Results eNOS-CA under various models for SPE. Of the seven in-
heritance models tested, D7S1805 indicated heterogeneity
Pedigree power calculations for linkage to SPEQ=0.51 to 0.88) under models 1, 2, 3

and 6, while the eNOS-CA marker showed heterogeneity
Power calculations carried out on the 26 affected Ays=0.28 to 0.88) under all models except model 4 (Table 3).
tralian PE/E families demonstrated that the power for dénder heterogeneity D7S1805 gave g,Zof 2.54 at
tecting linkage under recessive inheritance models8r0.00 under model 1 and g,£ of 2.30 at9=0.00 under
greater than that for dominant models with low pengodel 2 While the eNOS-CA marker gave g £of 1.83
trance, as previously described (Harrison et al. 1997). @$6=0.00 under model 1 and g,£ of 1.58 at0=0.00 un-
ing a simulated marker with a heterozygosity of 0.78, dar model 2. Polylocus LOD scores were calculated for
average maximum LOD score of 4.27,,£~9.94) was families in which a given marker is untyped or uninfor-
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Table 2 Two-point LOD score analyses for markers in the eNOS7S498 and D7S1805 marker group using the Marshfield
gene region under the severe pre-eclampsia autosomal receﬁgﬁ, with a similar maximum LOD score of 2.78 for the

inheritance model (gene frequency =0.25; penetrance =@99) ( :
maximum LOD score B, theta value at the maximum LopSame marker group using the map generated from our

scoreH Z,.,maximum LOD score with heterogeneitythe por- data. FOUr-pOint anaIySiS for other marker groups did not

tion of linked families) give LOD scores greater than 2.

Locus Haldane cM £ Omax  H Zmax  Bmax a

D7S1824 0.0000 0.588 0.20 0.588 0.20 1.0Q\|on_parametric ||nkage ana'ysis

D7S498 0.05973 1.141 0.10 1172 0.00 0.61

D7S1805 0.11497 2.024 012 2300 0.00 05 "

D7S505  0.11597 0851 016 0851 0.16 . grhe APM was used to measure the deviation from the ex-
D7S1826 0.12710 0549 020 0581 008 oadectedlevels of allele sharing in affected individuals. The
D7S636  0.12810 1170 014 1202 006 064 PM results for this study gave no evidence for linkage
eNOS-CA 0.13616 1381 018 1582 000 o.aetweenthe eNOS-CA locus and PE/E. However, sugges-
D7S483 0.15657 0.102 038 0.102 0.38 1_odive linkage for D7S1805 with the putative PE locus for

SPE was found under the allele frequency weighting
1/sqrt (p), T=3.53,P=0.002 (Table 4). Multilocus APM
analysis using the SPE classification for five markers
mative by using information from the next nearest marken7s1805, eNOS-CA, D7S505, D7S636 and D7S483)
Under heterogeneity D7S1805 gave a polylocysy Zalso indicated evidence of allelic distortion from indepen-
of 2.64 und_er model 1 and 2.39 under model 2, whigent segregation [1/sqrt (#}2.60,P=0.004]. TDT gave
eNOS-CA give a polylocus g, of 1.93 under model 1 no significant evidence of allelic association for markers
and 1.68 under model 2. within the eNOS gene region.

Multi-point LOD score analysis An association study for eNOS-CA and PE/E

Multi-point LOD score analysis was performed for thepe eNOS-CA marker was highly polymorphic in the
eight markers in the eNOS gene region to locate the pfinese and Australian populations studied, with allele
tive PE locus position for SPE under model 2, as it is Ufj;qg ranging from 140 to 186 bp in the Chinese (Fig. 3A)
likely that the putative gene has 100% penetrance asipy from 150 to 190 bp in the Australian populations (Fig.
model 1 given the lack of concordance between monozg There were no significant differences between allele
gous twins (Cooper et al. 1993). The marker map usedd@f ;encies of the eNOS-CA repeat in the Chinese PE
multi-point LOD score analysis (Fig. 1) was derived fro roup and controlsxf=20.32, df=18,P=0.27). Also no

the Marshfield marker map and the position of eNOS Wg§isicant differences were found between the allele fre-

derived from published data (Arngrimsson et al.199¢,0ncies of the eNOS-CA marker in the Australian PE
Nadaud et al. 1994). Using this marker map, the m

. ‘oup and controlsxf=22.87, df=18=0.20). However,
mum LOD score for the putative PE locus was 2.0¢ere were significant differences between the eNOS-CA

located in the interval between D7S498 and D7Sl8§ le frequencies in different ethnic groups (Chinese to
(Fig.2). Using the marker map generated from our pefigstralian,x2=38.67, df=20P=0.0073) (Fig. 3C).
gree data, the maximum LOD score for the putative PE

locus was 2.10, again between D7S498 and D7S1805,
with an interval of 14 cM. A maximum LOD score of 2.87
was given by four-point analysis from the D7S1824,

Table 3 Two-point LOD

score analyses for D7S1805 Locus sl;:oorDes Inheritance models

and eNOS-CA for severe pre- 1 > 3 4 5 6 7

eclampsia using various inheri-

Eancem”;?(?nffwfsfgg 2‘;'; el) D7S1805  Z.. 2143 2024 1299 1568  0.019 0280 1175

ezmaxtheta value at the maxi- Bmax 0.14 0.12 0.02 0.00 0.44 0.22 0.00

mum LOD scoreH Z,,, maxi- HZn 2543 2300 1308 1568  0.019 0.347 1175

mum LOD score with hetero- Omax 0.00 0.00 0.00 0.00 0.44 0.12 0.00

geneity,a the portion of linked a 0.51 0.55 0.88 1.00 0.99 0.56 0.98

families) eNOS-CA  Zu 1453 1381 0771 0606  0.210 0.00  0.488
Bmax 0.20 0.18 0.10 0.14 0.32 99.0 0.14
H Zax 1.828 1.582 0.783 0.606 0.278 0.043 0.490
Bmax 0.00 0.00 0.00 0.14 0.20 0.20 0.12

a 0.42 0.45 0.67 1.00 0.41 0.28 0.88
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Fig.2 Multipoint LOD scores analysis for eight microsatellite > 0.25
markers in the eNOS-CA gene region. A LOD score of 2.02w &
obtained between D7S498 and D7S1805 for severe pre-eclam 3 02
under model 2 (autosomal recessive with gene frequency =0 i'." 0.15 4
penetrance =0.90) = 04
0.05 4
Table 4 Affected pedigree member (APM) method results fc 0
eNOS-CA and D7S1805SPE severe pre-eclampsi®PE mild 3 § 3 5‘?_;‘ é g E g § §
pre-eclampsidal T-statistic,P P-value)
. Allele (bp)
Weight eNOS-CA D7S1805
function
SPE MPE SPE MPE
T P T P T P T P
f(p)=1 0.57 0.27 -0.21 0.58 1.09 0.14 0.88 0.17 02
f(p)=1/ -0.12 0.54 -0.35 0.65 3.53 0.002 2.74 0.00 ’ C
sqrt (p) 2 0.15
f(p)=1p -0.55 0.69 -0.52 0.67 4.95 0.002 3.61 0.00 §
g 0.1
= 0.5
. . 0
Discussion $ ¥ 2288282 L83 8
The genetic basis of PE/E is complex. It is uncle Allele (bp)

Wheth.er mat?ma.l gene(s), Tetal gene_(s_)_or Iﬁmﬂerl’ml_f(Fig.3 Association study results illustrate allele distributions for
gene interaction is involved in susceptibility to PE/E. Flype eNOS-CA repeat between pre-eclampsia cases and controls.
ther, the contribution of paternal gene(s) is unknown a:A Between pre-eclampsibléck barg and controlswhite barg in

can only be inferred through their daughters’ phenotyjthe Chinese populatioB. Between pre-eclampsialéck barg and

A number of candidate gene studies based on the matecontrols white barg in the Australian populatior€ Allele distri-
genotype have been carried out, however no causagﬂg?rglfafrfrxhﬁsggécso;?ﬁaet?(t)ngetween Chindsack barg and
gene(s) for PE/E have been confirmed (Ward et al. 19

Arngrimsson et al. 1993; Wilton et al. 1990;Wilton et a

1995; Morgan et al. 1995). The evidence for a PE suscepin this study, no significant linkage was found for the
tibility locus in the eNOS gene region was reported basedrker D7S505 under any model tested, as reported in a
on a significant two-point linkage for the marker D7S5Q&evious study (Lade et al. 1999). However, a strong
(Zma=4.03) and suggestive non-parametric linkage feuggestion of linkage was given for D7S1805, which is
eNOS-CA in 50 affected families, including 106 cases lofcated in approximately the same position as D7S505
severe pre-eclampsia and 42 cases of mild pre-eclamgSig. 1) by non-parametric analysis, using the APM
(Arngrimsson et al. 1997). In contrast, linkage was emethod for SPE. Furthermore, a suggestive linkage was
cluded for eNOS-CA under all models, and also excludiedind for D7S1805 under SPE using parametric analysis,
for two flanking markers, D7S505 and D7S483, undeatcording to the guidelines for complex disease (Lander
most models using 104 sibships and 21 PE familisd Kruglyak 1995). The eNOS-CA marker gave positive
(Lewis et al. 1999). LOD scores for SPE, but did not reach suggestive linkage,
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nor did it demonstrate distortion in allele sharing undé?2/24) from the 3AW Community Service Trust Research Foun-
non-parametric analysis. In the lcelandic/Scottish stug%"on of the Royal Women's Hospital. Guanglan Guo was a re-

. ient of an Overseas Postgraduate Research Award from the
(Arngrimsson et al. 1997), eNOS-CA gave g, &f 1.95 University of New South Wales. Jennifer Lade was a recipient of a

at8=0.04 for SPE and a,g, of 2.44 at9=0.06 for MPE | aTrobe University Postgraduate Award and the Royal Australian

by two-point analysis. In addition, suggestive linkage di€ellege of Obstetrics and Gynaecology Glynn White Fellowship.

equilibrium was given for eNOS-CA allele 14 under SP#e would like to thank Dr Lyn R. Griffiths (School of Health Sci-
_ : ces, Griffith University, Gold Coast, Australia) for the gift of the

by TDT (P_.O'OO7)’ with 1.6 Cas.e.s and 2 Contr(.)ls’ On%}@mers for the eNOS-CA marker. We also gratefully acknowledge

when Scottish and Icelandic families were combined. Tf@ families from whom the samples were obtained.

results from our study, considering previous studies (Arn-
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