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Abstract

The heritability of pregnancy-induced hypertension (encompassing both gestational
hypertension and pre-eclampsia) is around 0.47 suggesting that there is a genetic
component to its development. However the maternal genetic risk variants discovered so
far only account for a small proportion of the heritability. Other genetic variants that may
affect maternal blood pressure in pregnancy arise from the fetal genome, e.g. wild type
pregnant mice carrying offspring with Cdknlc or Stox1 disrupted develop hypertension and
proteinuria. In humans there is a higher risk for pre-eclampsia in women carrying fetuses
with Beckwith Wiedemann syndrome (including those fetuses with CDKN1C mutations) and
a lower risk for women carrying babies with trisomy 21. Other risk may be associated with
imprinted fetal growth genes and genes that are highly expressed in the placenta such as
GCM1. This manuscript reviews the current state of knowledge linking the fetal genotype

with maternal blood pressure in pregnancy.

Condensed Abstract

Maternal genetic risk factors discovered so far only account for a small proportion of the
heritability of pregnancy-induced hypertension (encompassing both gestational
hypertension and pre-eclampsia). Other genetic variants that may affect maternal blood
pressure in pregnancy arise from the fetal genome. Examples of this include the
hypertension exhibited by wild type pregnant mice carrying offspring with Cdkn1c disrupted
and the increased risk of pre-eclampsia in women carrying fetuses with Beckwith
Wiedemann syndrome. This manuscript reviews the current state of knowledge linking the

fetal genotype with maternal blood pressure in pregnancy.
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Introduction

Studies of the Swedish Twin Register and the Swedish Medical Birth Register suggest
pregnancy-induced hypertension (raised blood pressure which originates in pregnancy and
encompasses both gestational hypertension and pre-eclampsia) has a heritability of 0.47
(0.13-0.61), with a non-shared environmental effect of 0.53 [1]. This suggests that genetics
plays an important part of the overall control of blood pressure in pregnant women and that
polymorphic genetic variation can contribute towards changes in a woman’s risk of
developing gestational hypertension (with its heritability of 0.24 [1]) or pre-eclampsia
(heritability of 0.54 [1]). Despite there being no shortage of family linkage studies, candidate
gene association studies and genome wide (essentially hypothesis-free) association studies
(GWASs), the maternal genetic variants linked or associated with gestational hypertension,
pre-eclampsia or changes in blood pressure (reviewed in [2]) itself only account for a small
fraction of the heritability of pregnancy-induced hypertension [3]. The reasons for this
apparent discrepancy may relate to a combination of the effects of the lack of sensitivity of
even large GWASs for detecting associations with small effect sizes and genetic variation
that would not be picked up in such studies, such as the effects of copy number variation,
epistasis, rare variants with large effect sizes and epigenetics (such as changes in
methylation, histone and microRNA {miRNA} expression). However evidence from the
literature suggests that a further genetic influence, i.e. additional to that imposed by the
maternal genotype, on maternal blood pressure in pregnancy may relate to the fetal
genotype. Indeed for one specific form of hypertension in pregnancy, pre-eclampsia, using
the Swedish Birth and Multi-Generation Registries it was found that 35% of the variance in
the liability of pre-eclampsia could be attributed to the maternal genotype, 20% to the fetal

genetic effects (with maternal and paternal inheritance making similar contributions), 13%
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to the so-called couple effect (caused by maternal and paternal genetic interactions), less
than 1% to the shared sibling environment and 32% to other, unmeasured factors [4]. This
descriptive review highlights the evidence for a relationship between the fetal genotype and
maternal blood pressure in pregnancy, gained from both human and animal studies, and
identifies groups of fetal genes that could emerge as potential effectors of maternal blood
pressure in pregnancy and therefore risk of developing conditions such as gestational

hypertension [5].

Fetal Effects on Maternal Blood Pressure in Pregnancy

The mechanism of how the fetal genotype may influence maternal blood pressure in
pregnancy is unknown and probably varies according to the specific genes in question. In
general, however, we hypothesised that one likely option would be via changes in placental
function or secretion of vasoactive hormones and proteins [5] with the placenta largely
being a fetal organ that expresses the fetal genotype [6], despite part of it being of maternal
origin arising from the transformation of the uterine mucosa [7]. Relative to singleton
pregnancies twin pregnancies are associated with increased total placental weight, whether
one [8] or two [9] placentas are present. In a large American study of 684 twin pregnancies
and 2,946 singleton pregnancies, the mean (95% confidence interval {95% Cl}) relative risks
for the development of both gestational hypertension (2.04 (1.60-2.59)) and pre-eclampsia
(2. 62 (2.03-3.38)) were both more than doubled in twin pregnancies [10]. Even higher
relative risk for pregnancy induced hypertension (3.65 (2.11-6.30)) was observed in a Thai
study of 305 twin and 298 singleton pregnancies [11]. Finally in an extremely large American
study of 34,374 singleton, twin, triplet and quadruplet pregnancies it was found that the

incidence of pregnancy-related hypertensive disorders increased according to the number
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of fetuses up to triplets [12]. Similar results were evident for severe pregnancy-related
hypertensive disorders such as pre-eclampsia and HELLP (haemolysis, elevated liver

enzymes and low platelets: a specific, severe form of pre-eclampsia) [12].

A further influence of the fetus on maternal blood pressure in pregnancy is observed in
relation to the fetal sex. Thus the risk of a woman developing pre-eclampsia and/or
pregnancy-induced hypertension (which in different studies may include gestational
hypertension with or without pre-eclampsia) has been observed to change according to
whether the woman is carrying a male or a female baby [13-26]. Generally the higher risk is
associated with carrying a male fetus [13-23], although some studies have observed a higher
risk associated with carrying a female fetus [24-26]. The reason for this discrepancy is not
clear, although it may relate to interactions with other risk factors as some studies have
found that carrying a male fetus leads to a lower risk for the mother developing pre-
eclampsia that leads to preterm delivery [27]. Indeed a recent study of women in Libya
found that pre-eclampsia was more common among preterm females and post-term males
(as well as male-bearing primigravids) [24]. Another study found an interaction with
maternal age such that the proportion of women with pre-eclampsia that were carrying
males dropped with age [22]. A molecular difference was observed in one prospective
pregnancy study when it was found that in women that went on to develop either pre-
eclampsia or gestational hypertension circulating angiotensin-(1-7) levels were raised at 15
weeks gestation, but only in those women who were female-bearing [28]. Finally fetal sex
differences in maternal risk may be masked by factors such as a lack of statistical power or
the influence of multifetal effects [29]. As well as direct associations between the risk of

maternal hypertensive disorders and fetal sex, the fetal sex may also have an indirect
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interactive effect with the maternal genotype. Thus in one of study of 2,089 Caucasian
women with singleton pregnancies, whilst a maternal progesterone receptor polymorphism
in isolation was not associated with maternal blood pressure, in A/A homozygotes those
women carrying male fetuses had systolic blood pressures that were on average 9 mmHg
lower than those of women carrying female fetuses in the first trimester [30]. Diastolic

blood pressures were on average 5 mmHg lower.

Rodent studies have also shown an influence of the unborn offspring on maternal blood
pressure in pregnancy. Like in humans in inbred mice the mean arterial blood pressure
usually drops in the early stages of pregnancy probably due to systemic vasodilation.
However no such change was observed in a study of pseudopregnant randomly-bred CD1
mice where endometrial decidualisation was established, despite these mice having the
usual endocrine changes, uterine neoangiogenesis and recruitment of immune cells [31].
These results therefore suggest that the presence of viable conceptus(es) appears to be vital
for the drop in blood pressure usually observed in early pregnancy [31]. In other studies
when stimulated by either exercise or angiotensin Il administration, CBA/J female mice were
found to have hypertension when mated with DBA/2 males in comparison to if the same
females were mated with BALB/c males [32], reminiscent of the risk of maternal pre-
eclampsia in humans being partially dependent on the father [2]. Female BPH/5 mice have
been shown to have higher mean arterial blood pressures that C57BI/6 mice even in the
non-pregnant state, but the difference in blood pressures between the two strains of mice
has been shown to be exacerbated during the final week of pregnancy prior to returning to
normal within two days post-partum [33]. Spontaneous hypertension in pregnancy has also

been observed in SHHF/Mcc-fa(cp) rats [34], although for a more prolonged period of the
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pregnancy than was observed in the BPH/5 mice. The rise in blood pressure normalised
post-partum in the SHHF model, and further study of the same strain of rats suggested that
the increase in blood pressure was related to an abnormal pressor response to

progesterone [35].

Fetal Genotype Effects on Maternal Blood Pressure

Human Studies

Whilst the above studies relate the unborn offspring to a mother’s blood pressure in
pregnancy additional studies relate the actual fetal genotype to either a mother’s blood
pressure or her risk of developing gestational hypertension or pre-eclampsia. Women who
were pregnant with a child that had the genetic disorder Beckwith Wiedemann syndrome
were found to be 5.7 (1.9-16.6 95% CI) times more likely to develop proteinuria and
hypertension, and 2.4 (1.4-4.1 95% Cl) times to develop non-proteinuric gestational
hypertension [36] than when the same women were pregnant with a non-affected sibling.
Case reports of the link between pre-eclampsia and babies with Beckwith Wiedemann
syndrome had previously been published [37-39]. The actual genetic mutations that cause
Beckwith Wiedemann syndrome are most commonly observed in a number of different loci
in the 11p15.5 region such as in the H19, KCNQ10T1 (potassium channel, voltage-gated,
KQT-like subfamily, member 1-overlapping transcript 1) and CDKN1C (cyclin-dependent
kinase inhibitor 1C) genes [40]. A further series of case reports described three women with
pre-eclampsia and/or HELLP syndrome where their babies had Beckwith Wiedemann
syndrome caused by mutations in the CDKN1C gene (which caused expression of truncated,
non-functional proteins) [41]. The mutations were inherited from their mothers in two cases

and arose de novo in the third. One of the mothers who had the mutation was unaffected
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due to having inherited the mutation in the paternally-imprinted, maternally-expressed
CDKN1C gene from their father. The other mother who transmitted the mutated gene had a

de novo mutation and was asymptomatic.

A fetal chromosomal effect on maternal blood pressure in pregnancy is suggested by studies
of unaffected pregnant women carrying babies with trisomy 21. Whilst there was no
detectable effect in multiparous pregnancies, in first pregnancies study of 7,763 affected
pregnancies and 15,293 unaffected pregnancies from the U.S. Natality files showed that
carrying a child with trisomy 21 was associated with a significantly reduced risk of
developing pregnancy induced hypertension (adjusted risk 0.67 {0.53-0.85 95% Cl}) [42]. The
association was confirmed in a Californian case control study (665 affected pregnancies and
987 unaffected pregnancies) and it was suggested that the change in risk in first pregnancies
was due to a lower chance of such women developing pre-eclampsia (adjusted risk 0.19
{0.04-0.88 95% Cl}) rather than gestational hypertension (adjusted risk 0.83 {0.37-1.84 95%
Cl}) [42]. In a further study, this time using the Texas Birth Defects Registry for 1999-2003
the number of cases of pre-eclampsia in a cohort of pregnancies carrying a trisomy 21 fetus
was 84 out of a total of 2,995 pregnancies (3.7%). The equivalent figure for pregnancies with
fetal isolated oral clefts (which were used as controls) was 111 out of a total of 1,959 (5.7%)
[43]. This gave a crude odds ratio for having pre-eclampsia in a trisomy 21-affected
pregnancy of 0.63 (0.47-0.85 95% Cl) (p=4.1 x 10°”'), which remained broadly the same when
adjusted for confounders. It is not currently known which actual genes on chromosome 21
may be responsible for this association, although it may relate to changes in placental

development and function (reviewed in [44]).
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Another fetal chromosomal association with changes in maternal blood pressure in
pregnancy is the association between an increased risk of developing pre-eclampsia and
fetal trisomy 13 which has been reported in both (modestly-sized) case-control [45-47] and
case report form [48-52]. The emergence of pre-eclampsia in these pregnancies may relate
to changes in placental development and function associated with the trisomy 13 [52, 53]
such as a small placental volume and reduced placental vascularisation. Candidate genes
from chromosome 13 that may be involved in pre-eclampsia include FMS-related tyrosine
kinase 1 (the vascular endothelial growth factor receptor), the alpha-2 chain of type IV

collagen and periostin [53].

There is also a single case report of a mother carrying a fetus with trisomy 18 who
developed HELLP syndrome [54]. However the fetal trisomy 18 and the maternal HELLP
syndrome may not have been directly related as a separate case-control study of 38 women
bearing trisomy 18 offspring did not find any excess of hypertensive disorders in the

mothers [46].

In terms of specific fetal genotypes and changes in maternal blood pressure in pregnancy
there are not many published studies so far, although studies are ongoing. However in a
small American study of predominantly Hispanic women, the fetal genotype for a single
nucleotide polymorphism (SNP) (rs9349655) in the GCM1 (glial cells missing, drosophila,
homolog of) gene was associated with a reduced risk of the development of pre-eclampsia:
odds ratio of 0.41 (0.20-0.85 95% Cl) for group sizes of 136 with pre-eclampsia and 169
without any form of pregnancy-induced hypertension [55]. There was no such association

between the maternal genotype and the risk of pre-eclampsia, however. This was
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presumably related to the selective expression of GCM1 in the placenta being where the
modulation of risk emerges [56] and the fact that most of the placenta is of fetal origin [6].
The same group who found the fetal GCM1 association had previously found an association
between the risk of maternal pre-eclampsia and a fetal SNP in the transforming growth
factor (TGF)-B3 (TGFB3) gene in the same group of women [57]. The odds ratio for the
mother developing pre-eclampsia when the fetus was carrying at least one of minor allele of
the SNP rs11466414 was 0.32 (0.14-0.77 95% Cl). Like for the GCM1 finding there was no
equivalent association with the maternal genotype. Other studies have observed increased
placental expression of TGFB3 in pregnancies affected by pre-eclampsia [58], suggesting a
possible mechanism for the fetal rs11466414 association with this SNP being located in the
upstream regulatory region of the TGFB3 gene and therefore probably being associated with

changes in gene expression.

Other studies have found associations between fetal but not maternal polymorphisms and
pre-eclampsia. A study of Chinese Han women found that a polymorphism in the fetal
angiotensinogen gene was protective against the development of pre-eclampsia in the
mother, with an adjusted odds ratio of 0.28 (0.14-0.59 95% Cl) [59]. No such association was
found with the maternal genotype. A polymorphism in the fetal ERAP2 (endoplasmic
reticulum aminopeptidase 2) gene (and not the maternal gene) has been associated with
the development of pre-eclampsia in a population of African American women but not in
Chilean women [60]. In a population of Caucasian women from Australia or New Zealand,
when stratified by maternal body mass index, a polymorphism in the angiotensin Il receptor
type 2 (AGTR2) gene was associated with a two to three times increased risk of developing

pre-eclampsia whether it was the maternal, paternal or fetal genotype that was analysed
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[61]. The authors suggested that the mechanism behind the associations between all these
genotypes and pre-eclampsia might involve variations in placentation at the maternal-fetal
interface resulting from changes in trophoblast apoptosis, given the role of AGTR2 in
apoptosis in other tissues [61]. In a population of Caucasian women a polymorphism in the
fetal and paternal but not the maternal KDR (kinase insert domain receptor) gene was found
to be associated with the development of pre-eclampsia, with an adjusted odds ratio of 2.2
(1.0-4.4 95% Cl) [62]. When the data were stratified by whether or not the mother smoked
during pregnancy, the maternal KDR genotype was associated with the risk of pre-
eclampsia. With most of the placenta being of fetal origin [6], again the authors suggested
that the mechanism behind this pattern of association was likely to involve placentation and
in particular placental angiogenesis [62]. Immune tolerance, or lack of it, may also play a
part in regulating maternal blood pressure in pregnancy as one relatively small study of
Malay women found the fetal HLA-G*0106 genotype to be associated with pre-eclampsia in
multigravida pregnancies, with an odds ratio of developing the condition of 5.0 (1.8-13.8
95% Cl) [63]. This study also found a higher occurrence of maternal/fetal HLA-G*0106
genotype mismatch in women with pre-eclampsia than in the controls, with an odds ratio of

9.6 (2.4-38.7 95% Cl).

Animal Studies

Animal studies offer further specific fetal genetic associations with maternal blood pressure
in pregnancy. Phenotypically wild type pregnant female mice carrying litters where half of
the offspring have targeted disruption of Cdknlc (also known as p57ki”2) genes develop a

condition similar to pre-eclampsia with hypertension and proteinuria, as well as

thrombocytopenia, decreased anti-thrombin Il activity, and increased endothelin
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concentrations during late pregnancy [64]. The environment modulates the risk of these
signs developing [65]. Comparable to findings of pre-eclampsia in mothers carrying fetuses
with CDKN1C mutations [41], in these mice the maternal blood pressure and proteinuria, as
well as the other factors, return to normal post-partum [64]. During the pregnancy the
placentas of those pups who do not express Cdknlc exhibit trophoblastic hyperplasia,
similar to the excess of intermediate trophoblasts observed in human pre-eclampsia [66].
We found that in a similar model where phenotypically wild type pregnant mice carrying
litters where around half of the offspring had the H19 gene and the nearby Igf2 control
element disrupted, hyperglycaemia and placentomegaly was evident in late pregnancy [67].
We then found similar associations between fetal IGF2 SNPs and maternal glucose
concentrations in humans [68], raised glucose concentrations themselves being associated

with an increased risk of developing pre-eclampsia [69].

Gestational hypertension is also observed in wild type pregnant mice carrying litters where
around half of the offspring have targeted disruption of one copy of their Gem1 gene [70].
This therefore shows similarities with the fetal GCM1 association observed in humans [55]
where reduced placental expression of the gene is found in pregnancies complicated by pre-
eclampsia [71]. The targeted disruption of the gene in mice, however, is clearly more severe
than the single SNP effect in humans as disruption of both copies of the fetal gene is
embryonically lethal [70]. The exact mechanism of how the reduction in Gcm1 expression of
around 50% in affected placentas leads to maternal hypertension is unknown, but is likely to
involve the changes in placental development such as defective syncytiotrophoblast

differentiation and increased fetoplacental vascularity [70].
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A further mouse model of gestational hypertension, with other features of pre-eclampsia,
occurs when wild type female mice are mated with males that are heterozygotes for the
transgenic overexpression of the STOX1 (storkhead box 1) gene [72]. This is interesting given
that STOX1 is one of only two maternal genes that are confirmed to be associated with the
development of pre-eclampsia at the genome-wide level in humans (reviewed in [73]) and is
thought to exert its action through negatively regulating trophoblast invasion by
upregulation of the cell-cell adhesion protein alpha-T-catenin [74]. The studies in mice
suggest that rather than the maternal gene per se leading to the development of pre-
eclampsia it is the transmission of the maternal genotype to the fetus that is important. A
further mouse model of gestational hypertension arises through transgenic manipulation
where female mice that express human angiotensinogen are mated with male mice that
express human renin [75], although the relevance for human gestational hypertension

might be quite limited due to the extensive manipulation.

Groups of Fetal Genes that may influence Maternal Blood Pressure in Pregnancy

Whilst neither extensive in number nor homogeneous enough to permit meta-analyses,
there is enough evidence in the literature to suggest that the fetal genotype can be
associated with changes in maternal blood pressure in pregnancy, particularly with the
development of pre-eclampsia where there is more available evidence. Not many genes
mediating this link have been found so far, and those studies that have found associations
generally need further replication to validate them. Currently it is unclear if genes involved
in cardiac risk inherited by the fetus either play a role in mediating or provide a link between
the fetal genotype and maternal blood pressure in pregnancy. In one study of 162 women

with pre-eclampsia and 521 controls early onset paternal hypertension and myocardial



Petry et al., page - 14 -

infarctions were associated with severe maternal pre-eclampsia [76] but in another study of
14,130 families maternal hypertensive disorders of pregnancy were not associated with
paternal cardiovascular risk factors such as blood pressure, body mass index, waist
circumference, and circulating lipid and glucose concentrations [77]. Other genes that may
well be involved in the fetal genotype modulation of maternal blood pressure are those that
code for proteins that are involved in functions that are specific to pregnancy (otherwise
their effects too would presumably become apparent in adult life). Given the fetal
contribution to the development and functioning of the placenta [7] and the resulting
carrying of the fetal genotype, one group of genes is those that are highly expressed in
placenta or which are involved in its development and function. Examples of these would be
GCM1 and STOX1 which have been shown to be associated with changes in pregnancy blood

pressure in both humans [55, 73] and mouse models [70, 72].

Although only evident when interacting with the effects of maternal genes, a further group
of candidate genes are those related to immune tolerance [78]. This may be especially
apparent when there is a fetal/maternal mismatch in HLA genes as observed in a study of
paternally-transmitted HLA-G*0106 which was associated with pre-eclampsia in
multigravida pregnancies [63], consistent with the idea that pre-eclampsia has an
immunological basis. Alternatively HLA-sharing between the mother and fetus, particularly
of HLA class | and Il molecules, has also been shown to be associated with pre-eclampsia
[79]. Whether it is a fetal/maternal mismatch or HLA-sharing that is important for the
development of pre-eclampsia, or even both with respect to different HLA genes, a role is
suggested for the fetal HLA genotype in the process of modulating pre-eclampsia risk and

therefore maternal blood pressure.
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Fetal HLA genes may also modulate the effects of other maternal immune-related genes. In

one study the risk of developing pre-eclampsia was associated with the fetal HLA-C

genotype in pregnant women with an A/A KIR (killer immunoglobulin receptor) genotype

[80]. The highest risk for pre-eclampsia was associated with mothers lacking all or most of

the activating receptor (i.e. those with the A/A genotype) and carrying fetuses with the HLA-

C2 genotype (odds ratio for pre-eclampsia in pregnancies carrying this genetic combination

2.38 {1.45-3.90 95% CI}). This association was presumably mediated via uterine natural

killer cells which express HLA-C-binding KIR on their cell surface. As a way of validating these

results differences in the population prevalences of the protective maternal A/A KIR

genotype and the fetal HLA-C2 risk genotype by ethnicity would lead to the expectation that

pregnancies of Japanese mothers (with a relatively high prevalence of A/A KIR genotypes)

with Caucasian fathers (with a relatively high prevalence of HLA-C2 genotypes) would be

particularly prone to the development of pre-eclampsia if the findings in this study were not

just due to random chance. One study comparing the incidence of pre-eclampsia in such

pregnancies with those from couples where both mother and father were Japanese failed to

reveal any significant difference however [81]. In contrast a study testing the incidence of

pre-eclampsia in pregnancies with a wider range of maternal and paternal ethnicities found

Asian paternity to be associated with a lower risk of pre-eclampsia than Caucasian paternity

(odds ratio 0.76 {0.68-0.85 95% CI}) and parental ethnic discordance to be associated with a

modest increase in the risk of developing pre-eclampsia (odds ratio 1.13 {1.02-1.26 95% CI})

[82]. The discrepancy between these studies may [83] or may not [84] be explained by there

being insufficient statistical power to detect parental ethnicity-related differences and the

lack of maternal KIR and fetal HLA-C genotyping in the Japanese study [81] or it could result
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from differences in other confounders between the studies such as the length of time

elapsing between the start of the parents’ sexual cohabitation and the conception [85].

Until the validity of the conclusions from the initial study can be confirmed in further

(genotyped) populations the concept that mismatching between the paternal gene-affected

trophoblast and maternal KIRs would lead to a susceptibility to pre-eclampsia must remain

just an intriguing possibility.

An additional group of fetal genes that have specific roles in pregnancy and may be involved
in modulating maternal blood pressure are genes involved in fetal and placental growth.
Whilst pre-eclampsia is most well known to be associated with reduced birth weight it has
also been associated with significantly increased birth weight [86]. Similarly gestational
hypertension can be associated with both intrauterine growth restriction [87] and the baby
being born large for gestational age [88]. Maternal blood pressure itself has a non-linear
relationship with baby’s birth weight, with rises in blood pressure in the pre-pathological
range being associated with increases in birth weight and then rises above that being
associated with a fall in birth weight [89, 90]. Independent of baseline blood pressure an
increase in maternal blood pressure over the course of the pregnancy is associated with
adverse birth outcomes including increased rates of preterm birth and low birth weight [91]
suggesting that a change in pregnancy blood pressure has an important effect on fetal

outcomes.

Of the fetal genes and chromosomes described so far that have been associated with
changes in pregnancy-related hypertensive disorders, a number of them are also associated

with changes in birth weight. Beckwith Wiedemann syndrome may be caused by a number
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of different genetic mutations [40] but whatever causes it seems to be associated with
placentomegaly [38, 39] and increased weight and length at birth [92]. Of the specific genes
associated with Beckwith Wiedemann syndrome a polymorphisms in CDKN1C has been
shown to be associated with increased birth weight [93] and in the mouse fetal Cdknlc
model of pre-eclampsia there is also increased fetal growth [94]. The IGF2 gene has also
been associated with the risk of Beckwith Wiedemann syndrome [95] and in other studies
has been variably associated with changes in birth weight (reviewed in [96]). Similarly fetal
trisomy 21, which causes Down’s syndrome and is associated with a reduced risk of
maternal pre-eclampsia [42, 43], is associated with lower birth weight [97]. Fetal trisomy 13,
which causes Patau syndrome and is also associated with risk of maternal pre-eclampsia
[45-47], may cause fetal growth restriction early in pregnancy [98]. Even fetal trisomy 18
which causes Edward’s syndrome and may be associated with maternal HELLP syndrome
[54], is also associated with reduced birth weight [99]. Most of the specific fetal genes that
have been found to be associated with pregnancy-related hypertensive disorders in
pregnancy have not been studied in relation to fetal growth. However a common
polymorphism in fetal angiotensinogen has been found to be associated with changes in
birth weight (and fetal glycated haemoglobin levels) [100], associations that were not

previously observed when testing the maternal copies of the same polymorphism [101].

Fetal Imprinted Genes

The most characterised fetal growth genes are those that are imprinted [96, 102] such that
only one copy of a gene is active and the other is inactivated, whether it is the copy
inherited from the father or the mother that is active depending on such factors as the gene

itself, the stage of development and the tissue in question. The majority of imprinted genes
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are thought to be involved in fetal and placental growth and function [103]. The most
guoted hypothesis for the evolution of genomic imprinting is Haig’s Kinship theory [104],
which was in turn derived from Trivers’ parent-offspring conflict theory [105]. This suggests
that the genetic influences on fetal growth relate to a conflict between the effects of
maternal genes which tend to limit growth and paternally-transmitted fetal genes which
tend to stimulate it [106]. Fetal growth would reflect the balance between imprinted gene-
mediated fetal demand and nutrient supply, as shown in mouse models [107]. Haig
suggested that fetal imprinted genes could mediate their effects through changes in
maternal metabolism caused by placental hormones [108]. We suggested that fetal
imprinted genes could influence the risk of the mother developing hypertensive disorders in
pregnancy and gestational diabetes [5, 109]. We have published data consistent with this in
terms of raised maternal glucose concentrations in late pregnancy and fetal (paternally-
expressed) IGF2 in both mice [67] and humans [68]. Preliminary analyses of results from our
Cambridge Baby Growth Study cohort suggest that maternal blood pressure will also be
associated with polymorphic variation in various fetal imprinted genes. Slight rises in blood
pressure, in the normal range, are associated with increased fetal growth [89, 90] which
could be advantageous to the fetus given that low birth weight is associated with increased
perinatal morbidity and mortality. Indeed there must be some genetic advantage in the
fetus being able to influence its mother’s blood pressure as if the influence was purely
detrimental to health and reproductive fitness, unless it were of relatively recent origin, it
would likely have been removed by natural selection. Recent data pertaining to more than
750,000 births recorded in the Danish National Patient Registry, however suggest why this
influence may have persisted [110]. Whilst pre-eclampsia in the final trimester of pregnancy

was detrimental to maternal and fetal health, fetal exposure to raised maternal blood
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pressure in the first trimester was associated with significantly reduced overall later-life
disease risks when tracking the child over their first 27 years, as well as just the first year of
life. Historically the advantage brought about by this may outweigh the disadvantage to
health brought about by pre-eclampsia and hence natural selection may have favoured the

trait.

Conclusions and Future Prospects
There are a growing number of studies that suggest that a fetus and its genotype can
influence a mother’s blood pressure and therefore likely risk of hypertensive disorders in

pregnancy. Whilst there is not much data in the literature that refute this suggestion

publication bias towards positive results and the fact that not many investigators have even

considered it mean that this view must be held with a degree of caution. This influence may

explain some of the currently unaccounted for apparent heritability of hypertensive
disorders arising during pregnancy. The overall effect sizes of the associations between
various fetal genotypes and maternal blood pressure cannot easily be judged at present due
to the inability to perform meta-analyses on published data because of study heterogeneity.
Another difficulty in relating the effect size of the fetal genotype on maternal blood
pressure in pregnancy is that many of the cited studies relate to pre-eclampsia rather than
to maternal blood pressure per se due to the potential increased severity of the phenotype.
The problem with using pre-eclampsia as the clinical endpoint is that genetic influences on
pre-eclampsia traits other than blood pressure, such as urinary albumin excretion, may
show an association with the condition and therefore skew the overall fetal risk genotypes
away from those that have a direct influence on (or even just an association with) maternal

blood pressure. To resolve this future genetic studies need to use maternal blood pressure
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as a continuous variable and/or non-proteinuric pregnancy-induced hypertension as a

binary variable clinical endpoint.

It is likely that fetal genes that may exert an influence on maternal blood pressure in
pregnancy will not be the same as maternal genetic variants that are associated with
pregnancy-related hypertensive disorders. We hypothesise that they will be related to fetal
and/or placental growth, development and function such as imprinted genes rather than
cardiovascular function. If certain fetal genes affect placental function and secretion as well
as maternal blood pressure, it may be possible in future to measure unique fetally-related
biomarkers in maternal serum early in pregnancy that predict rises in maternal blood
pressure in late pregnancy. Such biomarker concentrations may add to the assessment of

factors that can predict the risk of the development of hypertensive disorders in pregnancy.
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Tables

Table 1 Estimates of genetic and environmental factors for gestational hypertension, pre-
eclampsia and pregnancy-induced hypertension as a whole among female twins who were
born before 1959 and who gave birth in Sweden between 1973 and 1993 [1]. Used with

permission, copyright © 2000 Wiley-Liss, Inc.

Parameter Estimates Fit of Model’

(95% Cl)°

Measured

Pre-eclampsia 0.54 0 0.46 2.42 3 049

(0~0.71)  (0~0.47)  (0.29~0.67)

Gestational hypertension 0.24 0 0.76 6.81 3 0.08

(0~0.53)  (0~0.33)  (0.47~1.00)

Pregnancy-induced 0.47 0 0.53 28.50 25 0.28

hypertension (0.13~0.61) (0~0.26) (0.39~0.69)

95% Cl = 95% confidence interval.
°h?= heritability, ¢’ = shared environment, e’ = non-shared environment.

be = chi-squared, df = degrees of freedom, P = probability.
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Table 2 The prevalence and odds ratios of maternal complications during pregnancy in

probands with Beckwith Wiedemann syndrome [36]. Used with permission, copyright ©

2005 Wiley-Liss, Inc.

Complication

Preterm delivery (< 38 weeks)

Prevalence in

Beckwith Wiedemann

Group

39.4 (109 of 277)

Odds Ratio

(95% Cl)

19.1 (9.1~40.2)

Delivery before 34 weeks

16.0 (43 of 268)

43.1 (5.9~316.3)

Polyhydramnios 40.0 (110 of 275) 31.6 (12.6~79.1)
Gestational hypertension 17.7 (49 of 277) 2.4(1.4~4.1)
Proteinuria and hypertension 8.7 (24 of 277) 5.7 (1.9~16.6)
Vaginal bleeding 27.8 (77 of 277) 3.9(2.36.4)
Gestational diabetes 5.1 (14 of 276) 2.1 (0.8~5.6)
Maternal infection 14.8 (41 of 277) 1.7 (0.96~2.8)
Caesarean birth 43.7 (121 of 277) 2.2 (1.5~3.2)
Preterm delivery without polyhydramnios, 6.5 (18 of 277) 8.6 (3.1~24.0)

bleeding or hypertension

95% Cl = 95% confidence interval.



