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A case–control study between the STIM1 gene and
hypertensive disorders of pregnancy

Kaori Shinya1, Tomohiro Nakayama2,3, Takuo Nakayama1 and Tatsuo Yamamoto1

Hypertensive disorders of pregnancy (HDP) is a common disease and is believed to be a multifactorial genetic disease. Stromal

interaction molecule 1 (STIM1) was previously reported to regulate the concentration of Ca2+ and vascular contraction. The aim of

the present study was to assess the association between HDP and single-nucleotide polymorphisms (SNPs) or haplotypes in the

human STIM1 gene via case–control studies. On the basis of a database on the National Center of Biotechnology Information

website, we selected five SNPs in the human STIM1 gene and performed an association study with 139 HDP patients and 162

age-matched non-HDP subjects. There were significant differences between the HDP and control groups in the genotypes

(P=0.041) and recessive models (P=0.045) for rs7945554, and between the gestational hypertension and control groups in the

dominant models (P=0.015) and alleles (P=0.043) for rs10458894. The haplotypes of A-T-G-G, A-C-A-G, A-T-A-G, G-T-G-C, A-T-

G-C and G-C-A-C (rs7945554–rs10458894–rs7929653–rs2923956) were significantly different from those of the control group.

In the logistic regression analysis, the AA genotype of rs7945554 was significantly more predominant in the HDP group than in the

control group. We found HDP-sensitive SNPs and haplotypes, and the STIM1 gene was identified as a possible susceptibility gene

for HDP. By providing guidance to patients with genetic factors for HDP, we may be able to help them avoid environmental factors

that could increase the risk of HDP before or during pregnancy and thus prevent or delay the onset of the disease.
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INTRODUCTION

Hypertensive disorders of pregnancy (HDP) is a common disease that
occurs in ~ 5–7% of pregnant women in Japan. Many causes of HDP
have been reported, and it is believed to be a multifactorial genetic
disease. Disorders of endothelial cells, thrombotic tendencies, dysfunc-
tions of the placenta and oxygen deficiencies are the main mechanisms
behind HDP.
In humans, Ca2+ has important roles in immunity for second

messengers, cell proliferation, secretion, blood coagulation, muscle
contraction and neurotransmission.1 Ca2+ exists outside of cells or is
stored in organelles, such as the endoplasmic reticulum (ER).
Extracellular stimulation can cause a temporary release of Ca2+ from
the ER and sustained Ca2+ entry into cells via calcium channels; this is
called store-operated calcium entry (SOCE), also known as capacita-
tive calcium entry or calcium-release-activated calcium entry
(CRAC).2 Two proteins have important roles in SOCE: CRAC
modulator 13,4 (Orai1, also called CRACM1) and stromal interaction
molecule 15,6 (STIM1).
Orai1 is a four-pass transmembrane calcium channel protein found

in the cell membrane, with its N terminus and C terminus in the

intracytoplasmic space. STIM1 is a single-pass transmembrane protein
that is located in the ER membrane and its N terminus is in the
ER lumen.
When the concentration of Ca2+ decreases in the ER, the EF hand

motif of STIM1 senses this concentration change, and Orai1 and
STIM1 form clusters. These clusters activate SOCE, and Ca2+ flows in
from the outside of the cell.7 This system has been confirmed in
immune cells, muscular cells, nerve cells, internal secretion cells and
cancer cells. STIM proteins have two isoforms (STIM1 and STIM2),
and STIM2 is reported to be related to SOCE. However, most aspects
of the role of STIM2 in SOCE-related diseases remain unknown.
Heredity is known to be one of the risk factors for HDP, and

associations between HDP and various genes have been reported in
many races.8,9 STIM1 and Orai1 gene variations have been reported to
inhibit SOCE and to cause severe combined immunodeficiency.3

SOCE may contribute greatly to the immune system. Mice lacking
STIM1 or STIM2 were reported to have particularly low levels of
regulatory T cells among the T cells.10 In HDP patients, the number of
T cells is decreased in the peripheral blood, causing the collapse of
immune tolerance to fetus cells and the development of HDP.11
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However, to date the associations between STIM1 genes and HDP
have not been reported.
Levels of STIM1 and Orai1 have been reported to be increased in

the vascular smooth muscle cells of hypertension model rats.12 It is
possible that SOCE contributes to the pathology of hypertension in
numerous ways.
The aim of the present study was to assess the association between

HDP and single-nucleotide polymorphisms (SNPs) or haplotypes in
the human STIM1 gene via case–control studies.

METHODS

Subjects
We collected samples from 139 Japanese women with a history of HDP, and
162 Japanese women with no history of HDP as controls, from 2006 to 2015.
All participants had attended the Department of Obstetrics and Gynecology,
Nihon University School of Medicine Itabashi Hospital, Tokyo, Japan. Women
with multiple pregnancies or a history of essential hypertension before
pregnancy were excluded from both groups. Samples were collected from
participants of whom 1.19% were in their sixties, 0.79% were in their fifties,
6.72% were in their forties, 54.2% were in their thirties, 40.3% were in their
twenties and 1.19% were in their teens. We collected the information from
participants in their sixties and fifties from interviews and from maternal and
child health handbooks, which have been published since the 1940s in Japan.
As age-matching is the most important condition of a case–control study, the
age at delivery for both groups was matched in the present study. The HDP
group was subdivided into two groups: those with preeclampsia (PE) and those
with gestational hypertension (GH).
HDP was defined as a systolic blood pressure ⩾ 140 mm Hg or a diastolic

blood pressure ⩾ 90 mm Hg that developed after 20 weeks of gestation and
improved by 12 weeks postpartum. PE was defined as hypertension with
proteinuria that developed after 20 weeks of gestation and improved by
12 weeks postpartum. GH was defined as hypertension without proteinuria that
occurred after 20 weeks of gestation and developed by 12 weeks postpartum.
Proteinuria was defined as protein excretion ⩾ 300 mg in a 24-h urine specimen
collection.13

We selected subjects in accordance with the criteria of GH and PE, and the
presence of renal diseases or diabetes mellitus was not included. In the control
group, 1.2% had renal diseases and 0.6% had diabetes mellitus, excluding
gestational diabetes mellitus. In the HDP group 2.8% had renal diseases and
none had diabetes mellitus. As there were no significant differences in the
presence of these diseases between the two groups, we consider that the choice
of participants was reasonable.
Informed consent was obtained from each participant. This study was

approved by the Human Studies Committee of Nihon University, School of
Medicine.

Genotyping
The STIM1 gene is located on chromosome 11p15.5, and it contains 13 exons
and 238,684 bases (Figure 1).
We chose five SNPs (rs7945554, rs10458894, rs7929653, rs2923956 and

rs10835596) in the STIM1 gene that have a minor allele frequency (MAF) of
over 5% in the Japanese population. All SNPs were selected from the HapMap
database (http://hapmap.ncbi.nlm.nih.gov/). The MAF and the nucleotide
sequences around each SNP were as follows: rs7945554, MAF (A)= 0.25,
5′-GTCAGAAAAGGAAATATAGGTCATG[A/G]TGGCTGGGGAGTTTCAT
GGATGGAT-3′; rs10458894, MAF (T)= 0.34, 5′-AGTGTCTAAGGACAAAA
TAGAAATT[C/T]GGTAAATGTTTGTTGAATTGTAGAC-3′; rs7929653, MAF
(A)= 0.31, 5′-CGATATTTAAGATGGGTGTGACATG[A/G]CCAGAGTGTTT
TTTTTAGGAAGACC-3′; rs2923956, MAF (C)= 0.50, 5′-GCCCACCTCA
GCCTCCCAAAATCCT[C/G]GGATCGTAAACATGAGCCAACGCA-3′; and
rs10835596, MAF (T)= 0.32, 5′-GGTCCAGCCCAATTTTCGGCTGTCA[C/T]
CTAAAATCATCAATGTCTCCCAGGA-3′.
Genomic DNA was obtained from peripheral blood mononuclear cells using

phenol–chloroform extraction and ethanol precipitation. The concentration of
DNA was adjusted to 1 ng μl− 1 using a spectrophotometer.14 We identified the
genotypes using TaqMan PCR with Assays-on-Demand kits (Applied Bio-
systems, Foster City, CA, USA).
For each reaction, we mixed 2 μl of DNA, 2.5 μl of TaqMan Genotyping

Master Mix (Applied Biosystems), 0.16 μl of Tris-EDTA buffer 1× (Promega,
Fitchburg, WI, USA), 2.25 μl of distilled water as primer and 0.0092 μl of
TaqMan SNP Genotyping Assays (Applied Biosystems) as probe. Each PCR
reaction was performed in a well of a 96-well plate that was placed in a 2720
Thermal Cycler (Applied Biosystems). Thermal cycling was set to 95 °C for
10 min, and then 50 cycles of 92 °C for 15 s and 60 °C for 1 min, and, finally,
reactions were held at 4 °C.14

We used an ABI PRISM 7700 Sequence Detector (Applied Biosystems) as a
fluorescence detector for reading the end point of the TaqMan PCR, and the
obtained data were analyzed using Detector v. 1.7 alias (Applied Biosystems).

Statistical analysis
We performed association studies (case–control studies) with 139 HDP patients
and 162 age-matched non-HDP subjects using individual SNPs and haplotypes
constructed with these SNPs. Continuous variables are shown as the mean±
s.d. Differences in continuous variables between the HDP and control
participants were analyzed with the Mann–Whitney U-test. Differences in
categorical variables were analyzed with Fisher’s exact test. Statistical analysis
was performed using GraphPad Prism 6 (GraphPad Software, San Diego,
CA, USA).
We carried out a linkage disequilibrium analysis and a haplotype-based case–

control study using the SNPAlyze software program, version 3.2.3 (Dynacom,
Yokohama, Japan), with four SNPs that conformed to Hardy–Weinberg
equilibrium. Hardy–Weinberg equilibrium was calculated with the χ2-test,
and the equilibrium was judged to be accurate with P-values 40.05
(rs12313273, P= 0.92; rs6486795, P= 0.62; rs7945554, P= 0.27; rs10458894,
P= 0.29; rs7929653, P= 0.10; and rs2923956, P= 0.08). rs10835596 was
excluded from the haplotype-based case–control study because it was not in
Hardy–Weinberg equilibrium. All SNPs were confirmed to be on the same
haplotype block by calculating the |D’ |values, and they were included in the
haplotype-based case–control study, because all r2 values were 40.5 (Table 1).
In the haplotype-based case–control study, haplotypes with frequencies o0.03
were excluded from the study. The distributions of haplotype frequencies were
calculated using the χ2-test. Probability levels of Po0.05 were considered to
indicate differences that are statistically significant.
Statistical analyses were performed using SPSS software for Windows,

version 12 (SPSS, Chicago, IL, USA).

RESULTS

The characteristics of the study participants are shown in Table 2. The
proportion of those with a family history of hypertension, their systolic
blood pressure, diastolic blood pressure and body mass index (BMI)
before pregnancy, and their BMI at delivery, were higher than those in
the control group. The gestational age at delivery, birth weight of

Figure 1 Organization of the STIM1 gene and locations of SNPs. The STIM1
gene is located on 11p15.5. It consists of 238,684 bases and 13 exons.
The down arrows indicate the locations of the SNPs. SNP, single-nucleotide
polymorphism; STIM1, stromal interaction molecule 1.
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neonates and Apgar score at 5 min were lower in the HDP and PE
groups than those in the control group. The systolic blood pressure,
diastolic blood pressure and BMI before pregnancy, and BMI at
delivery, were higher, and the gestational age at delivery was lower in
the GH group than in the control group.
The genotypes, dominant models, recessive models and alleles are

indicated in Table 3. There were significant differences between the
HDP and control groups in the genotypes (P= 0.041) and recessive
models (P= 0.045) for rs7945554, and between the GH and control
groups in the dominant models (P= 0.015) and alleles (P= 0.043) for
rs10458894.
The haplotype-based control study results are shown in Table 4.

The haplotypes of A-T-G-G, A-C-A-G, A-T-A-G, G-T-G-C, A-T-G-C
and G-C-A-C (rs7945554–rs10458894–rs7929653–rs2923956) were
significantly different from those of the control group.
For the logistic regression analysis, we chose age and a family

history of hypertension as confounding factors. Confounding factors
such as blood pressure, and BMI associated with criteria for HDP,
were not estimated in this analysis. In the logistic analysis, we excluded
factors included in the criteria of the disease for the confounding
factors because these showed significant differences as a necessary
consequence. The AA genotype of rs7945554 was significantly more
predominant in the HDP group than in the control group (Table 5).

DISCUSSION

A family history of hypertension, history of HDP, primipara status,
obesity, elderly pregnancy, stress, diabetes, dental cavities, urinary tract
infections and thyroid disease are the known risk factors of HDP. In
this study, there were significant differences in the number of
individuals with a family history of hypertension and in BMI, but
the ages at delivery and the proportions of primigravidae did not differ

significantly between the HDP and control groups. We saw differences
in the gestational age at delivery, birth weight of neonates and Apgar
score at 5 min between the HDP and control groups, because we chose
to terminate pregnancy as a treatment for HDP, which leads to
premature birth.
Although an association between STIM1 and hypertension has been

reported using vascular smooth muscle cells of model rats, the present
investigation is the first reported association study between HDP and
the STIM1 gene. Association studies have high statistical power, and it
is easy to collect samples; however, false-positive results are not
uncommon. Genome-wide association studies (GWAS) are currently
attracting much attention, and the inhibin βB gene15 and the PSG11
gene16 have been identified as genes associated with HDP in GWAS.
We would have performed a GWAS had funding permitted; however,
even if we had detected a susceptibility gene using GWAS, we would
have subsequently have had to perform an association study compar-
able to the present study.
We found significant differences in the genotypes and alleles of two

SNPs between the HDP and control participants. In rs7945554, we
found differences between the HDP and control groups, but not
between the PE or GH and control groups. rs7945554 may be
associated with the development of HDP. In contrast, in
rs10458894, we found differences between the GH and control groups,
but not between the PE or HPD and control groups. Several theories
speculate that PE and GH are involved in different pathologies and
show different gene expression patterns. Proteins related to the
pathology of HDP may cause differences, and some studies have
reported genetic mutations in PE groups but not in GH groups.17,18 In
this study, the number of participants in the GH group was small, and
this may account for the difference seen between the GH and control
groups. The frequency of GH was consistently low, ranging from 0.4
to 0.6%. On the other hand, the frequency of PE was 2–3%. The
period of sampling was inconsistent among participants. However, as
the aim of this study was to investigate inheritable factors of HDP, we
consider that the sampling period did not affect the results.
SNPs located in introns do not directly affect the expression of a

protein. SNPs with individual differences were chosen as genetic
markers; therefore, SNPs that did not show a significant effect in the
association study could not be definitively ruled out as having an
association with the disease.
Even if significant associations between a disease and a polymorph-

ism are found, the polymorphism cannot definitively be said to confer
disease susceptibility. Other polymorphisms in the same gene or
neighboring genes may primarily determine susceptibility, and the

Table 1 Linkage disequilibrium patterns (r2)

Table 2 Characteristics of the study participants

Control (n=162) HDP (n=139) P-values GH (n=18) P-values PE (n=121) P-values

Age at delivery (years) 32.0±7.0 30.6±6.4 0.129 31.2±5.5 0.68 30.5±6.6 0.117

Proportion of primigravidae (%) 52.8 58.4 0.434 58.3 0.717 58.4 0.451

Family history of hypertension (%) 20.8 38.9 0.002 33.3 0.227 40.3 0.002

Systolic blood pressure (mm Hg) 121.1±19.1 162.3±24.6 o0.001 155.9±16.3 o0.001 163.6±25.9 o0.001

Diastolic blood pressure (mm Hg) 74.4±13.4 98.7±18.1 o0.001 94.4±14.9 o0.001 99.6±18.7 o0.001

BMI before pregnancy (kg m−2) 21.0±3.3 22.8±4.7 0.001 26.0±4.1 o0.001 22.2±4.6 0.044

BMI at delivery (kg m−2) 24.7±2.7 26.8±4.3 0.001 30.0±4.0 o0.001 26.2±4.1 0.024

Body weight gained during pregnancy (kg) 10.1±4.1 9.7±6.5 0.19 8.5±6.0 0.577 9.9±6.7 0.199

Gestational age at delivery (weeks) 38.5±2.0 35.3±4.0 o0.001 36.8±3.1 0.013 35.0±4.1 o0.001

Birth weight of neonate (g) 2998±497 2224±862 o0.001 2681±661 0.05 2122±871 o0.001

Apgar score at 5 min 8.7±0.6 7.3±2.4 o0.001 8.2±1.3 0.131 7.1±2.6 o0.001

Abbreviations: BMI, body mass index; GH, gestational hypertension; HDP, hypertensive disorders of pregnancy; PE, preeclampsia.
Continuous variables are expressed as the mean± s.d. The P-values were calculated using the Mann–Whitney U-test.
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observed associations may be secondary phenomena caused by linkage
disequilibrium. We need to determine the region with the strongest
association with a disease by conducting an association study of several
of the nearby polymorphisms. For such a study, haplotype analysis
would be useful. Gene recombination can occur at the time of
hereditary transmission, and nearby SNPs are inherited as a group.
This alignment of genes grouped on one chromosome is called a
haplotype. The analysis of haplotypes may allow the determination of
associations that were not detectable from the analysis of SNPs alone.
The haplotype-based case–control study showed significant differ-
ences, indicating that the haplotypes were related to HDP. A-T-G-G,

A-T-A-G, A-T-G-C and G-C-A-C could be disease-susceptibility
haplotypes, whereas A-C-A-G and G-T-G-C could be disease-
resistance haplotypes.
Associations have been reported between gene polymorphisms of

the STIM1 gene and ankylosing spondylitis.19 We did not choose the
same SNPs as used by those researchers because the MAFs of the SNPs
are low in the Japanese population. However, we plan to use these
SNPs in a future study.
In this study, we examined only maternal genetic backgrounds, but

paternal genetic backgrounds are also known to be associated with the
development of HDP. Having a father whose mother had HDP, or a

Table 3 Genotype and allele distributions among the control, HDP, PE and GH participants

Variants Function Control (n=162) HDP (n=139) P-values PE (n=121) P-values GH (n=18) P-values

rs7945554 Intron Genotype AA 6 (0.037) 13 (0.094) 11 (0.091) 2 (0.111)

AG 62 (0.383) 39 (0.281) 35 (0.289) 4 (0.222)

GG 94 (0.580) 87 (0.626) 0.041a 75 (0.620) 0.071 12 (0.667) 0.188

Dominant model GG 94 (0.580) 87 (0.626) 75 (0.620) 12 (0.667)

AG+AA 68 (0.420) 52 (0.374) 0.420 46 (0.380) 0.502 6 (0.333) 0.480

Recessive model AA 6 (0.037) 13 (0.094) 11 (0.091) 2 (0.111)

AG+GG 156 (0.963) 126 (0.906) 0.045a 110 (0.909) 0.059 16 (0.889) 0.148

Allele A 74 (0.228) 65 (0.234) 57 (0.236) 8 (0.222)

G 250 (0.772) 213 (0.766) 0.875 185 (0.764) 0.842 28 (0.778) 0.933

rs10458894 Intron Genotype CC 45 (0.278) 48 (0.345) 38 (0.314) 10 (0.556)

CT 87 (0.537) 65 (0.468) 59 (0.488) 6 (0.333)

TT 30 (0.185) 26 (0.187) 0.403 24 (0.198) 0.704 2 (0.111) 0.053

Dominant model CC 45 (0.278) 48 (0.345) 38 (0.314) 10 (0.556)

CT+TT 117 (0.722) 91 (0.655) 0.206 83 (0.686) 0.507 8 (0.444) 0.015a

Recessive model TT 30 (0.185) 26 (0.187) 24 (0.198) 2 (0.111)

CT+CC 132 (0.815) 113 (0.813) 0.967 97 (0.802) 0.780 16 (0.889) 0.436

Allele C 177 (0.546) 161 (0.579) 135 (0.558) 26 (0.722)

T 147 (0.454) 117 (0.421) 0.418 107 (0.442) 0.785 10 (0.278) 0.043a

rs7929653 Intron Genotype AA 26 (0.160) 20 (0.144) 17 (0.140) 3 (0.167)

AG 65 (0.401) 63 (0.453) 54 (0.446) 9 (0.500)

GG 71 (0.438) 56 (0.403) 0.659 50 (0.413) 0.734 6 (0.333) 0.669

Dominant model GG 71 (0.438) 56 (0.403) 50 (0.413) 6 (0.333)

AG+AA 91 (0.562) 83 (0.597) 0.535 71 (0.587) 0.673 12 (0.667) 0.393

Recessive model AA 26 (0.160) 20 (0.144) 17 (0.140) 3 (0.167)

AG+GG 136 (0.840) 119 (0.856) 0.690 104 (0.860) 0.643 15 (0.833) 0.946

Allele A 117 (0.361) 103 (0.371) 88 (0.364) 15 (0.417)

G 207 (0.639) 173 (0.622) 0.811 154 (0.636) 0.951 21 (0.583) 0.512

rs2923956 Intron Genotype CC 31 (0.191) 29 (0.209) 28 (0.231) 1 (0.056)

CG 92 (0.568) 71 (0.511) 60 (0.496) 11 (0.611)

GG 39 (0.241) 39 (0.281) 0.600 33 (0.273) 0.477 6 (0.333) 0.318

Dominant model GG 39 (0.241) 39 (0.281) 33 (0.273) 6 (0.333)

CG+CC 123 (0.759) 100 (0.719) 0.432 88 (0.727) 0.541 12 (0.667) 0.389

Recessive model CC 31 (0.191) 29 (0.209) 28 (0.231) 1 (0.056)

CG+GG 131 (0.809) 110 (0.791) 0.708 93 (0.769) 0.412 17 (0.944) 0.153

Allele C 154 (0.475) 129 (0.464) 116 (0.479) 13 (0.361)

G 170 (0.525) 149 (0.536) 0.782 126 (0.521) 0.924 23 (0.639) 0.192

rs10835596 Intron Genotype CC 64 (0.395) 58 (0.417) 52 (0.430) 6 (0.333)

CT 87 (0.537) 68 (0.489) 59 (0.488) 9 (0.500)

TT 11 (0.068) 13 (0.094) 0.595 10 (0.083) 0.693 3 (0.167) 0.328

Dominant model CC 64 (0.395) 58 (0.417) 52 (0.430) 6 (0.333)

CT+TT 98 (0.605) 81 (0.583) 0.696 69 (0.570) 0.557 12 (0.667) 0.610

Recessive model TT 11 (0.068) 13 (0.094) 10 (0.083) 3 (0.167)

CT+CC 151 (0.932) 126 (0.906) 0.413 111 (0.917) 0.640 15 (0.833) 0.138

Allele C 215 (0.664) 184 (0.662) 163 (0.674) 21 (0.583)

T 109 (0.336) 94 (0.338) 0.965 79 (0.326) 0.803 15 (0.417) 0.336

Abbreviations: GH, gestational hypertension; HDP, hypertensive disorders of pregnancy; PE, preeclampsia.
( ): frequency.
aPo0.05 vs. Control.
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father that fathered a child with another woman with HDP before
fathering the participant in this study, is reported to increase the risk
of HDP.20,21 Cnattinguis et al.22 reported that the percentages of PE
risk factors were attributable as follows: 35% to maternal genetic
factors, 20% to fetal genetic factors, 13% to couple factors and 32% to
unknown factors. Unfortunately, we did not collect paternal blood
samples in this study. We hope to clarify the genetic factors of HDP by
conducting studies of both maternal and paternal genes in the future.
HDP is a multifactorial genetic disease, and no study definitively

identifying a single gene as an HDP risk factor has been published. In
conclusion, we found HDP-sensitive SNPs and haplotypes, and
identified the STIM1 gene as a possible susceptibility gene for HDP.
By providing guidance to patients with genetic factors for HDP, we
may be able to help them avoid environmental factors that could
increase the risk of HDP before or during pregnancy and thus prevent
or delay the onset of the disease.
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