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ABSTRACT. Various theories have been developed regarding the
pathology and etiology of hypertensive disorders of pregnancy
(HDP). T he impaired placenta secretes antiangiogenic factors into
maternal blood, resulting in the development of pregnancy-induced
hypertension (PIH). Both p-calpain and m-calpain are proteins
known to be involved in placentation, with the catalytic subunits
encoded by the CAPNI and CAPN?2 genes, respectively. The purpose
of this study was to find disease susceptibility genes for PIH by
conducting an association analysis for HDP using specific gene
markers comprising individual single nucleotide variants (SNVs) and
haplotypes within the CAPN2 gene. We selected five SNVs in the
human CAPN2 gene and performed an association study with 95
HDP patients and 177 age-matched non-HDP subjects. In the
analyses conducted for the CAPN2 SNVs, the recessive model of
rs1153968 differed significantly between the gestational hypertension
(GH, a category of HDP) and control groups. However, rs1153968
deviated from Hardy-Weinberg equilibrium and was deemed unlikely
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to be a significant factor. No significant differences were seen in any
of the other SNVs analyzed. However, association analyses involving
the 1s1892077-rs98041140-rs17599-rs1153954 haplotype in the
CAPN2 gene haplotypes revealed that G-A-A-T was found at a
significantly lower frequency, and G-A-C-T and G-G-A-A at
significantly greater frequencies, in patients with PIH. These findings
may be useful in preventing PIH onset, as well as for the early
discovery and treatment of patients who are carriers of the haplotype
likely to be associated with this condition

Key words: Hypertensive disorders of pregnancy; Calpain; Variant;
Haplotype; Association study

INTRODUCTION

Hypertensive disorders of pregnancy (HDP) have been suggested to result from a
variety of causes. Since HDP is thought to be induced by a two-step mechanism, the
pathology of HDP likely originates in a background of placental dysfunction (Chen et al.,
2017). Many causes of HDP have been reported, and HDP is believed to be a multifactorial
genetic disorder (Guo et al., 2016). The main mechanisms involved in HDP are believed to
include damage to endothelial cells, thrombotic tendencies, placenta dysfunctions, and
oxygen deficiencies (Gu et al., 2017).

Calpains are Ca-dependent cysteine proteases that are primarily present in the
cytoplasm. Calpains are composed of 15 kinds of catalytic subunits and two kinds of
regulatory subunits, which together form heterodimers, consisting of one catalytic subunit
and one regulatory subunit. Catalytic subunits can consist of any of six tissue-specific types
or of any of nine non-tissue-specific types. Among calpains with a nonspecific catalytic
subunit, two types (p-calpain and m-calpain) have been the subjects of advanced functional
analysis (Goll et al., 2003). Notably, p-calpain and m-calpain share the same regulatory
subunit, CAPNS1, but differ in their catalytic subunit, with p-calpain employing CAPNI,
and m-calpain employing CAPN2 (Guo et al., 2016).

Calpastatin (the product of the CAST gene) is an intracellular protein that serves as a
calpain inhibitor by selectively inhibiting that protein. The calpain-calpastatin system has
been implicated in many disease states, for example Alzheimer's, muscular dystrophy,
cataracts, and lissencephaly (Saido et al., 1994; Zatz and Starling, 2005; Yanada et al.,
2009).

In an embryological study of calpain, CAPNS! knockout mice exhibited embryonic
lethality around embryonic day 10.5, suggesting that pu- and m-calpain are important for
fetal growth. CAPNI knockout mice exhibited normal growth but revealed abnormalities in
the coagulation system, including decreased platelet aggregation and clot retraction (Azam
et al., 2001). CAPN2 knockout mice exhibited embryonic lethality around embryonic day
2.5, as a result of placental hypoplasia (Dutt et al., 2006). Conditional expression of CAPN2
in the placenta counteracted this lethality (Takano et al., 2011).

Together, these studies indicate that m-calpain is essential for fetal development,
especially in placentation. Comparison of CAPNS! knockout mice (which do not express .-
or m-calpain) and CAPN2 knockout mice (which do not express m-calpain) demonstrate a
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difference in the time taken to reach embryonic lethality, implying that p-calpain also is
involved in placentation.

We conducted a haplotype-based case-control study to assess the association
between HDP and single-nucleotide variants (SNVs) in the human CAPN2 gene.

MATERIAL AND METHODS
Subjects

HDP is defined as hypertension, with or without proteinuria, occurring after the
20th week of gestation but resolving by the 12th week postpartum. HDP is classified into
four categories: i) preeclampsia (PE), ii) gestational hypertension (GH), iii) superimposed
PE, and iv) eclampsia. PE is considered hypertension with proteinuria occurring after the
20th week of gestation but resolving by the 12th week postpartum. GH is hypertension
without proteinuria occurring after the 20th week of gestation but resolving by the 12th
week postpartum. These criteria are fundamental characteristics of HDP as defined by the
International Society for the Study of Hypertension in Pregnancy (ISSHP) (Brown et al.,
2001).

The cases examined in our study were selected from a pool of 167 patients with
HDP and 266 control patients. All invididuals had been admitted to our hospital from 2006
to 2015. We excluded any cases for which a genotype could not be defined for all of the
SNVs evaluated in this study (Figure 1). As a result, the cases examined in the this study
included 81 PE, 14 GH, and 177 controls.
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Figure 1. Organization of the CAPN2 gene and locations of the single nucleotide variants
Informed consent was obtained from each participant. This study was approved by

the Human Studies Committee of Nihon University, School of Medicine (Approval No.
168-1).
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Genotyping

Based on the information obtained from the National Center for Biotechnology
Information (NCBI) database web site, we chose SNVs with a minor allele frequency
(MAF) of >5%. We selected five SNVs in the human CAPN2 gene. Blood samples were
collected from all patients, and genomic DNA was isolated from peripheral blood using
standard methods. Genotypes were determined using Assays-on-Demand kits (Applied
Biosystems, Branchburg, NJ) and TagMan PCR as the standard methods (Shinya et al.,
2018).

Statistical analysis

For statistical analysis, significant differences between the groups were assessed
using the Mann-Whitney U test. Analysis of the correlation was examined by the y” test.
Tests were performed using GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA,
USA). Differences with P values of <0.05 were considered significant.

The linkage disequilibrium (LD) analysis and haplotype-based case-control study
were conducted using SNPAlyze (Windows version) Ver. 3.23 (Dynacom, Chiba, Japan).
Haplotypes observed at frequencies of less than 0.01 were excluded. Differences with P
values of <0.05 were considered significant (Tamura et al., 2008).

RESULTS

For our haplotype-based case-control study, we excluded cases in which the
genotypes of all of the SN'Vs could not be determined. Following this exclusion condition,
the study enrolled 177 cases in the control group and 95 cases in the HDP group; the HDP
group included 81 PE cases and 14 GH cases.

The characteristics of the participants are summarized in Table 1. There were no
significant differences in the age or the frequency of primigravidas between the control and
HDP groups (control vs. HDP, vs. PE, vs. GH). Body mass index (BMI) immediately before
delivery, systolic blood pressure (SBP), and diastolic blood pressure (DBP) were
significantly higher in the HDP group than in the non-HDP group. The gestational age at
delivery (weeks), birth weight of neonates, and Apgar score were significantly lower in the
HDP group than in the non-HDP group. BMI before pregnancy was significantly higher in
the HDP group and in the PE group than in the non-HDP group. The gain of body weight
during the pregnancy period was significantly higher in the PE group than in the non-HDP
group. The frequency of family history of hypertension was significantly higher in the GH
group than in the non-HDP group.

The nucleotide sequence and minor allele frequency (MAF) of each SNV are
provided in Table 2. The results of the association analysis for the five selected SNVs are
provided in Supplementary 1. The MAFs of the recessive allele of rs1153968 differed
significantly between the GH and non-HDP groups (P = 0.012). However, the frequency of
this SNV did not satisfy Hardy-Weinberg equilibrium, indicating that this result was not
meaningful. Significant differences were not apparent for the other SNVs.
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Table 1. Characteristics of study participants (CAPN2).

P values P values P values
Control HDP compared PE compared GH compared
0=177) (n=95) ) thp o1 (8D with (n=14) with
With contro control control
Age (years) 320576 31251 0.985 312549 0.128 315558 0.942
SBP (mmHg) 118.8£15.9 160.6£239  <0.001* 164.3422.5 <0.001* 144.9423.0 <0.001*
DBP (mmHg) 7324106 98.0£19.8  <0.001 100.2420.0 <0.001* 88.4+154 <0.001*
3{“;;}’2;”“ pregnancy 20943.1 229452 0.007* 23.145.4 0.004* 221445 0.670
ﬁ(l\;/indz;'“ng pregnancy 24.742.6 26.8+4.4 0.008* 26.744.3 0.014 273447 0.14*
Body weight gain during 103+3.8 8.945.9 0.051 8.346.0 0.015 114445 0.63
pregnancy (kg)
(G“f::l’(‘s‘;mal age at delivery 38.6£1.6 359435 <0.001* 354435 <0.001* 36.543.1 0.011%
Birth weight of neonates (g) 3055.0+474.1 2247948282  <0.001* 2155748213 <0.001* 2623 4+746.4 0.048*
Apgar score 8.740.6 75422 <0.001* 744823 <0.001* 78413 0.033*
5,:)‘1“"“” of primigravidas 61.0 54.1 0.464 55.0 0295 50.0 0328
Family history of HT (%) 25.7 38.1 0.105 333 039 583 0.038*

HDP, hypertensive disorders of pregnancy; PE, preeclampsia; GH, gestational hypertension. SBP, systolic blood pressure; DBP, diastolic
blood pressure; BMI, body mass index; HT, hypertension. Continuous variables are expressed as mean +standard deviation. Categorical
variable are expressed as percentage. The P values for the continuous variables were calculated using the Mann-Whitney U test. *: P
value < 0.05

Table 2. SNVs in CAPN2 gene.

rs1892077 MAF: G=0.30 Location: 5'-upstream
ACTCACTCCAGGAAGGTTTTCCACCIA/G]TGAAGTGTTTGTCTATGTCCTTGTG

rs1153968 MAF: A=0.46  Location: Intron 5
AGCCCTGACTTGAACTCAACCTCTT[A/C]CTCCTCCCTTTTATCTAATCCTGCA
rs9804140 MAF: G=0.05 Location: Exon 14
CTCCGGGAGGTGCTCAACCGCTTCA[A/G]GCTGCCGCCAGGAGAGTACATTCTC
rs17599 MAF: C=0.20 Location: Exon 18
ATTTTGTCTTTTAGGCCAAGATATC[A/CJAGTCAGATGGCTTCAGCATCGAGAC
rs1153954 MAF: A=0.30 Location: Intron 18

GAAAGACCTGCTGGCTCCCTGCCGA[A/TITCTGGTTGCTGTTTTGATCTAGGGG

MAF: minor allele frequency. *The nucleotides in the exonic regions are indicated by italics.

Because all r-squared values calculated for the remaining four SNVs (non- rs1153968)
were small (r* <0.5), we constructed a haplotype-based association study using these four SNVs
(Table 3). Specifically, the combination of the four selected SNVs together corresponded to two
susceptibility haplotypes (G-A-C-T and G-G-A-A) and one resistance haplotype (G-A-A-T)
(Table 4).

Table 3. r-squared values for CAPN2 SNVs.

SNVs 151892077 159804140 rs17599 rs1153954
151892077 0.007 0.035 0.012
19804140 T———— 0005 0.016
1s17599 T——— _0.001
11153954

Gray-shaded cells: r-squared <0.5
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Table 4. Haplotype-based association study for CAPN2 gene.

overall P value

0.0001
Haplotype rs1892077 rs9804140 rs17599 rs1153954 Control PIH P value
A/G A/G A/C A/T

H1 A A A T 0.378 0.406 0.561
H2 G A A T 0.064 0.000 <0.001*
H3 A G A T 0.069 0.035 0.073
H4 G G A T 0.031 0.025 0.737
H5 A A C T 0.197 0.188 0.772
H6 G A C T 0.000 0.019 0.007*
H7 A G C T 0.032 0.052 0.224
H8 A A A A 0.066 0.086 0.429
H9 A G A A 0.051 0.077 0.297
H10 G G A A 0.000 0.020 0.007*
H11 A A C A 0.078 0.041 0.114
HI12 G A C A 0.000 0.010 0.055
HI3 A G C A 0.034 0.041 0.647

PIH, pregnancy-induced hypertension. *: P value < 0.05. Haplotypes with frequencies <0.01 were excluded.
DISCUSSION

In a comparison of the clinical characteristics between the HDP and control groups
patients with HDP exhibited significantly higher SDP, DBP, pre-pregnancy BMI, post-
pregnancy BMI, amount of weight gain, and frequency of a family history of hypertension;
and significantly lower gestational age at delivery (weeks), birthweight, and Apgar score.
Indeed, elevations in SDP and DBP are defining characteristics of HDP. Moreover, delivery
itself becomes a mode of treatment when HDP is exacerbated, even if this “treatment”
results in preterm delivery. Consequently, gestational age at delivery is expected to be lower
in patients with HDP, leading to lower birthweight and lower Apgar score in the resulting
babies. These parameters are thought to be outcomes specific to  HDP. Family history of
hypertension, pre-pregnancy obsesity, and gestational weight gain are known risk factors
for HDP. Thus, although some clinical background variables exhibited significant
differences, all the variables were specific to the condition of HDP itself and so should be
significantly different as long as HDP is the study’s target disease. These results are not
considered to affect association analyses that use individual SNVs or haplotypes. Given that
calcium-related molecules are associated with endothelium-dependent vascular contraction,
HDP-related susceptibility genes are worthy of examination in association studies (Nagai et
al., 2012; Shinya et al., 2018).

Few previous studies have performed association analyses on the haplotypes of
calpain-related genes. Regarding the calpain gene investigated in our study, we identified a
single relevant paper that analyzed the CAPNI gene in birds and cows in the context of
meat quality and muscle physiology (Cushman et al., 2015; Shu et al., 2015). For other
calpain-related genes, a handful of association analyses reported on the associations of the
CAPNI10 gene (calpain 10 encodes another calpain subunit) in polycystic ovarian syndrome
and in diabetes types 1 and 2 (Xiang et al., 2001; Wang et al., 2002; Wu et al., 2005; Lee et
al., 2009). To the best of our knowledge, no previous analyses have examined the
association of calpain genes with perinatal conditions such as HDP.
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On the other hand, research on calpain at the protein level continues to progress
and, as described in the Introduction, associations with many conditions and diseases have
been suggested. There are many reports of p-calpain and m-calpain and the involvement of
these proteins in the perinatal period. For example, it has been reported that m-calpain
expression is elevated in the placenta of mice with Group B streptococcal infection (Equils
et al.,, 2009) and that p-calpain expression is significantly increased (and m-calpain and
calpastatin expression unchanged) in the decidual epithelial cells of patients with recurrent
miscarriages (compared to controls) (Kumagai et al., 2008). Based on those reports, the
calpain/calpastatin system appears to be involved in HDP.

In particular, since p-calpain expression is increased in recurrent miscarriage and
CAPNI-knockout mice (which do not express p-calpain) develop normally (Zatz and
Starling., 2005), an increase in p-calpain expression in combination with an increase in
CAPNI gene expression isarisk factor for the development of HDP. We therefore
postulated that the haplotype observed with a significantly greater frequency in HDP, based
on our present association analysis of CAPNI haplotypes, may contribute to the
upregulation of the CAPNI gene. On the other hand, previous work did not detect a
difference in m-calpain expression between recurrent miscarriage and control groups,
although CAPN2-knockout mice that do not express m-calpain develop placental
hypoplasia, resulting in embryonic death (Yamada et al., 2009). That researchindicated that
a consensus has yet to be reached regarding the association between m-calpain expression
and HDP.

In our study, we conducted an association analysis for the calpain-calpastatin
system, specifically focusing on p-calpain, which has been suggested to play a role in
placentation. The focus of our study, the CAPN2 gene, encodes the catalytic subunit of m-
calpain. A more complete examination of the calpain-calpastatin system would require
analysis of the CAPNS1 gene, which encodes a regulatory subunit of both p-calpain and m-
calpain, as well as the CAST gene, which encodes the calpain inhibitor calpastatin. In fact,
the CAPNSI and CAST genes already have been reported to be involved in mouse
placentation (Azam et al., 2001).

We used genetic variants (in the form of SNVs) as gene markers (landmarks).
Although no significant differences compared to the control group were seen in the analysis
of individual SNVs (Supplementary 1), the haplotype-based association analysis revealed
significant differences. There are two SNVs in the CAPN2 gene, 1s9804140 and rs17599,
that result in missense mutations in the encoded protein; according to the NCBI database,
these alleles occur frequently, with MAFs of 0.05 and 0.20 (respectively) in the general
population. In our study, association analysis using SNVs did not demonstrate significant
differences, indicating that these individual SNVs are not associated with HDP. However,
associations were observed for haplotypes Figure 2), showing the advantages of conducting
association analyses using haplotypes . Even when there are no significant differences
between the case and control groups in the frequencies of alleles for each individual SNV, a
significant difference can exist between the two groups when  the analysis utilizes SNV
combinations on one chromosome . For example, in our study, both the case and control
groups had the same frequency distribution, with four As and two Ts at SNV1, four Ts and
two Gs at SNV2, and four Gs and two As at SNV3. However, evaluation of the SNV
combination on one chromosome (the haplotype) revealed that the A-T-G haplotype was
observed only in the case group, and not at all in the control group. Thus, this haplotype is a
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useful gene marker and is evidence that a link exists to a definitive variant (mutation)
related to gene function (as shown by the Xs in Figure 2). In humans, individual SNVs do
not exist alone, but rather are clustered together on a given chromosome. Thus, association
analyses using haplotypes that compare the combination of SNVs on a given chromosome
have a greater detection power than do analyses  using individual SNVs, and they may
identify gene markers that are of greater use.

Inour  association analysis, the 1s1892077-rs98041140-rs17599-rs1153954
haplotype of the CAPN2 gene (corresponding to G-A-C-T and G-G-A-A sequences) was a
useful gene marker of HDP. A single patient in our study population was heterozygous for
G-A-C-T and G-G-A-A at the CAPN2 gene. This patient was in the PE group and presented
with a blood pressure of >160/90 mmHg, meeting the diagnostic criteria for severe HDP.
On the other hand, no individuals in the control group possessed multiple haplotypes
considered to be gene markers of HDP. Based on these findings, the haplotype thought to
comprise gene markers for HDP (as revealed in this study) is not only useful as a gene
marker, but also contributes additively or synergistically to the exacerbation of HDP.

Case group Control group
SNP1 SNP2 SNP3 SNP1 SNP2 SNP3
! Voo ' Lo
haplotype —— —A %T—G* —A—G—G—
—T—T—G— T T G—
e ST A ~A—G—G—
—A—XT—G— —A—T —A-—
= SN S (NI S
A GG S S

Figure 2. An example showing the advantage of performing haplotype-based association studies. As an example
of the advantage of performing haplotype-based association studies, both the case and control groups had the
same frequency distribution for SNVs, with 4 As and 2 Ts at SNV, 4 Ts and 2 Gs at SNV2, and 4 Gs and 2 As at
SNV3. However, looking at the SNV combinations on one chromosome (the haplotype), the A-T-G haplotype
was observed only in the case group, and not in the control group. Thus, this haplotype is a useful gene marker
and suggests that a link exists to a definitive variant (mutation) associated with the cause of disease (as shown by
the Xs in the figure).

In our study, we conducted an association analysis of HDP and CAPN2 SNVs and
demonstrated, for the first time, that the CAPN2 gene may be a marker for HDP. In the
future, if signifcant differences are found in association analyses with the CAPNSI or CAST
genes, these loci might be used together as markers for HDP. Identification of the germline
variant in genes associated with HDP may facilitate elucidation of the disease by sequence
analysis or other molecular methods (Cho et al., 2009).
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