1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Clin Transl Sci. Author manuscript; available in PMC 2016 December 01.

-, HHS Public Access
«

Published in final edited form as:
Clin Trand <ci. 2015 December ; 8(6): 740-745. doi:10.1111/cts.12346.

Unique DNA methylation patterns in offspring of hypertensive
pregnancy

Colleen G. Julianl, Brent S. Pedersen?, Carlos Salinas Salmon?, lvana V. Yang?!, Marcelino
Gonzales?, Enrique Vargas?, Lorna G. Moore?, and David A. Schwartz!

1Department of Medicine, University of Colorado School of Medicine, Aurora, Colorado, USA
2Bolivian Institute of High Altitude Biology, La Paz, Bolivia

3Department of Obstetrics and Gynecology, University of Colorado School of Medicine, Aurora,
Colorado, USA 80045

Abstract

Epigenomic processes are believed to play a pivotal role for the effect of environmental exposures
in early life to modify disease risk throughout the lifespan. Offspring of women with hypertensive
complications of pregnancy (HTNpreg) have an increased risk of developing systemic and
pulmonary vascular dysfunction in adulthood. In this preliminary report, we sought to determine
whether epigenetic modifications of genes involved in the regulation of vascular function were
present in HTNpreg offspring. We contrasted DNA methylation and gene expression patterns of
peripheral blood mononuclear cells obtained from young male offspring of HTNprgg (n=5) to
those of normotensive controls (n=19). In HTNprgg offspring we identified six differentially
methylated regions (DMRs) including three genes (SMOC2, ARID1B and CTRHC1) relevant to
vascular function. The transcriptional activity of ARID1B and CTRCH1 was inversely related to
methylation status. HTNprgg offspring had higher systolic pulmonary artery pressure (sPpa) Vs.
controls. Our findings demonstrate that epigenetic marks are altered in offspring of HTNprgg with
a modest elevation of sPpa and introduce novel epigenomic targets for further study. On the basis
of these findings we speculate that epigenomic mechanisms may be involved in mediating the
effect of HTNpgrgg to raise the risk of vascular disease later in life.
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Introduction

Intrauterine exposures influence physiological function and disease susceptibility throughout
the lifespan, as demonstrated by epidemiologic and experimental animal studies conducted
over the past two decades. For instance, maternal hypertensive disorders of pregnancy
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(HTNpreg) predispose offspring to systemic cardiovascular disease (1, 2) and pulmonary
vascular dysfunction (3) in adulthood. Because epigenetic marks are responsive to
environmental stimuli (4-6) and mediate gene expression patterns that control embryonic
development and organogenesis (7), epigenomic processes are believed to play a central role
in the developmental programming of adult disease. In support of this view, DNA
methylation changes induced by intrauterine exposures can modify gene expression and
physiological function in ways that are of clinical importance (4, 6, 8).

Locus-specific DNA methylation marks, some within genes known to influence vascular
development and integrity, have been identified in placental tissue or cord blood derived
from HTNpgreg (€.9., (9, 10)). Therefore, it is logical to speculate that epigenomic
mechanisms may mediate the increased risk of vascular dysfunction in offspring of
HTNpgreg. To our knowledge no study has queried genome-wide DNA methylation patterns
in young adult offspring of HTNprgg to identify the potential role of epigenetics for
compromised vascular function in these individuals. Accordingly, in this preliminary report
we sought to identify differentially methylated genomic regions (DMRs) in offspring of
HTNpgrgg Vs. offspring of normotensive controls.

Understanding the role of epigenetics in mediating the effects of intrauterine exposures to
modify long-term disease susceptibility has important clinical applications with respect to
the identification of environmental triggers for adult-onset disease and novel therapeutic
targets. DNA methylation is a particularly attractive candidate for therapeutic intervention
because methylation status is amenable to pharmacologic modification.

Materials and Methods

Study Design

Subjects and sample sizes—Subijects included 24 Andean males between the ages of
18 and 25 living in La Paz-El Alto, Bolivia (3600 — 4100 m). Of these, five were born to
women whose pregnancy was complicated by hypertension (HTNprgg), and 19 were born
to women having a normotensive pregnancy (controls). Additional exclusion criteria were a
history of cardiac or pulmonary disease, evidence of cardiopulmonary disease on clinical
exam, chronic bronchitis or frequent smoking (> 4 cigarettes per week). Conducting the
overarching study in Bolivia was beneficial because more than 1.5 million persons live in
the La Paz-El Alto metropolitan area which is situated at a sufficient altitude to increase the
incidence of hypoxia-related pregnancy complications, including HTNprgg (11, 12). An
additional advantage of the high-altitude model is that because chronic hypoxia exposes
predisposition to pulmonary vascular dysfunction (4) high altitude would be expected to
improve the detection of elevated sPpa and its association with methylation status.
Physiologic studies and sample collection were performed at the Bolivian Institute of High
Altitude Biology (3600 m) in La Paz, Bolivia. On the first visit peripheral blood samples
were collected from an antecubital vein by routine venipuncture and the subject participated
in a detailed questionnaire to obtain information regarding residential and health history.
Cardiopulmonary evaluations were performed on subsequent visits. Medical record reviews
and an in-depth interview with the subjects’ mother were conducted to obtain information
regarding pregnancy, delivery, and perinatal characteristics. The Colorado Multiple
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Institutional Review Board and Colegio Medico, its Bolivian counterpart, approved all
survey and study procedures.

Systolic Pulmonary Artery Pressure (sPpa)—Transthoracic echocardiography (GE
Vivid | Ultrasound 2007) was used to estimate sPpa as previously described (13).
Quantification of tricuspid regurgitation was measured with the use of continuous wave
Doppler and averaged from three complete waveforms of good quality. Maximal tricuspid
regurgitation jet flow velocity (TRmax) Was used to estimate sPp using a modified
Bernoulli equation as previously reported (3).

Medical Records Review and Maternal Interview—Perinatal data were obtained by
structured interview of the subject’s mother and a review of medical records from the
hospital or clinic where the subject was born. Data collected were: a) maternal health and
reproductive history, b) pregnancy or delivery complications, c) fetal complications, and d)
newborn characteristics and complications. Hypertensive pregnancy was determined by a
diagnosis of preeclampsia or gestational hypertension as noted in the medical records or as
obtained from maternal interview. Specific questions regarding HTNprgg included, “Were
you told you had preeclampsia or gestational hypertension during your pregnancy?”, “Were
you told you had high blood pressure multiple times during your pregnancy?” and, to
distinguish between preexisting hypertension and HTNprgg, “Did you have high blood
pressure before your pregnancy?”. Gestational hypertension and preeclampsia were grouped
into a single HTNpRrgg category for this preliminary test since both conditions impair fetal
growth and influence vascular function in adulthood (2, 14).

Differences between HTNpreg and controls with respect to demographic variables and
physiologic characteristics were determined using independent T-tests or chi-squared tests
as appropriate. Data are reported as the mean £ SEM or the proportion and 95% CI.

Sampling and Isolation of Genomic DNA (gDNA) and Total RNA—Peripheral
blood samples were collected from an antecubital vein using standard phlebotomy, placed
into a BD Vacutainer Cell Preparation Tube containing sodium citrate and Ficoll Hypaque
density fluid. PBMCs were isolated according to manufacturer guidelines, resuspended in
RNAlater (Ambion) solution and stored at —80°C until analysis. gDNA and RNA were
isolated using the Qiagen AllPrep DNA/RNA Mini Kit. gDNA was purified using the
Qiagen QIAEX Il Kit and quantitated with the NanoDrop ND-100 UV-Vis
spectrophotometer (NanoDrop Technologies).

DNA Methylation Arrays, Analysis, and Interpretation—DNA methylation was
assessed using lllumina’s Infinium HumanMethylation450 BeadChip arrays. This
methylation platform permits the interrogation of >485k methylation sites at single-
nucleotide resolution and has been validated with respect to technical performance and
functional relevance. Methylated cytosines were bisulfite converted using the EZ DNA
Methylation Gold Kit (Zymo Research), amplified by WGA and then enzymatically
fragmented. 4pl of bisulfite converted DNA at 50ng/ul was hybridized to the BeadChip.
Quantitative methylation scores were generated for each of the 485k loci for each sample
using lllumina’s GenomeStudio Methylation module. Signal intensities of methylated and
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unmethylated probes were exported from the GenomeStudio interface, along with detection
p-values representing the likelihood of detection relative to background. Individual data
points with a p-value outside of detection criteria (p>0.05) were treated as missing data.
Data were normalized using the SWAN method (15) within the R package minfi, and M-
values were calculated. Methylation differences between HTNprgg and controls were
identified using limma (16) and multcomp (17) packages in R. From the resultant p-values,
differentially methylated regions (DMRs) between HTNprgg and controls were identified
using Comb-p, an analytical tool developed to analyze spatially correlated p-values (18). To
define DMRs, Comb-p uses a sliding window approach to identify genomic regions with
multiple low p-values after accounting for local dependencies and multiple testing using a
false discovery rate cut off for multiple comparisons. DMRs were ranked by p-value, and
annotated to the nearest gene. Significance was defined as an a < 5% after correcting for the
number of possible DMRs. Because methylation marks can influence the transcriptional
activity of adjacent genes, we inspected genes located within 1Mb upstream or downstream
of intergenic DMRs for additional vascular-related candidates.

Compared to associations based on the differential methylation of single CpG sites, DMR
analysis has greater specificity and power to detect functionally relevant methylation-
phenotype associations (19). For instance, evidence indicates that methylation status may be
profoundly affected by sequence content and genetic variation, including single nucleotide
polymorphisms (20, 21). Because DMRs require multiple adjacent probes to be
differentially methylated, the Comb-p method reduces the influence of sequence-specific
bias. Prior investigations have used similar methods to identify clinically relevant
methylation-phenotype associations (22).

Influence of DMRs on Gene Expression—RT-PCR was used to determine the
influence of the DMRs identified on gene expression. cDNA was generated using random
primers with Invitrogen’s Superscript 111 First-Strand Synthesis System SuperMix. PCR
reactions were prepared using TagMan Fast Advanced Master Mix and TagMan Gene
Expression Assays (Applied Biosystems) as specified by the manufacturer. RT-PCR was
performed and analyzed on the ViiA 7 Real-Time PCR System with ViiA 7 1.22 software
(Applied Biosystems). The quantification of target gene transcription relative to that of
GAPDH was assessed using the 2AACT method. Unpaired Student’s t tests were used to
identify differential expression between HTNprgg and controls using a significance
threshold of P < 0.05. Data are expressed as means + SD.

HTNpreg and controls were equivalent with respect to age, height, weight, resting heart rate
and S;0,. When compared to controls, HTNpreg had higher estimated sPpa (p=0.007)
(Table 1).

Comparing HTNprgg With control subjects, we identified six genome-wide significant
DMRs (Figure 1). Each DMR was associated with a unique gene: namely, collagen triple
helix repeat containing 1 (CTHRCL), tripartite motif containing 31 (TRIM31), AT rich
interactive domain 1B (ARID1B), SPARC related modular calcium binding 2 (SMIOC2),
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leucine-rich repeats and 1Q motif containing 3 (LRRIQ3) or long intergenic non-protein
coding RNA 226 (LINC00226).

Of the six DMRs, three were hypomethylated and three were hypermethylated in HTNpreg
vs. controls. In each case, the directionality of the differentially methylated sites composing
the DMR was consistent. Methylation differences between HTNprgg and controls at each
DMR averaged 6.7% (range, 2.6 to 11.2%; Table 2). Three DMRs contained differentially
methylated sites within gene bodies (intron, exon, 3’ untranslated region [UTR] and 5’
UTR), and one DMR (CTHRC1) showed differential methylation within 200-1,500 bases
from a transcriptional start site (promoter) (Table 2). Several genes with potential relevance
for vascular function, including metastasis associated 1 (MTA1) and cytosine-rich protein2
(CRIP2), and thrombospondin 2 (THBS?) are located within 1Mb upstream or downstream
of the intergenic LINC00226 and SMOC2 DMRs, respectively. No vascular-related
candidate genes were identified within the 1Mb band on either side of the ARID1B DMR.

We then evaluated the association between DMRs and the expression of genes with a
biologically plausible relationship to vascular function (ARID1B, CTHRC1 and SMOC2).
Compared to controls ARID1B gene expression was impaired in HTNprgg offspring
(P=0.025), while CTHRC1 tended to be higher (P=0.08) and SMOC2 was equivalent
between groups (P=NS). Notably, ARID1B and CTHRC1 expression were inversely related
to methylation status. Based on existing literature, the remaining DMRs either do not have a
clear relationship to vascular function (TRIM31) or have not been well described (LRRIQ3
and LINC00226) and were therefore not considered for expression studies.

Discussion

Epigenomic processes are believed to play a pivotal role for mediating the effect of
environmental exposures in early life on disease risk later in life. Numerous studies have
shown that HTNprgg is associated with systemic or pulmonary vascular abnormalities in
adulthood (1-3). Here we identified locus-specific DMRs in offspring of HTNprgg With
elevated sPpa. Two of the DMRs identified in vascular-related genes, ARID1B and
CTHRC1, were also differentially expressed, suggesting the potential functional relevance of
the epigenetic modifications identified. Our findings support the hypothesis that epigenetic
mechanisms may be involved in mediating the effect of HTNprgg to increase
transgenerational vascular disease risk and introduce novel epigenomic targets for further
experimental study.

ARID1B is the largest component of the switching defective/sucrose non-fermenting (SWI/
SNF) ATP-dependent chromatin-modeling complex. Because SWI/SNF chromatin-
remodeling complexes interact with numerous transcription factors to regulate gene
expression and are required for the hypoxic induction of several genes including
erythropoietin and vascular endothelial growth factor (VEGF) (e.g., (23)), we consider that
this gene may be of particular relevance for the vascular dysfunction observed in offspring
of HTNpRreg. Indeed, the SWI/SNF complex is essential for cellular proliferation and
differentiation in multiple cardiac cell lines, cardiomyocyte development, vasculogenesis
and vascular smooth muscle proliferation (reviewed in (24)). For instance, components of
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the SWI/SNF complex (Brgl/Brm) contribute to the pathogenesis of endothelial dysfunction
and atherosclerosis via the transcriptional regulation of inflammation-induced cell adhesion
molecules (25). Consistent with the inverse methylation-expression relationship observed
here, ARID1B is subject to methylation-induced transcriptional silencing. Specifically,
hypermethylation upstream of the ARID1B initiation codon impairs ARID1B expression in
pancreatic cancer cells (26).

Two of the DMRs identified in HTNprgg offspring, CTHRC1 and SMOC2, are important
for vascular remodeling and angiogenesis in the context of vascular injury. Specifically,
CTHRCL1 is transiently overexpressed by adventitial fibroblasts and smooth muscle of the
neointima in the carotid artery after balloon-induced injury (27). CTHRC1 overexpression in
fibroblasts and smooth muscle cells enhances migratory ability, reduces collagen matrix
deposition, and temporally coincides with extensive adventital remodeling, suggesting its
potential involvement in the regulation of vascular remodeling (27). The expression of
SMOC2, a novel member of the SPARC family of matricellular proteins that regulate
interactions between cells and the extracellular matrix, is upregulated in response to vascular
injury (28). SMOC2 overexpression in HUVECS also reduces the expression of
thrombospondin 1 (THBSL), an angiogenic inhibitor, and enhances mitogenesis and cellular
proliferation in the presence of angiogenic growth factors including vascular endothelial
growth factor (VEGF) (29). THBS2 neighbors the SMOC?2 intergenic DMR and, similar to
THBS1, has potent antiangiogenic actions by antagonizing VEGF activity and via its direct
influence on endothelial cell proliferation, survival and migration [reviewed in (30)]. This
raises the possibility that the intergenic SMOC2 DMR identified may be acting at a distance
on other genes important for vascular function. Further supporting the angiogenic potential
of SMOC?2 and its potential biological importance for vascular disease, in vitro Matrigel
plug invasion assays in which HUVECS were transduced with Ad-SMOC?2 showed more
projections and greater cell-network area compared to Ad-GFP transduced cells (29).

Although LINC00226 itself is not well-described several genes within 1Mb of the intergenic
LINCO00226 are involved in the regulation of vascular function. CRIP2 is a cytoskeletal
protein that influences the phenotypic modulation of vascular smooth muscle cells (VSMCs)
in response to vascular injury (31). For instance, CRIP2 prevents excessive VSMC
migration and proliferation that are associated with increased myocardial infarction risk
(31). MTA1 is associated with increased metastatic potential and angiogenesis in numerous
cancers, including malignant esophageal, lung, breast and prostate tumors, but also acts as a
proangiogenic agent in normal, healthy tissue due, in part, to its ability to upregulate the
expression of VEGF and its membrane-bound receptor (Flt-1) [reviewed in (32)].

There are several limitations to our study. A recurrent challenge in epigenomics is the
inability to distinguish whether differential methylation patterns are a cause or consequence
of the phenotype of interest, or whether their effect is neutral. Additionally, the DMRs we
identified may have been influenced by other exposures occurring during development or
inherent intra-individual differences. Despite this challenge, our findings offspring provide
novel insight with respect to the potential importance of epigenomic dysregulation in
individuals exposed to maternal hypertension during gestation and can be used to guide
future research in this area. Similarly, the elevated sPpa we observed in HTNpgrgg offspring
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is genetic in nature or may result from developmental exposures. In support of the latter
possibility, offspring born to preeclamptic mothers have impaired pulmonary and systemic
vessel function whereas their siblings born after a normotensive pregnancy do not (3).
Another consideration is that we relied primarily on maternal recall of HTNprgg or a
clinical diagnosis as noted in the medical record, and lacked repeated blood pressure and
proteinuria measurements. Maternal recall of HTNprgg has recently been validated with
respect to its concordance with medical records, and the ability to accurately discriminate
between gestational hypertension and preeclampsia (33). It is also worth noting that we used
PBMCs as a proxy to explore biological processes occurring in or influencing the
vasculature. There are several advantages to the use of PBMCs. First, PBMCs are the most
transcriptionally active cells in the blood and their gene expression patterns influence
systemic processes including the regulation of vascular function. Second, because PBMCs
can be obtained using minimally invasive methods the potential for their use in the clinic or
for prospective epigenomic studies beginning in early life is high. Finally, epigenomic
profiles of PBMCs have successfully identified pathological processes important for various
diseases such as asthma (22).

In summary, our observations raise the possibility that intrauterine exposure to HTNpreg
modifies epigenetic marks in ways that may be of pathological importance for the
development of vascular dysfunction in later life. While further human and experimental
animal studies are required to evaluate the role of epigenetics for the effect of HTNprgg to
modify transgenerational vascular disease risk, the present study has identified several
targets meriting further research.
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Figure 1.
Differentially methylated regions (DMRs) were identified in young male Andean residents

of high altitude (18-25 yrs) born to women with hypertensive complications of pregnancy
(HTNpRreg) vs. women who remained normotensive throughout pregnancy (controls).
Shown is a Manhattan plot of the adjusted p-values for the comparison between HTNpreg
vs. controls. Each dot represents a p-value for a probe on the Illumina 450k array that has
been adjusted by the significance of neighboring probes according to their correlation using
Comb-p (18). Probes that comprise the DMRs are identified by red dots.
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Subject characteristics

Table 1

HTNpreg Offspring(n=5) Controls(n=19) P-value
Age, yrs 21425 218+15 NS
Height, cm 164.8 +3.1 167.8 +6.1 NS
Weight, kg 63.1+3.4 62.8+75 NS
Heart rate, bpm 64+5 63 +10 NS
Sa0,, % 90.4+3.0 915+24 NS
RVSP, mmHg 406 +1.1 374+42 0.007
DLCO (o, % predicted 121+ 19 142 + 29 NS
FEV,/FVC 86.8+5.8 858+7.5 NS

Page 11

Data are reported as the mean + SD. Abbreviations: arterial oxygen saturation (Sg02), right ventricular systolic pressure (RVSP), pulmonary CO
diffusion capacity (DLCO) corrected for altitude and hemoglobin, forced expiratory volume at one second (FEV1) and forced vital capacity (FVC).
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