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Worldwide, more than 1 in 10 infants is born prior to 37 weeks gestation. Preterm birth can lead to increased mortal-
ity risk and poor life-long health and neurodevelopmental outcomes. Whether environmental risk factors affect preterm
birth through epigenetic phenomena is largely unstudied. We sought to determine whether preterm risk factors, such
as smoke exposure and education, were associated with cervical DNA methylation in the prostaglandin E receptor 2
gene (PTGER2) and a repetitive element, long interspersed nuclear element-1 Homo sapiens-specific (LINE 1-HS). Second,
we aimed to determine whether mid-pregnancy DNA methylation of these regions in cervical samples could predict
the length of gestation. We obtained a cervical swab between 16-19 weeks gestation from 80 women participating in
a Mexico City birth cohort, used pyrosequencing to analyze DNA methylation of PTGER2 and LINE 1-HS, and examined
associations with maternal covariates. We used accelerated failure time models to analyze associations of DNA methyla-
tion with the length of gestation. DNA methylation of both sequences was associated with Pap smear inflammation. LINE
1-HS methylation was associated with smoke exposure, BMI and parity. In adjusted models, gestations were 3.3 days
longer (95%Cl 0.6, 6.0) for each interquartile range of PTGER2 DNA methylation. Higher LINE 1-HS methylation was associ-
ated with shorter gestations (-3.3 days, 95%Cl -6.5, -0.2). In conclusion, cervical DNA methylation was associated with risk

Abbreviations: 5mC, 5-methylcytosine; BMI, body mass index; CpG, cytosine-phosphate-guanine; LINE 1-HS, long interspersed

factors for preterm birth and the length of gestation.

Introduction

Preterm birth remains an enormous public health issue
affecting over 11% of infants worldwide, contributing to over
1 million deaths annually.! Spontaneous preterm birth remains
particularly enigmatic.? Mechanisms explaining preterm labor,
cervical incompetence, or premature rupture of membranes
have eluded investigators. Genetic studies have largely failed to
explain preterm birth.® Instead, investigators discuss unifying
themes of inflammation®> that can result from a variety of pre-
existing states, including genital infection or colonization pat-
terns,® smoking,” and social stress (i.e., from poverty or racism).®’
Others postulate a genetic predisposition coupled with the above
risk factors could lead to preterm birth in susceptible mothers,
suggesting a gene-environment interaction.'

*Correspondence to: Heather Burris; Email: heburris@bidmc.harvard.edu

While gene-environment interactions were originally con-
ceived as genetic polymorphisms that either render a host
protected from or susceptible to an environmental exposure,
epigenetics represents another mechanism by which genes may
interact with the environment. Epigenetic processes such as
DNA methylation and histone modifications affect gene expres-
sion through altering chromatin structure and availability of
gene promoter regions to binding with transcription factors and
enhancers."! Non-coding RNAs affect expression at the level of
translation by competitively binding mRNA.? In concert, epi-
genetic phenomena culminate in alterations in gene expression
independent of differences in genetic sequence. Such marks are
mitotically heritable and typically tissue specific.

DNA methylation is the most commonly studied epigen-
etic mark in epidemiologic studies and has been associated with
several environmental exposures, some of which overlap with
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Table 1. Cervical DNA methylation of the prostaglandin E receptor 2 (PTGER2) and long interspersed nuclear element-1 (LINE 1-HS) ELEMENT birth cohort,

Mexico City
PTGER2 (n=177) LINE 1-HS (n=78)
Participant Characteristics (n = 80)* n % Mean % 5mC D c}:_jgltzre Mean % 5mC D cr:_:;:zre
Maternal age (years) 0.28 0.59
<20 6 7.5 357 10.5 68.1 3.1
20-<35 64 80.0 31.2 159 69.1 4.3
=235 10 125 40.3 183 67.6 4.7 0.585
Parity 0.46 0.17
Nulliparous 38 47.5 34.0 16.3 68.1 3.9
Multiparous 42 525 313 15.7 69.4 4.5
Smoked before pregnancy 0.04 0.22
Yes 48 60.0 294 16.0 69.3 4.3
No 32 40.0 37.1 15.0 68.1 4.2
Smoke exposure in the home 0.40 0.28
Yes 57 713 30.1 154 68.0 4.3
No 23 28.7 335 16.2 69.1 43
Education (years) 0.92 0.21
<12 22 27.5 328 16.3 69.8 4.1
=12 58 725 324 159 68.4 4.4
Pre-pregnancy BMI (kg/m?) 0.12 0.17
<25 45 56.3 30.8 159 69.1 4.3
25-<30 23 27.7 315 153 69.3 4.1
>30 12 15.0 41.6 15.6 66.7 4.5
Pap smear inflammation <0.001 <0.001
No 45 59.2 38.1 13.8 67.2 35
Yes 31 40.8 24.5 14.2 711 4.2
Gestational Age groups 0.79 0.50
<37 7 9.2 31.0 159 70.4 4.6
37-38 33 434 320 15.7 68.8 44
239 36 47.4 343 159 68.4 4.1
Method of Delivery 0.13 0.79
Vaginal 37 48.7 30.1 14.8 68.9 43
Cesarean Section 39 513 356 16.0 68.6 4.2
Premature rupture of membranes 0.06 0.019
Yes 13 17.1 25.1 15.1 70.2 4.5
No 63 82.9 34.5 154 68.5 4.1

*80 mothers agreed to participate, but 4 mothers dropped out before delivery. 76/80 Pap Smear results, 77/80 successful assays for PTGER2 and 78/80 for

LINE 1-HS.

preterm birth risk factors. Smoking,'>'

16

aging,” psychosocial
stress,'® and air pollution' all have been shown to be associated
with alterations in DNA methylation. Furthermore, we have pre-
viously shown that lower first trimester maternal methylation of
long interspersed nuclear element-1 Homo sapiens-specific (LINE
1-HS) is associated with preterm birth.'® However, our previous
study was limited by the use of white blood cell DNA. Because
DNA methylation is tissue specific, blood may not be the most
appropriate target tissue for studying preterm delivery, which is
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often related to cervical dysfunction.” Other studies of DNA
methylation and preterm birth have not only been limited by
the use of maternal blood DNA but also by the use of samples
obtained from umbilical cord blood. While potentially indicative
of fetal health effects, by its nature, cord blood is always collected
after prematurity has occurred, limiting its predictive utility.
Blood that can only be collected at the time of delivery, does
not allow for differentiating natural DNA methylation changes
that may occur with advancing gestational age from mechanisms
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that may precipitate preterm birth. To address these limitations,
we studied the cervix, a target tissue relevant to parturition. In
addition to their role as a barrier to infection, cervical epithelial
cells have been shown to play a role in immunomodulation and
labor initiation by releasing metalloproteinases (MMPs) in ani-
mal models.?” Because local cervical installation of prostaglan-
dins is used to induce labor, we analyzed a gene plausibly related
to labor, prostaglandin E receptor 2 (subtype EP2) (PTGER2),
from cervical cells collected between 16-19 wk gestation. Our
hypothesis was that higher DNA methylation in the upstream
promoter of PTGER2 would be associated with longer gesta-
tions, since DNA methylation typically represses gene expression,
theoretically making the cervix less sensitive to prostaglandins.
We also analyzed LINE 1-HS DNA methylation levels in the
cervix with the hypothesis that we would observe an association
between hypomethylation and shorter gestations as we had seen
in the aforementioned study.

Results

Of the 80 samples collected, 77 were successfully interro-
gated for PTGER2 DNA methylation and 78 for LINE 1-HS.
Mean PTGER2 methylation was 32.5% 5mC (SD 15.9, range
2.7-64.8). Mean LINE 1-HS methylation was 68.8% 5mC (SD
4.3, range 61.8-77.6). Technical replicates for PTGER2 revealed
a high Pearson correlation coefficient of 0.99. For LINE 1-HS,
between-run correlations for each CpG site ranged from 0.80—
0.91. When we averaged the values across each CpG site, the
between-run correlation was 0.99.

Four of the women who initially enrolled in the study dropped
out before delivery, resulting in 76 live births. Just 7 (9.2%) were
born prior to 37 wk gestation (Table 1). Median gestational age
was 38 wk (271 d) (range 34-42 wk). More than half (51%)
women delivered via Cesarean section (9/39 Cesarean sections
were scheduled, and 30/39 done for clinical indications including
fetal distress, labor with breech positioning and arrest of descent)
and 17% experienced premature rupture of membranes. Most
women were between 20 and 35 y of age at the time of enroll-
ment. More than half (51%) of the women had pre-pregnancy
BMI < 25 kg/m?. The majority of women (71%) were exposed to
household tobacco smoke, but none reported smoking themselves
during pregnancy. However, 60% of the women reported smok-
ing prior to pregnancy. Of the 76 women with Papanicolaou
(Pap) smear results, 31 (41%) had evidence of inflammation on
the Pap smear. None had evidence of dysplasia.

Bivariate associations revealed that evidence of inflammation
on the Pap smear was significantly associated with PTGER2 and
LINE 1-HS methylation (Table 1). History of smoking prior to
pregnancy was associated with higher PTGER2 methylation.
Premature rupture of membranes was associated with LINE
1-HS methylation (Table 1). Because we were concerned that
cell mixture from the cervical swab might be the primary deter-
minant of DNA methylation patterns, we restricted all multi-
variable regression models to women with Pap smear results and
then adjusted for Pap smear inflammation in a separate model
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(Table 2). In multivariable models, pre-pregnancy BMI demon-
strated a borderline association with PTGER2 DNA methylation
that was not statistically significant. Each kg/m? increment was
associated with 0.7% 5mC higher PTGER2 DNA methylation,
(95% CI-0.2, 1.6). When further adjusted for Pap smear result,
the association between BMI and PTGER2 methylation did not
materially change (0.6, 95% CI —0.2, 1.5), even in the presence
of a strong association of inflammation with P7TGER2 DNA
methylation. For LINE 1-HS, multivariable linear regression
revealed that pre-pregnancy BMI was inversely associated with
LINE 1-HS methylation. For each increment of kg/m?, DNA
methylation of LINE 1-HS was 0.2% 5mC lower. When we
further adjusted for Pap smear inflammation, we observed that
household smoke exposure was associated with lower LINE 1-HS
(=2.5% 5mC, 95% CI —4.4, —0.6). However, personal history of
smoking prior to pregnancy was not associated with LINE 1-HS
DNA methylation (0.8, 95% CI -1.1, 2.6). Primiparous women
had higher LINE 1-HS DNA methylation (2.3, 95% CI1 0.5, 4.1).
We did not observe any association of maternal lead levels with
cervical DNA methylation.

Scatter plots of DNA methylation with gestational age
revealed a subtle positive, but non-significant, association
between PTGER2 DNA methylation and gestational age
(Fig. 1). Conversely, we observed a potentially inverse associa-
tion between LINE 1-HS DNA methylation and gestational age
(Fig. 2). Accelerated failure time models including participants
with DNA methylation values, gestational age assessments and
interpretable Pap smear results (n = 69 for PTGER2 models and
n = 71 for LINE 1-HS models) revealed that the crude associa-
tions were not significant between DNA methylation of either
PTGER?2 or LINE 1-HS and gestational age (Fig. 3). For each
interquartile range (IQR) of methylation of PTGER2, gestational
age was 2.1 d longer (95% CI-0.5, 4.7). However, adjustment
for maternal age resulted in a significant association; for each
IQR increment of PTGER2 methylation, gestational age was 2.9
d longer (95% CI 0.4, 5.4). Further adjustment for Pap smear
result only strengthened the association (3.3, 95% CI 0.6, 6.0).
Counter to our hypothesis, we observed the opposite for LINE
1-HS. For each IQR increment of LINE 1-HS, gestational age
was shorter, but not significantly so (-2.2 d, 95% CI -5.3, 1.0).
Once we adjusted for maternal age and Pap smear result, this
association became significant (-3.3 d, 95% CI -6.5, -0.2).
Adjustment for other covariates did not alter the results and thus
were excluded from parsimonious models.

Discussion

We found that DNA methylation in the PTGER2 gene and
LINE 1-HS repetitive element of cervical cells obtained from
swabs during mid-pregnancy predicted the length of gestation.
We also found that household tobacco smoke exposure, a known
preterm birth risk factor, was associated with mid-pregnancy
LINE 1-HS DNA methylation of the cervix. This finding is of
particular relevance because the mechanistic link between smoke
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Table 2. Associations of maternal characteristics and cervical DNA methylation, ELEMENT birth cohort, Mexico City

PTGER2 A in % 5mC (95% Cl) LINE 1-HS BA in % 5mC (95% Cl)
Maternal characteristics
Model 1 Model 2 Model 1 Model 2
Maternal age (years)
<20 5.4(-8.2,19.0) 3.2(-9.2,15.6) -1.6 (-5.3,2.1) -0.9 (-4.1,2.3)
20-<35 ref. ref. ref. ref.
=235 3.8(-9.1,16.7) 6.5(-5.3,18.3) -0.7 (-3.8,2.4) -2.1(-4.8,0.4)
Maternal pre-pregnancy BMI per kg/m? 0.7 (-0.2,1.6) 0.6 (-0.2, 1.5) -0.2 (-0.5,0.0) -0.2 (-0.4,0.0)
Primiparous (vs. multiparous) -4.1(-11.8,3.5 -6.0 (-13.0, 1.0) 1.7 (-0.3,3.7) 2.3(0.5,4.1)
Maternal Education (> =12y vs. less) -34(-11.6,4.9 -59(-13.6,1.7) -0.5(-2.7,1.8) 0.4 (-1.6,2.3)
Smoking exposure within the home (vs. not) -2.2(-10.3,6.0 0.8 (-6.8, 8.4) -1.6 (-3.7,0.9) -2.5(-4.4,-0.6)
Smoking prior to pregnancy (vs. never) -6.8 (-14.6, 1.1 -4.3(-11.5,3.0) 1.6 (-0.5,3.7) 0.8 (-1.1,2.6)
Maternal second trimester blood lead per pg/dl 0.5(-1.6,2.6) 0.3(-1.6,2.2) 0.0 (-0.6, 0.5) 0.1 (-0.4,0.5)
Pap smear inflammation (vs. not) -13.5(-20.6, -6.4) 45(2.7,6.3)

PTGER2 prostaglandin E receptor 2 (subtype EP2); LINE 1-HS long interspersed nuclear element-1 Homo sapiens-specific. PTGER2 models include 73 par-
ticipants; LINE 1-HS models include 75 participants. A coefficients obtained from linear regression models inclusive of all variables listed.

exposure and spontaneous preterm delivery remains poorly
understood.

Most previous epigenetic studies of birth outcomes focus on
fetal growth/birth weight.?# In a prior prospective, longitudinal
US-based birth cohort study, we found that first trimester mater-
nal blood LINE 1-HS DNA methylation was directly associated
with the length of gestation and that cord blood LINE 1-HS
was inversely associated with the length of gestation.’* However,
that study used blood DNA, which may not be the appropri-
ate target tissue for studying preterm birth compared with cervi-
cal cells. Another group of investigators studied associations of
methylation patterns in 194 full term infants in cord blood with
gestational age®® and identified 26 CpG sites associated with ges-
tational age using the Infinium 27K array. Another recent study
used the Infinium 450K array and found DNA methylation of
29 CpaG sites were associated with preterm birth from cord blood
DNA from 22 preterm infants born before 34 wk gestations and
28 full term controls.?” Such cross-sectional studies of cord blood
would have limited clinical use in predicting preterm birth dur-
ing pregnancy.

Our investigation of the cervix as a relevant target tissue for
preterm birth is an improvement on prior epigenetic studies. This
design strength also makes our findings more biologically plausi-
ble than a study that used a surrogate tissue for DNA methylation,
as the cervix is a critical component of labor initiation. Women
are routinely given prostaglandins to induce labor,*® highlighting
the potential functional role of PTGER?2 in labor initiation. In
a caprine model, investigators found that PTGER2 mRNA lev-
els were higher in laboring mothers than non-pregnant females
or during mid-pregnancy, supporting the notion that PTGER2
plays a role in labor.*® Cancer researchers have also found that
increased DNA methylation of the CpG islands of PTGER?2 is
associated with progression of neuroblastomas® and that aberrant
methylation of the PTGER2 gene is frequently observed in non-
small cell lung cancer tissue,” suggesting that DNA methylation
of PTGER2 may regulate cellular proliferation. Taken together,
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these studies support the notion that PTGER2 is biologically rel-
evant to labor initiation and the mechanism may be through cel-
lular proliferation and subsequent sensitivity to prostaglandins.
In addition to biologic plausibility, an additional strength of our
study is its prospective study design. We collected cervical cells at
16-19 wk gestation, which is prior to the development of preterm
delivery, suggesting that our findings could be useful for a clinically
relevant predictive tool to help identify women at risk of preterm
labor. Yet, our study has several limitations. First is the lack of abil-
ity to study preterm birth as a more relevant health outcome com-
pared with gestational age differences of just a few days. However,
if the distribution of gestational age of the entire population were
shifted by two days, this would substantially affect the incidence
of preterm birth. Nonetheless, future, nested case-control studies
may be able to more efficiently determine whether these marks are
associated with preterm birth. The second limitation is our inabil-
ity to accurately identify cell type. The DNA we extracted came
from a cell mixture that likely varied across subjects. The clinical
pathologist did not provide a detailed assessment of the subtype of
leukocytes, nor the different subtypes of epithelial cells noted on
the Pap smear thereby limiting our ability to further adjust for cell
type. Furthermore, the cells obtained through cervical swabs were
too few to perform cell-sorting. In the subset of women without evi-
dence of inflammation, the vast majority of cells are likely epithe-
lial (both squamous and glandular) cells since we sampled internal
aspect of the external cervical os. For blood DNA epigenome-wide
analyses, statistical approaches to adjust for leukocyte mixture have
been developed,* but for gene-specific or LINE 1-HS analyses,
there are no tools to determine which cells were present based on
DNA methylation results. It should also be noted that cell type
itself is not necessarily a confounder in the relationship between
environmental exposures and preterm birth, as cell type may be a
mediator. Thus, although our results might be because methyla-
tion is a marker of cell type, DNA methylation changes could still
be a better predictor of risk than cell type assessments and still
deserving of study. We did, however, adjust our analysis using a
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Figure 1. Cervical prostaglandin E receptor 2 (subtype EP2) (PTGER2) DNA methylation and gestational age (days), ELEMENT birth cohort, Mexico City

binary inflammation variable (yes/no). This variable was strongly
associated with the methylation of both PTGER2 and LINE 1-HS.
We were reassured that, despite these associations, adjustment for
the presence of inflammation did not have a large impact on the
association between methylation and the length of gestation. As a
sensitivity analysis we re-analyzed associations of DNA methyla-
tion with covariates in the subset without evidence of Pap smear
inflammation and the results did not substantially differ from the
combined group.

We defined gestational age as the difference between the birth
date and the mother’s report upon enrollment of her last menstrual
period. Ultrasound is not routinely performed in Mexico and
thus we cannot corroborate the gestational age by that method.
Additionally, in a pilot study prior to this cohort, enrolled in an
identical way, ultrasound was performed on a subset of 98 women
and the correlation between LMP gestational age and ultrasound
was 0.89 (P < 0.0001). Nonetheless, we recognize there could be
non-differential measurement error with regard to gestational age.
Furthermore, there could be pyrosequencing measurement error.
Neither of these errors should result in bias, but could add noise
to our estimates making associations more difficult to detect. We
ascertained smoke exposure using a questionnaire as opposed to
potentially more accurate methods such as cotinine measurements
and, thus, our study could be limited by exposure misclassifica-
tion. Because we approached a convenience sample of the final 100
women in the parent cohort, we do not believe there was signifi-
cant selection bias, but there may have been some. Twenty women
declined to participate potentially limiting the generalizability of
our findings. Our study was performed solely in Mexico City and,
thus, needs replication in other populations to further ensure gen-
eralizability and reproducibility.

Our selection of CpG sites was limited by resources and tech-
nical methods. We analyzed just one CpG site on the promoter
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upstream of PTGER2. Although methylation is often highly
correlated over short genomic regions (1000 base pairs), one
CpG site is insufficient to understand the overall regulation
of gene expression of any gene. To assess correlation of DNA
methylation across PTGER2, we analyzed data from Farkas
and colleagues, who performed a case-control study of cervical
cancer and DNA methylation of cervical samples.’* We down-
loaded their data from the Gene Expression Omnibus (GEO)
(htep://www.ncbi.nlm.nih.gov/geo/) (data set GSE46306). This
data set includes genome-wide DNA methylation from cervi-
cal tissue from 20 healthy controls measured with the [llumina
HumanMethylation 450 BeadChip. There were 11 methylation
sites within +/— 5 kilobases of our selected pyrosequencing site
(although our particular site in not included on the BeadChip
microarray). The mean spearman correlation of adjacent pairs of
these sites was 0.34 (mean distance between these sites was 695
base pairs). We chose our specific CpG site based on its close
proximity to a CCAAT box is a sequence known for binding gen-
eral transcription factors as well as RNA transcription factors.”
In an ideal study, one would interrogate more CpG sites, analyze
histone modifications that could also affect transcription and
perhaps the non-coding RNAs that affect translation. Ultimately,
measurement of mRNA or the resultant protein, combined with
measures of the epigenetic and genetic variation in the PTGER2,
would provide much greater insight into whether the regulation
of this gene plays a causal role in cervical function. The mea-
surement of LINE 1-HS DNA methylation by pyrosequencing is
also limited to the representative sequence chosen. Furthermore,
sodium-bisulfite conversion, which precedes pyrosequencing,
cannot differentiate between CpG to TpG mutation and cyto-
sine methylation. To compensate for both of those limitations,
we analyzed 4 CpG sites within LINE 1-HS. LINE 1-HS has

been shown to be responsive to several environmental factors, but
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Figure 2. Cervical long interspersed nuclear element-1 Homo sapiens specific (LINE 1-HS) DNA methylation and gestational age (days), ELEMENT birth

its role is still not completely understood. Methylation of repeti-
tive elements is thought to silence their expression and promote
genomic stability. Our hypothesis was that hypomethylation of
LINE 1-HS would be associated with shorter gestations based on
our prior study demonstrating lower maternal LINE 1-HS from
peripheral blood leukocytes was associated with preterm birth.'®
However, we observed the opposite. DNA methylation does not
always correlate with less expression and may be associated with
higher levels of expression if DNA methylation of LINE 1-HS
is a compensatory effect. In other words, the cervix response to
inflammation could be to methylate repetitive elements to pro-
mote genomic stability. In vitro studies and expression studies
analyzing mRNA would be necessary to confirm the occurrence
of this compensatory activity.

In conclusion, using a novel approach of studying the cervix,
we demonstrated that cervical DNA methylation of PTGER2
and LINE 1-HS obtained mid pregnancy was associated with the
length of gestation. We also found that while personal smoking
history prior to pregnancy was not associated with LINE 1-HS
DNA methylation of the cervix, household smoke exposure was
associated with LINE 1-HS, highlighting the notion that envi-
ronmental health effects may be mediated through epigenetic
phenomena. Further work is necessary to determine whether
these DNA methylation biomarkers are associated with preterm
birth to make them clinically useful as well as to determine
whether they are part of the causal pathway linking risk factors
for preterm birth with spontaneous early delivery.

Methods

We approached a subset of 100 women being enrolled in
the ELEMENT birth cohort in Mexico City. Details of enroll-
ment for the parent cohort are published elsewhere.?! Briefly,
women were recruited between 2007 and 2011 during the second
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trimester through the Mexican social security system (Instituto
Mexicano del Seguro Social). The parent cohort consists of 1054
mothers. Eighty of the final 100 parent cohort enrollees provided
written, informed consent for an obstetrician to obtain a cervical
swab mid-pregnancy (16-19 wk gestation) for epigenetic analysis.
Women were offered a free Papanicolaou (Pap) smear in return
for their participation, which is the standard of care during preg-
nancy if a woman is due for a Pap smear in the United States, but
is not routinely offered in Mexico. The IRBs of the participating
institutions (Brigham and Women’s Hospital and The National
Institute of Public Health in Mexico) approved this study.

Participant data collection

Demographics and birth outcomes were collected as part of
the parent cohort including maternal age, parity, and years of
education. Study staff measured mothers’ height to calculate
pre-pregnancy body mass index (BMI) with self-reported pre-
pregnancy weight. Staff also conducted in-person surveys which
included a question about personal smoking and household
smoke exposure. We dichotomized household smoke exposure as
yes/no based on whether mothers reported at least one household
member smoked during the pregnancy. Gestational age was cal-
culated from the maternally reported last menstrual period. As
part of the parent cohort, maternal second trimester blood lead
levels were measured using atomic absorption mass spectrom-
etry. Compared with the larger parent cohort, this subcohort
did not differ with respect to gestational age or smoke exposure.
However, women enrolled in this study had more years of educa-
tion (P = 0.02) and were more likely to have premature rupture of
membranes (P = 0.05).

Cervical specimen collection and analysis

At a mean of 17.9 wk gestation (SD 1.2, range 16.0-19.0
wk) an obstetrician performed a speculum examination and
cleared away cervical mucus with a large soft, cotton swab. A
narrower cotton swab was used to encircle the cervical os five
times. The swab was then placed in 2% n-acetyl cysteine and
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Figure 3. Gestational Age Differences per interquartile range of cervical DNA methylation of PTGER2 and LINE 1-HS, ELEMENT birth cohort, Mexico City.
Model 1: Unadjusted Model 2: Adjusted for maternal age Model 3: Model 2 additionally adjusted for Pap smear inflammation Abbreviations: PTGER2
prostaglandin E receptor 2 (subtype EP2); LINE 1-HS long interspersed nuclear element-1 Homo sapiens-specific. Footnote: n = 69 for PTGER2 models and

frozen at —80 °C. The samples were stored in Mexico City and
then shipped to Boston on dry ice for DNA methylation anal-
yses. DNA was extracted using Qiagen tissue extraction kits
(QIAGEN). One pg of genomic DNA was bisulfite converted
using the EZ DNA Methylation Kit (Zymo Research) accord-
ing to the manufacturer’s protocol. Final elution was performed
with 30 pl M-Elution Buffer. We performed DNA methylation
analyses on bisulfite-treated DNA using a quantitative analysis
based on PCR-pyrosequencing. PCR and pyrosequencing primer
sequences for LINE1-HS have been previously published.’® We
developed a specific assay for PTGER2 measuring % 5mC at one
individual CpG dinucleotide located on chromosome 14 (posi-
tion 52780428) within a CpG island in the gene promoter just 7
nucleotides from a CCAAT box. The CCAAT box is a sequence
known for binding general transcription factors and RNA tran-
scription factors thus having a primary function in regulating
gene transcription.’” For the gene map, please see Figure S1.
Details of the pyrosequencing are provided in supplementary
material, Table S1. Briefly, PCR for PTGER2 was performed
with 15 pL GoTagR Hot Start Polymerase (Promega), 1 pl for-
ward primer (PTGER2_F: TGGTTTTTTG GATGGATATA
TTTGT), 1 pl biotinylated reverse primer (PTGER2_R [bio]:
AATAAAATTA AAAAAACCCA ATCCC), 1 pg bisulfite-
treated genomic DNA, and water. PCR cycling conditions
were 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s for 40
cycles. PCR products were purified and sequenced by PSQ
Q96 MD pyrosequencing System (QIAGEN), as previously
described” using 0.3 pM sequencing primer (PTGER2_Seq:
GATATATTTG TTTTA). Each sample was tested two times
for each assay to confirm reproducibility of pyrosequencing per-
formance and the average was used for all statistical analyses. As
quality controls, we placed duplicate genomic DNA samples and

www.landesbioscience.com

Epigenetics

universal PCR products to estimate the internal plate variation,
bisulfite conversion efficiency and the pyrosequencing reaction.
A second swab was sent to a clinical pathologist for a clinical Pap
smear. The pathologist was blinded to both methylation status
and the length of gestation. We subsequently dichotomized the
Pap smear result as inflammation vs. no inflammation based on
the clinically reported result. Inflammation was defined as the
presence of leukocytes or cytolysis on the smear.

Statistical approach

We examined univariate descriptive statistics, bivariate asso-
ciations and performed two types of multivariable modeling. To
analyze associations between maternal covariates and DNA meth-
ylation we used multivariate linear regression models. To analyze
the association of DNA methylation with gestational age we used
accelerated failure time models, assuming a Weibull distribution.
We used this latter approach because it directly models gestational
age, and not hazard ratios. Gestational age has a skewed distri-
bution with an abrupt truncation at ~42 wk gestation, which is
reasonably approximated by the Weibull distribution. The result
of this model provides a ratio of gestational ages. This ratio can be
converted into a percent, which then can be applied to a standard
time duration (in this case a normal gestation is 40 wk or 280 d).
For instance, if the B coefficient were 0.5%), then for interpret-
ability, the B coefficient would be reported as 0.005*280 = 1.4 d.
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