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ABSTRACT

QUAKER HARMON: Variations in Inflammatory and Cell Cycle Genes and Preterm Birth, Small for
Gestational Age and HypertewmsiDisorders oPreghancy
(Under the direction of Stephanie Engel)

The maternal outcome of preeclampsia and the fetal outcomes of preterm birth and poor
intrauterine growth often occur together, share placental pathology and are marked by changes
in inflammatory biomarkes. Genetic polymorphisms in inflammatory genes have been
investigated with respect to all of these outcomes with conflicting results. In previous studies
case groups have been small or r@presentative of US populatioyand coverage of
candidate genes has been sparéée sought to expand coverage of inflammatory genes related
to natural killer cells and T cells and in addition included candidate genes related to cell cycle
function. In a sample of 1646 women from ar&tial prospective pregnancy cohovie

examined the relationship between 503 tagSNPs in 40 genes and the outcomes of preterm birth,

small for gestational age, gestational hypertension and preeclampsia.

Six genes involved in natural killer cell functitriZA, CSF2, IFNG&& KIR3DLRand Th2
immunity (L13andIL4) were associated with preterm birth among European Americans with
some evidence of an association for African Americans aslvEAAand CSFR IL6andKLRD1
were associated with term small fgestational age births among African Americans with similar
results forlL6aloneamong European AmericarisTA TNFand TBKBPWvere associated with
preeclampsia among European Americans only. There were no associations with any cell cycle

genes or with lhe outcome of gestational hypertension.



In summarythis study found novel associations with a number of genes related to natural
killer cells, Th2 immunity and TNF signaling pathways and the outcomes of preterm birth, poor

fetal growth and preeclampsia ang both European and African Americans.
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CHAPTERL BACKGROUND

Introduction

Pregnancy is a state of altered inflammatory functigtin the majority of pregnancies, the
alteredinflammatory function works to the benefit of both mother and fetus by mitigating the
immune rejection of fetal tissufe’ while restricting the extent of invasion of the fetally derived
placerta.’ As the pregnancy progresseéise balance of pro andnti-inflammatorycytokinesmay
act as a determinant of the timing of deliveterturbations in inflammatory pathwayfrom
pre-conception through delivery have significant impacts on the success of the pregnancy and
the health of both the mother and the fetus. Increased inflammation has been implicated in
preterm birth,?> ®poor fetal growthas measured at birth (Small for Gestational A3@A} ’and
Hypertensive Disorders of Pregnariegluding Preeclampsia (PE) &&dstational Hypertension

without proteinuria GHTN." 8

Previousstudieshave identified a number of inflammatory biomarketisat are altered in
PEand SGA.™° Studies of heredity havestablished a genetic componeintPE** preterm
birth**** and SGA™ Genetic epidemiology studies to date have found some associations with
preterm birth, SGA anBEand polymorphisms in inflammatory pathway gengseeSection 1.6).

Although there have been some large studies for preterm birth, studieBEor US populations



have been limited and only a handful of studies/e measured associations wlBIGA, covering

fewer than 10 inflammatory genes in total.

Giventhe dramatic growth of the placenta during pregnancy and the pivotal role it plays in
sustaining the fetus, factothat limit placental growth or function may be involved in SBE,
and preterm birth.In addition to placental growth, remodeling of the uitge wall and
vasculature is extensive and must occur for a successful pregr@altgycle processes are
fundamental for cell proliferatiorand genetic polymorphisms in cell cycle genes may result in
reduced cell proliferation and poor placental deveaimgnt, leading topoor fetal growth and/or
preeclampsia. Genetic polymorphisms in cell cycle genes have not been extensively studied for
the outcomes oPE SGA or preterm birth. A few studies hdeand associations wittother
reproductive outcomes such asissed abortioff and gestational diabete¥ Additionally, a
number of cell cycle genes have been implicated in related outcomes such as cardiovascular
diseasé® and type 2 diabete§’ Animal and human placental expression studies have also
suggested that cell cycle genes are differentially expressed in placentaftidsaied may differ
in expression, quantity or function in women with PE or SGA. Therefore cell cycle genes
contribute toa novel pathwayhat may be important in the outcomes &E SGA and preterm

birth.

The Pregnancy Infection and Nutrition Cohort offers a good opportunity to study
polymorphisms in a panel of candidate genes in the inflammatory and cell cycle pathways in a
biracial population with welmeasured covariates. Knowledge about thgemetic vaiantswill
improve our knowledge about these heterogeneous phenotypes, aide in the identification of

susceptible populations and identify target genes for further study.



Descriptive epidemiology of Preterm, SGA/IUGR and Preeclampsia/Gestational Hysesten

Preterm birth, poor fetal growth and gestational hypertension are maternal and infant
outcomesthat often co-occur.Hypertensive disorders of pregnang@gcluding both
preeclampsia andestationalhypertensionare maternal conditions thatesult in preterm birth
in up 60% of pregnancies complicated by preeclampsia and poor fetal growth in ui§ 25%
Preterm birth due to medical indications, which may include maternal disease due to gestational
hypertension, only aants for 30% of preterm birti3with the majority of preterm births
having an etiology unrelated to gestational hypertension. While poor fetal growth is present in
some pregnancies complicated by gestationgdryension, the association with preterm birth
is more complicated. While there is evidence that infants born preterm may be smaller than
their in uteropeers at a given gestational atfea measure of fetal growtbuch as SGA (small for
gestational agethatA & | R2dza G SR T2 NJ 3Sadl GAz2yrtf |3S3T aKz2dzZ R

infants at each gestational age.

Despite the similarities and emccurrence of these outcomes, they share distinct risk
factors and &ologies which will be explored below. In studying closely associated outcomes
such as these, similarities in genetic associations must be examined for confquamting
phenotypes should be adjusted when appropriate. By examining this group of outcomnes i
same population, it is our hope that identification of both similar and distinct genetic
associations wiihform knowledge ofmportant biologic pathways and identify opportunities

for both primary and secondary prevention.



1.2.1 Preterm Birth

Degriptive Epidemiology

Preterm birth is defined as delivery before 37 completed weeks of gestation. In the United
States preterm birth occurs in approximately 12% of births. Although it is primarily defined by
the timing of delivery, preterm birth is a lerbogeneous outcome with multiple pathways
leading to a birth before term. Preterm birth has bedimidedinto subtypes based on the
indication for delivery, the timing of delivery, or the presumed underlying pathology. Preterm
birth is of importance due tthe significant medical and societal impacts borne by the infants

and their families throughout the life courde

Classification

Based on indication for delivery, preterm birth can be characterized as prdgdor,
preterm premature rupture of the fetal membranes or a medically indicated delivery for the
health of the mother or infant. Although these subtypes are commonly used and may have
different risk factors, the distinction between the indications foeterm delivery may not

always be etiologically importaAt?®

Timing of delivery is also used to classify preterm births. Extremely preterm (delivery
before 28weeks), very preterm (delivery before 32 weeésjllate preterm (34 to 36 weeks)
have all been used as gestational age classifications of preterm birth. The severity of preterm
birth with regard to gestational age may be most important for predictingntiogtality and

morbidity of the infant. Infants born extremely preterm hethe highest risk of both neonatal



and infant mortality as well as the highest risk of later complicatfofi$iere is some indication

that early pretermbirth may have distinct risk factaf8

A classification of preterm based on the underlying pathology resulting in preterm birth
would be most interesting from an etiologic perspective. Whpecific maternal medical
conditions (preeclampsiainderlying chronic diseagefetal conditions (severely low amniotic
fluid, fetal distress, and certain congenital defects), maternal trauma or serious illness may often
be an apparent cause of preternrthi, many etiologies of preterm birtts(ibclinicaplacental
abruption, placental pathologwgubclinicaluterine infection or inflammation) are neither

apparent, nor susceptible to diagnosis prior to delivery.

Time Trends

Although the preterm birth rate lhappeared to be steadily increasing from 8.9% in 980
to a high of 12.8% in 208recent data suggest that the rate may be plateauing or even
decreasing with the preterm birthate declining for two consecutive years to 12.3% in 2808
Changes since the 1980s in the preterm birth rate have been attributed to changes in maternal
demographics, increasing use eproductive technologies and medical interventions such as
cesarean section in the late preterm periddrhe greatest increasés the preterm birth rate
were seen among late preterm births with medical indicasidorhe declingn the preterm birth
rate observed in 2008 was evident among all maternal age groups below 40, in White, African
American and Hispanic mothers, in almost all US states and in both cesarean and vaginal
births.*? Although the preterm birth rate has generally been increasing, fetal outcomes have
been improving over the same time periagith increased survival among the earliest preterm

infants®



Sequelae

Infant

Neonatal and infant death is the most serious consequences of preterm birth. In 2006 the
U.S. the infant mortality rate for preterm was 35 per 1,08@mparedwith 2 per 1,000 among
term infants. Among preterm infantthe risk of mortality is highest for those born earliest with
very preterm infants (less than 32 weeks) having an infant mortality rate of 176 per, 1,000
comparedwith 7 per 1,000 among late (386 week) preterm infantd* Although preterm birth,
and in particular very preterm birth, is relatively uncommon, the high death rate among preterm
infants results in infant mortality among preterm infant accounting for 68% of total infant

mortality in 2006.

In addition tomortality, preterm infants are at increased risk for significant morbidity.
Acute complications include respiratory distress, necrotizing enterocolitis, feeding intolerance,
apnea, infection, cardiac abnormalities, anemia, and brain injury (intraventrioelaorrhage
and periventricular leukomalacia). Chronic health concerns include chronic lung disease, gastro
espohageal reflux, vulnerability to infection (particularly respiratory syncitial yinegying loss,
eye disorders (retinopathy of prematurityderebral palsy, cognitive deficits, behavioral
problems and epilepsy” *Followup studies have also shown an association between
gestational age at birth and educational attainmentldncome later in lifé> 3® As with
mortality, the risk and severity of acute and chronic morbidity is associated with the severity of

preterm, with infants born before 28 weeks at highest rf8k

Although very preterm infants face the highest risks of mortality and morhithigye is an
increasing awareness of the risk associated with late preterm birth. Infants born between 34

and 36 weeks continue toave an elevated neonatal mortality rate compareith full term



infants, andthese infantsalso had increased respiratory distress syndrome, sepsis,
intraventricular hemorrhage and NICU admissibAlthough thee are fewer longerm studies
among late preterm infants specifically, there is some indication that there may be a risk of long

term behavioral problems as wéf

Maternal

Maternal health consequences from pretermithiare fewer comparedvith infant
sequelagandthey may be attributabléo shared pathways between preterm delivery and later
health outcomesrather thanearly delivery itselfWomen with a previous preterm birth are
more likely to have subsequent preta births* **Many of the medical sequelae for women
with preterm delivery are related to the underlying patholdbgt necessitated the preterm
birth such as complications from preeclasig, gestational diabetes, coagulation disorders or
underlying cardiac or respiratory conditions. As stilecl preterm delivery is associated with

subsequent maternal health complicatigrmit the preterm delivery is not causative.

There is some suggestitimat women with a previous preterm delivery are at increased risk
of later cardiovascular disea$&however, this may be due to shared vascular and metabolic risk

factors which predispose to both preterm deliveryddater CVD risk.



Risk Factors

Apart from preexisting or emergent maternal medical conditions and previous preterm

birth, few strong risk factors for preterm birth have been identified. Takleéhighlights the

most commonly identified risk factorkleiitability will be discussed in Sectidns.

Table 1.1 Risk factors for preterm birth®> - 2

Behavioral and Psychosocial
Smoking

High psychological or social stress
Long work hours, harghysical labor.
Cocaineheroinuse

Heavy alcohol use

Depression

Poornutrition

Demographic and Anthropometric
African American race

Low socieeconomic status
Loweducation

Extremes of age

Unmarried status

Low prepregnancy BMI

Pregnancy Complications
Infection

Vaginal bleeding
Placental abruption

High or low amniotic fluid
Placenta previa
Abdominal surgery
Multiple gestation

Pre eclampsia

Environmental Exposures
Lead

Occupational exposure to PCB
DDT

Environmental tobacco smoke
Air pollution

Maternal Medical Condition
Assisted Reproduction

Short interpregnancy interval
History of thyroid, renal,
respiratory, cardiac, diabetes,
auto-immune conditiors,
hypertension.

Cervical cone biopsy or LEEP
Previous preterm

Short cervical length

Uterine abnormalities

1.2.2 Hypertensive Disorders of Pregnancy

Descriptive Epidemiology

Pregnancy is a state of grgattysiologic change for the mother. Measures such as blood

pressure vary throughout pregnancy with a usual pattern that includes a decrease in blood

pressure during the second trimest&r **Hypertensive disorders of pregnan@s used here,

encompass three conditions of increased blood pressmeemerge after the 20 week of

gestation. The estimates of incidence of hypertensive disease in pregnancy range fromofa low

2%7% for preeclampsia in healthy nulliparous worffén a high of 1222% for hypertensive




disorders overalf® Although the exact incidex® may be uncertairhypertensive disorders of
pregnancyare a leading cause of maternal mortality.the United Statesydm 1991 to 1999
hypertensive disorders of pregnanass the identified cause of death in 15.7% of maternal
deathg® while from 1998 to 2005 hypertensive disorders of pregnancy were identified as cause

of death in 12.3% of maternal deatfs

Classification

Although there is some variation in the nomenclatuseed to describe the specific
conditions® the following terminology will be useestational hypertensiof(GHTNis an
increase in blood pressure after 20 weeks of gestation without proteinuria (protein in urine).
PreeclampsidPE)s an increase in blood pressuatter 20 weeks gestatiowith evidence of
proteinuria. Women with preeclampsia may also have edemaal/disturbances, headache
and abdominal pain. Severe preeclampsia includes a blood pressure above 160 mmHg systolic or
110 mmHg diastolic, proteinuria in excess of 5 grams per 24 hours (3+ dipstick), low urine
output, pulmonary edema, low platelets anceghted liver enzymes. Eclampsia is diagnosed
when a woman with preeclampsia experiences a taset seizure. In a woman with pre
existing hypertension or renal impairment, a diagnosis of superimposed preeclampsia can be
made with worsening of hypertensiar proteinuria or the new involvement of other systems

(neurological, liver, hematologiéy*

Recent guidelinéssuggest that an elevation in blood pressure should be defined as a
blood pressure above 140mmHg systolic or 90 mmHg diastolic at least twice after 20 weeks
gestation in women who were previously normotensive. Proteinuwgialoe defined as more
than 300mg of protein in a 24 hour collection of urine or a protein dipstick value of >=1+

(300mg/L) on two random urine samples taken more than 24 hours apart. Previous definitions
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increase in 15 mmHg in the diastolic blood pressure over basBline

There is some suggestion that preeclampsia is a heterogeneous disatbalifferent
pathophysiology for those cases arising early in pregnancy with impaired fetal growth compared

to cases arising later in pregnancy with little fetal comproniise

Time Trends

The changing and diffierg diagnostic criteria fanypertensive disorders of pregnan@s
well as poor data quality on birth certificates, has complicated the analytiesdédisorders
over time. Using data from the National Hospital Discharge Survey, Wallis found an inorease
both gestationahypertension and preeclampsia over the period from 1987 to 2GHTN
increased from 10.7 per 1,000 deliveries in 19888 to 30.6 per 1,000 deliveries in 262304.
Over the same time period preeclampsia increased from 23.6 per t@d&ries to 29.4 per
1,000* An analysis of preeclampsia in Norwaich has had more stable diagnostic criteria
and universal access to camver the period of 1962003 suggested a gradual increase in the
incidence of preeclampsia in first pregnancies from 3.1% in the first decade of the study to 5.5%
in the final decadg’ Currently, rising rates of obesity, a risk factor for preeclampsiee leal to

concerns that thericidence of preeclampsia may continue to incre&s#

Sequelae

Fetal

Up to one quarter of infants in pregnancies complicateédbypertensive disorders of

pregnancywill have poor intrauteringgrowth, and up to twethirds will be delivered preterm for
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fetal or maternal indication” Preterm birth can be indicated due intrauterine growth
restriction, placental abruption, low amniotic fluid or nerassuing fetaltesting Acute and
chronic sequelae from preterm birth and poor fetal growth are covered in Sections 1.2.1 and
1.2.3. Sitill birth and infant death are rare fetal outcomehkich are elevated comparadslith

non-hypertensive pregnancied >°

Maternal

Many of the symptoms dfiypertensive disorders of pregnanmsolve with the delivery of
the infant. In severe casghere can be longer lasting sequelae including néagic deficits as a
result of seizure or stroke, renal failure, liver failure or hemorrh&ddypertensive disorders of

pregnancyare one of the leading causes of maternal moitial

Women with a prior pregnancy complicated by hypertension are more likely to have
recurrent gestational hypertension and preterm bifth* There is alsevidence that women
with gestational hypertensioor preeclampsiare at increased risk for cardiovascular disease
(CVD) and diabetes later in |fe>? with some evidence tsuggest thaearly preeclampsia or

recurrent preeclampsia are stronger risk factors for later CVD.

Risk Factors

The strongest known risk factor for preeclampsia is the presence of antiphospholipid
antibodies and a previous pregnancy with preeclampsihese are associated with a more
than 5 fold increase in risk. However preeclampsia is most often associated with first
pregnanciesand antiphospholipid antibodies are ratderitabilitywill be discussed in Section

1.5. Additonal risk factors are outlined in Tadle?.
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Table 12 Risk factors fohypertensive disorders of pregnancy *> >

Maternal Medical Conditions| Pregnancy Related Condition Demographicand

Anthropometric Factors
Antiphospholipid syndrome | Previous PE Increased BMI
Chronic Hypertension Firstbirth Extremes of age
Diabetes Multiple Gestations Family History of PE

Preexisting disease; renal, | Long Inter pregnancy Interval African American race
autoimmune, vascular, Infection
connective tissue, rheumatic,| New Father* Behavioral

thrombophilias Smoking (protective)

*The risk associated with hovel sperm exposure is quite controversial

Smoking
Of note, smoking has an accepted and seemingly robust, if weak, protective association

with preeclampsia. Multiple studies and systematic reviews have shown an association between
smoking and botlyestationalhypertension and preeclampsia in the range & @50.7°*°® with
some suggestion that heavy smokers, women who smoke until the end of pregnancy and lean

womerr’ have more protection.

1.2.3 Fetal Growth

Fetal Growth as a Reproductive Outcome

Fetal growth over the course of pregnancy is a result of genetically determine growth
potential, maternal ability to meet the nutritional needs of the fetthrough adequate nutrients
and adequate delivery of the nutrients, fetal nutritional demanahkich may be influenced by
fetal pathology, and the length of gestatiomhich provides time for growth. Maternal, fetal
and environmental factors may act at any of these levels to influence how well a fetus grows
over the course of pregnancy. Given the individual variation of growth potential, the strong

association of birthweight with gestational age, difficulty in accurately defining gestational age
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and the inability to obtain a true fetal weight until the time of delivery, assessment of fetal

growth is quite difficult.

Despite the difficulties in assessing the trajectofyetal growth, the final product of fetal
growth, birth weight, is a welineasured and well recorded outcome. Low birth weight (<2500 g)
in particular is associated with a number of important neonatal outcomes including neonatal
mortality and morbidity However, focusing simply on birth weight obscures important
individual level and population associatiokistorically, given the difficulty is assessing
gestational age accurately, preterm birth was sometimes equated with low birth weight.
However not al preterm births are also low birth weighAdditionally snall term infants may
have undergone restricted growih uterg and ®-OF f f SR ay 2 NXI f ¢ 0 A NI K
have reached their full potentiaht the population level, factorsuch as altude that result in a

lower mean birth weight may not bpathological

2 AGKAY GKS LUz FdGA2y 2F aavYltté AyTFlytas

result in meaningful health consequences. Yet attempts to identify small infants who are also
high risk for other outcomes have had only limited success. At a population level with large
numbers, the residual distribution of birth weight can help identify populations at risk for higher
infant mortality by identifying a surplus of small preterm imf&® At the individual level, birth
weight adjusted for gestational age through a small for gestational age (SGAganez
measurement overcomes some of the difficulty with looking solely at low birth weigraKigg

time in uteroavailable for growth into account.

However an SGA measure based on live births only identifies the lowest fraction (dtten 5
or 10" percentile) of infants at a given gestational age. Preterm infants are often smaller than

their in utero counterparts who go on to deliver at tetffr > The SGA measure fails to capture

13
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this discrepancy and may fail to capture many preterm infants who have been growth restricted
in utero.®® Use of ultrasoundased measures of fetal growttas been offered as a possible
solution to the difficulties of a live birth standafd Ultrasoundbased measures howev are
algorithmsthat also have inherent errors and can only be established and validated in a select

population inviting bias and noigeneralizabilty .

For purposes of this study, the outcome of interest is intrauterine or placental conditions
that prevent the fetus from attaining maximal growth. While frequent longitudinal ultrasound
measurements startingt avery early in pregnancy for cohort members along with a
comparable population sample would be ideal, thels¢a were not available for thsecondary
analysis The SGA variable collected for the study cohort may urelgnesent growth restricted
preterm infants, but the cupoint of 10% offers a reasonable balance between more stringent
definitions which would further bias the preterm infantand a more permissive definition

which would identify more constitutionally small infants.

Types
Poor fetal growth has sometimes been characterized as proportional or symmetric and
non-proportional or asymmetric. Symmetrically small infants have reduced weight, length and
KSFR OANDdzYFSNBEYOS gKAES a8YYSUNRDNNIE@RE AYIFEE Ay
length and head circumference. Theoretically, complications or maternal malnutrition arising at
conception will result is symmetrically small infants while complicatibasarise later in
pregnancy will impact final weight but spare bone and hgemivth, which have already neared
completion. Studiethat have been able to accurately determine gestational age and account
for confounding variables however have failed to find etiologic differences between these two

groups of small infant®"
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Time trend

As measured by SGA, poor fetal growth will, by definition, remain stable over time.
Therefore continuous measures such as the distribution of birth weights, residual distributions
of small preterm infants, or mean birth weight over time will provide more information about
temporal trends in birth weight. National statistics from the US suggest a fairly stable birth
weight distribution between 1950 and 2000 with a very slight shiftamg heavier birthd® A
study in Norway examined birth weights from 1860 to 1984, a time pehatincluded both
industrialization and periods of industrial collapse, World Wars and modern times with a strong
social support systemall ofwhich all affect the livelihood, nutrition and general health of
women. Over this period of time in Norway birth weights increased just under 200g over the
course of 120 year¥ Thesedata suggest that populatictevel birth weight has remained fairly

stable over time.

Sequelae

Infant

Low birth weight is consistently associated with increased neonatal moffadithough it
is difficult to asdbe causation given the number of causes of low birth weight (preterm birth in
particular) and the possibility of an unknown common cause of low birth weight and neonatal
mortality.** The immediate neonatal sequelaélow birth weightare often intertwined with
the sequelae of early gestational agdthough the association between infant mortality and

birth weight is evident at all gestational ag&s

The long term effects ob birth weight on subsequent health and mortality can also be

difficult to assess given the implausibility that birth weigbt seis causally related to later
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health outcome<® However, while birth weight mayat be causally linked to subsequent
outcomes, there are a number of observed associations between birth weight and later health

outcomes.

The Barker Hypothe$f€® suggests that impaired growth and development in fetal life and
infancy programs persistent changes in metabolic, physiologic and structural protesises
influence the development of chronic disease later in life. In partichkart disease and
diabetes have been associated with lower weight at birth. While the associatioralithuse
mortality has been less clear cut, there is the suggestion of higher cardiovascukdi-eagse

mortality among low birth weight infants comparedth G K S A NJ @igthaviight peegs®

Maternal

Delivery of a small fetus is often less physically difficult for women with lower incidence of
perineal damage and need fossection due to fetal sizeAs with preterm delivery, the
immediate maternal sequelae depend on the cause of the low birth weight. There is some
suggestion that women who deliver low birth weight infants may be at increased risk for later
CVD The association with later C\éBems to be driven by the preterm aspectiow birth
weight and is likely due to common cause between CVD and poor fetal gooywtieterm
birth.*® " There is however suggestive evidence that a biologic process activated during

pregnancy that results in a low birth weight infant may persist and result in later €VD

Risk Factors
In general, fetal growth, as measured at birth, is considered as a possible negative outcome

at both ends oflhe birth weight distribution. Both small and large infants have increased risk of
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negative sequelae. Although this study is focused on poor fetal growth as a marker of placental

dysfunction, large infants also can have poor outcomes.

Risk factors for pooor excessive fetal growth are complex. Birth weight is the culmination
of fetal, maternal and environmental factors. Potential for infant height and weight is
determined by fetal genetics. Attainment of that potential is influenced by maternal ability to

supply the necessary nutrients and the intervention of many possibly environmental insults.

A number of natural experiments in maternal malnutritisuch asevere famines during
times of war, have shown that acute maternal malnutrition, below 1,500 esl@xiday,
especially during the third trimester, is associated with birth weight decrements of
approXmately 300g. Howeverabove this minimum level, maternal adaptation appears to

protect the fetus from significant weight 108%

Tablel.3lists a number of factorthat are associated with birth weight across the range of
birth weight with some conditions increasing the risk for large infants (diabetes) and others
associated with small infants (smokingleritabilty and recurrencef low birth weight will be

explored in Sectiod.5.

Table 13 Factors associated with fetal growtit **®*

Maternal/Paternal Pregnancy Related Environmental (all limited evidence
Ethnicity/ Race Parity Lead
Social Class Plurality DDT/DDE
Maternal height and weigh] Smoking Environmental Tobacco Smoke
Parental birth weight Fetal sex Outdoor air pollution
Previous LBW infant Gestational hypertension| Disinfection by products
Gestational diabetes Nitrate in water
Gestational weight gain
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1.3Role of Inflammation in Adverse Pregnancy Outcomes

Pregnancy is a state of altered inflammatory functioBuring an uncomplicated
pregnancythere are distinct changes maternal immunitythat result in an enhancement of
defensive or innate immunity and a decrease in adaptive immunity through reduced natural kill
cell and T cell inflammatory activity. Compaseith postpartum levels, there are marked
changes in cytokine concentrations, actiwfyd response to stimulatioff' * In the majority of
pregnancies, the altered inflammatory functibenefitsboth mother and fetus by mitigating
the immune rejection of fetal tissdavhile restricting the extent of invasion of the fetally
derived placentd As the pregnancy progresséise balance of preand antiinflammatory
cytokinesmayact as a determinantf the timing of delivery* Dysregulatiorin inflammatory
pathways from preconception through delivergnay impacthe success of the pregnancy and

the health of both the mother and the fetus.

1.3.1 Preterm Birth

Although the biological pathways behind the initiation of lalwehetherat term or
preterm, are still poorly understood, inflammatory cytokines are integral to a number of
processes that occur at the time of delivery. As reviewed by Bdiemo-inflammatory
cytokines tend to increase towards terand labor itself is a prnflammatory state.
Inflammatory cytokinesl-m = ¢ b6Lih &dditior] to antinflammatory cytokinesl(-4 and IL-
10) influence the productin and metabolism of prostaglandins which enhance uterine
contractility.>¢ b Chavel 3 PL [/ { CandlL-8dnfluénice the secretion of
metalloproteinaseghat degrade fetal membranes at the time of birth-8 has been implicated

in cervical ripening.
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Giventhe role of infection in preterm delivery, evidence of elevated inflammatory
cytokines in preterm deliveries may be due to underlying acute or chronic infection. However
pregnancieszincomplicated by ifection show elevated levels df8 andIL-m j suggesting an

independent role of inflammatory cytoking3

1.3.2Hypertensive Disorders of Pregnanagd SGA

Although distinct outcomed;lypertensive Disorders #fregnancyand SGAshare certain
common biologic process and will be considered together. Among the similarities,axess
others* " °note that many cases &GAand PE share common placental patholtiugt
includes shallow placentation. In normal pregnarfeyal cytotrophoblasts invade the maternal
tissue and orchestrate remodeling of the maternal vasculature. Maternal spiraiemtieat
had previously been narrow and contractile become wider with erosion of the muscular lining so
that resistance to placental blood flow is reduced and no longer subject to vasomotor
contraction®® The process of changes in the maternal uterine wall (myometrium and decidua)
is referred to as remodeling. Part of the pathology associated with both preeclampsia and poor
fetal growth is shallow placentatiomwith both the myometrium and ecidua showngreduced
transformation. For PE there is sometimes evidencabsience ofrascular remodeling in the
myometrium and reduced remodeling in the decidua. For pregnancies that result in poor fetal
growth, however, there is some, but still diminied, remodeling in both the myometrium and

decidua’®

Inflammatory cytokines play a role in successful placental invasion and develdpaeht
may influence the invasive phetype of trophoblasts. The interaction between fetal

trophoblasts and maternal decidual cells may be mediated by maternal natural KillerTdedise

NKcellONBFGS 20t AaYAONRSYODGANRBYYSYyi(ié 6KAOKXI
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remodeling limits the extent of the invasian Inflammatory cytokines may also play a role
placental development by influencing the hypoxia inducible factor (HHfanscription factor

which is central in placental angiogesis®

The later manifestations of poor placentation can be maternal, fetal or,beith SGAand
PE occurring both concurrently and in isolatidfFetal effects of poor placeation includeSGA
With inadequate transformation of spiral arteries, the resistance to placental blood flow
remains highand as a result there is inadequate delivery of both oxygen and other nutrients to
the fetus. While some degree of maternal and fetdaptation can occur (increased maternal
cardiac function and increaseatythropoiesiso improve oxygen carrying capacity and delivery,
and fetal shunting of blood, decreased fetal movement and tone3Q#these adaptations are

insufficient to overcora the restricted oxygen and nutrients available to the fefus.

Maternal effects of poor placentation can include symptoms of gestational hypertension
including increased blood pressure, decreased renal funetimhendothelial dysfunction. As
result of shallow placentatigrhypoxia and ischemieperfusion injuries occur with increased
levels of inflammatory cytokines. These inflammatory cytokines may act directly to create the
symptoms of preeclampsia or may dlatough other biological pathways including angiogenesis,
the renninangiotensin system, endothelial activation, or clotting system disturbahéesNess
also hypotheies that the inflammatory cytokines may interact with preexisting risk factor for
metabolic syndrome (adiposity, hyperglycemia, insulin resistance, hyperlipidemia,

coagulopathy) to predispose some women with poor placentation to exhibit symptoms®of PE

Animal models of preeclampsia dmnited by differences in placental structure. However

LaMarc&was able to reproduce some of the maternal symptoms of preeclampsia (increased
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blood pressure, decrease blood flow and renal function) by infusing rats witmflaanmatory

cytokines

Inflammatory cytokines have been measured in the serum of womengegtational
hypertension, preeclamps&nd SGA Increases in prinflammatory cytkines ¢ b C 63 1-8) [
have been identified in women with PEndSGAIL-c = ¢ biCIE8Y"* [°[and in women
who will go onto develop PE" "° % Decreased levels of artiflammatory cytokinesl(-10) has
also been associated with BBnd SGA "* Although not all studies are consistent and vary
with respect to timing of sample collection, sample tissue, outcome definition and comparison
groups, there is dicient evidence to implicate inflammatory cytokines in the outcomes of

GHTN and SGA.

1.3.3 Selection of Inflammatory Genes

The inflammatory pathway is complex and interconnected with a number of other
biologic pathways. Review of existing genetic stadf®ection 1.6) suggested some geimed
areA YL NI I yi G285 2018 ARISONGi60¢sb L[ ¢ = L[ )kcSomeof [ m! = L[ ™.
the genes found iprevious studiesTNFR1, TNFR2, IL5, ILI®Rére not included in the current
panel due to desigissuesincluding identification ofmore biologically relevant gesgpoor tag
design scores, difficulty tagging the gene in a combined CEU and YRI population, too many SNPs

required to tag the geneor previous findings based solely on tags with pootication.

In order to expand on candidate genes, emnsidered the underlying immune system and
links to cardiovascular outcomes. Although the three outcomes under consideration have
different underlying pathology, the inflammatory genes involved mayitéas. The

inflammatory pathway in preeclampsia has received the most attention with numenowigo
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and placental studies. Safto®provides a conceptual framework for preeclampsia that

highlights the delicate balance between different arms of the immune system during pregnancy.

The human immune system can be divided into the innate immune system and the
adaptive immune systerfi The innatdmmune system is noespecific and acts quickly in
response to multiple insults (injury, pathogens) by recruiting immune cells, activating cells to
identify pathogens and remove dead cells, and activating the adaptive immune system.
Inflammation is one oftte first responses in the innate immune system and can be induced by
infection or injury to prevent the spread of infection and promote healing. Cytokines released as
a part of the innate immune systerh ( M2 L [ ¢ Z ) IndugedocalLréxbtions (®King,C h
redness, warmthandrecruit additional immune cells to the site. Innate immunity is ©ion

specific and does not produce lotgym immune memory or protection.

The adaptive immune system, while slower to respond compuaigidthe innate immune
systam, results in the creation of antibodies and generates specific immune responses based on
the type of pathogen present. The adaptive system is responsible for immunologic memory and
longerterm immune protection. The adaptive immune system functions thioligells and B

cells and can produce Type 1 (Thl) or Type 2 (Th2) cytokines.

In general, Thkytokinesinduce celmediated immunity. Type 1 cytokinds{ HX ¢)bCX L Chb!
drive the production of cytotoxic T cells and activated macrophages. Cytotoxic [fseiells
expressing specific antigens and also play a role in graft rejection when cells are recognized as
YyABE FTQP | OGAGIFGSR YIFONBLKIFISa Sy3IdzA F Ay SdFRAYy3A ;

and antigens. Macrophages also release cytokimds=4nd ILJ).
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The Th2 response results in humoral immunity. Type 2 cytokibéslI(5, IL6, IL10, ID13
recruit and stimulate B cellsshich produce antibodies. These antibodies are responsible for
marking pathogens for death and for immune memory. Type 2kiy&s also activate
phagocytic cells (macrophages and neutrophils) to remove antiggsteria and complement
which can destroy organisms or make it easier to be spotted as foreign so that other cells will

destroy it.

The mechanisrthat drives the differatiation of naive T cells to Th1l or Th2 is unknown and
is thought to depend on the local cytokine milieuC bndIL12drive Thl cell production while
IL10andIL4inhibit Th1.IL4 along withiIL6andIL1, drives Th2 production while C mhibits Th2
cels. Therefore the two cells lines act to inhibit the other and, in as much as both Thl and Th2
are needed for complete immunity, the two cell lines compete for dominance depending on the

unique situation.

Saito suggests that while pregnancy is generatlyoainflammatory state, the balance of
inflammation during pregnancy is in favor of Th2 cells as opposed to Thl cells. In pregnancy an
over expression of the Thl response may result in rejection of the-fgmign fetus and

trophoblast cellswhich are neessary for placental development.

Saito posits that an excessive Thl response results in the rejection of the fetus
(miscarriage) or poor placentation (preeclampsighile an increased Th2 response allows for a
successful pregnanc§ Given the nature of biological systems however, inflammatory cytokines
are not uniquely situated in a single pathway and have both autocrine and paracrine activity

making the true pathways complex.
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In choosing genes to include dre pane| we considered both the role of the gene in
inflammation as well as evidence that the gene might be associated with cardiovascular disease
or conditions associated with metabolic syndrome (diabetes, obesity, and hypertension). In
addition, changes in immune function over the course of uncomplicated preghancy was
considered’® ”® Cytokineghat normally change over the course of pregnancy may influence
these outcomes if polymorphissmesult in the alteration of expected ratios between different
cytokines. Table 14 outlines the genes chosen, the immune function, association with

reproductive outcomes and association with other CVD of metabolic syndrome diseases.
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Table 14 Candidate genes involved in inflammation

Gene

Role in Immune

Association with Reproductive Outcome

Association with
CVD and Metabolic

System Syndrome
LA Innate Preeclampsid” >PTB” Increased in
response to hypoxfa
IL1B Innate Recurrent Fetal LogéPTB™ *PE™
Increased in response to hypogﬁa
PE with IUGKR PTB *'Increased in SBP, Cholestel
¢bCh Innate/ Thl response to hypoxi& In rat models ratios, CVD risk
infusion mimics factors®” Diabeted®
Recurrent pregnancy [08§PTB ™ °** | Type 1 and Type 2
IL6 Innate/Th2 PE Increased in response to reduced| Diabete&® MI*®
placental blood flow?
CRP levelS CRP
IL6R Innate/Th2 Associated with PTB " % l%ﬁg%ﬁygzk;f
diabetes®
Increased in response to reduced
placental blood flow? Levelsricreased
IL8 Innate . .
in PE Increased placental expression
with hypoxia (Thomas Moran)
ILBRB Innate Receptor for IL8
Innate (5g31 Shows variable expression over the
CSF2
cluster) course of pregnancy (Thomas Moran)
LTA Innate/Th1l Recurrent pregnhancy los& PTB M3 104
1L10 (Tr1) Blocks excessive  Associated with PTB PE**'% Levels Graft v host
inflammation decreased in PE diseasé®

TGFB1, TGFB3

Block excessive

May regulate T cell differentiation’
PTB" "Involved in trophoblast

(Th3) inflammation differentiationt2
TNFRSF1B Innate/Thl pTB™ Hypertensior™
IL2 Thi Increased expression in placeita | Type 1 Diabetes’
TBX21 (TBET) Thi Key transcription factor in THT
LChb Thi Associated with PTB
IENGR2 Thi Recomme_ndgdby Thomas_ Moran (Mt.
S|n§| IrrlmAunoIog|stA) - 4
LYyFfdzSyoSa Nt SFa| Type 1l Diabetes”
IL12A/L128 Thi Plays a role in T cell differentiatitn 118
Obesity, diabetes,
IL18 Thl Plays arole in T cell differentiatitin CHB™CVD and
CVD mortality®
CXCL10 Thl /| ft2asSte aaz2oAl
IL4 Th2 Associated with PTB”SGAPE** M+
IL13 Th2 Associated with PTB
GATA3 Th2 Key transcription factor in Th2 cefls Asthma®’
IL15 Th1/ NK Associated with PTB
Transcription L Diabetes™
bC® . m factorimplriJcated bCt. @aAdylrtAy3 A

in many pathways

inflammatory excess seen in 0be§Ff§/
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Abbreviations: PTB (preterm birth), PE (preeclampsia), IUGR (intrauterine growth restriction),
SBP (systolic blood pressure), CVD (cardiovascular disease), Ml (myocardial infarction), CRP (c
reactive protein), CHD (coronary heart disease), SGA (smadldtatignal age), NK (Natural

Killer Cells)

In addition we had an interest in Natural Killer cells and their role in these outcomes given
placental expression dafa Natural Killer (NK) cells are a part of thedtenimmune system
although they play an important role in adaptive immunity as willeyinduce apoptosis in
cells and can be activated by mitogens (chemical substance that triggers mitolsigndIL12
in the absence of antigen or antibaf{ As a response to NK cells, inhibitory KIR cells bind to
specific receptors on MHC class 1 molecules and provide protection against cell destruction.
Uterine NK cells are the predominate leukocyte in the uterine rea@nd are most abundant in
early pregnancy, less conspicuous after 20 weeks and nearly absent dfteFime fetus and
invading trophoblasts are in a sense sdareign tissue and are at risk of being destroyedhsy
maternal immune system. In order to evade detection and destruction, trophoblasts only
express the MHC molecules (HCAHLAE and HLAS) which have specific ligands for NK cell
receptors such as KIRs. Inhibitory KIR binding to theGl&xXpressed bthe trophoblast may
protect these cells from maternal immune detection and destruction by NK'é€Tkere is

some evidence that the KIR haplotypes maybe implicated in recurrent miscarriage £idE

KIR haplotypes vary in the number and specific genes present. Individuals have between 7
and 12 KIR genes expressed on a single haplotype. However the genes 2DL4, 3DP1, 3DL2 and
3DL3 are preserin virtually all haplotypes and have been called framework loci. For this study
the framework KIRKIR3DL3, KIR3D&2d KIR2DL4vere chosen along wit€D94 (KLRDWhich

was shown to varguringpregnancy.
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1.4 Role of Cell Cycle in Outcomes

1.4.1Description of the Cell Cycle

The cell cycle refers to the processes that occur within a cell that leads to duplication of the
genetic material and the division of the cell into two daughter cells. Cell cycle functions are vital
for the growth of embryonicfetal and placental tissue and continue to play a role throughout

the life cycle in the maintenance and renewal of human tissues and organs.

The cell cycle can be divided into two periods: integgEhduring which genetic material is
replicated, and mitsis, when the cell splits into two daughter cells each with a full complement

of genetic material.

Interphase is composed of G1, S and G2 phase. Briefly, G1 and G2 are periods of cell growth
and maintenance during which time biochemical processes readgeér DNA synthesis (G1)
or mitosis (G2). During S phase, DNA replication occurs and the cell temporarily has two sister
chromatids. Since accurate DNA replication and successful cell division is critical to an
2NHI yAAaYQa a&adzNIDA @eydless tighByazrolled. N ransitioBsTetwie&nShe O S
phases of the cell cycle are controlled by checkpoint protewhéch ensure that the cell is
prepared to enter the next phase. When factdinat might be damaging to the cefiuch as UV
radiation, eactive oxygen species, and inflammatiare present, and/or DNA damage is
detected, arrest of cell cycle progression allows timesfoariety of processemcludingDNA
repairandreduction ofcellular stresslf damage is irreparahlarrest of cell gcle progression

may result in the cell enteringpoptosis(cell death)as opposed to replication.

Two important checkpointeccurbefore S phase and before mitosis. Groups of cyclins and

cyclin dependent kinases form activated urihiat regulate the ordéy progression through the
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cell cycle. Disruptionsf these cell cycle regulatory proteins can result in dbbd are arrested
in G1 or G2 and cease replication and/or division. In addition, inhibitory protasiading
cyclindependent kinase inhildirs and protein 53@53), can block progression of the cell cycle

and arrest the cell in a specific phase.

M phase includes both mitosis and cytokinesis. Mitosis is the process by which the
chromosomes are separated into two identical sets of chromosomesga nuclei. Following
mitosis, cytokinesis occurand the single cell with two nuclei is divided into tdaughtercells
that are each diploid. M phase accounts for approximately 10% of the cell cycle. Although M
phase is vital for cell division, thisgpect will focus on genes associated with interphase and the

checkpoint proteinghat regulate the entry into S and M phase.

1.4.2 Relevance of cell cycle processes

Epidemiologic studies have noted a strong correlation between placental weight and birth
weight and SGA®**? Placentas from pregnancies complicated by PE also tend to be smaller,
although small placentas are more likely in preterm PE and in PE complicaB&kby *** As
the placenta is essentially an orgdrat growsde novoover the course of pregnancy,
fundamental cell growth processes mayibfluenceplacental growth. Poor cell cydienction
due to genetic polymorphisms may result in reduced cell proliferagimhpoor placental

development with the ultimate outcome of poor fetal growth and/or preeclampsia.

Genetic polymorphisms in cell cycle genes have not been extensively stadiée f
outcomes ofpreterm birth, GHTN d8GA. A few studies hadecumentedassociations with
missed abortioff and gestational diabete¥ However a number of cell cycle ges have been

implicated in cardiovascular dised®and type 2 diabete§’ Animal and human placental
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expression studies have also suggested that cell cycle genes arerditity expressed in

placental tissu€ *and may differ in expression, quantity or function in women with PE or

SGA*'% Therefore cell cycle genesmprisea novel pathwayhat may be important in the

outcomes ofpreterm birth, GHTNPEand SGA

1.4.3 Selection of Candidate Cell Cycle Genes

Candidate genes@&ve chosen to represent a number of importaiteck points in the cell

cycle.In addition, placental expression studies and associations with reproductive, metabolic or

cardiovascular outcomes were used to focus on gehasmay be relevant (Table 1.4.3).

Table 15 Overview of role and sup

porting evidence for cell cycle genes

Gene Alias Role Evidence

CCNA2 | Cyclin A2, CCNL, CCNA G1/S and G2/M transition | F\2YS & rolén trophoblast
differentiation

Requlate cellular Lower expression in placentas witl
Neuroblastoma =guiate ceflua early onset PE*® Trophoblast
NOV migration, invasion and . .
overexpressed gene differentiation levels altered with hypoxia, 3
regulated by Him h | y R % [
Decreased placental expression in
6 ~: .

CCND1 | Cyclin D1 GU/S transition PE and IUGR" Differential
placental expression throughout
pregnancy’’

CDKN2a/2d CYelin dependent kinasg G1 control, interacts with | Associated with Type 2 diabeté$

inhibitor 2A/2B p53 Gestational diabete$ MI, CHD?
. .| Tumor suppressor
RASSF1 ;?nsilas;c;%abtggldomam function, induce cell cycle
y arrest through cyclin D1
. Downregulated in mouse placenta

CNNM2 Cyclln M2 with hypoxia14l’ 14szP143

MDM2 p53 binding protein G1 and apoptosis through| Associated with pontaneous

homolog interaction with p53 miscarriagé® and subfertility**

CCNH Cyclin H G1/S and G2/M transition | ~\3S0¢iated with transplant
rejection

Respond to stress by Important upstream regulator in

GADDA45A Growth arrest and DNA activating inflammation preeclampsia (correlated with sFIt

damageinducible, alpha

and innate immunity

1)135
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1.5 Evidence of Genetficomponent

Preterm Birth

One of the stronger risk factors for preterm birth is a previous preterm pregn&nicy
addition to the high risk of recurrence, twin studies suggest a heritability of 34% for birth
timing.**® The genetic risk of preterm birth is complicated by tlatributionsof three genetic
lineages- maternal, paternal and fetat as well as the role of shared environment within a
single woman or within hefamily of birth. Recent population based studies in Nonifay
Denmark® and Swedel{ have attempted to assess the role of maternal geirethe outcome

of preterm birth.

The study in Swedéhused three generations to generate pairwise odds ratios between
siblings and within siblings to assess familial aggregation. Modeling also allowed thatiestim
of maternal and fetal genetic effects and environmental effects of the couple, sibling
environment and norshared environment. The Swedish study found an increased risk of
preterm birth among sisters (OR 1.9, 95% CI 1.6, 2.2) biamohgbrothers a mixed sibling
pairs. The increased risk among sisters could reflect maternal or fetal genetic effects or a shared
sibling environment. The modeling of environmental as well as genetic effects suggested no role
for shared sibling environment but a sigo#int effect for maternal genes (25%), fetal genes
(5%), couple environment (18%) and unshared environmental effects (52%). The effect of
maternal genes was stronger in spontaneous preterm birth while the effect of fetal genes

increased in medically indicad births.

In Denmark? Boyd identified women with a singleton birth between 1978 and 2004 and

Fa3aSaaSR KSNJ FlFYAf@ KA&G2NE FyR KSNJ LI NIyYySNRA
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Cohorts for each type of family history (personal, family, partner and partner family history)
were constructed to assess the risk of preterm birth for each type of family history. While a
woman with a previous preterm birth had an increased risk of sulbsegpreterm birth (RR 5.9,
95% CI 5.7, 6.1), having a partner with a previous preterm birth (with a different woman) did not
increase her risk (OR 1.1, 95% CI 1.0, 1.2). Family history of preterm birth was also associated
with preterm birth. Women with daistory of preterm birth among their mothers, full sisters or
maternalhalf-sisterswere 55% more likely to deliver preterm. There was no increased risk due

G2 | LINBGSNY o0ANlhalfshsgrgl FTHYYIEBQAI INIGY SN 2 F GKS

g

relatived ' yR Fye NBtIGA2Yy Ay GKS o6A2t23A0Ft T (KSND:

recurrence of preterm birth, this study suggests a strong heritable factor that is transmitted
through female relatives. The paternal effect, which may also be deresi an effect of fetal
genes, was generally absent. The authors suggest that imprinting or mitochondrial genes may
explain some of the distinctly female transmission seen. This study was unable to assess

environmental risk factors.

The Norwegian studgexamined 2 generations of singleton births without preeclampsia
for recurrence of preterm birth in a first birth among mothers and fathers born preterm
themselves. While women born preterm had an increased riskatemn birth in their first
pregnancy (RR 1.5, 95% CI 1.4, 1.7), men born preterm had only a small increase in preterm
birth for their first child (RR 1.1, 95% CI 1.0, 1.2). In women the association was stronger if she

had been born in the early (<34 weeksgterm period.

These three population based studies support a rotenfaternal genes in the risk of

preterm birth while failing to find evidence of an association with fetal genotype. The role of
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imprinted genes, mitochondrial genes and shared environtalefactors ha not been fully

explored and may explain some of the patterns observed.

SGA

History of a previous SGA infant is a strong risk factor for &@Avomen who were born
SGA themselves are more likely to have an SGA iffaiwin studies suggest a heritability of
34%. A populatioiased study in Swed&rcompared the risk of SGA between full and half
siblings looking at sisters, brothers, sisbepther pairs and successive pregnancies within
couples.The methods used allowed for the examination of maternal, fetal, couple environment,
sibling environment and neshared environment. Among full siblings there was a stronger
effect among sisters (OR 1.8, 95% CI 1.7, 1.9) than among brothers ebrsister pairs (OR
1.3, 95% CI 1-2.4). The association among brothers suggests a fetal genetic comparieiat
the stronger association among sisters suggests an additional maternal genetic component.
Among haHsiblings there was only an association betwséters (OR 1.2, 95% 1.1, 1.4)
although halfsisters were notlassified bynaternal or paternal sharing. An analysis of the
discrete genetic and environmental components suggests that the fetal genetic effect explains
37% of the variance while the matexihgenes explain an additional 9% (a total of 27.5%) while

the couple environment (18%) and nshared environment (36%) are also important.

Preeclampsia

The genetic component of preeclampsia is complex due to the possibtebutionsof
fetal, maternaland paternal gene¥” One twin study estimated the heritability of preeclampsia
(54%) andyestationalhypertension (24%), although the rarity of the outcome and the

restriction to female twins has limited the number of twin studies with sufficient po\ifer
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A large population based study in Nondhysing two generations of birth certificate data
showed that both a maternal and a fetal mode of transmission is implicated in preeclampsia.
Women who had been born in a pregnancy complicated by preeclampsia had an increased risk
of preeclampsia in their own pregnancies (OR 2.2, 95% CI 2.0, 2.4). Men who had been born in a
pregnancy complicated by preeclampsia also had an increased risk of fathering a pregnancy
complicated by preeclampsia (OR 1.5, 95% CI 1.3, 1.7). While the wonidibeaxpressing
genes in a maternal or fetal pathway, fathers can only contribute to the fetal pathway. In
addition, siblings from normal pregnancies in families with a history of preeclampsia were also
examined. The sisters in this situation could possaaternal genes but not fetal genes, and the
brothers could also possess the maternal gene but this would not contribute to the
preeclampsia risk in their partner. The findings supported the hypothesis of a dual genetic
pathway, with the sisters having amcreased (but attenuated) risk for PE (OR 2.0, 95% 1.7, 2.3)

and the brothers having no increase in risk (OR 1.1, 95% CI1 0.9, 1.4).

A study in Swedéff looked at motherdaughters pairs, full sisters, materralf-sisters
and paternahalf-sisters The inclusion of paternaklf-sistersalong with the assumption that
children live with their mothers, allowed the authors to attempt to disentangle genetic and
environmental contributions. The Swedish study found amdased risk among women who
had a full sister with PE (OR 3.3, 95% CI 3.0, 3.6) or who had a mother with PE (OR 2.6, 95% CI
1.6, 4.3). However the risk among materhalf-sisterswas reduced (OR 1.4, 95% CI 0.9, 2.2)
and absent in paterndialf-sisters(OR 1.0, 95% CI 0.6, 1.6). A small sample of monozygotic twins
showed a substantially increased (and imprecise) increased¥&stationahypertension
showed a similar associatipalthough the strength of the effect was stronger and maternal
half-sistershad an increased risk (OR 2.7, 95% CI 1.2, 6.0). An analysis of thgeistatibnal

hypertension among pairs where the primary diagnosis was preeclampsia (and vice versa)
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suggested that each outcome was a risk factor for the other. They estimateththgenetic

component of preeclampsia is approximately 30%.

Both studies note the possible role of shared environmental risk factors, in particular
obesity and smoking. The Swedish study was able to model shared environment under a strong
assumption regaling family dynamics and found that shared environmental factors were not
significant. However the possibility for shared environment playing a role in the apparent

heritability of gestational hypertension is still possible.

These studies suggest that hgpreeclampsia andestationalhypertension have genetic
causes. Although it is clear that there are both fetal and maternal components to the genetic

risk, the maternal portion is substantial.

Summary

The studies of heritability in preterm birth, SGA &dTN suggest that a genetic etiology is
plausible. While preterm birth shows a predominately maternal genetic effect, both SGRAEand
suggest the addition of a fetal genetic effect. Given the role of fetal genes in the development of
the placenta, the premnce of a fetal genetic effect in SGA d@figs not surprising. Reproductive
outcomes must always consider the role of three distinct genetic contributimasernal, fetal
and paternal. While this study only has access to maternal DNA, the maternalogeffeti is

substantial enough in all three outcomes to consider the maternal effect in isolation.

1.6 Review of Genetic Epidemiologic Studies
Comparedwith cancer or cardiovascular outcomes, genetic epidemiologic studies in

reproductive outcomes are dtiimited. Although pregnancy can be considered a critical event in
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genetic evolution, largascale reproductive cohorts similar to the genetic cohorts for chronic
disease do not exist. Most of the reproductive epidemiology studies lookiRga@t preterm

birth have been smallvith fewer than a few hundred cases. The genes used in these studies
have often been limited to a few SNPs for a few gendth only a couple of studies using a

larger, candidate gene approach. One of the difficulties that the iegistudies share with

almost all diseases is the definition of the outcome of interest. For preeclampsia, although
guidelines exist for diagnosis, many studies use different classification or exclusion,criteria
resulting in phenotypethat vary from stug to study. Given the differences in allelic

frequencies among groups of different genetic ancestry, existing studies from Europe or South
America may not be generalizable to US populations. Given these difficulties, the current study
will be able to addd what is currently known about genetic determinants of adverse pregnancy
outcome. @ven the size of the study population, the depth of the genetic pzarad the

inclusion of US Whites and African Americans, this study is well positioned to advance the

knowledge of these important outcomes.

Preterm Birth

A HuGE review of genetic variation in preterm birth reviewed 18 studies published before
June, 2004 and concluded that inflammatory cytokired (@ particular)showed the most
consistent increase in the risk of PTB. In addition matrix metalloproteinase genes (involved in
the degradation of fetal membranes) suchNMsP1and MMP9, Toltlike receptor 4 TLR4
involved in the response to certain bacteria), B&tadrenergic receptor ADRB2inks the
sympathetic nervous system to the immune system), Vascular endothelial growth fe&GH
angiogenesis), Methylene tetrahydrofolate reductab€THFRfolate metabolism) and Factor 5

(FV, coagulation pathway) genes may ladl implicated in preterm birth.
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A search of the Genetics Association Databhfe:(/geneticassociationdb.nih.gov/cgi

bin/index.cg) as well as a review of PubMed revealed 20 genetic epidemiology sthdies
considered preterm birth as an outcome. The review was limited to studasonsidered
maternal DNA and had included at least one gene in the inflammatory pathway. The studies
revealed quite a bit of heterogeneity with the outcome of interest with respect to the timing of
preterm birth, the subtypes of preterm birth (pretertabor, PPROM, indicated delivery)
included and the genetic ancestry of the populations studied. Mostistuwere small (largest
had 300 cases and most had fewer than 200 cases) and the findings of early studies did not

always replicaten subsequent studies. Table hés an overview of all the studies.

OverallL [ ¢ £ L [(wdtwaX withooitCTA and itsreceptorsTNFRBANdTNFR2IL1A, IL1B,
ILIRN, IL&nd¢ D Cshawed the most consistent associations with preterm birth. Genetic
associations often varied between White and Afridemerican motherswith each population

showing different associations whetraified.

A number of candidate gene approaches using a 1536 panel have been condubied in
US® 149 Chile™® **and Norway"** While these studies examined a wider range of genes in the

inflammatory pathway, coverage of each gene was less intense with fewer tagSNPs per gene.
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Table 1.6Review of Genetic Epidemiology Studies of Preterm Birth

Study Year | Population ggjs?(_):]/n Cases Controls Outcome | Genes Association
Dizon 203 SPTB (PTL
Townson, | 1997 | Women possibly recruited in Utah Casecontrol | mothers, 41 multips | PPROM) | ¢ b Ch None
DS 44 infants < 37 wks
Women recruited at Mageé 2 Y Sy 51 cases igr?trols
Simhan Hospital, Pittsburg, PA. Black and (39 white (110 PTL< 34 Genotypic assaation
HINS ' 2003 | White women included. Subset of Casecontrol 12 Africar,1 White. 46 wks (no IL6 among white mothers
Prenatal Exposures and PE Preventi . . PPROM) OR 0.14 (0.00.62)
Study American) African
) American)
One genotypic (p=0.018
and one allelic (p=0.02
Hargfl 2004 Retrospective study in Germany of Casecontrol 466 mothers r211801thersof PTB VLBW IL6 association P )
cH VLBW infants and their mothers. No of PTB VLBV not h .d
white births excluded infants term defined Strengthened among
' infants spontaneous PTB
CD14 None
NOD2 None
TLR2 None
TLR4 None
55 Women delivered at Boston Medical 458 PTB <37 | 31 genes
Hao, K 2004 Center. Cases and controls matched Casecontrol | 300 cases controls wks (111 $IPs)
for maternal age and ethnicity. term 5 Haplotype association
Includes African American (453), >=25009g p=0.025
Hispanic (194) and White (111) IL1R? Haplotype association in
mothers. Blacks (p=0.0002)
Haplotype association in
NOS2A | Whites (p<0.001)
Haplotype association in
OPRM1 Hispanics (p=0.0004)
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Study

Study Year | Population Design Cases Controls Outcome | Genes Association
¢bCh nglotype association
QT:T(%”S’ 2004 | Women with a previous preterm birthh Casecontrol | 202 cases | 185 term, | SPTB (PTL| (3 SNPs) \(I;ITSG gly PTB OR4
from North Adelaide, Australia. All of no history | PPROM) IL1A None
European descent. of PTB <35 wks IL1B
(2 SNps) | None
Genotypic association
IL4 with early PTB OR 3.4
(1.2-9.6)
Haplotype association
IL10 with early PTB OR 2.1
(1.04.1) with a
(3 SNPs) :
strengthening seen for
PPROM
¢DCJ m None
(2 SNPs)
MBL2 Allelic association with
(5 SNPs) | early PTB 2.3 (1-3.0)
IL6 None
ILIRN None
IL1IR1 None
TNFRSF6 None
(2 SNPs)
IL1A Association in white
Women recruited from hospitals in 67 African 238 African| SPTB (PTL (2 SNPs) mothe_rs _OR.1.8 (99.7)
Engel, S | 2004 Wake_ and Orange County,_ NC. Nested case American, American, | PPROM) < Association in white
Restricted to African American and | control 69 White 336 White | 37wks IL1B mothers for 2
White. (3SNPs) | haplotypes OR 1.7 (0.9

IL2

3.2) and OR 2.1 (0®2)
None
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Study

Study Year | Population Design Cases Controls Outcome | Genes Association
Association in both
IL6 Whites and African
Americans
¢bCh Association in white
mothers OR 2.9 (0-8.0)
OneSNP showed an
LTA increased risk of PTB in
(2 SNPs) | white mothers OR 2.6
(1.35.5)
Association in white
mothers for two
h
¢bChk haplotypes OR 1.5 (0.8
2.6) and OR 1.6 (029)
Haplotype association in
IL4 ; )
(3 SNPs) African American
Women recruited fromhospitals in 67 African 238 African| SPTB (PTL moth_ers R 2.9_(1_.27.4)
Wake and Orange County, NC. Nested case . ) Possible association in
Engel, SA | 2005 . - . American, American, | PPROM) )
Restricted to African American and | control : : white mothers
. 69 White 336 White | < 37wks : .
White. IL5 combined in haplotype
with IL13 OR 0.5 (0-3
1.0)
Haplotype association in
IL13 : .
(3 SNPs) African American
mothers OR 2.7 (1-0.2)
IL10 None
(3 SNPs)
. Haplotype association in
¢DCi m ;
(2 SNPs) white mothers OR 3.0

(0.99.9)
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Study

Study Year | Population Design Cases Controls Outcome | Genes Association
Women recruited at Magee 2 Y Sy ¢bCh None
Hospital in Pittsburg, PA from 80 mother | SPTB (PTL | 2YRAGAZ2Y I €
Speﬁr, 2006 consecutive eligible deliveries. Term Casecontrol 80 mother infant or PPROM) genotype, maternal T
EM controls matched bynaternal age, infant pairs spont term | < 35 wks LChb: allele negatively
race, infant sex. African American P associated witiPTB OR
20%. 0.5 (0.30.98)
IL6 & IL10
1&3 None
SNPs)
Genotypic association
¢DCI m with gestatipna! age of
preterm deliveries
p=0.025
. . ¢bCh
White women recruited from 2 None
ginon, 2006 | academic hospitals iNashville, TN Casecontrol | 101 Cases 321 PTL<36 (6 SNPs) . .
and Pittsburg, PA Controls 0/17) TNFR1 AIIellc.ar)d genotyplc
' (6 SNPs) | association with PTB
TNFR11 | Genotypic association
(7 SNPs) | with PTB
IL6, IL6R
(5&3 None
SNPs)
¢ b Ch k| Multilocus association
L6R OR 3.5 (2.52.87)
White 347 ”gGSNP None
Velez Women recruited from 2 academic | Race White 149, Afril::m "| PTL ( S) One SNP: African
56 2007 | hospitals in Nashville, TN & Pittsburg stratified African ) <36(0/7) C
DR PA casecontrol | American 76 American wks IL6R American mothers both
' 321 (3 SNPs) | genotypic and allelic

(p=0.05, p=0.04)
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Study

Study Year | Population Design Cases Controls Outcome | Genes Association
Consecutive Caucasian women Case cohort | 259 (Fetal 1367 with VI\:/)JSI? (;I:g)
Stonek, | 2008 . (analyzed as| Death 13, PH : IL10 None
Fls7158 present to antenatal clinic before 12 case 14 PTB 87 no PE, SGA
wks GA in Vienna, Austria ! ' | outcome and Fetal
2008 control) SGA 146) Death IL6 None
Two independent caseontrol ¢tbCh None
samples (Mulatto, White and Mulatto| 2 case Controls
Moura, P L . Cases 122 | 101 and SPTB < 37
159 2008 | from two hospitals in Brazil. Women | control IL10
E . o . and 82 105 wks None
matched on ethnicity within each studies . (3 SNPs)
. (multips)
hospital.
IL6 None
LChb! None
¢bhCh K Genot.ype comblnauon
LCh: associated with PTB 2.2
(1.323.91)p=0.002
Women selected from the geRng t{?ﬁg%?i\tli?hn 2
Hollegaard Copenhagen First Trimester Study SPTB<37 |¢ b Ch ' o .
s 2008 - Casecontrol | 62 cases 55 term haplotypes also showinc
MV? based on availability of blood spots wks (5 SNPs) . _
. an association (p=0.04
for DNA extraction.
and p=0.05)
IL1B Genotypic association
(2 SNPs) | with PTB 6.4 (1:80.5)
IL6 None
(3 SNPs)
385 ¢bcCh None
Women recruited at a single hospital] casecontrol | 242 6@S€s | controls (5 SNPs)
Fortunato, 2008 | in Nashville, TN. Only included wom¢ st atified b (166 White, | (194 PTL <36 Genotypic and allelic
White race (norHispanic). For white American) | African (5 SNPs) | mothers (p=0.001,
women adds to case group in Menor] American) p=0.002) for one SNP

2006
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Study

Study Year | Population Design Cases Controls Outcome | Genes Association
Genotypic and allelic
association in white
TNFR2 mothers (p=0.04,
(7 SNPs) | p=0.02) for 1 SNP. Alleli
association for 2 SNPs il
black mothers.
IL6 (7
SNPs) None
IL6R (3 Allelic association with 2
SNPs) SNPs in black mothers.
Multilocus association in
LL(Z”;(SR/T white mothers OR 2.3
(1.63.4)
Women recruited at Centennial PTL 130 genes (1536 panel)
pelis® | 2008 | Medical Center in Nashville, TN. Thi3 casecontrol | 172 White | 198 White | <36(0/7) | CRHBP | Allelic and genotypic
D paper is only White women with a wks FV Alleli d VD
single reported racial ancestry elic and genotypic
through 2 generations. Maternaind _ _
fetal DNA collected. Only maternal ILS Allelic and genotypic
reported here.
PTGER3 | Allelic and genotypic
tPA Allelic and genotypic
Women recruited at Centennial PTL 130 genes (153panel)
Velez, Medical Center in Nashville, TN. Thig 76 African | 191 African
DR” 2009 paper is only African American with Casecontrol American American \7\1556( 0/7) |15 Genotypic association
only a single reported raciahcestry ILARAP Allelic and genotypic
through 2 generations. Maternal and IL2A Allelic and genotypic
fetal DNA collected. Only maternal Allelic, genotypic and
reported here. IL6R haplot,ype
TNFRSF1E Allelic, genotypic and

haplotype
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Study

Study Year | Population Design Cases Controls Outcome | Genes Association
Consecutive lowisk obstetrical Prospective Preterm 33 Preterm L4 None
Gebhardt primip in Western Cape, South Africg cohort of " | 421 IL1B None
s 2009 | pestricted to Coloured and Black | 450 low risk | L= 52 'YOR controls | L300 i
2 <37 wks IL1IRN Genotypic 2.28 (1.27
women women 4.44)
IL10(3
SNPs) None
¢tbCh Genotypic and allelic
SNPs) 2.09 (1.014.31)
(LlGOASL,\‘T‘;g) Allelic 2.27 (1.2@.29)
Genotypic and
haplotype associations
Consecutive women recruited PTR <37 IL1A with PTB overall with
Sata, P 2009 | postpartum from a university hospita| Casecontrol | 73 cases 341 term larger estimates for PTL
; wks (2 SNPs) . _
in Sapporo, Japan Permutation p =0.01 for
haplotype associations
with all PTB combined
IL1B Suggestion of a
(2 SNPs) | haplotype association
IL2 None
IL6 None
. . . SPTB (PTL Increased risk dPTB OR
?(;allmka, 2009 Abstract only. Polish Caucasian Casecontrol | 62 cases 63 controls | PPROM) ILIRN 2.75(1.024.13)
women
<36 wks IL1B None
Genotypic association
IL6 when coincident with
ILIRN genotype OR 3.0
(1.08.9)
¢bCh None
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Study Year | Population ggjs?gn Cases Controls Outcome | Genes Association
Women recruited from a singlgte in 190 genes
Rc;inero, 2010 | Puento Alto, Chile. All women of Casecontrol | 223 cases | 220 PTL (775 SNPs
R . S controls < 37 wks .
Hispanic origin IL6R Allelic and haplotype
COL4A3 | Allelic and haplotype
LTF Allelic and haplotype
FGF1 Allelic and haplotype
GNB3 Allelic association
IGF1 Allelic association
TIMP2 Allelic association
Romero, Women recruited from a single Case 599
2010 225 mothers 190 genes (775 SNPs
R®° hospital in Santiago Chile, all mother| Control mothers ngv?e'\gks g ( )
Hispanic TIMP2 Allelic association
ANG Allelic association
TLR1 Allelic association
NOS3 Allelic association
COL4A3 AIIellc_ar_1d haplotype
association.
PTGER1 Allelic association
Goglzez, 2010 | Women recruited from prenatal Casecontrol 68 cases 675 SPTB <37 | 1536 Plate but full results not
LM T : . (posthoc controls wks reported
clinics inPhiladelphia85% African .
American merger of PRKCA 6 risk alleles among
RCT) women with BV
among BV+ OR 1.9 (1.
FLT1 3.3)
IL6 among BV+ OR 3.5 (1.
7.8)
Liang, . . . Hybrid h Heterozygote RR 0.46
Mo 2010 | Han Chinese fromngingHospital (Triad and | 250 case 247 control ?(I:I:\-/ir ¢bC (0.21.04)
Control families families y . RR 0.20 (0.00.58)
<37 wks Interaction

parents)

mother and fetus het
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Study

Study Year | Population Design Cases Controls Outcome | Genes Association
Ryckman l\SAtcL)JgC and Centennital (TH, USA) PPTB<36 1430 SNPs in MoBA Maternal
KK 2010 56 velez 2009 for details on Casecontrol | MoBA 207 | MoBA 217 (6/7) "Suggestive" Inflammatory Results
. MoBA
Centennial Study
COL1A2 Allelic and genotypic
IL18 Genotypic association
IL1B Allelic and genotypic
IL1IR1 . ,
(2 SNPs) Allelic and genotypic
ILIR2 Allelic and genotypic
(3 SNPs) Replicated
ILARAP Allelic and genotypic.
(3 SNPs) One replicated
ILARN . ,
(3 SNPs) Allelic and genotypic
IL2RA Allelic and genotypic.
(5 SNPs) One replicated
IL2RB . .
(3 SNPs) Allelic and genotypic
ILAR Allelic and genotypic.
(2 SNPs) Replicated
IL6R Allelic and genotypic.
(2 SNPs) Replicated
ILBRA Allelic and genotypic
TNERSF1A Association in pooled
results
M%/Zklng, 2011 | MoBA (Ryckman Data) Hybrid 196 triads 211 control PTB <36 Mat_ernal genotype results not
s . dyads available
(triad, (6/7) Term .
Significant when
control 39.(0/7)- |y 10RA maternal and fetal
dyads) 40(6/7)

alleles combined
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Study Year | Population ggjsoilgn Cases Controls Outcome | Genes Association
Significant when
IL1A maternal and fetal
alleles combined
Significant when
ILLORB maternal and fetal
alleles combined
(CEU) PTBOR 1.9 (1.2
Jones, Women recruited from community Sub(_:ghort 131 No.n 356 nor PTB <37 2.9)sPTBOR 2.0 (1.2
165 2011 | .. TR stratified by | Hispanic Hispanic . IL:RN o )
NM clinics in Michigan . . wks with 3.3) additive interaction
self white, 49 white, 239 .
reported African African subtyp_e with fetal genotype
race American American analysis MMP-9 (2C8E)U) SPTB OR 1.7¢1.C
(YRI) SPTBOR 2.3 (1.1
4.6) mulitplicative
TNFR2 interaction with fetal
genotype
ILm i No association
¢bCh No association
TNFRSF6 | No association
MBL (2 .
SNPs) No association
CD14 No association
TLR4 No association
Nuk, M | 2012 | Women recruited from a single Correlation | 106 cases | 200 PTB<37 |4 b ch | No correlation
Hospital in Graz, Austria wks
IL10 No correlation

Abbreviations: SPTB spontaneous preterm birth; PTL preterm labor; PPROM preterm premature rupture of membranes; wks weeks;
OR odds ratio; VLBWery low birth weight; g grams; GA gestational age; SGA small for gestational age; IUGR intrauterine growth
restriction.



Hypertensive Disorders of Pregnancy

A review by Mutze in 2008 of genes and the preeclampsia syndrome notes that up to 70%
of the candidate gene research has focused on eight genes in the rangiotensin system
(angiotensinoge®GT angiotensin converting enzymfeCE and angiotensin recepts),
inherited thrombophilias (factor V, prothrombin, methylene tetrahydrofolate reductaN€)S3
genes, and b C%¥ Among the immunogenetics research, which includes natural killer cells
(KIR3¥ and cytokines othe inflammatory pathway, she notes the conflicting evidence in support
of 10 cytokines¢( b Ch X L[ m! X L[ M. Z L[ vwmwdelordnfiCil™M withmnX LCb' X
most SNPs showing more evidence against an association or only a single study showing an
association. She notes that outcome classification is heterogeneous; the studies have focused
on white European womermndthe likely interaction between mateai and fetal genotypes
and the small sample size of most studies limitations that must be addressed. Among the
more promising associationshe highlights the placental genA€VR2nd STOXAnd genes

involved in angiogenesiPIGF, VEGF, Bt ENG

A review of the Genetics Association Database and PubMed rev2@tgehetic
epidemiology studies of preeclampsia using maternal DNA. Sttidiescluded at least one
inflammatory gene were selected and studies focusing on coagulation pathway or aregagen
were not reviewed. As noted by Mutze, there was a good deal of outcome heterogeneity with
variation in the diagnostic criteria for preeclampsia, the inclusion of severandEestrictions
based on parity. While some of the studies were based intSemany were Europeanith
additional studies from Brazil, Chile, Iran, South Africa and Australia. Apart from a study utilizing
the HUNT cohort in Norway, most studies were snih fewer than 200 case®©verall there

has been little consistency ingelts with some genes showing an association in some

a7



populations but not otherst b Ch ~ L [ m $hawed dssaciakond.irf] amlenst two studies
although there were also negative results for each gene. The diversity of genetic ancestry and
the differences in association among women in the US studies suggests the possibility of

heterogeneity by racelable 17 providesan overview of the studies.

A case group at the Hospital of the University of PennsylV&ni&ran a 50,000 SNP panel
designed for cardiovascular, metabolic and inflammatory syndromes. While they have reported
on angiogenic and solute carrier genes, results from the inflatory genes havaot yet been

published.
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Table 17 Review of Genetic Epidemiology Studies of Preeclampsia

Study

Outcome

Study Year Population : Cases Controls . Genes Association
Design Criteria
Dizon Mothers admitted for delivery Severe PE
Townson 1998 (94% Caucasian) from a commo| Case 131 severe PE, 41 multips [BP(B8or9) |¢bCh None
D470 ' referral population. Possibly control 75 HELLP P and Pr (7, 8) | (2 SNPs)
Utah. with PC (1)]
Mothers and infants recruited at Prospective Severe PE
Livingston, delivery in Memphis, TN and 106 matched | [BP(7or6) |¢ b Ch
Jét 2001 Lexington KY. 57% African cross 112 severe PE for GA and Pr] (2 SNPs) None
; sectional
America. HELLP
Lachmeijer, Affecte_d sisters and their parents Family - 104 healthy PIH [BP (4)] IL1B
172 2002 from discharge records, 150 sibpairs PE [BP (4) Pr None
AMA : based blood donors (2 SNPs)
obstetrical charts and (1 or 3)]
. ; (male and
advertisements in The female) Severe PE IL1RN None
Netherlands [BP (5) Pr (6)
98 men and
Affected sisters and their parents 150 sib pairs | women from | PIH [BP (4)] ¢bCh Haplotype
- from discharge records, . divided into Vrije PE [BP (4) Pr association in
Lachmeijer, . Family s . . . LTA e .
AMALT 2001 obstetrical charts and based strict' 'index University (1 or 3)] 5 strict index
advertisements in The 'sister' PE (same as Severe PE markers) group OR 1.9
Netherlands HELLP above missing| [BP (5) Pr (6) (1.1, 3.3)
6 men)
Not stated. Authors associated | Comparison PE [BP (3) P1
witt, CS™ 2002 with Royal Perth Hospital, of 45 primips 48 primips 1) KIR2DL4 | None
Western Australia frequency
Cases selected from database .
and patient charts at 2 hospitals Genotypic
de Groot, 2004 in Thpe Netherlands Contro[I)s Case 163 primips 163 primips PE [BP (11) | IL10 OR 0.29
CIM®® : control primip PIIMIPS | o1 (2) Pr (11) | (4 SNPs) | (0.100.83)
were matched for maternal age for 1 SNP

and delivery date.
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Study Year Population Stuo_ly Cases Controls Oqthnle Genes Association
Design Criteria
Haggert Subsample of the PEPP study a gc?ri?ol Zrlfd[?llz))(fr) S:sr;cz:tigt)ilgn
ng 4 2005 Magee? 2 YSy Qa | 24al o 150 primips 661 primips ¢bCh .
CLC . stratified by (1) or(9) and among white
Pittsburg, PA.
race (20)] women
Genotypic
association
IL1A among black
and white
women
Haplotype
IL1B with IL1A
association in
all women
Suggestion of
association in
IL10 White
women
OR=1.7
Goddard, Mothers and Infants from a 602 Full term | PE [BP(1)
190 genes, 775 SNPs
KA 2006 | hospital based population in goa;?ol 394 mothers | "hyper Pr(1 or 2)] g
Puerto Alto, Chile healthy" Additive model maternal
1.60 (1.19,
IL1A 2.07)
2.85 (1.29,
IL12RB1 6.26)
Additive global haplotype based
IL4R p=0.0006
IL1A p=0.0193
IL1B p=0.0272

Maternal Fetal Interaction Model

IL4AR

p=0.0036
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Study Year Population Stuo_ly Cases Controls Oqthnle Genes Association
Design Criteria
Kamak
Sarvestani, LCb: None
EK?S
. PE [BP(2) SNP1082
Women who had delivered at a : Pr(1 or 3)] .
. o Case - 164 multips G) differed
2006 single hospital in Iran. Controls control 134 primips (@l ‘normal) Severe PE significantl
matched on age and race. [BP(9) Pr(4 | IL10 g y
between
or 2)] (3 SNPs)
cases and
controls
p=0.045.
Cases and controls ascertained White primips | White multips ¢bCh None
7 : . .| Case 56 92 PE [BP(2)
Daher, & 2006 consecutively at study hospital in . .
: control Non White Non White Pr(1)] _
Sao Paulo, Brazil. - : ¢ DCJ/ ™M None
primips 95 multips 97
Lower
frequency in
IL10 White
women with
PE p=0.02
IL6 None
LChb! None
i i IL6 None.
Saarela, ¥° 2006 Retro_specnve cgse_asc_ertalnme Case 133 primips 115 multips PE [BP (1) Pr
at a single hospital in Finland. control D] HL None
CAPNLO | None
Allelic and
Mirahmadian, Consecutiveatient with PE at 2 | Case ¢bCh genotypic
M1 2008 hospitals in Tehran, Iran control 160 cases 100 healthy PE[PC ()] (2 SNPs) | different
pregnancies -

; p=0.0001
during same Genotypic
time period IL10 and alleliic

(3 SNPs)

differences.
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Study Year Population ggjs?gn Cases Controls 8::22216 Genes Association
146 controls Genotvpic
Cases and Controls selected fro Case with PE [BP (2) Pr associ)zilliion
Fraser, R' | 2008 | the GOPEC cohort. All white 117 cases uncomplicated IL4
control 1 OR 45 (13
Europeans. term
L 15.4)
deliveries
TLR2 None
MMP9 None
Increased
allelic
. . PE [BP (1) Pr .
0 Caucasian women from a single| Case 140 PE, 69 144 healthy h frequency in
Molvarec, & | 2008 hospital in Budapest, Hungary | control HELLP pregnancies (DI HELLP. | ¢ b C women with
Also IUGR.
both PE and
severe IUGR.
Stonek. B7 | 2008 259with at | 1367 with no IL10 None
Consecutive Caucasian women Case cohort| least one outcome PE [PC (1)].
antenatal clinic before 12 wks G (analyzed | outcome (Fetal Also PTB,
2008 | in Vienna, Austria as case Death 13, PE SGA and IL6 None
' control) 14, PTB 87, Fetal death
SGA 146)
. Mulatto women recruited from a . PE and
dal;;ma, 2009 single maternity hospital in NE Case 9? with PE, 7.3 101 multips Severe PE ¢bCh None
T . control with Eclampsia
Brazil [PC (2)]
IL6 None
Higher allelic
frequency in
1
L Ch severe PE
p=0.02
IL10 None
(3 SNPs)
¢DCi o None

(2 SNPs)
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Study Year Population Stuo_ly Cases Controls Oqthme Genes Association
Design Criteria*
KIR2DL4 None
(23 SNPs)
Malay women recruited from Interaction
Tan, CY® 2009 maternity hospitals in Singapore Caste | 83 cases 240 controls PlE [BP (1) Pr of fetal HLA
or Malaysia contro (1] HLAG | G*0160 and
maternal
KIR2DL4
Johnson, Australign Family Cohort and Family 74 Ayst/NZ Aust/NZ 90 PE [PC (3) in 10 genes (5§ SNE§) withi
79 2009 Norwegian Case Control (from families with a previously identified 5q
MP* . based and unaffected, Aust/NZ and o .
HUNT cohort and biobank) 140 affected : critical region
case Norway 2,269 | PC (2) in
control women, controls Norway] IL4
Norway 1,139 (3 SNPs) None
CSF2 None
(2 SNPs)
IL13 None
(7 SNPs)
L3 None
(1 SNPs)
LS None
(2 SNPs)
Consecutive lowisk obstetrical | Prospective IL4 None
Gebhardt, primips in Western Cape, South| cohort of Preterm 33, PE PE [BP (13)
g 2009 | Africa. Restricted to Coloured ar| 450 low risk| 35, IUGR 2 421 controls | o, @or @] | 118 None
Black women women
Genotypic
ILIRN OR 2.6?14—5)
IL10 None
(3 SNPs)
¢bCh None
(3 SNPs)
LGALS13
None

(10 SNPs)
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Study Year Population Stuo_ly Cases Controls Oqthnle Genes Association
Design Criteria
. 74 Aus/NZ 3 rare SNPs
. o Fam|ly familes with Aus/NZ 146 PE [PC (3) in TNFSFL3f associated in
Familes from Austrailia and linkage (7 SNPs
Fenstad, : 140 affected unaffected, Aus/NZ and Aus/NzZ
180 2010 NewZealand, mothers from design, and . Aus/NZ, 3 .
MH Norwa case women and 1440 controls | PC (2) in SNPs familes but
y control 851 women in | in Norway Norway) Norwa not in
Norway Y Norway
Chilean: 528 | Chilean: 575 .
dyads, African dyads, African Assog@tion
Mothers and infants from Case Ameri(,:an American ERAP2 (2 for fetal SNP
Hill, LB* 2011 | Santiago Chile, Philidelphia, PA S (unpaired): | PE [PC (1, 2) in African
: control (unpaired): 424 SNPs) .
and Detroit, Ml mothers. 375 412 mothers, American
. ' 462 infants. infants only
infants
All term

Abbreviations HELLP hemolysis, elevated liver enzymes, low platelets;

intrauterine growth restriction; primigrimiparous; multip multiparous

LEGEND

BP: Blood pressure criteria
1. >=140 mmHg SBP or >=90 mmHg DBP

2. >=140/90 mmHg SBP

3. >140/90 mmHg

4. >=90 mmHg DBP with increment of at least 20mmHg
5. >=110 mmHg DBP

6. >110 mmHg DBP

7. >160 mmHg SBP

8. >=160 mmHg SBP or >=110 mmHg DBP

9. >=160/110 mmHg

10. Increase of >15 mmHg diastolic or >30 mmHg systolic

PE preeclampsia; PTB preterm birth; SGA small for gestdfionaithgast; IUGR

Pr: Proteinuria criteria

2+dip
1+ dip

©oOoNoOTOA~WNE

2g/24h
>=2+ dip
>=19g/24h
>500mg/24h
3+ or 4+

0.3 protein/creatinine ratio

>=300mg/24h

10. Hyperuricemia >1SD for GA
11. >=2+ voided or >=1+ catheter sample

11. Increase of >=15 mmHg diastolic or >=30 mmHg systolic
12. >140 mmHg SBP or >90 mmHg DBP
13. >=90 mmHg DBP

: Published Criteria

1. ACOG

2. 2000 National Working Group on Hypertension in Pregnancy
3. Australashn Society for the 8tly of Hypertension in Pregnancy



SGA

Very few genetic epidemiology studies have been conducted looking at SGA. While fetal
growth potential is considered to be genetically influenced, SGA as aoroathas yet to be
comprehensively studied from a genetic perspective. @rdtudies (fromfour case groups)
were foundthat looked at SGA as an outconte.all but the Edwards stuchf’ case groups were
small (200), and SGA was considered along with other outcomes (PE, PTB, Fetal Death). The
Molvarec® study was primarily interested in the intersection of IUGR andfEall SGA cases
also had concurrent PEhe Edward$?study was the largest of the group with 530 case
mothers and 190 genes examined. The population was drawn from Puente Alto, Chile and may
not be generalizable to White and African American populations in theTd8le 18 provides

overview of the studies.

IL1BandIL10were the only genes to replicate in White US mothers and Chilean mothers.
¢ b Clb2, IL4, IL13L6R, CSF1, CSF2, HtRL 12Beachshowed an association in at least one

population.

A European consortium, NESTEG®ith 800 children born SGA along with parents,
siblings and control, will be conducting candidate gene analysis. The children have been
followed upto 11 yearsand the focus of the study is on genetic factors influencing both fetal
and childhood growth in SGA and idiopathic short stature children. A single result for the
association between polymorphisms in growth hormone receptor and response to growth
hormonetreatment has been published. Further candidate gene results are hopefully

forthcoming.
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Table 18 Review of Genetic Epidemiology Studies of Small for Gestational Age

Study

Study Year Population Design Cases Controls Outcome Genes | Association
Women reprwtgd Nested 87 African 240 African | SGA (below 10th IL1A No association
from hospitals in . . . (2 SNPs)
Engel, SA | 2004 case American, American, | percentile for GA for T .
Wake and Orange control 93 White 323 White | race, sex and parity) IL1B Haplotype association in white
County, NC. ' (3 SNPs)| mothers OR 0.6 (0-3.0)
Restricted to . o .
African American IL2 Allelic association in white
and White. mothers OR 1.6 (1-R.6)
IL6 No association
¢ b Ch | No association
LTA No association
(2 SNPs)
Women recruited Haplotype association in white
from hospitals in | Nested L4 mothersOR 0.2 (0.2..2).
Engel, SA | 2004 Wake andOrange | case 87 African 240 African | SGA (below 10th (3 SNPs) Possible allelic association for
County, NC. control American, American, | percentile for GA for both Whites and African
Restricted to 93 White 323 White | race, sex and parity) Americans.
African American ILS No association
and White.
IL13 Possible allelic association in
(3 SNPs)| African American mothers
IL10 Haplotype association in white
(3 SNPs)| mothers OR0.5 (0.30.8)
¢DCJ None
(2 SNPs)
Caucasian women 140 PE, IUGR (floth or 3rd . .
Molvarec, from a single Case 69 HELLP 144 healthy percentne_for GA and Increase(_j allelic frequency in
20 2008 oo .” | gender using ¢ b Ch | women with both PE and
A hospital in control 94 cases of | pregnancies Hungarian severe IUGR
Budapest, Hungary SGA

percentiles)
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Study

Study Year Population Design Cases Controls Outcome Genes | Association
Stonek, Consecutive 259 with at No association with all
= 2008 Caucasian women Soar?c?rt least one SGA (<10th IL10 outcomes grouped or singly
present to (analyzed outcome 1367 with percentile) also PE
( ) - .
ss | antenatal clinic Fetal Death | no outcome No association with all
2008" as case PTB and Fetal Death | IL6 .
before 12 wks GA control) 13, PE 14, PT outcomes grouped or singly
in Vienna, Austria 87, SGA 146)
530 mothers | 599 -
Edwards, | 5011 . Case and 436 mothers | SCA (<10th percintile) ;54 oo os (775 SNPs)
DR Chilearwwomen control . for Chile)
from Puente Alto infants and 628
term IL6R OR 1.57 (1.12.1)
infants
CSF1 OR 1.22 (1.00.48)
CSF2 OR 0.79 (0.68.97)
IL10 OR 1.25 (1.04.50)
IL1B OR 0.73 (0.50.93)
ILAR OR 0.80 (0.6D.95)
IL12B OR 2.28 (1.05.14)

Abbreviations: SGA Small for gestational age, OR Odds ratio, GA gestational age, PE preeclampsia, HELLP hemolyseés, elevated |
enzymes, low platelets, IUGR intrauterine growth restriction.



CHAPTERZ2 METHODS

2.1 Specific Aims

Preterm birth, hypertensie disorders of pregnan@nd SGA are important maternal and
fetal outcomes with acute and chronic sequelae for both mother and infant. In addition to
increased fetal morbidity and mortality, there is some indication that women who experience
these reproductive outcomes are alsorask for future cardiovascular disease. Inflammatory
biomarkers and genetic variation in inflammatory genes have been found to be associated with
all of these reproductive outcomes as wellveith later cardiovascular outcomes. Cell cycle
genes have beeshown to play a role in placentation and fetal growth and have la¢sm
linkedwith diabetes and cardiovascular disease. These two pathways offer insight into the

biological process of both reproductive outcomes and later chronic disease.

The Pregnancinfection and Nutrition Cohort offers an opportunity to study
polymorphisms in a panel of candidate genes in the inflammatory and cell cycle pathways in a
biracial population with welmeasured covariate&Knowledge about thesgenetic variantsill
improve our knowledge about these heterogeneous phenotypes, aide in the identification of

susceptible populations and identify target genes for further study.

Specific Aim #1: Evaluate the association between variation in genes associated with

inflammation and the outcomes of preterm birth, preeclampsia, isolatgdstational



hypertension and SGANe will used a gene based test to evaluate Si§Rsjped by gene, in 31
genes chosen to represent the innate and adaptive (Thl and Th2) immune system, and their
association withpreterm birth, small for gestational aggestationahypertension and

preeclampsia

Hypothesis #Pro-inflammatorygenes will be associated with preterm birttA pro-

inflammatory state may arise througtariation inpro-inflammatory genes or antnflammatory

genes.

Hypothesis #Zeneghat are associated with poor placentation will be associated with GHTN

and SGA. This incluslgenes associated with trophoblast invasidinil(), maternal semi

allograft rejection KIR} and inflammatory cytokinethat are stimulated by hypoxidl(1A, IL1B,
¢bChx L[yZ)¢tbCw{Cm. X LJ[c

Hypothesis #¥eneghat have shown previous associatiaith co-morbid diseases in the

metabolic syndrome (hypertension, CVD, diabetasjassociated with GHTM ([ cwX L[ c X ¢ b Ch 2
TNFRSF1B, IL18, NFkB1

Hypothesis #45eneghat promote a shift towards Thl byutations inThl genesl([ HZ L Cb+ X
¢bChzxz [ ¢! ZILIBICEBRR) TBX2L, CXOh10dABh2 genedl(, II6R, GATAS, IL4,

IL13 will be associated withypertensive disorders of pregnanmpore so than SGA or preterm

birth.

Specific Aim#2: Evaluate the association between genetic variation ir@alle regulation
genesand the outcomes of GHTN, SGA and preterm bikt¥fe will use ajene based test to
evaluate SNPs, grouped by gene, ircél cyclegenes and their associatiavith gestational

hypertension, small for gestational age and preterm birth.
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Hypothesis #Tell cycle genesill show a strongeassociated with placental and fetal growth

outcomes(GHTN and SGA) as opposed to preterm birth.

Few studies have evaluateddlassociation between cell cycle variants and preterm birth,
hypertensive disorders of pregnanay small for gestational age. Furthermotais studyis one
of the most comprehensive efforts wate ofvariants in the inflammatory pathway and the
outcomeof SGAThis studwvill add to the growing set of studies of inflammation and the
outcomes of GHTN and PTB by including nioflelmmatorygenes andtudyingtwo well-

defined racial groups.

2.2 Study Population

2.2.1 Pregnancy Infection and Nutrition Stud

The Pregnancy, Infection and Nutrition (PIN) Study recruited women from August 1995
through June 2005. Three distinct cohorts make up the study population for this analysis.
Recruitment for PIN 1 and 2 cohorts occurred between August 1995 and Junen20@Re and
Orange CountiesNorth Carolina. Recruitment at prenatal clinics at Wake County Human
Services Department and the Wake Medical Center occurred between February 1996 and June
1998. Recruitment from prenatal clinics at University of North Car@iiNC) Hospitals occurred
between August 1995 and June 2060® Recruitment for PIN 3 occurred between January
2001 and June 2005 at the prenatal clinics at UNC Hospitals. Potentiatswixgee identified
through a chart review of all prenatal patients and recruited between 24 and 29 weeks for PIN1
and 2 (N=3163). PIN 3 women were recruited at their second prenatal visit if they were 20

weeks gestation or less (N=2006). Exclusion critgrénrollment were similar between cohorts:
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less than age 16, nelBnglish speaking, not planning to continue care or delivéreat

recruitment hospital, carrying multiple gestations, or lacking a telephone.

Data collection protocols varied slightly beten the early and later cohorts. For PIN 1 and
2, data collection occurred at the recruitment visit (weeks2®), during a telephone interview
within 2 weeks of recruitment, and through abstraction of the medical record following delivery.
PIN 3 startedecruitment earlier in pregnancy and include data collection at the recruitment
visit (<=20 weeks), tweelfadministeredquestionnaires (<=20 weeks and-2g weeks), two
telephone interviews (1-22 weeks and 230 weeks)and abstraction of the medical record
following delivery. All participants gave informed consent at the time of recruitment, and the
institutional review boards of the University of North Carolina School of Medicine and Wake

Medical Center (for PIN 1) amved the study.

Figure 2.1 graphically displays the sample selection used in this projeetall
demographic and relevant covariate information was very similar in the entire cohort (N=5169)

those eligible for genotyping (N=3065) and those genotyped §M&)(Table 2.1)
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Figure 21 Flow Chart of sample selection

PIN 1/2 N=3163 PIN 3 N=200
[ ! |
PTB Case o _ - _
Control N:120'|1 Other N=1946 EligibleN=784

p
Genotyped
N=493

Eligible N:84zi Eligible N=1433

\

N=703 N=450

\ .

Genotyped ] Genotyped

Eligibility criteria included maternakltreportedrace of White or African American, consent for
DNA analysis, suitable DNAmple available and nemissing preterm status. Some women
contributed more than 1 birth to the original cohort. Only one birth per woman is represented
in the final genotyping sample.
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Table 2.1 Comparison of the entire PIN cohort, eligible for gempatyg and genotyped

_ Eligible N=3065 | Genotyped N=1646
All N=5169 N(%) N(%) N(%)
Age yrs Mean (SO 26.8 (6.2) 26.2 (6.3) 26.1 (6.3)
White 3035 (58.7) 1918 (62.6) 1031 (62.6)
African Americar] 1746 (33.8) 1147 (37.4) 615 (37.4)
Other 387 (7.5) 0 0
Missing race 1 0 0
Poverty mean (median, IQf 305 (223109476) | 284 (198, 96473) | 273 (179, 95164)
Missing poverty 741 375 199
Married 2959 (57.4) 1646(53.7) 868 (52.8)
Single 1843 (35.8) 1199 (39.1) 658 (40.0)
Other 352 (6.8) 218 (7.1) 119 (7.2)
Missing marital 15 2 1
BMI Mean (median, IQF  26.0 (2421-29) 25.8 (24, 2129) 26.5 (24, 2130)
Missing BMI 364 188 82
Height inches Mean (SI 64.8 (2.7) 65.0 (2.7) 64.9 (2.7)
Missing height 304 147 61
Smoker 935 (20.8) 657 (23.6) 383 (25.6)
Missing smoking 670 0 152
First birth 2347 (45.6) 1400 (45.8) 769 (46.8)
Multiparous 2803 (54.4) 1659 (54.2) 873 (53.1)
Missing parity 19 5 4
Male Infant 2560(50.6) 1530 (50.1) 818 (49.7)
Missing gendel 106 14 1
GDM 312 (6.6) 190 (6.7) 127 (8.0)
Missing GDM 442 235 58
Preterm 686 (13.5) 377 (12.3) 347
Missing PTE 80 0 0
Preterm Labor (% PTI 214 (33.9) 120 (35.2) 111 (35.5)
PPROM (% PTI 127 (20.1) 66(19.4) 63 (20.1)
Medically Indicated (% PTI 290 (46.0) 155 (45.5) 139 (44.4)
Missing preterm subtype 137 38 36
Chronic Hypertensiol 263 (5.6) 139 (4.9) 113 (7.1)
IsolatedGHTN 777 (15.0) 479 (15.6) 454
PE 393 (8.3) 239 (8.4) 217
Missing chronitypertension 442 235 59
Missing PE 440 233 57
SGA 371 (8.2) 239 (8.3) 216
Missing SGA 658 167 105

Abbreviations: SD standard deviation, IQR interquartile range, BMI Body Mass inde¥,(kg/m
GDM Gestational Diabetes Mellitus, PTB Preterm BsHiI NGestationaHypertension, PE
Preeclampsia, SGA Small for gestational age.
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2.2.2 Selection of Cases and Controls

Cases and controls were selected from eligible women from the entire PIN cohort. Initial
eligibility criteria included consent for DNA anaysvailability of a suitable biospecimen, ron
missing preterm outcome and self reported maternal race of White or Blawsrall 3539
(68.5%) of the women in all three PIN cohorts provided consent for genetic analysse
eligibility criteria resultedn 3065(59.3%)women who were eligible for selection into our study.

Case distributiomamong the entire cohort and the eligible cohort were very similar (T212e

Table 2.2 Case distribution in the entire PIN cohort and the Eligible PIN sample

All N=5169 Eligible N=3065 Genotyped N=1646
N(%) N(%) N (% of eligible genotyped)
Preterm| 686 (13.5) 377 (12.3) 347 (92.0)
SGA| 371 (8.2) 239 (8.2) 216 (90.4)
PE| 393(8.3) 238 (8.4) 217 (91.2)
IsolatedGHTN| 777 (15.0) 479 (15.6) 454 (94.8)
No case statuy 3335 (64.5) 1973 (64.4) 629 (31.9)

Percents do not sum to 100% due to multiple case definitions for some women
Abbreviations: SGA small for gestatioage, PE preeclampsia, GHTN gestational hypertension
Case selection

Women with a preterm delivery, an infant with SGA or identified as having preeclampsia or
gestationahypertension were identified as cases as described below (Sectidi). 2A&8empts
were made to genotype all cases, however poor or insufficient biospecimens resulted in a lack of
suitable DNA for some women. Between 90% and 95% eligilhlecases were genotyped

(Table2.2).
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Non-case Selection

Only 32% of eligible necases (N=629) were genotypéiable 2.2)During selection of
non-cases priority was given to narases with existing extracted DNA. Extracted DNA was
available for women who were a part of a PIN subcohort or who had been included in previous

genetic studes.

Sources of DNA (Figure 2.2)

The PIN subcohort was randomly chosen at the time of enroliment into PIN1/2 using an
automated systenthat selected the subcohort in a ofte-one ratio to preterm cases delivering
at 3536 weeks and a twao-one ratiofor preterm cases delivering prior to 35 weeks. The
randomization resulted in a subcohort of 1201 women including 921 women selected as
controls (122 of whom became preterm cases) and 280 additional preterm cases. While most
specimens were collected arstiored for all women in PIN, specimens from women who were in
the subcohort were assayed with priority. Women in the subcohort also had additional
biospecimens collected at the time of delivery and werénterviewed within 2 months of

delivery.

The subchort had been used in previous genetic studtiémvestigating the outcomes of
spontaneous preterm birth and SGA. For these stydies-cases were randomly selected from

the subcohort for DNAxraction and genotyping.

One additional study extracted DNA using the PIN biospecimens. Monique Chireau
extracted DNA from 476 women from PIN 3 who had available biospecimens and had consented

to participate in genetic analysis. Selection into this staldp required the successful collection

2F I LI I OSydlr Fd GKS GAYS 2F RStADGSNED® { St SOUGA2)
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entry into PIN and likely represents a random selection of women enrolled in PIN 3 at the time.

Further description &

GKS O60ANIKA
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In addition to existing extracted DNA, additional cases of PEs&tidNvere identified in

PIN 1/2 women outside the subcohort. Additional rcases were also drawn from this

population. Additional PIN 3 cases (all outcomes) were identified and extracted at the Broad

Institute as a part of an ongoing genetic study being conducted by Dr. Stuebe.

Figure 2.2 Sources of DNA for the current study

Engel N=947
847 Cas€Cohort
100 SGA Other

Stuebe N=1363
930 PIN 1/2
433 PIN 3

/R

Engel
847 CaseCohort

Engel
100 SGA Other

Other PIN 1/2
N=381

Chireau
476 PIN 3
Cases and
Controls

Stuebe Broad
Remaining PIN 3
Case®nly

PIN1/2 & v PIN 3¥ Total
CaseCohort Other

Total 703 450 493 1646
Preterm 255 (36.3%) 0 92 (18.7%) | 347 (21.1%)
SGA 69 (9.8%) 94 (20.9%) 53 (10.8%) | 216 (13.1%)
Isolated GHTN 97 (13.8%) 215 (47.8%) 142 (28.8%) | 454 (27.6%)
PE 83 (11.8%) 79 (17.6%) 55 (11.2%) | 217 (13.2%)
No case status 324 (46.1%) 87 (19.3%) 218 (44.2%) | 629 (38.2%)

Abbreviations: SGA Small for Gestational Age, GHTN Gestational Hypertension, PE preeclampsia
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2.3 VariableMeasurement

2.3.1 Outcomes

2.3.1.1 Preterm Birth

Gestational age at delivery was calculated based on the first ultrasound performed prior to
HH ©6SS1aQ 3SalldAaz2yed C2NJ g 2rémdyed knst Wehgtrdal |y S| NI &
Period (LMPyvas used to determine gestational age at delivery. Preterm birth was defined as a
live birth before 37 complete weeks of gestation. Subtypes of preterm birth were classified as
spontaneous preterm labdiPTL) preterm premature rupture of membranes (ruptupf
membranes preceded onset of uterine contractions by at least 4 h®RROMor medical

indication based on chart review by a collaborating obstetrician.

Medically indicated preterm births are sometimes a result of worsening hypertension or
poor fetd growth. In order to isolate the preterm births due to other causes, Spontaneous

Preterm Birth (including PTL and PPR@sconsidered as an additional outcome.

2.3.1.2Hypertensive Disorders of Pregnancy

PIN collected information on three gestationaleytension variables; chronic
hypertensiongestational hypertensio(GHTN and preeclampsiéPE) While chronic
hypertension was collected similarly for all women, GETNand PE variables were collected in

a variety of ways depending on the cohort athe ata sources available.

Chronic Hypertension: Chronic hypertension was evaluated based on diagnoses in the

discharge summary or labor and delivery charts. In addition, for some women, individual values
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in the prenatal chart (before 20 weeks) were exaedrfor evidence ofypertension Women

were assigned a binary outcome of chronic hypertension preseabsent.

Gestational HypertensiofGHTN: For PIN 1 and PIN 3, two differébtHTNvariables were
created. One variable (PIN Discharge) was based gnakas in the labor and delivery chart or
discharge record. Another variable (PIN Prenatal ACOG) was abstracted using ACO® criteria
and clinical variables (blood pressure, ptiatgia) from the prenatal record. For PIN 2 women,
data abstractors inspected the prenatal and labor and delivery record and used the following
criteria (PIN Prenatal neACOG): After 20 weeks gestati&@BP increase >=30 mmHg or DBP
increase >= 15mmHg &P>=140/90 mmHg on two occasions >=6 &partto indicate the
presence or absence &HTN The criteria used for PIN 2 reflect clinical practice before the 2002

ACOG guidelines.

Preeclampsia (PE): For PIN 1 and PIN 3, two different PE variables wesd.(Daet
variable (PIN Discharge) was based on diagnoses in the labor and delivery chart or discharge
record. Another variable (PIN Prenatal ACOG) was abstracted using ACOG anitéridinical
variables (blood pressure, proteinuria) from the prenatal record. For PIN 2 women, data
abstractors inspected the prenatal and labor and delivery record and used the following criteria
(PIN Prenatal nocACOG): After 20 weeks gestation $irease >=30 mmHg or DBP increased
>= 15mmHg oBP>=140/90 mmHg on two occasions >=6 &part PLUS the presence of
proteinuria (>=0.3g/24 hrs or >=30 mg/dl [1+dipstick] on two occasions >6hrs apart) OR Edema
(1+ 2+ 3+) to indicate the presence or abseoicBE. The criteria used for PIN 2 reflect clinical

practice before the 2002 ACOG guidelines.
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ACOG Criteria for Preeclampsta

Criteria for Diagnosis of Preeclampsia
wBlood pressure of 140 mm Hg systolic or higher or 90 mm Hg diastolic or higher that occurs jfter 20
weeks of gestation in a woman with previously normal blood pressure
w tNROSAYdNAI T RSTFAYSR | & dzNRAy |-hBrurifespediBanA 4y 2 F ndo 3

Validation Study

ForGHTNand PE the presence of two variables creates a challenge in case definition. The
PIN Discharge variables are not based on standardized criteria and reflect physician diagnostic
practices. These diagnostic practiceay include noting a diagnosis when there is a poor
maternal or fetal outcome and failing to make a diagnosis when a healthy term infant is
delivered. On the other hand, the variables based solely on prenatal records were assessed
using 2 different setsfastandardized criteria. Additionally the prenatal record abstraction does
not capture events following the last prenatal visit and disease onset at the time of delivery will
have been missed. While term deliveries may have prenatal visits at weeklyagldbjwntervals
preceding delivery, preterm births may occur during pregnancy intervals when routine prenatal

visits are less frequent.

Given the presence of up to two variables for case definition, a validation study was
conducted using the UNC Perinaiatabase to determine the utility of using both PIN variables
to identify cases. The UNC Perinatal Database is a clinical database containing pregnancy
information for all deliveries at UNC after April 1996. Clinical nurse researchers enter
standardizedd G Ay id2 GKS RFEGFo6FaS FNRBY | ¢g2YFyQa O2YLX
this should capture both prenatal and delivery time periods, in practice, the database contains
mostly clinical information from the time of delivery. 1626 women from PIN wheweégible

for the genetic study who had discordant diagnoses based on the PIN variables (discordant for
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GHTNor discordant for PE) OR who were missing one or both of the PIN variables, were

compared to the UNC database. 1223 women were matched in thddsg¢a

Results of Validation StudfTable 2.3)

Chronic hypertension was present in the UNC database and showed strong agreement with
the PIN variable with a kappa of 0.92 (0.89, 0.95). Although the case group for the validation
study was comprised of womemho were discordant on other variables related to

hypertension, the good agreement of the chronic hypertension variable is reassuring.

The PIN Discharge variables had strong agreement with the UNC database. This reflects the

reliance of both variables aihe labor and delivery and discharge records.

The PIN variable based on r8&€OG criteria and abstracted from the complete medical

record also had strong agreement with the UNC database.

The PIN Prenatal variable based on ACOG criteria does not havagreethent with the
UNC database. While the PIN variable captures 10 times more cases of i&taiédompared
to the UNC database, <1% of the ®INTNvariables are validated by the UNC Database. For PE
the agreement is also quite po@appa=0.20and many of the cases missed by the PIN variable

are cases of late onset diseabat arose at the time of delivery.

Table 2.3: Agreement between PIN variables and the UNC Perinatal Database for 1223 women
with discordant PIN values

PE IsolatedGHTN
, PIN UNC PIN UNC
0, 0
PIN Variable Cases Cases Kappa (95% CI) Cases Cases Kappa (95% CI)
Discharge 161 148 0.93(0.89,0.96)| 39 41 0.89 (0.82, 0.97)
non-ACOG 41 42 0.91(0.84,0.98)| 28 20 0.82 (0.71, 0.94)
ACOG 114 148 0.20 (0.11, 0.28)| 466 41 -0.12 ¢0.16,-0.08)
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Conclusions based on the validation study

Theinitial PINprotocol released data solely based on BN ACO@ssessment due to
increased confidence ithe standardized criteria used for ascertainment. The strong correlation
of the Discharge and neACOG variables with the UNC Database however gives support for
their use as well. Discussions with UNC OB/GYN brpdhevealed that clinical practice at the
time was in flux with changes in criteria for both PE &#iTN. In fact until 2008estational
hypertension had been called pregnarioguced hypertensioff® which further complicatethe
MD diagnosis o6HTN Given the fact that the PIN ACOG variables were not able to assess
disease onset at the time of delivery and that the Discharge andA@@G variables correlated
with one otherclinical source of information, all three variables were used to determine case

and control status in this study

Case status Definition for GHTavd PE

1 Women who were found to have PE by any of the PIN variaidéasonsidered PE cases.

1  Women who weredund to haveGHTNoy any of theGHTNvariables and did not
progress to PRreidentified as cases of isolat€gHTN

1 Women with chronic hypertension will be initially considered as cases if they also have
PE or isolate@6HTN They will be removed from thease definition as part of a

sensitivity analysis.

Table 24 Case definitios for Preeclampsia (PE) and Isolat&kstational HypertensiofGHTN

PIN Discharge PIN nonACOG PIN ACOG Chronic
Hypertension
Preeclampsia PE=Yes, Or PE= Yes, Or PE=Yes, ves or No
P GHTN Yes or No GHTN Yes or No GHTN Yes or No
PE=No and Or PE=No and Or PE=No and
IsolatedGHTN| ) irives GHTN:Yes GHTN:Yes ves or No
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Additional validation

In order to clarify the validity of the PIN diagnoses, 125 records for women who were both
genotyped and had discordant PIN diagnoses were validated against UNC antenatal and delivery

records.

Blood pressure and proteinuria data weabstracted from the medical recoahd
preeclampsia and gestational hypertension were assessed using ACOG criteria. For women that
PIN identified as having PE by any meaghevalidation suggested a sensitivity of 77%,
specificity of 62% and a positipeedictive value of 63%.he low PPV was due to women that
PIN identified with PE for whom there was only evidence of isolated gestational hypertension in

the chart (24/70, 34%).

For isolated gestational hypertension the sensitivity was 63%, specifiéityana positive
predictive value 73%. The low positpedictivevalue was due primarily to women who PIN

identified as having gestational hypertension but in fact had preeclamp3i&g 24%).

Given the underlying data set included only women with disantdliagnoses of either
gestational hypertension or preeclampsia, the PPV is the most informative value. For both
diagnoses the PPV is fairly lomith PIN PE diagnoses including a large proportion of women
with gestational hypertension, and PIN gestatibhgpertension diagnoses including a smaller

proportion of women with preeclampsia.

Given the changing diagnostic criteria over the course of the study, those women who were
diagnosed by PIN prior to publication and acceptance of the ACOG rules migheetoturrent
PE diagnostic criteria and their inclusion as PE cases will increase the heterogeneity of the case

group and perhaps limit our ability to find associations.

72



Within the analysigrefinement of the PE case definition is possible based on thétsasiu
the chart abstraction to assess the sensitivity of the estimates to stricter case definitions. The
single SNP analysis will be conducted using a refined case group that includes; 1. Concordant PIN
diagnoses of preeclampsia or 2. Validated PE diagthased on the UNC chart review. Although
this will be a small group, the direction of the association can be assessed to determine how the

change in case definition will alter inference about the SNPs.

2.3.1.3 Small for gestational age
Birth weight wase&corded at time of delivery for all infants. SGA was defined as below the
10" percentile for weight for gestational age stratified by race, sex and parity. The percentiles

used were developed by Zhdfitpased on 1989 hited Statesirths.

Women with PE are more likely to have infants born $&&his association may be
stronger among women with early onset PE and preterm BiftHn addition, infants born
preterm for any reason are more likely to have impaired fetal growth compared to infants who
go on to a term delivery. For these reasons term SGA was also considered as a discreet outcome

in order to capture pathways itependent of prematurity and sever preeclampsia.

2.3.2 Main Exposures

2.3.2.1 Sample Collection and DNA Extraction
Whole blood was collected from PIN participants, centrifuged and the buffy coat fraction
was stored irCPT tubeand placed iny n ¢ /  A0NA Wds 8xBabted using various protocols

F2NJ SFOK adGdzRéd C2NJtLbmkH ©2YSYy dzaSR Ay 5N 9y:
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Applied Biosystems (ABI) automated DNA extrattbNA extraction for PIN3 women atakée

Forest University (WinsteBalem, NC) and PIN3 cases at the Broad Institute (Cambridge, MA)
was performed using Qiagen AutoPure chemistry. In addition to previously extracted DNA, some
cases and controls had DNA extracted specifically for this stutthg &iospecimen Processing
Laboratory at UNC (Chapel Hill, NC). DNA was extracted from the buffy coat sample using similar

Qiagen (Gentra) Puregene chemistry.

2.3.22 Tag Selection
For each gene, the lllumina database was queried for all polymorphisigndesires within
our genes of interest, allowing for 20kb upstream and 10kb downstream margins. Genes in close
proximity were analyzed together. A scoring algorithm for each SNP was created, taking into
account lllumina design score, lllumina error cod®¥A coding changes, and presence in a
L2a3aA0ES pQ LINBY2GSNI aAGSd ¢KAA O2YLRaAdGS {bt RE
polymorphisms was analyzed using TagZilla for multiple populations (populations consisting of
more than one racial group), to select aptional tagSNP within each biff Given power
considerations, we selected aAR80% YR f AYAGSR GF3& G2 YDuF2NJ | f ¢t St
to the inclusion of two genetic ancestry groups, some tagSNPs choserunigue to a specific

genetic ancestry group.

In addition to tagSNPspmeSNPghat had previously shown an association in the

literature were forced onto the panel.

SNPselected for bottinflammatoryand cell cycle genes are in the Apper(diables $
and S2)Minor allele frequencies were obtained from the Illumina database and supplemented

with data from NCBh(tp://www.ncbi.nlm.nih.gov/projects/SNBP/when lllumina data was
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missing. MAF araoted for CEU (Northern and Western European Ancestry) and YRI (Yoruba n

Ibadan, Nigeria). Some SNPs are-polymorphic in a given genetic ancestry group (MAF=0.0).

2.3.23 GoldenGate Process
The DNA sample is first activated for binding to paramagnetitigbes. Three
oligonucleotides are designed for each SNP locus. Two oligos are specific to each allele of the
SNP site and a third that hybridizes several bases downstream is thesjoetific oligo. All
three contain regions of genomic complementaudtyd universal PCR primer sites. During the
primer hybridization process, the assay oligonucleotides hybridize to the genomic DNA sample
bound to the paramagnetic particles. Following hybridization, several wash steps are performed
to reduce noise by remong excess oligos. Extension of the appropriate apkcific oligos and
ligation of the extended product to the locigpecific oligo joins information about the genotype
present at the SNP site to the address sequence of the locus. These provide thatéefop
PCR using universal PCR primer®®1Universal primers P1 and P2 are Cy3 andabgled.
The singlestranded, labeled DNAs are hybridized to their complement bead type through the
locusspecific oligo. Hybridization of the GoldenGate assayymrtsdonto the array matrix or
beadchip allows for the separation of the assay products in solution, onto a solid surface for
AYRAGARdIzZL £ {bt 3ISy20G8LIS NBIR2dzid ¢KS AyidSyaAridasSa:
lllumina BeadArray Readerand aye i ( dzNy/ | y I £t @ T SR dzaAy3 Lff dzYAyl Qa
genotype calling. Genotyping results will be reported as allele sizes of the polymorphic markers

of called alleles as well as values normalized @=#H individual.
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2.3.24 Quiality Control

Genotypng

Genotyping was performed by the University of North Carolina Mammalian Genotyping
Core using the lllumina GoldenGate assay. Assay intensity and genotype cluster images for all
SNPs were reviewed individually. Of the 1536 makers on the panel, 1430weesssfully
genotyped with 106 markers (6.9%) excluded due to low signal intensity or inability to
distinguish between genotype clusteeverQC samples were included on each pldteree
blind duplicatsand 4¥ 2 LISBPIQ controls (a family trio and daenily member repeatej
Blind duplicatesvere chosen at random from all genotyped samples (approximately 3% of all
samples) with sufficient quantity of DNA. Blinded duplicatese examined for inconsistency
between genotypes and SNRere excluded if tley have >2 genotype call errors between
duplicates Theopencontrolswere examined for mendelian inheritance errors or

inconsistencies across plateghich may be evidence of genotyping errors or batch effects.

Hardy Weinberg

HWEwasexamined using Plirkmong norcases stratified by race to detect possible
genotyping errorgp<0.01) SNPs which show evidence Hdisequilibriumwere reviewed with
the UNC Lab to determine possible reasons for discrepancies (difficulty distinguishing clusters,
close proximityto another SNP) and thayere dropped if the genotyping resultemain

inconsistent.
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Participants

1649PIN samples were plateth the initial run 99.1% of the samples had a call rate >=95%.
Following the initial genotyping aadditional plate was run to capture sampl@é=19)that
initially failed genotypingThe additionaplate had73.7%with a call rate >=95%. Ultimately
1646unique individuals wersuccessfullgenotyped. Given the very low failure rate for
individuals, thoseéndividualsfailing genotypingvere individually hspected with regards to case
status to exclude any major systematic issiarkers for gender weralso genotyped and
wereinspected Given that all cases and controls gave birth, female gender among subjects
would be a sign of sample contaminati®ubjectsvere also examined for 100% concordance

of genotype to identify unintended duplicates.

2.3.3 Genetic Ancestry

Previous studie® suggest that there may be important differences between allelic
frequencies in genes related to inflammatory cytokines betwselfireported African
Americans and Caucasians in the United States. As race haseatsadsociated with all three

outcomes, the potential for confounding by population stratification is possible.

Selfreportedrace was collected for @INmothers and maternal racéor this studywas
restricted to sefNB LJ2 NI SR NJ OS lodAfricah Kmetic&héWoeddwiio. f | O]

reported mixed race including Africaékmerican or White were not selected for genotyping.

In addition to selreported race a panel of 15&ancestry informative marker&\(Ms were
chosen based on AlMkat have performedvell on the same platform and in a similar (North
Carolina) population® The selected AIMs maximize the difference in allele frequency between

the assumed ancestral populations, Yorban individuals ftzaddn in Nigeria and the HapMap
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CEPH population representitNprthern andWesternEuropepopulations For the @rolina

Breast Cancer StudyBC$'! Laa 6SNBE aSt SOGSR o6FaSR 2y + | yR
across three possible admixture proportiod€% European/90%African,
50%European/50%African and 90%European/10%African. Previous assessment of admixture

among contemporary women in North Carolina suggests proportion of European Ancestry is

approximately 180% for African Americans and 90% for Wit& *%°

2.3.4 Additional covariates

2.3.4.1 Smoking

Women reported the duration and amount smoked during the telephone interview
between 24 and 30 weeks gestation. The variable wastthe average number of cigarettes
smoked during the first 6 months of pregnancy. Previous analysis in the early cohorts in PIN
showed a high correlation between smoking in this interval and in later intervals in pregnancy.
Urinary cotinine(a metabolite of nicotineyvas analyzed for a subset of the women in PIN 1 and
2 between 24 and 29 weeks and shortly after delivery. A previous arfigsiggested that
postpartum cotinine levels we somewhat more strongly associated with preterm birth
compared taselfreport, however cotinine levels at 229 weeks showed a similar pattern of
association. Given that only a small fraction on the entire cohort had measured cotinine levels,

selfreported smokingwasused.

2.3.4.2 Heightand Body Mass Index
Women were measured for height at their recruitment visit and they providselfa

reported pre-pregnancy weight. Maternal weight throughout the pregnancy was abstracted
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from the medical record anthe date of the last reported weight was noted to determine
gestational weight gain. Self reported pgpeegnancy weight was corrected if it was not
consistent with the first measured weight. Body Mass Index (BMI) was categorized based on the

2009 IOM Guidlines®™ (<18.5 kg/m, 18.524.9 kg/nf, 25.029.9 kg/nf and >=30.0kg/r).

2.3.4.4 Parity
Number of previous pregnancies was self reported by women at the reanitmisit.

Parity was calculated was calculated as number of live born infants plus number of still born.

2.3.4.5 Age

Maternal age at conception was se#fported and collected at the recruitment visit.

2.3.4.6 Poverty

Percentpoverty was constructed badeon self report of total family income adjusted for
the total number of adults and children relying on the income. The adjusted income was
compared to regional values for poverty. For PIN 1/ 2 the benchmark was 1996 poverty levels

while for PIN 3 the berenark is 2001.

2.4 Analysis Plan

Analysis proceegtl in stages with the analysis and stutigsign dictated by the goals of

eachstage. The following section will discuss the specifics of each stage in detail.

In general Stage Wasfocused on gene level ssciations with the outcomes andasa

case control design using SNPs which are grouped at the level of the gene. The aaalysis
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stratified by genetic ancestry and adjusted for continuous genetic ancestry. As a discovery

phase, a false discovery rate2%wasused to identify gene sets which proceed to Stage 2.

Stage 2 focued on identifying the specific SNPs within the geties are driving the
relationship seen in Stage 1. Inverse probability weightiagused to include the entire
genotyped cohorto estimate risk ratios for each SNP. Robust variance estimatmnesused to
construct confidence intervals. SNPs within gene wet® ranked based on strength and
precision of the association. Investigation ofl@sused to further understand the retize
importance of each SNP. Stagenas alsastratified by genetic ancestry and adjusted for

ancestry. Additional covariategere explored based on DAGs for the specific outcomes.

Stage 3vasexploratory and involvea Stage 2 analysis of all SNPs in Ipatihways

regardless of the results of Stage 1.

24.1Stage 1

Traditional analysis of candidate gene panels usually includes-b&&& analysis with the
possible addition of a haplotype analysis. For outcomes with strong associations with a single
polymorphismthis approach has resulted in some meaningful discoveHawever for
complex disorders, current SNP by SNP approaches are often finding modest effects with single

SNPsand these associations are often hard to replicate

For complex disorders, analysis at the level of the gene may be more relevant. Particularly
when analyzingag SNPs, multiple SNPs on a given gene may be in LD with causal SNPs.
Although each individual SNP may have a weak assogiafigtatic interactims may result in
individual SNPs showing litigfect while their interactions may have a larger efféét '** A

gene based analysis approach atss the potential to reducthe multiple testing issues
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associated with large numbers of SIN&specially in the context of genome wide association

studies (GWAS).

Advantages of gene based analyses include improved reproducibility, power and
interpretability. Since differenstudiesoften genotypedifferent SNPs, reproducibility may be
hamperedif different tag SNPs or different genetic panels are assayed by different study groups
Gene based resullow for the assessment of genasrossstudycenters and may help more
quickly focus fine mappingf relevant genes. Power is improved due to the reduction in the
number of tests and a lowering of a pateike significance level. Gene based associations are
also likely to be stronger than the individual SNP associations. Fintdhpretations at tle
gene level can be made based on known biomarkers and gene products as opposed to
speculation about the functional implication of an unknown causal SNP which is being captured

by a tagSNP*

Michael Wd** has developedn attractive method SKATSNPset Kernel Association Test)
for performing a gene based analysis which offers a powerful and flexible framévatr&ilows
for complex SNP interactions and nlimear effects. In additin, the method allows for inclusion
of covariates and does not penalized SNPs with opposing effects (risk or protective) within a
single gene. AlthougBKARllows for any biologically informed method for grouping SNPs into
sets; gene, pathway, conserveefjions, haplotype blocks or windows, gene based sets with a

suitable upstream and downstream regulatory region will be used for this analysis.

SKATnitially assumes an additive model and uses a logistic kenaehine regression
model. This model form assses the influence of all the SNPs in a given SNP set through a
semidefinite kernel function. The kernel can be specified to accommodate different model

forms from linear kernelavhich represent the logistic model, to highly nbmear kernels.
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Kernel tinctions convert information for each pair of subjects to a vahat represents their
similarity. As all possible paiare integrated into the functiorthe resulting matrix must be
positive semidefinite (a positive semidefinite matrix has only-negative eigenvalues and

possesssproperties which facilitate the calculation of optimal solutiafis)

Kernel choicés important as it drives the modeling of the association between the SNPs in
the SNPFset and disease status. A number of kernels exist and many more are being

developed*®

SKAT incorporates 6 predefined kernfilsear, linear weighted, IBS, IBS weights,
guadratic and a product kernel which allows for interactioi$)ough simulationWu suggests

use of a linear kernel (comparable to a usual logistic model) or the identical by state (IBS) kernel.
The IBS kerneglompares the number of alleles shared IBS at the SNPs within theebNie

IBS kernel can be augmented by weights based on MAF or on prior information regarding
expected associations between specific tags and the trait of intéf&gthe logistic model can

also be weighted by the MAF which allows for rare variants to beveighted relative to

common variants.

Hypothesis testing is conducted using a variance component score test of the null
hypothesis that the gerral function for the SNP set equals®0 The degrees of freedom are
adjusted for the correlation of the SNPs within the SNP set with higher correlation between

SNPs resulting in fewer degrees of freedom.

Compared tather existing muliSNP testsSKAThas several advantagé¥ Compared to
tests which rely on the most significamvalue for an individual SNP within a given SR this
method allows for interaction between SNW&hin a SNFset. When a given SNP is not in LD
with a causal SNP, this method borrows power across a number oftisiRsay each be

correlated to the causal SNP. Omnibus tests for multiple SNPS allow for simultaneous analysis of
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all SNPs within a givé8NPset, but are crippled by a large number of degrees of freedom and
cannot account for opposing directions of effect. Omnibus methods also do not allow for the

incorporation of covariates.

In Stage 1 a gene based analyssused to identify genes of ierest. Stage Was
conducted as a stratified analysis. For each racial group, defined by genetic ancestry, the
appropriate SNP setasassembled for each gene. As tag SNPs were chosen using a 20kb
upstream and 10kb downstream region, the geneiseludedall tag SNPs within this region.
Tag SNPs which are only polymorphic in a single genetic ancestryvwggozipxcluded from the
analysis in the other group. Gengmt aretightly clustered with overlapping upstream and
downstream regionsvere considered a asingle gene set. Rare SNiRreincluded as long as
the SNP is truly rare in the population in general (as confirmed by HapMap) anduhsae
least oneindividualwith the variant allelén the case or noitase groupGiven that missing
genotypes ira single SNP remogt@n individual from analysis in the entire geneset, individuals
included for analysigariedby outcome and geneséetVhile imputation could be used to fill in
those alleles that failed to genotype, using a complete case analysis captaeter than 90%
of individuals for each outcome/ genetic ancestry combination. Given the logistical difficulties of
imputing the missig alleles and the high coverage of a complete case approach, imputation was
not attempted. Tables 2.7 through 2.9 provide information on each geneset in terms of the

number of individuals and SNPs included in analysis.

For Stage 1 cas@xludedall genoyped cases with neamissing genotypes for the specific
outcome. As this is a casentrol design, controle/ere genotyped women who are free from

any outcome of interestlable 2.0).
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Table 25 Number of SNPs in each gene set for inflammatory genes

GENE SNPs | SNPs dropped (outcome)*

TNFRSF1B, 9

rs12060250 (all)

IL6R 31| 1512096944 (all)
IL10 17
IL1A 2 Replication SNPs
IL1B 2 Replication SNPs
ILBRB 6
IL12A 26
L8 17 rs16849893 rs4694634 rs7693566 (SGA, PE, tSGA, nPE)
rs16849896 rs1684990GHTN PE, tSGAGHTN nPE)
CXCL10 9
NFKB1 28
IL2 9 rs10034410 (PE, nPE)
rs1002739®ut of HWE (YRI)
IL15 20 rs17007476 (PE, sPTB nPE)

rs17007480 rs17007503 (PTB, SGASPEB tSGA nPE)

CSF2 18 | rs743677 (PE, tSGA, nPE)

rs2243240 rs2243246 rs2243261 (PE, sPTB, nPE)

IL131L4 26 rs4621555 (PE, sPTB, tSGA, nBE243253 (SGA, tSGA, nPE)
IL12B 19
LTA; TNF 14
IL6 26 rs2069842 (SGA, PE, sPTB, tSGA, nPE)
GATA3 34 rs12262237 (PTB, SGAHTNSPTB, tSGAGHTN
rs263425 (SGAHTNSGA, GHTN
IL18 12 rs11214098 nospolymorphic (all)
KLDR1 8
IFNG 12 rs17104856 (PTB, SGALTN sPTB, tSGAGHTN NPE)
TGFB3 2 rs4252345 nogpolymorphic (all)
TBX21 7
TGFB1 1
KIR3DL3 14
KIR2DL4 2
KIR3DL2 6
IFNGR2 14

*All SNPs dropped frofauropean Americansxcept for IL2s1002739@vhich was out of HWE
in African Americanand was dropped for all analyses in this genetic ancestry group

Table 26 Number of SNPs in each gene set for cell cycle genes

GENE SNPs SNPs dropped* (outcome)
GADDA45A 20 rs1511686 (PTB, SGA, PE, sPTB, tSGA]
RASSF1 7
CCNA2 9 rs3217760 (PTB, GHTN, BIETB, sGHTN, PE
CCNH 1
NOV 14
CDKN2A;CDKN2E 24
CNNM2 16 rs7902220 (PTB, SGA, PE, sPTB, tSGA, n
CCND1 18 rs7106515 nogpolymorphic (all)
MDM2 1
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Table2.7 Number of individuals with complete genotype information for each gene set and outcome stratified by genetic ancestry group

G8

PRETERM SPONTANEOUS SGA Term SGA GHTN GHTN w/o CHTN PE GHTN w/o CHTN
PRETERM

EA AA EA AA EA AA EA AA EA AA EA AA EA AA EA AA
Total 603 338 512 269 526 296 | 505 268 | 688 371 650 347 524 301 498 274
Inflammation Genes
TNFRSF1B 598 333 507 266 521 290 | 500 263 | 682 365 644 342 520 298 494 271
IL6R 592 329 504 261 521 285 | 500 258 | 680 356 642 335 518 293 492 266
IL10 600 335 509 266 523 295 | 502 267 | 686 368 648 345 522 300 496 273
IL1A 603 338 512 269 526 296 | 505 268 | 688 371 650 347 524 301 498 274
IL1B 603 338 512 269 526 296 | 505 268 | 688 371 650 347 524 301 498 274
IL8RB 603 338 512 269 526 296 | 505 268 | 688 371 650 347 524 301 498 274
IL12A 594 317 504 253 520 277 | 499 250 | 683 342 645 319 520 282 494 256
IL8 599 311 509 247 522 271 | 502 247 | 680 343 642 325 519 281 493 256
CXCL10 602 336 511 267 525 295 | 504 267 | 687 370 649 346 523 300 497 273
NFKB1 598 321 507 255 522 280 | 501 253 | 683 355 645 333 520 287 495 262
IL2 601 337 510 268 524 295 | 503 267 | 685 370 647 347 521 301 495 274
IL15 580 325 492 261 507 284 486 259 | 658 362 622 339 505 293 480 268
CSF2 590 330 503 262 516 287 495 260 | 676 364 639 341 515 294 489 267
IL13;IL4 583 335 502 267 512 293 491 266 | 670 368 633 344 517 299 491 272
IL12B 594 335 504 266 520 294 499 266 | 679 369 642 345 518 298 493 271
LTA; TNF 580 332 495 264 505 290 484 263 | 662 362 625 338 504 296 478 270
IL6 599 337 509 268 522 292 501 264 | 684 366 646 343 520 299 494 272
GATA3 586 332 497 263 513 288 | 492 261 | 663 361 626 337 509 293 484 266
IL18 603 337 512 268 526 295 | 505 267 | 688 369 650 345 524 299 498 273
KLDR1 601 335 511 266 525 294 | 504 266 | 686 368 648 344 523 299 497 272
IFNG 585 331 498 264 514 292 | 496 264 | 673 365 638 342 515 297 489 270
TGFB3 603 338 512 269 526 296 | 505 268 | 688 371 650 347 524 301 498 274
TBX21 602 338 511 269 526 296 | 505 268 | 687 371 649 347 524 301 498 274
TGFB1 602 338 511 269 525 296 504 268 | 687 371 649 347 523 301 497 274
KIR3DL3 584 327 496 259 510 286 489 258 | 668 359 632 337 506 291 480 265




PRETERM SPONTANEOUS SGA Term SGA GHTN GHTN w/o CHTN PE GHTN w/o CHTN
PRETERM

EA AA EA AA EA AA EA AA EA AA EA AA EA AA EA AA
KIR2DL4 600 335 509 268 522 293 | 501 267 | 683 370 646 346 520 298 494 272
KIR3DL2 600 332 509 266 523 292 | 502 265 | 682 367 644 344 521 297 495 271
IFNGR2 597 336 508 268 523 294 | 503 267 | 683 369 645 345 521 301 495 274
Cell Cycle Genes
GADD45A 587 311 498 247 509 270 | 488 246 | 668 336 632 316 508 278 483 252
RASSF1 602 338 511 269 525 296 | 504 268 | 687 370 649 346 523 301 497 274
CCNA2 598 338 508 269 521 296 | 500 268 | 682 371 644 347 520 301 494 274
CCNH 603 338 512 269 525 296 | 504 268 | 688 371 650 347 524 301 498 274
NOV 595 336 504 268 518 295 | 497 268 | 678 369 640 345 516 301 490 274
CDKNZ2A; 594 329 503 263 516 286 | 495 261 | 678 362 640 339 518 292 493 266
CDKN2B
CNNM2 599 337 508 268 523 294 | 502 267 | 684 368 646 344 521 301 495 274
CCND1 600 335 509 267 523 292 | 502 265 | 684 368 646 345 521 298 495 272
MDM2 603 338 512 269 526 296 | 505 268 | 688 371 650 347 524 301 498 274
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Multiple Comparisons

While use of SKAT in Stage 1 will limit the number of hypotheses being tested, there is still
a concern with multiple comparisonghe Bonferroni correction has traditionally been used to
correctfor multiple comparisons. This correction provides a straightforward way to ensure
global error rate by correcting the per test alpha by dividilghaby the total number of
statistical tests being performed. While Bonferroni correction works well fetaively small
number of independent tests, it does not take into account that linkage disequilibrium between
SNPs, complex biologic interactions between genes and similarities between genetic models
that will result in correlation between tests. Ignorittgs correlation makes Bonferroni too
conservative and may result in an unacceptable Type Il errot’fa®especially in the context

of small effects in relatively small studies.

The Fése Discovery Rate (FDR) is less conservative than the Bonferroni Correction and may
be more appropriate when discovery isthegéaK Sy A YLIX SYSY (i SR> C5w NBadz
Type | errors) to be the expected proportion of errors among all of the rejdotpdtheses. For
example an FDR alpha of 0.05 will result in 5% of identified SNPs being false positive discoveries.
The FDR method ranks all thevalues and considers each in a decreasing fashion by searching
for the first for which the gg | £ dzS &nk of the SNR/Btal Ndmber of SNPs tested *alpha.
All SNPs with that p value and smaller are then considered significant. In this way the degree of

correction is more stringent for smallen@lues™®

Use of FR is appropriate in this situation as Stage 1 is being used to identify genes which
are associated with the outcomes andderwentfurther investigation in Stage 2. Given the
discovery nature of Stage 1, a generous FDR ofvz@®ased. This can be interpiedd as 20% of

the genes which enter Stage 2 are false positive. Genes with a SiNgler with SNPs that
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were chosen purely for replicatiowere considered only in Stage As a result therevere be
24 genes ranked for FDR in the inflammatory pathway (IL1A and IL1B are replication SNPs,
TGFB1 and TGFB3 have single pMiie 7 genesvereranked in the cell cycle pathway (CCNH

and MDM2 have single SNF®) a total of 31 genesets in Stage 1

2.4.2Stage 2

While SKAT offers an attractive method for assessment of significance at théegehit
does notquantify the strength or direction of the associatiand does not identify the SNPs
within the genethat may be associated with the outcome. Altilgh covariate adjustment is
possible in SKAT, model reduction methods are not practical given lack of fit statistics and the
absence of a single measure of effect for the SBP Given the low power of this study

however, SKAT remains a very desirableraagh.

While information at the level of the gene is relevant from a biologic perspective and allows
for guidance of future studies, identification of the specific genetic changes within the gene is
also desirable. Associations between specific SNPs anoliicomes of interesivere examined
in Stage 2 based on strength of association, precision of the estimate and association with other

SNPs in the set (LD).

Stage 2 focuedd on identifying the SNPs which are likely associated with the observed gene
effectand furtherexplored possible confoundingAs the data for Stage 2 is the same as the data
used in Stage 1, the two stages are not independentiatapretations of the results from
Stage 2 wereautious. Although measures of effect angigdueswere calcuated, this stagavas

used to generally assess direction of effect and the relative rank of the SNPs within the genes for

88



a given outcomeAlso, specific regions of interest within each gene were identified. These

regions can be targeted in future fine maipg studies.

2.4.2.1Study Design

Stage 2 assesdthe association between each SNP and the outcomes of interest. Given
the frequency of preterm birth, SGA agdstationahypertension in this populationr@ble 2.}
estimation of an odds ratio could noetzonsidered a valid estimate of a risk ratio. While a
common norcase group was valid for the estimation of an odds ratio in Stage 1, the genotyped
L2 Lzt F GA2Yy A& y2G | adAildlofS aO02K2NIié TFT2N GKS Sz
populatoninciRSa 'y SEOS&a 2F 4Ol aS&a¢ NBfIFGABS (2 GKS
biology, and therefore the SNPs, underlying these outcomes are related, a straightforward

estimation of a relative risk using the entgenotypedpopulation will misrepresentiie

distribution of the exposure in the base PIN population.

An approach that alloed estimation of a risk ratiowhile accounting for the over
representation of cases in the genotyped populatisninverse Probability Weighting (IPW)
using a log linear odel. IPW allowthe entire genotyped population to be used as a cohort
while representing the case (and covariate) distribution of the entire eligible population. While
generalizing to the original PIN Cohort would be ideal, selection criteria for kif§gilsecluded a
reasonable estimation of the variance of the point estimates using the base PIN Cohort as the

reference population.

The analysis of Stage 2 procedds atwo-stage selection design. Considering the entire
eligible population (N=3065%he probability of being selected for genotypingscalculated.

Probability of selection was modeled using the following variables: general birth outcome
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(liveborn v. all other outcomes), PIN cohort (two indicator variables), any case status (yes/no),
sdection into original PIN subcohort (yes/no), presence of a second birth in the cohort (yes/no),
maternal age (indicator variables for <25 yrs, >=35yrs), parity (multiparous or nulliparous), any
smoking in months-B (yes/no), maternal education (<=12 ys13+ years), prpregnancy BMI
(indicator variables for underweight <18.5, overweightZh9, obese >=30), percent of poverty
level (continuous and standardized), marital status (married ormarried), site of PIN

recruitment (UNC or Wake), self reped race (White or African American). Given missing in
some of the covariates, values were imputed using means for specific PIN cohort/Site/Self

reported Race groups.

Selection probabilities were calculated for each individual in the eligible cohorinVéese
of the selection probability was used as a weight for each individual in the genotyped population
who was included in analysis. Cases were identified for each out@rdecontrols were all

those without the specific case definition as outlined able 210.

90



Table 28 Breakdown of Cases and Controls by outcome and genetic ancestry

Stage 1 Stage 2
Cases Non-Cases| Cases Controls
Preterm EA 194 409 194 813
Preterm AA 134 204 134 457
Spont. Preterm EA 103 409 103 813
Spont. Preterm AA 65 204 65 457
SGAEA 117 409 117 890
SGAAA 92 204 92 499
TermSGA*EA 96 409 96 717
TermSGA*AA 64 204 64 393
GHTNEA 279 409 279 728
GHTN AA 167 204 167 424
GHTN (sen¥)EA 245 405 245 699
GHTN (sen¥)AA 145 202 145 397
PreeclampsiaEA 115 409 115 892
Preeclampsia AA 97 204 97 494
Preeclampsia (senkEA 93 405 93 851
Preeclampsia (sengAA 72 202 72 470

*Controls include only term births
WCases and controls have women witfe-existinghypertension excluded
Abbreviations: Spont. Spontaneous, EA European American, AA African American, sens
Sensitivity
While usual log linear models using IPW will produce valid point estimates, calculation of
the variance of the estimates is more problematic. In SAS the usual variance estimator (here
NELR2NISR Fa ayloOo@gSé0 gAff dzyRSNBaAGA YhetarE G(KS g
overly precise. Other options for calculation of variance foroaehthat includes selection
weights, three levels of exposure (additive genetic model) and a continuous covariate (percent
African Americamncestry) include use of a robust variance estimator and use of bootstrapping.

While a naive SE may be overly spratobust estimator is usually overly conservative. The true

SE is likely between the two estimaf&8

To explore the impact of different models on both point estimates and variamget p
estimates and SE were geaégd using three different methods~or each analysisnodels
were stratified by genetic ancestry and continuous perckfnican Americamancestry was

included as a covariate. Genotype was modeled as additive with the variant allele harmonized
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between theancestry groups. Odds ratios were generated using PLINK for each SNP and each
outcome using the same casentrol group that was used in Stage 1. SAS was used to generate
RR and SE for each SNP and each outcome usingjreergiskmodel. Two models we

ISYSNI} (SR 2KAfS 020K dzaSR Lt23X 2yS dzaSR GKS

variance estimator.

A fourth model was generated using boot strapping. All 3065 women eligible for
genotyping were sampled with replacement for 1,000 iteratidgach iteration was used to
calculate an individual selection probabilibat represented the probability of being selected
into the genotyping sample in the specific iteration. Each of the 1,000 iterations was used to
generate a point estimate using@gl linear model. The 1,000 point estimates were then used to
generate a point estimate (mean) and a distribution {2aid 97.8' percentile of the 1,000

estimates).

Comparing these 4 models suggested that in general the RR estimates were slightly closer
to the null compared to the OR for PTB aBHTN The SE for the naive models were smaller
than the SE from the robust models although thagnitude ofdifference was generally small.
Boot strapping results did not differ from the standard analysis usiigera robust SE
equations. Point estimates and precision were comparable while analysis time was greatly

increased.

As the true SE is likely between the naive estimate and the robust estimate and the
difference between these two was not great, the robust SE was chosen for analysis. Although
this may be a slightly conservative estimate leading to slightly less predtsioBtage 2 analysis

is designed to rank SNPs within genes. The decrease in precision will not alter ranking while
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avoiding overly optimistic interpretationdodels will be adjusted for genetic ancestry and

additional covariates as outlined in Section.2.

An additive genetic modelasassumed in Stage 2 although cell counts for the homozygote
variantwere monitored and dominant modeblsere used when small cell counts (<5) result in

unstable estimates.

Reporting of SNPs from Stage 2 was based on teerebd strength of association as well
as the precision of the estimate. Unstable estimates were not reported. Estimates were
examined across related outcomes and between ancestry groups to identify single SNPs and

genomic regions which appeared relevant.

Linkage disequilibrium between SNPs within each gene in this populasiscalculated
and visualized using Haploviél In addition long range Lvasused to assess the association
between typed SNPs and untyp8&HPs in adjacent genes. The tagging process irtthath
upstream and downstream regions and other genese captured bythe chosertagSNPs.
Visualizing long range LD also leeljidentify different LD patterns between ancestry groups.
SNAP”? allows for the visualization of long range LD between typed and untyped SNPs using
various reference populations. The 1000 Genomes Project CEU and YRI referencevgreups

used wha possible.

Sensitivity analysis in Stagén2luded exploration of covariates in the top ranking SNPs
Nested models adjusted for all possible covariates as well as each covariaté®Simeyig
compared with models adjusted only for continuous ancegidjustmentsthat change the

estimate >10%wvere considered for inclusion in the models
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2.4.3Stage 3

Given the novelty of this multistage SKAT approach in a population with suspected
heterogeneity, a sensitivity analysimsconducted in Stage &\l SNPs werassessed using the
Stage 2 analysi©f interestwere SNPs with a-palue below a Bonferroni correction (using the

number of SNPs for each pathway) that were missed by the Stage 1 analysis.

2.4.4 Covariate analysis

Overview of procedurecommon to both pathways and all outcomes

A number of covariatewere considered in this analysis. While covariates related to veee
considered for all outcomes, other covariatesre considered specifically for each outcome and
pathway.Complex bioloigal processes such as the ones under consideration are hard to

capture completely in a DAG leading to possible misspecification. Simulations of misspecified
DAGs suggest that a full model based on a conservative DAG (inclusion of variables when there
is doubt) followed by a changim-estimate using the fully adjusted model as the reference,
provides the best outcome with respect to bias and precidnn this study, model

constraints, missing data on covariatesdgower must also btaken into consideration

2.4.4.1 Cell cycle

Very little information regarding possible confoundexistsfor cell cycle genes. Smoking
may be associated with cell cycle function throdlgd downstream gen@53, which is involved
in the regulation of apoptosisAmong the genes under consideration, smoking may act directly
throughMDM2. AdditionallyCDKN2as an upstream regulator @53 while GADD45das its

expression regulated by53. This association tentative however. Given the amount of missing
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in smoking Table 24.2.2a) and the possibility that the association is an interaction, smoking
wasnot considered as a covariate in initial assessmentsiDI¥12, CDKN28r GADD45Aad
beenfound to be sigriicant genes in Stage 1 of the analysis, a sensitivity analysis of the
individual SNP&ould have beerronducted using smoking as a covariate to identify if the

ranking of the SNRsould havechanged by the addition of smoking to the model.

2.4.4.2 Inflammation

All outcomes
A general DAG of the form that folloBigure 24.2.2) can be drawn for each of the

outcomes. The covariates may vary for each ofdabheomes;however, barring the presence of

an unmeasured confounder, these pathways are blocked byg#ne product which is a

204

collider.=™ Unmeasurectovariatescouldinclude other genetic polymorphisntisat are

correlated with the measured SNPs and the covariate of inteAdgtie level of the Stage 1

38yS tyltearas a!é ¢2df R ySSR (2 0S8 Faa20Al i8R ¢

GKAOK YI& RSONBI&aS (GKS fA1StAK2Umknedsttddll a| ¢ GAf

~

confounding cannot, by definition, becontralld. ¥ & ! ¢ R2S& SEAaAGX | R2dzalAYy:

in Figure 201 &1 g2dzf R o0f 201 GK 0F 01 R22NJ LI GK (KNRdzaF
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Figure 23- General DAG for inflammation pathway
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However given the high degree of missing data in a number of covariates in thisetlata

(Table 211), the potential improvement in bias kadjustingwould be offset by a significant

decrease in power and precision.

Table 29 Missing in possible covariates stratified Isglf-reported race

Variable African A_mgricarﬁNzGlS WhiFe (_|\I=103J) Totr_;ll(l_\l=1646)
Missing (N) Missing (N) Missing (N)
Smoking 80 72 152
Age 0 0 0
BMI 48 34 82
SES 115 84 199
Parity 1 2 3
Height 37 24 61

Abbreviations: BMI body mass index kg{ffBES socioeconomic statepresented by percent poverty

Adjustment for covariates will result in a reduction of both ttase and @ntrol groupsdue

to missing in the covariate3he possible covariasetsvary by the outcome of interest,

however case groups would decrease by 12% to 41% andas®group wold decrease by 9%

to 28% if all possible covariates were included in the model. Decreases are higher in African
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Americans and highest for the SGA outcomiich also suffers from missing in the outcome

(N=85) (Table 22).

Table 210 Impact of adjustment or all possible covariates for each case group and the non
case group

Complete Data Available (N)

, N AfricanAmerican White Total

Outcome Adjustment set N=615 N=1031 N=1646
Preterm None 145 202 347
All 111 165 276
SGA None 96 120 216
All 57 98 155
IsolatedGHTN | None 171 283 454
All 135 248 383
Preeclampsia | None 100 117 217
All 81 100 181
Non Case None 210 419 629
Adjusted for PTB 159 378 537
Adjusted for SGA 150 367 517
Adjusted for GHTN 164 380 544

*Adjustment sets: None (no covariates included). All (adjusted for all covariates as follows):
Preterm birth(PTB) Smoking, age, body mass inde&rcent poverty(Total nonmissing N=1341)
SGA(small for gestational agepmokingbody mass index, percent povertyarity,gestational diabetes
height (Total normissing N=1301) 83 missing SGA

GHTNGgestational hypertensionSmoking, agdgody mass indexparity, pevious diabetes (Total nen
missing N=1380)

Due to missing data, a conservative approach to adjustment by including all possible
covariates woulhaveNB a dzf ¢ Ay |y dzyl OOSLIillotS t2aa 2F Lk2gS
Figure 23 areon blocked paths ando not require adjustment. For these reasqosily
covariates which do not fit into the covariate box in Figui2.each subsequent DAG will be
considered for inclusion in modeB.2 NJ 4 KS NBYIF Ay Ay 3 5! Dalthaughe gAtf 0o

4 A

0KS RA&OdzaaAzy gAff FaadzyS GKIG GK Gl & aazont i
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To explore the possibility of confounding, | will conduct a sensitivity analysis on high
ranking SNPs in the Stage 2 analgsmparing the change in estimate theeen unadjusted

models (adjusted for ancestry), fully adjusted and single adjusted métels

Preterm Birth

Covariates for consideration

Risk factors for preterm birth which are also associated withs§iNBflammatory genes
are likely acting through gene products of cytokifeigure2.4). For instance, the effect of
psychosocial stress may influence pregnancy outcomes through changes in inflammatory
biomarkers™ BMI and active infection will also increase the circulating levels of inflammatory

biomarkers.

Of the covariates listed here, smoking, BMI and age are well measured in our cohort
although both suffer from missing datA number of psychosocial @infection related
variables were collected in portions of the PIN cohooti®conomic status EJ can be

captured using a variety of variables in PIN including percent paverty

Infection and stress are less well characterized in the PIN coFmetpesence of hcterial
vaginosis waassessed for only a fraction of the coh®d®’® Selfreported sexually transmitted
infections as well as yeast infectionsere collected for PIN1 and 2 but not for PIN 3. Measures
of depression (CHS3) and social support (MOS Social Support Scale) were assessed for all three
PIN cohortsbut these measures were not among the psychosocial measures which have

previously been ssociated with preterm birti®” Measures of perceived stress, state trait
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anxiety and life events were collected for some of the PIN cohorts, however the timing varied

enough to make construction of a valid variableoss cohorts difficult.

Possible covariates on the causal pathway

An alternate DAGFigure 25) for preterm is possible with the covariates separated into
those that are likely associated with the geproduct (age, stresand smokinyand those that
maybe caused by the gene product (BMI, infection). The first group is associated with the gene
product in the sense that stress or smoking may increase inflammatory cytokiesver
inflammatorycytokinesthemselves will not cause psychosocial stiemssnoking during
pregnancy. For this set of covariafgsKk S ISy S LINPRdzOG A& | O2ff ARSNJ dz
second group of covariates however the relationship is not as clear. BMI, as a measure of
adipose tissue, may result in higher circulatingokiites as the adipose tissue provides
substratefor cytokine productior(red arrow) Alternately genetipolymorphisns may influence
inflammatory cytokines and resuh an increased BMgreen arrow) In the first case BMI would
be considered a possiblee/ F2dzy RSNJ 2yt & Ay GKS LINBaASyOS 2F a! ¢
be on the causal pathway betwedéime SNP and the outcome of interest and should not be

considered as a confounder.

¢tKS RANBOUAZ2Y 2F (GKS al NNRg¢ e dehelpiddbict S 201 NRA I
under consideration. Isensitivity analyseaherethesecovariates are kept in the modelloser
examination of the biology involved will help inform the decision about inclusion or exclusion of

the covariate.
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Figure 24 DAG forPreterm Birth
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GestationalHypertension

Figure 26 DAG for Gestational Hypertension
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Covariates for consideration

Although PE an@HTNwere considered as discrete outcomes, the risk factors for both are
similar andcanbe represented by a single DARBgure ). Hypertensve disorders of
pregnancyshare many similar covariates with pretebirth. Snoking, BMI agechronic

hypertensionand both preexisting and gestational diabetes amell measured. Although some
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sources suggest that infection during pregnancy may be associated with preeclampsia, the
stronger associationare with urinarytract infections and periodontal diseasasd notthe STDs

measured in PIRP®

Confounding by previous reproductive outcomes

Unlike preterm birth, preeclampsia has a strong association with parity. First biths
more likely to be complicated by preeclampsia. Difficult first pregnancies may influence family
planning choices and limit subsequent pregnancies resulting in fewetrigigimothers with
higher parity. Parity is well documented in PIN. Data was aléected onselfreport of a
previous pregnancy complicated by preeclampsia for multiparous women. As can be seen on the
DAG, adjusting for parity is a better choice given the likelihood that unmeasured variables
influence the outcomes in serial pregnargiBarity is not missing for any observations in the

data set (Table 21).

The special case of chronigrertension

Preexisting hypertension makes the diagnosi&bifTNand PE difficult. Older diagnostic
criteria included an increase in blood pressurd BfinmHg DBP or 30mmHg SBP after 20 weeks
of pregnancy. Current guidelines restrict the diagnosiGldiTNor PE to women with a normal
blood pressure before 20 weeks and recognize the diagnosis of superimpose&GHRENor
women with preexisting hypertenmn who have a worsening of hypertension or develop new
onset proteinuria (or worsening proteinaiduring pregnanc® Howeverin PIN1 and 2 some
women were not enrolled until after 20 weeks and an elevated BP after 20 weeks may be either
chronic hypertension or GHTN. Additionally there feralencyfor BP to drogslightlyin the first

trimester of pregnancy’® Women who do not obtain routine medical care outside of
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LINSIylFyOe YlFeé LINBaASyd FT2NJLINByFGFrt OFNB gAGK |
undetected chronic hypertension. Given these factors, chronic hypertengsapproached as
outcome misclassification by conducting a sensitivity analysisexitlusion ofvomen withselt

reported chronic hypertension

SGA

Figure 27 DAG for SGA
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Covariates for consideration

SGA shares many similar possible covariates with preterm birth with the addition of
maternal anthropometric parameters such as heigtat influence growth potential. Parity is

also associated with SGA. Unlike gestational hypertension howtbeee is not as much of a
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concern that subsequent pregnancies will lmeited. Infants born to multipavus women tend

to be slightly heavier comped to nulliparous birth§*

2.4.5 Population Stratification

Population stratification has been defined as differences in allele frequencies between
cases and controls due to systematic differences in ancestingr than associations of genes
with disease. In genetic epidemiology studiespulation stratification may result in biased
results when the outcome of interest also varies based on genetic ancestry. Population
stratification can result in both falseopitive and false negative results and the strength of the
bias will depend on the magnitude of allelic variation among ancestry groups and differences in
disease among those same grodpsin nongeneticepidemiologic studies race is often
considered as a confounder for similar reasdalfreportedrace is considered a marker for a
wide variety of social, cultural, dietary, economic, stresg educational experiencedn
genetic epidemiologic studidgowever, race is also seen as a marker of genetic ancestry which
will have practical consequences for LD structure, haplotypesabelitfrequencies In this
settingselfreportedrace is often an inadequate surrogate for genetic ancestry. Not only are
individuals poor reporters of their genetic ancesthat a level necessary for genetic studies,
selfreportedrace may not adequately capture the genetic heterogeneity ansmireported

racial groupg*® 2+

While population stratification can be quite complex when dealing with large metropolitan
populations with a wide variety of genetic ancestry, the concern still remains in largeatjabira
populations as present in this study. In the United States, among thoses&h®port as
African American, the percent of European genetic ancestry is quite variable. As measured in

metropolitan centers across the Usstimated European ancestralgportion ranged from
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11.6% in Charleston, SC to 22.5% in New OrleafiSwith geographically isolated areas

showing even more extreme valu&$§

A number of methods have bagroposed for addressing population stratification in
genetic epidemiology studies. Genomic control was an early method which used random
markers to estimate an inflation factor which was used to adjust all test statistics. Genomic
control only protects gainst false positives and tends to overcorrect when-reimmdom markers

are usecf!

More recent work has focused on choosing informative markers called ancestry informative
markers (AIMs)which areindependentmarkers throughout the genomihat have large allele
differences between the ancestral populations of interest. Although allele differences between
FYyOSaidNIt LRLzZFGA2Yya 640 Aa AYLRNIIFIYd Ay &St SOf
thel Yy OS &G NI £ LJ2 Lzt | gj dné tife respedNiBoyed&iOdorkriddion dfeach 6
ancestral population to the admixed populatiam)(also influence the precision of ancestral
estimates”™’ t ¥ I ¥ T Q dormatod Eienodi 10y LG dz\&hdm intoxa single
information estimate which allows for marker selection to optimize precision based on the

actual, or hypothesized, ancestral populations and admixture pragust

Estimating genetic ancestry using AIMs can be accomplished using a number of different
methods. Consensus on the optimal method of calculating genetic ancestry has not yet
emerged. Commonly used methods include maximuniitiked estimation (MLE) mikbds,
structured associatioand principal component analysi$ Under situations with informative
markers and large and accurate ancestral group informaboth MLE and structured
associatiormethods perform w#.”*° MLE methods have been shown to be superior when

marker information is low and there is little information on the allelic frequency in the ancestral

105



population. MLE methods are generally faster and less comjoumiatyy intensive, however

when the assumption of independence among markers is vioJabedconfidence intervals may

be too narrow”™® Structured association methods use Bayesian and MCMC methods to assign
individuak to clusters or supopulations. Structured association methods are dependent on the
number of ancestral populations specified. This specification is at the discretion of the

investigator and can be difficult to both determine and interpret in cosmopolitapulations’*

Principal Component Analysis (PCA) is also used to correct for population stratification. PCA
methods infer continuous axes of genetic variation by using eigenvectors of the covariance
matrix of SNPs between sampl&8 Unlike structurel association methods, which are
dependent on the correct choice of the number of clusters, PCA techniques are invariant to the
number of axes chosen. Although maP@A techniques employ all the SBrotypedin GWAS
panels, work has shown thatell-chosenAlMs panels of 5200 SNPs are equally good at

controlling bias and optimizing powét*

Softwae exists for both MLEFRAPPEStructured Association (STRUCTWRE)PCA
(Eigenstratmethods. Given the informativeness of the AIMs used, the relatively small size of
the study population, the presence of only two ancestral populations, ease of use and familiarity
of the sdtware and previous work using similar populations in North Cartfimanich has
found high correlation between MLE and Structure methods, Structure will be used initially for

calculation of ancestry.
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Additional issues with ancestry

While adjustment for genetic ancestry will address confounding by population
stratification, there is also the possibiliby heterogeneity between the twgenetic ancestry
groups included in this study. Previous genetidepiiologic studies looking at preterm biftf
97,98, 113114, 149, 135, 1545 nd that genetic associations varied dpgneticancestry Pathway analysis
in one cohort composed of US Whites and African Americans with the outcome of spontaneous
preterm birth suggested that different pathways were operatinghia two racial groups’ Tag
selection for this study resulted in some SKirRg are polymorphic in a single ancestry group
(Table S1 and S2 in AppendWhile these private SNPs mag important for a specifiancesty

group, they will provide no additional information for the othgroup.

Although aranalysis withall womencombined would have more power due to an
increased case and control group, differences in the size of the racial groups, the likelihood that
different genes and SNPs are acting in diffeiggmetic ancestry groupsnd the presence of
private SNPs, increas the likelihood that association®uld be missed in @ombinedanalysis
of both genetic ancestry group&or this reason all analysegre performed within strata of

genetic ancestry and additionally adjusted for continuous percent ancestry.

2.4.6 Powe
Power will depend on the study design usedasecohort v. caseontrol -- due to the
RAFFSNBYyOSa Ay GKS ydzYoSNI 2F aO2yGNRfasdod ! &

conform to a typical power calculatipoertain simplifying assumptienare used.

Given the lack of a power model for SK&Tunmatched caseontrol design was

simulated within Quantohttp://hydra.usc.edu/gxe/) to calculate power. For all calculations a
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log-additive, gene only, unmatched casentrol model was assumedw®-sided Type 1 error of
0.05 was used for both study desigirtial calculations also included a Bonferroni correction
using the assumed number of genes in each pathway. For inflanmpngémes the Bonferroni
correctedp value= 0.002 and for cell cyclengs p=0.008Baseline risk was calculated in the

cohort.

The case:control ratio was estimated using a hypothetiaakcohort study designFor the
hypothetical study WO2 K2 NI Q 61 & O2yaidNHzOG S éigiog®IND2Z A vy 3
subcohort ad adding the nofcases and an appropriate number of cases from each of the two
(PIN1/2 nomsubcohort, PIN 3) remaining sampling groups. The appropriate number of cases was
chosen to reflect the distribution of cases in the established subcohort (PINZ/Bergcases
and 53 cases, PIN3= 218 nmases and 134 cases). The total reconstructed cohort was
composed of 1015 women. Tablel2 outlines the criteria used for each outcome for the power

calculations

Table 2.1 Criteria used in power calculations

. Case:Control Ratio

Outcome Risk | Cases CaseCohort N=1015
Preterm birth| 12% | 347 3
SGA| 10% | 216 5
Isolated PIH 15% | 454 2
PE| 8% 217 5

Table 2.2 Range of odds ratios with 80% power for each outcome with the specified type 1
error

PTB SGA GHTN PE

Type 1 error Type 1 error Type lerror Type 1 error
MAF| 0.002 0.005 0.05/ 0.002 0.005 0.05| 0.002 0.005 0.05|0.002 0.005 0.05

10% | 1.7 17 | 15| 1.9 18 | 1.6 | 1.7 16 | 15| 1.9 18 | 1.6
20%| 1.5 15 | 14| 1.7 16 | 15| 15 15 | 14| 17 16 | 15
30%| 1.5 14 | 13| 16 15 | 14| 15 14 | 1.3 | 1.6 15 | 14
40%| 1.5 14 | 13| 1.6 15 | 14| 14 14 | 1.3 | 16 15 | 14

Abbrevidions: PTB preterm birth, SGA small for gestational age, GHTN gestational hypertension, PE
preeclampsia, MAF minor allele frequency.
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For the more common outcomes of PTB #&idTNpower is adequateat or belowOR 1.7
within the full range of MAF-or theless common outcomes however power is adequate only

below an OR of 1.0rable 2.13)

The applicability ofttis approach tgower calculations is limited given the study design.

The SKAT model will be based on genes and not on single SNPs. While tdilmshease
the overall power to detect a relevant gene, the association between MAF for a single SNP and

the resulting power is not as clear.

The Quanto program used for the power calculation relies on an unmatcheecoas®l
design. Due to the preseamf cases in both the case group and the control group in a case

cohort design, the Quanto method likely under estimates power for the-cakert design.

The outcomes above are not mutually exclusive andhofiRS LISY RSy i @ Gt dzNB §

would be quie small with much lower power.

The above calculations include women of both races. Racially stratified analyses will have

much lower power.

The assumption of the Quanto power calculation is that there is a single causative SNP. The
power calculatedeflects the ability to detect the single causative SNP among a large number of

null SNPs.

An alternative approach to power calculation assumes that there exists more than one
causative SNP and seeks to assess power to find one of many causativ& SNWsr this
framework Table 214 outlines the number of causative SNPs which must be assumed to be

present to have 80% to find one of them given the range of power to find a single SNP if only 1
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SNP is causative. IHastance if the power to find a single causative SNP is 2%, the presence of

80 causative SNPs would result in 80% power to find one of them.

Table 213 Power to detect multiple risk alleles

Powerfor a single allele| Number ofriskalleles
assuming only 1 risk needed to have 80%
allele power to find 1 SNP
0.01 >100
0.02 80
0.03 53
0.04 40
0.05 32
0.06 27
0.08 20
0.10 16
0.12 13
0.15 10
0.20 8
0.25 6
0.30 5

In this study an assumption of 28 underlying risk alleles seems reasonable. This would
place the target single SNP power in the range of 8% to 10%. Although the previous power
calculation suggested adequate single SNP power below GR9.ENP effectare likely to be

much more modest.

Given that sample size, baseline risk and MAF are fixed in this study, the only variable
which can be modified to influence power is the Type 1 error. Type 1 error can be considered as
a function of the number of testoaducted, with more tests resulting in a lower type 1 error

due to multiple comparisons.

Quanto was again used to estimate power for an OR of 1.4 at a range of MAF given four
different type 1 errors. Specifications within Quanto were the same as preséanieable 212.

Given the similarity between power calculations for SGA and PE, only SGA is preBeated.
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candidate type 1 errors were chosen based on convenient Bonferroni corrections. The
Bonferroni correction for the number of genes in the inflammatpaghway is 0.002. At the

other extreme the Bonferroni correction for the total number of SNPs is 0.0001. Midway

between these values, assuming 200 SNPs for analysis would result in a Bonferroni correction of

0.0002 and assuming 100 SNPs would result iondeBroni correction of 0.0005.

Table 2.4 Power with OR 1.4 to find one allele with a range of MAF and Type 1 error

PTB SGA GHTN

Type 1 error Typel error Type 1 error
MAF | 0.0001 0.0002 0.0005 0.002 | 0.0001 0.0002 0.0005 0.002| 0.0001 0.0002 0.0005 0.002

10% | 0.08 0.10 0.15 0.26 0.03 0.05 0.07 | 0.15 | 0.10 0.13 0.19 | 0.31
20% | 0.25 0.30 0.39 0.54 0.11 0.15 0.21 | 0.34 | 0.32 0.38 0.48 | 0.63
30% | 0.38 0.45 0.55 0.69 0.19 0.27 0.32 | 0.46 | 0.49 0.56 0.65 | 0.78
40% | 0.46 0.53 0.62 0.76 0.23 0.29 0.37 | 0.53 | 0.57 0.64 0.72 | 0.84

Abbreviations: PTB preterm birth, SGA small for gestational age, GHTN gestational hypertension, PE
preeclampsia, MAF minor allele frequency.

Table 215 suggests that for the more common outcomes of PTB@HAT N the study has
80% power to deteca single SNP with OR 1.4 assuming that there are at least 20 causative SNPs
on the panel. With a MAF >10% the number of causative SNPs falls to 6. For&Sénaption
of 53 causative SNPs would be needed at the most stringent type 1 error and lowest MAF.
However at less stringent type 1 error levels the assumptions about the number of causative

SNPs becomes more reasonable (fewer than 30 and often fewer than 10).

As a way of informing the number of SNPs which could reasppaiteed to Stage 2, a
goal ofa single SNP power of 80% suggests that a type 1 error of 0.0002 to 0.0005 would be
a reasonable choice. This type 1 error corresponds to the analysis -@00D0BNPm Stage 2

The number of genethat would result in this number of SNPs will dependthe gene.
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2.4.7 Strengths and Limitations

This study offers an innovative approach to studying genetic associations with these important

reproductive outcomes in a number of ways.

At its inception, thistudy was the largest candidate gene analysis for the outcome of SGA. Since
the study was designetiowever, another 1536 panel was completed with an SGA outcdthe
Neverthelessthe Edwards study was in a Chilgaopulation that may not be generalizable to African
Americans. Additionally, while the Edwards study examined more genes related to inflammation, the
number of SNPs per gene was limited. This study exgzhoalverage of the genes investigatedas
conductal within a population of African Americans and consédiarovel genes within both

inflammation and cell cycle pathways.

For the outcomes of gestational hypertensiand preeclampsiahis studyassessethe largest
number ofgenesrelated toinflammationin a North American population. Although some of the
inflammatory genes have been examined in other populations, this study irccRfdean Americans
and expanddthe breadth of genes examined with the addition of cell cycle genes and novel

inflammatorygenes identified through placental expression studies.

For preterm birth, a study of similar breadth in a Ugdgial population has already been
conducted. While many of the genes will overlap, this panel expatite tagSNP coverage of most
genes and adkd additional candidate genes in the inflammatory pathway, congideovel genes in

the cellcycle pathway and doubdthe number of African American women in the preterm case group.
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For all outcomes, the choice of candidate genes reflects careful @asioh of the complexity of
the inflammatory pathway. Candidate genes were chosen to reflect important components of the innate
and adaptive (both Thl and Th2) pathways. In addition genes related to natural killer cells were included

based on emerginip vitro studies of placental expression.

For all outcomes, cell cycle genes represent a novel pathway andithie the first study of these

genes in relation to reproductive outcomes.

The methods of analysis (see Section 2.4.4) represent an emergingpaphgdo analysis of genetic
data with a focus on the gene as opposed to individual SNPs. A gene based approach is both more
powerful and has more relevance for directing future in vitro and clinical studies which focus on gene

products as opposed to SNPkigh may simply be associated

Despite the many strengththere are a number of limitations.

1. The study has low power for a single SNP anafsgiecially given the need to stratify by genetic
ancestry. While single SNP analysis may have low power, study design and analysis strategies
designedo enhance powerThe use of SKAT enhadgmwer by decreasing the number of tests
(redudng multiple comparisorcorrections) and leveraging small Séffects across a gene. Despibav

power, this study still surpasses most existing studies with respect to the number of cases and controls.

2. Reproductive outcomes are a combination of maternal, pateandlfetal genetic effects.
Maternal genes influence thiatrauterine environment, comprisbalf of the fetal genome and have the
possibility of interacting with the fetal genes. Paternal genes aisafhe remaiing half of the fetal
genome. Fetal genesohonly determine the fetal potential for gra but are also expressed in
trophoblasts and influence placental development. Although heritability studies suggest that maternal

genes are primarily responsible for preterm bilft* SGA appears to have a stronger fetal genetic
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associatior® while hypertensive disorders of pregnancy haaath maternal and fetal genetic effects
8 1n particular the role of cell cycle genes in placental development may be most influenced by fetal

genes as opposed to maternal genes.

The PIN study did not collect paternal or fetal DN&I fihdings for genes of interest in this study
should be followed up idatasetswith mother-infant, or trio, data given the possibility that fetal genes,

or a maternaffetal interaction are important.

3. Preeclampsia and gestational hypertensare difficult outcomes to assesélhile PIN attempted
to collect clinical data throughout pregnancy, clinician reporting bias, changing study and clinical criteria,
and differential outcome assessment based on other maternal and fetal outcomes, makes
mischssification possible. Attempts to validate tB&1TN and PEariables against an existing database
provided reasonable support for the use of the existing varialflegherchart abstractiorof a subset

ofwomenprovidel &adzm aSi 27F 4 @nditivilRanan8i®Ré OF aSa T2 NJ
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CHAPTER3 QUALITY CONTROL RE&US

3.1 Quality Control Summary

Individual Samples
Genotyping was conducted on an lllumina customd&oGate platform with 1824 samples typed
for 1536 SNPs. Samples included in the genotyping inclwdeten for this study, samples for

additional projects, and quality control samples

Of these 1824 samplesnly 1795 were related to the present study, including quality control
samples. During initial genotyping 8 samples were excluded for genotypimgtealk=95% resulting in

1787 PIN samples entering the QC phase.

Fromthese 1787 samples the following were removed during the QC process:

83 CEPH trio samples included for duplicate and mendelian inheritance QC
64 blind PIN duplicates included for QC

5 mislabeled samples

10 still births

24 births with congenital anomalies

3 individuals with >5% missing in genotype data



In total of 189 sampleswere dropped from the original genotyping and 1598 PIN women available

for analysisFigure X reflects the sample process 8edtion 3.3 explores each exclusion criteria.

SNPs

The GoldenGate platform contained 1536 SNPs. One hundred and six (106) failed initial genotyping
(Table X in Appendix). In addition one SNP (rs11119449) wargriesiotype information for all
individual and was excluded. This resulted in 1429 $NPentered the QC procesSection 3.2

explores the SNP quality control in more detail

3.2 Quality Control for SNPs

3.2.1Blinds

Inclusion of duplicate blinded samplallows for the identification of genotyping errors by
identifying SNPs, plates, or run batches, with discordant alleles. For purposes of this analysis, both PIN
duplicates and CEPH duplicates were included. PIN duplicates were chosen randomly whentsuffic
sample was available and will allow for the identification of problems during the process of DNA
isolation, purification and plating. CEPH replicates were more plentiful and represented fewer

individuals overall. This allowed for plating to detecttbaitra and interplate quality control.

Blind PIN and CEPH replicates were included on the 20 genotyping platefoBix64) PIN
samples were included in duplicate on the 20 genotyping plates. In addition 2 PIN samples were
inadvertently plated in dulicate (TableS4).In addition, 67 sets of CEPH controls (representing 15

different individuals and 71 unique samples) were included on the 20 genotyping plates. Nineteen (19)
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of these CEPH duplicate sets were present on the same plate and 48 were centiflates. In total

199 unigue samples were a part of the blind assessment.

The assessment of blinds was conducted for the 1429 SNPs that passed initial genotyping quality
control. Among these 1429 SNPs, there were 622 missing genotypes from 257 UNRgIETGis
represents 622/(1429*199) = 0.22% missing. The majority (N=200) of SNPs were missing in 2 or fewer
samples (77.8%). All duplicate sets were inspected for concordance. When genotypes werissiog,
only two instances of noenoncordant genotypegere identified. SNPs1838537(possible allele AT
gene CAPand r2243250(possible allele CFlgene IL4 each had one instance of mismatch. Otherwise
all duplicate pairs had identical genotypd&or the purposes of analysis, each set (Blind/-Niimd PIN
sample) was inspected to identify the sample with the least missing. In 15 sets, the blind sample had the
least missing and was retained for analysis. In 6 sets, the sample retained for analysis had missing allele
data which could be filled in frottime duplicate. For the inadvertent duplicates, the most complete

sample was retained for analys{3able S5)

Overall the missing was low in the blinds and the assessment of concordance did not reveal any

serious genotyping problems. No SNPs were drogpad analysis based on this quality control step.

3.2.2Trios

In addition to providing information for duplicates, CEPH trios were included to allow for quality
control assessment by confirming mendelian inheritance. Five families from the Coriell énstitut
CEPH/Utah pedigrees were included in the genotypliadple S6)For the trios analysis trios with all
three members on the same plate (N=20) were chosen for analysis. For a single trio the members were
on two plates (N=1Table S7)Overall 21 trio setaere analyzed representing covering all 20

genotyping plates and representing 15 unique individuals and 63 samples.
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PLINK version 1.7 was used to assess mendelian inheritance in 1429 SNPs which had passed
initial quality control screening (plindile trios ccompoundgenotypesgmendel). Overall genotyping
was 0.999367 with no rmglelian errors detectedBased on this assessment no SNPs were dropped from

the analysis based on this quality control step.

3.2.3Hardy Weinberg Equilibrium

Deviations from Hardy Weinberg Equilibrium (HWE) can indicate poor genotyping quality.
Assessment of HWE was assessed in all 1429tBMPsissed initial genotyping quality control using
non-cases stratified by genetic ancesti@enetc ancestry was determined using STRUCTEHRE
Section3.5). For purposes of HWE, individuals with >=40% African ancestry were considered as one
genetic ancestry groupAfrican Americah This cut point kept all individuals with genetic ancestry

proportions between 40% and 60&@rican American ancestryithin their selfdescribed racial group.

HWE was assessed using SAS?9 Pxact pvalues for HWE were calculated using 10,000
permutations. Given the large number of SNPs assessedakue of 0.05/1429= 3.5*19(Bonferroni

correction) was used to identify SNPs with possible HW disequilibrium.

The distribution of pvalues for HWE in thentire panel of 1429 SNPs was as expected with only a

small excess of-palues <0.001Table 3.}

Table3.1 Distribution of pvalues for 1429 SNPs

EuropearAncestry (1390 polymorph&NPs)| AfricanAncestry (1424 polymorphic SNF

HWE exact palue N SNPs (%) HWE exact yvalue N SNPs (%)
<0.001 4 (0.3%) <0.001 6 (0.4%)
<0.01 17 (1.2%) <0.01 16 (1.1%)
<0.05 59 (4.2%) <0.05 67 (4.7%)
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For the 503 SNPs specific to this stualgingle SNAL(2 rs10027390 had a pvalue <10. This SNP
will be excluded from analysis for the YRI ancestry groufNs with ywalues <0.01 are ifable 3.2.
Although not meeting the {value criteria, the low HWE\ymlue may be noted if these SNPs prove
significant in further analysis. Of note only one of these levalpne SNPK(R3DL2 rs3745906 in
common between the ancestry groups. This suggestsabsay wide genotyping quality per say may not
be an issue for these SNPs. Instead the departures from HWE in these SNPs may represent population
specific concerns (nerandom mating, selection or migration, mutation, residual population

stratification or snall population size).

Table3.2 SNPs with exact{alue for HWE <0.0dmong noncasesstratified by genetic ancestry

European Americamncestry African American Ancestry
Gene/ SNP P exact | Gene/ SNP P exact
CDKN2A;CDKN2B rs1063] 0.0006 | IL2 rs10027390 <.000001
CDKN2A;CDKN2B rs32179 0.0027 | IL12A rs12492730 | 0.0027
NFKB1 rs12648696 0.0028 | IFNGR2 rs9978223| 0.0033
KIR3DL3rs4441391 0.003 IL4 rs2243283 0.004
KIR3DL3 rs11883241 0.0036 | KIR3DL2 rs374590( 0.0045
IL12A rs13064168 0.004 KIR2DL4 rs177719€¢ 0.0077
LTA;TNF rs915654 0.007 KIR3DL3 rs270775 | 0.0099
NFKB1 rs11733293 0.0083 | IL6 rs6949149 0.0111
KIR3DL3 rs1325155 0.0087 | CSF2 rs246844 0.0155
CDKN2A rs3088440 0.0112
IL12B rs2546890 0.0132
NFKB1 rs3817685 0.0134

3.2.4Additional SNP considerations
Despite and effort in the planning stage, a handful of SNPs which were genotgpechon

polymorphic in our sample. There was 1 raoiymorphic SNPs dropped from the sample.

In addition, among those with <=40% YRI ancestry there were an additionatgtyanorphic

SNPs. These will be dropped from analysis in models stratified byiganeestry(Tables S8 and S9)

Figure 3.Joutlines the QC process with regard to SNPs.
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3.3 Quality Control for Individuals

3.3.1Cryptic Associations

Given the limited geographical area used for subject recruitment in PIN (Orange, Durham and Wake
Counties, NC) the possibility exists for individuals to be related to each other. Given the small number of
SNPs and the residual LD in the SNPs, there was no easy method to test for cryptic relatedneé. PLINK
offers tools to assss for Identical by descent (IBD) among unrelated individuals. However their method
need a minimum of 1,000 independent SNPs and is only recommended for genome wide size assays.

Given the relatively small number of SNPs in this sampleKREedled to overestimate relatedness. As

'y SEIFYLX ST GKS /79t1 G(GNA2&a 6AGK 1y26y NBflIGSRySaa

estimation. PLINK provides an estimate of pi hat (proportion) fBach pair in the sample. Identical
samples (or monozygic twins would have an expected pi hat=1, parents and offspring, siblings and
dizygotic twins would have pi hat=0.5, undephew relations would have pi hat=0.25, and first cousins
would be expected to have pi hat=0.125. In the CEPH trios we can ydeittifcertainty parenichild

relations (expected pi hat 0.5) and unrelated individuals (married couples and individuals from different
pedigrees (expected pi hat=0). Plink however estimated pi hate for paifsgring from 0.53.62 and
unrelated individials had estimated pi hat from@.30. Although PLINK overestimated relatedness it did

correctly call pi hat=1 for all individuals paired with themselves.

Given this shortcoming with PLINK cryptic relatedness was not formally assessed in this sample. The
pairs with the highest PLINK estimates of relatedness (pi hat >=0.5, 13 sister pairs including 23
individuals\were examined in MERLIN (a pedigree based program) and confirmed as unrelated (kinship
coefficient=0 for all markers). PLINK did identify twe s#tmislabeled duplicates (samples with

different IDs but identical genotypes).
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In the first set (PINID 10042 and 21027) the samples appear to be from the same individual (age
and interpregnancy intervals match, delivered at both UNC and Wake whichxplayrethe lack of a
duplicate flag in the PIN database) and two distinct pregnancies. The first pregnancy was kept

(PINID=10042).

In the second set (PINID 12682 and 25217) the samples appear to come from different women
(different ages, and recruitmentte) who were recruited within 3 days of each other. This may

represent a labeling problem. Both samples were excluded from analysis.

Although a formal test of cryptic relatedness was not possible, this step identified two unexpected
duplicates. Three womewere dropped from the analysis based on this sfEgble S10sts the

participant IDs o&llwomen excluded.

3.3.2Missing Genotype Information

Genotyping failure (<95% of genotypes called) resulted in the loss of 8 PIN particljeass.
participants vere not included in the QC process. In addition, 3 PIN participants were found to have
>=5% missing genotype data after the completion of the QC process. These women were dropped from

further analysisTable S1dsts theparticipant IDs that were droppedue to poor or incomplete

genotyping.

3.3.3Exclusions based on pregnancy outcome

Women with two pregnancy outcomes were excluded from analysis. Pregnancies ending in still
birth (N=24) were excluded for a number of reasons. Birth weight in still born infants is unreliable due to
tissue necrosis in the interval between intrauterine deand birth. The interval between time of death

and date of birth can vary and result in inaccurate assessment of time at risk. The pathology which
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results in still birth may result in unique causes of preterm birth and hypertension disorders of
pregnancyPregnancies with congenital anomalies identified at birth were also excluded from analysis.
The primary reason for exclusion is that early delivery (preterm birth) may be induced for reasons
related to the congenital anomaly and thus represent a diffelisal process. In addition birth weight
may be related to the congenital anomaly and again represent a different causal process. While some
birth defects (cleft lip or palate, hypospadias etc) may be relevant to include in this analysis, the type of

congenital anomaly noted at birth is included in the data set.

Table S1@rovides the IDs of women excluded for still birth or congenital anomaly.
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3.4 Flow charts of Individual and SNP exclusions

Figure 3.1 Flow Chart of Exclusionsladlividuals
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Figure 3.2 Flow Chart @NPExclusions
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3.5 Assessment of genetic ancestry

Structuré®was used to determine genetic ancestry in the individuals for analysis. @mzdd
and forty-nine (149) AlMs were successfully genotyped. Initial H&dinberg analysis in the original
PIN cohorssuggested possibigenotyping problems with two AIMS (rs11150219 p=0.0042 in self
reported African Americans and rs11652805 p=0.0083Ifreported Whites) so these SNPs were
dropped from analysis in their respective radss a result 148 AIMS were used for the assessment of

genetic ancestry.

Structure was used with the following parameters:

Ancestry Model: Admixture
Allele FrequenciModel: Independent
Number of populations: 2
Burnin: 10,000
Iterations: 100,000
Alterations in the model assumptions (ancestry model and allele frequency model did not change
the results).Red is ¢c_mrace=1 (White) and Green is ¢c_mrace=2 (African American). The triangle plot

suggests a greater spreamancestry among individuals who self report as African American (Fd)re
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Figure3.3 Triangle Plot of Genetic Ancestry
Al athars

Cluster [ Cluster 2

The bar plofFigure 3.4suggests that while most individuals are clearly associated with a single
genetic ancestry, a number of individuals show an even mixture of the two ancestry groups and some

individualshave a conflict between setéported race and genetic ancestry

Figure3.4 Bar plot of %ancestry for all individuals by selfeported race

hite At American

Following assessment of genetic ancestry two groups emerged as problematic. Individuals who
have an even mixture of ancestry do not fall neatly into either group. Among the PIN sa8ple

individuals hadevenly mixedyenetic ancestryTable S1P All but me of these individuals seidentified
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as African American. A cut point of 0% frican Americawas chosen as the cut point for genetic

ancestry. Thiglacesall individualgn this middle areavith their seltidentified race.

In addition, assessment of genetic ancestry identified individuals with a clear discrepancy between
selfreported race and genetic ancesiiii=12)(Table S13)For purposes adnalysisvhen the concern is
population stratificationthese irdividuals will be included in the group corresponding to their genetic
ancestry. For analyses where sedported race (as a measure of the lived experience of race in the

United Statesjs a concern as a confoundénheseindividualswill be dropped fronthe analysis.
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CHAPTER4 RESULTS

SummaryPaper 1

Polymorphisms in Natural Kill Cell Related Genes are Associated with Preterm Birth

Harmon QE, Engel SM, Olshan A, Moran T, Stughé.#o J, Wu MC, Avery C

Background Inflammaion isimplicated in preterm birthhowever genetic studiesf inflammatory
genes have yieldeithconsistent resultsWe expanéd coverage of genes related tecEll andnatural

killer cell mediated immunity while addressing population stratification in a katgmiegnancy cohort.

Methods: We utilized maternal genetic samples from the Pregnancy Infection and Nutrition Cohort
which enrolled women in North Carolina between 1995 and 2005. Preterm cases and term controls
(N=1646) were genotyped fdi32tagSNPs in 3€andidate genesGenelevel and single SNP

associations were modeled in strata of genetic ancestry defined by ancestry informative markers.

Results Six genes were associated with preterm birth am&ogopean American#.12A CSF2, IFNGR2,
KIR®L2, IL&ndIL13 Among the four geneselatedto Natural Killer cell functioniwo (IL12Aand CSFPR
showed consistent protective associations for b&tlropearand African AmericalFNGR2nd

KIR3DL2howed single SNP associationsEaropean Americarsnly with a strengthening of



the association for spontaneous preterm birth iIBiINGRZrs2268241 RR=0.57 9526 0.30.9).IL4and
IL13are associated with TH2 immunity and SNPsitepgglocus control regiomavean increased risk of

spontaneous preterm birth foEuropean Americanss3091307 RR=1.9 95% CIZ4.5).

ConclusionsAlthough gene leveadssociationsvere found inEuropean Americarnanly, single SNP
associations among African Americans were often similar in direction althesighated with less
precision. In particulaigenes related to Natural Killer cells and SNPs tagging a control region for IL13

and IL4 are associated with the risk of preterm hirth

SummaryPaper 2

Polymorphisms irinflammatory Genesare Associated with Brm SGA and Preeclampsia

Harmon QE, Engel SM, Wu MC, Moran T, Luo J, Stuebe AM, Avery CL, Olshan A

Background Poor fetal growth and hypertensive disorders of pregnancy frequentlyccar and are

related to measured levels of inflammatory biomarkers. Genepidemiologic studies of poor fetal

growth in particular have been limited in scope and inclusion of African Americans in the United States.
We sought to expand coverage of inflammatory genes, explore novel cell cycle genesanial bi

pregnancy cobrt from North Carolina, USA.

Methods. Women who enrolled in the Pregnancy, Infection and Nutrition cohort between 1995 and
2005 were eligible for genotyping. Cases of gestational hypertension, preeclampsia and poor fetal
growth were identified based oabstraction of antenatal and hospital records. A total of 1646 women
were genotyped for 503 tagSNPs in 40 genes and a panel of ancestry informative markersetGene
analyses were stratified by race and were followed by a single SNP analysis withicesig(fiDR<0.2)

candidate genes.
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Results Gene level associations were found for African Americans and term S{k8dod KLRD Wwhile
LTA/TNRRnd TBX2Mwere associated with preeclampsia among European Americans only. Single SNP
analyses fotL6showed cosistent increased risk of term small for gestational age for both African and
European Americans with risk ratios ranging from 1.8 to 2.5KERDhowever the single SNP

associations were apparent only for African Americans with rs3759270 having ad #%520CI 0-3

0.8). For preeclampsia single SNP associations were seen only among European Americans and implicate
LTATNFand a gene upstream froMBX21TBKBP.IThe strongest association was for an upstream

regulator of TNF with RR=1.8 (95% Ci217).

Conclusion Novel associations withBX21& TBKBPWere found for preeclampsia among European
Americans, while among African Americans, variation wikliRDIvas associated with term SGA.
Although previous studies have suggested null associations, irctéagging and stratification by
genetic ancestry suggests important associations betwkéand term SGA for African Americans and a

TNF regulator and preeclampsia among European Americans
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Paper #1 Polymorphisms in Natural Kill Cell Related Genes/Associated with Preterm Birth

Harmon QE, Engel SM, Olshan A, Moran T, Stuebe AM, Luo J, Wu MC, Avery C

Introduction

Preterm birth affects approximately 12% of US birthSignificant medical and societal impacts are
borne by the infants and their families due do the increased risk of mortality as well as both acute and
chronic medical and neurocognitive dised3&Vhile the ealiest preterm births result in the most severe
outcomes, late preterm births are also associated with increased risk of mortality and respiratory

difficulties®’

Having a previous preterm birth is one of the sigest risk factors for a subsequent preterm birth
and may reflect innate susceptibility factors, including maternal géh&$lthough a number of
candidate pathways have been identifi&djnflammatory pathways have been a particular focus.
Pregnancy is a state of altered inflammatory and immune function. Changes in both gene expression
and measured levels of inflammatory cytokines have been documented during the course of
uncomplicated prgnancies®’* #?" In particular, Tcells and Natural Killer cells (NK) decrease in both
number and function over the course of pregnancy, whééedsive immunity is enhancédCandidate

inflammation genes have been examined in a number of diverse populdtf§r¥; 9 105 114 1451, 156, 160

184 although many of the stlies have had small case groups and few address issues of population

stratification despite very racially diverse study populations. Studies with larger case Gr&tipé ***
focused on exploring more genes with limited single nucleotide polymorphisms (SNP) coverage per
gene. In addition, studies conducted among US populations have identified differeribegjenes and
98, 149, 156

biologic pathways associated with preterm birth in Whites and African Ameritatis’

reinforcing he need to consider ancestry in the context of this outcome.
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Using the Pregnancy, Infection and Nutrition Cohort (PIN), we attempted to: replicate previous
associations; broaden the inflammation gene coverage to include lesser studied genes in theTeritical
cell and NK cell pathways; and deepen the-pene SNP coverage, while carefully addressing issues of
population stratification in this weltharacterized biracial cohort. We additionally improve upon
previous studies by incorporating novel statisticathodology to identify gerdased associations, and
using inverse probability of selection modeling to account for any differences between the genotyped
and parent cohort. In this paper, we describe our findings for polymorphisms in 30 candidate gdnes an

the risk for preterm birth.

Methods

Study population

We utilized a nested casmntrol subset of the Pregnancy Infection and Nutrition Study (PIN), a
prospective pregnhancy cohort designed to assess antenatal risk factors for preterm birth, fully describe
by SavitZ®Women were recruited between August 1995 and June 2005 through Wake County Human
Services Department, Wake Medical Center and University of North Carolina (UNC) prenatal clinics.
Exclusion criteria anrollment included age less than 16 years, #iomglish speaking, not planning to

deliver at the recruitment hospital, carrying multiple gestations, or lacking a telephone.

Outcome information was abstracted from the medical record following deliveryeivial blood
for genetic analysis was obtained during the first study visit. Covariates were collected through self
administered questionnaires or telephone interviews. All participants gave informed consent, and the
institutional review boards of the UN&hool of Medicine and Wake Medical Center approved the

study.
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Cases and controls for this study were selected among eligible women from the entire PIN cohort
(N=5169). Initial eligibility criteria included consent for DNA analysis (N=3539), colledcisnitdble
biological specimen (N=3289), sedported maternal race of White or African American (N=3075) and
known birth date, resulting in 3065 (59.3%) women who were eligible for selection into our study. Of the
eligible women, all preterm cases withficient DNA were genotyped (N=347, 92%). Term births
(N=1299) selected for genotyping included births with other reproductive outcomes of interest
(gestational hypertension, small for gestational age) as well as women with uncomplicated pregnancies.

In total 1646 women were genotyped.

Outcome Assessment

Gestational age at delivery was calculated based on the first ultrasound performed prior to 22 weeks
gestation. For women without an early ultrasound, gelported last menstrual period was used.
Pretermbirth was defined as a live birth before 37 complete weeks of gestation. Subtype of preterm
birth was assessed by physician revies8aWhile this study does not have sufficient power to consider
each subtype of preten birth, spontaneous preterm birth, which includes both preterm labor and

preterm prelabor rupture of membranes, was considered as an additional outcome

Gene Selection

Thirty candidate genes were selected from the innate and adaptive immune system feithsaon
representing Thl and Th2 cytokines and their regulators, inflammatory mediators (including TNF
signaling), selected chemokines and NK cells. In particular, we aimed to represent inflammatory genes
for which marked changes in protein concentrascecross trimesters have been demonstrated,

because dysregulation in these genes could result in initiation of parturition before’tef.
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SNP analysis

Whole blood was collected, centrifudend the buffy coat fraction was stored in CPT tubes and

placediny ng/ aiG2N} 3Sd 5b! glFa SEGNIOGSR dzaAy3d @I N 2 dza

automated DNA extractor and Qiagen (Gentra) Puregene chemistry.

A custom 1536 lllumina GoldenGatkate was designed which included the 30 genes (432 SNPs)
from this study as well as genes from angiogenesis, apoptosis and cell cycle pathways. TagSNPs were
chosen using TagZilla for multiple populations allowing for 20kb upstream and 10kb downstream
margns and restricting to tags with minor allele frequencies of at least 10% and linkage disequilibrium
(LD) with ¥<80%. Genotyping was conducted at the University of North Carolina Genomics Core (Chapel
Hill, NC) and genotypes were called by the llluminacdBeray Reader and software for automated

genotype calling.

Genotyping was performed on 1646 PIN samples. Individuals were dropped when fewer than 95%
of SNPs were successfully called (N=11). We further excluded unintentional duplicate samples (N=3),

congenital anomalies (N=24) and stillbirths (N=11), resulting in 1598 women included in the analysis.

Poor genotyping quality (<95% call rate) resulted in the loss of 39 SNPs. Quality control included
duplicate PIN samples and standardized samples from CGiERH trios on each plate. Of the 393 SNPs
that entered quality control, there was one instance of a single base pair genotyping discrepancy found
in 199 blind samples and no instances of Mendelian errors among 21 trios examined. HWE was assessed
using &S 9.2 (Cary, NC) among raases stratified by genetic ancestry. One SNP. ¢(s10027390)
significantly violated HWE (p<1)0in African American necases and was dropped from analysis for this

ancestry group.
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Tagging for two genetic ancestry populatoresulted in redundant (LD>0.8) tagSNPs in the
European American population. Haploview (Cambridge *Mps used to calculate LD (usidpand

generate LD heatmaps.
Confounding by population stratification

Prevous studies suggest that there may be important differences between allelic frequencies in
genes related to inflammatory cytokines between gselforted AfricanAmericans and Whites in the
United States® As rae has also been associated with preterm bfftthere is potential for

confounding by population stratification.

A panel of 157 ancestry informative markers was chosen to estimate genetic ancestry using SNPs
identified in a similar North Carolina-ticial population®* STRUCTURE (Chicag&®®vps used to
guantify genetic ancestry assuming two underlying populeioGenetic ancestry was then used to
stratify the analyses by race (European American and African American), and continuous percent African

American ancestry was included in all models.
Additional covariates

Covariates were selected based on previousligtsiand an examination of a directed acyclic graph
(DAG). Possible covariates included-sgiiorted maternal smoking during the first 6 months of
pregnancy (yes/no), maternal age (<25 yrs325/rs, >=35 yrs), pigregnancy body mass index (<18.5
kg/m?, 18.5-24.9 kg/nf, 25.029.9 kg/nf and >=30.0 kg/rf), and socieeconomic status, as represented
by total family income adjusted for the number of individuals in the household relative to contemporary
local poverty levels. In addition, a number of additional demographic, pregnancy health and study
characterstics were included for the calculation of selection probabilities. All values wereepelfted

with the exception of measured height.
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Statistical Analysis

We used a Btage analysis approach to examine the influence of inflammatory genes on both
preterm and spontaneous preterm birth. Stage 1 was a genel analysis using the SIN&t Kernel
Association Test (SKAfWwith a linear kernel (analogous to logistic regression with an additive genetic
effect). Gene levednalysis is particularly useful in genetically diverse populations where different SNPs
are in LD with the causal SNPs. SKAT also allows for complex SNP interactions, permits covariate
adjustment, and does not penalized SNPs with opposing associatioreaged or decreased risk)
within a single gene. SNPs were grouped by gene intesBtdRand genes in close proximity (within 25
kbp) were analyzed together. Individuals with at least one missing genotype were dropped from the
relevant SNBet but were inalded in other SNiBets where they had complete data. On average, 98%
of individuals were included in each SBH? with a range of 9200% Table S4). Hypothesis testing in
SKAT was conducted using a variance component score test of the null hypothéetlie theneral
function for the SNRet equals 3" Analyses were performed within strata defined by genetic ancestry
and additionally adjusted for percent African American ancestry. A false discovery rate (FDR VR0
used to identify genes which progressed to Stage 2. The FDR was calculated as #QisialgdR
(p.adjust, FDR). Cases included all preterm births with a subset analysis of spontaneous preterm birth.
Conrols included term births without gestational hypertension or small for gestational age

complications (Tablém> a5AaSFasS CNBS¢0 o

The goal of Stage 2 was to identify the SNPs in each gene responsible for the signifiesatt SNP
association pralues estimted in Stage 1. Given the prevalence of preterm birth in this population
(13.5%), risk ratios were estimated using the entire genotyped cohort andlaéag risk model.
Inverse probability weighting was used so that the estimates reflect the eligilplelgiion. Cases were

all preterm births with a subset analysis of spontaneous preterm births. Controls were all genotyped
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term births (Tablet.1 Term Births). Briefly, the probability of being selected into the genotyped sample
(N=1646) was calculated fal eligible women (N=3065) using a logistic model including all covariates in
Table 1 as well as additional demographic and study related characteristics. The inverse of these
selection probabilities was used to weight the analysis. Robust variance tsgmsaere used. Given the
dependence between Stage 1 and Stage 2, top ranking SNPs from Stage 2 were reported based on the
consistency of the observed association in both preterm birth and spontaneous preterm birth, as well

consistency across genetic antgsgyroups.

Results

The final analysis set included N=1598 individuals. Women were predominantly White (62.6%),
non-smoking (74.4%), wedlducated (52% with at least high school education) with a mean BMI of 26.5
kg/m?and a mean age at the start of pregnancy of 26.1 years (Babjle In the underlying cohort,
preterm birth occurred in 13.5% of births, and 62.1% of these were spontaneous. The eligible and

genotyped population did not differ appreciably from the enti@hort (Table S%).

Stage 1: Gene Set Analysis

Proximity of genes resulted in 24 gesets withiIL13andIL4,andLTAand TNFrespectively,
considered jointly in the SKAT analysis. Genes with a singlefGRBX, TGFB8r with SNPs genotyped
solely forreplication purposesli{1AandIL1Beach with 2 SNPs) were not included in the Stage 1,-gene

level analysis.

For preterm birth, four gensets (FNGR2, IL12A, KIR3DL2, C&spriated with Natural Killer Cells
and one gene associated with Th2 immunityl@/IL4 met the FDR criteria of 20% (Tabl2) among

European American$=NGR2andIL13/IL4also met the FDR criteria for spontaneous preterm birth. No
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genesets were significantly associated with preterm birth or spontaneous preterm birth among African

American participants.

Stage 2: Single SNP Analysis

The five genesets identified in Stage 1 (90 SNPs) and 7 SNPs not included in Stage 1, were
examined in Stage 2 in both European and African Americans. Table 3 presents the RR and 95% CI for
the stronges single SNP results. All of the single SNP results can be folialenSé. In the
assessment of covariates, nested models adjusted only for percent genetic ancestry were compared
with fully and singly adjusted models for a subset of the SNPs withrihregest associations.

Adjustment for all, or any, of the covariates failed to change the point estimates (>10%) (Results not

shown).

IL12A

Two SNPs (rs6441282 and rs692890) showed consistent associations-QRR for7both ancestry
groups and both outcomes, with the variant allele conferring reduced risk of both preterm and
spontaneous preterm birth. The variant alleles were the minoledléor European American women
(allele frequency: 0.47 and 0.33) but were more common in African American women (allele frequency:
0.66 and 0.63). These two SNPs were in strong LD among African American women but not among

European American women (Figutd).

In European American women, another SNP in moderate LD with rs692890 (rs609907¥(Ejgure
also conferred a reduced risk (RR=0.8) for total and spontaneous preterm birth. A number of SNPs
had consistent results for both outcomes among Europ&arerican women only: rs503582, rs7653097
and rs755004 (RR 1.B.5), rs13064168 (RR 0.6) and rs17826053 (RR 0.8). SNP rs4680536 showed an

increased risk with spontaneous preterm only (RR=1.3, 95%-CI7).0
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CSF2 and IL3

Two LD blocks in European Ameniegomen (Figurd.2) show an association betwe&@SF2and
preterm birth. A group of three SNPs (rs25881, rs25882, rs2748r), including one intron variant

and one missense variant, conferred increased risk (RR=)3or preterm birth only.

As seond LD block (rs721121, rs4705916, rs743564, rs6898210856 in European American
women) was associated with generally reduced risk of preterm for both European and African American
women. For African American women there was a strengthening of theadskction for spontaneous

preterm birth for rs721121 and rs4705916 (RR=0.57, 95% CI 0.4, 0.9).

Upstream tags fo€CSF2lso captured SNPs which are more closely associatedv@tne intronic
variant inlL3(rs31481) was associated with an increaseHt for preterm birth among both ancestry
groups (RR 1:3.4). Among white women only, a downstream SNP (rs11575022) was associated with an

increased risk for both preterm and spontaneous preterm birth (RR 1.6 and 1.4 respectively).

IL13 and IL4

IL13andlL4are very close on Chromosome 5 and were considered together for Stage 1. In both
genes, associations were generally found for European American women only, and these associations
were strongest for spontaneous preterm birth. b3 a cluster of 3 SNHn strong LD $#0.8) (Figure
4.3)(rs7737470, rs3091307, rs1881457) had RR frorl B.8or spontaneous preterm birth. A second
cluster in LD €20.7) (rs2243204, rs2243210, rs2243218, rs2243219) had RR frdn® 1The results for
IL4were more variedvith both protective and risk alleles. One cluster of SNPs in strong*@m8)
(rs2243267, rs2243270, rs11242123) showed both risk (RR8).@nd protective variants (rs2243250)
(RR 0.6). A single SNP (rs11242122) downstredid stiowed a particuldy strong protective

association for spontaneous preterm birth with an RR=0.5 (95%-0I10).4
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KIR3DL2

Results for SNPs KIR3DL®vere found only for European American women. Two downstream
SNPs (rs11672983, rs3816051) showed consistent increasedrrisitii preterm and spontaneous
preterm births (RR 1:3.4). A single SNP rs4806457 which is an intron variant showed a risk association

with preterm birth only (RR=1.7, 95% CI-2.1).

IENGR2

Among European American women, two LD clustetENGR2vere seen (Figure 4). Rs9978223,
rs2268241 and rs9808753%0.9) all showed a reduced risk, with a strengthening of the association for
spontaneous preterm (RR 0067). An additional cluster of two SNPs (rs9808685, rs28342007)

showed a consistent fisassociation with both preterm and spontaneous preterm births (RR 1.3).
Discussion

We undertook an investigation ofcell and Nkcell related gene variants in a biracial pregnancy
cohort. In addition to novel findings KIRgenes, we found important associations for genes associated

with NK cells and Th2 immunity.

In our study a number of the genes which showed a gene level association are related to Natural
Killer (NK) cells and their functiol.{2A, IFNGR2, CSF2 and KIR3BK cells and the cytokines
associated with thenflL12, IL15, IL6, IFNTNF and CSFRhave been documented to change
dramatically over the course of pregnarity*and may be closely inlieed in immune tolerance to the
developing placenta and adequate placental implantation early in pregnancy. Related to NK Cells, killer

cell immunoglobulidike receptor (KIR) genes may be particularly important in allowing trophoblast cells
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to evade destuction by NK cells during placental development. Indeed, KIR genes have been implicated

in both recurrent miscarriage and preeclamp¥ta.

While this is the first study to examine the association between KIRs andmrbigh, previous
studies have genotypelll 12A, IFNGR2, CSH2L3andIL4with fewer than 8 SNPs per gene and often 5
or fewer SNPs, which vastly underestimates the underlying genetic variation. The positive findings in this
study relative to the previas null findings may be due to more extensive coverage of the gene, and

additionally the enhanced power of our Stage 1 gene level analysis.

IL12Aand CSF2howed single SNP associations in both ancestry groups suggesting common
pathways.L12Ais an impotant stimulator of NK cells and results in production of both®¥NFI yR L Cb
1 28As an upstream regulator of NK cells, IL12 can stimulate the releasedf TNFK A OK Ay ONB I a S &
amniotic fluid with the onset of laborNFh A a4 | 842 O0A 1 GSR 6AGK YSYONIyYyS RS
and uterine contraction$! Upstream changes in the regulation of Natural Killer cells could have

significantimpacton TNF £ S@Sf & Ay hedvisehygrmaliyifuhdtioningNFg2rie.

CSFs also released from NK cells and levels are suppressed ifi’ted23® trimester in
uncomplicated pregnanci€$. Of interest, two of theCSFBNPs (rs4705916 and rd221) with
consistent associations with spontaneous preterm birth in both European and African Americans, flank a

possible regulatory region on chromosome 5 that regulates I@$F2and IL3%%°

The two remaining NEKssociated gene&(R3DL2and IFNGRRwere associated with preterm birth
only among European AmericatBNGR2s the receptorfor IFN g KA OK A& |y AYLER NI yi
cytokine.IFNGR2xpression changes over the course of normal pregrfdhagd dysregulation of
IFNGR2hrough polymorphisms may influence the timing of parturition through its role in multiple

immune related cell lines. AlthoudtiR3DL2nay be implicated directly in placental implantatitfitwo
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SNPs which were used to tB¢R3DL2re closer to a gene related to IgA resporSEAR FCARas
shown altered expression over the course of pregn&i@fthough the significance of this change is
unknown. More extensive examination BEARs warranted to distinguish which gene these tags are

capturing.

In addition to the genes related to NK cells, Th2 cytokib&3andIL4had strong gene level and
single SNP associations. These genes|lafd@re quite close together on chromosome 5 and share
regulatory elements located betwedRAD5GNd IL13%*! The strongest associations fiirl 3appear for
three SNPs which aig strong LD {=0.9) with each other and share strong LD with a number of
untyped SNPs within botRAD5Gnd an intergenic locus control region. As this regulatory region has
the potential to influence expression tf13, IL4&ndIL5 further investigatia of this region would be

worthwhile.

Both gene and SNP level results differed for groups stratified by genetic ancestry. It is possible that
fewer African American participants, weaker patterns of LD, and population substructure which reduces
effective sample size, could explain the lackrofasociation with any of the candidate genes we
explored. However, despite our inability to detect a significant gene level association for African
Americans, the similar single SNP result€d¥8F2ndIL12Asuggest that similar genes are important for

both groups.

Apart from power issues, evidence suggests that different genes and biological pathways may be
associated with preterm birth in US Whites and African Ameri¢afiSReproductive outcom@such as
preterm birth have strong selective pressuféSWhile the negative selective pressure of increased
neonatal mortality is clear, positive selective pressure may also act on genes related to preterm birth.
Decreased cephalopelvic disproportfétand hostile intrauterine environments in the presence of

uterine or placental infectiof> may make preterm delivery a lifesavingeet for both infant and
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mother. In the face of different infectious and environmental exposures over generations and across
populations, divergent genes and biological pathways may have emerged in geographically and
genetically distinct ancestral group$.Given the possibility that the biologic and genetic underpinnings

of preterm birth vary by ancestral origins, stratification by ancestry is essential. And additionally, it may
not be reasonable to assume thasults from geographically distinct populations are generalizable,
especially if the social and environmental exposures among these populations can differentially activate
the relevant pathways. It would follow, then, that gene by environment studiestwéécount for

differences in both genetic structure and soeinvironmental exposures and are needed to clarify

disparate associations across studies.

This study has several limitations that should be considered in future studies examining genetic
associtions with preterm and spontaneous preterm birth. Fetal genes may also play a role in preterm
birth. This study did not have access to fetal DNA and was unable to explore main effects or interactions
with fetal DNA. While inclusion of fetal DNA is impottemunderstand all possible pathways to preterm
birth, the findings of this study support population based studies which suggest that maternal genetics
may play an independent role in the risk of preterm birth. Additionally, tagSNPs themselves are not
expected to be the causal SNP and further fine mapping of genomic regions identified by this study is

necessary to identify the causal SNPs.

In summary, this study broadened coverage of polymorphisms in genes related to inflammation
and explored novel geneslated to NK cells. Using a larger population of African American women
compared with previous candidate gene studies also allowed us to identify common risk alleles for both
genetic ancestry groups. Genes associated with NK Hel24, IFNGR#hdKIR3DR) were novel
findings, and results suggest that further examination of the regulatory regions associated with

cytokines on 5g31Il(4, IL13, IL3, CSF2ay be fruitful.
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Table4.1: Demographic Characteristics of PIN Mothers

Preterm Case Disease Free Term BirtH'
European African European African European African
Genetic Ancestrgl American  American American American American American
N=194 N=134 N=409 N=204 N=813 N=457

Maternal Age
<25yrs 94 (48.5) 50 (37.3) 215 (52.6) 68 (33.3) 401 (49.3) 159 (34.8)
2534 yrs 77 (39.7) 73 (54.5) 133 (32.5) 132 (64.7) | 294 (36.2) 281 (61.5)

35+yrs  23(11.9) 11 (8.2) 61 (14.9) 4 (2.0) 118 (14.5) 17 (3.7)

Smoking
No 115(66.5) 95(80.5) | 302 (77.4) 148 (84.6) | 541 (71.0) 325 (81.9)

Yes 58(33.5) 23(19.5) | 88(22.6) 27 (15.4) | 221(29.0) 72 (18.1)

Missing 21 (10.8) 16 (11.9) 19 (4.6) 29 (14.2) 51 (6.3) 60 (13.1)

BMI (kg/m")®
<185 14 (7.5) 8 (6.5) 23 (5.7) 16(8.3) 41 (5.2) 30 (7.1)

18.524.9 95(50.8) 43(34.7) | 250 (62.2) 79 (40.9) | 431(54.9) 158 (37.3)

2529.9 44 (235) 28 (22.6) 71 (17.7) 39(20.2) | 146(18.6) 85(20.1)

30+ 34(18.2) 45(36.3) 58 (14.4) 59 (30.6) | 167 (21.3) 151 (35.6)
Missing 7 (3.6) 10(7.5) 7 (1.7) 11 (5.4) 28 (3.4) 33(7.2)

Poverty Index
Mean (SD) 331 (254) 132 (94) 367 (238) 144 (123) 343 (234) 148 (126)
Missing 23 (11.9) 17 (12.7) 24 (5.9) 37 (18.1) 57 (7.0) 94 (20.6)

Marital Status

Married 134 (69.1) 39 (29.3) 313(76.5) 32 (15.7) 587 (72.2) 83 (18.2)

Unmarried 60 (30.9) 94 (70.7) 96 (23.5) 172 (84.3) | 226 (27.8) 374 (81.8)
Missing 0 1(0.7) 0 0 0 0

Education
13+yrs 105 (54.1) 56 (41.8) 275 (67.2) 68 (33.3) 498 (61.3) 172 (37.6)
<=12yrs 89 (45.9) 78(58.2) 134 (32.8) 136 (66.7) 315 (38.8) 285 (62.4)

Parity

Nulliparous 88 (45.4) 49 (36.8) 189 (46.4) 88 (43.1) 398 (49.1) 219 (47.9)

Multiparous 106 (54.6) 84 (63.2) 218 (53.6) 116 (56.9) | 413(50.9) 238 (52.1)
Missing 0 1(0.7) 2 (0.5) 0 2(0.2) 0

Spontaneous Preterm
Yes 103 (53.1) 65 (48.5)

a Term births includelisease fregerm birthsplusterm birthswith other outcomes of interest: small for gestational age,
gestational hypertensioand preeclampsia

b Geneticancestry determined using 148 AIMs and STRUCTURE.

¢ Selfreported smoking during months-@ of pregnancy.

d PrepregnancyBMI calculated from seleported prepregnancy weight and measured height.

144



Table4.2: @ values from SKAT analydisr each geneset stratified by genetic ancestry

European Americah African Americafi

Gene Preterm Spontaneous Preterm Spontaneous
IFNGRZ 0.06 0.18 0.93 1.00
IL13& IL4 0.10 0.01* 1.00 1.00
KIR3DLZ 0.10 0.43 0.89 1.00
IL12A 0.10 0.44 0.89 0.64
CSFz 0.14 0.67 0.89 0.82
IL18 0.40 0.44 0.93 1.00
GATA3 0.40 0.48 0.89 1.00
IL10 0.40 0.48 0.89 0.82
IL12B 0.54 0.81 0.93 1.00
IL6 0.54 0.79 0.93 0.92
KIR2DL4 0.54 0.43 0.89 1.00
IL15 0.66 0.67 0.93 0.89
LTA& TNF 0.70 0.70 0.48 1.00
IFNG 0.75 1.00 0.89 0.64
TBX21 0.75 1.00 0.89 0.92
NFKB1 0.75 1.00 0.93 1.00
TNFRSF1] 0.75 0.67 0.89 0.64
IL8 0.75 0.67 0.93 0.82
KIR3DL: 0.75 0.67 0.89 0.64
KLDR]] 0.85 1.00 0.89 1.00
IL6R 0.88 0.67 0.93 1.00
IL2 0.89 0.81 0.89 0.82
IL8RB 1.00 0.81 0.93 1.00
CXCLA( 1.00 0.81 0.89 1.00

a Genetic ancestry determined from 148 AIMS and STRUCTURE

b Q values represent the proportion of false positives (number of false rejections/total number of
rejections)

*Bonferroni pvalue for p=0.05 and 24 genesets= 0.002. Talpe for IL13&IL4 met this criterion for
spontaneous preterm among White mothers.elfrvalue for IFNGR2 met this criterion for preterm
among White mothers.

Boldmeets FDR <0.2
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Table4.3: Single SNP Relative Rekd 95% Confidence Intervals for Preterm and Spontaneous

Preterm Birth among Mothers Stratified by Genetic Ancestry

European Americah African Americah
Gene/SNP Preterm Spont. Preterm Preterm Spont. Preterm
IL12A
rs503582 1.3(.1,12.7) 13(1.0,1.7)|] 1.1(0.8,1.4) 1.0(0.7,1.4)
rs7653097 15(.0,21) 14(0.9,23)| 1.0(0.7,1.4) 0.9(0.6,1.5)
rs13064168 0.6(04,08) 0.7(04,10))] 2.12(.7,1.7) 1.3(0.7,2.4)
rs609907* 0.6(0.5,08) 0.7(0.5,1.0)] 1.1(0.8,1.6) 1.2(0.7,2.0)
rs2647929 1.1(0.9,14) 11(0.8,15)| 1.1(0.8,1.6) 1.6(1.0,2.4)
rs9811792 1.1(0.9,14) 11(0.8,15)| 1.1(0.8,1.4) 15(1.0,2.2)
rs7372767 1.1(0.9,14) 11(0.9,15)| 1.3(0.9,1.7) 1.7(1.1,2.6)
rs6441282 0.8(0.6,1.00 0.8(0.6,1.0)] 0.8(0.6,1.0) 0.7 (0.5,1.0)
rs692890 0.7(0.6,09) 0.7(05,09)] 0.8(0.6,1.1) 0.7(0.5,1.0
rs755004 1.3(1.0,1.7) 15(.1,21)] 06(0.3,1.2) 0.6(0.2,1.7)
rs17826053 0.7(0.5,10) 0.7(05,1.1) ]| 1.0(0.7,1.4) 0.7(0.4,1.2)
rs4680536 1.1(0.9,14) 13(1.0,1.7)|] 1.1(0.8,1.4) 1.0(0.7,1.49)
IFNGR2
rs6517167 1.3(1.0,1.7) 1.1(0.7,16)| 1.1(0.8,1.4) 0.9(0.6,1.3)
rs9978223 0.7(05,09) 06(0.4,10))] 1.21(0.8,1.4) 1.1(0.7,1.5)
rs2268241 0.6(0.5,09) 0.6(0.3,09)] 1.2(09,16) 1.3(0.9,1.8)
rs9808685 1.3(.1,1.7) 13(1.0,1.8)| 1.0(0.8,1.3) 0.9(0.6,1.3)
rs2834210 1.3(1.0,16) 13(0.9,1.7)|] 1.0(0.8,1.4) 0.9(0.6,1.3)
rs9808753 0.7(0.5,1.0) 0.6(04,10) ] 1.2(0.9,16) 1.1(0.7,1.8)
rs2834213 1.1(0.9,14) 11(0.8,15)| 1.2(0.7,2.1) 1.8(0.9,3.5)
KIR3DL2
rs4806457 1.7(.1,27) 15(0.7,3.1)| 1.0(0.5,1.8) 0.7(0.3,1.7)
rs11672983 1.3(1.0,15) 1.3(.0,1.7)| 0.8(0.6,1.0) 0.9(0.6, 1.4)
rs3816051 14(2.2,1.7) 141,19 09(0.6,1.1) 0.9(0.6,1.3)
IL3
rs31481 14(.1,18) 1.0(0.7,15)] 1.3(0.9,1.8) 1.2(0.7,2.0)
rs11575022 16(1.1,23) 15(0.9,26)| 1.1(0.7,15) 1.0(0.6,1.7)
CSF2
rs721121 0.8(0.7,1.00)0 0.9(0.7,1.2)] 0.7(0.5,1.00 0.6(0.4,0.9
rs4705916 0.8(0.6,1.0) 0.8(0.6,1.1)] 0.7(0.5,1.00 0.6(0.4,0.9
rs743564 0.8(0.6,1.0)0 0.9(0.6,1.2)] 0.7(0.5,1.00 0.8(0.5,1.2)
rs25881 14(.0,18) 1.2(0.8,1.7)| 1.0(0.8,1.4) 0.9(0.6,1.4)
rs25882 1.3(.0,12.7) 11(0.7,16)| 1.1(0.8,1.5) 1.0(0.7,1.6)
rs27438 13(.0,12.7) 11(0.8,1.6)|] 09(0.7,1.1) 0.8(0.6,1.2)
rs6898270 0.8(0.6,1.0) 09(0.6,1.2)] 0.8(0.6,1.2) 0.8(0.5,1.3)
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Table4.3 continued

Europeammericarf African Americah

Preterm Spont. Preterm Preterm Spont. Preterm
IL13
rs7737470* |1 1.4 (1.1,1.8) 1.9 (1.4,2.5)* 1.1 (0.8,1.4) 1.0(0.6,1.5)
rs3091307* | 1.4 (1.1, 1.8) 1.9 (1.4, 2.6)* 1.0 (0.7, 1.3) 0.9 (0.7, 1.3)
rs1881457* | 1.5(1.1,1.9) 1.8 (1.3,2.5)* 1.0 (0.7, 1.3) 1.1 (0.7, 1.8)
rs1295686 | 0.8 (0.6, 1.1) 0.7 (0.5,1.0)|] 1.1 (0.9,1.5) 1.2(0.8,1.7)
rs20541 1.2(0.9,16) 1.5(1.1,2.1)] 0.9(0.6,1.2) 0.8(0.5,1.3)
rs848 1.2(0.9,16) 1.5(1.0,2.0)]1.1(0.8,1.4) 1.1(0.81.4)
rs1295683 | 1.3(0.9,1.7) 1.5(1.0,2.2)] 0.8 (0.5,1.3) 0.7 (0.4,1.4)
rs2243204 (1.2 (0.9,1.8) 1.5(0.9, 2.3)| 0.9 (0.7,1.2) 0.9 (0.6, 1.3)
rs2243210 |1.0(0.7,1.6) 1.3(0.8,2.2)] 0.8 (0.6,1.1) 0.8(0.5,1.3)
rs2243218 |(1.2(0.8,1.7) 1.5(1.02.3) | 1.0(0.7,1.3) 1.0(0.7,1.5)
rs2243219 |1.2(0.9,1.8) 1.5(1.0,2.3)] 1.0(0.8,1.3) 0.9(0.7,1.3)
IL4
rs2243250 | 0.7 (0.5,0.9) 0.6 (0.4,0.9)| 1.0(0.8,1.4) 1.0(0.7,1.5)
rs2243263 |1.2(0.9,1.7) 1.6(1.1,2.3)] 1.1(0.8,1.5) 1.2(0.8,1.9)
rs2243267 |1.5(1.1,2.0) 1.8(1.2,2.6)] 1.1(0.8,1.5) 1.2(0.8,1.9)
rs2243270 (1.4 (1.1,1.9) 1.7 (1.1,2.5)| 0.9 (0.7,1.2) 0.9 (0.6, 1.3)
rs11242122* 0.7 (0.6, 0.9) 0.5 (0.4, 0.7)* 1.0 (0.8, 1.3) 0.8 (0.5, 1.2)
rs11242123 | 1.4 (1.0,1.9) 1.7 (1.22.6) | 1.0(0.8,1.4) 1.1(0.7,1.6)

aBased on genetic ancestry
b SNPs arranged by base pair position within each gene

*SNPs and estimates havevplue <0.0005 (Bonferroni correction for 100 SNPs in Stage 2)
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Figure4.1: linkageDisequilibriumin IL12Awithin European and African Americans
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Figure4.3: Linkage Disequilibrium withihL13and IL4within European Americans
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Figure4.4: Linkage Disequilibrium withinFNGR2or European Americas
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Paper #2 Polymorphisms innflammatory Genesare Associated with Term SGA and Preeclampsia

Harmon QE, Engel SM, Wu MC, Moran T, Luo J, Stuebe AM, Avery CL, Olshan A

Introduction

Hypertensive disorders of pregnancy geabr fetal growth often cebccur?and may share
underlying pathology Hypertensive disorders of pregnancy, including gestational hypertension (GHTN)
and preeclampsia (PE), océnup to 20% of pregnanci€and are a leading cause of maternal
mortality.*” Pregnancies complicated by hypertension are at increaskafistillbirth, poor fetal
growth and preterm birttf* *° The prevalence and health consequences of poor fetal growth depend
largely on the metric of assessméhand the specific etiology However, low birth weight is
consistently associated with increased infant mortalityEach outcome has also been associated with

later risk of cardiovascular disease in the motfgr > ™

Hypertension in pregnancy and poor fetal growth often share common placental lpgiho
including shallow or inadequate placentatidr * *°In addition, women with either outcome exhibit

d* " ®%nd at the time of diagnosis* " * ™ Adequate

altered inflammatory biomarkers both preedin
placentation is to a large degree dependent on tightly regulated local inflammatory proté$ses
particular natural kill (NKand T ceff activity. Placental growth and uterine wall remodeling may
additionally be influenced by cell cycle genes that regulate cell growth and division in rapidly growing
tissue such as the placerta®*Human and animal placental expression studies suggest that cell cycle

genes may differ in expression or function in women with hypertension in pregnancy or small for

gestational age (SGA)*®

Although a fetal genetic component has been identified for both hypertension in preghaiity

and fetal growth™ these disorders also have a maternal genetic component. However, sparse gene
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coverage, small case groups and lack of control for population stratificaéiea limited previous

studies of genetic associations in small for gestational age infants and preeclampsia. To address these
limitations, we examined the associations between both inflammatory and cell cycle gene and
preeclampsia and SGA with increasedgeoverage and measured genetic ancestry. Here we report on

the association between 40 genes and the outcomes of SGA, gestational hypertension and preeclampsia

in a well characterized biracial pregnancy cohort in North Carolina.

Methods

Study participarg were drawn from the Pregnancy, Infection and Nutrition (PIN) cgfibff®
which was established to assess antenatal risk factors for a variety of reproductive outcomes. Briefly,
women wereenrolled between August 1995 and June 2005 from prenatal clinics at Wake County
Human Services Department, Wake Medical Center and the University of North Carolina (UNC)
Hospital'®* %> Womenwere ineligible if they were less than 16 years old, did not speak English, lacked
a telephone, were carrying more than one fetus or did not plan to continue care at the recruitment

hospital.

Outcome and covariate data were collected through-selifninigdered questionnaires, telephone
interviews during pregnancy and abstraction of maternal and infant medical records. Maternal blood for
genetic analysis was collected during the first study visit. All participants gave consent and the study was

approved bythe institutional review boards of UNC School of Medicine and Wake Medical center.

Of those enrolled, 3539 women (68.5%) allowed their DNA to be used for genetic analysis. Eligibility
for genotyping in the current study also included collection of a sigtaim-specimen (N=3289), self
reported race as White or African American (N=3075) and recorded date of delivery (N=3065). These

eligibility criteria resulted in 3065 (59.3%) women who were eligible for selection. From the eligible
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population, 1646 pregnames were selected for genotyping. Attempts were made to genotype all
eligible cases. Missing or inadequate samples resulted in (N, % of eligible); 216 (90.4%) SGA, 398 (95.2%)
GHTN and 170 (91.9%) PE cases. Control births (N=918) were selected fromatinégeeligible

women.

Outcome assessment

SGA status was defined as birth weight below th® gércentile for gestational age, stratified by
infant race and sex and maternal parity based on percentiles from 1989 US'Births a proxy
measure for impaired fetal growth, SGA may not appropriately classify preterm iff4fasd may
misidentify constitutionally small infants as SGA. In as much as coraouses may exist for preterm

birth and poor intrauterine growtfi* term SGA was considered as an additional phenotype.

Gestational hypertension and preeclampsia were assessed using clinical records. Prior, to 2002
hypertension during pregnancy was defined using a relative increase of 30mmHg in Systolic Blood
t NEBidada2NE o0.t0 2NJ I mMpYYIl 3 AYyONBIFAS Ay (GUKS 5Aladzt
Following American College of Obstetrics and GynecologyGA@ommendations in 2002 the
definition of hypertension was changed to an absolute cut point of Systolic BP >=140 mmHg or Diastolic
BP >=9@nmHg*® Diagnoses in this study reflect the clinical criteria in use at the time of the pregnancy.
While the newer ACOG criteria reduces the number of women who receive a diagnosis of preeclampsia,
however the positive predictive value for adverse maternal af@hinoutcomes is similar for the two
sets of criterig>® Preexisting hypertension, onset of hypertension after 20 weeks and evidence of
proteinuria were abstracted from antenatal charts and discharge diagnoses. ®aatdtypertension
was defined as new onset hypertension following 20 weeks in the absence of proteinuria. Preeclampsia
was defined as hew onset hypertension (using the criteria appropriate at the time of pregnancy) and

evidence of proteinuria. Women witbreexisting hypertension, or hypertension before 20 weeks, were
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excluded from both the case and control groups for all analyses of gestational hypertension and

preeclampsia.

Additional Covariates

Covariates of interest were selected based on previous studid explored as potential
confounders using directed acyclic grapffsAll values were seleported, with the exception of
measured height. Covariates included maternal age (<25 y¥34 3%s, >=35 yrs), bodgass indeX"
(<18.5 kg/m, 18.524.9 kg/nf, 25.029.9 kg/nf and >=30.0 kg/rf), any maternal smoking during the
first 6 months of pregnhancy (yes/no), parityulliparous, multiparous) and a continuous measure of
socioeconomic status based on contemporary levels of poverty indexed to household income and
household size. In addition, study related variables, and additional demographic and pregnancy health

characteristics were included for the calculation of selection probabilities.

Single Nucleotide Polymorphisms: Selection and Assessment

Thirty inflammatory and 10 cell cycle genes (546 SNPs) were selected as candidate genes. Tag SNPs
were selected using TagZifl’ for two population with a 20kb upstream and 10kb downstream margin
restricting to minor allele frequencies >=10% and linkage disequilibrium (LD)%0.8 @ustom 1536
lllumina GoldenGate plate was designekich also included SNPs from genes associated with

angiogenic and apoptosis pathways.

Buffy coat fractions were isolated from fresh whole blood and store8@&C in CPT tubes. DNA

was extracted using Applied Biosystems automated DNA extfamdrQiagen chemistry.
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Genotyping was conducted at the University of North Carolina Genomics Core (Chapel Hill, NC) and
I ffSftSa 6SNS NBIR dzaAy3a GKS LfEfdzYAyl . SFR! NNI& wS

automated genotype calling.

Poor genotyping quality (<95% of individuals called) resulted in the loss of 43 SNPs. Further quality
control was conducted on the remaining 503 SNPs using blinded PIN samples and standardized controls
from Corriel Utah family triasThere was one instance of a single base pair genotyping discrepancy
found in 199 blind samples (IL4: rs2243250), and there were no instances of mendelian errors among 21
trios examined. Hardy Weinberg Equilibrium was assessed using $3A8fdhg norcases stratified
by genetic ancestry. One SNP2( rs10027390) significantly violated HWE (p%1® African American

non-cases and was dropped from analysis for this ancestry group.

In tagging two populatios, redundant SNPs (Linkage Disequilibrium ith.8) were included for
European Americans, and use of a Yoruban reference population also resulted in some redundant SNPs
for our African American population. Linkage Disequilibrium (LD) in the studygbiopuivas calculated
and heatmaps were created using Haplov@Wwin addition to pairwise LD in this population, long range

LD with untyped SNPs was explored using $KAfh the 1000 Genomes Project Pilot 1.

Genetic ancestry

Differences in the allelic frequency in genes associated with inflammation have been reported
among Whites and African Americans in the United Stdfe$he incidence of preeclampéfand birth
weight® also vary by selfeported race presenting the possibility of confounding by genetaeatry.
Genetic ancestry was therefore assessed using ancestry informative markers (N=157) that have

previously been used in a similar population in North Cardffh& TRUCTUREWwas used to calculate a
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continuous genetic ancestry variable. All analyses were stratified by genetic ancestry (European and

African American) and also included continuous percent African ancestry.

Statistical analysis

We employed a twestage approach to identify associations between inflammatory and cell cycle
genes and the outcomes of SGA, GHTN and PE. Stage 1 utilized-#et BBiffel Association T&%t
(SKAT) with a linear kernel (analogous gidtic regression with an additive genetic model). SKAT was
chosen as it permits SNP interactions within a gene, allows adjustment for covariates and accounts for
SNPs with opposing effects (protective or risk) within a gene-seléRvere constructed badeon
candidate genes and genes within 25kBP were analyzed together. Genes with single GNIRSTIGFB3,
TGFB1, MDM2or SNPs chosen solely for replicatitil A, IL1Bwere not included in the Stage 1
analysis. Individuals with missing genotype informaiim any SNPs in a set were dropped from the
analysis. On average 99% of individuals were included in eacheé®MiRh a minimum of 91%
(Supplemental Table 1). Analyses were conducted for each outcome with uncomplicated term births as
the control group. Br GHTN and PE, women with chronic hypertension were removed from the control
group. The null hypothesis that the general function for the SdtRequals zero is tested using a
variance component score test in SKATA false discovery rate (FDRpf 20% was used to identify
SNPsets which advanced to Stage 2 analysigalBes from SKAT were transformed t&@alues using

R(p.aljust, FDRY’ accounting for the number of SNfets analyzed (N=31).

The Stage 2 analysis was used to quantify the individual SNP associations within-#etsSNP
identified as significant in Stage 1. GHTN was not rare in this population (15% in the underlying PIN
cohort); therefore, we estimated risk ratios for all outcosngsing a loginear risk model. Given a high
proportion of small cell (<5) counts of homozygous recessives in some of the case groups, dominant

genetic models were used unless the smallest cell was >5. Inverse probability of selection weighting was
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used ® that the estimates are generalizable to the eligible population. Briefly, a logistic model was used
to calculate the probability that an eligible woman (N=3065) was selected for genotyping (N=1646)
based on all covariates in Table 1 and other sttedgted, demographic and pregnancglated

variables. The inverse of this probability was then used to weight the model. Robust variances were
used, although they are likely overestimate the true variafi€eStage 2 is nandependent of Stage 1,
therefore top ranking SNPs from Stage 2 were reported based on the consistency of the observed
association in associated outcomes (SGA and Term SGA) as well as between groups based genetic
ancestry groups. Analyses were stratiflesed on genetic ancestry and additionally adjusted for a
continuous ancestry variable. In a limited subset of high priority models (N=15) we also examined the
influence of maternal age, smoking, BMI, parity and socio economic status on point estimates and

precision.

Results

The final analysis dataset included 1598 women. Tahland 4.5 presents the demographic
characteristics of the case and control groups for SGA and hypertensive disorders of pregnancy
respectively. Women who consented and were susfidlyy genotyped were similar to the underlying
PIN cohort and were predominately White (62.6%), well educated (51.9% with more than high school
education), norsmokers (74.4%) with a mean age of 26.1 years and a mean BMI of 26°F Kajihe
ST7). Althoudh demographics differed between European and African Americans, the differences were
not as pronounced between cases and controls within strata of genetic ancestry. Adjustment for any or
all of the covariates in Table4failed to change the single SN&imt estimates more than 10% (results

not shown). Therefore we only present estimates adjusted for genetic ancestry.
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Stage 1: Genset analysis

SNPs were combined into 31 SsH®s. Due to proximity on the genomi& Aand TNF IL13andIL4
and CDKN2Aand (DKN2Bvere considered as single SiiEts. Four SNBets met the FDR criteria of 20%
in Stage 1lL6andKLRD1vere associated with term SGA among African Americang Bix@land
LTA/TNRvere associated with PE among European Americans. Nae&blmet theFDR criteria for SGA

or GHTN (Tablé.6).

Stage 2: Single SNP analysis

The 55 SNPs associated with the SHR identified in Stage 1 and the 8 SNPs not included in Stage
1 were assessed in Stage 2 in both ancestral groups (Fatded Tabled.8). SingleéSNP results for all

genes and outcomes can be foundTiables S18 and S19

SGA

IL6andKLRD1vere associatd with Term SGA only among African Americans. Single SNP
associations withinL6however were generally consistent in both ancestry groups, although slightly
weaker for European Americans (Tabl@)4The strongest single SNP associations for Term SGA {RR 1.9
2.4) for both ancestry groups were seen for a group of 3 intrlil@S&NPsr61548216, rs2069843,
rs2069849). This group of SNPs is in full £f1{among European Americans and partial LD in African
Americans (=0.720.85) (Figure.5). Another group of SNPs upstream friitBwas also associated
with an increased risk of TerBGA (RR 1:85) for both African and European Americans (rs6963444,

rs7784987, rs3087221).

ForKLRDMhowever, single SNP associations were dissimilar across the two ancestry groups. The

tagSNPs chosen represent a single block of high LD among Europegcafis) except for two SNPs
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which were quite rare in European Americans (rs10772256, rs7301562) (FiGurgeen as a block,

there was an overall null association with both SGA and Term SGA for European Americans. In contrast,
among AfricarAmericans, aumber of SNPs were relatively strongly associated with Term SGA. In
particular, rs10772256 (missense) and rs7301562LJr were associated with a decreased risk of Term
SGA (RR= 0.5, 95% CI@%B. Additionally rs3759270 was also associated withrly fibstantial

decreased risk of Term SGA (RR=0.4, 95%018).3F-inally two SNPs in perfect LD (rs3809214,

rs2302489) were associated with an increased risk of Term SGA (RR=1.6) among African Americans.

Preeclampsia

LTA/TNRRnd TBX2Mwere associated wh preeclampsia, but only for European American women.
Moreover, the single SNP results were generally null for African Americans 4T@bld Aand TNFare
quite close on chromosome 6 (6p21.3) and taggind.fokalso captured intronic regions dfFKBIL
Single SNP results for tags withNRKBILtvere generally null. lhTAwo SNPs in high LEF%0.99)
(Figured.7), rs909253 and rs1041981 (missense) were associated with an increased risk of preeclampsia
(RR=1.5 and 1.4). Another missense SNIF Ans2229094 was associated with a decreased risk of
preeclampsia (RR=0.6, 95% C110). INTNFrs1800629 an upstream SNP that is thought to upregulate

TNFexpressiorf° was found to increase the risk of preeclamp@®R=1.8, 95% C| 22T7).

TagSNPs farBX2laptured two upstream SNPs which were closer to another g&BP1
(rs2013383, rs1808192). These two SNPs are in moderate LD with each st0&8) (Figurd.8) and
have long range LD extending througBKBPwith very little pairwise or long range LD with typed or
untyped SNPs iMBX21The twoTBKBP SNPs were associated with a decreased risk of preeclampsia

RR=0.6. For tagSNPs withiaX2ltself, the associations were null.

158



Preeclampsia exists on a spectrum and clinical diagnostic criteria changed over the course of
participant recruitment. In addition, diagnostic criteria were abstracted from both antenatal records and
discharge records, which sometimes conflicted and werteatways both available. Given these
challenges a validation of the preeclampsia diagnosis was performed in a subset. Among women who
had discordant PE diagnoses (antenatal record differed from discharge diagnosis) we were able to
review the complete anteatal and delivery record of a subsample (N=125). A sensitivity analysis of the
single SNP estimates for SNPETA/TNRnd TBX2Mwas conducted using a more refined PE diagnosis
on the basis of this validation work. Women were considered a validated PE case if they had both an
antenatal record and discharge diagnosis of PE, or if they were included in the chart review and were
foundto have PE using ACOG criteria. Among the 76 validated cases, the single SNP re3uitstbr
TNFwere generally consistent in strength and direction. FBKBP1he estimates were attenuated and,
although in the same direction, the overall effect wasl. However SNPs TBX21which were null
using the entire PE case group, were strengthened and, although imprecise, suggest a possible risk

association.

Discussion

We examined 40 genes related to inflammation and-cgdlle pathways and their assoca@tiwith
SGA, GHTN and PE in a biracial North Carolina population. There were no significant associations for any
of the cell cycle genes. Among African American worliddgand KLRD vere associated with term SGA.
Single SNP associations witHiBsuggesthat a similar, though weaker, association may exist for
European Americans. For the outcome of preeclampsia, associations Wwithamd TNFwere seen for
European American women. Two SNPs within a novel J&iteP1were associated with a decreased

riskof preeclampsia among European American women only.
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We report gene level associations among African Americans only within the term SGA phenotype,
suggesting that these associations are mediated by pathways unrelated to prematurity. It is unclear why
distinctive association patterns emerged for African Americans and whites; however it may reflect
distinct phenotypes, or possibly interactions with social or environmental exposures that are
differentially distributed across these two populatiofis6has beerexamined previously in relation to
SGA with null associations, although many fewer SNPs were used to tag tfié{efimnd apart from
the Engel studithe populations were whitelL6expression decreases over the course of uncomplicated
pregnancy” andIL6early in pregnancy may influence the ability of the placenta to become adequately

implanted.”®®

KLRDICD93 codes for a portion of receptor on both NK and T cells that recognizeE HLA
molecules expressed by trophoblasts during pregn&ficyight regulatia of maternal immunity at the
time of implantation mitigates against rejection of fetal trophoblasts. Dysregulatittl 8D therefore
could result in poor placental implantation due to low levels of maternal rejection. In this study
polymorphisms irKLRDivere only associated with term SGA among African Americans. Although
genetic diversity of HE is much lower than the diversity seen in other MHC genes, there have been
haplotype differences documented between individuals of European and African dé&tefrtderlying

differences in HLA haplotypes may explain the different results seen in ancestry groups.

Genes coding for TNF TN and TNF LT&) were associated with an increased risk of
preeclampsia among Eysean American women. TNF Kl & 0SSy AYLX AOIF 4GSR Ay
preeclampsi& both as a modulator of placental implantation and as a response to the hypoxia created
by poor placental perfusioh Infusions of TNF induce hypertension in pregnant.7dt®espite the
credibility of the biology implicating TNF with preeclampsia, results of genetic epidemiologic studies

have been lesencouraging. A metanalysis of the308A missense mutation (rs1808192) by Bonibell

160



found a null pooled RR. The Bombell study however combined estimates from populations of very

different genetic ancestry. Work in US populations suggest that allele frequenciesfand its related

receptors vary by seteported race, and regulaton dNFh  f S@Sf a RdzZNAy3I LINB3IAylyoe
different between White and African American wom®gh In our stratified analysis, an association at

the genelevel was only apparent for European Americans. Despite thasgpciation in the meta

analysis, the complexity of TNF regulation and apparent heterogeneity based on genetic ancestry

support further investigation into this gene.

A gene level association was found T@X2Wwhich is an important regulator of THhmunity.?**

However the single SNP analysis revealed that the association was most likely with a close upstream
geneTBKBP1akaSINTBAPTBKBPWas identified in 2004 and its function is still being elucidated. |
appears to be related to signalinginthe TNk b C¢ . LI 1 Kgl &a | yR {FR% | OGA DI

Giventheroleof TNF Ay LINBSOf I YLIAA I = FdzNI KiSvirahtgddSa G A 3+ GA2Y

Diagnosis of preeclampsia is difficult both clinically and from a research perspective. Preeclampsia
exists on a spectrum and lacks a gold standard biomarker. Our study also spans a period of time when
the diagnostic criteria were in flux. ®e subset of women diagnosed with PE prior to 2002 may now be
considered to only have had gestational hypertension if they met the relative increase in blood pressure
criteria but did not exceed the current threshold of a blood pressure of 140/90. AlthougRE case
definition is heterogeneous, our ability to exclude women with preexisting hypertension was a strength.
Our validation study supported our initial findings tarA/TNRvith conflicting results for
TBX21/TBKBPAdmittedly, heterogeneity sti#xists within our case definition, however, and future

studies will need to improve case ascertainment.

This study was limited by the lack of fetal DNA, which is an important genetic factor in both of these

reproductive outcomes. While examination of@DNA may have identified additional important
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pathways or highlighted interactions with maternal DNA, the results of this study support population
based studies that identify an independent role of maternal genes in these outcomes. Although we
incorporaked genetic variation in up and downstream regions, ourgpecified boundaries may be too
narrow to capture long range regulatory elemeAts Finally, previous research has demonstrated that
a candidate gene ggwoach has been only modestly successful in identifying genetic associations that
replicate across populations. Nonetheless, the results presented herein are consistent with current
understanding of the biology underpinning preeclampsia and SGA althouifjbateon in an

independent population is needed.

In summary, this study expanded coverage of known candidate inflammatory genes and examined
novel cell cycle and natural kill cell genes while carefully addressing population stratification. The results
of this study reveal important differences in the genetic underpinnings of term SGA and preeclampsia in
European and African Americans while also finding that there may be pathways in common. Novel
associations betweeKLRDANd term SGA antiBKBPand preetampsia need further exploration with
more dense tagging of polymorphisms witfiBKBP&and consideration of HI-BE haplotypes foKLRD1
Associations folL6and TNF/LTAn the face of previous null results, highlight the difficulty in studying
these impotant outcomes that have both phenotypic complexity and multiple environmental and social

risk factors that are likely interacting with biologic pathways.
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Table4.4 Paper #2Demographic characteristics of small for gestational age (SGA) cases and controls

SGA Cases Disease Free Non-SGA Controfs
European African European African European African
Genetic Ancestt’il American  American | American American | American  American
N=117 N=92 N=409 N=204 N=890 N=499
Maternal Age
<25| 55(47.0) 27(29.4) | 215(52.6) 68 (33.3) | 440 (49.4) 182 (36.5)
2534 46(39.3) 59(64.1) | 133(32.5) 132 (64.7) | 325(36.5) 295 (59.1)
35+| 16 (13.7) 6 (6.5) 61(14.9) 4 (2.0) 125 (14.0) 22 (4.4)
Smoking
No | 68 (63.6) 58 (72.5) | 302 (77.4) 148 (84.6) | 588 (71.0) 362 (83.2)
Yes| 39 (36.5) 22 (27.5) 88 (22.6) 27 (15.4) | 240(29.0) 73(16.8)
Missing| 10 (8.5) 12 (13.0) 19 (4.6) 29 (14.2) 62 (7.0) 64 (12.8)
BMI (kg/m?)°
<185| 11(9.9) 11(13.1) | 23(5.7) 16 (8.3) 44 (5.1) 27 (5.8)
18.524.9| 72(64.9) 35(41.7) | 250(62.2) 79 (40.9) | 454 (52.7) 166 (35.8)
2529.9( 16 (14.4) 13(15.5) | 71(17.7)  39(20.2) | 174(20.2) 100 (21.6)
30+( 12(10.8) 25(29.8) 58(14.4) 59 (30.6) [ 189 (22.0) 171 (36.9)
Missing| 6 (5.1) 8 (8.7) 7(1.7) 11 (5.4) 29 (3.3) 35 (7.0)
Marital Status
Married | 77 (65.8) 13 (14.1) | 313 (76.5) 32 (15.7) | 644 (72.4) 109 (21.9)
Unmarried | 40 (34.2) 79 (85.9) 96 (23.5) 172 (84.3) | 246 (27.6) 389 (78.1)
Education (years)
13+ 61(52.1) 27(29.4) | 275(67.2) 68(33.3) | 542 (60.9) 201 (40.3)
<=12| 56 (47.9) 65(70.7) | 134(32.8) 136 (66.7) | 348 (39.1) 298 (59.7)
Parity
Nulliparous| 49 (41.9) 48(52.2) | 189 (46.4) 88 (43.1) | 437 (49.2) 220 (44.2)
Muliparous | 68 (58.1) 44 (47.8) | 218 (53.6) 116 (56.9) | 451 (50.8) 278 (55.8)
Missing 0 0 2 (0.5) 0 2(0.2) 1(0.2)
Poverty Index
Mean (SD)| 310 (237) 119 (85) 367 (238) 144 (123) | 345(237) 148 (124)
Missing| 10 (8.6) 26 (28.3) 24 (5.9) 37(18.1) 70 (7.9) 85 (17.0)
Term SGA 96 (82.1) 64 (69.6) 0 0 0 0
Gestational HTN 19 (17.0) 14 (16.9) 0 0 226 (27.2) 131 (28.5)
Preeclampsial] 11 (9.8) 10 (12.1) 0 0 82 (9.9) 62 (13.5)
Preterm Birth| 21 (18.0) 28 (30.4) 0 0 173 (19.4) 106 (21.2)

a. NonSGAcontrols include nofSGA births with other outcomes of interest: preterm birth (PTB), gestational hypertension

(GHTN) and preeclampsia (PE).
b. Genetic ancestry determined using 148 AIMs and STRUCTURE.
c. Selfreported smoking during months@ of pregnacy.
d. PrepregnancyBMI calculated from seleported prepregnancy weight and measured height.
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Table4.5Paper #2Demographic characteristics of gestational hypertension (GHTN) and preeclampsia (PE) casesmants

GHTN Case PE Case Non Casg GHTN Contrdl PE Contrdl
. European African European African European African | European African | European African
Genetic . : . : . : . i . .
Ancestry American  American American  American| American American| American American| American American
N=245 N=145 N=93 N=72 N=394 N=190 N=699 N=397 N=851 N=470
Age (years)
<25 107 (43.7) 54(37.2) 52 (65.9) 22(30.6)| 211 (53.6) 64 (33.7)| 355 (50.8) 131 (33.0)| 410 (48.2) 163 (34.7)
2534 101 (41.2) 85 (58.6) 36 (38.7) 48 (66.7)| 123 (31.2) 122 (64.2) 254 (36.3) 254 (64.0)| 319 (37.5) 291 (61.9)
35+ 37 (15.1) 6 (4.1) 5(5.4) 2 (2.8) 60 (15.2) 4(2.1) 90 (12.9) 12(3.0) | 122(14.3) 16(3.4)
Smoking
No 150 (65.8) 101 (80.2) 57 (71.3) 56 (86.2)| 293 (77.5) 135 (83.3) 468 (72.0) 283 (81.6)| 561 (70.3) 328 (80.4)
Yes 78(34.2) 25(19.8) 23 (28.8) 9(13.9) | 85(22.5) 27(16.7)| 182 (28.0) 64(18.4) | 237 (29.7) 80 (19.6)
Missing 17 (6.9) 19 (13.1) 13 (14.0) 7 (9.7) 16 (4.1) 28(14.7)| 49(7.0) 50(12.6)| 53(6.2) 62 (13.2)
BMI (kg/n")®
<185 7(3.0) 6 (4.6) 4 (4.4) 1(1.5) 22 (5.7) 16 (8.9) 48 (7.0) 32 (8.6) 51 (6.2) 37 (8.5)
18.524.9 106 (46.1) 46 (34.9) 41 (45.6) 23(33.8)| 242 (62.2) 74 (41.1)| 406 (59.5) 149 (40.1)| 471 (57.3) 172 (39.5)
2529.9 47 (20.4) 29(22.0) 21 (23.3) 15(22.1)| 69(17.7) 36(20.0)| 132 (19.4) 74(19.9) | 158 (19.2) 88 (20.2)
30+ 70(30.4) 51 (38.6) 24(26.7) 29 (42.7)| 56 (14.4) 54(30.0)| 96 (14.1) 117 (31.5)| 142 (17.3) 139 (31.9)
Missing 15 (6.1) 13 (9.0) 3(3.2) 4 (5.6) 5(1.3) 10 (5.3) 17 (2.4) 25 (6.3) 29 (3.4) 34 (7.2)
Marital Status
Married 171 (69.8) 41 (28.3) 58 (62.4) 13 (18.3)| 304(77.2) 30(15.8)| 504 (72.1) 66 (16.7) | 617 (72.5) 94 (20.0)
Unmarried 74 (30.2) 104 (71.7) 35(37.6) 58(81.7)| 90(22.8) 160 (84.2) 195 (27.9) 330 (83.3)| 234 (27.5) 376 (80.0)
Education (years)
13+ 141 (57.6) 62 (42.8) 47 (50.5) 31 (43.1)| 267(67.8) 65 (34.2)| 420 (60.1) 140 (35.3)| 514 (60.4) 171 (36.4)
<=12 104 (42.5) 83(57.2) 46 (49.5) 41(56.9)| 127 (32.2) 125 (65.8)| 279 (39.9) 257 (64.7)| 337 (39.6) 299 (63.6)
Parity
Nulliparous 136 (55.5) 70 (48.3) 59 (63.4) 43 (60.6)| 181(46.2) 81 (42.6)| 328 (47.1) 181 (45.7)| 405 (47.7) 208 (44.3)
Muliparous 109 (44.5) 75 (51.7) 34 (36.6) 28(39.4)| 211 (53.8) 109 (57.4) 369 (52.9) 215 (54.3)| 444 (52.3) 262 (55.7)
SGA 19(7.8) 14 (9.7) 11(11.8) 10 (13.9) 0 0 93 (13.3) 69(17.4)| 101(11.9) 73(15.5)
PTB 19 (7.8) 17 (11.7) 29 (31.2) 19(26.4) 0 0 160 (22.9) 97 (24.4) | 150 (17.6) 95 (20.2)

a. Non case controls are uncomplicated term births withargtexisting hypertension used in Stage 2 for both outcorhe&HTN and PE controls include pregnancies with SGA
and Preterm Birth, but exclude those with pegisting hypertension. GHTN controls further exclude women witle R&enetic ancestry determined using 148 AlMs and
STRUCTURE Selfreported smoking during months-@ of pregnancye. PrepregnancyBMI calculated from seleported prepregnancy weight and measured height.



Table4.6 Paper #2Q° values from SKAT analigsfor each SNiet stratified by genetic ancestry

European African Americaf European African
Americarf American American
Pathway/Gene SGA Term SGA SGA Term SGA| GHTN PE | GHTN PE

TH1
TBX21* 1.00 1.00 0.87 0.83 0.84 0.05| 0.83 0.99
IFNGR2 0.84 1.00 1.00 1.00 080 039 0.84 0.81
IL12A 0.84 0.91 0.87 0.83 080 039 | 0.83 0.99
IL18 0.84 1.00 0.87 0.83 080 081 0.83 0.81
CSFz 0.84 1.00 0.87 0.83 080 091| 0.84 1.00
IL12B 0.84 1.00 0.87 0.83 035 091| 0.83 1.00
IL2 0.84 1.00 0.87 0.83 035 091 0.83 0.81
IFNG 1.00 1.00 0.88 1.00 080 1.00| 0.84 0.81
Inflammatory Mediators
LTA&TNF* 0.84 0.91 1.00 1.00 058 0.05| 0.83 0.81
IL6* 0.84 1.00 0.87 0.17 058 091 | 0.83 0.99
NFKB1 0.84 0.91 0.89 0.83 080 0.81| 0.84 1.00
TNFRSF1l 0.84 0.91 0.87 0.83 098 091 | 0.83 0.81
ILBR 0.84 0.91 0.87 0.83 058 091 | 0.83 0.81
Natural Killer Cell
KLRD1* 0.84 0.91 0.87 0.17 083 091| 1.00 1.00
IL15 0.84 1.00 0.87 0.83 080 053 | 0.83 0.81
KIR3DLZ 0.84 1.00 0.87 0.84 092 081 0.83 0.81
KIR2DL4 0.84 1.00 0.87 0.87 053 091 0.83 0.81
KIR3DLZ 0.84 1.00 0.94 1.00 062 091 | 0.83 0.81
TH2
IL13&IL4 0.84 1.00 0.87 0.87 058 081 0.83 0.81
GATA3 0.84 1.00 0.87 0.83 084 1.00| 0.83 0.81
Anti-Inflammatory
IL10 0.84 1.00 0.87 0.83 035 091 | 0.83 0.81
Chemokine
IL8 0.84 0.91 0.87 0.83 062 091 | 0.83 0.81
ILBRB 0.84 0.91 0.87 0.83 1.00 091]| 083 0.81
CXCL1( 0.84 1.00 0.87 0.83 080 091 | 0.84 0.81
Cell Cycle
RASSF. 0.84 1.00 0.79 0.83 035 023 0.83 0.81
NOV 0.84 1.00 0.87 0.83 080 081 0.83 0.81
CNNM2 0.84 1.00 0.87 0.83 080 081 0.83 0.81
GADD45A 0.84 1.00 0.87 0.83 080 091| 0.83 0.88

CDKN2A&DKN2E 0.84 1.00 0.87 0.83 080 091 | 0.84 0.81
CCND1 0.84 1.00 0.87 0.83 1.00 091| 083 0.81
CCNA2 1.00 1.00 0.87 0.83 1.00 1.00| 0.83 1.00

a. Q values represent the proportion of false positives (number of false rejections/total number
of rejections)

b. Genetic ancestry determined from 148 AIMS and STRUCTURE

*Meets FDR <0.20 for at least one outcome

Abbreviations: SGA small for gestational age, GHTN gestational hypertension, PE preeclampsia
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Table 47 Paper #2Single SNP associations, risk ratio arg#® confidence interval for
maternal SNPs for SGA and Term SGA in infants stratified by maternal genetic ancestry

African Americaf

European Americah

Gene/SNP SGA Term SGA SGA Term SGA
IL6
rs4719711} 1.0(0.7,1.6) 0.9(0.5,1.5)| 0.7(0.4,0.9) 0.7(0.4,1.0)
rs6963444| 1.8(1.2,2.8) 25(1.5,4.2)] 1.9(1.0,3.7) 21(1.0,4.2
rs1546762| 1.1(0.7,1.7) 0.8(0.5,1.5)| 0.6 (0.4,0.9) 0.6(0.4,1.0)
rs7784987] 15(1.0,24) 21(1.2,3.6)| 2.0(1.0,3.8) 21(1.1,4.4)
rs3087221] 1.4(0.9,2.3) 1.8(1.1,3.1)| 2.3(1.0,5.4) 2.0(0.8,5.4)
rs1800795 1.1(0.6,2.2) 0.7(0.3,1.8)] 0.9(0.6,1.3) 1.0(0.7,1.6)
rs1548216| 1.6 (1.0,2.5) 2.1(1.2,3.5)| 2.3(1.2,4.2) 24(1.2,4.7)
rs2069843| 1.5(1.0,2.3) 2.0(1.3,3.1)| 2.1(1.2,3.8) 2.4(1.2,4.6)
rs2069849| 1.4(0.9,2.3) 19(1.1,3.2)| 2.2(1.2,4.1) 24(1.2,4.6)
KLRD1
rs3759270, 0.6 (0.4,1.0) 0.4(0.3,0.8)] 1.3(0.9,2.0) 1.3(0.8,2.0)
rs3809214| 1.3(0.9,1.8) 1.6(1.1,2.4)| 0.8(0.6,1.0) 0.8(0.6,1.1)
rs2302489| 1.3(0.9,1.8) 1.6(1.1,2.4)| 0.8(0.6,1.1) 0.8(0.6,1.1)
rs7301562| 0.6(0.4,1.0) 0.5(0.3,0.9)| 1.1(0.2,7.9) 1.6(0.2,11.8)
rs10772256| 0.6 (0.4,1.0) 0.5(0.3,0.9)| 1.1(0.2,7.9) 1.6(0.2,11.8)
rs2270238, 0.8(0.4,1.8) 0.8(0.3,2.1)| 1.5(1.0,2.2) 1.5(1.0,2.4)
rs11611333| 1.1(0.8,1.5) 1.0(0.7,1.5)| 1.3(1.01.6) 1.2(0.9,1.7)
rs12829155| 1.3(0.9,1.9) 1.5(0.9,2.4)| 0.8(0.6,1.0) 0.8(0.6,1.1)

a Genetic ancestry determined from 148 AIMS and STRUCTURE

b Selected results fdL.6presented. Results from all SNPs available in Supplemental Table 2

c Additive model presented
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Table4.8 Paper #2Single SNP associations, risk ratio and 95% confidence interval for maternal
SNPs and Preeclampsia stratified by genetic ancestry

Gene/SNP | European Americah| African Americaf
NFKBIL1

rs2857605 1.1 (0.7, 1.6) 1.0 (0.5, 1.9)
rs2239707 1.0 (0.6, 1.5) 1.4 (0.8, 2.4)
rs2230365 1.0 (0.6, 1.5) 1.5 (0.8, 3.0)
rs3130062 1.2 (0.7, 2.1) 1.7 (0.5, 5.4)
rs4947324 0.6 (0.3, 1.1) 0.9(0.5,1.7)
rs2857709 1.0 (0.6, 1.6) 0.8 (0.3, 1.9)
LTA

rs915654 1.0 (0.6, 1.5) 1.7 (0.9, 3.1)
rs909253 1.5 (1.1, 2.0) 1.0 (0.7, 1.4)
rs2229094 0.6 (0.4, 1.0) 1.3(0.8, 2.1)
rs104198% 1.4 (1.0, 2.0) 1.0 (0.7, 1.5)
Intergenic

rs1799964 0.7 (0.4, 1.1) 1.0 (0.6, 1.8)
rs1800630 0.8 (0.5, 1.2) 1.4 (0.8, 2.4)
TNF

rs1800629 1.8 (1.1,2.7) 0.6 (0.3, 1.2)
rs7769073 0.8 (0.4, 1.8) 0.9 (0.4, 1.7)
TBKBP1

rs2013383 0.6 (0.4, 0.9) 1.1 (0.7, 1.8)
rs1808192 0.6 (0.4, 0.9) 1.0 (0.6, 1.6)
TBX21

rs4461115 1.2 (0.8, 1.9) 0.8 (0.3, 2.0)
rs16946264 1.1 (0.6, 1.8) 1.0 (0.6, 1.6)
rs11079788 0.8 (0.5, 1.3) 1.2 (0.7, 1.9)
rs16946878 1.3(0.7, 2.4) 1.0 (0.5, 1.9)
rs16947078 0.8 (0.5, 1.3) 0.8 (0.5, 1.3)

a Genetic ancestry determined from 148 AIMS and STRUCTURE

b Additive model presented
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Figure4.5 Linkage disequilibrium () in IL6stratified by genetic ancestry
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r’is the amount of correlation between two SNPs with empty black cells representing 100%
correlation and lighter cells representing less correlation.

*SNPsare mentioned in results section.

Approximate SNP location (vertical bars) and IL6 location (grey bar) noted along genome.
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Figure4.6 Linkage disequilibrium @ in KLRD1 stratified by genetic ancestry
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Approximate SNP location (vertical bars) and KLRDL1 location (grey bar) noted along genome.
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Figure4.7 Linkage disequilibrium @ among European Americans iff A TNFand TBX21
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r’is the amount of correlation between two SNPs with empty black cells representing 100%
correlation and lighter cells representing less correlation.
*SNPs are mentioneith results section.

Approximate SNP location (vertical bars) and gene location (grey bar) noted along genome.
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Additional results
Results for cell cycle SNPs and the outcome of preterm birth and spontapesiaem
birth werenull and were not reported in Papef#The full results for these SNPs can be found

in Table 30.
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CHAPTER 5 DISCUSSION

Summary of results

This was mambitious project that considered 40 genes dahtkee distinct yet related
reproductive outcomes. At the cor¢he specific aims were to evaluate the associations
between inflammatory and cell cycle genes and the outcomes of Preterm Birth, Poor Fetal

Growth, Gestational Hyptansion and Preeclampsia.

Cell cycle genes were identified as candidates given the rapid placental and fetal growth
that occurs during pregnancy and thbservedassociation between these genes and the
related outcomes of cardiovascular disease and metabolic syndrome. No genadsveiations
were seen for any of the cell cycle genes and any of the outcdaiiegle SNP results were
intriguing forCDKN2A/2B with a few SNPs showing strong associations with preterm and
preeclampsia for European American women. A number of SNPs MZstidwed strong
associations with all outcomes for both European and African Ameriééthsugh bllow-up on
CDKN2A/2B and CNNM2 may be warranted in larger populatiehsycle genes as a whole

show little promise as causative genes.



There were morenteresting results in the inflammatory genes. For preterm and spontaneous
preterm, genes involved in natural killer cell functidaX2A, CSF2, KIR3@bA IFNGRRand the Th2
cytokineslL13andIL4showedassociations with preterm birth. Although genedéassociations were
seen for European American women only, single SNP associations revealed similar, if less precise,
associations for African Americans fol2Aand CSF2The genes identified with preterm birth highlight
the important role of NK cellsuding pregnancy and warrant further investigation. In addition, tagSNPs
for IL13 IL4and CSFavere closely associated with long range regulatory regions on chromosome 5.
These regulatory regions have the potential to influence additional cytokibh@ar{d IL5 and should be

further investigated with fine mapping.

For SGAgene level associations were seen onlytBarm SGA among African Americanslfdand
KLRD1Single SNP results suggest a similar but weaker associatiéémd Term SGA among
European Americans as welL6may be involved in early placentation and is known to decrease in
concentration over the course of normal pregnancy. Its role in poor fetal growth appears to be
independent of a pathway througbrematurity and may involve paoplacental developmenKLRD1
has not been explored before with SGA and showed essentially null results for European Americans.
KLRD1s involved in the mitigation of maternal rejection of fetal trophoblasts dugady gestatiorand

may influence fetafjrowth throughinadequateplacentalinvasion orfunction.

Results for hypertensive disorders of pregnancy were isolated to the most refined phenotype of
preeclampsia without evidence of chronic hypertension. The inflammatory cytokinésnd TNFwere
assaiated with preeclampsia for European American women only. These cytokines play multiple roles in
early placentation and in maternal response to hypoxia. In addition tagSNPs meant to capture variation

in TBX2Ilinstead identified an association wiltBKBP,Ja gene involved in TNF signaling and interferon
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production. TNF LTAand TBKEBP1warrant further investigation with careful attention teoth genetic

ancestry anghenotype definition

We found associations in gendd\[F, IL13, I)@hat hadpreviousnull findings for these same
outcomes.While this may point to spurious findings, it may also be a result of the methods used in this
analysis. By focusing on the gelegel in a stratified angbis we were able to assesslated SNPs across
the length of thegene with both risk and protective associations contributing to the overall association
of the gene. In the single SNP analytsis use of loginear risk models protected us from
overestimating the association for the more common outcomes (Preterm aithGestational
Hypertension both exceeded 10% in the underlying cohort). Use of inverse probability weighting
allowed the use of the entire genotyped cohort, while use ofrti@re conservativeobust variance
estimatormitigatesover interpretation of tie results. In comparison to other studjege also used

more tagSNPs for many of the germapturingmore of the genetic variation present in each gene.

Heterogeneity by genetic ancestry

One of the more intriguing results was the heterogeneity of results between ancestry grOups.
lower power among African Americans could explain some obthserveddifferences. In fagthe
similarity of single SNP associationslfdr2Aand CSF23uppot the hypothesis that low power was a
factor in not identifyingan association between these genes and preterm birth in African Americans.
However the same argument cannot be made for gl associations witterm SGA among African
Americans, particuldy for KLRD1We had more power to detect an association among European
Americans and yet the single SNP results were null. Although differences in the genetic structure of

KLRDAnNd itshiologicinteraction with HLAE may explain the differences betweaifrican and

174



European Americans for this gene, growing evidence suggests that there are true differences in the

genetic and biological pathways leading to these reproductive outcomes.

Previous work by Menon and Velez has suggested that not only do the @gghwesponsible for
preterm birth differ between US Whites and African Americémgs that the actual function and
response of critical cytokines (TNF and its receptors) may vary kepgetted race® This biological
diversity based on radeads to twoimportant questions; 1. Is it credible that genetically based causal
pathways vary by race? 2. What are the implicationgdture genetic and general epidemiologic

studies of these outcomes?

It is generally acceptetthat allele frequencies vary by genetic ancestry due to differences in the
underlying genetic structure based bamanmigration patternsgenetic recombination and population
admixture These differences are generally thought to impact studies throughilption stratification
(confounding) and the possibility thiihkagebetween tagSNPs and causal SNP may differ in populations
with different genetic ancestry. The results of this and other studies of reproductive outcomes however
suggest that not onlysithe genetic structure differenbut that the biologic pathwaythat result in

these reproductive outcomes may vary by genetic ancestry.

Are reproductive outcomes so differefrtom other outcomes that eolutionary pressure has
resulted in different casative genedased on genetic ancesfyReproductive outcomes diffénom
diseases with later onséh two important ways Thereis strong selective pressum@n geneticvariants
that favor conception and fetal survival regardless of potential negativeesidets of these variants
that emerge past reproductive ageAdditionally selection acts on both the fetus and the mother

although their interests may not always be congruent. From an evolutionary perspdctite A Y RA @A R dz €
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goal is to reproduce anathave their biological progeny reproduce. The optimal re$aitboth mother
and fetusis a live born infant with a mother that survives delivery.iregolutionarycontext a smajl

but live born infant is a good outcome whereas a large infant that results in an obstructed labor and
maternal death is a very bad outcome. Maternal and fetal death is a genetic dead end. A small infant
with a living mother allows for future pregnanciasd, despiteincreased perinatal mortality and
morbidity, i K S A gefies yavekedotential to continue The reproductive outcomes investigated
here all result in smaller infantand as such may have been the result of selective pressures acting on

fetal growth to enhance infant and maternal survival.

Maternal and fetal interests (from an evolutionary perspective) may not always be congruent

during pregnancyand this results in a maternétal conflict®*

The mother balanes herexpenditures

for the current pregnancy with her need have sufficient reservior potential future pregnancies. The

fetus however is concerned primarily with being born allvader this hypothesis of maternédtal

conflict, both mother and fetusr dza & KIF @S | 60A2ft23A0Ff aSaol LIS KIF iOK:
respond tovaryingexposures duringestationthat may make continuation of the pregnancy less

desirable for the fetus or the motheHow the mother and fetus respond to environmental esp@s

will vary based on the timing of the exposure during gestation, the severity of the exposure and the type

2F SELRA&AA2NB® 9FN¥& YAAOFINNAFIST LIR2N FSidlt 3INRGGK

KFdOKé¢ 2dzi O2YS 4 KS NBemifaN® a reducedihvésiment ih iINpEghangyO &

If both maternal and fetal pathways exist to influence the success and timing of delixkery
would these vary by genetic ances2ihese pathways evolved in response to specific environmental
and pathogenicconditionsthat vary by geographic region.d&aria provides an example of a

geographically isolateselective pressure that influences selection of specific polymorphisms. Maternal
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malaria can have devastating results for both the fetus and thehergt* 2*® A study in Tanzania

showed that during the rainy season when malaria was most prevalent, infants were more likely to be
born with a specifi¢-LT Ihaplotype.In a nonmalaia pregnancy the FLT1 haplotype is associated with
fetal growth and maternal polymorphisms in FLT1 are associated with preeclaiglsén to the scale

of the entire human population over the length of human evolution, specific geographic exposures
(infedtion, nutritional, climactic) may have influenced the specific genetic vartaatsallow mothers

and fetuses to negotiate the maternfdtal conflict. While malaria exposure in specific regions of African
may have promoted pathways which function throwayhigiogenesis, exposures in other regions may

have promoted immunologic or coagulation pathways.

The hypothesis that different biological pathways are acting during pregnancy can also be explored
by examining differences in gene expression during pregnand in response to infection. Menon
examined cytokine levels artde response off NFand its receptors in thamnioticfluid of African
American and White women at the time of delivery. In addition to finding>aess ofminor allele
frequencydifferences, Menon also found that regulation of TMIEvelsvaried by selfeported race and
that cytokine response to signs of intrauterine infection also varied by race. Although the selective
pressure that acted to infience the allelic frequency of variants in these genes cannot be discerned,
there do seem to be important differences in the regulation and response of this important cytokine

during pregnancy based @elfreportedrace.

While this study does not providmnclusive evidence that that the pathways underlying these
reproductive outcomes vary by race, it does provide support to this hypothesis. If there are differences
in the genetic underpinnings and biological pathways of reproductive outcomes based ditgene

ancestry what are the implications for the study of these outcom@s$f® conclusion should not be that
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since these outcomes are genetically influenced that there iway of modifying the outcome. The
conclusion also should not be that observed digjEs are based in biology and therefore should be
accepted as inevitablélthough the exposures which gave rise to the underlying pathways may no
longer be relevant malaria is no longer a threat to African Americans in the United Stdtes
underlyirg biologic pathways are still responsive to contemporary expostitesunderlyingpathways
evolved in response to environmental apdthogenicexposures and it is through identification and

control of these exposures that we will be able to reduce thesplence of these outcomes.

If the underlying pathways are in fact differetiishas important implications for how we study
these outcomes. Instead of treating race as a confoupsterdies should be stratified and exposure
outcome relationships shouldebexamined within the specific population of interest. Genetic
associations with preterm birth from a Chilean population may not be relevant to a Polish population.
Given the importance of interactions with exposurégere must also be increased attentiom gene by
environment interactions with studies that have adequate power and exposure assessment to consider

interactions.

This study did not have the power to explore interactions between women with specific genetic
susceptibility and measured exposurétowever, iteractions which would be relevant in this
evolutionary context would include exposures which could be interpreted by the body as a threat to
mother or child. These exposures would include infections (especially ones such as influenza which
historically have a high mortality rate), malnutrition or an abrupt decline in nutrition or extreme
psychosocial stress. Additionally, exposures which vary byegeifted race could have potential
interactions including poor air quality, chronic stressrirpoverty and racism, poor nutritional quality,

and toxic exposures related to urban environments or poor housing.
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In nongenetic studies the possibility of differing biology would also translate into studies stratified
by selfreportedraceso that expaures that are only relevant in a subset of susceptible individuals can
be identified. While stratified studies will require increased enrollment of the populations of interest
and will therefore require additional fundingre will miss the opportunity tidentify important
exposures if all mothers are assumed to be equally susceptible to every exposure. Preterm birth and
preeclampsia are important outcomgand while we have improved our ability to treat women and
infants, we have failed to identify sucssful interventions to reduce the initial incidence of these
outcomesA study of the scale ofthe | G A2y I £ / KvodldRiRlg &éondérfiil dgipértunity
to study these outcomes in adequately sized populatidriee threated long term viability difie
blFGA2ylf [/ KAf RNSY Qe stydigsdieRSS populatidns nBedI® beidesigRed it thea

scale to address these issues.

Future approaches

To date there have been a number of candidate gene studies for these outcaltiesigh
replicationand consistent findings have been elusive. Despite evidence of a genetic component for all of
these outcomescandidate gene studies on their own do not appear to be providing the answers.
Further attention to stratification by ancestry, larger case groapsl the exploration of gene by
environment interactions may provide more insight in future candidate gene studies. However more

advance methodological approaches are also worth pursuing.

Given thecomplexity of the underlying pathwaySWAS may reveal associations beyond the usual
suspects of candidate gendsindings in this study of associations in intergenic regiwhgch may

correspond to regulatory regionargue for GWAS studies that focus on the entire genome and not
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panels regticted to exonic regions. GWAS studies however will require even larger case groups to have
adequate power. Additionallylue tounderlying differences in both genetic architecture and biologic
pathways, GWAS panels should be designed to specificallyreaphtudiversity of the genome in US
African AmericansGGWAS studies should specifically enroll sufficient African American cases to assess

associations in this population.

Epigenetic associations may also be important consideration in these outcomesctiMagion of
specific pathways that allow for maternal and fetal adaptation throughout the course of gestation may
function through epigenetic changes. Differential methylation of the fetal genome at the time of
implantation and over the course of earlyneryonic life may be a critical window when environmental
exposures act to enhance or silence specific biologic functiepigenetic studies of these outcomes are
more difficult due to the need for larger case groups, access to both maternal and fetdiogeiaterial

and the question of tissue specific methylation.

Mitochondriaare also a potential source of genetic variation that maybe implicated in these
outcomes. Mitochondria are only present in the maternal ovum and are inherited exclusively through
the maternal lineA population based studyshowed anincreased risk of preterm birth among
maternal but not paternal hai§isters suggesing that mitochondrial genes may be involved. Given the
diversity of mitochonda within cells and the differencés mitochondrial geneticbetween target
tissues, studies of mitochondrial genetics and reproductive outcomes may be limited by difficulty

ascertaining and obtaining the target tissue (placenta, placental bed, fetad pdomniotic fluid).
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Public Health Implications

While research into preterm birth and preeclampsia in particular has been active for decades, our
understanding of the underlying biological pathways remains limited. Although we have improved our
ability to delay some preterm deliveries awdre for infats born preterm, small or after a pregnancy
complicated by preeclampsia, we have relatively few clinical interventions to accurately predict risk or
prevent these outcome®ne of the hurdles to identification of effective interventioos preventive
strategies is the heterogeneous phenotype captured by our relatively crude clidefalitionsof these
outcomes. Heterogeneous phenotypes may represent multiple causal pathways which cannot be
discernedwhenconsideredas a groupWe are further limited irour ability to identify modifiable risk

factorswhensusceptibility to specific exposureariesamongspecific target populations.

Genetic studies such as this help clarify phenotype and provide additional information to identify
susceptible population®espite smaller case groups, gene level associations were found for the more
distinct phenotypes of Term SGA and Preeclampsia suggesting that these outcomes are distinct from the
more general SGA or Gestational Hypertension. On the other, lspodtaneougpreterm birth did not
improve the detection of associatioysuggesting that either this outcome remains heterogeneous or
that phenotypic distinction based on precipitating cause majebsetiologicallyimportant in preterm

birth outcomes

The identified genes provide novel targets for further mappingitroandin vivoinvestigation.
Mapping of the regulatory regions identified filxl3andIL4as well asCSF2ndIL3may provide insight
into ways in which these cytokines become dysratgd during pregnancyn vitro work with placental
tissue and maternal serum could elucidate the role of these cytokines over the course of pregnancy,

during placental implantation and in response to infectious exposures. Measurement of these cytokines
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throughout pregnancys needed to understand the chging concentrationsboth absolute and relative
to other cytokines, over thedurationof both complicated and uncomplicated pregnanciestther
understanding of these genes will possibly identify meadergbne products which can predict risk or

identify susceptible subpopulations.

The differences in gerlevel associations by genetic ancegtrgvides additional insight into the
identification of susceptible populationRacial disparity in preterm birthndoubtedly reflects different
exposure distributions in US populations as defined by race. However differences in the underlying
biological pathways suggest that the search for relevant exposures should be explored within studies

stratified by race.

In summary this work provides insight into both phenotype and susceptibility. This knowledge will
inform future studies and enhance our ability to find the modifiable risk factors which will allow us to

decrease the prevalence of these important outcomes.
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APPENDIX SUPPLEMENTAL TABIE

TableS1 Placental Pathology in PIN 3

Entire Cohort N=2006 Eligible N=784 Genotyped N =493
Pathology All Non-case All Non-case All Non-Case
Fetal Vascular 1269 779 607 365 440 218
Absent| 593 (46.7) 379 (48.7)| 286 (47.1) 181 (49.6)| 208 (47.3) 112 (51.4)
Mild | 352 (27.7) 216 (27.F7 | 168 (27.7) 103 (28.2)| 113 (25.7) 55 (25.2)
Mild/Mod | 255(20.1) 155(19.9)| 121 (19.9) 71(19.5)| 92(20.9) 44(20.2)
Mod/Severe| 65 (5.1) 27 (3.5) 29 (4.8) 9 (2.5) 25 (5.7) 7(3.2)
Severe 4 (0.3) 2 (0.3) 3(0.5) 1(0.3) 2 (0.5) 0
Maternal Vascular 1269 779 607 365 440 218
Absent| 212 (16.7) 128(16.4)| 100 (16.5) 57 (15.6) | 76(17.3) 35(16.1)
Mild [ 683 (53.8) 450 (57.8)| 330 (54.4) 219 (60.0)| 221 (50.2) 119 (54.6)
Mild/Mod | 307 (24.2) 176 (22.6)| 140(23.1) 75(20.5) | 113 (25.7) 55 (25.2)
Mod/Severe| 66 (5.2) 25 (3.2) 37 (6.1) 14 (3.8) 30 (6.8) 9(4.1)
Severe 1(0.1) 0 0 0 0 0
Fetal Acute Inflamm 1269 779 607 365 440 218
0| 1124 (88.6) 683 (87.7)| 540 (89.0) 321 (87.9)| 388(88.2) 188 (86.2)
1 53 (4.2) 41 (5.3) 20 (3.3) 16 (4.4) 15 (3.4) 11 (5.0)
2 54 (4.3) 33(4.2) 27 (4.4) 17 (4.7) 20 (4.5) 11 (5.0)
3 35 (2.8) 21 (2.7) 18 (3.0) 10 (2.7) 15 (3.4) 7(3.2)
4 3(0.2) 1(0.1) 2 (0.3%) 1(0.3) 2 (0.5) 1(0.5)
Mat Acute Inflamm 1269 779 607 365 440 218
0| 965 (76.0) 576 (73.9)| 451 (74.3) 264 (72.3)| 320(72.7) 153 (70.2)
1| 223(17.6) 152 (19.5)| 120(19.8) 79(21.6) | 89(20.2) 48 (22.0)
2 59 (4.6) 39 (5.0) 23(3.8) 15 (4.1) 19 (4.3) 11 (5.0)
3 19 (1.5) 12 (1.5) 13 (2.1) 7(1.9) 12 (2.7) 6 (2.8)
4 3(0.2) 0 0 0 0 0
Chronic Inflamm 1272 781 609 367 440 218
No | 1037 (81.5) 636 (81.4)| 504 (82.8) 307 (83.7)| 366 (83.2) 186 (85.3)
Yes| 235(18.5) 145(18.6)| 105(17.2) 60 (16.3) | 74(16.8) 32 (14.7)

*Cases were also drawn from additional sources and were not required to have a placenta.
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