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INTRODUCTION

Pregnancy is the term used to describe the period during which a developing
embryo or fetus grows and develops within a woman’s uterus. It is a complex
process that typically lasts around 40 weeks, divided into three trimesters. During
pregnancy, the mother’s body undergoes numerous changes to support the
developing baby, including the formation of a placenta. The placenta plays a
crucial role during pregnancy as it is an organ that develops in the uterus and
provides oxygen and nutrients to the growing baby while also removing waste
products from the baby’s blood. The placenta forms from the same cells that form
the embryo, and it is closely connected to the baby through the umbilical cord. In
summary, pregnancy and the placenta are closely related as the placenta plays a
vital role in supporting the development and well-being of the growing baby
during pregnancy.

However, not every pregnancy progresses without complications. Statistics
show that approximately 7-21% of pregnancies are affected by hypertensive dis-
orders (Umesawa & Kobashi, 2016), and 1-5% of couples experience recurrent
pregnancy loss (Jauniaux et al., 2006; Regan et al., 2023). Previous research has
convincingly established a link between pregnancy complications and aberrant
placental gene expression. Therefore, studying the placental transcriptome could
provide valuable insights for diagnosing, preventing, and treating these con-
ditions.

The principal aim of the thesis was to develop the experimental and analytical
pipeline to generate and profile placental transcriptome datasets. We assembled,
at the time, the biggest dataset of placental RNA-Seq transcriptomes that included
complicated and uncomplicated pregnancies from across all three trimesters. As
part of the quality assurance process, I clarified to what extent RNA degradation,
an extensive process after placental delivery, might affect the results of such
experiments and data analysis. My study analyzed what genes and pathways are
differentially expressed in the placentas of early and late pregnancy compli-
cations, and examined parental allelic expression of placental genes in various
gestational outcome scenarios.
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1. LITERATURE REVIEW

1 1. Human pregnancy

Human pregnancy or gestation is a complex biological process during which a
fetus develops inside a woman’s uterus. With fertilization, a single cell called a
zygote is formed from the fusion of the oocyte and the sperm. The zygote then
undergoes a series of cell divisions to form a blastocyst, and a week later implants
itself into the uterine lining (Hill, 2010). There it continues its development,
forming both the fetal side of the placenta and the embryo proper that will be
programmed to become a fetus (Hyun et al., 2020). Placenta facilitates the
development of the fetus by carrying oxygen and nutrients from the mother to the
fetus and waste materials from the fetus to the mother. It also produces several
hormones that help maintain pregnancy (Fowden et al., 2015).

1.1.1. Course of normal pregnancy

The duration of the human pregnancy is typically 40 gestational weeks (g.w.)
from the start of the last menstrual period before conception to childbirth (Jukic
etal., 2013; Tanbo et al., 2018). Human pregnancy is conventionally divided into
three trimesters: Ist trimester — until the 12th gestational week, 2™ trimester —
until the 27th gestational week, and onwards from the 28th, the third trimester.

During the first trimester, from fertilization to 12 weeks gestation, the zygote
undergoes multiple cell divisions to form a blastocyst. The blastocyst then under-
goes implantation into the endometrium, and the embryonic disk begins to dif-
ferentiate into the three germ layers. By Carnegie stage 7 (around day 17—18 post-
fertilization (Hill, 2010), the embryonic disk has formed, and the primitive streak
appears, signalling the beginning of gastrulation. By Carnegie stage 13 (around
week 7), the fetus has a distinct human-like appearance, and by Carnegie stage
23 (around week 10—12), all major organ systems are present. By the end of the
first trimester, the embryo has developed most of its major organs and structures,
including the neural tube, heart, limbs, and gastrointestinal tract. At that time in
humans, the embryo is no longer called the embryo but a fetus.

During the second trimester, which spans from 13 to 27 weeks gestation, the
fetus is fully formed, mostly just gains weight, and refines its organ systems
(Figure 1). The fetus gains substantial weight and length during this trimester,
and its movements become more coordinated (Hill, 2010). Over the course of the
second trimester, the placenta continues to develop and grow. The chorionic villi
increase in number and size, and the placenta becomes more efficient at trans-
ferring oxygen and nutrients to the fetus and removing waste products (Gude
et al., 2004).

During the third trimester, which spans from 28 weeks until birth, the fetus
continues to grow and mature. During this trimester, the fetus undergoes signi-
ficant brain development, and its lungs mature in preparation for breathing air
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after birth. The placenta reaches its maximum size and efficiency (Figure 1).
However, as the fetus grows larger, the placenta may begin to show signs of
ageing and reduced function (Gude et al., 2004). In some cases, this can lead to
complications such as preeclampsia or fetal growth restriction. By the end of the
third trimester, the fetus is considered full-term and is ready for birth.

» B TR T
Blct%jft (\i{“ (\ \4\)(\\ ( \ JL’/\ \ L
AN \\_'/\4 N ‘_J‘

Week 0

Figure 1: development of fetus and placenta across gestational weeks. Adapted from
https://www.vedantu.com/biology/placenta (Placenta — Structure, Development, Func-
tions and Facts, n.d.).

1.1.2. Placenta as a unique organ

The placenta is a crucial organ during pregnancy, serving as the interface between
the mother and fetus (Gheorghe et al., 2010). Interestingly, the placenta has a
distinct genome different from the mother’s. This means that the placenta, while
shared between the mother and fetus, has its own unique genetic identity (X.
Wang et al., 2013).

This unique genetic identity can cause the placenta to behave similarly to
cancer (Lala et al., 2021). The placenta must grow and develop rapidly to support
the growing fetus, but it must also be regulated to prevent uncontrolled growth
(Sandovici et al., 2022).

The tug-of-war between the maternal and paternal genomes in the placenta
contributes to this delicate balance. The paternal genes tend to promote placental
growth, while the maternal genes work to restrict it. This “battle of the sexes”
within the placenta is an essential part of its development and function (Sandovici
et al., 2022).

Understanding the complex interplay between the mother, fetus, and placenta
is crucial for understanding pregnancy and fetal development (Sood et al., 2006).
The unique genomic identity of the placenta and its cancer-like behaviour are key
aspects of this dynamic system (Lala et al., 2021; Sandovici et al., 2022; X. Wang
etal., 2013).
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1.2. Placenta and pregnancy complications

1.2.1. Common pregnancy complications

Placental complications during pregnancy can have serious effects on both the
mother and the fetus. Issues with implantation, early development, or functional
capacities in later pregnancy due to fetal growth can increase the risk of compli-
cations. Some of the most common pregnancy complications include preeclamp-
sia (PE), gestational hypertension (GH), gestational diabetes mellitus (GD),
recurrent pregnancy loss (RPL), Intrauterine growth restriction (IUGR), small-
for-gestational-age (SGA), large-for-gestational-age (LGA), and preterm birth
(PTB) (Table 1).

Table 1: Prevalence and definitions of common pregnancy complications.

Pregnancy Prevalence Definition References

complication

PTB 4.1-19.1% defined as delivery before 37 completed Ahmed et al.,
weeks of gestation 2023; Torchin

& Ancel, 2016

GH 1.8-4.4%  defined as a systolic BP >140 mmHg or Lai et al., 2017;
a diastolic BP >90 mmHg, with no Umesawa &
proteinuria, developed after 20 g.w. Kobashi, 2016

PE 0.2-9.2% defined as gestational hypertension with Lai et al., 2017,
organ dysfunction, e.g. proteinuria, Umesawa &

transaminitis, congestive heart failure, Kobashi, 2016
TUGR or neurologic symptoms.

IUGR 10-15%  Birth weight below the tenth percentile =~ Armengaud et
with optional evidence of abnormal cord al., 2021
blood flow

SGA 10% birth weight of less than 10" percentile ~ Moreira &
for gestational age Méio, 2022

LGA 10% birth weight >90% percentile for (Shu et al.,
gestational age 2023)

GD 4-35% defined as glucose intolerance that is Eades et al.,
first diagnosed in pregnancy 2017,

Mazumder et
al., 2022

RPL 1-5% three consecutive pregnancy losses, Eleje et al.,

including non visualised ones 2023; Jauniaux
et al., 2006;
Regan et al.,
2023

PTB — preterm birth; PE — preeclampsia; GH — gestational hypertension; GD — gestational diabetes
mellitus; RPL — recurrent pregnancy loss; [UGR — Intrauterine growth restriction; SGA — small for
gestational age; LGA — large for gestational age
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1.2.2. Preeclampsia

Preeclampsia is one of the most well-known hypertensive disorders of pregnancy
(HDP). Other HDP include chronic hypertension, gestational hypertension, chronic
hypertension with superimposed PE and eclampsia (Akre et al., 2022). Hyper-
tension in pregnancy is defined as a systolic pressure of 140 mmHg and/or
a diastolic pressure of 90 mmHg. Preeclampsia is defined as gestational
hypertension with proteinuria >0.3 g in a 24-hour urine collection or as organ
dysfunction defined by a platelet count <100,000/mm3, a creatinine level
>1.1 mg/dL, transaminitis, congestive heart failure, [IUGR or neurologic symp-
toms (Lai et al., 2017). Definitive therapy is delivery, but conservative mana-
gement may be pursued in selected cases, particularly if the condition occurs
early in gestation (thus enabling maximal time for the fetus to mature). However,
preeclampsia is a precursor to eclampsia, and if the mother develops tonic-clonic
seizures, it is considered an eclamptic episode. Eclampsia and preeclampsia
during pregnancy are known to cause morbidity and even death in both the mother
and fetus if not adequately diagnosed (Akre et al., 2022).

While the aetiology of preeclampsia is not fully understood, it is recognized
that the placenta is central to this condition’s development. A two stage model of
preeclampsia has been proposed, where a poorly perfused placenta (Stage 1)
produces factor(s) leading to the clinical manifestations of preeclampsia (Stage 2).
Stage 1 might also induce the development of other confounding pregnancy com-
plications, such as intrauterine growth restriction (Roberts & Escudero, 2012;
Roberts & Hubel, 2009).

Risk factors that increase the odds of developing PE are as follows (Duley,
2009):

» Chronic high blood pressure or kidney disease before pregnancy
* High blood pressure or preeclampsia in an earlier pregnancy

* Obesity. Women who are overweight or obese are also more likely to have
preeclampsia in more than one pregnancy.

» Diabetes, both type 1 and 2 diabetes increase the risk 2- to 4-fold (Weissgerber
& Mudd, 2015).

» Age. Women older than 40 are at higher risk.
» Multiple gestation (being pregnant with more than one fetus)
* African American ethnicity.

* The previous occurrence of PE increases the relative risk by 10- to 25-fold
(Boyd et al., 2013).

» Family history of preeclampsia increases the risk from 1.24- to 2.3-fold (Boyd
et al., 2013; Carr et al., 2005).
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1.2.3. Recurrent pregnancy loss

Miscarriage is a common complication of pregnancy, occurring in about 13% of
clinically confirmed pregnancies before 22 weeks of gestation (Bricker & Far-
quharson, 2002). In fact, even before implantation, about 30% of human con-
ceptions are lost and another 30% are detected only as ‘biochemical pregnancies’
that do not develop further (Larsen et al., 2013). The definition of recurrent preg-
nancy loss ranges from two miscarriages according to the American Society for
Reproductive Medicine (ASRM) and the European Society of Human Repro-
duction and Embryology (ESHRE), to three consecutive pregnancy losses as
defined by the Royal College of Obstetricians and Gynaecologists (RCOG)
(Youssef et al., 2019). In the context of this thesis, we are using the RCOG
definition (Regan et al., 2023). By that definition RPL is a condition that affects
about 1-5% of couples, and that frequency is far higher than what we would
otherwise expect from sporadic occurences of miscarriage. While most sporadic
cases of pregnancy loss are due to chromosomal abnormalities, RPL can have
various causes, including chromosomal aberrations (10%) (Pal et al., 2018). In
addition, there are several female-related causes that can lead to RPL. These
factors include anatomic abnormalities like uterine malformations, fibroids, and
endometrial polyps (10-20%), and endocrine disorders such as subclinical hypo-
or hyperthyroidism, hyperprolactinemia, and menstrual disorders (10-20%).
Parental immunological factors such as antiphospholipid syndrome of the female
partner are considered as critical contributors to RPL in 10-20% of cases.
Infections in the genital tract of either partner are responsible for 0.5-5% of RPL
cases (Kasak et al., 2018). However, in 20-50% of cases, no clear cause can be
identified, making RPL an unknown condition with immediate and long-term
consequences for affected families. A study from the Danish Recurrent Preg-
nancy Loss Clinic found that even after being referred to a specialized clinic, 33%
of RPL couples remain childless after five years (Lund et al., 2012). Epidemio-
logical studies have shown that subsequent pregnancies after a series of mis-
carriages have an increased risk of preterm birth, stillbirth, preeclampsia, and
fetal growth restriction (Petriglia et al., 2015; Van Oppenraaij et al., 2009). There-
fore, it is essential to uncover new mechanisms behind RPL to develop bio-
markers and treatments to benefit affected patients. Studying gene expression
profiles and biological pathways involved in failed pregnancy could potentially
identify novel biomarkers or therapeutic targets applicable in clinical conditions
for the benefit of RPL patients.

19



1.3. Placental transcriptome

The placental transcriptome refers to the complete set of RNA molecules that are
expressed in the placenta. Recent advances in high-throughput sequencing
technology have made it possible to analyze the placental transcriptome in un-
precedented detail, providing insights into the complex molecular mechanisms
that underlie placental development and function. Despite that, the placenta is
often excluded from large-scale transcriptomics studies, such as the Genotype-
Tissue Expression (GTEx) project (Aguet et al., 2020).

1.3.1. Special features of placental transcriptome

While the primary function of the placenta remains the same across mammalian
species, there is a significant degree of anatomical variation observed in terms of
shape, level of intimacy between fetal and maternal tissues, and degree of inter-
digitation between these tissues. Additionally, mammals exhibit a range of dif-
ferences in the number and size of their offspring, as well as the length of
gestation, which are often linked to specific features of placental morphology
(Armstrong et al., 2017). The human placenta exhibits a unique genomic archi-
tecture with an unexpectedly high mutation burden (Kasak et al., 2015, 2017).

One area of active research in the field of placental transcriptomics is the
identification of predominantly placenta-expressed (PPE) genes. These are genes
that are uniquely expressed in the placenta and not transcribed at all or only at
low levels in other tissues. Transcriptome profiling has been a widely utilized
method of choice to identify placenta-specific genes (Szilagyi et al., 2020; Yong
& Chan, 2020).

Remarkably, separate observations have noted that many PPE genes are
encoded by primate-specific gene clusters (e.g., chorionic gonadotropins (CGBs),
galectins, microRNAs), suggesting that the evolution of these clusters and their
trophoblastic expression might have strongly impacted the complex regulation of
pregnancy in humans (Inno et al., 2021; Nagirnaja et al., 2010). Preeclampsia is
associated with dysregulated expression or function of many PPE genes (e.g.,
PGH, hPL, LEP (Minnik et al., 2012; Ratnik et al., 2022)), transcription factors
(e.g., GCM1, ESRRG (Jeyarajah et al., 2022; Zou et al., 2021)), and signalling
and kinase pathways (e.g., Wnt/B-catenin, PERK-pEIF2a (Lian et al., 2011; Rana
et al., 2019)), emphasizing the importance of placenta-specific genes to success-
ful pregnancy (Szilagyi et al., 2020).

MicroRNAs (miRNAs) are small non-coding RNA molecules that play impor-
tant roles in gene regulation. More than 1000 mature miRNAs are identified in
human genomes, among which more than 600 miRNAs have been found in the
human placenta (Xu et al., 2021). The chromosome 19 miRNA cluster (C19MC)
is known as placental-specific because it is mainly expressed in the placenta
among all miRNAs. C19MC cluster is the most significant miRNA gene cluster
identified in the human genome to date, which spans about 100 kb on chromo-
some 19q13.4 and includes around 54 miRNAs. C19MC family is solely found
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in primates. Interestingly, C19MC is controlled by genomic imprinting where
only the paternally-inherited allele is expressed. Pregnancy complications such
as pregnancy loss, preeclampsia, intrauterine growth restriction, gestational dia-
betes mellitus (GD), obesity, and preterm birth have been linked with miRNAs
in the placenta (Hu & Zhang, 2019; Inno et al., 2021). Additionally, placenta
miRNAs have been helpful in distinguishing between normal pregnancies and
pregnancy-related illnesses, highlighting their significance in the pathogenesis of
these diseases (Addo et al., 2020).

While there are several genes that are placenta-specific, the number of genes
that are not uniquely expressed in that specific tissue is also surprisingly large.
Compared to all other organs studied in the GTEx project, the human placenta
has a unique transcriptome architecture, with more than 80% of the organs
lacking even one uniquely depleted transcript. The liver had the second-highest
number of uniquely depleted transcripts, with 26 being depleted or absent. In
contrast, the transcriptome of the term placenta exhibited 762 depleted or absent
transcripts. Some of the absent transcripts relate to unique qualities of placental
function. For example, because the placenta has no innervation, multiple tran-
scripts involved in forming elements of the nervous system are not expressed.
Additionally, major histocompatibility complex (MHC) antigens which play a
role in the alloimmune placenta is an another affected pathway. However, many
of the affected genes are associated with mitochondrial function (S. Gong et al.,
2023).

1.3.2. Genomic imprinting in placenta

The monoallelic expression of certain genes in mammals is governed by an
epigenetic process known as genomic imprinting. In mammals, imprinted genes
are known to regulate placental development and fetal growth and are believed
to have coevolved with placentation (Angiolini et al., 2021). Most mammals
express their autosomal genes codominantly from the 2 parental chromosomes.
However, at some loci, the allele inherited from one parent is suppressed through
an epigenetic mechanism that results in imprinted monoallelic parent-of-origin-
specific expression. This monoallelic expression is achieved by epigenetic asym-
metries between parental alleles that include differential DNA methylation,
histone modifications, antisense noncoding RNA (ncRNA) — mediated silencing,
and long-range chromatin interactions (Monk, 2015). The number of imprinted
genes in humans is thought to be about 165 (Tucci et al., 2019); most are ex-
pressed in the placenta and at least 27 of those are expressed only in the placenta
(Monk, 2015). Imprinted genes have been shown to be related to fetal growth
(SGA, LGA, TUGR), preeclampsia, premature birth, and the success rate of
assisted reproductive technology procedures (Angiolini et al., 2021; X. Gong
et al., 2024; Monk, 2015).
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1.4. Typical workflow of human placental
transcriptome research

The study of the human placental transcriptome has evolved significantly over
the past two decades, driven by technological advancements and a deepening
understanding of placental biology. This section outlines the typical workflow for
contemporary human placental transcriptome research, from sample collection to
data interpretation.

1.4.1. Sample collection and RNA extraction

The first step in placental transcriptome research is the collection and preparation
of placental samples. Placental tissue is typically obtained immediately after
delivery, with care taken to minimize the time between delivery and sample pro-
cessing to preserve RNA integrity (Burton et al., 2014). Cox et al. (2015) empha-
size the importance of standardized collection protocols, noting that factors such
as mode of delivery, gestational age, and maternal conditions can significantly
impact gene expression profiles (Cox et al., 2015).

After collection, total RNA is extracted from the placental tissue, usually
using TRIzol and/or spin column-based commercial kits (Cox et al., 2015). The
extracted RNA undergoes rigorous quality control measures, typically including
quantification using spectrophotometric methods and assessment of RNA integrity,
often using the RNA Integrity Number (RIN) generated by the Bioanalyzer
system (Schroeder et al., 2006). While microarrays can accept whole RNA as an
input material, in RNA-Seq methods rRNA is almost always removed from the
RNA solution. This process is most commonly carried out using poly-A-tailed
mRNA selection or ribodepletion. Poly-A selection offers a more cost-effective
solution for gene expression studies focusing on the protein-coding fraction of
transcriptome, whereas ribodepletion covers a wider selection of transcriptome
and works efficiently with degraded RNA (Kumar et al., 2017; Zhao et al., 2018).
High-quality RNA is essential for reliable transcriptome analysis. How much and
what kinds of transcripts are more affected are dependent on the exact metho-
dology of sample preparation and quantification (Duan et al., 2013; Feng et al.,
2015; Gallego Romero et al., 2014; Reiman et al., 2017; Sharova et al., 2009).
Before 2013, when our group started conducting our RNA-seq library prepa-
ration, the scientific literature had established that RNA integrity significantly
affected gene expression quantification in microarray experiments. However, no
articles had been published regarding its effects on RNA-seq results (Reiman
etal., 2017).

22



1.4.2. Transcriptome profiling: from microarrays to
RNA sequencing

Historically, microarray technology was the primary tool for transcriptome pro-
filing in placental research. Microarrays allowed for the simultaneous measure-
ment of thousands of genes, enabling researchers to compare gene expression
profiles between different placental conditions in a high-throughput manner with-
out needing to formulate a hypothesis for a specific small set of genes (Tarca
et al., 2006). However, microarrays were limited by their reliance on probe design
based on known sequences, which restricted the discovery of novel transcripts.

In recent years, RNA sequencing (RNA-Seq) has largely supplanted
microarrays as the gold standard in transcriptomics due to its ability to provide a
more comprehensive and accurate view of the transcriptome (Yong & Chan, 2020).
The RNA-Seq workflow involves library preparation, which includes RNA frag-
mentation, reverse transcription to complementary DNA (cDNA), adapter liga-
tion, and PCR (polymerase chain reaction) amplification (Head et al., 2014).
Sequencing is typically performed on high-throughput platforms, with Illumina
systems being the most widely used (Goodwin et al., 2016). The depth of se-
quencing is an important consideration, with deeper sequencing allowing for
detecting low-abundance transcripts but at a higher per-sample cost (Sims et al.,
2014).

1.4.3. Data processing and analysis

Raw sequencing data undergoes several processing steps, including quality
assessment of raw reads, trimming of low-quality bases and adapter sequences,
alignment to a reference genome or transcriptome, and quantification of gene/
transcript expression (Conesa et al., 2016; Patro et al., 2017). Quality control at
this stage includes assessing mapping rates, duplication rates, and gene body
coverage (L. Wang et al., 2012).

The principal aim of many placental transcriptome studies is to identify dif-
ferentially expressed genes (DEGs) between conditions (e.g., normal vs. Compli-
cated pregnancies). Popular tools for this analysis include DESeq2 and edgeR
(Love et al., 2014; M. D. Robinson et al., 2009). This step typically involves
normalization of count data, statistical testing for differential expression, and
correction for multiple testing (Cox et al., 2015).

The final stage involves interpreting the biological significance of the tran-
scriptomic data. Common approaches include pathway analysis, co-expression
network analysis, gene set enrichment analysis (GSEA) and comparison with
other publicly available datasets (Cox et al., 2015; Langfelder & Horvath, 2008;
Subramanian et al., 2005). These analyses help to contextualize the DEGs within
biological processes and pathways relevant to placental function and dysfunction.
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1.4.4. Validation and emerging trends

While RNA-Seq provides a comprehensive view of the transcriptome, key
findings are often validated using orthogonal methods. Quantitative reverse tran-
scription PCR (RT-qPCR) remains the gold standard for validating expression
changes in selected genes (Bustin et al., 2009). For protein-coding genes, vali-
dation at the protein level (e.g., by Western blot or immunohistochemistry) can
provide additional confidence in the biological relevance of the findings (Eaton
et al., 2013).

Recent developments in placental transcriptomics include single-cell RNA-
Seq (scRNA-Seq) and spatial transcriptomics. These techniques require addi-
tional steps in sample preparation and data analysis but offer a much more
detailed image of cellular heterogeneity and the spatial organization of gene
expression in the placenta (Rodriques et al., 2019; Vento-Tormo et al., 2018). For
instance, Vento-Tormo et al. (2018) used scRNA-Seq to create a single-cell
reconstruction of the maternal-fetal interface in early pregnancy, revealing new
cell subtypes and complex cellular communication networks (Vento-Tormo
etal., 2018).

1.5. Summary of literature review

The placenta is a unique mammalian organ that is a crucial interface between the
mother and the developing fetus during pregnancy. It’s distinct genome and
properties mediate rapid implantation, trophoblast invasion, proliferation, and
differentiation, and it plays a vital role in nutrition, metabolism, growth, and
development of the fetus while adapting to the mother’s gestational needs. How-
ever, placental complications can lead to severe pregnancy complications such as
miscarriage, preeclampsia, gestational diabetes, fetal growth restriction, and
preterm birth. Recent advances in high-throughput RNA sequencing technology
have made it possible to analyze the placental transcriptome in unprecedented
detail, providing insights into the complex molecular mechanisms underlying
placental development and functions. While adopting a new technology requires
more debugging and is initially more expensive, it enables us to uncover the
underlying biological processes in significantly increased detail. By under-
standing the placenta’s crucial role in pregnancy and the molecular mechanisms
underlying its development and function, researchers can develop new ways to
diagnose, manage and potentially treat placental complications and improve
maternal and fetal health outcomes.
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2. AIMS OF THE STUDY

This thesis aimed to develop the experimental and analytical pipeline to generate
and profile placental whole transcriptome sequencing datasets in normal and
complicated pregnancies.

The specific objectives of the thesis are:

1. to assess the effect of the RNA degradation process in the placenta after the
delivery on the RNA-Seq experiment results;

2. to characterize the landscape of differentially expressed genes (DEG) and
involved biological pathways in early and late gestational complications;

3. to test the deviation of parental allelic expression of 91 imprinting candidate
genes in the placenta and to analyze their transcript dynamics in the context
of gestational status.
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3. MATERIALS AND METHODS

3.1. Ethics

The protocols of REPROMETA (full study name: REPROgrammed fetal and/or
maternal METAbolism) study were reviewed and accepted by the Ethics Review
Committee of Human Research of the University of Tartu, Estonia (permissions
no 146/18, 27.02.2006; 150/33, 18.06.2006; 158/80, 26.03.2007; 221/T-6,
7.12.2012; 286/M-18, 15.10.2018). Placental samples representing therapeutic
medically induced abortion during the second trimester due to maternal medical
risks of pregnancy and recurrent pregnancy loss (RPL) cases were analyzed upon
ethics approvals no 117/9 (16.06.03) and 212/M-32 (20.02.2012).

All subjects provided written informed consent at the recruitment. All proce-
dures and methods comply with the Declaration of Helsinki guidelines.

3.2. Study subjects

3.2.1. Recruitment

REPROMETA study participants were recruited, and the sample set was col-
lected at the Women’s Clinic of Tartu University Hospital in Estonia. The
REPROMETA study focused on gathering clinical data and biological samples
from singleton pregnancies occurring between 36 and 42 gestational weeks
(g.w.). The study participants, consisting of family-placenta trios/duos, were re-
cruited during 2006-2011 at the time of delivery. Cases involving fetal ano-
malies, chromosomal abnormalities, and inherited diseases, as well as pre-
existing conditions like chronic hypertension, diabetes mellitus and chronic renal
disease, were excluded from the study. All participants had a white European
ancestry. Based on the newborn’s birth weight and the presence or absence of
maternal pregnancy-specific complications, the pregnancies of the REPRO-
META study were classified into the following clinical subgroups — normal term
pregnancy (Term norm; n=108), gestational diabetes (GD, n = 55), preeclampsia
(PE, 61), delivery of a large for gestational age newborn (LGA, n=113) or a
small for gestational age newborn (SGA, n = 86). In total, 373 pregnancies were
recruited, including 99 cases with an overlap between two or more clinical con-
ditions (for example, PE + SGA).

In addition to the term placental samples, this study also included placental
samples representing the first and second-trimester euploid pregnancies that had
been terminated for various reasons and had been collected over an extended
period spanning from 2003 to 2012. These samples were further categorized into
three groups: electively terminated 1* trimester pregnancy (1% TRIM; n = 48), 2™
trimester pregnancy terminated due to a maternal health condition (2" TRIM;
n=29), and samples from recurrent pregnancy loss (RPL; n = 2) cases. The same
exclusion criteria employed in the main REPROMETA study were applied to
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these additional samples. All of the samples originated from white European
families, and placental karyotyping was performed to eliminate any gross
chromosomal abnormalities in the analyzed placentas.

3.2.2. Clinical definitions

The original publications used for the doctoral theses analyzed RNA-Seq data
from eight clinical groups (Table 2). Five of those groups were from term preg-
nancies (260291 gestational days (g.d.)), one from the second trimester and two
from the first trimester. The following two chapters describe the group charac-
teristics in detail.

3.2.2.1. Term pregnancies (Studies I-ll, IV)

The REPROMETA sample set included a control group of uncomplicated preg-
nancies with newborns of average birth weight for their gestational age (Term
norm). The Term norm group consisted of uncomplicated pregnancies that
resulted in the birth of a newborn with a weight appropriate for gestational age,
meaning the birth weight fell between the 10™ and 90" percentiles. The weight
percentiles were calculated from the Estonian Medical Birth Registry (Karro
et al.,, 1997). There were also study groups for small-for-gestational age (SGA)
and large-for-gestational age (LGA) newborns. SGA and LGA groups were
smaller than the 10™ percentile and larger than the 90" percentile, respectively.
The size variation groups used in this study were otherwise normal; any cross-
classification with other complications was avoided.

Maternal pregnancy complications were represented by severe late-onset
preeclampsia (LO-PE) and gestational diabetes mellitus (GD). PE cases were
characterized by hypertension (systolic blood pressure >160 mmHg and/or
diastolic blood pressure >110 mmHg) and/or proteinuria ( =5 g in 24 hours), with
the first hypertension or proteinuria symptoms developing after 34th gestational
week (as defined by the ACOG 2013 ). Four of the eight cases were also classified
with intrauterine growth restriction (IUGR) after their last ultrasound exami-
nation demonstrated abnormal Doppler waveforms in the umbilical or middle
cerebral artery and/or if the newborn’s weight and/or abdominal circumference
was <10™ percentile while head circumference was >10" percentile. Gestational
diabetes mellitus was diagnosed through oral glucose tolerance tests (75 g),
conducted between 24 and 28 weeks of gestation, with fasting venous plasma
glucose levels exceeding 4.8 mmol/l and/or plasma glucose levels at one hour
and two hours after the test, respectively exceeded 10 mmol/l and 8.7 mmol/l
(Panel, 2010).
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3.2.2.2. First and second-trimester pregnancies (Studies llI-1V)

First and second-trimester termination cases samples were divided into three
groups — 1* TRIM, 2™ TRIM and RPL (recurrent pregnancy loss).

1* TRIM was comprised of normal first-trimester pregnancies with no
maternal or fetal clinical complications until the termination of the pregnancy
(51-81 g.d.). None of the patients had experienced any clinically confirmed
pregnancy losses in their reproductive history.

2" TRIM was comprised of medically induced abortions from the second
trimester (126-167 g. days). In all of those cases, the medically induced
termination of the pregnancy was due to maternal health indications without any
known fetal complications. Fetal anomalies were excluded by the pathology
specialist assessment.

RPL group comprised of two cases, both of whom had a series of clinically
confirmed miscarriages before the index cases (respectively five and six). Both
pregnancy losses occurred in the first trimester (44 and 67 g.d.) and at least a
week before, normal growth and heartbeats were detected in ultrasound scans.
Other known pregnancy loss risk factors, such as abnormal karyotype of partners,
abnormal menstrual cycle, antiphospholipid syndrome, genital infections or
thrombophilic mutations in female partners, were excluded before recruitment.

3.2.3. Selection of study samples

For the RNA-Seq experiment, we sequenced eight samples per group, except in
the case of 2" trim (n = 6) and RPL (n = 2) samples, for a total of 56 samples
(Table 2). When choosing the samples, we aimed to include samples with the
most distinct characteristics of the respective clinical groups. We also strived to
balance gestational age and fetal sex. In the case of PE samples, half also had a
compounding IUGR diagnosis. The final characteristics of the study groups are
described below in Table 2.

In reference IV, genome-wide genotyping data from the placenta and parental
blood samples were required to assess the parental origin of gene expression.
Parental blood samples were not available for all pregnancies (n = 54), so the
study analyzed 16 maternal-placental duos and 38 mother-father-placental trios.
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3.3. Study design

As mentioned in Chapter 2, the thesis sought to accomplish three main objectives:
assess the effect of RNA degradation on RNA-Seq experiments, characterize
differential gene expression in early and late pregnancy complications, and test
parental allelic expression deviation of imprinting candidate genes in the
placenta. The design of the thesis is elaborated below (Figure 2).

[ 1stand 2™ trimester ] [ REPROMETA ]

RNA-Seq
transcriptome

RNA degradation DE analysis
model

Study | All studies Study IV

RNA-Seq
genotype

microarray
genotype

parental allelic
expression

Figure 2: Thesis design. The thesis utilized two cohorts (row 1) across three different
datasets (row 2) and conducted three distinct analyses to address the study’s objectives
(row 3). All of the term samples originated from the REPROMETA (REPROgrammed
fetal and/or maternal MET Abolism) study sample set, but the first and second trimester
samples were recruited separately. In total, transcriptome and genotype analysis was
performed on 56 placenta samples using RNA-seq, and most (n = 54, Table 2) also had
their parental and placental blood samples genotyped with [llumina HumanOmniExpress-
12-v1/24-vl BeadChips. The datasets were then subjected to three main analytical
approaches to address the three objectives of this thesis.

3.4. Placental RNA extraction and RNA sequencing
(Study I-1V)

3.4.1. Placental and blood sampling

Placentas were kept at +4 °C after vaginal delivery or cesarean section and were
sampled within an hour. Blocks of 2-3 cm from the middle region of the placenta
were taken, and the collected tissue samples were washed with 1 x PBS to remove
maternal blood contamination. Then, they were immediately placed into RNA
later solution (Ambion Inc, Life Technologies) and stored at —80 °C until RNA
isolation. The same medical personnel used the same protocol for all second and
third-trimester samples.

First-trimester tissue samples were obtained immediately after surgical termi-
nation of pregnancy (1% TRIM group, n = 8) or surgical removal of the conceptus
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(RPL group; n = 2) under general anaesthesia. The maternal tissue was removed
by Piret Illison (United Laboratories, Tartu University Hospital) under a stereo-
microscope (Discovery V8, Zeiss) and chorionic villi containing both cyto- and
syncytiotrophoblast cells were placed into RNAlater solution (Ambion Inc, Life
Technologies) and stored at —80 °C without any further manipulation. For all
first-trimester samples, part of the purified trophoblast cell population was karyo-
typed and it confirmed typical male or female karyotype in all cases (United
Laboratories, Tartu University Hospital).

Parental blood samples for term pregnancies (>37 g.w.) were collected at the
delivery room. in Women’s Clinic of Tartu University Hospital. Only maternal
blood was collected in pregnancies terminated during 1** and 2™ trimester.

3.4.2. Total RNA extraction and quality control (QC)

Total RNA extraction of the placental samples utilized in this study was per-
formed by three researchers (Mario Reiman; Jaana Ménnik, PhD; Kristiina Rull,
MD, PhD) using the same protocol and equipment. Total RNA purification and
quality control steps were all carried out by Mario Reiman.

The placental tissue sample was thawed on ice, and a 200- to 300-mg slice
was cut from the middle of the sample and weighed. The tissue was homogenized
with an IKA Ultra-Turrax T8 homogenizer (IKA Works, Staufen im Breisgau,
Germany) in 4 ml Trizol reagent (15596018; Thermo Fisher Scientific).
After homogenization, samples were stored in a —20 °C freezer until a set of
4-10 samples were gathered, and then the samples were thawed to room
temperature, 800 pl of chloroform was added and tubes were vigorously shaken
for about 2-3 minutes. The fully homogenized mixture was then centrifuged for
15 minutes (12°000 g, +4 °C) and the then formed top aqueous phase was pipetted
to a new tube. Isopropanol was added in an equal amount of the obtained aqueous
phase; the tube was vortexed for 30—-60 seconds and then incubated for 10 minutes
at room temperature (occasionally re-vortexing for a few seconds). The tube was
then centrifuged for 20 minutes (16’000 g, room temperature) and as a result, the
RNA formed a small pellet at the bottom of the tube. The supernatant was re-
moved and the pellet was washed with 75% ethanol (+4 °C), after which the tube
was once again centrifuged (7500g, +4 °C, 5 minutes) and the supernatant re-
moved. The tube and pellet were then left to dry until the white RNA started
turning transparent, after which the RNA was dissolved in RNase-free water.
Dissolution in water was done by snipping and vortexing the tube until no pellet
was visible and after that, the tube was heated at 57 °C for 10 minutes. After
dissolution, 3ul of the sample was aliquoted for QC and the rest was stored in a
—80 °C freezer. The purity level and concentration of isolated total RNA were
measured using a NanoDrop ND-1000 UV-Vis spectrophotometer (Thermo
Fisher Scientific). RNA integrity was assessed with 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA) and was expressed as RIN (RNA integrity
number) values. RIN has been commonly used as a measure of the integrity of
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integrity of mRNA. The RIN ranges from 1 to 10, indicating low or high RNA
integrity, respectively (Sonntag & Woo, 2018).

After all the samples had their RNA extracted and the QC results measured,
all of the samples were further purified with RNeasy MinElute columns (74204;
Qiagen, Germantown, MD, USA), according to the manufacturer’s protocol. This
was done because some of the RNA-s were showing potential contaminants in
the spectrophotometer readings and to avoid potential batch effects, all of the
samples were purified with the same process. After purification, further nanodrop
measurement confirmed the high degree of purity in all samples.

3.4.3. RNA-Seq library preparation and sequencing

RNA-seq libraries were prepared at the Sequencing Core Laboratory of the
Finnish Institute of Molecular Medicine (FIMM) by Mario Reiman and Siim
Sober, PhD under the guidance of Pirkko Mattila, PhD.

High-purity total RNA (5 pg) was ribodepleted with Ribo-Zero rRNA Re-
moval Kit (MRZH11124; Illumina, San Diego, CA, USA) and then purified
(NucleoSpin® RNA Clean-up XS, Macherey-Nagel, Duren, Germany). Reverse
transcription to double-stranded DNA was done with SuperScrip Double-Stran-
ded cDNA Synthesis Kit (Life Technologies, Carlsbad, CA, USA), with random
hexamers (New England BioLabs, Ipswich, MA, USA) used for priming the first
strand synthesis reaction and SPRI beads (Agencourt AMPure XP, Beckman
Coulter, Brea, CA, USA) for purification of cDNA.

Nextera Technology (Illumina, San Diego, CA, USA) was used to prepare
RNA-Seq Libraries. DNA fragmentation and tagging were performed by in vitro
cut-and-paste transposition. To add the Illumina-specific bridgePCR compatible
sites and bar codes and enrich the library, limited-cycle PCR (5 cycles) was done
according to the instructions of the Nextera system. SPRI beads were used to
purify the PCR products, and the library QC was evaluated by Agilent Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA).

The sequencing was performed by FIMM Sequencing Core Laboratory per-
sonnel. C-Bot (TruSeq PE Cluster Kit v3, Illumina, San Diego, CA, USA) was
used for cluster generation and Illumina HiSeq2000 platform (HiSeq TruSeq v3
reagent kit) for paired-end sequencing with 46 bp read length. In the case of the
first trial run (n = 2), we used 101 bp read lengths. Each transcriptome was loaded
to occupy 1/3 of the lane capacity in a flow cell.

3.4.4. Placental and parental genotyping (study IV)

Placental or chorionic villus samples were collected and stored in dry cryovials
for DNA genotyping. For RNA studies, the samples were placed in RNAlater
solution and kept at —80 °C until DNA isolation. The genotyping of placental and
blood genomic DNA was carried out using Illumina HumanOmniExpress-12-
v1/24-v1 BeadChips, which had a median spacing of 2.1 kb and over 715,000
markers.
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3.5. Data analysis

3.5.1. Base bioinformatics of the placental RNA-Seq dataset

The base bioinformatics of the generated RNA-Seq dataset was conducted using
the RNA-Seq pipeline v.2.4 (Sequencing Core Laboratory; FIMM, Helsinki,
Finland). Reads were filtered for quality, adapter, rRNA and mitochondrial DNA
sequences, and homopolymer stretches using custom Python (Van Rossum,
1995) scripts. Read alignment to human genome assembly (GRCh37.p7/hgl9)
was done with TopHat v.2.0.3 (Kim et al., 2013). Transcript quantification, mea-
sured as fragments per kilobase per million (FPKM), was conducted with Cuft-
links v.2.0.2 (Trapnell et al., 2010) with reference annotation (gene annotations
from Ensembl v.67) (Kersey et al., 2016) and gene expression was quantified by
HTSeq analysis (Anders et al., 2015).

3.5.2. Placental RNA degradation modelling (Study 1)

Before modelling and testing for a correlation between RIN and RNA-Seq-
detected gene expression, a set of other metrics was tested for correlation with
RIN to include/exclude them from the final model. Student’s t-test was used to
test clinical group (Term norm, GD, LGA and SGA), newborn gender (male vs.
female) and delivery mode (vaginal or Caesarian section). Pearson correlation
between RIN and the following metrics were tested for: gestational age; the
proportion of reads that passed the read filtering phase of RNA-Seq pipeline;
efficiency of alignment among the filtered reads, the ratio of coding bases, pro-
portion of ribosomal bases, proportion of UTR bases, proportion of intronic
bases, the proportion of intergenic reads, median 5’ bias of 1000 most highly
expressed transcripts and median 3’ bias of 1000 most highly expressed tran-
scripts. Since no metric showed any statistically significant correlation to RIN,
no covariates were included in the RNA degradation model.

Transcript abundance was modelled in DESeq2 using built-in read count
normalization, RIN was set as a continuous explanatory variable, and gene ex-
pression as a dependent variable. Raw read counts from the htseq-count for Term
norm, GD, SGA, and LGA samples (n = 32) were used as input. Of the initial
53,893 Ensembl v.67 genes with available read counts, 39,220 genes were
excluded as transcriptional noise (mean fragment count <50) and a further 135
were excluded by outlier detection by Cook’s cutoff (95" percentile of F dis-
tribution), leaving 14,538 genes for statistical testing. Differential expression
(DE) relative to the RIN values was tested using a likelihood ratio test to compare
nested models. Raw read counts from the htseq-count for Term norm, GD, SGA,
and LGA samples (n=32) were used as input. The error model followed a
negative binomial distribution and a logarithmic link was used on counts (default
methods in DESeq?2).

Since the results showed a small but pervasive RIN effect on all genes, we did
not define differentially expressed genes with a p-value cutoff, and instead, three
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gene groups were established. These groups were used when we wanted to
compare the differences between the slowly and rapidly degrading genes. The
first group, labelled ‘Negative’, consisted of genes (n = 727) displaying a negative
correlation with RIN, indicating the lowest log; fold change values (5% of genes).
The second group, termed ‘None’, encompassed genes (n = 727) with no corre-
lation to RIN, as their log, fold change values were closest to 0 (5% of genes).
Lastly, the third group, designated ‘Positive’, comprised genes (n=727) ex-
hibiting a positive correlation with RIN, representing the highest log, fold change
values (5% of genes). The categorization of genes into these groups was validated
by performing the differential expression tests and regrouping the genes in 1000
random subsamples (n = 16) of the whole sample set. Successive statistical analy-
sis was conducted to compare the characteristics of the transcripts encoded by
genes in the ‘Negative’ group to those in the ‘Positive’ group.

3.5.3. Placental differential gene expression analysis (Study Il, IiI)

Differential expression in RNA-Seq data was tested using DESeq (Anders &
Huber, 2010) and DESeq2 (Love et al., 2014) packages for R (R Development
Core Team, 2018). Read counts from htseq-count were used as input and
normalization was done with built-in algorithms of DESeq and DESeq2. Outlier
detection and handling were performed using the default method in DESeq. In
DESeq2, outliers were replaced using the Replace outliers with trimmed mean
function with default Cook’s distance cutoff. Statistical testing indicated that the
two software packages, DESeq and DESeq2, differ substantially in their sensi-
tivity and robustness in assessing differential expression. Compared to the semi-
nal DESeq package, analysis with the more recently developed DESeq2 program
produced a markedly higher number of significant results for all conducted dif-
ferential expression tests with our data. Thus, in studies II and II1, a more stringent
level of significance was imposed on the test results of DESeq2. A gene was con-
sidered differentially expressed when the statistical tests simultaneously satisfied
the following empirically set thresholds: false discovery rate (FDR)<0.1 for
DESeq and FDR <0.05 for DESeq2. Only genes with mean normalized expres-
sion greater than 50 fragment counts were included in the analysis to exclude
noise from lowly expressed loci. No covariates were automatically included in
the tested models. Instead, potential confounders (delivery mode, initiated labour
activity, gestational age, gender, placental weight, birth weight/height, maternal
pre-pregnancy BMI, weight gain, age and parity) were tested independently for
the differential expression effect on all genes included in the analysis. For quanti-
tative variables, the samples were divided at the median value of the parameter.
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3.5.4. Analysis of parental transcription ratios (Study V)

A list of candidate genes for parent-of-origin determined allelic expression was
retrieved from the Geneimprint database (n = 300, imprinting candidate gene list
as of 2014) (Geneimprint : Genes, last accessed 2018) and articles that reported
novel candidate imprinted genes in the human placenta (n = 96) (Court et al.,
2014; Hamada et al., 2016; Metsalu et al., 2014). Total number of genes entering
the analysis pipeline was 396.

To confidently determine the parental origin of placental transcripts, a strict
filtering pipeline and data quality control were applied, developed by Diana
Pilvar. First, genes not annotated in Ensembl v.67 and genes with too low (<50
fragments per sample) median expression were filtered out. For the remaining
207 genes, the Ensembl Biomart tool (Kinsella et al., 2011) was used to identify
common biallelic exonic SNPs (MAF > 10%) in the available parental-placental
genotyping dataset. In study IV, SNP-s with genotype distributions deviating
from Hardy-Weinberg equilibrium (P > 0.05) and SNPs with no or with too few
(<3 trios/duos) informative families were excluded.

Next, maternal and paternal read counts at selected marker SNP positions for
each gene were determined from the placental RNA-Seq dataset of the infor-
mative families (BAM files) with samtools mpileup command (parameters: —
ABQ 0, reference genome GRCh37.p7) (Li, 2011). SNPs located within alter-
native exons overlapping with introns of the main transcript and SNPs with < 3
median reads at the variant position across informative placentas were excluded
after manual inspection of RNA-seq reads using IGV 3.0 software (performed by
Diana Pilvar) (J. T. Robinson et al., 2011).

For the remaining 91 genes, the proportions of maternal (Mat) and paternal
(Pat) reads across all samples were calculated and the outcome was expressed as
the Mat/Pat reads ratio along with the estimated 95% confidence interval (CI).
The observed parental transcript ratios were statistically tested assuming equal
expression levels for both alleles, using a binomial test in R. A gene was con-
sidered imprinted if at least 90% of the RNA-Seq reads were assigned to one
parental allele, indicating close to monoallelic expression in a parent-of-origin-
specific manner. Genes showing a statistically significant deviation from the
expected maternal/paternal transcript ratio, with > 65% but < 90% reads origi-
nating from one parental allele, were classified as exhibiting biased parental
allelic expression. Genes were categorized as biallelic when the proportions of
parental reads did not significantly differ from the expected ratio (Bonferroni
corrected Pcorr > 0.05) and/or the estimated proportions of both parental allelic
reads fell within 35-65%.
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3.5.5. Other implemented data analysis and statistical
testing methods (Study I-1V)

Gene set enrichment analysis was performed using g:Profiler (Reimand et al.,
2007). In study I, enrichment was tested for categories related to Gene Ontology;
studies II and I1I added KEGG pathways and transcription factor (TF) regulatory
motifs. For a later comparison of studies II and III, I used all databases available
for the program. Studies II and III used genes that were deemed differentially
expressed as input gene sets; in study I, a list of the top 5% of the most rapidly
and slowly degrading genes was used instead of a list of DE genes.

Statistical testing, principal component analysis (PCA) and hierarchical clus-
tering and plotting were performed in R. Plot annotations were finalized in Adobe
Illustrator (Adobe Illustrator).

3.5.6. My contributions to the studies of this thesis

My role and responsibilities in those studies varied from study to study (Table 3).
However, I was responsible for the primary wet-lab experiments to generate the
data utilized in all four publications of the PhD thesis — placental RNA extraction
and purification, and RNA-Seq library synthesis.

Table 3: My contributions to original research articles included in the thesis.

Steps and Pilvar and
methods of the  Reiman 2017 Sober 2015 Sober 2016 .
studies Reiman 2019
Study design Major no no no
RNA extraction Major Major Major Major
Library prep and Major Major Major Major
RNA-Seq
DNA n.a. n.a. n.a. no
genotyping
QC/filtering Major no no Minor
Data analysis Major no no Major
Validation n.a. no no no
Result Major no no Minor
interpetation
Drafting the Major no no no
manuscript
Manuscript Major Minor Minor Major
revision

“n.a.” study did not contain this step, “no” no practical involvement, “Minor” small contribution,
“Major” significant contribution
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4. RESULTS

4.1. Characteristics of the generated and analyzed
placental RNA-Seq dataset

The combined RNA-Seq dataset of 56 placental samples generated during the
four substudies of these doctoral theses was comprised of 2.39 x 10° paired-end
read pairs. On average, each sample contained 42.6 x 10° read pairs, ranging from
27.3 to 74.6 x 10°. However, after filtering and annotation, the resulting fragment
count from HTSeq was reduced to 1.53 x 10°. On average, each sample contained
27.3 x 10° fragment counts, ranging from 15.8 to 56.9 x 10°. Additionally, the
dataset was filtered by the mean expression per gene, specific to each experiment
and the compared groups. For reference, Table 4 marks the number of genes per
group with a mean of over 50 fragment counts per sample, which correlates well
with the number of genes involved in all the differential expression analyses. It
is not the exact number of tested genes because each pairwise test had the mean
expression filter stage applied to it, but generally, the number of tested genes in
each test was between the numbers of individual group gene numbers.

Table 4: Sample set library sizes. The first two columns show the mean, minimum and
maximum in millions; the last column is the count of genes with a greater than 50 counts
mean expression in the respective samples.

Sequenced HTSeq Genes with >50
group fragments (x10°) counts (x10°) mean counts (n)
1 trim 8 42(28.1-482) 28.5(18.2-37.4) 14 404
2" trim 6 41.9 (35.5-51.7) 25.3 (15.8-36) 15436
Termnorm 8  39.4(282-49.1)  24.9(18.6-31.7) 14 445
PE 8 44.7 (35.2-53.6) 27.1 (19.6-38) 14 663
GD 8 39.6 (27.3-48.3) 25.8 (17.7-35.1) 13 904
LGA 8 452(31.9-746)  26.9(18.6-35.7) 14909
SGA 8 42.9 (30.1-52.1) 27.5(19.9-33.7) 15214
RPL 2 52.3 (41.3-63.3) 44.7 (32.4-56.9) 16 559

4.2. RNA integrity modulates RNA-Seq profile (Study I)

Study I aimed to assess the role and extent of RNA degradation in modulating the
outcome of RNA-Seq-based gene expression profiling. The base assumption was
that the transcript pool of all genes is modulated by RNA degradation to some
extent, but some mRNAs are degraded with an increased speed and on the contrary,
some are more stable. This biological process will be reflected in the negative
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(slowly degrading) or positive correlation (rapidly degrading) between the sample
RIN values measured before RNA-sequencing library preparation and estimated
gene expression levels in the generated transcriptome dataset (Figure 3 and 4).
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Figure 3: Schematic that describes how RNA degradation could cause differential
expression to show up when, in reality, there was none. For example, we have three
samples aliquoted from a single sample where sample 1 has had no RNA degradation,
sample 2 has had some, and sample 3 had even greater degradation. After sequencing
these samples, we could see raw read count expressions as shown in the first row; after
normalizing for library size, the resulting image would be like shown in the second row.
Since initially, all the samples came from the same sample, there should be no difference
between the gene expressions, but we see that there would be a rather big difference in
the case of gene 1 and gene 5 expressions and no difference in gene 3’s case. That is
because gene 1 is very resistant to degradation, gene 5 is very susceptible to degradation,
and gene 3 degrades at an average rate.
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Figure 4: Top two genes with the lowest detected P values from the RIN-dependent
differential expression analysis. Modified from Ref. I.

4.2.1. RNA integrity impacts transcript quantification in
human placenta

In order to assess the impact of RIN-dependent perturbations on transcript level
estimates, gene expression levels were modelled in DESeq?2 with the explanatory
variable as the sample RIN value. After removing low read count genes and mo-
dels with outliers, 14,538 genes were tested. In samples with lower RIN values,
RNA degradation is expected to affect mRNAs differently depending on their
properties. This leads to the artificial enrichment of relatively stable transcripts
and the depletion of quickly degraded transcripts (Figure 3). In total, 1,177 (8.1%)
genes were detected with statistically significant RIN-dependent alterations in
expression levels (false discovery rate (FDR) <0.1). Of those roughly half, 639
genes negatively correlated to RIN (indicating slower than average degradation
rate) and 538 genes displayed positive correlations (faster than average degra-
dation rate). The two genes with the most significant correlation between RIN
values and gene expression levels are HOOK?2, with a negative correlation to RIN
indicating a slow mRNA degradation, and NOTCH?2, with a positive correlation
referring to accelerated RNA degradation (Figure 4).

The observed P values displayed a systematic skew towards smaller-than-
expected P values (Figure 5 A). This shows that the RIN-gene expression corre-
lation affects not only a small subsection of genes but almost all of the genes,
including the ones that might not pass our FDR criteria of 0.1.
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Figure 5: Results of testing for RIN-dependent differential expression in placental RNA-
Seq samples. A) Quantile—quantile plot of P values from modelling a RIN-dependent effect
on gene expression. The expected P values line shows where the P values would have
placed if no statistically significant correlation between RIN and gene expression was
detected. B) Volcano plot of the same P values and respective log, fold change values.
The subgroups formed from the 5% of the transcripts in both extreme ends of the distri-
bution were used in subsequent analyses (each group; n = 727). Modified from Ref. 1.

4.2.2. Gene groups with different degradation speeds have distinct
biological functions and transcript features

To investigate whether genes with a slow or fast rate of degradation exhibit dif-
ferent biological and/or physical properties, two gene groups, referred to as
‘Negative’ and ‘Positive,” were formed for further inspection. Both groups com-
prised 5% of the most extreme genes regarding the log, fold change between RIN
and gene expression (Figure 5 B).

The gene set enrichment analysis for gene ontology (GO) terms was perfor-
med using g:Profiler for the ‘Negative’, ‘None’, and ‘Positive’ gene groups. The
initial number of genes in each group was 727. However, due to a lack of GO
annotations associated with some genes, the final ‘Negative’ gene group included
630 genes and the ‘Positive’ gene group comprised 439 genes. The analysis iden-
tified 20 significantly enriched GO terms for genes with slower degradation rates.
In contrast, genes with faster degradation rates showed only four significantly
enriched GO terms (Table 5).
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Table 5. Results of gene set enrichment analysis of gene ontologies (GO) terms for gene
groups with positive and negative correlations between expression level estimates and
RIN value using g:Profiler.

% of % of
Name P value?®
pathway query

Genes with negative correlation to RIN (N = 630)

CC: extracellular region part 6 343  9.52x107%
BP: regulation of response to stimulus 5.9 9.2 3.13x107"
CC: collagen trimer 7.3 7 4.29x107
CC: MHC protein complex 7.9 4.8 3.81x1077
CC: plasma membrane part 10.4 3.2 3.25x10°
CC: endoplasmic reticulum lumen 40 1 3.11x107°
MEF: protein complex binding 5.8 9.8 1.12x10™*
BP: reactive oxygen species metabolic process 13 22 2.58x10™
MEF: glycosaminoglycan binding 10.9 41  429x10™*
BP: platelet degranulation 16.5 22 1.92x107
BP: endocytosis 5.5 21.4 2.38x107
MF: antioxidant activity 20 1.4 5.68x107
MEF: extracellular matrix structural constituent 12.5 4 7.81x107
BP: oxygen transport 44 1.7 1.40x1072
BP: regulation of muscle system process 21.7 32 1.64x1072
BP: negative regulation of molecular function 6.5 38.3  2.95x102
BP: negative regulation of protein phosphorylation 17.6 1.9  3.08x1072
BP: chemical homeostasis 17.1 1.9  3.12x1072
BP: response to vitamin 11.7 3.7  3.53x1072
CC: clathrin-coated endocytic vesicle membrane 6.8 10 3.81x1072
Genes with positive correlation to RIN (N = 439)

CC: intrinsic component of membrane 4 13.9 5.20x10°%
MEF: cation transmembrane transporter activity 34 449 7.31x103
MF: secondary active transmembrane transporter

activity 5.5 7.7 1.28x1072
BP: ion transport 8.1 41  2.93x1072

3 — P value correction by g:SCS method; BP — biological process; CC — cellular component; MF —
molecular function

I also analysed the distribution of transcript biotypes between gene groups and
found that the frequency of transcripts with different biotypes varied significantly
between degradation speed groups. Transcripts of pseudogenes and non-coding
genes tended to have slower degradation rates, while transcripts with faster degra-
dation rates were predominantly from protein-coding genes (refer to Table 6).
I also observed that mRNAs and sncRNAs with a negative correlation to RIN
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values had significantly shorter transcripts, 3’UTRs and a higher GC content than
the genes in the positive group. Interestingly, the two genes with the lowest de-
tected P values from the RIN-dependent differential expression analysis (HOOK2
and NOTCH2, see Figure 4) aligned with the statistically significant effect
directions from Table 6. HOOK?2, with a negative correlation, exhibited a smaller
transcript length (2604 bp vs. 11389 bp), shorter 3’UTR (278 bp vs. 3752 bp) and
a higher GC% (62.0% vs. 49.4%) compared to NOTCH2, which had a positive
correlation to RIN. These findings suggest that the physical properties and
sequence composition of RNA molecules play a role in influencing transcript
degradation rates.

Table 6: Transcript parameters in the gene groups exhibiting negative and positive
correlation between RNA-Seq read counts and RIN values. Based on Ref. 1.

Negative, Positive, a
Parameter Category n=727 n=727 Test P
Transcript Protein 608 (83.6%) 429 (59.0%) F 15x107%
biotype® coding
[n (% of all pgeydo- 24 (3.3%) 88 (13.1%) F 1.97x 10
transcripts)] genes
IncRNA 69 (9.5%) 187 (25.7%) F 282x107
sncRNA 37 (5.1%) 78 (10.7%) F 877x10°
GC-base Protein 52.8% 48.4% W 124 x10
pair content coding
(mean %) pgeudo- 54.0% 47.0% W LI13x103
genes
IncRNA 50.2% 47.1% W 6.41x107°
sncRNA 49.2% 48.8% W 7.39x107!
Transcript Protein 2389 (395-18,254) 3664 (507—18,883) W  <2.2 x 1016
length coding
[bp, median pgeydo- 1005 (374-5669) 843 (174-11,816) W 1.69 x 10!
(range)] genes
IncRNA 2282 (300-12,167) 1579 (174-10,425) W 1.32 x 1073
sncRNA 164 (75-4,489)  392(71-4972) W 2.06 x 10~
UTR length 3° UTR 681 (0-7,660) 1587 (0-11,970) W <22x1071
[bp, median 73
(range)] 5’ UTR 177 (04,543) 215 (0-3,200) \\% 7.60 x 10

2 F, Fisher’s exact test comparing Negative and Positive groups of transcripts; W, Wilcoxon exact
test comparing Negative and Positive groups of transcripts.

b QOverall distribution of categories among the 4 groups of transcript biotypes was tested with
Fisher’s exact test with 4 x 10° Monte Carlo simulation replicates, P = 2.5 x 1077
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4.2.3. Take home message from analyzing the correlation between
gene expression and sample RIN number

Our results indicate that small differences in RNA integrity affect transcript ex-
pression quantification by introducing a moderate and pervasive bias in expres-
sion level estimates. There are statistically significant biological (e.g., protein-
coding vs. non-coding) and physical differences (e.g., length, GC%) between the
transcripts that were degrading rapidly and slowly.

4.3. Placental differential gene expression in pregnancy
complications (Study II-11l)

The objective of Studies II and I1I was to analyse the placental transcriptome and
detect differentially expressed genes in several major pregnancy complications,
such as maternal late-onset preeclampsia (LO-PE), gestational diabetes (GD) and
pregnancies with the delivery of either small-for-gestational-age (SGA) or large-
for-gestational-age (LGA) newborns (Study II), as well as early recurrent preg-
nancy loss (RPL) (Study III). In these studies, RIN values from Study I were not
incorporated as a cofactor in differential expression testing models, as the clinical
groups’ average RIN values did not significantly differ from one another, and the
sample size in the groups did not allow for many variables to be used in the models.

4.3.1. Preeclamptic placentas exhibit major transcriptional
perturbations (Study II)

Differential gene expression was investigated in the placental transcriptome of
pregnant women with LO-PE and GD, and in affected fetal growth conditions
(SGA, LGA) compared to normal uncomplicated term pregnancies (NORM).
Among the complications studied, preeclamptic placentae showed a significant
shift in the expression profile of hundreds of genes, with 215 genes showing
significant differential expression (Figure 6 A). It is worth noting that 80% of the
differentially expressed genes in LO-PE placentas had significantly lower tran-
script levels compared to the NORM group, including well-known genes impli-
cated in placental function and preeclampsia.

In contrast, only a few transcripts showed significant differential expression
in other complications (Figure 6 A). The results of the Principal Component
Analysis (PCA) showed a clear separation between placental samples from LO-
PE and NORM groups (Figure 6 B). While the GD group had some overlap with
the NORM group, the placental gene expression profile in cases of SGA and LGA
was more scattered and partially overlapped with the PE and GD groups.

However, it is important to note that the delivery date in PE pregnancies was
12.5 days earlier, on average than in the normal gestation group (Table 2). As a
result, the potential confounding effect of gestational age could not be entirely
ruled out. The correlation of gestational age with the expression of any genes was
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tested and only four genes were identified with a statistically significant result
(SASHI, LEP, NRIP1, AF127577.11), all of which were also among the signi-
ficant results for PE. However, since these were only four genes, one of which
(LEP) is a known PE biomarker, it was concluded that the characterized diffe-
rential expression profile primarily reflects the disturbed placental transcriptome
in preeclamptic pregnancies.
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Figure 6: RNA-Seq analysis of 40 term placental samples (n = 8/group) reveals diffe-
rential gene expression in cases of preeclampsia (PE), small- and large-for-gestational-
age newborns (SGA, LGA) and gestational diabetes (GD) when compared to normal
pregnancy (Normal). The analysis includes A) a Venn diagram illustrating differentially
expressed genes in each pathology group and B) a Principal component analysis (PCA)
showcasing the first two components. Modified from Ref. II.

4.3.2. Late pregnancy complications share signatures
of placental malfunction

To explore the possibility of shared placental pathophysiology in pregnancy com-
plications, we examined the estimated differential expression effects of the top
200 genes from RNA-Seq analyses of placentas affected by LO-PE, GD, SGA,
and LGA, irrespective of statistical significance. The findings indicate that SGA
and LO-PE placentas exhibited the highest concordance in gene expression
disturbances compared to normal pregnancy, with a correlation coefficient of
R?=0.70 (linear regression, P=2.7 10%°; Figure 7 A). A strong correlation
between the effects of top-200 genes in LO-PE and LGA placentas was also
identified, with an R? value of 0.60 (Figure 7 B). Moreover, a correlation between
the expression changes of the top-200 genes in SGA and LGA placentas com-
pared to normal pregnancy was detected (R? = 0.45; Figure 7 C). Among these
genes, 65 exhibited opposite effect directions, including well-known markers of
aberrant placental development (LEP, FLT, ENG, HTRA4, SH3PXD2A). The
gene expression profile of top-200 genes in GD placentas showed less pro-
nounced overlap with other pathologies (R? = 0.13-0.29; Figure 7 D-F).
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The correlation analysis showed that among the top 200 genes, the PE and
LGA (n=57/200 top genes) and the PE and SGA comparisons (n = 33) had the
highest number of overlapping genes. This was supported by the hypergeometric
test for enrichment (P < 4.44 x 107'%; Fig J). SGA and LGA shared 22 genes, of
which 10 were shared only between the two. GD had lesser overlap with other
conditions, but it was still statistically significant (PE, n = 14; LGA, SGA,n =10
genes; P <4.71 x 107%).
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Figure 7: The graphs A-F show correlation plots of the 200 statistically most significant
genes (by DEseq P values) from the DE analysis of each group. The red dots indicate the
genes that are common between the gene lists. The R? value represents the correlation
coefficient. Graph G displays a Venn diagram that illustrates the shared fraction of the
top-ranked genes in the differential expression testing of different pregnancy compli-
cations. Modified from Ref. I
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4.3.3. Chorionic villous transcriptome from recurrent
pregnancy loss cases - malfunction of basic nuclear and
cellular processes (Study II)

The transcriptome of first-trimester chorionic villous samples collected from two
RPL cases was characterized and compared to gene expression in eight chorionic
villous samples from uncomplicated first-trimester gestations (1% TRIM). The
expression levels of a large number of genes showed a significant shift, with 189
genes meeting the significance criteria applied in the study. Of these genes, 27%
(n=151) showed significantly higher expression, and 73% (n= 138) showed
significantly lower expression in RPL compared to 1 TRIM placentas. The func-
tional categories of over- and under-expressed genes were distinct. Upregulated
genes primarily involved protein processing/transport, fetal development, cell
adhesion, immune response, and transcriptional regulation (Figure 8). In total, 13
of the 51 genes exhibiting increased expression in the RPL samples were sup-
ported by previous evidence for involvement in placental function and/or patho-
logy (Figure 8).

In contrast, most genes exhibiting decreased expression were various
snRNAs/snoRNAs, as well as ncRNAs involved in transcriptional, telomere,
spliceosome, cellular protein traffic complexes, along with components respon-
sible for the basic cellular apparatus for chromatin assembly and mitochondrial
function (Figure 8 B). These processes are critical to the rapid proliferation and
invasion of trophoblast in early pregnancy.
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Figure 8: Pic charts of functional categories of genes with A) elevated (n=51) and B)
reduced (n = 138) expression. Modified from Ref. III.

4.3.4. Comparison of the transcriptome alterations
in preeclampsia and recurrent pregnancy loss

Notably, differential expression of late-onset preeclampsia and first trimester re-
current pregnancy loss compared to gestational age-matched control samples
showed a similar number of genes with altered transcript levels (215 and 189 genes,
respectively). Therefore, I sought to investigate the degree of overlap between
the two gene placental sets associated with abnormal pregnancy outocmes. A total
of 399 distinct genes were identified across both datasets, with five genes
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(HISTIH4F, HIST2H2AC, HISTIH2AE, GRINA and PIGT) found to be shared
between the two studies (Figure 9, red dots). Interestingly, the direction of regu-
lation for these five genes was the opposite in the two analyzed conditions. Spe-
cifically, the three histone-related genes were downregulated in RPL placentae
and upregulated in PE, while GRINA and PIGT were upregulated in RPL and
downregulated in PE. Upregulation of GRINA and PIGT gene expressions has
been associated with increased metastasis and cell migration in various cancers
(Islam et al., 2021; H. Ma et al., 2020; Tan et al., 2024).

RPL vs PE

log,(fold change) PE
o
o

-4 —I2 0
logx(fold change) RPL

Figure 9: Dotplot of gene expression log2 fold changes from significant results of the
comparisons PE vs. Term norm and RPL vs. 1st term. Marked in red are the five genes
that were significant in both studies (HIST1H4F, HIST2H2AC, HISTIH2AE, GRINA
and PIGT). Log?2 fold change was positive if the gene was upregulated in the complicated
group compared to the respective normal group.

Furthermore, we explored the overall correlation in fold-change values among all
399 significant genes. Although the Pearson correlation P value was significant
(P=5.3x 10", the correlation was relatively weak (R2=0.14) and slightly
negative (Figure 9). From this, we could infer that the placental response to RPL
and PE involves some degree of inverse relationship. However, a gene set
enrichment analysis revealed limited overlap between the two groups. The only
common matches were “extracellular exosome” (GO:0070062) and its higher
level counterparts “extracellular vesicle” (GO:1903561), extracellular organelle
(G0O:0065010), and extracellular membrane-bounded organelle (GO:0043230),
which were associated with 24% (n = 25) of the RPL genes and 19% (n = 33) of
PE genes. When comparing the gene set enrichment results of up- and down-
regulated genes in RPL and PE, it was notable that RPL was enriched for several
cell death and apoptosis-related categories. For example, genes upregulated in
RPL were enriched for “programmed cell death” (GO:0012501, n = 18), “regu-
lation of programmed cell death” (GO:0043067, n = 10) and “apoptotic process”
(n=15). Genes downregulated in RPL were enriched for “Diseases of programmed
cell death” (REAC:R-HSA-9645723, n=10) and “Apoptosis induced DNA
fragmentation” (REAC:R-HSA-140342, n = 4). No categories directly related to
cell death or apoptosis were found among the gene sets enriched in LO-PE.
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4.3.5. Take home message: placental differential expression
in pregnancy complications

The study showed that the placental transcriptome profile of LO-PE is clearly
distinguishable from normal pregnancies (215 significantly affected genes) and
other gestational complications. Other analyzed late-term complications (GD,
SGA, LGA) did not present major differences in the placental transcriptome com-
pared to uncomplicated gestations. Also, chorionic villous samples from the major
pregnancy complication of the 1*' trimester, RPL, showed a substantial number
of differentially expressed genes (189). However, the affected molecular and
cellular pathways were vastly different from LO-PE. Only 5 loci overlapped in
the two datasets of differentially expressed genes (HISTIH4F, HIST2H2AC,
HISTIH2AE, GRINA and PIGT), and these showed opposite directions of gene
expression alteration in LO-PE and RPL.

4.4. Parent-of-origin-specific allelic expression in
the placenta (Study IV)

The study aimed to investigate the manifestation of genomic imprinting in the
human placenta by analyzing the parent-of-origin of placental transcripts from 91
imprinting candidate genes proposed by previous studies. The study benefited
from the high-quality RNA-seq dataset encompassing a broad range of pregnancy
outcomes (LO-PE, GD, SGA, LGA; Study II) and gestational ages (Study II-I1I),
as well as available parental genotype data. This allowed us to examine the profile
of parent-of-origin allelic expression in the placenta with regards to gestational
dynamics and assess the stability of imprinting in complicated pregnancies.

4.4.1. Parental monoallelic expression is limited to well-known
placental imprinted genes

Among 91 candidate imprinted genes, only 11 (12.1%) were found to be expressed
exclusively in a parent-of-origin manner and were classified as imprinted genes
(with > 90% of transcripts originating from one parental allele) (Figure 10 A).
Paternally expressed genes showed varying levels of imprinting, with PEGI0
being the most stringent and A/M1 being the least conservative. Among maternal
genes, MEG3 had the highest constraint for parental monoallelic expression and
H19 had the lowest. Interestingly, more paternally expressed imprinted genes
were identified than maternally expressed ones.

All but one of the high-confidence imprinted genes expressed in the placenta
have been reported to be imprinted also in the mouse (Table 7). The confirmed
imprinted genes are either placenta-specific or also expressed in the adrenal gland
(Figure 10 B).
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Importantly, none of the imprinted genes displayed any systematic parent-of-
origin dependent expressional bias in the placentas of term cases of LO-PE, GD,
and deliveries of SGA or LGA newborns.

Imprinted (Mat expression) Biallelic
| H19 MEG3 PHLDA2 RTL1 AIFM2  AMPD3  ANO1 AOC1
ASCL2  CASC5  CBR1 CCDC85A
Imprinted CEP63  CHMP2A CLASP1 CLDN23
(Pat expression) cuL? DHCR7  DLG5 DOCK1
AIM1 7 EGFL7  FAM20A FERMT2 GAREM1
DLK1 GATA3  GATM  GLI3 GNAS
IGF2 Biased (Mat) 66 HEG1 ICAM1  IGFIR IGF2R
MEST GRB10 KLHDC10 10 INPP5F KIAA1191 KIAA1551 KIAA1919
PEG10 NAAGO0 NLRP2 L3MBTL1 LGALS14 LGALS8 OBSCN
PLAGL1 OVCH2 PAPPA2 PDE4D  PDKA4
ZFAT PDPR  PKP3 PSCA PROSER2-AS1
Biased (pat) PPP1R9A PRKAG2 PTGFRN PTPN14
CPXM2 DCAF10 R3HCC1 RNF141 SEC16A SLC22A3
DNMTL1  GRHL1 SLC4A2 SLC4A7 SPON2  SPTLC3
MCCC1 MKRN3 SYNE2 THSD7A TIGAR  TLR3
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Figure 10: A) The analyzed gene set comprised 11 true imprinted genes, 14 genes with
biased parental allelic expression, and 66 biallelic loci. B) Examples of imprinted, biased
and biallelic gene expressions. Imprinted genes were expressed in a parent-of-origin-
specific manner, with over 90% of transcripts originating from one parental allele. Biased
parental allelic expression was observed when there was a significant deviation from
equal proportions of transcribed parental alleles, but not exclusive monoallelic tran-
scription. Biallelic expression was confirmed when the proportions of parental reads did
not significantly differ from the expected ratio or when the estimated proportions of both
parental allelic reads fall within 35-65%. GD — gestational diabetes; LGA — large-for-
gestational-age newborn; PE — preeclampsia; SGA — small-for-gestational-age newborn;
Trim — trimester. Adapted from Ref. IV.
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Table 7: Genes that displayed imprinted allelic expression in our study.

Gene Mean % mat reads P value® Class Exp. Imprin

FPKM? (95% CI) (corr) allele mouse!
MEG3  104.0 1 (0.99-1) 22 x1073%  Impr Mat Yes
PHLDA? 5.9 0.97 (0.94-0.99) 22x10737  Impr Mat Yes
RTLI 4.0 0.95 (0.94-0.96) 43 %107 TImpr Mat® Yes
HI9 498.0 0.94 (0.93-0.94) 47%x10732 Impr Mat Yes
PEGI0 102.1 0 (0-0) 22x1073%  Impr  Pat Yes
IGF2 845 0.01 (0.01-0.01) 22x1073%  Impr Pat Yes
MEST 973 0.01 (0.01-0.02) 1.5x102* Impr Pat Yes
ZFAT 101.8 0.01 (0.01-0.02) 47x1072 TImpr Pat No
PLAGLI = 22.7 0.02 (0.01-0.04) 6.5x107'%  Impr Pat Yes
DLKI 549 0.03 (0.03-0.04) 22x1073%  Impr  Pat Yes
AIMI ~ 55.6 0.06 (0.05-0.08) 43 x 102 [mpr Pat n.a.
KLHDCIO 5.8 0.75 (0.71-0.79) 3.0x 107" Biased Mat n.a.
NLRP2 149 0.71 (0.69-0.74) 3.3 x1073° Biased Mat n.a.
GRBI0 9.9 0.67 (0.64-0.71) 1.3x 107" Biased Mat Yes

(isoform)
NAAG60 6.0 0.67 (0.61-0.72) 1.8 x10° Biased Mat n.a.
CPXM2 9.1 0.11 (0.09-0.13) 1.4 x10%° Biased Pat n.a.
MCCC1 4.3 0.12 (0.08-0.18) 1.9 x107® Biased Pat n.a.
PLEKHG4B 0.9 0.15(0.12-0.19) 1.1 x107° Biased Pat n.a.
DCAF10 4.2 0.16 (0.1-0.24) 1.9x10° Biased Pat n.a.
DNMTI 8.9 0.17 (0.14-0.2) 45x10* Biased Pat n.a.
NUDTI2 2.1 0.17 (0.07-0.33) 5x102 Biased Pat n.a.
RHOBTB3  358.0 0.18 (0.18-0.19) 4.7 %1072 Biased Pat n.a.
ZDBF?2 8.9 0.2 (0.18-0.23) 3.7x107% Biased Pat Yes
MKRN3 3.5 0.3 (0.24-0.37) 1.7x10* Biased Pat Yes
GRHLI  28.7 0.35 (0.34-0.36) 1.2x 107" Biased Pat n.a.

2 Gene expression level across all analyzed placental samples, including the three trimesters
of uncomplicated pregnancy and four clinical subgroups of complicated pregnancies
®The observed parental transcript ratios were statistically tested under the assumption that
both alleles are expressed at equal levels, using binomial test implemented in R. Statistical
significance level was defined P < 0.05 after application of Bonferroni correction for the
number of conducted tests (n=91)

¢From (Court et al., 2014; Hamada et al., 2016; Metsalu et al., 2014)

4Data from Geneimprint database (Geneimprint : Genes, 2018)

¢ Maternal allelic expression was experimentally confirmed by RT-PCR, cloning, and
sequencing

FPKM, fragments per kilobase of transcript per million mapped reads; impr,imprinted;
Mat, maternal; Pat, paternal; SD, standard deviation; n.a., not available Modified from
Ref. IV
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4.4.2. The majority of candidate imprinted genes detected exhibit
biallelic expression in the human placenta

Robust biallelic expression in the placenta was detected for 66 of 91 (72.5%) of
the analyzed candidate imprinted genes (Figure 10 B), i.e. both parental alleles
were equally transcribed. Most of these genes (92%) were broadly expressed across
tissues (47 genes) or exhibited enhanced expression in organs other than the
placenta (14 genes) (Fig N A). The transcript levels of biallelic placental genes
varied, with some showing placenta-specific expression and others showing
enhanced expression in other organs. However, when comparing the placental
imprinted and biased genes, the average expression tended to be higher
(imprinted (102.9 FPKM) vs. unimprinted (26.7 FPKM) single-tailed Welch Two
Sample t-test P value = 0.049) (Figure 11 B).
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Figure 11: A) Expressional breadth across human tissues and B) violin plot of the average
expressions (group mean is marked by grey crossbars) for the imprinted, biased and
biallelic transcripts. Human tissue data was derived from the Protein Atlas database (Uhlén
et al., 2015). FPKM, fragments per kilobase of transcript per million mapped reads.
Modified from Ref. IV
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4.4.3. A new class of placental loci - 14 genes exhibit biased
parental allelic expression in the placenta

We have identified a group of 14 candidate imprinted genes (accounting for
15.4% of tested genes) with high confidence that exhibit biased allelic expression
in the placenta, with 65-90% of reads coming from one parental allele (binomial
test, Peorr < 0.05; Fig N B). Most of the genes with biased expression showed
variability in the proportions of parental reads more similar to biallelic expression
than to fully imprinted genes (Table 7, Figure 11). There were more genes with
paternal bias (n = 10) than maternal bias (n = 4) and preferential transcription of
the paternally biased genes was more pronounced compared to the maternally
biased allele genes (median 83.0% vs. 69.3% of reads from the preferred parental
allele, respectively). Although these candidate imprinted genes showed only
biased, not exclusively monoallelic, parental allelic expression, the preferentially
transcribed allele for all 14 genes was consistent with data from previous reports
(Court et al., 2014; Geneimprint: Genes, 2018; Hamada et al., 2016; Metsalu
et al., 2014). Notably, none of the genes with biased parental allelic expression
were specific to the placenta, except for MKRN3 (Figure 11 A). The placental
expression level of these genes tended to be modest, except for RHOBTB3 and
GRHLI (Table 7; Figure 11 B). Finally, we did not detect systematic deviations
from biased parental allelic expression in our dataset in the placentas representing
term pregnancy complications.

4.4.4 Take home message from parent-of-origin-specific allelic
expression in the placenta

Of the 91 genes, only 11 (12.1%) displayed confident imprinted gene expression,
and all of them were either placenta-specific or additionally expressed only in the
adrenal gland. Additional 14 genes displayed another type of parental allelic
expression, wherein 65-90% of reads originated from one parental allele, we
coined this mode of expression as biased. Over 72% of the proposed imprinted
candidate genes showed confident biallelic expression in the human placenta
(66 of 91 analyzed genes).
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5. DISCUSSION

5.1. RNA integrity modulates RNA-Seq profile (Study I)

As the use of RNA-Seq continues to grow in dominance as a method of choice
for transcriptome-wide gene expression quantification, there is considerable
interest in understanding how the quality of input RNA affects the results of
RNA-Seq experiments. Few previous studies have used deliberately degraded
RNA samples over a wide range of RNA integrity values (ranging from highly
degraded to virtually intact) in peripheral blood mononuclear cell samples
(Gallego Romero et al., 2014) or have focused on brain tissue (Feng et al., 2015).
The current study, in contrast, explores a real-life clinically collected sample set
of human placental tissue and covers a more typical range of RIN values for
clinical studies (RIN range: 6.1-8.2) (Aguet et al., 2020) where some RNA
degradation is present.

Our results indicated that RNA integrity statistically affects expression level
estimates for a large fraction of genes. Among all genes with adequate expression
levels for analysis (mean read count > 50 raw reads; n = 14,538), 8.1% showed
statistically significant perturbations in transcript level estimates. However,
examination of the quantile-quantile plot (Figure 5 A) indicates a much more
pervasive effect, and the transcript level estimates of the majority of genes appear
to be affected by RNA integrity. While these perturbations did not reach statisti-
cal significance in our study, the number of detected associations would increase
with higher statistical power, i.e., a larger sample size and/or RIN range.

The detected fold changes of RIN-dependent alterations in transcript level
estimates ranged from —7.58 to 2.89 per unit of RIN (Figure 5 B). The counter-
intuitive phenomenon of genes exhibiting negative correlations to RIN, that is,
higher expression at lower RIN values, can be explained mainly by data norma-
lization. As RNAs are degraded at varying rates, more stable transcripts obtain
higher relative concentrations than transcripts with fast degradation rates. After
the data is normalized to equalize expression level distributions between samples,
the stable transcripts attain elevated read counts in degraded samples.

Genes with the most extreme fold changes tend to have relatively low ex-
pression levels, and thus, the estimated fold changes were less reliable. Genes
with the most statistically significant alterations demonstrated fold changes
below 1.5. We hypothesize that most transcripts have inherent stability properties
that determine their relative degradation rates and exhibit fold changes between
2.9 and -2.9 per unit of RIN.

The top five percent of genes with the strongest negative correlations to RIN
include five members of the IGFBP family of insulin-like growth factor-binding
proteins (IGFBPI, IGFBP2, IGFBP4, IGFBP5, IGFBP7) and four matrix
metalloproteinase genes (MMP1, MMP9Y, MMP12, MMP19). We propose that
such genes fall outside the typical spectrum of stability-driven degradation rates
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and may be upregulated as a cause or a consequence of processes associated with
increased RNA degradation. Indeed, the /GFBP genes have shown strong up-
regulation accompanied by a six-fold increase in RNA half-life in response to
hypoxia (Sugawara et al., 2000), this process appears to be mediated by several
AUUUA sequences in their 3° UTRs (Gay & Babajko, 2000). Warm ischemia,
which occurs between sample extraction and RNA isolation, is the primary factor
that negatively affects RNA quality in clinical samples. During this state, changes
in cellular metabolism occur as a response to the condition, followed by cell death
and RNA degradation (Y. Ma et al., 2012). I propose that genes that exhibit
exceptional responses to RNA integrity may indicate metabolic responses to
warm ischemia and, therefore, require careful consideration and critical eva-
luation if detected in differential expression analyses.

Comparisons between genes with slow and fast degradation rates revealed that
protein-coding transcripts (the most prevalent type of transcript in our dataset)
were present in the smallest proportion (59%) among genes with faster-than-
average degradation rates. Genes with the fastest degradation rates exhibited high
fractions of pseudo- and noncoding genes. This differs from the results that
Gallego Romero et al., 2014 obtained in their study. However, they used Poly-A
enrichment for library preparation, which may be responsible for the discrepancy
with our findings, as total RNA Sequencing captures a larger fraction of non-
coding transcripts. Such differences highlight the importance of methodological
details in estimating RNA degradation rates. We also observed that exon counts,
overall length, 5> UTR and 3’ UTR lengths are greater among transcripts with
lower estimated stability, which Feng et al. (Feng et al., 2015) confirmed Duan
et al., 2013 reported similar results for transcript length, 5’ and 3° UTR lengths.
These robustly confirmed findings indicate that genes under stricter expression
level control (potentially high functional importance) tend to have elevated
degradation rates and, hence are most affected by RNA quality.

It has been established that RNA degradation does not affect all transcripts
equally (Gallego Romero et al., 2014). Consequently, the standard normalization
methods used to adjust for variations in sequencing depth between samples do
not account for RNA integrity effects. The prevalent method for dealing with
RNA integrity in gene expression studies involves imposing a RIN cutoff on the
included samples. Such cutoffs, however, are study-specific, somewhat arbitrary,
and tend to be influenced by practical considerations like sample availability,
especially for rare, valuable, or legacy samples. Furthermore, as there is evidence
that antemortem events may influence sample RNA quality (Durrenberger et al.,
2010), applying RIN-based cutoffs may impair the capture of the complete bio-
logical variation of the condition under investigation. It has been shown that
mitigating RNA integrity effects is possible by including the RIN values as a
covariate in the regression models used for testing differential expression
(Gallego Romero et al., 2014). This can improve both type 1 and type 2 error
rates. However, the cost of including an additional parameter into the model may
be significant for studies with small sample sizes that are common for RNA-Seq
due to cost and difficulty obtaining samples.
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Based on this study’s results, RNA integrity is a critical confounder in RNA-
Seq-based expression level estimation, even for studies employing ribodepletion
in favour of poly-A enrichment. While most genes are affected in a minor way, a
subset of transcripts can exhibit extreme alterations in transcript level estimates,
even with slight differences in RNA integrity. However, biologically meaningful
analyses can still be conducted on degraded RNA samples despite the reduced
signal-to-noise ratio. I concur with Gallego Romero et al., 2014 that universal
RNA integrity cutoffs cannot be meaningfully established and believe that the
stringent RNA quality standards established for in vitro studies could deter
researchers from reporting RIN values (which is critical and required for cross-
study comparisons) or even conducting studies in the first place. If appropriate
attention is given to minimizing intergroup differences in RNA quality, and if the
differential expression results are interpreted with awareness of potential con-
founding effects of RNA quality, it is possible to avoid type I errors and elucidate
biological differences in gene expression even using degraded RNA samples.

5.2. Placental differential gene expression in pregnancy
complications - cause or consequence? (Study II-11l)

This study aimed to describe the human placental transcriptome and investigate
its link to a set of pregnancy complications (LO-PE, GD, LGA, SGA, RPL). Our
results show that placental gene expression in LO-PE differs significantly from
that in other term complications (Figure 6). From term samples, we report 215
differentially expressed genes in the case of PE, four in GD, two in SGA, and one
for LGA. This suggests that distinct molecular mechanisms underlie the patho-
logy of PE compared to other pregnancy-related conditions.

However, when checking the correlation between the gene expression fold
changes (Figure 7 A), all term complications displayed positive, statistically
significant correlations between each other. That was especially true in the cases
of PE, LGA, and SGA, while GD showed a weaker but still statistically important
correlation. This was further corroborated by checking for overlap between the
top 200 genes from each complication (Figure 7 B). From this, the placental
reaction to LGA, SGA, and LO-PE seems similar. In all cases, the placenta will
face a bottleneck in its capacity to support the fetus and, as a response, activates
pathways to increase its overall throughput. However, in the case of PE, the
reaction will be excessive. GD differed the least from the Term norm group
among the term pregnancy complications, indicating other causes may be
responsible for this condition beyond altered placental gene expression.

Furthermore, we identified 189 differentially expressed genes in first-tri-
mester RPL samples. The high number of DEGs, compared to other pregnancy
complications (Figure 6 A), is noteworthy because we only had two samples in
the RPL case group, significantly reducing our power to detect a statistically signi-
ficant result. This highlights the extreme state of the placental transcriptome in
the case of RPL. Most DEGs (n = 138) were downregulated and associated with
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transcriptional, telomere, spliceosome, cellular protein traffic complexes, chro-
matin assembly, and mitochondrial function (Figure 8 B). These processes are
widespread and crucial for establishing a viable pregnancy, indicating that an
underlying cause likely triggers the RPL condition, and the detected gene ex-
pression changes represent the outcome of this process. In addition to the refe-
renced articles, as part of this thesis, I also compared the differentially expressed
genes between RPL and our most severe term complication, LO-PE. Only five
significant genes were shared between the two studies, but their fold changes
were opposite, as was the overall correlation of the respective studies’ gene
expression changes (Figure 9). While LO-PE, SGA and LGA were at least con-
ceptually aiming to support the fetus, and their gene expressions were positively
correlated with each other, the transcriptome of RPL is inverse. This and the
enrichment of several cell death-related pathways among the RPL DEGs further
support the theory that the gene expression observed in RPL is, at that point, no
longer trying to support the pregnancy but to terminate it.

5.3. Variable degree of parent-of-origin-specific allelic
expression in the placenta - functional and
evolutionary adaptation? (Study IV)

This study offers a systematic evaluation of parental allelic expression of nearly
400 candidate imprinted genes in 54 human placental samples, across all three
trimesters of normal gestation, as well as in cases of LO-PE, GD, LGA and SGA.
The study filtered the initial gene list for the presence of common exonic SNPs,
sequencing depth, and informative families for the parental allelic expression,
ultimately retaining a total of 91 genes for the final analysis. The findings
revealed that only 11 of the 91 analyzed genes (12.1%) showed confident signals
of parent-of-origin-specific allelic expression in the human placenta. Moreover,
the programming of imprinting was stable across the entire gestation and assessed
term pregnancy scenarios. The results suggested that the placenta-specific im-
printed genes play a critical role in supporting the fine-tuning of developmental
programming, as evidenced by their high expression in the second trimester of
pregnancy. The study also identified a distinct class of 14 genes that showed a
systematic bias towards the enrichment of transcripts from one parental allele,
suggesting that the molecular mechanisms leading to biased parental allelic
expression require further investigation. Overall, the study’s results suggest that
a restricted number of imprinted genes in the human placenta is consistent with
the data on the mouse placenta and other human tissues. The study’s findings may
have implications for understanding the epigenetic regulation of fetal develop-
ment and the aetiology of pregnancy complications.
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5.4. Study limitations and perspectives

Recognizing the inherent limitations faced by placental gene expression studies
investigating the causes and mechanisms of human pregnancy complications is
crucial. These limitations are influenced by ethical considerations, the rapid evo-
lution of the placenta, the complexity of the disorders, and inadequate funding,
all of which highlight the challenges in this field. Consequently, sample sizes are
often small (e.g., in our RPL group), or case-control groups have systematic dif-
ferences (e.g., different gestational ages between PE and normal term samples).
This thesis only used bulk RNA-Seq. Since the placenta has multiple cell types,
higher resolution methods such as single-cell RNA-Seq or spatial transcriptomics
could provide additional insights about normal and complicated pregnancies
(Bhalla et al., 2023; Garcia-Flores et al., 2024; Greenbaum et al., 2023; Smith
et al., 2024).

Also, due to the high risk for maternal and fetal health, placental sampling is
mostly impossible before delivery or pregnancy termination. This limits us to a
snapshot of the case after the effect, and it becomes more challenging to isolate
the genes and pathways that drive the complications and could serve as a target
for preventative treatment. In the case of RPL placentae, there was an additional
confounding effect in that we did not precisely know for how long the fetus was
deceased.

One potential way to address this issue would be to conduct such experiments
on animal models. However, the rapid evolution of the placenta has limited the
suitability of animal models for studying complex human placental diseases, as
most do not fully replicate the spectrum of symptoms seen in human pathology
(Chaouat & Clark, 2015; Chau et al., 2022; Sunderland et al., 2011). For instance,
while there are numerous animal models for preeclampsia that have provided
valuable insights and intervention strategies for this complex disease, translating
these findings to clinical practice is yet to be realized (Chau et al., 2022; Taylor
& George, 2022) Nevertheless, I believe that at this point, the term complications
addressed in this thesis have been studied to a sufficient degree in a manner
similar to ours, and the way forward is to study specific pathways and aetiological
variations in animal models.

As for RPL, similar experiments would likely still need to be conducted, but
with a significantly larger sample size, and if possible, by including placental
samples from elective terminations from couples with an existing RPL diagnosis.

The current literature on biased parental expression of placental genes seems
to be quite limited, and therefore, research in this field is likely to provide many
opportunities for identifying novel mechanisms and affected genes.
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6. CONCLUSIONS

Placental transcriptome research utilizing advanced tools like RNA-Seq offers a
high throughput and comprehensive dataset, enabling a deeper understanding of
the complex mechanisms involved in pregnancy complications. Previously avail-
able gene expression profiling methods did not provide similar throughput and
accuracy to analyze the entire transcriptome cost-effectively. At the start of this
doctoral project, there were limited publications about the methods to generate
and analyze placental RNA-Seq datasets. This research contributed to the field
by clarifying the adequate steps for designing a high-quality placental RNA-Seq
study and provided candidate molecular mechanisms/pathways to understand
placental malfunction in pregnancy disorders that could contextualize further
investigations.

The main conclusions to be drawn from this thesis are:

1) Even minor differences in RNA integrity can lead to biased estimates of gene
expression levels and RNA molecule’s physical and biological parameters
correlate with the strength of the effect. It is inadvisable to design studies with
significantly different RNA integrity levels between clinical groups, as it will
be difficult to distinguish the effects of RNA degradation from genuine
differences in expression due to clinical or biological factors. Furthermore,
even when groups exhibit similar average RNA degradation levels, a wider
variance in RNA integrity can reduce the ability to identify differentially
expressed genes due to increased noise.

2) The distinct transcriptome profile of placental samples from LO-PE preg-
nancies compared to normal pregnancies and other gestational complications
provides evidence for the placental origin of this condition. At the same time,
there was a statistically significant overlap among all term complication gene
profiles. LO-PE and SGA have the most significant similarities, hinting at
shared aetiology or placental reaction to the conditions.

3) RPL exhibited a major reorganization of the placental transcriptome com-
pared to the 1* TRIM transcriptome. Closer inspection of the differentially
expressed genes ontology indicated that the placental tissue was already
winding down the cellular machinery and terminating the pregnancy at the
time of sampling. The likely root cause for the RPL condition was not
identified.

4) Most of the tested imprinting candidate genes showed biallelic gene expres-
sion in the human placenta. Only 11 genes (12.1% of tested genes) showed
robust parent-of-origin-determined monoallelic gene expression. These im-
printed genes were either placenta-specific or were transcribed additionally to
the placenta only in the adrenal gland. Further 14 genes displayed parental
biased expression, wherein 65-90% of RNA-seq reads originated from one
parental allele.
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SUMMARY IN ESTONIAN

Platsenta transkriptoom normaalse ja komplitseeritud raseduste korral

Rasedus on keeruline protsess, mille kdigus areneb viljastatud munarakust laps.
Tavaliselt kestab rasedus umbes 40 nidalat, mis on ajaliselt jasotatud kolmeks
trimestriks. Raseduse ajal toimub ema kehas palju muudatusi, et toetada arenevat
loodet ja platsenta moodustumist. Platsenta on ainulaadne organ, mis eksisteerb
vaid ajutiselt. Platsenta moodustub samadest rakkudest, mis moodustavad
embriio ning see on nabanddri kaudu tihedalt seotud lootega. Platsenta méngib
raseduse ajal lliolulist rolli, kuna see varustab kasvavat loodet hapniku ja toit-
ainetega, eemaldades samal ajal jadkaineid loote verest. Lisaks on sellel ka endo-
kriinne funktsioon, mis aitab emal rasedusega kohaneda ja seda siilitada.

Kahjuks ei kulge iga rasedus probleemideta. Statistika niitab, et ligikaudu
7-21% rasedusi mdjutavad hiipertensiivsed hdired (Umesawa & Kobashi, 2016)
ja 1-5% paaridest kogevad korduvat raseduse katkemist (Jauniaux et al., 2006;
Regan et al., 2023). Implantatsioonihdired, ebanormaalne platsenta areng ja
platsenta talitlushéired kujutavad endast suurt riskifaktorit raseduskomplikat-
sioonide, nagu raseduse katkemine, preeklampsia (PE), rasedusdiabeet (GD),
loote kasvu peatumise voi enneaegse siinnituse tekkeks (Sober et al., 2015). Vara-
semad uuringud on veenvalt tuvastanud seose raseduse tiisistuste ja normaalist
korvalekalduva platsenta geeniekspressiooni vahel. Seetottu voib platsenta trans-
kriptoomi uurimine anda véirtuslikku teavet nende seisundite diagnoosimiseks,
ennetamiseks ja raviks. Selle doktoriprojekti alguses oli RNA-Seq (transkrip-
toomi sekveneerimine) uusim ja tdpseim meetod, et korraga analiilisida kogu
transkriptoomi. Varem kéttesaadavad geeniekspressiooni profiilide koostamise
meetodid ei andnud sarnast ldbilaskevdimet (nt RT-qPCR) voi tdpsust (nt geeni-
ekspressiooni geenikiibid) kogu transkriptoomi kuluefektiivseks analiitisimiseks.

Kéesoleva doktoritod kédigus sekveneerisime suurima selleks hetkeks aval-
datud raseduskomplikatsioone késitleva platsenta RNA-Seq andmestiku. Andme-
kogum sisaldas kliiniliselt normaalsete raseduste platsentasid kdigist kolmest
trimestrist (1 TRIM, 2™ TRIM ja Term norm), nelja raseduskomplikatsiooni
valimeid kolmandast trimestrist (gestatsioonidiabeet (GD), preeklampsia (PE),
viikese (SGA) ja suure siinnikaaluga rasedused (LGA)) ning {ihte esimese
trimestri korduva resedus katkemise (RPL) gruppi.

Tagamaks andmestiku korge kvaliteeti, analiilisisin, mil mééral voib RNA
lagunemine jérgnevate katsete tulemusi mojutada. Edasi leidsime, millised
geenid ja rajad ekspresseeruvad erinevalt raseduskomplikatsioonide korral ning
uurisime seost raseduse tiisistuste ja platsenta geenide vanemliku alleelse
ekspressiooni vahel. Selle doktorit6d pohieesmirk oli vilja tootada eksperimen-
taalne ning analiiiitiline protsess platsenta RNA-Seq andmestiku genereerimiseks
ja sealt leida, mis geenid ja protsessid on raseduskomplikatsioonide korral hiiritud.
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Loputooks sonastati kolm jargmist eesmérki:

L.

Hinnata platsentas parast siinnitust esineva RNA lagunemise moju RNA-Seq
eksperimendi tulemustele.

Iseloomustada varaste ja hiliste raseduskomplikatsioonide puhul platsentas
diferentsiaalse ekspressiooniga geenide ja kaasatud bioloogiliste radade
maastikku.

. Maéérata 91 vermingu kandidaatgeeni vanemliku alleelse ekspressiooni hélvet

platsentas ja analiiiisida nende transkriptsiooni diinaamikat raseduse kulu ja
komplikatsioonide kontekstis.

Nende eesmérkide tiitmise raames osalesin ka nelja teadusartikli koostamises.

Peamised jéareldused on jargmised:

1.

Isegi viikesed erinevused RNA intaktsuses voivad viia geeniekspressiooni-
tasemete muutuseni, kusjuures RNA molekuli fiiiisilised ja bioloogilised
parameetrid korreleeruvad selle moju méiraga. Ei ole mdistlik kavandada
eksperimente, kus erinevate kliiniliste gruppide vahel on oluline erinevus
RNA intaktuses, sest muidu on hiljem keeruline eristada RNA lagunemise
moju gruppide vahel esinevast bioloogilisest mdjust. Isegi kui gruppidel on
samad keskmised RNA lagunemise tasemed, vdib RNA terviklikkuse suurem
varieeruvus siiski langetada vdimet tuvastada erinevalt ekspresseeritud geene.

. Preklamptiliste raseduste puhul on platsenta transkriptoom selgelt erinev nor-

maalist, kinnitades teooriat, et preeklampsia on platsentast tulenev komplikat-
sioon. Kuigi teised raseduse hilisema osa komplikatsioonid olid statistiliselt
oluliselt normaalist diferentsiaalses ekspressioonis vaid mone geeniga, oli
koikidel hilise raseduskomplikatsioonide platsenta transkriptoomide pro-
fiilidel omavahel statistiliselt oluline positiivne korrelatsioon. LO-PE ja SAG
grupp olid omavahel kdige sarnasemad, viidates nende komplikatsioonide
etioloogilisele sarnasusele.

. RPL platsenta transkriptoomi oli 1. TRIM-i transkriptoomiga vorreldes olu-

liselt teistsugusem. Diferentsiaalselt ekspresseeritud geenide ontoloogia 1&hem
uurimine viitas, et platsenta kude oli proovide votmise ajaks juba rakusurma
ja raseduse katkestamise rajal ning juurpohjust RPL tekkeks sealt eristada ei
onnestunud.

. Enamik testitud vermingu kandidaatgeene ei olnud inimese platsentas vermi-

tud. Ainult 11 geenil (12,1% testitud geenidest) ilmnes tugev vanema poolt
médratud monoalleelse geeni ekspressioon. Vermitud geenid olid kas
platsentaspetsiifilised vOi transkribeeriti neid lisaks platsentale ainult
neerupealistes. Veel 14 geenil oli kallutatud ekspressioon, mille puhul 65—
90% RNA-seq lugemistest pérines iihest vanemalleelist.
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