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Abstract

Pregnancy is arguably the most dangerous time in life for both mother and child. A
healthy pregnancy is reliant on a healthy placenta, the organ that orchestrates both
maternal adaptations to pregnancy and the transfer of nutrients, hormones, gases and
wastes between the maternal and fetal circulations. Defects in placentation, particularly
impaired trophoblast invasion, are implicated in many adverse pregnancy outcomes.
Complications of pregnancy such as preeclampsia compromise the health of the
mother and her fetus both in the immediate and long term. Access to placental
chorionic villus tissue is, understandably, restricted making in vivo study of the placenta
difficult. However, recent high-throughput sequencing technologies and innovative
sampling methods are finally enabling scientists to unravel the molecular components
of pregnancy and the placenta in real time. This thesis aims to capitalise on these new
technologies to develop a process for monitoring pregnancy at early to mid gestation,
and for complications at term. In this thesis | use a data-driven, bioinformatics-led
approach to analyses of human placental and maternal transcriptomes, taking
advantage of an extensive biobank of tissue samples from elective pregnancy

terminations (6-23 weeks’ gestation) and post parturition (37+ weeks’ gestation).

In the introduction, the human placental transcriptome is explained in the context of
normal development and function, pregnancy complications, biomarker discovery and
sex-differences that impact gene expression. The literature review in Chapter 2
describes the male- and female-specific sex-differences observed in the human

placental transcriptome and technical aspects of high-throughput sequencing

\



approaches and their implications for analysis. Chapter 3 provides a comprehensive
profile of microRNAs in early to mid gestation human placenta (6-23 weeks’) and
matched maternal plasma, where | identified dynamic changes in placenta and
maternal plasma microRNA expression during this time. The next two chapters
demonstrate the development of a new method and bioinformatics tool for the
identification of red blood cell transcripts in human plasma, an issue identified in
Chapter 3. Chapter 4 details a novel 20 microRNA signature set identified as
differentially abundant between plasma from samples with and without substantiated
haemolysis. This method forms the basis of Chapter 5 where | develop DraculR, a
Shiny/web based tool for the detection of haemolysis in plasma from young women
and recommends that assessment of red blood cell contents becomes standard pre-
analytical practice. In Chapter 6, | used both sex-specific and sex-naive bioinformatics
approaches to identify the placental gene expression differences between preeclamptic
and uncomplicated pregnancies. Network analysis established a profile of gene co-
expression associated with late-onset preeclampsia. Finally, | synthesise all research

themes to describe potential future applications for this work.

Overall, the analyses herein have reinforced the utility of high throughput sequencing
data in pregnancy monitoring and provided a window into the potential benefits that a
“Precision Medicine”-type approach could have in obstetrics care. | report major
technical biases in using high throughput sequencing technologies for monitoring

health, such as haemolysis, batch correction and library preparation inconsistencies.

Vi



Quality assessment is essential for the establishment of quality reference data, without

which our ability to produce robust reference sets render precision health impossible.

Vi
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Chapter 1

Introduction



The miracle of the human placenta

The placenta begins to develop in humans shortly after conception when, in search of
nutrients, the embryo travels through a fallopian tube to the uterus, before first attaching
and then implanting into the decidualised endometrium (uterine lining). Attachment
triggers the differentiation of the trophectoderm, the trophoblast cell layer of the
blastocyst, into an inner cytotrophoblast and an outer multinucleated syncytiotrophoblast
mass [1-3]. Rapidly differentiating, the basic cellular organisation of the placenta is in
place approximately 18 days post ovulation, making the placenta the first organ of the
conceptus to develop and function [1]. Implantation marks the beginning of placental
invasion and is instigated when syncytiotrophoblast processes infiltrate between
endometrial lumenal epithelial cells and into the decidua (pregnant endometrium).
Invasion by extravillous cytotrophoblast cells that have undergone epithelial
mesenchymal transition (EMT) is both interstitial and endovascular. Endovascular
extravillous cytotrophoblasts invade, colonise and transform the uterine spiral arterioles,
remodelling them and rendering them non-responsive to vasoactive molecules in the
maternal circulation. This process provides the maternal blood supply to the placenta with
uninterrupted perfusion without turbulent flow. Notably, impairments in this process are
associated with pregnancy complications, many of which are associated with placental

insufficiency, induced by aberrant placental development [4,5].

Colonisation and remodelling of the maternal spiral arterioles is one dimension of
placental direction of the mother’'s physiological adaptations to pregnancy. Crucial to

pregnancy success, these are managed through a delicate interplay between the


https://paperpile.com/c/EFjJOb/79Iv+UwBQ+wZVV
https://paperpile.com/c/EFjJOb/79Iv
https://paperpile.com/c/EFjJOb/SbRZ+3xDs

placenta’s secretion of a number of steroid and peptide hormones and the physiological
response from the maternal system, including the secretion of hormones that affect the
placenta. In addition to its role in maternal adaptations, the main functions of the human
placenta include gas exchange, metabolic transfer and fetal protection from the maternal
immune response. Interaction between the fetal and maternal systems occurs primarily
at the terminal branches of the chorionic villi within the intervillous space. Here,
oxygenated, nutrient rich maternal blood bathes the chorionic villi bringing the molecules
that pass through the syncytium before being taken into the fetal system. In this way, the
placenta acts as a barrier between the fetal and maternal systems and can help protect

the fetus against xenobiotic molecules, infections and maternal disease [2].

Pregnancy complications and sex differences

Functionally, the placenta is the interface between the developing fetus and the mother.
All oxygen and nutrients supplied to the fetus from the maternal circulation and all fetal
waste products, including carbon dioxide (CO2) and urea, must first pass through the
placenta via the syncytiotrophoblast. How efficiently this exchange occurs has a profound
impact on fetal development and the health of both the mother and the fetus throughout
pregnancy. Further, there is evidence from epidemiological studies that strongly suggest
there is a “fetal origin” that predisposes adults to chronic diseases including heart disease,
type 2 diabetes mellitus and obesity [6,7], indicating that for each child, pregnancy health
has a lifelong impact on their future wellbeing. During pregnancy, aberrant placental
function has been implicated in pregnancy complications including preeclampsia (PE),

intrauterine growth restriction (IUGR) [8], gestational diabetes mellitus (GDM) [9] and
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spontaneous preterm birth (SPTB) [10]. Whilst the placenta has often been seen as an
asexual organ, as a product of conception, genotypically the placenta is identical to the
fetus with the same XX or XY chromosomes. Given that the incidence of many pregnancy
complications exhibits sexual dimorphism, fetal sex must also be given consideration in

the investigation of the placenta and its role in pregnancy complications [11-13].

Whilst it is difficult to identify all factors accounting for sex differences in the occurrence
of pregnancy complications, there is strong evidence to suggest that male and female
bearing pregnancies respond quite differently to maternal stress. When confronted with
a maternal stress challenge for example, the male fetus will continue to grow where the
female fetus will attenuate growth [12]. This may be the reason that male fetal sex is
associated with preterm birth and female fetal sex associated with fetal growth restriction
[14]. The male fetus is at higher risk of many adverse pregnancy outcomes including
higher rates of GDM [15,16], PE, preterm premature rupture of membranes, abruptio
placentae, polyhydramnios, fetal macrosomia, failure to progress through labor, cord

prolapse and umbilical cord knots [13,17,18] and supported by systematic review [11].

Bioinformatic analyses of the human placenta

The obvious link between placental development, pregnancy progression and the
ongoing health of both the mother and fetus/child clearly indicate a need for placenta
research. However, also clear are the myriad ethical and logistical obstacles in performing
this research. The use of animal models is limited given the physiological and anatomical
differences between humans and model organisms [19]. Placental cell lines, whilst a

valuable and important resource are by definition single-sex [20], may not express
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important placental genes [21] and cannot substitute for complex tissue. Placental
explants, again valuable and important, are limited in that they are not fit for long term
observation such as placental development over 40 weeks, the period of human gestation
and whilst there has been advancement in the creation of placental organoids, there is

much work to be done before they are a viable alternative to whole tissue.

Given the importance of understanding the placenta we must next ask “how” we might
begin to untangle the complex stages of organ development. In this thesis, we have
concentrated on two sides of genomic profiling, that of gene expression and that of post
transcriptional gene regulation. In order to profile gene expression we have used bulk
RNA extraction from whole tissue, followed by high throughput sequencing of RNA
libraries (RNAseq). RNAseq allows us to take a snapshot of gene expression and to
compare this snapshot across samples in time, sex and pregnancy pathology. For post
transcriptional regulation we have focused on RNA extraction and size fractionation from
whole tissue, followed by high throughput sequencing of the small RNA fraction to profile
micro RNAs (miRNAseq). MicroRNAs (miRNAs) are short, ~22 nucleotide lengths of
single stranded non-coding RNA that, along with the RISK complex, act to repress or
silence the translation of targeted messenger RNAs in the cytoplasm [22—-24] and are

known to be important in placental development [25-27].

Prior to the introduction of oxygenated maternal blood into the intervillous space at ~10-
12 weeks’ gestation, the placenta develops in a low, but physiological, oxygen

environment. After this time, maternal/fetal exchange is established as oxygenated
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maternal blood enters the intervillous space and bathes the villi [4]. How the placenta
responds to oxidative stress at this important time point forms the impetus for our
investigation. The primary aim of the first study presented in this thesis (Chapter 3) was
to quantify the miRNA expression of 96 chorionic villus samples taken from non-medical,
elective terminations, between 6-23 weeks’ gestation along with that of plasma from
matched maternal blood samples taken at the time of termination. To establish the effect
of oxygen, we first profiled the miRNA transcripts of all samples passing quality control
filters before performing a differential expression between the 6-10 weeks’ and 11-23
weeks’ gestation groups. The results indicate expression of 637 mature miRNAS,
including species from important miRNA clusters and an additional 588 candidate de novo

miRNA predicted using miRDeep?2.

Unsupervised clustering of samples using principal component analysis (PCA) identified
a clear gestational age gradient. After establishing a baseline of placental miRNAs from
early to mid gestation, we further assessed differential expression between the 6-10
weeks’ versus 11-23 weeks’ gestation groups and identified 374 differentially expressed
MiRNAs. Interestingly, we identified the relative proportion of transcripts originating from
the highly placenta specific chromosome 19 miRNA cluster (C19MC) and of the
chromosome 13 (miR-17~92) and paralogs from chromosome 7 (106b~25) and
chromosome X (106a~363) decreased after 10 weeks’ gestation, whilst the chromosome
14 miRNA cluster (C14MC) relative proportion increased over this same time period,
hinting at a possible biomarker of placental oxygenation. We also note that whilst miRNA

clusters have been demonstrated to be transcribed by RNA-Pol Il as a single polycistron
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[28] individual members of these clusters display a range of expression levels which leads

to the question - what is regulating the regulators?

Ectopic oxygenation of the placenta could lead to pregnancy loss, a placenta being in a
low oxygen state past the introduction of maternal blood could indicate aberrant placental
implantation or development. The promise of miRNAs as biomarkers of placental
oxygenation given by both the differential expression and the change in proportion of
mature transcripts we identified in tissue, lead naturally to the investigation of miRNA
abundance in matched maternal plasma samples (hereafter referred to as plasma).
Extraction and quantification of miRNA from plasma using high throughput sequencing is
difficult and relatively new. However, using the QIAGEN miRNA serum/plasma kit
(Qiagen, Hilden, Germany) our investigation identified 790 mature miRNA species in
plasma. miRNA is not expressed in plasma but rather miRNA identified here have their
origin linked to various systemic compartments [29]. The exception to this is the highly
placenta specific miRNA cluster C19MC. We identified that in plasma, abundance of the
C19MC members, miR-516b-5p and miR-517a-3p, appear to increase across early to
mid gestation showing some promise of the oxygen signature we hypothesised; however,

these results were not statistically significant (FDR > 0.05).

in silico haemolysis detection in human plasma

Early in our analysis of the plasma samples we identified that a number of samples were
outliers. Further investigation detected an unusual abundance pattern of known red blood

cell (RBC) associated miRNA which prompted the quantification of haemolysis in our
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plasma samples. Haemolysis occurs when red blood cell contents are released into the
blood, usually in this context, due to rupture (lysis) of red blood cells (erythrocytes) during
extraction or preparation of blood, prior to the separation, through centrifugation, of
plasma and other components of the blood sample. Red blood cells are known
repositories of miRNAs in the circulatory system [30] and because of this, haemolysis

during sample preparation alters the miRNA content of plasma [31].

Without a method to subtract the RBC miRNA signature from our sample data, we set out
to understand the impact of haemolysis on our ongoing experiments. These analyses
form the basis for experiments leading to Chapter 4 of this thesis. To establish a miRNA
plasma abundance baseline, we first quantified sample haemolysis through delta
quantification cycle (ACq), where expression levels of a known blood cell associated
MiRNA (miR-451) and a control miRNA (miR-23a) are determined based on raw Cq
values and the difference between the two is calculated. Using both data from the current
gold standard haemolysis quantification and the high throughput sequencing data from
libraries prepared using 154 plasma samples taken from 24 non-pregnant and 130
pregnant women aged 16 to 46 years, we identified transcripts from 1,133 mature

miRNAs.

Circulating cell-free miRNAs have long been investigated as promising biomarkers in
body fluids such as plasma, serum, urine and saliva. miRNAs identified in plasma are
very stable [32] due to being packaged in micro vesicles such as exosomes [33,34] or

bound to protein complexes such as argonaute 2 (Ago2), nucleophosmin 1 (NPM 1) and
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high density lipoprotein (HDL) [35-37]. In the context of placental health, circulating cell-
free miRNAs have the potential to become an important biomarker resource, given their
minimally invasive accessibility. However, before we, as a community, establish clinically
relevant miRNA biomarkers, we must first understand the impact that red blood cell
associated miRNA have on our analyses. Previous research conducted into various
cancer biomarkers has established that many miRNA thought to be useful biomarkers
have subsequently been identified as associated with haemolysis, casting doubt on their

biomarker utility [38].

To quantify the effects of haemolysis on miRNA abundance we first counted the number
of uniqgue mature miRNAs identified in each of our samples. Then, using an analysis of
variance, we identified a significant difference between the haemolysed and non-
haemolysed samples (ANOVA; p-value < 0.05), with haemolysis being associated with
fewer mature miRNA species detected at a given read depth. Using data from high
throughput sequencing, we were able to establish the effect of haemolysis on miRNA
read counts previously demonstrated through qPCR [31,39,40]. To establish which
MiRNA were being affected by haemolysis we performed a differential expression
analysis between the samples identified as haemolysed and non-haemolysed using the
ACq method described above. After filtering for low abundance, we identified 138 miRNAs
with a higher abundance in haemolysed compared to non-haemolysed samples and,
using these mMIRNA, established a plasma miRNA haemolysis signature. Further,
adapting concepts from previous RT-gPCR analyses, we used a 20 miRNA haemolysis

signature set to establish a new measure of the inclusion of red blood cell associated
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miRNA in human plasma, the “Haemolysis Metric” and subsequently conceived a tool that
could be used for in silico detection of haemolysis in data from high throughput
sequencing of human plasma. This led to the next major study presented in this thesis

(Chapter 5), an online tool available to the research community.

After establishing that our plasma samples were affected by red blood cell contents and
that this in turn reduced our power to detect differences between our sample groups, we
used plasma samples with known haemolysis quantification (ACq method) to establish a
new method for identifying haemolysis in silico. We next incorporated this new method

into a publicly available, Shiny web-based tool, DraculR. Hosted at www.shiny.io, DraculR

enables any user to upload miRNA sequencing data from human plasma extraction and
after filtering and normalisation, return our Haemolysis Metric and a recommendation
regarding the downstream analysis of each of the samples being considered. Further,
using a priori knowledge of miRNA associated with the user condition of interest, any of
the 20 miRNA from the haemolysis signature set can be removed from consideration.
This step allows for the quantification of haemolysis without the confounding disease or

condition associated with a given miRNA.

Sexual dimorphism in the human preeclamptic placenta

Fetal development in utero is completely dependent on adequate placental differentiation
and function, a lack of which results in placental insufficiency and pregnhancy
complications [2,8,41]. Placental development is orchestrated by the placental genome,

identical to that of the fetus and the interplay between the placental and maternal
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environments. Males for example grow faster in utero with a greater body length and body
weight at birth compared to girls of equivalent placental size [42]. This is often considered
to indicate that the placenta from a male bearing pregnancy is more efficient than that of
the female bearing pregnancy [12,43,44]. This male growth strategy does however have
a trade off. When the maternal environment is favourable, growing quickly may be of
benefit, but if the maternal environment is under stress, the male fetus is at increased risk
of undernutrition because they have less placental reserve capacity than their female

counterparts [12].

Preeclampsia is a pregnhancy complication characterised by maternal hypertension and
fetal growth restriction [45] with a global incidence rate of 4.6% [46]. Late onset
preeclampsia, like many pregnancy complications, has an increased incidence in male
bearing pregnancies [47]. Given the sex-differences in outcome, to investigate the
transcriptional landscape of the preeclamptic placenta, we conducted sex-specific

analyses, the final experiment presented in this thesis (Chapter 6).

We created libraries for bulk RNA-seq and miR-seq from placenta samples taken after
delivery from uncomplicated pregnancies with those with late onset preeclampsia. Using
data from 59 (22 male, 37 female) samples, we further stratified our analysis by fetal sex.
We performed a differential expression analysis to test the null hypotheses, independently
for placenta from male and female bearing pregnancies, that there was no difference in
gene expression between placenta from preeclamptic and control pregnancies. We

identified 6 up- and 2 down-regulated genes in the male comparison, with no significant
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change in the female comparison. The most highly up-regulated gene in the male
comparison was Ceruloplasmin (CP), a major plasma antioxidant that chelates transition
metal ions of copper and prevents the catalysed production of free radicals in the cell [48].
In the context of pregnancy, oxidative stress leading to endothelial dysfunction is

suggested to have a causative role in the pathophysiology of preeclampsia [49].

To complement our differential expression analyses and to more closely investigate the
co-expression relationship between placental genes and preeclampsia, we adopted the
weighted gene co-expression network analysis (WGCNA) approach. Prior to our
investigation 35 additional samples previously sequenced in our lab were added to the
analysis. WGCNA analysis revealed both sex-specific and conserved highly correlated
patterns of gene expression that are associated with distinct biological processes,

maternal smoking, maternal age and genes implicated in preeclampsia.

Summary

The PhD research presented here is focused on three key aspects of pregnancy health
and development: (1) placental expression of miRNA post transcriptional regulators
across the crucial introduction of oxygenated maternal blood, (2) the effect of haemolysis
on biomarker identification and (3) sexual dimorphism in the preeclamptic human
placenta. All three unique aspects of this project have provided novel insights into gene
regulation, biomarker identification and the importance of fetal sex in the investigation of

gene expression in placental pathology. Furthermore, we provide a new method for the
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in silico identification of haemolysis in miRseq from human plasma and provide this tool

for open community use.
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Abstract

Biological sex is an essential variable in all biomedical experiments yet is often absent or
unreported on public data repositories. The presence of sex information is even more
important in research into pregnancy complications, where male bearing pregnancies are
disproportionately impacted. In this review, we present a current state of sex-bias in
human placental research, with a specific focus on transcriptomics, and the importance
of incorporating fetal sex into study design. Accounting for sex in gene expression studies,
and studying sexual dimorphism generally in biomedical research, is likely to improve
current disease models and allow for accurate use of Precision Medicine techniques for

diagnosis and to inform treatments.

Key words: Placenta, transcriptome, sexual dimorphism
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Introduction

Sexual dimorphism in human morphology and physiology is evident even though the
human genome, with the exception of the sex chromosomes, is shared between biological
males and females. The most obvious genetic difference between the sexes is that of the
sex chromosomes (Figure 1A). In fact, simply possessing a Y chromosome predisposes
a fetus and its mother to a number of non-preferred pregnancy outcomes [1], many of
which are associated with placental insufficiency [2]. Interestingly, the X chromosome
exhibits a unique plasticity of expression in placenta with potential for inactivation [X
chromosome inactivation (XCI)] or escape from XCI in response to intrauterine conditions

which may help to buffer the female fetus from an adverse maternal environment [3].

21


https://paperpile.com/c/ZmDgDF/QxkCv
https://paperpile.com/c/ZmDgDF/sMEZ
https://paperpile.com/c/ZmDgDF/A6zQ

A

Female sex Male sex
XY chromosome

complement
¢ > SRY

v v

Testicular testosterone surge

Random X chromosome
inactivation and escape

Fetal testis o
Testosterone ¢ OH
| |
Y
O/

v v v

Genetic differences of male and &I Epigenetic programming of male cells

Figure 1. A, Genetic sex differences begin with cells carrying a compliment of either XX or XY
chromosomes. Genes expressed on the Y chromosome are only present in genotypically male
individuals. B, Random X inactivation in the placenta results in a mosaicism of active X. Some X-
linked genes escape inactivation with evidence of X-linked genes in placenta up-regulated in
female bearing pregnancies [4] C, The Y chromosome gene SRY is present only in genotypically
male individuals and is responsible for testis production and resultant testosterone production. [5]

Genes expressed from the Y chromosome are only present in genotypically male
individuals whereas genes expressed from the X chromosome are present in both males
and females. When considering sex differences in the placenta it would be natural to
presume these differences are largely due to the presence of a Y chromosome in the

male bearing pregnancy, or the presence of two X chromosomes (Figure 2B), with the

22


https://paperpile.com/c/ZmDgDF/Y44p
https://paperpile.com/c/ZmDgDF/up4C

resulting dosage compensation and X-inactivation (XCI) in the female bearing pregnancy.
However, the differences in gene expression are not restricted to genes on the sex
chromosomes, but rather also include gene expression, epigenetic regulation and
response to stress from autosomal genes. It is important to note that the active X
chromosome in female mammalian cells within the same organisms may be of maternal
or paternal origin resulting in a mosaic pattern of activity [6], this includes the placenta

which exhibits a patchwork of mosaic, independent genetic units and random XCI [6-8].

Whilst only 4% of the genes found to be differentially expressed between male and female
tissues are found on the X chromosome, of the 30 genes found to exhibit consistent sex-
biased expression, 22 are known to constitutively escape XCI [9]. This is consistent with
Gonzalez et al. (2018) who, using RNA sequencing data from late first trimester placenta,
identified 58 genes with significantly different expression between males and females (25
X-linked, 15 Y-linked, and 18 autosomal genes). Interestingly, of the X-linked genes found
to be up-regulated in placenta from female bearing pregnancies, 59.1% are known to
escape XCI [4]. Though the mechanism for XCI is not fully defined, it has been
demonstrated that transcriptional suppressor SPEN1-3 (SPEN), which is essential for the
initiation of gene silencing on the X chromosome and the loss of which has been
associated with deficient XCl, is immediately recruited to the X chromosome upon the up-
regulation of Xist and is targeted to the promoters and enhancers of active genes[10].
Whilst differences in sex-chromosome gene expression are expected, it is reasonable to
conclude that any sex-specific differences in autosomal gene expression are driven by

sex-specific pre- and post-transcriptional elements [11,12].
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Sexual dimorphism begins early in development, with the male fetus growing faster than
its female counterpart [13,14] with testosterone (Figure 1C) an important hormone in
programming sex differences in physiology and susceptibility to diseases that will
manifest in adulthood [5]. Males have a greater body length and weight at birth than
females [4] with on average, a greater feto placental weight ratio [15]. This has led to the
consensus that the male placenta is more efficient than that of the female [16—18]. This
rapid growth however, has a downside, with male pregnancies more likely to suffer from
placental dysfunction [19] and pregnancy complications associated with placental
insufficiency including preeclampsia (PE), intrauterine growth restriction (IUGR) and
spontaneous preterm birth (SPTB) [13]. Further to complications in early pregnancy,
when considering successful pregnancies that progress to term (ie > 37 weeks’) male sex
also significantly predisposes to the elongation of gestation with (chromosomally normal)
males likely to be born later compared to (chromosomally normal) females [20]. As well
as the risks associated with gestation, the developmental origins of health and disease
(DOHaD) hypothesis establishes a framework in which the in utero environment,
mediated by the placenta, influences disease outcomes for mother and child later in life

[15,21].

Genomic imprinting is an epigenetic process that involves differential epigenetic marking
of the parental chromosomes, including DNA methylation and histone modifications,
without altering the genetic sequence. It results in gene expression in a parent-of-origin-

specific manner [22]. Differential epigenetic marks on parental chromosomes result in

24


https://paperpile.com/c/ZmDgDF/co6B+TO1o
https://paperpile.com/c/ZmDgDF/up4C
https://paperpile.com/c/ZmDgDF/Y44p
https://paperpile.com/c/ZmDgDF/8gFK
https://paperpile.com/c/ZmDgDF/TqzQ+Ls9A+zCdY
https://paperpile.com/c/ZmDgDF/HZln
https://paperpile.com/c/ZmDgDF/co6B
https://paperpile.com/c/ZmDgDF/ILfX
https://paperpile.com/c/ZmDgDF/8gFK+7Xfu
https://en.wikipedia.org/wiki/Epigenetics
https://paperpile.com/c/ZmDgDF/wArr

differential accessibility by the transcriptional machinery and thus alleles of some genes
having different levels of activity, often to the point of monoallelic expression [23].
Originally described in the insect Pseudococcus nipae, imprinting has since been
identified in higher organisms with ~200 genes known to be imprinted in the human
genome [24]. Whilst dispersed throughout the genome, these genes are often located in
clusters [25-27], thought to be a function of the epigenetic marks that give rise to the
parent of origin specific silencing. Expression from imprinted genes may show both spatial
and/or temporal heterogeneity meaning that certain imprinted genes are only expressed
in a single tissue, or at a single time in development [28]. Many imprinted genes are
expressed in placenta and are important for placental development [29]. It has been
proposed that imprinting has an evolutionary explanation and indeed it appears that in
general, maternally derived imprinted genes attenuate fetal growth, whilst paternally

derived imprinted genes promote fetal growth [22,29].

This review will introduce known sex differences in human pregnancy and the placenta
more broadly, before discussing their implications for precision medicine. We introduce
gene expression quantification methods and discuss the impact of sex on the accuracy
of experimental results. This leads into how we study the placenta and the limitations of
current methods, recent and exciting methods such as single cell sequencing, and finally
an investigation into sex chromosomes, X-inactivation (XCI) and placental mosaicism.
Based on the guidelines provided by the Institute of Medicine (US) Committee on

Understanding the Biology of Sex and Gender Differences [30], reference to the “sex” of
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the tissue/cell line in this review refers to “genotypic sex”, where an individual is either

chromosomally XX or XY.

Sex differences in pregnancy outcomes

It is well known that there are sex-specific differences in placental physiology and
pregnancy/neonatal outcomes (including maternal) [12—-14,18,31-33]. As early as the late
18th century clinicians recorded their observations noting that on average male neonates
were larger than female neonates, and importantly, male neonates had a larger variance
in birth weight, and suffered poorer neonatal outcomes. Clarke [34] identified an excess
mortality rate in male neonates, attributing this to their larger head circumference and
subsequent issues with delivery. Meiosis during spermatogenesis, produces equal
numbers of X- and Y-bearing gametes, which would suggest the sex ratio at conception,
should be equally balanced. What we see, however, consistent across time, is a higher
proportion of male births [13,14,34-36]. The sex ratio among abnormal embryos,
however, is male-biased, and the sex ratio among normal embryos is female-biased. This
may account for the lower sex ratio in the first week or so after conception (due to excess

male mortality) [37].

More recently, it has been suggested that the early loss of male fetuses due to
environmental exposures results in a stronger birth cohort overall in males, and an
increased vulnerability later in development for females. Often referred to as the “culled
cohort effect” the assumption is that females rely on adaptive flexibility early in gestation
to escape the consequences of early life exposure to adversity. Males however are

unable to moderate their growth, and thus are at greater risk of death early in gestation
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resulting in a stronger cohort at term [38,39]. We also often consider that the placenta
from a male bearing pregnancy is more efficient than that of the female bearing
pregnancy. In a study of 437 severely premature liveborn neonates, males were found to
have higher birth weight centiles whilst having similar feto placental weight ratios [17]. As
gestation continues, female births form a greater proportion of total births, due to an
excess of male PTBs [40] until post-term is reached at which point male births increase
as a proportion of total births [20]. However, these finding have not been replicated in all

populations.

The difference in the way male and female bearing pregnancies respond to stressors is
thought to explain why male fetal sex is associated with pre-term birth and female fetal
sex is associated with fetal growth restriction [41]. In fact, male bearing pregnancies are
at higher risk of many adverse pregnancy outcomes including gestational diabetes
melitus (GDM), preeclampsia (PE), infection, preterm premature rupture of membranes,
abruptio placentas, polyhydramnios, fetal macrosomia, failure to progress through labour,
cord prolapse and umbilical cord knots [31,42,43], also supported by systematic review

[14].

It is important to note that fetal sex-specific responses to stressors are at least in part
modulated directly by the placenta. Sex-specific differences in the cortisol stress
response occur before birth, with much higher levels of cortisol secretion for male than
for female ovine fetuses [44]. Using a mouse model, researchers have clearly established

an effect of sex chromosomes on placental size, with XY placentas being significantly
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larger than XX placentas and that this difference is independent of androgen signalling
[45]. Sexual dimorphism has also been observed in embryonic cells isolated from mice at
E10.5 whereby cells respond differently to dietary stressors even before the production
of sex hormones indicating the effect of sex chromosomes are most important and

hormones are secondary [46].

There is also a sexually dimorphic response by the placenta to maternal influences such
as maternal diet and obesity. Investigation into the effect of famine on placenta size found
that while famine conditions (starvation) reduced placental size overall, the decrease in
placental area was greater for male than female bearing pregnancies [47]. At the opposite
end of the scale, higher maternal BMI increased the risk of macrosomia and large for
gestational age births (LGA) in male and female neonates while decreasing the risk of
small for gestational age births (SGA) only in male bearing pregnancies with GDM

predictive for macrosomia in male babies only [48].

Maternal obesity results in placental overgrowth and fetal hypoxia as manifested by
normoblastemia (the presence of nucleated red blood cells in the peripheral blood); it is
also associated with an increased incidence of chronic villitis (CV) and fetal thrombosis,
both more prevalent in female placentas [49]. Examination of placentas from term C-
sections with mothers classed as "lean” or "obese" found that male fetuses of lean women
had the highest antioxidant activity. This protection is lost with obesity, perhaps
contributing to the increased incidence of adverse outcomes in male bearing pregnancies.

Obese women carrying a male fetus had the highest placental measurements of protein

28


https://paperpile.com/c/ZmDgDF/yjAE
https://paperpile.com/c/ZmDgDF/iUSc
https://paperpile.com/c/ZmDgDF/UiBK
https://paperpile.com/c/ZmDgDF/YsLf
https://paperpile.com/c/ZmDgDF/ALzi

carbonyls (oxidative stress marker) and nitrotyrosine (reactive nitrogen species) levels
while lean women carrying a male fetus had the highest total antioxidant capacity [50].
Placental or chorion trophoblast cells from pregnancies with a male fetus produced more
proinflammatory TNFa in response to LPS stimulation and less anti-inflammatory 1L-10
and granulocyte colony stimulating factor (G-CSF) compared to cells from women
carrying a female fetus [51]. They also produced more prostaglandin synthase (PTGS-2)
and less prostaglandin dehydrogenase (PGDH). These data suggest that in the presence
of a male fetus the trophoblasts have the potential to generate a more proinflammatory

environment [51].

Maternal stress also affects the fetus in a sex-specific manner, with more detrimental
impacts observed in male babies [52]. In a study of affluent Scandinavian women, the
negative effect on fetal growth from maternal smoking was found to affect the developing
male fetus proportionately more than the female fetus. Both male and female newborns
of mothers who smoked heavily have lower birth weight than female newborns whose
mothers did not smoke while pregnant. However, males, but not females, whose mothers
smoked during pregnancy had a smaller head circumference than their unexposed peers

[53].

In a retrospective review on the effect of fetal sex on labour and delivery, Eogan et al.

[54] identified male deliveries as more likely to require oxytocin augmentation, and

instrumental vaginal delivery. Male neonates had a larger head circumference and were
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more likely to have an operative delivery. Female births were more likely to be

accompanied by meconium stained liquor, indicative of fetal distress [54].

The influence of fetal sex on pregnancy outcomes may also be mediated by sex-specific
maternal adaptations to pregnancy. We should consider the heightened immune
response of the mother previously reported in the male bearing pregnancy [55]. One study
on normotensive women diagnosed with PE, assessed the association between fetal sex
and maternal peripheral microvascular responses (including baseline perfusion, response
to hyperemia, post-occlusive reperfusion, and vasodilation) in response to corticotropin-
releasing hormone (CRH). Researchers found that at 31-40 weeks’ gestation those
women carrying a male fetus exhibited increased vasodilation in response to CRH and
greater baseline perfusion than those carrying a female fetus. Preeclamptic women with
a male fetus demonstrated a significantly reduced vasodilatory response to CRH, reduced
baseline perfusion and reduced response to hyperemia compared to normotensive
women pregnant with a male fetus. Microvascular function was not different between

preeclamptic and normotensive women carrying a female fetus [56].

Despite data illustrating profound differences between the sexes in immune function, sex
differences in the pathogenesis of disease are often overlooked in biomedical research.
Whilst enforcing editorial policies around reporting possible sex-biases is likely time
consuming, incorporating male and female samples into all experimental design may also
impact the statistical power of a study [57]. Editorial policies that require authors to report

the sex of their cells, animals, and subjects will highlight instances where a sex-bias is
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present, which will improve our understanding of the pathogenesis of diseases, with the
long-term goal of personalizing treatments for males and females in an effort to protect
us equally [55]. Since pregnancy only ever occurs in individuals who are genetically
female individuals, there is a misconception that pregnancy associated research, such as
that in placenta is exempt from sex-specificity. However, sex differences in pregnancy
outcomes are increasingly commonly reported, as are differences in the short and long

term effects of pregnancy complications on both mother and child.

In a case-control study investigating sex differences associated with placental dysfunction
in severe prematurity (437 consecutive deliveries before 32 weeks’ gestation of singleton,
liveborn, non-anomalous, infants Male = 232; Female = 205) sex differences exist in
placental histology of extreme prematurity were tested. No association between fetal sex
and lesions of acute inflammation, intraplacental vascular pathology or uteroplacental
vascular pathology were identified. Lesions of chronic placental inflammation had a
significantly higher score for male compared to female fetuses. The distribution of chronic
placental inflammation identified significantly more severe lesions for male compared to
female fetuses at the decidua basalis (i.e. the site of implantation of the blastocyst into
the endometrial epithelium), than within the placental villi or the amniochorionic
membranes (where interstitial trophoblast invasion is minimal). In cases of prematurity
<32 weeks' gestation in male bearing pregnancies, placental lesions predominantly
indicate a maternal immune rejection of extravillous trophoblasts in the decidua basalis

[17].
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Commensurate with fetal sex-related differences in pregnancy outcomes, the
fundamental phenotypic differences between adult men and women are readily evident.
As previously discussed, both the in utero environment and pregnancy complications not
only affect the developing fetus in a sex-specific manner, but may also have long term
effects on one’s development and adult health outcomes [32,58]. Antenatal care and
research into pregnancy health must include not only the sex of the mother, but also that
of the fetus, and therefore the sex of the placenta. This will not only improve the
establishment of sex-specific risk factors for pregnancy complications, but it has also
been suggested that novel therapies are available if we take note of all the influences that
sex has on the molecular systems within a cell. A concept for which the term “sexome”
has been coined [59]. One aspect of the sexome we are able to accurately assay, is gene

expression, for which there are a number of technologies.

High-throughput sequencing approaches for identifying sex-

biased gene expression

Gene expression profiling

There are a number of methods used to profile transcription in human tissues. Four
common methods are detailed in Figure 2. Methods such as qPCR (Figure 2A) that use
single, targeted oligonucleotides for amplification, are limited in that they constrain the
profile to a relatively small humber of known, targeted transcripts. Subsequently, the
implementation of hybridization technology such as the microarray (Figure 2B), which

utilises a predetermined set of oligonucleotide probes, embedded on a chip, to quantitate
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the gene expression of many transcripts simultaneously and Nanostring, a fluorescence
based technology that uses a short chain of fluorescent tags as barcodes for
guantification of specific mMRNAs of interest [60] (Figure 2C), gave us the ability to

accurately profile a significant portion of the genome at one time [61].

High throughput sequencing technologies (Figure 2D), such as those developed by 454
Life Sciences (Roche) [62] and Illumina (formerly Solexa sequencing) [63] had the
accuracy of microarray, with the power to identify differentially expressed genes, but also
have the ability to detect transcripts with low expression, alternate splice variants and
novel transcripts [64]. Unlike targeted arrays or other transcript amplification methods,
high-throughput sequencing allows us to remove past limitations and connect sex to our
research at a molecular level with a precision never before possible. In their excellent
review into current approaches of transcript profiling in the human placenta Yong and
Chan (2020) noted that prior to 2015, microarray technology was predominantly used in
placental transcriptome profile research but has since been superseded by high-

throughput RNA sequencing platforms [65].
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Figure 2. A, gRT-PCR (TagMan) sample RNA is converted into cDNA and amplified in the
presence of target specific oligonucleotides bound to a fluorescent probe and fluorescence
guencher. This technique is limited in that it uses single, targeted oligonucleotides for
amplification. B, for microarray, RNA is extracted from two comparative tissues, here, normal and
tumor cells, reverse transcribed and labelled with fluorescent probes (green for normal cDNA and
red for tumor cDNA). The cDNAs are then applied to a microarray chip where they bind to
complementary sequences from annotated genes. The relative amount of green versus red
fluorescence corresponds to the relative expression of genes in normal versus tumor cells. C,
Nanostring. Extracted RNA is hybridized with target-specific capture probes and reporter probes.
The reporter probes consist of 6 distinct positions, each of which may be occupied by one of
several fluorophores in precisely ordered fluorescent barcodes. An electric current is used to align
the probe-target complexes and the fluorescent barcodes are counted to digitally quantitate each
target. D, RNA-seq. Extracted RNA is fragmented, reverse transcribed and amplification adapters
are ligated. The cDNA is then sequenced using high-throughput sequencing platforms. The
resulting sequences are then aligned to a reference genome and quantified to reveal the
expression levels of various genes in the sample [66].

Until recently, similarities in regions of DNA such as the pseudo-autosomal homologs
found on the X and Y chromosomes, have made analysing sexually dimorphic gene
expression by techniques such as qPCR or microarray in these regions impossible. High
throughput sequencing allows for single nucleotide precision in the analysis of gene

expression not only from the entire exome, but also allows for investigation of non-coding
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RNA expression, three-dimensional chromosome structure, locations of enhancers and
promoters, alternate splicing events, novel transcripts and DNA methylation. Accurate
analyses of high throughput sequencing data requires the development and
implementation of specialist algorithms to manage the complexity of aligning these data
to the transcriptome. Complexities include alternate splice variants, novel transcripts, and
increasingly, long transcripts [67]. Annotating the X-Y homologous regions still poses
some limitations but correct mapping and variant calling from NGS data is possible with

the implementation of alignment tools such as X-align [68].

Methods for preparing samples for transcriptional profiling vary depending on the method
being used. High quality RNA is essential for accurate profiling and requires that tissue
samples or cell cultures are rapidly frozen or rapidly stored in an appropriate volume in
an adequate amount of an RNA stabilising solution to prevent the degradation of
transcripts [69,70]. Specialist analyses such as that of small RNA or other non-coding
RNAs will require additional steps such as size fractionation or cross-linking [71]. Analysis
of the human placental transcriptome is typically performed using cell lines or placental
tissue collected post delivery or post termination of pregnancy. Samples are commonly
taken from post delivery placenta or from post termination of pregnancy [65]. Both offer
the opportunity to study placental transcription, however, it is reasonable to say that
samples taken from whole tissue are physiologically more relevant to in situ placenta, and
that the use of a single placental cell line negates any opportunity to investigate sex

differences given that a cell line originates from a single individual [72].
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With the advent of new sequencing technologies, it is now possible to comprehensively
characterise to what extent gene expression in the human placenta presents a sex-bias.
To better understand sex driven differences in pregnancy outcomes, researchers have
focussed on methods to determine the extent of sex-biased gene expression in non-

pathological human placental tissue.

Single-cell transcriptomics

Like other human tissues the placenta is a rich tapestry of cell types and spatial
heterogeneity that changes dynamically across gestation [73—75]. Unlike bulk RNA-seq
profiles, single-cell RNA-seq analysis allows for cell type-specific analysis of the placental
transcriptome. Whilst the choice of cell-sorting methods may affect the proportion of cell
types that make it through to sequencing, single-cell RNA-seq captures expression data

from all but genes with the lowest expression in bulk RNA-seq profiles [76].

To date single-cell analyses using placental tissue tend to not include the sex
characteristics of samples [75-78] pool tissue from both sexes such that sex-specific
information is lost [79] or specifically target a single fetal sex [80]. All single-cell research
converges on the same lineage differentiation pathways previously discussed here with
CTB, STB and EVT cells identified in all analyses and the CTB to STB and CTB to EVT
differentiation pathways identified (Figure 3A & B). The lack of sex-specific analyses
illustrates a potentially important area for the future development of single cell analysis in

human placental research.
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Figure 3: Human trophoblast development pathways. In humans, after successful
implantation and initiation of placentation, trophoblast cells develop down two pathways. A)
Depending on their location within the cytotrophoblast cell column, proliferative cytotrophoblast
(evCTB) will migrate from the top of the anchoring villi invading the decidua (forming placental
bed giant cells) or the uterine spiral arteries (forming endovascular evCTB), acquiring an
invasive phenotype in the extravillous pathway. In the villous pathway, mononucleated villous
cytotrophoblast (vCTB) fuse to form a single, uninterrupted syncytium, the syncytiotrophoblast
(STB). Figure adapted from [2,81,82]. B) Single cell analysis has elucidated a pseudotime
ordering of trophoblast differentiation from villous cytotrophoblast (vCTB) through the
extravillous pathway (evCTB path) to extravillous trophoblast (EVT), and through the villous
pathway (SCT path) to syncytiotrophoblast (SCT) adapted from [75].
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Sex-derived transcriptional differences between male and female

placenta

Normal pregnancy

In a recent characterization of sex differences in the human transcriptome Oliva et al. [9]
generated a catalogue of sex differences in gene expression across 44 human tissues
identifying 13,294 sex-biased genes across all tissues. The caveat to the study was that
it did not include the placenta. Sex-biased gene expression in the normal human placenta
occurs across the genome and includes both coding and non-coding transcripts that are
central to growth [83] and development of the placenta and the maintenance of
pregnancy, with a majority (60%) of sexually dimorphic gene expression found in
autosomal regions of the genome [12]. The implications for this are not limited to the
biological investigation of pregnancy but affect the methods we use to investigate and

interpret the results of gene expression experiments.

How do we define what is “normal” in gene expression? Cleal et al. [84] set out to find a
set of housekeeping mMRNAs in human placenta. Their aim was for these mRNAs to be
used to help normalise qPCR data. UBC, TOP1 and YWHA were identified as stably
expressed in placenta and not affected by extraction technology. The two most stable of
these genes were determined to be appropriate to create a normalization factor [84].
However, in 2010 after investigation of a larger dataset, the authors added that whilst the
genes they had identified were stable, they were now able to identify sex-differences in

expression of these (and other) mMRNA, effectively biasing any research question by the
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introduction of a sex-biased normalisation factor. Following this discovery the authors
concluded that fetal sex should be considered in placenta research [85] while others
agreeing that fetal sex should be considered as an independent variable in gene

expression analysis of human placental villi [83].

Fetal sex differentially affects gene expression in a cell-phenotype dependent manner in
cytotrophoblasts, syncytiotrophoblast, arterial and venous endothelial cells taken from
human placenta [83]. Investigation of gene expression in human placenta, with respect
to sex, shows that genes expressed at higher levels in female placentas include those
with roles in immune regulation such as JAK1, IL2RB, Clusterin, LTBP, CXCL1, IL1RL1
and cytokine mRNA [11,86]. Estrogens, such as 17B-oestradiol (also known as E2) and
oestriol, progesterone and testosterone, can mediate many of the sex-based differences
in immune responses [87]. In both males and females, the effects of androgens, such as
testosterone, on immune function are largely suppressive, thereby leading to decreased
T- and B-cell proliferation and decreased immunoglobulin and cytokine production [88].
Whilst the mechanisms leading to sex-driven differential gene expression remain to be
fully understood, there are documented methylation differences across multiple cohorts
[89] with impacts on genes encoding proteins related to immune function,
growth/transcription factor signalling, and transport across cell membranes. These
highlight the differences in the epigenetic response to the maternal environment and offer
insight into one potential mechanism for differential sex outcomes of pregnancy we see

across populations.
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Sexually dimorphic gene expression in non-pathological human placenta from male and
female bearing pregnancies can be considered a baseline [12] and may help to elucidate
mechanisms leading to sex-differences in fetal growth trajectory. However, sexually-
dimorphic gene expression in the uncomplicated pregnancy does not address sex-
differences in the risk of many diseases of pregnancy associated with placental function
[14,17,19,90,91]. For this, we need to establish what, if any, sex-biased gene expression

is present in pregnancy with associated complications.

Pregnancy complications

Male and female embryos exhibit sex-specific transcriptional regulation [92], thus male
and female development can be viewed as separate processes from conception to birth
resulting in variable disease outcomes [93]. The placenta, a product of conception, should
be viewed through the same paradigm as fetal development, given that it secretes
hormones into maternal circulation affecting maternal adaptation to pregnancy and
mediates maternal factors that influence on the fetus. The fact remains: simply being male

increases your risk of gestating in a complicated pregnancy [14,43].

The sex-specific risk of a pregnancy complicated by preeclampsia (PE) was originally
identified over 50 years ago [94]. PE is an inflammatory state and may influence placental
function in a sex-specific manner. While multiple studies support the findings of Toivanen
and Hirvonen (1970) [95,96], there have been others that report no association between
fetal sex and maternal risk for preeclampsia [97,98] and some finding conversely that

female fetal sex increases maternal risk [43,99]. In an attempt to resolve the discrepancy,
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Jaskolka et al. [100] performed a systematic review and meta-analysis concluding that
male fetal sex was associated with maternal risk for preeclampsia/eclampsia in only the
non-Asian population. This review performed a subgroup analysis using pooled ancestry
assigned as non-Asian (mostly white European, two Middle Eastern and one African
population) and Asian (unspecified). Further research suggests the interaction between
maternal ancestry, fetal sex and PE indicates higher odds of PE among African American
women who carry a male fetus compared to women of other ethnic backgrounds [101].
Notably, children diagnosed with autism spectrum disorder, another disorder with a strong
male bias, are twice as likely to have gestated in a pregnancy complicated by PE,
compared to children with typical development [102]. In a targeted approach, increased
expression of TNF-a, /IL-8 and IL-6 in male compared to female placentas from
preeclamptic pregnancies was found. Decreased expression of VEGF in male
preeclamptic placenta compared to uncomplicated male controls was found but there was
no difference identified in female placentas. Interestingly they found that whilst the protein
expression of HIF-7a was significantly higher in male PE placentas compared to female,
and reduced HIF-1a activity was found in PE compared to normal placentas, no sex-
specific differences in HIF1-a activity were found [103]. Although there was no fetal sex
data included, a recent systematic review and meta-analysis found that in populations at
high altitude (22500 m) maternal systolic and diastolic blood pressure at term was higher,
and that women are at a higher risk of gestational hypertension, but at a reduced risk of

preeclampsia [104].
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A number of studies have shown that placental gene expression is different in a sex-
specific manner when a mother has asthma during pregnancy. In one such study,
cytokine mRNA expression was found to be decreased in female bearing pregnancies,
but was unaltered in placentas from male bearing pregnancies complicated by asthma,
resulting in reduced fetal growth in females unless the mother continued to use inhaled
steroids [86]. Further, Clifton and Murphy [86] found that in pregnancies complicated by
maternal asthma but not treated with inhaled steroids, placental glucocorticoid receptor-
a (GR-a), glucocorticoid receptor-p (GR-B) and mineralocorticoid receptor (MR)
expression decreased in females but increased in male bearing pregnancies. In a further
study, there were 6 and 59 genes differentially expressed in placentas from pregnancies
affected and unaffected by maternal asthma in male and female bearing pregnancies
respectively [105]. Many of the genes identified as sexually dimorphic were associated

with growth, inflammation and immune pathways.

Experimental biases that impact sex-related research

Placental cell lines

Research into human placental development and function is hampered both by ethical
concerns and the availability of tissue. Consequently, research is often conducted using
model organisms or immortalised cell lines, although it is argued that human placentation
cannot be accurately modelled in any other animal [106]. The placenta is largely made
up of cells derived from the trophectoderm of the preimplantation embryo [2]. Trophoblast
cells develop down two specific cellular differentiation pathways, villous and extravillous,

each resulting in terminally differentiated cells with specific functions. Early molecular and
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physiological research elucidated the cellular differentiation (Figure 3A) with more recent
single cell sequencing analyses fine tuning the differentiation pathways into a more

complex, pseudotime model (Figure 3B) [75].

Trophoblast cells can be isolated from placenta across gestation, but these are difficult to
work with because once isolated the trophoblast rapidly differentiate and do not proliferate
well in vitro. In an attempt to overcome the constraints inherent to isolated trophoblasts
there have been many attempts to create appropriate model systems for placental
research. These include the transformation of trophoblast cells from early gestation
placenta and the development of an experimental system in which human embryonic
stem cells (hESC) are driven towards a trophoblast cell type [107-115]. However, whilst
these efforts have allowed for closer investigation of the very early trophoblast lineage
specification and expansion from pluripotent progenitors along multiple sub-lineage
differentiation pathways [107,115,116] there is ongoing discussion as to the true

“trophoblast” nature of these supposed trophoblast cells induced from hESC [117].

Given this limitation, immortalised cell lines are often used to investigate molecular and
differentiation pathways in the placenta. The use of cell lines however, introduces a
number of issues. These may include karyotypic abnormalities and the loss of expression
of placenta specific miRNA clusters (HTR8/SVneo cell lines for example, do not express
MiRNA from placenta specific chromosome 19 miRNA cluster C19MC) and the loss of
critical interaction between different cell compartments which provides information to

drive specific cell functions [118,119]. Additionally, consider the implied sex-bias which
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must also by definition limit the investigation into cells originating from a single individual

and hence of a given sex [118-120] all of which highlights the importance of primary

placental tissue in research.

Interestingly, defining the “sex” of a cell line is complicated as cell lines in culture are

known to enter a “de-sexualised” state in which cells may lose their Y or inactive X

chromosome (dependent on the initial sample sex), and may compensate by the

duplication of the remaining X chromosome [121].

Table 1. Human trophoblast-derived cell lines commonly used for in vitro modelling of trophoblast

function.
Cell line Origin Category Fetal Sex Notes Reference
Be Wo Choriocarcinoma Cancer XY Spontqngously [123,124]
syncytialises [122]
Human
First trimester E;g{l(lac()jmakus—
ED27 chorionic villus Spontaneous Unspecified . [125]
. endocervical
isolated cells .
adenocarcinoma
cells
First trimester
ED31 chorionic villus Spontaneous Unspecified [125]
isolated cells
First trimester
ED77 chorionic villus Spontaneous Unspecified [126]
isolated cells
Immortalised
HP-A1 _Term placenta W|t_h adenovirus Unspecified [127]
isolated cells (ori)
SV40tsA209
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Table 1 cont. Human trophoblast-derived cell lines commonly used for in vitro modelling of
trophoblast function.

Cell line Origin Category Fetal Sex Notes Reference
Immortalised

HP-A2 _Term placenta Wlth adenovirus Unspecified [127]

isolated cells (ori)
SV40tsA209
Immortalised

Term placenta with adenovirus .

HP-W1 isolated cells (ori) SV40 (wild Unspecified [127]
type)
Abnormal
Term placenta EQS%F;IO'S_
HT chorionic villus Spontaneous XX YOype, [128]
; tumourigenic (self-
isolated cells PRI
limiting); poorly
differentiated

First trimester

extravillous - Low expression of

HT-116 trophoblast Spontaneous Unspecified E-cadherin [129]
isolated cells
First trimester
extravillous Reaches

HTR-8 Spontaneous X [130] senescence after  [131]
trophoblast
. 12 passages
isolated cells

Well
Immortalised characterised,
HTR8/SVneo HTR-8 cells with SV40 T X [130] phenotypically [131]
antigen accurate; non-
tumorigenic

JAR Choriocarcinoma Cancer XY [132]

JEG Choriocarcinoma Cancer XY [133]

IST-1 Firstiimester —n\16 E6/E7 XX Non-tumorigenic ~ [134]
villous explant
First trimester Possible to grow in

NHT chorionic villus Spontaneous XY 9 [135]

isolated cells

serum-free media
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Table 1 cont. Human trophoblast-derived cell lines commonly used for in vitro modelling of
trophoblast function.

Cell line Origin Category Fetal Sex Notes Reference
First trimester

NPC chorionic villus Spontaneous XY [136]
isolated cells

Immortalised .

RSVT-2,2/C HTR-8 cells with pRSVT Unspecified [136]
First trimester Immortalised

SGHPL-4 (unspecified) with poly-L- Unspecified Cytokeratin- [137]
. ornithine with negative
isolated cells

pSV3neo

First trimester Immortalised

SPA-26 (unspecified) with XY [138]
isolated cells SV40tsa255

Swan 71 First trimester Telomerase No expression of
(unspecified) immortalised Unspecified CDA45 or CD68; [139]
isolated cells (PA317-hTERT) low hCG secretion

TCL-1 Term Immortalised
choriodecidua with pZipSv40  Unspecified [140]
isolated cells

TL Term chorionic Spontaneous XX Tumorigenic [141]

villus cells

Impact of experimental bias in biomarker identification

With sex-specific differences between male and female bearing placentas well

established, it is natural for research to turn to sex-specific biomarker identification. Sex-

specific transcriptome differences associated with immune response are found in adult

peripheral blood [142], and fetal-sex differences have been identified in hormones

measured in the maternal system and are used as biomarkers in current clinical use. For

example, one of the first trimester markers used for Down syndrome screening, free b-

human chorionic gonadotropin (b-hCG), has been shown to be higher in female than in
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male bearing pregnancies, resulting in a higher median calculated Down syndrome risk
assigned to female bearing pregnancies [143]. Nucleic acids from the fetus detected from
either amniotic fluid or chorionic villus biopsy are also used in routine clinical practice to
identify fetal aneuploidies [144]. However, due to the increased risk of iatrogenic fetal
loss, maternal blood also provides a minimally invasive source of fetally derived nucleic

acids [145].

As well as DNA, fetal RNA is detectable in the maternal circulation. Placenta associated
MIiRNA cluster transcripts have also been isolated and quantified from maternal plasma
and serum [119,146-150], with changes in expression observed across gestation [151].
In its initial phase this approach was limited to microarray and quantitative PCR
[1,146,149] but since the advent of high-throughput sequencing, the use of this
technology for larger sample numbers, quantification of rare or low expression transcripts
and potential for discovery of novel transcripts has complimented miRNA research.
However, these transcripts are often found at low levels and identification of sex
differences is difficult. In a study of miRNA from cord blood taken from 8 uncomplicated
deliveries (4 female and 4 male) no sexual dimorphism was detected in cord blood miRNA
[152], although increasing the number of biological replicates may provide statistical

power to determine if sex-differences are present.

Gene expression differences between male and female bearing pregnancies may not

provide the biomarker we hope for. In a 2004 immuno-histochemistry study the authors

noted maternal serum and cord blood hCG levels were higher in pregnant women with
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female fetuses than in those carrying male fetuses while there were no sex differences in
Ki-67 immunostaining rates of the cytotrophoblast cells (a common measure of
cytotrophoblast cell proliferation). The authors concluded the sex-specific differences in
maternal serum and cord blood hCG levels ares not associated with cytotrophoblast cell
proliferation in the human term placenta and that the sex of the fetus does not seem to

affect the regulation of cytotrophoblast cell proliferation [153].

Conclusion

Despite centuries of observation regarding the sexual dimorphism of pregnancy
outcomes, and decades of evidence to demonstrate the sex-specific relationships
between the environment and placental function, a known factor in pregnancy success,
we find ourselves still without a clear understanding of the placental sexual-dimorphism.
This may be due to difficulty in accessing high quality RNA from placenta and, in
particular, limitations in accessing placental tissue from pregnancy terminations. There
are approximately 19,901 protein-coding genes and 15,779 non-coding genes in the
human genome [154]. Of these 14250 have been identified in the placenta, with 931

exhibiting sex specific expression [4].

Recent literature highlights that "to ignore the sex of the placenta is no longer sound
scientific practice" [90] and that “genetic studies that ignore sex-specific effects in their
design and interpretation could fail to identify a significant proportion of the genes that
contribute to risk for complex diseases” [155]. Yet a decade later we see very little change

in placenta research practices.
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ABSTRACT

MicroRNAs (miRNAs) are increasingly seen as important regulators of placental development and
opportunistic biomarker targets. Given the difficulty in obtaining samples from early gestation and
subsequent paucity of the same, investigation of the role of miRNAs in early gestation human placenta
has been limited. To address this, we generated miRNA profiles using 96 placentas from presumed
normal pregnancies, across early gestation, in combination with matched profiles from maternal plasma.
Placenta samples range from 6 to 23 weeks’ gestation, a time period that includes placenta from the
early, relatively low but physiological (6-10 weeks’ gestation) oxygen environment, and later, physiolo-
gically normal oxygen environment (11-23 weeks’ gestation).

We identified 637 miRNAs with expression in 86 samples (after removing poor quality samples),
showing a clear gestational age gradient from 6 to 23 weeks’ gestation. We identified 374 differentially
expressed (DE) miRNAs between placentas from 6-10 weeks’ versus 11-23 weeks' gestation. We see a
clear gestational age group bias in miRNA clusters C19MC, C14MC, miR-17 ~ 92 and paralogs, regions
that also include many DE miRNAs. Proportional change in expression of placenta-specific miRNA
clusters was reflected in maternal plasma.

The presumed introduction of oxygenated maternal blood into the placenta (between ~10 and
12 weeks’ gestation) changes the miRNA profile of the chorionic villus, particularly in placenta-specific
miRNA clusters. Data presented here comprise a clinically important reference set for studying early
placenta development and may underpin the generation of minimally invasive methods for monitoring
placental health.
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Introduction [1,3]. This period of rising oxygen tension is a critical time for
placental development, as an appropriate response to the
accompanying burst of oxidative stress is crucial to the
ongoing success of the pregnancy [3].

Robust characterization of important regulatory mechan-
isms surrounding normal placental development can give
insight into pregnancy health, and the potential development
of pregnancy complications [2,4]. Identification of biomarkers
of ectopic oxygenation or placental dysfunction leading to
pregnancy complications is an important step in monitoring
pregnancy health.

MicroRNAs (miRNAs) are an important class of RNA
molecules that can help us to understand regulation of devel-
opmental pathways within human tissues. As such they are
prime targets for biomarker research. miRNAs are short,
approximately 20-24 nucleotide (nt) lengths of single-
stranded, non-coding ribonucleic acid (RNA) originating in
non-coding regions of the genome [5] and comprehensively
reviewed in Bartel (2018) [6]. They most commonly function

The human placenta is a complex, rapidly developing and
highly regulated organ shared between two genetically unique
individuals, the mother and her foetus. Its function is vital for
the transfer of nutrients, gases and wastes between maternal
and foetal circulations, with dysfunction leading to placental
insufficiencies and pregnancy complications [1,2]. Essential
placental functions are mediated by the syncytiotrophoblast,
large multinucleated cells covering the chorionic villi and
providing a large surface area for bi-directional exchange of
molecules between foetal and maternal circulations.

Early development of the human placenta occurs in a
relatively low, but physiological, oxygen environment due to
the occluding presence of extravillous cytotrophoblasts
(EVTs) in the uterine spiral arterioles. The placenta transi-
tions to that which is usually considered a physiologically
normal, oxygen environment over several weeks from
10 weeks’ gestation when EVTs become dislodged permitting
maternal blood to flow into the placental intervillous space
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as post-transcriptional regulators of gene expression either by
translational repression or targeted degradation by cleavage of
mRNA transcripts in the cytoplasm [7,8]. miRNAs target
mRNA regulatory sequences that are often located in the 3’
untranslated region (UTR) of the mRNA transcript with
potential for multiple conserved target sites within a single
mRNA [5,9]. Approximately half of known mammalian
miRNAs are found within intergenic regions of the genome,
with the remaining miRNAs mostly transcribed from the
open reading frame of other genes, including long non-
coding RNA (IncRNA) [10-12]. Adding to this complexity,
miRNA may be transcribed as a single, or polycistronic
unit [11].

The critical role of the placenta in successful pregnancy is
clear, and there is also evidence linking developmental pro-
gramming of chronic adult disease such as heart disease,
diabetes and obesity with the placental phenotype in utero
[4,13,14]. However, there are currently no non-invasive tests
to determine which women are likely to develop pregnancy
complications in routine use, nor is there a comprehensive
reference set of miRNA expression during early pregnancy
that can be used for development of pregnancy health bio-
markers. In this study, we performed high-throughput
sequencing to generate robust miRNA expression profiles
for 96 placentas and matched maternal plasma samples
between 6-23 weeks’ gestation, creating a comprehensive set
of miRNA expression profiles for presumably healthy placen-
tal function. We identified differential miRNA expression
between 6-10 and 11-23 weeks’ gestation which could reflect
physiological changes occurring in this important time period.
Using placenta-associated miRNA clusters found on chromo-
some 14, 19, 13, 7 and X, we also investigated how maternal
plasma reflects placental profiles to enable future biomarker
discoveries.

Methods
Sample collection

Placental chorionic villous tissue samples were obtained with
informed, written consent from women undergoing elective
terminations of otherwise healthy pregnancies. Samples of
peripheral blood (6-9 mL) were collected from the same
women into standard EDTA blood tubes at the time of termi-
nation and stored on ice until processed. Whole blood under-
went centrifugation at 800 x g for 15 min at 4°C before plasma
removal and then spun for a further 15 min. All samples were
stored at —80°C until further processing. Prior to termination,
accurate gestational age was determined using transvaginal
ultrasonography. Termination samples were collected from
the Pregnancy Advisory Centre (PAC), Woodville, South
Australia. All placenta samples were assessed for gross mor-
phology before inclusion in the study.

RNA extraction and library preparation

All placenta tissues were collected post termination and pro-
cessed as soon as possible after collection and placed into
RNALater (Thermo Fisher) within 15 min. Total RNA was

isolated using a modified protocol of the RNeasy mini plus kit
(Qiagen, Hilden, Germany) whereby the RW1 buffer, a pro-
prietary component of the RNeasy Kit that eliminates small
RNAs, is replaced with 100% ethanol. The sample is then
subjected to size fractionation for small RNAs before sequen-
cing. For plasma, miRNA was isolated from 200 pL plasma
samples using the QIAGEN miRNA serum/plasma kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. All samples were stored at —80°C until further
processing. miRNA real-time qPCR for the assessment of
haemolysis was conducted by QIAGEN Genomic Services
(Qiagen, Hilden, Germany). 2 ul RNA was reverse transcribed
in 10 pL reactions using miRCURY LNA Kit (QIAGEN ver-
sion5). Each RT was performed including an artificial RNA
spike-in (UniSp6). cDNA was diluted 50 x and assayed in
10 pl PCR reactions according to the protocol for miRCURY
LNA miRNA PCR; each miRNA was assayed once by qPCR
using assays for miR-23a, miR-30 ¢, miR-103, miR-142-3p,
and miR-451. In addition to these miRNA assays, the RNA
spike-ins were assayed. The amplification was performed in a
LightCycler® 480 Real-Time PCR System (Roche) in 384 well
plates. The amplification curves were analysed using in-house
software, both for the determination of the Cq (by the 2™
derivative method) and for melting curve analysis.

All placenta samples were genotyped for foetal sex using
high resolution melt curve analysis of the gene that encodes
amelogenin. Amelogenin is found on both the X (AMELX)
and Y (AMELY) chromosomes, the X allele features a 3 bp
deletion in exon 3 allowing the identification of samples with
only X chromosomes (female) or X and Y chromosomes
(male) prior to sequencing. Forward primer 5'-
CCCTGGGCTCTGTAAAGAATAGTG-3, reverse primer 5'-
ATCAGAGCTTAAACTGGGAAGCTG-3. qPCR was per-
formed using SSOFast EvaGreen Supermix (Bio-Rad, CA),
primers at 250 nM final concentration, 5 ng of DNA per
reaction, on a Bio-Rad CFX384 Real-Time PCR System.
Cycling conditions: initial denaturation 98°C 30s, 40 cycles
of 98°C for 5s and 60°C for 5s. High resolution melt curve
analysis was performed from 65°C to 85°C with a 0.2°C
increment every 10s. Melt curve between 65°C and 70°C was
analysed using Bio-Rad Precision melt software (Bio-Rad,
CA) to identify sex genotypes. Library preparation and
sequencing was performed by Qiagen (Valencia, CA) using
the QIAseq miRNA Library Kit and QIAseq miRNA 48 Index
IL kits as per manufacturer’s instructions. Amplified cDNA
libraries underwent single-end sequencing by synthesis
(Illumina 1.9).

High-throughput sequencing analysis

Alignment and analysis of miRNA sequencing data were
processed from raw FASTAQ files using the bcbio-nextgen pipe-
line [15]. Briefly, adapter detection and trimming were per-
formed using Atropos [16]. Alignment was performed using
STAR [17] using the human reference genome build
GRCh37"®,(https://www.ncbi.nlm.nih.gov/grc. Quality control
metrics were assessed using FastQC' (http://www.bioinfor
matics.babraham.ac.uk/projects/fastqc/) to check for per base
sequence quality, sequence length distribution and
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duplication levels, and summarized using multiQC [20].
miRNA were clustered and collapsed using SeqCluster [21],
and individual miRNAs detected using SeqBuster [15].
Annotation was performed using the miraligner [15] with
miRBase version 21.0 [22,23] (http://www.mirbase.org) as
the reference database.

Differential expression analysis

All profile and expression analyses were conducted in the R
statistical environment (v.3.3.2), using the edgeR (v.3.16.5)
and limma [24] (v.3.30.11) R/Bioconductor packages. edgeR
[25] was used to filter miRNA with low expression and
normalize for library composition bias. Batch effects, intro-
duced by sequencing samples in multiple sequencing runs,
were evident after normalization and corrected using a limma
batch correction method [24]. All samples were then normal-
ized using the Trimmed Mean of M values (TMM). For
plasma, log, transformed counts per million (CPM) were 1
to 1 paired with placenta data prior to creation of plasma
figures. Briefly, after creating design matrices for both wanted
(gestational age and tissue type) and unwanted (sample inde-
pendent) effects, the limma method remove Batch Effects was
employed to regress out the effect of patient derived variation
from the matched plasma count.

Sample-weights and log transformation was performed
using limma package [26] with the voom function used to
estimate the mean-variance relationship between individual
observations and then applied to the normalized log-count
data. Differential expression analysis including, moderated
F-statistic evaluation, adjusted p-value estimation and Log
Fold Change (LFC) analysis were performed using a moder-
ated t-test [27] with Benjamini-Hochberg (BH) multiple
hypothesis test corrections [28]. The data were first pooled
per gestational age group and then compared. After adjust-
ment, expression of miRNAs was considered significantly
different at FDR < 0.05. The workflow, source code and
input files associated with this research available at (https://
github.com/mxhp75/earlyPlacentamiRNA_SeqProfile.git).

Results

Characterizing a comprehensive miRNA profile of chorionic
villous tissue across early gestation to characterize the human
placental miRNA profile across early to mid gestation,
Ilumina NextSeq 75 bp single-end read sequencing was per-
formed on miRNA libraries from chorionic villous samples
obtained from 96 singleton pregnancies following elective
pregnancy terminations (44 females and 52 males bearing
pregnancies). An average of 18.72 million reads were
sequenced per sample (range ~10-29 million reads;
Additional file 1: Table SI). miRNA counts were generated
by mapping to human miRBase V21 [22]. Libraries with low
sequencing depth were removed, including samples PAC0131
(14,595 reads) and PACO0071 (removed due to low mapping
after initial read count of 1,819,847 reads). Subsequent unsu-
pervised clustering (Additional file 2: Figure S1) using princi-
pal component analysis (PCA) showed eight additional
samples  (PAC0041, PAC0039, PAC0045, PAC0008,
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PACO0035, PAC0024, PAC0034, PACO0006) that segregated
from the remaining 86 samples, most likely due to the pre-
sence of adjacent non placental villous tissue. This hypothesis
was tested using matched DNA methylation profiles which
confirmed the presence of decidual tissue [29], leading to the
removal of these samples from subsequent analyses.

After filtering, miRNAs were aligned to the human
GRCh37 reference genome and counts produced from 4,665
miRBase annotations [22], identifying an initial set of 2,032
expressed miRNAs. To remove sequencing noise, miRNAs
with <5 reads across all samples were removed. A total of
1,422 miRNAs were identified with non-zero expression
means across all 86 samples, representing a standard known
miRBase miRNA expression set for early to mid gestation
human placenta. After accounting for sequencing batch
effects, very low abundance miRNAs were discarded by con-
verting to log, CPM values and removing miRNAs with
expression <2.5 CPM in 229 samples (see methods), leaving
a total of 637 robust miRNAs for downstream profile analyses.
An additional 588 candidate de novo miRNA sequences were
predicted through miRDeep2 analysis.

Of the 637 identified miRNAs, the top ten miRNAs with
the highest mean expression across all samples in placenta
were miR-30d-5p, miR-125a-5p, miR-517a-3p, miR-199a-3p,
miR-26b-5p, miR-26a-5p, let-7a-5p, miR-21-5p, miR-126-3p
and miR-516b-5p (Table 1a). For a full list of miRNAs iden-
tified and profiled in this study see Additional File 1: Table S2.
A principal component analysis (PCA) of all 637 miRNAs
(Figure 1) indicates a clear gradient across early gestation. The
PCA identified 23.2% variance accounted for in PC1, with the
top 10 miRNAs contributing to PCA dimension one (PC1)
being: miR-519 c¢-3p, miR-328-3p, miR-519b-3p, miR-20a-5p,
miR-19b-3p, miR-501-3p, miR-485-5p, miR-3605-3p and
miR-515-5p, miR-106a-5p (Additional file 1: Table S3).
Interestingly both —3p and —5p arms of the miR-20a tran-
script, previously associated with placental angiogenesis [30],
contributed highly to the gestational age change associated
with PCI.

Differentially expressed miRNAs across early gestation

Given the importance of oxygen tension in orchestrating the
growth and differentiation of the placenta between 6 and
23 weeks’ gestation, we separated the 86 samples in our cohort
by their gestation relative to the presumed introduction of
oxygenated maternal blood flow into the intervillous space.
Using prior knowledge we designated that <10 weeks’ (6-
10 weeks’) gestation be considered pre- and >10 weeks’ (11—
23 weeks’) gestation be considered post-initiation of maternal
blood flow into the intervillous space [3]. This enabled us to
identify changes in miRNA expression across this time-point,
and to independently assess highly expressed miRNA in each
group. When miRNAs from all 86 samples were analysed
according to expression prior to and post 10 weeks’ gestation,
after accounting for potentially confounding factors such as
maternal age, maternal BMI, maternal smoking status, we
identified 13 constitutively expressed miRNAs with consistent
high expression (log, CPM 14.35-15.60) in both gestation
groups (Table 1b). Notably, 4 of the top 20 most highly
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Figure 1. Unsupervised clustering of placental chorionic villous samples after batch correction. The PCA plot indicates a clear gestational age gradient from
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early (left) to later gestation (right) in the first dimension. This trend reflects the gestational age signature identified in our miRNA expression data.

Table 1. miRNA with highest expression in early gestation placenta. Global miRNA expression was calculated using the average expression across early gestation
(6-23 weeks’) and log, transformed. (a) Top ten miRNA with highest average global expression. (b) Constitutively highly expressed miRNA with membership in the

top ten by highest average expression if calculated independently for the 6-10 weeks’ and 11-23 weeks' gestation groups.

a b
miRNA miRNA Family Avg. Global Expression (log, CPM) miRNA miRNA Family Avg. Expression
(log, CPM)
miR-30d-5p miR-30-5p 15.60 6-10 weeks’ 11-23 weeks’
miR-125a-5p miR-125-5p 15.51 miR-30d-5p miR-30d-5p 15.53 15.64
miR-517a-3p miR-517-5p 15.45 miR-125a-5p miR-125-5p 14.93 15.74
miR-199a-3p miR-199-3p 15.43 miR-517a-3p miR-517-5p 15.52 15.40
miR-26b-5p miR-26-5p 15.25 miR-199a-3p miR-199-3p 15.21 15.56
miR-26a-5p miR-26-5p 14.84 miR-26b-5p miR-26-5pA 15.27 15.21
let-7a-5p let-7-5p/98-5p 14.47 let-7a-5p let-7-5p/98-5p 13.59 14.83
miR-21-5p  miR-21-5p/590-5p 1439 miR-21-5p miR-21-5p/590-5p 14.20 1459
miR-126-3p None listed 14.31 miR-126-3p None listed 13.91 14.56
miR-516b-5p miR-516b-5p 14.30 miR-516b-5p miR-516b-5p 13.23 14.31
miR-16-5p  mMiR-15-5p/16-5p/195-5p/424-5p/497-5p 1434 1432
miR-516a-5p miR-516a-5p 14.40 14.11
miR-143-3p miR-143-3p 13.60 14,52
miR-26a-5p miR-26-5pA 14.54 14.99

Ashared seed region

expressed miRNAs are from the placenta-specific chromo-
some 19 cluster, previously identified as being highly
expressed in placenta [31-33].

After identifying the highly expressed miRNAs in placenta,
we then investigated the change in expression that occurs
after 10 weeks’ gestation once maternal blood flow into the
placenta is initiated and presumably when oxygen tension
begins to rise. Differential expression analysis identified 374
significantly (FDR <0.05) different miRNAs, with 163 down-
regulated and 211 up-regulated in the 11-23 weeks’ gestation
placenta compared to 6-10 weeks’ gestation (Figure 2a;
Additional file 1: Table S4). Strongly downregulated

miRNAs (negative log,FC) include miR-4483, miR-129-5p,
miR-124-3p and miR-122-5p, and highest up-regulated (posi-
tive log,FC) include miR-4645-3p, miR-195-3p, miR-137,
miR-139-3p, miR-6715b-3p, miR-3927-3p and miR-1269b.
Differentially expressed miRNAs had predominantly low
expression (Figure 2b) with an average log, expression >10
only observed in miR-9-5p (log,FC of —1.43, Figure 2c) and
let-7a-5p (log,FC of 1.22, Figure 2d). We see that for both let-
7 and miR-9, the 5' and 3’ arms follow a similar expression
trajectory. Further examples are provided in Additional file 2,
Figure S2. These mature fragments were originally transcribed
as a single transcript before further processing (Figure 2e).
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Figure 2. Differential expression analysis between 6-10 weeks’ and 11-23 weeks’ gestation placenta. (a) Volcano plot of differential expression. Linear
regression identified 26 down-regulated with a log,FC <-1 (red) and 26 up-regulated with a log,FC >1 (green) miRNA between gestation groups. (b) MA plot of log,
fold change as a function of log, average expression. Box plots of average expression as a function of gestational age for miR-9-5p/3p (c) and let-7a-5p/3p (d) show a
clear changing pattern of expression from early to mid gestation. (e) Schematic of a representative miRNA hairpin structure indicates the origin of the 5" and 3" arms

of the mature miRNA transcript.

Conserved placenta-associated miRNA clusters display
variable expression between early and mid gestation

In vertebrate species miRNAs are significantly enriched in clus-
ters, with ~50% of miRNA clusters being the result of random or
non-local duplications. The placenta-associated clusters ana-
lysed herein included chromosome 19 miRNA cluster com-
monly known as CI9MC (19q13.41) [34], chromosome 14
cluster (C14MC; 14q.32) [35], and chromosome 13 cluster
(miR-17 ~ 92; 13q31.3) with its paralogs the chromosome X
cluster miR-106a~363 (Xg26.2), and chromosome 7 cluster
miR-106b~25 (7q22.1) [36]. We identified the expression of 48
mature miRNAs from C19MC, 77 from C14MC and 20 from
miR-17 ~ 92 and paralogs. Of the 48 mature miRNAs identified
in the C19MC cluster, 34 miRNA had significant (FDR <0.05)
differential expression, that were down regulated in 11-
23 weeks’ compared to 6-10 weeks’ gestation placenta
(Additional file 1: Table S5). C19MC cluster expression, as a
proportion of total miRNA transcripts, was reduced after
10 weeks’ gestation (Figure 3a). Interestingly, while miRNAs in
this cluster have been demonstrated to be transcribed by RNA-
Pol II as a single polycistron [37], the individual members dis-
play a range of expression levels (Figure 3b).

The C14MC cluster, that contains 77 mature miRNAs,
had 56 miRNAs with significant (FDR <0.05) differential
expression. 55 of these miRNAs were up-regulated, while
only one miRNA (miR-410-5p; FDR 1.99 x 107°) was
down-regulated in the 11-23 weeks gestation group
(Additional file 1: Table S6). C14MC-member transcript
expression, as a proportion of total expression, increased
across early to mid gestation in placenta, further differing
from CI9MC finding by being more centred around the
group mean (Figure 4a). Similar to C19MC cluster mem-
bers, we found a range of expression levels amongst the
C14MC members (Figure 4b) that are also thought to be
transcribed as a single polycistronic transcript, suggesting
more complex regulation of primary miRNA transcripts
processing [38]. The miRNA miR-412-5p, previously
observed as highly expressed in first trimester placenta
[39], is notable in that it appears to have a bimodal dis-
tribution of expression (Figure 4c) that, upon further inves-
tigation, was not found to be related to sample
characteristics such as foetal sex, maternal age, maternal
BMI or maternal smoking status.

Of the 20 mature miRNAs in the miR-17 ~ 92 cluster and
its paralogs, 17 had significant (FDR <0.05) differential
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expression with 15 being down- and 2 being up-regulated in
the 11-23 weeks’ gestation group compared to the 6-
10 weeks’ (Additional file 1: Table S7). Investigation into the
proportion of placenta expression originating from the miR-
17 ~ 92 cluster and its paralogs revealed a pattern similar to
that of the CI9MC member transcripts with the proportion of
transcripts identified in placenta tissue as a function of total
transcripts decreasing across early gestation (Figure 5(a-c)).
We identified a variation in expression patterns between each
of the three paralogs (Figure 5d), with chromosome 13
expression decreasing across early to mid gestation.

Whilst we find significant (FDR <0.05) differential expres-
sion in all of the above miRNA clusters, the log,FC between
6-10 weeks and 11-23 weeks’ gestation groups is small
(C19MC log,FC —1.02 to —0.19; C14MC log,FC 0.23 to 0.94
and log,FC 0.67; miR-17 ~ 92 log,FC -0.2 to —1.13 and log,
FC 0.84 to 0.89), with changes in the proportional expression
of each cluster as a function of total miRNA expression
suggesting an important regulatory mechanism for these clus-
ters in placenta.

Characterizing a comprehensive profile of placental and
endogenous miRNA in maternal plasma across early
gestation

To characterize the miRNA profile across early to mid
gestation in maternal plasma, we sequenced 96 1 to 1
matched maternal plasma samples (hereafter referred to as
plasma) from women sampled at the time of pregnancy
termination using the same sequencing protocol as detailed
for the chorionic villous tissue. Plasma and tissue samples
from each termination are assigned a common unique iden-
tifier, with a suffix used to separate sample types. miRNA
sequencing resulted in approximately 17.77 million 75 bp
single-end reads per sample in plasma (range 9,986,347-
41,344,361 reads: Additional file 3: Table S8) across two
sequencing runs. After initial quality control and sequence
analysis, we identified a number of samples with aberrant
expression of miR-451a and miR-16 indicating potential for
red blood cell miRNA contamination. We performed a
subsequent analysis using the delta-delta CT method
(AACt) to calculate the relative fold change of gene expres-
sion of samples using quantitative polymerase chain reac-
tion (QPCR). The AACt value of miR-23a minus miR-451 is
examined, as miR-23a is known to be stable in samples
affected by haemolysis whilst miR-451 is known to vary
with contamination. This method identified 11 samples
(PAC0033, PACO0034, PACO0041, PAC0048, PAC0050,
PACO0051, PACO0054, PAC0056, PAC0062, PAC0084 and
PACO0105) as more likely to contain haemolysis contamina-
tion, a common issue in plasma research. Despite potential
issues involving haemolysis, we aimed to establish the pre-
sence of placenta-specific miRNAs within maternal plasma
by including all available samples regardless of whether they
had matched placenta data or not.

Alignment and filtering were performed using the same
protocol as for chorionic villous tissue. The number of unique
miRNA species identified per sample varied, ranging from
1022 miRNA species in PAC0077 to 355 miRNA species in
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PACO0010. Prior to filtering we identified 1775 unique mature
miRNAs across all plasma samples, with a core set of 790 high
confidence miRNAs present after filtering. Of these, 531 were
also present in placenta samples, 259 unique to plasma, and
106 miRNAs unique to placenta (Additional file 3: Table S9).
Unsupervised clustering (PCA) of all 790 high confidence
miRNAs identified in plasma shows no gestational age gradi-
ent for maternal plasma from 6 to 23 weeks’ gestation
(Additional file 2: Figure S3).

Given the variability of miRNA in plasma, we hypothesized
that the detection of placental miRNAs in plasma may be
restricted to miRNA present in high concentrations in
matched placenta. We therefore investigated whether 10
miRNAs (Table 1a) with the highest abundance in placenta
were present in plasma and found that all ten miRNA were at
high abundance levels in matched plasma (Figure 6, Table 2a).
Many of the most highly expressed plasma miRNA are red
blood cell (RBC) associated.

Of the 790 miRNAs identified in plasma, the top ten
miRNAs with the highest global expression were miR-16-5p,
miR-486-5p, miR-92a-3p, let-7a-5p, let-7b-5p, miR-451a, let-
7 f-5p, miR-25-3p, let-7i-5p, miR-93-5p (Table 2b). These
were also all highly expressed in placental tissue (average
global expression of 8.95-14.47 Log, normalized CPM).
miR-141, miR-200b, miR-139 and miR-184, previously iden-
tified in third trimester plasma, were also identified at high
abundance in our early gestation plasma, with miR-141-3p
abundance increasing across early gestation, as shown in pre-
vious studies [40].

We investigated plasma levels of the 21 miRNAs identi-
fied as both differentially and highly expressed in the
matched placentas (Table 3). Whilst all 21 placental
miRNAs were also detected in plasma, their origin is not
necessarily placenta-specific, with cellular enrichment
linked to various systemic compartments [41]. For example,
five of these miRNAs have cellular enrichment in immune
response, another three miRNAs in pluripotent and
embryonic stem cells, and one miRNA is enriched in extra-
embryonic stem cells. The latter may originate from the
foetal membranes or other extra-embryonic tissue such as
chorionic villi.

We further investigated the abundance of plasma miRNAs
from three miRNA clusters previously identified as highly
placenta-specific or placenta associated [34-36]. We found
44 mature miRNA from the CI9MC cluster, 48 miRNA
from the C14MC cluster and 20 miRNA from the miR-
17 ~ 92 cluster and its paralogs in plasma. These cluster
miRNAs have previously been the target of biomarker
research in pregnancy health but to our knowledge these are
not being used clinically.

The change in relative proportion of expression by miRNA
cluster members in plasma across the 10-11 weeks’ gestation
threshold is difficult to detect with C14MC and C19MC
members each representing less than 1% of the miRNA abun-
dance quantified in plasma. As such the proportional change
identified in placenta is not entirely reflected in plasma.
Abundance levels of the miR-17 ~ 92 cluster and its paralogs
represent approximately 0.03% of the total miRNA identified
in plasma.
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Discussion

In this study, we have assessed the miRNA profile of 96
human placenta and matched plasma samples in early to
mid gestation (6-23 weeks’), generating a placental tissue
dataset using high-throughput sequencing that is substantially
larger than previous reports that used microarray and qPCR
profiling. We derive robust and comprehensive profiles that
define miRNA expression at high-resolution, applying strin-
gent bioinformatic protocols for the analysis of sequencing
data, akin to large atlas studies.

Differentially expressed miRNAs reflect the dynamically
changing utero-placental environment during early to
mid gestation

In order to determine the potential association between pla-
cental miRNA expression and pregnancy health, particularly
the expression of highly abundant miRNAs across early gesta-
tion, we examined more closely a period in early gestation
involving a steep rise in oxygen tension in the intervillous
space (IVS). Rising oxygen tension occurs between 10 and
12 weeks’ gestation, at the onset of maternal blood flow into
the IVS, resulting in an oxidative burst in placenta [3].
Previous studies have addressed miRNA response to hypoxia
and the introduction of oxygen [42-46], including how ecto-
pic oxygen tension may contribute to diseases of pregnancy
[42,47-49]; and reviewed in [50]. The number and extensive
gestation range of our samples enabled us to analyse the

differential expression of miRNAs prior to, during and post
the critical 10-11 weeks™ gestational time point. This has
potential to lead to identification of placental mechanisms
for the remediation of oxidative stress at this crucial time in
pregnancy.

That the placenta develops initially in a condition of low
(but physiological) oxygen tension has been known for some
time [3], and it has been suggested that this is important for
the protection of the early foetus from the effects of oxidative
stress such as tissue damage from oxygen free radicals [51].
miRNAs are uniquely poised to play a significant role in the
mediation of gene expression throughout the early change of
oxygen tension in the placenta by employing post transcrip-
tional regulatory mechanisms to rapidly and precisely fine
tune the placental environment in response to oxidative stress.
We identified upregulation of let-7b/e-5p, miR-21, miR-23a/
b-3p, miR-24-3p and miR-199a-5p, also associated with
HIFla, in the 6-10 weeks’ gestation group. All of these have
previously been shown to be upregulated by hypoxia. We also
found lower abundance of let-7a and miR-101-3p in our 6-
10 weeks’ gestation group, both of which have previously been
shown to be downregulated by hypoxia [52-56]; and reviewed
in [57]. miRNAs identified in this study likely play an impor-
tant role in the mitigation and regulation of hypoxia in the
placenta. This may prove important to our understanding of
diseases of pregnancy such as preeclampsia and early preg-
nancy loss.

The importance of miRNA function in the early placenta is
not limited to the mitigation of oxidative stress but also in
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Table 2. miRNA by average expression in maternal plasma. Average miRNA expression was calculated using the average normalized CPM expression across early
to mid gestation (6-23 weeks’) and log, transformed. (a) All top 10 miRNA with highest abundance in placenta were also detected at high abundance in plasma.
Two miRNA (miR-517a-3p and miR-516b-5p) originate from the C19MC. (b) Top 10 miRNA by abundance in maternal plasma. RBC-associated miRNA identified herein
have been previously identified in plasma samples including adult plasma and umbilical cord plasma but have not previously been profiled extensively in maternal
plasma in early to mid gestation.

a b

miRNA miRNA Family Avg. Global Expression (log, CPM) miRNA miRNA Family Avg. Global Expression
(log; CPM)

miR-30d-5p miR-30-5p 13.35 miR-16-5p*  miR-15-5p/16-5p/195-5p/424-5p/497-5p 18.23
miR-125a-5p miR-125-5p 10.59 miR-486-5p™* miR-486-5p 17.46
miR-517a-3pA miR-517-5p 4.7 miR-92a-3p* miR-25-3p/32-5p/92-3p/363-3p/367-3p 16.22
miR-199a-3p miR-199-3p 10.62 let-7a-5p let-7-5p/98-5p 15.70
miR-26b-5p miR-26-5p 12.84 let-7b-5p let-7-5p/98-5p 15.55
miR-26a-5p miR-26-5p 12.70 miR-451a* miR-451 14.42
let-7a-5p let-7-5p/98-5p 15.70 let-7 f-5p let-7-5p/98-5p 14.15
miR-21-5p miR-21-5p/590-5p 12.87 miR-25-3p miR-25-3p/32-5p/92-3p/363-3p/367-3p 13.97
miR-126-3p None listed 13.41 let-7i-5p let-7-5p/98-5p 13.92
miR-516b-5pA miR-516b-5p 427 miR-93-5p miR-17-5p/20-5p/93-5p/106-5p/519-3p 13.58

A C19MC * RBC

Table 3. The abundance in plasma of miRNA differentially expressed in matched placenta. Average miRNA expression was calculated using the average CPM
expression across early to mid gestation (6-23 weeks’) and log, transformed.

Placenta Maternal Plasma
Placenta DE log,FC AveExp AveExp Compartment of origin* Cellular enrichmentA
miRNA (log,) (log,)
let-7a-5p 1.24 14.27 15.70  brain, epididymis, spinal cord Mesodermal cells
miR-542-5p 1.1 7.07 0.66 epididymis, small intestine, lymph None listed
node
miR-222-3p 1.00 9.66 6.51 bladder, epididymis, prostate Endothelial cell, endothelial cell of vascular tree, blood vessel endothelial
miR-1-3p 1.00 7.20 4.45 muscle, myocardium Muscle, skeletal muscle, mesodermal cell
miR-199b-5p  0.97 10.24 2.72 colon, epididymis, oesophagus, skin, Fibroblast, mesodermal cell
thyroid, vein
miR-99a-5p 0.98 8.57 5.92 Arachnoid mater, brain, epididymis, Mast cell, leukocyte, myeloid leukocyte
prostate, spinal cord
miR-223-3p 0.99 10.93 13.28  vein Leukocyte, haematopoietic cell, myeloid leukocyte
miR-221-3p 0.94 13.13 9.65 Epididymis, prostate Endothelial cell, ciliated epithelial cell, muscle cell
miR-100-5p 0.98 12.83 5.58 Arachnoid mater, nerve, spinal cord, Muscle cell, smooth muscle cell, vascular associated smooth muscle cell
brain
miR-181a-5p 0.94 13.06 10.09 Arachnoid mater, brain, dura mater, Leukocyte, haematopoietic cell, B cell
spinal cord
miR-363-3p 0.94 9.18 9.26 Epididymis, vein Leukocyte, haematopoietic cell, lymphocyte
miR-122-5p -2.53 6.74 13.09 Liver, vein Hepatocyte, endodermal cell
miR-9-5p -1.42 10.51 2.19 Brain, spinal cord Neural cell, neuroectodermal cell, ectodermal cell
miR-9-3p -1.37 6.79 -2.25 Brain, dura mater, spinal cord None listed
miR-372-3p -1.08 8.17 —2.98  No profile Pluripotent stem cell, embryonic stem cell, induced pluripotent stem cell,
depleted in extraembryonic stem cell
miR-371a-5p  —1.01 7.90 —2.81  Constitutive expression Pluripotent stem cell, embryonic stem cell, induced pluripotent stem cell,
depleted in extraembryonic stem cell
miR-520 f-3p  —0.98 6.86 —3.07 spleen Pluripotent stem cell, embryonic stem cell, induced pluripotent stem cell,
depleted in extraembryonic stem cell
miR-934 -0.93 9.32 —2.44  Constitutive expression, highest in Epithelial cell, extraembryonic cell, endo-epithelial cell
gallbladder and pleura
miR-20a-5p -0.85 10.02 9.73 Constitutive expression, highest in Pluripotent stem cell, epithelial cell, endothelial cell
vein
miR-17-5p -0.77 6.80 8.77 Constitutive expression, highest in Epithelial cell, pluripotent stem cell, endothelial cell
vein
miR-373-3p  —0.68 6.74 —2.57  kidney Pluripotent stem cell, embryonic stem cell, induced pluripotent stem cell
*[83]
A [84]

cellular proliferation, trophoblast invasion and cellular differ-
entiation, which are important to the placenta and also to the
success of the pregnancy. let-7a-5p expression in first trime-
ster placental explants has been implicated in a reduction in
cytotrophoblast proliferation. In our differential expression
analysis we identified let-7a-5p as up-regulated in the 11-
23 weeks’” gestation compared to the 6-10 weeks’ gestation

group. Our detailed week-by-week expression data suggests
an incremental increase across early to mid gestation which
together with previous term data is consistent with let-7a-5p’s
proposed role in regulation of placental growth by the reduc-
tion of cytotrophoblast proliferation [58]. The miR-34 family
is known as a tumour suppressor miRNA family due to their
synergistic effects with p53 [59]. Consistent with this, we
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Figure 6. Abundance of maternal plasma miRNAs, identified as highly expressed in chorionic villous tissue, from 6-23 weeks’ gestation. All ten miRNAs
identified as the most highly expressed in chorionic villous tissue were identified as highly abundant in matched plasma samples. Abundance of the C19MC miRNA
members, miR-516b-5p and miR-517a-3p, appear to increase across early to mid gestation.

identified up-regulation of all six miR-34 family members
reflecting a reduction in cellular proliferation as the preg-
nancy progresses and placental growth trajectory begins to
slow. Similarly, miR-378a-5p was previously found to enhance
cell survival and promote trophoblast migration and invasion
[60]. Our data showed significant down-regulation of the
miR-34 family in 11-23 weeks’ gestation compared to the 6-
10 weeks’ gestation placenta potentially linking down-
regulation of these miRNAs with the reduced trophoblast
migration as pregnancy progresses. miR-200 family members
are also known to have an established role in placental func-
tion, in particular in the cellular transition from epithelial to
mesenchymal (EMT) phenotype which is a prerequisite for
extravillous trophoblast invasion of the maternal decidua.
miR-200 family members play a well-known role in EMT
through a feedback loop with the ZEB family of transcription
factors. We identified seven members of the miR-200 family,
six of which are down-regulated in the 11-23 weeks’ gestation
group. The miR-200 family is known to be highly expressed in
epithelial cell types [61] and thus its down-regulation is con-
sistent with development of the vascularized mesenchymal
core in chorionic villi in the second trimester.

Proportional change in expression miRNA clusters play a
role in placenta gene regulation during development

miRNA clusters are known to play an important role in the
placenta, with these regions thought to have co-evolved and to
act cooperatively to repress target genes [62]. Interestingly,
while miRNA clusters are typically transcribed as a single
polycistronic transcript, we identified large intra-sample var-
iances in the expression levels of cluster members (Additional
file 2, Figure S4) hinting at additional post transcriptional
regulatory mechanisms. There are a number of miRNA clus-
ters expressed either exclusively, or preferentially in placenta
[31,63,64]. In particular, the C19MC, C14MC and miR-
17 ~ 92 clusters have been shown to regulate phenotypic
and functional diversity in frequently used cell lines and
isolated primary trophoblasts, and in the immune system, by
which they may play a role in immune tolerance to paternal
antigens [32,65,66].

CI9MC is expressed almost exclusively in the placenta
but also in certain tumours and undifferentiated cells
[34,67]. C19MC is a large placenta specific imprinted cluster
located on chromosome 19q13.41 and mono-allelically
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expressed from the paternally inherited chromosome [68].
This cluster has been difficult to study as its expression is
both placenta and primate specific [68] and hence lacks an
ortholog in mouse [35]. Importantly, CI9MC members are
expressed at lower than trophoblast levels in JEG-3 and JAR
cells, two cell lines derived from choriocarcinoma [69], and
are not expressed in the commonly used HTR8/SVneo cell
line [64,67] highlighting the need for primary placental
tissue in research. Consistent with our findings, previous
research has shown that CI9MC constitutes a large propor-
tion of total miRNA transcripts (15% at term), with our data
additionally showing a gestational decline from 27% at 6-
10 weeks’ gestation to 23% at 11-23 weeks’ gestation [33,67].
In addition, there was a significant (FDR < 0.05) down-
regulation in 34 C19MC cluster members in 11-23 weeks’
placenta compared to the 6-10 weeks’ gestation.
Interestingly, a previous report showed that 46 of the 47
miRNAs from the C19MC cluster were up-regulated in third
trimester villous trophoblasts compared to first trimester
[32]. It is possible that this miRNA cluster exhibits a
dynamic gestational expression pattern but perhaps more
likely is the possibility that differences between studies can
be explained by differences in expression between assess-
ment of trophoblast versus whole chorionic villous tissue.
The latter is more physiologically relevant and fits our ques-
tion. However, this also introduces the question of whether
the changes we see are due at least in part to the change in
cell type proportions seen in the placenta throughout gesta-
tion [70].

A recent miR-517a/c in situ hybridization analysis loca-
lized expression from these C19MC miRs to cytotrophoblast
and syncytiotrophoblast in chorionic villi, proximal cytotro-
phoblasts in anchoring villi, decreased expression in distal
cytotrophoblasts with further reduction in extra-villous cyto-
trophoblasts. This finding highlights variable expression of
the C19MC cluster in different placental cell types, and
shows loss of expression of this cluster as trophoblasts differ-
entiate to extravillous phenotypes post EMT [71]. Another
report concurs showing higher expression of C1I9MC mem-
bers in villous trophoblasts compared to extravillous tropho-
blasts suggestive of a role for the CI9MC cluster miRNA in
attenuation of EVT migration through the direct targeting of
mRNA transcripts related to cellular movement [72].
Mouillet et al. (2015) suggested a role for C19MC in cellular
differentiation or the maintenance of pluripotency [73].
Further investigation into the proportional change in expres-
sion from pregnancies complicated by placental pathology
may help to identify miRNA species with biomarker poten-
tial in plasma. However, low expression levels in some
maternal plasma samples have frustrated our efforts in this
regard.

C14MC, located at the imprinted DLK1-DIO3 domain on
human chromosome 14q32 is the largest known human
miRNA cluster comprising 52 miRNA genes expressed from
the maternally inherited chromosome [64]. The C14MC clus-
ter is found exclusively in eutherian mammals and has been
suggested to be essential to the evolution of this lineage, with
expression in humans demonstrating a strong bias towards
brain, placenta and some embryonic tissues [63]. Our analysis
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identified expression from 84 mature miRNAs in the C14MC
cluster with the proportion of member transcripts increased
in the 11-23 weeks’ gestation group compared to 6-10 weeks’
gestation. Previous studies investigating C14MC expression,
in both whole villous tissue and in primary cytotrophoblasts,
have reported a decrease in expression from first to third
trimester. Using whole villous tissue, Gu et al. (2013) [74]
identified 11 miRNA from this cluster down-regulated in
third compared to first trimester, and proposed a link between
both C19MC and C14MC in immune suppression and innate/
adaptive immune response in the mother. In primary cyto-
trophoblast, Morales-Prieto et al. (2012) [32] identified 34
miRNA from this cluster which were also down-regulated in
third compared to first trimester [64,74]. Whilst the discre-
pancy between our data and Morales-Prieto et al. (2013) can
be explained by the use of different biological source (single
cell type versus whole tissue), that between our data and Gu et
al. (2013) is not so clear but may be due to differences in
technology, the number of cluster members identified, or that
our samples range up to 23 weeks’ gestation and do not
include term. It is plausible that rather than a steady decline
from early gestation to term, the expression of C14MC mem-
bers increases across early gestation, before decreasing at
term. Consistent with a recent report by Wommack et al.
(2018) [75] who profiled circulating miRNAs in maternal
plasma and found an inverse relationship between placenta-
specific clusters C19MC and C14MC we found this in our
tissue samples.

Finally, in the analysis of placenta-associated clusters we
investigated the expression of miR-17 ~ 92 and paralogs miR-
106a~363 and miR-106b~25, identifying 19 mature miRNAs.
The proportion of total expression from miR-17 ~ 92 mem-
bers and paralogs are less than 1% per cluster, with all three
clusters showing an overall decrease in the proportion of total
expression across early to mid gestation. Using the miRNA
sequences provided by Kumar et al. (2013) [65], we deter-
mined the 5’ or 3’ origin of the transcripts by cross-checking
the given sequences against miRBase v21 [23,65], and were
thus able to directly compare their microarray data with our
sequencing data (detailed in Additional File 3: Table S11).

Plasma miRNA sequencing offers a potential source of
non-invasive biomarkers for detecting placenta health

In addition to establishing the placental miRNA profile across
early to mid gestation and, given the potential for placental
health biomarker discovery using our access to matched
maternal plasma, we also aimed to analyse miRNA profiles
in maternal plasma sampled in women at the same time as
placenta. The identification of placenta-derived, or preg-
nancy-associated miRNA in plasma offers a potential window
into minimally invasive monitoring of pregnancy progression.

Working with miRNA in plasma is known to be difficult
due to potential inclusion of red blood cells or other cellular
debris [76-78]. Red blood cell contamination may mask any
signal we hoped to detect from the placenta as haemolysis
may perturb miRNA species and count distributions due to
overloading of red blood cell miRNAs [76,78,79]. In our study
we see evidence that 11 of our samples were likely affected by
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haemolysis. This common difficulty with plasma data, led us
to assess the detection of miRNAs of interest revealing that
the 10 most abundant placental miRNAs were reflected by
high abundance levels in matched plasma. Furthermore, these
plasma miRNAs in our study show strong concordance with
previous miRNA plasma studies [77,80].

Differential expression and clear gestational age gradient
clustering patterns in placenta miRNAs between 6-10 and 11-
23 weeks’ gestation were not particularly reflected by maternal
plasma, indicating that plasma does not reflect the changes in
the miRNA profile in placenta across early to mid gestation.
miRNAs that were abundant in placenta were not always
found to be abundant in plasma. In particular, miRNAs
enriched in Pluripotent stem cell/embryonic stem cell were
of low abundance in plasma compared to placenta. With the
exception of placenta-specific miRNAs, cellular enrichment
could be linked to various other systemic compartments. For
example, five miRNAs have cellular enrichment in immune
response cells, whilst another three miRNAs have enrichment
in pluripotent and embryonic stem cells, and one miRNA is
enriched in extra-embryonic stem cells which may originate
from the foetal membranes or other extra-embryonic tissue
such as chorionic villi. Of particular interest, miR-99a-5p
enrichment includes enrichment in mast cells which are
involved in inflammatory response and allergic reactions.
We see an apparent increase in abundance of miR-99a-5p
across early to mid gestation, and some additional increase
in male- compared with female-bearing pregnancies, which
may be indicative of the increased maternal immune response
to the male conceptus [81].

Complementary to the investigation of miRNA clusters in
placenta, we also investigated the expression of three highly
placenta-associated miRNA clusters and confirmed the abun-
dance of these cluster miRNAs in plasma, with the proportion
of cluster member expression revealing biomarker potential in
plasma. One pathway for the transfer of placental molecules
into the maternal circulation is via exosomes. It has previously
been reported that members of the C19MC are the predomi-
nant miRNA species expressed in exosomes released from
primary human trophoblasts [67]. We were able to confirm
the presence of 39 C19MC, 48 C14MC and 20 miR-17 ~ 92
miRNA in matched plasma, with their presence showing
promise for the use of miRNA as biomarkers for placental
health. Perhaps more importantly, week-by-week examination
of miRNAs across early gestation, as described in this study,
are key elements for developing pregnancy surveillance mea-
sures in the future, especially when combined with disease-
specific profiles associated with preeclampsia, gestational dia-
betes and preterm birth. Our investigation here of miRNAs as
biomarkers of placental, and by proxy pregnancy health have
identified many areas for further investigation. With the
implementation of machine learning algorithms, cell free
DNA work and placenta specific analysis standards, much
more can be expected from this field.

Conclusion

Appropriate placental growth and development is essential for
pregnancy success and miRNAs play roles in mediating these.

We investigated placental and maternal plasma miRNAs using
matched samples taken after elective termination of otherwise
normal pregnancies and found 374 significantly (FDR <0.05)
differentially expressed miRNA between 6-10 and 11-
23 weeks’ gestation placenta.

The research conducted herein is the most comprehensive
attempt to accurately profile the miRNA landscape of the
human placenta, in part, because of the use of miRNA sequencing
rather than microarray or qPCR. This dataset represents unpre-
cedented access to a large number of human placenta samples
from 6-23 weeks of gestation. Together these data are an impor-
tant reference set for miRNA expression of early to mid gestation
placental development and function, at time points rarely seen in
previous placental sequencing work. These provide an important
resource for the placental biology field. Further investigation using
maternal plasma in early gestation samples from pregnancies with
known outcomes will provide further insights into the search for
miRNAs as biomarkers of pregnancy health and disease.
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Abstract

Background

The abundance of cell-free microRNA (miRNA) has been measured in many body fluids,
including blood plasma, which has been proposed as a source with novel, minimally
invasive biomarker potential for several diseases. While methods for the quantification of
plasma miRNAs continue to improve, there is no consensus on an optimal reference
MiRNA or to what extent haemolysis, not visible to the naked eye, may affect plasma
mMiRNA content. Here we propose a new method for the detection of haemolysis in miRNA

high-throughput sequencing data from libraries prepared using human plasma.

Methods

To establish a miRNA haemolysis signature in plasma we first identified differentially
expressed miRNAs between samples with known haemolysis status and selected miRNA
with statistically significant higher abundance in our haemolysed group. We further refined
this miRNA signature such that only high confidence miRNA remained. Given there may
be both technical and biological reasons for differential abundance of signature miRNA,
and to ensure the method developed here was relevant outside of our specific context,
that is women of reproductive age, we tested for significant differences between pregnant

and non-pregnant groups.
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Results

Here we report a novel 20 miRNA signature (miR-106b-3p, miR-140-3p, miR-142-5p,
miR-532-5p, MiR-17-5p, miR-19b-3p, MiR-30c-5p, MiR-324-5p, miR-192-5p, MiR-660-
5p, miR-186-5p, miR-425-5p, miR-25-3p, miR-363-3p, MiR-183-5p, miR-451a, miR-182-
5p, miR-191-5p, miR-194-5p, miR-20b-5p) that can be used to identify the contribution of

haemolysis, in silico, to miRNAs quantified in high throughput miRNA sequencing data.

Conclusion

Given the potential for haemolysis contamination, we recommend that assay for
haemolysis detection become standard pre-analytical practice and provide here a simple

method for haemolysis detection.

Introduction

MicroRNAs (miRNAS) represent a class of short, ~22 nt single stranded non-coding RNA
transcripts found in the cytoplasm of most cells that act as post transcriptional regulators
of gene expression [1,2]. In their canonical action, miRNAs mediate the expression of
specific messenger RNA (MRNA) targets by binding to the 3 -untranslated region (UTR)
of transcripts and either repressing translation or marking them for degradation [3].
Importantly, miRNAs demonstrate tissue specific, temporal and spatial expression
specificity and are known regulators of development, with most mammalian mRNAs
harbouring conserved targets of one or many miRNAs [1,2,4]. In the canonical miRNA

pathway, target specificity requires exact nucleotide sequence complementarity between
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the miRNA ‘seed’ region (the first 2-7 bases at the 5" end of the mature miRNA transcript)

and the 3" -UTR of the mRNA.

Whilst miRNA expression is both temporally and spatially tissue-specific, they are also
identified beyond the cells in which they were synthesised, in various body fluids including
urine, saliva and blood plasma [5]. Circulating cell-free miRNAs identified in plasma are
packaged in micro vesicles such as exosomes [6,7] or bound to protein complexes such
as argonaute 2 (Ago2), nucleophosmin 1 (NPM 1) and high density lipoprotein (HDL) [8—
10], making them exceptionally stable [5]. This stability, coupled with their minimally
invasive accessibility, has suggested circulating cell-free miRNAs as an important

resource for the identification of novel biomarkers.

Whilst much progress has been made in the search for novel miRNA biomarkers of
disease processes [11,12], results of this research are often inconsistent or even
contradictory [5,13]. There are many reasons for this, including variations in enrichment,
extraction and quantification methods, variation between individuals, lack of consensus
regarding optimal reference miRNA for normalisation and the difficulty in quantifying both
the amount and quality of RNA transcripts from blood plasma samples [14,15]. An
important but often overlooked factor, is the potential for sample haemolysis during blood
collection or sample preparation which results in miRNA from lysed red blood cells being

spilled into and retained within the plasma sample to be assayed [14].
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The issue of haemolysis contamination altering the miRNA content of plasma and the
potential for confounding biomarker discovery has been reported previously [14,16,17].
Using RT-gPCR Kirschner and colleagues (2011) showed that contamination of plasma
samples with the miRNA content of red blood cells changed the abundance of both miR-
16 and miR-451. This in turn altered the relative abundance of potential biomarkers for
mesothelioma and coronary artery disease including miR-92a and miR-15. Using the
same technique Pritchard et al. (2012) demonstrated in plasma, that 46 of the then known
79 circulating miRNA cancer biomarkers were highly expressed in more than one blood
cell type, noting that the effects of sample specific blood cell counts and haemolysis can
alter the miRNA biomarker levels in a single patient sample up to 50-fold. As a result the
authors emphasised caution in classifying blood cell associated miRNAs as biomarkers

given the alternate interpretation possible.

Haemolysis is associated with either blood collection or RNA extraction and sample
preparation. Thus, despite differences between the quantification methods, high
throughput sequencing data used in our study is equally susceptible to the confounding
effects of sample haemolysis on miRNA abundance levels in plasma as RT-gPCR. In the
assessment of haemolysis contamination in plasma samples, there are currently two gold
standard approaches: 1. Delta quantification cycle (ACq), where expression levels of a
known blood cell associated miRNA (miR-451) and a control miRNA (miR-23a) are
determined based on raw Cq values and the difference between the two is calculated,
and 2. Spectrophotometry, where absorbance is measured at 414 nm with the use of a

spectrophotometer. In the case of ACq assessment, miR-451 is known to vary and miR-
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23a is known to be invariant in plasma affected by haemolysis [14,15]. Using
spectrophotometry, haemolysis is quantified by assessing the presence of cell free
haemoglobin by measuring the absorbance at 414 nm, the absorbance maximum of free
haemoglobin [18,19]. Both methods however, require access to sufficient amounts of the
original plasma sample, laboratory equipment and further laboratory tests. Free access
to a web-tool that can perform in silico assessment of red blood cell contamination in

human plasma would be of exceptional value to the research community.

Whilst it is well established that haemolysis frequently occurs during extraction or
processing of blood samples, the assessment of red blood cell contamination is rarely
mentioned in publications. It is even more rare that the results of any such testing are
present in the metadata with publicly available sequencing data. There is currently no
publicly available tool for analysis of haemolysis where there is no access to the physical
plasma sample. Although the theory underlying identification of haemolysis in plasma is
relatively straight-forward, surprisingly, this has never before been extrapolated into a
data-only approach. The paucity of haemolysis information in the context of publicly
available datasets combined with the lack of tools to identify affected datasets after the
fact, substantially limits the usefulness and reproducibility of this material. Further, it
increases the risk that results obtained may unwittingly represent blood-cell based

phenomena rather than signatures of the pathology of interest.

In this study, we assessed miRNA abundance in high throughput sequencing data from

libraries prepared using human plasma from pregnant and non-pregnant women of
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reproductive age. Using a set of samples with confirmed haemolysis (ACq (miR-23a-miR-
451)), we established a set of 20 miRNAs differentially abundant between plasma from
samples with and without substantiated haemolysis. Using the expression values of these
20 miRNAs as a ‘signature’ of haemolysis, we calculated the difference between the
mean normalised expression levels of these miRNAs compared to those of all other
mMiRNAs (as a ‘background’ set). This produced a quantitative metric which represents
the strength of the evidence of haemolysis in an individual sample. When this metric is
interpreted in the context of other samples, it can be used to notify the researcher about
sample(s) that display substantial evidence of haemolysis. The researcher may consider
discarding these samples from further analyses or using caution in their interpretation.
We consulted the EMBL-EBI Expression Atlas (ebi.ac.uk) to ensure all signature miRNAs
are identified in multiple human tissues (male and female) and have no known
developmental stage association. For ease of application we have developed this method
into a web based Shiny/R application, DraculR (a tool that allows a user to upload and
assess haemolysis in high-throughput plasma miRNA-seq data), for use by the research

community (as detailed in Chapter 5).

Results

lllumina NextSeq 75 bp single-end read sequencing was performed on miRNA libraries
from 154 plasma samples taken from 24 non-pregnant and 130 pregnant women aged
16 to 46 years (Qiagen, Hilden, Germany). Prior to sequencing, RT-gPCR was used to
analyse ACq (miR-23a-miR-451), where the ratio of miR-23a to miR-451 (or ACq (miR-

23a-miR-451) = 7) correlates with the degree of haemolysis. We identified 14 plasma
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samples with a ACq of 7 or above (Supplementary Table 1). An average of ~2.9 million
reads were sequenced per sample (range ~0.25-18.6 million reads; Supplementary Table
2). Thirty one libraries with < 1 million reads were considered to be unreliable due to low
sequencing output and were removed from further analyses. There was no difference in
the proportion of haemolysed and non-haemolysed data in the exclusion of samples due
to low library size (Fisher’s exact test p-value = 0.7). Sequence alignment was performed
using BWA [20] to the human genome (version GRCh38) and miRNA read counts were

generated by mapping to human miRBase v22 [21,22] identifying 1,133 mature miRNAs.

To analyse the effects of haemolysis on miRNA expression data from next generation
sequencing, we first determined the number of unique mature miRNAs identified in each
of our samples and analysed the data relative to read depth. Using an analysis of variance
(ANOVA; p-value < 0.05) we identified a significant difference between the haemolysed
and non-haemolysed samples, with haemolysis being frequently associated with fewer

mature miRNA species detected at a given read depth (Figure 1).
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Figure 1. The number of mature miRNA species identified in an individual sample increases with
read depth for both haemolysed and non-haemolysed samples however, the number of mature
mMiRNA species identified for a given read depth is significantly lower in samples affected by
haemolysis (blue) when compared to a non-haemolysed sample (red) of equal read depth.

microRNA haemolysis signature set

To ensure that miRNAs identified here were representative of those found in a broad set
of plasma samples, we first filtered to discard miRNAs of low abundance. After filtering,
189 highly abundant miRNA remained. Differential expression analysis comparing
MiRNA read counts identified 138 miRNAs with a higher abundance in haemolysed
compared to non-haemolysed samples (statistically significant differentially expressed
MiRNA, false discovery rate (FDR) < 0.05, with a log2 fold change (logFC) > 0))

(Supplementary Figure 1; Supplementary Figure 2(a,b)). We further ranked the
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differentially expressed miRNAs based on logFC, FDR and abundance levels and subset
the list such that only miRNAs which had a logFC > 0.9 and were in the top 60 percent of
each of the FDR and abundance rank criteria remained. A high confidence set of 20

MiRNA remained, indicative of a haemolysis signature (Table 1).

For in silico assay of haemolysis in our samples, we further removed miRNAs associated
with pregnancy to avoid confounding miRNA associated with haemolysis and pregnancy.
Differential expression analysis of miRNA read counts from pregnancy and non-
pregnancy samples identified 127 miRNAs (FDR < 0.05) that were significantly
differentially expressed between the groups (Supplementary Figure 3(a,b)). Strikingly,
one of our first observations highlighted the importance of including haemolysis analysis
as an adjunct in our study: miR-451, which is the sole haemolysis signature miRNA used
in the current ACq (miR-23a-miR-451) gold standard method for haemolysis detection
was discovered to be highly correlated with pregnancy status, indicating a strong
confounding factor in pregnancy studies when haemolysis levels are estimated using RT-
gPCR alone. Accordingly, miR-451 was removed from calculations hereafter along with
9 other miRNAs that were differentially expressed between the pregnant and non-
pregnant groups from the core set of haemolysis signature miRNA. This resulted in 10

miRNAs remaining for evaluation of haemolysis levels.

91



Table 1. 20 miRNAs with a general-use plasma haemolysis signature set. To remove
confounding effects within our pregnancy-specific dataset, we identified a subset of 10 abundant
mMiRNA which are invariant with respect to pregnancy.

miRNA  logFC Efgreerffiin Adjusted  Pregnancy
(1092 CPM) p-value Assoc.
miR-106b-3p 1.589 8.731  8.61E-15 no
miR-140-3p 1.073 10.098 2.75E-13 no
miR-142-5p 0.962 10.651  4.96E-12 no
miR-532-5p 1.288 7.237  4.96E-12 no
miR-17-5p 0.952 7.892 7.84E-12 no
miR-19b-3p 1.128 8.696 1.93E-09 no
miR-30c-5p 0.95 7.325  2.48E-09 no
miR-324-5p 1.304 7.186  2.50E-09 no
miR-192-5p 0.941 8.944  1.37E-08 no
miR-660-5p 1.305 7.62  3.45E-10 no
miR-186-5p 1.228 8.052  2.75E-13 yes
miR-425-5p 1.282 11.246 4.96E-12 yes
miR-25-3p 1.212 12.939 1.26E-11 yes
miR-363-3p 1.237 7.882 4.52E-11 yes
miR-183-5p 1.55 9.382 9.34E-11 yes
miR-451a 1.372 13.002  3.65E-10 yes
miR-182-5p 1.341 10.585  2.48E-09 yes
miR-191-5p 0.929 11.79  4.68E-09 yes
miR-194-5p 0.937 7.679 1.85E-08 yes
miR-20b-5p 0.932 7.43 1.96E-08 yes

Incorporating concepts from previous RT-gPCR analyses of haemolysis, we established
a new measure of the inclusion of red blood cell associated miRNA in human plasma.
After establishing the 20 miRNA signature associated with RBC content inclusion, we
determined the geometric mean of the distribution of miIRNA read counts as an

appropriate measure of abundance and summary statistic. Using this summary statistic,
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this method calculates a ‘Haemolysis Metric’, defined as the difference between the
geometric means of the normalised abundance levels of the haemolysis miRNA signature
set compared to that of all other miRNAs (the ‘background’ set). Note that in the case of
a condition:control study, to reduce the risk of confounding the Haemolysis Metric with
experimental variables, the signature set should be reduced to exclude any miRNA known
to be differentially expressed between groups. In this case, the geometric mean of the

reduced signature set will be calculated, as defined in (1).

(1)

Prior to establishing a threshold for the new Haemolysis Metric we measured the linear
dependence between the new Haemolysis Metric and the ACq (miR-23a-miR-451) metric
by performing a Pearson’s correlation. Our results indicated a Pearson’s rho of 0.64
(p=1.14e-15). With confidence in the correlation, to establish a threshold for the
Haemolysis Metric we compared the results of the ACq (miR-23a-miR-451) and summary
statistic methods directly. Briefly, we compared the Haemolysis Metric to the ACq (miR-
23a-miR-451) results for matched samples and established a cut off criteria for inclusion

into the Clear (no haemolysis detected) and Caution (haemolysis detected) groups
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(Figure 2a). We chose a threshold of 2 1.9 for the assignment of “Caution” to individual
samples based on the minimum summary statistic difference of samples assayed using
the ACq (miR-23a-miR-451) metric of 2 7 (Figure 2a) and the minimal overlap between
the distribution of the Haemolysis Metric in haemolysed compared to non-haemolysed
samples (Figure 2b). Where a sample is assigned “Caution”, researchers are advised to
consider removing the sample, or to continue with caution. Given the correlation of the
two metrics is imperfect, samples with a Haemolysis Metric close to the 1.9 cut-off may
be interrogated further prior to any decision to retain or remove. Of the 121 samples
assayed, 25 samples met the criteria for Caution. Of these, 12 were previously
determined as haemolysed or borderline using the ACq (miR-23a-miR-451) assay. We
found that all samples identified as ACq = 7 (Figure 2a, scarlet) are above criteria for the
Haemolysis Metric (Figure 2a, horizontal grey bar; threshold = 1.9). Further, we identified
13 samples with a Haemolysis Metric = 1.9 not included in the ACq (miR-23a-miR-451)

criteria.
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Figure 2: (a) A comparison of the derived Haemolysis Metric and the ACq measure of haemolysis
shows a clear correlation. We identified 13 samples (hamed) that we suggest should be discarded
or used with caution in further analysis. (b) Histogram of Haemolysis Metric values from the 121
samples in our experiment, coloured according to their ACq (miR-23a-miR-451) classification
indicate a minimum Haemolysis Metric of = 1.9 for samples previously identified as haemolysed.
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Discussion

Through an analysis of differential miRNA expression in samples whose haemolysis
levels were known, we identified a novel 20 miRNA signature indicative of haemolysis.
Given our hypothesis that plasma samples contaminated with red blood cell (RBC)
content would contain proportionally higher levels of many red blood cell-associated
MiRNA, not just miR-451, we established a method using a group of background miRNAs
as a reference. Accordingly, as a group, signature miRNAs (microRNAs which are
abundant in red blood cells) are shown to be more highly abundant in the presence of
RBCs. The degree of this change can be used as a measure of RBC content
contamination and quantified by comparing the geometric means of the expressions of
RBC signature miRNAs to that of the background set of miRNAs. We further established
that where a comparison between conditions is considered, for example in a biomarker
discovery experiment, any miRNA known to be associated with the condition for which
the biomarker is proposed should be removed to prevent confounding between the

condition of interest and the quantification of red blood cell associated miRNA inclusion.

Our experimental results demonstrate that it is possible to identify a haemolysis signature
in silico, avoiding the effort and expense of lab validation, and in situations where blood
plasma samples are exhausted, otherwise unavailable or cost-prohibitive to assay using
current gold standard approaches. Given the limited access to physical samples
associated with publicly available data, the Haemolysis Metric technique introduced here,

provides the basis for the development of a publicly available tool (detailed in 5).
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Among the haemolysis miRNA signhature is miR-451a (previously named miR-451),
commonly associated with RBC contamination and used in the calculation of ACq (miR-
23a-miR-451). However, we removed miR-451a together with 9 other miRNAs from our
calculation of distribution difference due to changes in miRNA abundance associated with
pregnancy. During pregnancy total blood volume increases varying between 20% to
100% above pre-pregnancy levels. This change however is not uniform across all blood
components as plasma volume increases proportionally more than the red blood cell
mass [23]. This is an important consideration and highlights the limitation of the current
gold standard approach that uses two miRNAs rather than a larger signature set to
calculate a measure of contamination. If, as in this example, the abundance of a miRNA
used to determine the ACq is also affected by the condition or pathology under
investigation the issue is two-fold. Firstly, you may identify miR-451a as being
differentially abundant in the pathology of interest and propose its use as a biomarker
only to find that it is confounded with haemolysis. Secondly, you may, using the ACq
calculation, classify samples as haemolysed when the change in miR-451a abundance
is more appropriately associated with the pathology of interest. By establishing a larger
signature set of miRNAs to detect haemolysis in small RNA sequencing from human
plasma we hope to provide a resource to the community with flexibility and redundancy
included in the design to buffer against the issue of confounding conditions of interest

with the measure of haemolysis.

We found limited overlap between the miRNAs identified as useful for the detection of

haemolysis and those previously reported as markers of haemolysis contamination
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[14,17,24]. It is important to note however, that our research question differed from that
of the above studies, as did our study methodology. The most important technical
difference is in the quantification of mMiRNAs. The expression values used here are taken
from a high throughput sequencing experiment, rather than RT-gPCR used previously.
The limitations of RT-qPCR to investigate which, if any, miRNAs are affected by
haemolysis has been identified previously [25]. Given that high throughput sequencing
allows for quantification of all known miRNA species and that RT-gPCR is targeted, our
experiment was able to identify differential abundance in miRNAs not quantified in
Kirschner et al. (2011) [14], Pritchard et al. (2012) [17] or McDonald et al. (2011) [24].
There was however greater overlap in the miRNAs identified as up-regulated in the
haemolysis group than those in the final miIRNA Haemolysis Metric signature set. MiR-
16, miR-486-5p and miR-92a-3p were significantly upregulated in the haemolysed group,
but not included in the signature set as they failed to pass filtering criteria for logFC and
expression. Secondary to the technical differences introduced by the use of different
MiRNA quantification technologies, it is important to not that all plasma samples used
here to establish which miRNAs are affected by haemolysis were taken from adult women
of reproductive age. No sex or age information was included with either study compared,
although it is likely these samples included specimens from men and women. To account
for the potential bias introduced using data from only female and all reproductively aged
volunteers, we ensured all miRNAs included here have previously been identified in
multiple tissues in both male and female samples, and are not affected by developmental
stage. Investigation using a cohort of mixed age and sex is warranted and may help to

further determine which miRNAs are affected by haemolysis.
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Interestingly, all signature miRNAs, with the exception of miR-325-5p, have previously
been reported as prognostically valuable plasma or serum biomarkers. In this small
sampling of recent miRNA biomarker research, we identified several instances where
more than one of our haemolysis signature miRNA were identified as disease biomarkers
for the same condition in the same experiment [26—28] which, given our findings, and
those of previous haemolysis research, further call into question their validity as
biomarkers of disease or condition. In conjunction with our research we found many
MiRNAs as suggested circulating biomarkers for multiple disease states. For example,
miR-122 was given biomarker potential in liver disease, lung cancer and myasthenia
gravis [26,29,30], and miR-660 was given biomarker potential in Alzheimer's disease,
breast cancer and lung cancer [27,31,32] respectively. These miRNAs may represent
effective biomarkers, or may simply highlight RBC contamination or be indicative of a

general state of inflammation.

Data contained in this study were obtained from two cohorts of female volunteers of
reproductive age. Whilst we are working in a relatively narrow experimental domain, we
have generalised this method such that removal (from the signature miRNA set) of
domain specific miRNA is built in, providing a framework that allows use within research
conducted in any human plasma context. Our results highlight that ignoring the issue of
MiRNA from red blood cells leaves researchers open to the risk that newly discovered
MiRNA disease biomarkers could in fact be biomarkers of haemolysis. In future research,

a repeat experiment with samples taken from male and female individuals across a wider
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age range would expand and strengthen our understanding of the impact of haemolysis
on discovery of biomarkers. Our research both recommends and enables tests for

haemolysis to become standard pre-analytical practice.

Methods

Sample collection

Peripheral blood (9 mL) was collected with informed, written consent from women
undergoing elective terminations of otherwise healthy pregnancies. Blood was collected
into standard EDTA blood tubes pre-termination and stored on ice until processed. Whole
blood underwent centrifugation at 800 x g for 15 minutes at 4°C before plasma removal
and then spun for a further 15 minutes to ensure any remaining cellular debris, including
cell membranes from lysed red blood cells, was removed. All samples were stored at -
80°C until further processing. Prior to termination, accurate gestational age was
determined using transvaginal ultrasonography. Termination samples were collected
from the Pregnancy Advisory Centre (PAC), Woodville, South Australia. Blood was also
collected with informed, written consent from non-pregnant volunteers at the Adelaide
Medical School. Following collection, blood tubes were stored on ice until processing.
Whole blood underwent centrifugation at 1015 x g for 10 minutes at 4°C. Approximately
4-6 mL plasma was collected in 2 mL aliquots. 500 pL plasma (the supernatant) were
aliquoted into clean tubes and the pellet containing any remaining blood cells at the
bottom of the tube was discarded. All samples were stored at -80°C until further

processing.
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RNA extraction and library preparation

MicroRNA was isolated from 200 uL plasma samples using the QIAGEN miRNA
serum/plasma kit (Qiagen, Hilden, Germany) according to the manufacturer's

instructions. All samples were stored at -80°C until further processing.

Library preparation and sequencing was performed by Qiagen (Valencia, CA) using the
QlAseq miRNA Library Kit and QlAseq miRNA 48 Index IL kits as per manufacturer’s
instructions. Amplified cDNA libraries underwent single-end sequencing by synthesis

(Mumina 1.9).

Haemolysis Detection

Plasma samples were examined for haemolysis based on the expression levels of two
MiRNAs: miR-451 and miR-23a. miR-451 (recently renamed miR-451a) is known to be
highly expressed in red blood cells, whereas miR-23a is known to maintain stable
abundance levels in plasma. After RNA extraction and cDNA synthesis, the delta
guantification cycle (Cq) values for miR-23a-miR-451 were calculated independently for
each sample. The evaluation of expression levels was performed based on raw Cq
values. According to the Qiagen protocol for haemolysis detection (Qiagen, Hilden,
Germany) using the AACq method, samples with a ACq <7 for these two miRNAs were

considered as clear of contamination; a ACq >7 was considered contaminated; a ACq

=7 was considered borderline.
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mMiRNA annotation and abundance

Technical variability from library amplification was removed by using umi_tools to collapse
mappable reads with the same UMI barcode. Adapter detection and trimming were
performed using Atropos [33]. Alignment performed using BWA version 0.7.17-r1188
(GRCh38) and output in FASTQ format [20]. Quality control metrics were assessed using
FastQC [34] (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to check for per
base sequence quality, sequence length distribution and duplication levels. Quality
control metrics were reported using multiQC [35]. Counts for mature miRNAs were
calculated using an in-house script [36] with miRBase version 22.0 [21,22]

(http://www.mirbase.org) as the reference miRNA database.

Analysis of potential confounding factors

All profile and expression analyses were conducted in the R statistical environment
(v.4.0.2), using the edgeR (v.3.16.5) [37] and limma (v.3.30.11) [38] R/Bioconductor
packages. Prior to conducting the differential expression analysis between haemolysed
and non-haemolysed expression data we considered the effect of participant
characteristics such as sex, age, smoking, pregnancy status and ethnicity. Sex was not
considered here as all samples were taken from female participants, and likewise age
was confined to women of reproductive age. Of the remaining factors only pregnancy
status was considered with miRNA identified as differentially expressed between
pregnant and non-pregnant samples removed from the final set of haemolysis signature

mMiRNA. Sequencing batch was identified and included in all regression models.
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Feature calculation/ldentification of haemolysis miRNA signature

Prior to defining a collection of haemolysis informative miRNAs, pre-filtering steps were
undertaken: 1) mature miRNA with fewer than five reads were reduced to zero
independently for each sample, 2) miRNA with fewer than 40 counts per million (CPM) in
the haemolysed group (n = 12) were removed from further consideration. This was done
to ensure only highly abundant miRNA likely to be present in the majority of our samples,
and in datasets not considered here, remain. The Trimmed Means of M values (TMM)
normalisation method was used to correct for differences in the underlying distribution of
MiRNA expression [39]. Next, we used limma [38] to obtain the fold change of each
MiRNA between the haemolysed and non-haemolysed groups to identify miRNAs that
are more abundant in the plasma affected by haemolysis. To ensure the haemolysis
miRNA signature was robust we took the intersection of the 60 miRNAs from each
category of highest expression and lowest adjusted p-value and miRNAs with a logFC >
0.9 revealing a set of twenty high confidence miRNAs. To further refine the set of
haemolysis informative miRNAs we used limma to calculate the fold change for each
MiRNA between the pregnant and non-pregnant samples not affected by haemolysis and
removed any miRNA common to both the haemolysis and the pregnancy comparison.
The workflow, source code and input files associated with this research are available at

(https://github.com/mxhp75/haemolysis_maternaPlasma).

Classification - Haemolysis Metric

To classify the data coming from samples as haemolysed, borderline or unaffected we

first determined if the sample in question belongs to the non-pregnant or pregnant group.
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For samples in the non-pregnant group we subset the miRNA read count table into miRNA
from the high confidence haemolysis informative miRNA (n=20) and all others (n=169).
Using this data partition we calculated the geometric mean of the distribution of read
counts using the psych package (v1.8.12) [40] and next subtracted the geometric mean
of the counts of “other” miRNA from that of the “haemolysis informative” miRNA. For
samples from the pregnant group we performed the calculation of the difference between
the geometric mean of each group in the same way however, before calculating the
geometric mean of the “haemolysis informative” group we first removed and discarded

the miRNA which were associated with pregnancy.

Shiny App for classification

A web based Shiny/R application, DraculR, was developed to facilitate use of this method.

More detailed information regarding the application is available in Chapter 5.

Ethics

Ethics approval for the collection of blood from women undergoing elective pregnancy
termination between 6-23 weeks’ gestation was provided under HREC/16/TQEH/33, by
The Queen Elizabeth Hospital Human Research Ethics Committee (TQEH/LMH/MH).
Blood from women forming the general population group was collected after informed
consent with ethics approval provided under HREC/H/021/2005, by The University of

Adelaide Human Research Ethics Committee.
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Supplementary Information Legends

Note: Supplementary Figures and Tables are hosted on Figshare
(https:/ffigshare.com/projects/Chapter_4 - Supplementary/122501)

Supplementary figure 1. Haemolysis signature feature selection. Raw single-end reads
from smallRNA-seq libraries are preprocessed using a range of Unix- and python-based
computational tools to quantify miRNA expression in each library. Data quality is ensured
through quality control steps throughout the workflow. Concurrently with sequencing, ACq
(miR-23a-miR-451) was assessed by RT-gPCR and incorporated into the differential

expression analysis.

Supplementary Figure 2: (a) Volcano plot of differential expression. Linear regression
identified 138 miRNA which were more highly abundant in haemolysed compared to non-
haemolysed samples with FDR < 0.05 (green). (b) MA plot (M (log ratio) and A (mean
average)) of Logz fold change as a function of Logz average expression indicates most
MIiRNA have an average expression < 10 Logz CPM. miR-451a and miR-16-5p, both
highly red blood cell associated, are highly expressed and more highly abundant in the

haemolysed group (green).

Supplementary Figure 3: (a) Volcano plot of differential expression. Linear regression
104 miRNA (FDR < 0.05) which were more highly abundant in the pregnant population
compared to non-pregnant samples (red). Haemolysis Metric signature miRNAs

(labelled) (b) MA plot (M (log ratio) and A (mean average)) of Logz fold change as a function
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of Logz average expression indicates most miRNA have an average expression <10 Log>
CPM. Unsurprisingly, the most differentially expressed miRNA are miR-517a-3p, miR-
517b-3p, miR-516b-5p, miR-518b, all part of the highly placenta associated chromosome

19 miRNA cluster.

Supplementary Table 1: RT-gPCR Cq data for miR-23a-3p, miR-451a and ACq (miR-

23a-miR-451).
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Chapter 5

DraculR: A web based application for in silico haemolysis
detection in high throughput small RNA sequencing data
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Abstract

Motivation: Often medical biologists find they have blood plasma samples that are known
or suspected to have been subjected to haemolysis, the rupture and subsequent release
of red blood cell contents, including microRNAs (miRNAS), into surrounding fluid such as
plasma. Individuals new to plasma research may be unaware of the issue entirely. The
inclusion of red blood cell derived miRNA transcripts in downstream analyses, including
but not limited to the analysis of small RNA quantification through high throughput
sequencing data, introduces a source of error that is difficult to identify post hoc and may
lead to spurious results. This error arises when miRNAs usually contained within red
blood cells remain in the plasma after centrifugation, effectively combining the two

otherwise independent biological compartments.

In reality, patient blood samples frequently include lysed red blood cells. The combination
of plasma derived and red blood cell derived miRNA atrtificially increases the number of
red blood cell associated transcripts in the plasma sample and alters the relative
abundance of non-red blood cell miRNA. Importantly, this altered abundance may impact
research outcomes including those of novel biomarker discovery. miRNAs are an
important research focus given their potential as minimally invasive biomarkers. This
potential comes in part from their multi-compartment origin, and the long-lived nature of
MIiRNA transcripts in plasma, giving researchers a functional window for tissues that are
otherwise difficult or disadvantageous to sample. Where access to the physical plasma

sample is possible, it is prudent to assess any potential bias introduced by haemolysis.
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Where access to a physical sample is not possible, our tool will provide an in silico

approach to haemolysis prediction.

Results: We present DraculR, an interactive Shiny/R application that enables a user to
upload microRNA expression data from short read sequencing of human plasma as a raw
read counts table and interactively calculate a metric that indicates the degree of

haemolysis contamination.

Availability and implementation: DraculR and its tutorial are freely available from

(https://mxhp75.shinyapps.io/shinyVamp/)
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Introduction

MicroRNAs have long been identified in human plasma and, given their stability in this
medium, have strong potential as biomarkers. Whilst there are multiple techniques for
guantifying the abundance of miRNAs in plasma, high throughput sequencing has the
advantage of detecting both known and novel (ie. putative) miRNAs with single base
resolution. This fine resolution enables distinction between variants differing by a single
nucleotide as well as isomiRs of differing lengths [1]. With this in mind many researchers
are implementing high throughput sequencing technologies to identify and quantify the

abundance of plasma miRNAs [2-10].

The quantification of RNA transcripts using high throughput sequencing technologies
expresses the value of each annotated transcript relative to the total number of sequence
reads for a given sample [1]. Given that plasma miRNAs can originate from different cell
compartments, accurate profiling of plasma miRNAs requires that miRNAs present in a
given sample be plasma derived and not from another blood source such as red blood
cells. Haemolysis occurs when red blood cells are sheared during extraction or handling,
effectively spilling their contents, including miRNAs, into the volume of blood drawn [11—
15]. The effect of this leakage is to change the plasma expression profile through the
presence of red blood cell-associated miRNAs, and in turn to alter the global

normalisation of sequence counts [1].

Both the increase in relative abundance of red blood cell-associated miRNAs and the

aberrant normalisation of libraries have potential to impact the profile analysis of miRNA
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inplasma[11,12,14] yet assessment of haemolysis is rarely reported. Data quality checks
prior to downstream analysis of high throughput sequencing data should include an
assessment of haemolysis in the plasma sample from which the sequencing library was
produced. For the assessment of haemolysed plasma samples, there are currently two
gold standard approaches: 1. Delta quantification cycle (ACq) where expression levels of
variable miR-451a and invariant miR-23a are determined based on raw Cq values and
the difference between the two calculated and 2. Spectrophotometry, based on
absorbance maximum of free haemoglobin measured at 414 nm [11,16] [17,18].
However, quantification of haemolysis through current gold standard methods such as
ACq or absorption are not always possible, presenting a need for an alternative method
that does not rely on access to the original plasma sample. In this work we present
DraculR, a data driven approach for the assessment of haemolysis confounding in silico.
The DraculR tool enables the user to upload self generated or publicly available high
throughput miRNA sequencing data for assessment and returns both visual and tabular

recommendations for downstream analysis of read count data.

Materials and methods

DraculR is an interactive, Shiny/R web based tool, for the in silico assessment of
haemolysis contributions to small RNA sequencing libraries prepared from human
plasma. This “Haemolysis metric’ takes advantage of the increased proportion of red
blood cell-associated miRNAs (identified in Chapter 4) in the presence of haemolysis

contamination. Analogous to the ACq (miR-23a-miR-451) method, which determines the
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difference between the abundance of two miRNA, one known to vary and one known to
be invariant in the presence of haemolysis, we present the Haemolysis metric, the
difference between a set of miRNAs known to vary and a set of miRNAs known to be
invariant in the presence of haemolysis. The Haemolysis metric is calculated as the
sample specific difference in geometric means of the normalised gene expression values
between two sets of microRNAs: 1) 20 miRNAs identified as indicative of haemolysis
(‘signature set’), and 2) all other microRNAs (‘background’). In this case, the geometric

mean of the reduced signature set will be calculated, as defined in (1).

Z = miRNA gene set, log2 CPM counts
,---,p1 Where p1 = the number of miRNA in Reduced signature set

(1)

In Figure 1 we present an example of samples considered as “Clear” (Figure 1a) and as
“Caution” (Figure 1b). In the first example the distance between the geometric mean of
the “Background” miRNA compared to that of the “Classifier” miRNA is very small
suggesting the two sets of MiIRNA belong to the same distribution. In the second example
the distance between the geometric mean of the “Background” miRNA compared to that
of the “Classifier” miRNA is larger than the Clear example. Furthermore, this difference is

greater than the 1.9 cut-off established in Chapter 4, and thus classified as “Caution”. The
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“Background” (light blue) and “Classifier” (scarlet) distributions appear to be independent
suggesting that red blood cell associated miRNA have been added to the pool of mMiRNA
isolated in the plasma. In the case of sample Control_33 (Figure 1b), we would
recommend removing the sample data from further analysis; however, where a decision

is made to retain samples, the issue of haemolysis should be noted.

a b

0.154 0.15 1

0.10+ 0.101

Density
Density

0.051 0054

0.00 0.00

4 8 12 16 6 9 12 15
log, CPM log, CPM

miRNA Set | Background . Classifier

Figure 1. Patient_6 (a) is marked as “Clear” indicating no evidence for haemolysis in this
sample. The distance between the geometric mean of “Background” and “Classifier” miRNA is
small. Control 33 (b) is marked as “Caution” indicating that we found evidence suggestive of
haemolysis. The geometric mean of “Background” and “Classifier” miRNA is =1.9 cut-off.

Application

By using the Haemolysis metric calculation one can assess their sample for evidence of

haemolysis and obtain recommendations for new, user defined, individual samples as

119



clear for use or use with caution. We have shown that when red blood cell-associated
MIiRNA transcripts are retained in a plasma sample post centrifugation, and subsequently
incorporated into the sequencing library, the relative abundance of these miRNAs is
increased. This increase is evidenced by the increase in the geometric mean of signature
haemolysis miRNAs away from that of the background miRNA giving the background
MiRNA a smaller relative expression than would be expected from a pure plasma sample
taken from the same individual. Using high throughput sequencing data, DraculR is
designed to visualize and analyse the distribution of miRNA counts from our haemolysis
signature set and compare this with the distribution of counts from background miRNAs.
Once calculated, the sample specific Haemolysis metric for user defined data is returned
in tabular and graphical format for download and assessment. Samples with a
Haemolysis metric 2 1.9, our recommended threshold, indicate haemolysis as evidenced
by the red blood cell-associated miRNA retention and are identified as ‘Caution’. We
recommend removal or at a minimum further investigation of any samples that return a

Haemolysis metric above the threshold set here prior to use in any downstream analysis.

Public data example

To illustrate the utility of the application we downloaded four publicly available human
plasma high throughput sequencing miRNA datasets from NCBI GEO [19]. The datasets
used here were GSE153813, GSE118038, GSE105052, GSE151341 [20-22]. Where the
publication associated with the given dataset included miRNA differentially expressed
between the conditions being considered, and these miRNA correspond with our

haemolysis signature set, these miRNA were dropped from the Haemolysis metric
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calculation. In each example we were able to detect evidence of haemolysis in multiple

samples (Table 1).

Table 1. Publicly available data were assessed for haemolysis using the DraculR method
identifying multiple samples to use with caution in each dataset. No haemolysis information was
included with the original dataset.

Dataset Experimental Context Samples Caution  Differentially Publication
abundant
mMiRNA
GSE153813  Patient:Control 9 3 NA NA
Profile miRNA expression
at each stage of menstrual
cycle; endometriosis
GSE118038 Patient:Control 70 32 mMiR-4732-3p, [22]
Prostate cancer biomarker let-7a, miR-
26b-5p, miR-
98-5p, miR-
30c-5p*
miR-21-5p
GSE105052  Patient:Control 42 3 miR-128-3p, [20]
Friedreich's ataxia miR-625-3p,
miR-130b-5p,
miR-151a-5p,
miR-330-3p,
miR-323a-3p,
miR-142-3p
GSE151341 Patient:Control 91 4 miR-335-3p, [21]
Early radiographic knee miR-199a-5p,
osteoarthritis biomarker miR-671-3p,
miR-1260b,
miR-191-3p,
miR-335-5p,
miR-543

* miRNA associated with Haemolysis Metric signature

DraculR provides a visual representation of the results from our selected public data sets

in the form of a histogram (Figure 2). In this histogram the difference between the

geometric means can be seen against a background of data with a known haemolysis

quantification based on the ACq (miR-23a-miR-451) method. Samples are coloured to
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indicate either “Clear” (light blue) or “Caution” (scarlet) with background data coloured to
indicate the ACq (miR-23a-miR-451) result of either “Clear (ACq)” (grey with a light blue
highlight) for samples with ACq < 7 or “Haemolysed (ACq)” (grey with a scarlet highlight)

for samples with ACq = 7.

GSE105052

draculR identified 5 samples to use with caution

40.0% 4

30.0% 1

] Haemolysed (dCq)
Clear (dCq)

@ Haemolysis

HE o , B caution GSE105052
£ 20.0% Clear GSE105052
w
®

10.0% -

L]

0 1 2 3 a 5
Distribution Difference

Figure 2. DraculR uses public data to illustrate the potential for unidentified haemolysis with
potential to confound biomarker analysis. Here, data pertaining to GSE105052 was retrieved
from NCBI Geo for analysis. The screen shot above shows an example where five samples
were identified to be used with caution. All data are presented against a background of
haemolysed samples assessed using the ACq method.

Inputting data into DraculR

DraculR allows users to upload a raw, high throughput sequencing counts table for
analysis. Whilst normalisation is locked to the Trimmed Mean of M method (TMM)
previously recommended in the edgeR workflow [23], the user controls features such as
filtering for low expression (Figure 3) and refining the haemolysis signature set based on
a priori knowledge of miRNAs that may be differentially expressed in the comparison of

interest (Figure 4). The purpose of removing miRNAs with a known association to the
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research hypothesis is to help ensure any issues with haemolysis do not confound the
research hypothesis. Note that samples with total miRNA read counts < 1 million are

considered to be poorly sequenced and are removed for quality control.

\

K‘Step 1: Upload, filter and normalise

First filter
<5=0
Samples <1m -
Upload raw counts removed "
mirna_name $1_con S2_con $3_dis S d flt
hsa-miR-1-5p 3276 1598 1752 . e LIy
Normalise keep > 40 log,
hsa-miR-2-5p 1728 2532 1627 (TMM) CPM < n
hsa-miR-3-5p 5228 5498 6732 o
hsa-.... oo | om

\_ /

Figure 3. Import a raw counts table generated by high throughput miRNA sequencing of human
plasma libraries. These data will be filtered according to user specified requirements (n =
number of samples in the smallest group of interest) and normalised using the Trimmed Mean
of M (TMM) method as previously recommended in the edgeR workflow [23].

ﬁtep 2: Calculate distribution difference Sample specific \

Discard distributions
Signature set

Normalised counts

mirna_name 51_con S2_con S3_dis

Reduced
hsa-miR-1-5p 3276 1598 1752

signature se
hsa-miR-2-5p 1728 2532 1627 Background

hsa-miR-3-5p 5228 5498 6732

hsa-.... am |

o /

Figure 4. The distribution difference between the background and signature miRNA counts is
calculated on an individual sample basis allowing the user to upload one to many samples as
required. In the case of a priori knowledge of miRNA differentially abundant between a tested
condition/control paradigm the user may choose to reduce the signature miRNA such that they
do not include miRNA of interest (recommended).
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Visualisation and interpretation

An essential feature of DraculR is that it allows users to visualise and assess the values
obtained in the results, through sample specific and consolidated graphics including
density plots, histograms and tables (Figure 5). These features help the user decide on
the level of haemolysis that may be affecting their analysis by providing a new quality
metric. Using this metric the user may choose to remove samples from downstream
analyses. However, whether samples with a Haemolysis metric above the suggested
threshold are removed or retained, the new information may be informative in the analysis

of their miRNA sequencing data.

ﬁtep 3: Interpret results \

Individual results Combined results
i) ——— ii)'” = iV)-
== iI == L- Y
A A A ‘ A
In a “Clear” sample we see a small difference Combined results in the form of a results table and
compared to “Caution” where we see a larger, graphical representation are provided. The histogram
positive, difference betweenthe geometric mean of (right most) illustrates the results from the userimported
the distribution between the Classifier and counts (coloured)and a baseline demonstrative study
Q\ckgmund miRNA expression. (grey).

Figure 5. Graphical results in the form of a density plot of individual distributions (i, ii) and a
histogram of combined distribution differences (iv) are provided along with a combined table of
results (iii). The user is provided with both a metric describing the amount of haemolysis and a
recommendation of caution if appropriate (iii).

Conclusion

We have developed a Shiny/R web based application that, for the first time, allows users

to detect and address the issue of haemolysis in plasma miRNA sequencing data. This
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problem is common when, either through use of public data, exhaustion of sample, or
exhaustion of funds, it is not possible to assess haemolysis using one of the current gold
standard approaches (being delta quantification cycle (Cq) values for miR-23a-miR-451
or Spectrophotometry for haemoglobin estimation). The application is easy to use and
applicable to high throughput sequencing data from human plasma. The method is robust
for cases where a treatment:control style analysis is undertaken and the user has a priori
knowledge of miRNA that are anticipated to be differentially abundant between groups.
Whilst a probabilistic quantification of contamination risk is not possible based on the
dataset used here, we plan future work drawing on the methods used by the Shah et al.
2016 that will include serial dilution and miRNA quantification of haemolysed plasma
samples to validate and further refine our method. DraculR adds value to the growing
resource of public data shared by plasma researchers by enabling in silico analysis of
haemolysis confounding post sequencing. The detection of haemolysis using our
Haemolysis metric enables the user to identify and potentially discard low quality samples
which are otherwise unknown to be affected by haemolysis. This enables an additional
guality metric and the subsequent increased confidence in the use of high throughput

mMiRNA sequencing data for which no haemolysis information is available.
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Abstract

Background

Preeclampsia (PE), a hypertensive disorder of pregnancy, remains the leading cause of
maternal and perinatal mortality and morbidity worldwide. Preeclampsia occurs more
often in male bearing pregnancy, and at the extremes of maternal age. However, this may
be population dependent and can be divided into two distinct phenotypes; early (<34
weeks gestation) and late-onset (>34 weeks gestation) PE. Here we look specifically at
late-onset PE using placenta from male bearing pregnancies as a focus to determine

specific gene expression networks associated with disease.

Methods

We performed Total RNA sequencing on human placental chorionic villus tissue from
uncomplicated and complicated (late-onset preeclampsia) pregnancies at term.
Stratifying by fetal sex, we assessed differences in the placental transcriptome (post
parturition) between uncomplicated and PE pregnancies. Finally, we used Weighted
Gene Co-expression Network Analysis (WGCNA) to compare sex-naive molecular

signatures in the context of preeclampsia.

Results

Compared to uncomplicated male-bearing placenta, male PE placentas show
transcriptional changes suggesting an increased level of oxidative stress including an

upregulation of ceruloplasmin (CP) and DZIP1. We also show up-regulation of
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TMEM150C, associated with the baroreceptor reflex mediating sensing of blood pressure
changes and down regulation of NR3C2, associated with early-onset hypertension
exacerbated in pregnancy. Further, we identified a module gene set associated with

anaerobic metabolism of glucose in PE.

Conclusion

Our results highlight the importance of sex-specific analyses in placenta and provide 25
candidate genes for further investigation of PE pathophysiology in male bearing
pregnancies. A sex naive analysis using a network co-expression approach identified a
module of genes statistically correlated with PE with enrichment for genes in the

anaerobic metabolism of glucose.

Introduction

Preeclampsia (PE) is a hypertensive disorder of pregnancy affecting 3-8% of pregnancies
worldwide [1-3]. Characterised by de novo maternal hypertension with multiorgan
involvement detected after the 20th week of pregnancy, it remains one of the most
common complications in pregnant women [3,4]. The immediate health risk associated
with PE is well known, with the disorder responsible for maternal, fetal and neonatal
morbidity and mortality worldwide [5]. Less well known are the long term health effects of
PE on both the mother and the child. Both are at higher risk of developing cardiovascular
disease and metabolic syndromes, including type Il diabetes, later in life [6—12]. Far from
being purely physiological, there is also a neurological axis to long term health. For the

infant, there are potential long term effects of PE on brain development and function [13]
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that are associated with autism [14,15], intellectual disability [16], epilepsy [17] and
schizophrenia [18,19]. For the mother, neurological effects can include a predisposition

to psychosis [20], anxiety [21-23] and depression [24,25].

Preeclampsia is a syndrome composed of a cluster of symptoms and is broadly classified
into two major clinical subtypes: early- and late-onset, with a gestational age cutoff of 34
weeks [26—29]. Early-onset PE (EOPE) is characterised by shallow placentation and
impaired maternal spiral arteriole remodelling. Impaired remodelling alters maternal blood
flow into the placenta and hence causes damage to the chorionic villi and their covering
of syncytiotrophoblast [30]. Resultant debris or cellular particles dislodged from the
placenta, into the maternal circulation, are suggested to, at least in part, trigger the
maternal inflammatory response [31]. By contrast, late-onset PE (LOPE) is considered to
be a maternal disorder, resulting from an underlying maternal physiological predisposition
and is more likely to be associated with a morphologically normal placenta, larger
placental volume and normal fetal growth [27]. Although the presenting features overlap,
there is no gold standard for the clinical differentiation between preeclampsia subtypes
with current clinical thresholds leaving important uncertainties in precision diagnosis and

hence in our understanding of the underlying molecular pathogenesis [32].

Previously, many experimental attempts to identify distinct molecular signatures in PE
using microarray technology have failed to find reproducible results, due to small sample
sizes and a failure to distinguish between early- and late-onset disease [33—40]. Some

do not classify EOPE and LOPE [33,34,36,38], others pool classified samples [37], focus
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on only EOPE [40] or compare between EOPE and LOPE, but not controls [39], with none
including fetal sex. Others, operating under the hypothesis that preeclampsia is a
syndrome driven by the deregulation of different molecular pathways, have used
aggregated microarray datasets and unsupervised clustering methods to detect multiple
subtypes of PE with no significant effect of fetal sex on their analysis [41]. Importantly,
the lack of any fetal sex signal may reside in the use of targeted microarray, and highlights

the advantages of RNA sequencing (RNA-seq).

RNA-seq, unlike targeted microarrays, allows for profiling of the whole transcriptome (i.e.
Total RNA-seq), including coding and non-coding transcripts, and provides a much more
detailed view of the placental transcriptional landscape [42]. More recently, studies like
that by Ren et al. (2021) [43] analysed RNA-seq data from EOPE and LOPE and have
identified distinct molecular processes at work separating the two conditions. However,
while this study takes into account clinical subtype, it does not consider fetal sex, a factor
we consider to be important in the etiology of disease. Inconsistent methods such as
failure to distinguish EOPE and LOPE, pooling of samples, and the loss of power induced
by these and other issues such as small sample size and microarray limitations have
meant our understanding of the origins and maternal-placental contributions to the
pathology of PE remain unclear. Traditional methods have established a number of
mechanisms underlying PE. These include angiogenesis [35-37], immune function
[26,33,34,43,44], oxygen sensing [14,40] and metabolism [43] it is not clear whether these

molecular pathways are common to different clinical subtypes.
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Late-onset PE, thought to originate through interactions between placental senescence
and a maternal genetic predisposition to cardiovascular and metabolic disease [32] is
generally considered a maternal disorder. However, resolution still requires delivery of
the placenta indicating that the placenta is playing a role in pathology of the disease. Note
that rarely PE is first diagnosed during labour or within days after delivery [45]. In the
present study, we used high throughput Total RNA-seq to establish a sex-specific
comparison of the transcriptional landscape of placenta with and without LOPE. The
resultant transcription profiles were first assessed for differential expression and then,
using a systems biology approach, we performed a weighted gene correlation analysis
(WGCNA) to establish networks of co-expressed genes associated with PE, as well as
maternal and neonatal characteristics. Both sex-specific and sex-naive approaches
highlight the importance of anaerobic metabolism of glucose, oxidative stress and
immune response genes in the context of LOPE. In addition, the sex-specific differential
expression analysis identified a number of genes with potential to be causal in the etiology
of LOPE which further suggests the importance of clinical subtyping in the search for

interventional pathways.
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Results

Maternal patient information

Data and placentas from the prospective cohort Screening fOr Pregnancy Endpoints
(SCOPE) study (recruitment between September 2004 and December 2008 in Australia)
and the Screening Tests to Predict Poor Outcomes of Pregnancy (STOP) study
(recruitment between March 2015 and December 2017) were used. The hospital from
which the SCOPE and STOP patrticipants were recruited serves a socioeconomically
disadvantaged population. In both cohorts, Nulliparous ostensibly low risk women with
singleton pregnancies were recruited. Maternal characteristics are shown in Table 1. In
an attempt to simplify the language used herein, | will refer to the sub-division of placenta
counts data used in these analyses as: Control male, PE male, Control female and PE
female where “Control” refers to women who had uncomplicated pregnancies and “PE”

refers to women who had a pregnancy complicated by preeclampsia.
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Table 1. Maternal characteristics

Normotensive Preeclamptic
Male infant Female infant Male infant Female infant
(n=18) (n=33) (n=29) (n=14)
Maternal age 24.5 (20.2-26) 24 (22-28) 22 (20-23) 25.5 (20.2-30.5)
First trimester BMI 25.2 (23.6-26.8)  24.6 (22.1-255)  29.2 (21.9-36.2) 29.5 (28-31.2)

Gestational Age

(weeks) 40.4 (39.5-41) 40.4 (39.9-41.1) 39.7 (39-40) 38.4 (37.40-40.5)

Birth weight (g) 3575 (3316-3869) 3550 (3240-3825) 3510 (3075-3580) 2934 (2657-3261)

BMI, Body mass index
DE = 58 samples
WGCNA = 80 samples (includes 7 repeat measures)

Sex-specific gene-level differential expression analyses

To investigate gene expression in human placentas from uncomplicated and preeclamptic
pregnancies, we performed double-stranded Total RNA-seq on 61 (23 male, 38 female)
samples with an average of ~40.2 million paired end reads per sample. Of the initial
dataset, 2 samples were removed due to lack of sequencing coverage, and 1 was
excluded as the pregnancy was complicated by EOPE, leaving a total of 58 (21 male, 37
female) samples for downstream analyses. Read pairs were aligned to human genome
GRCh38 [46] using STAR [47] and RNA-seq data was summarised to the gene level
using featureCounts [48] from which we detected 19,493 genes with an official gene
symbol. After filtering for genes with low expression (<2 counts per million in <5 samples),

12,911 genes remained for downstream analyses.

Sex differences in the risk of a pregnancy being complicated by PE were identified more
than 50 years ago [49], although there have been others that report no association

between fetal sex and maternal risk for preeclampsia [50,51]. While there is evidence to
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suggest a different etiology of disease in the male versus the female bearing pregnancy
[52], a recent review and meta-analysis determined that a male bias was not present in
all populations [53]. To investigate the sex-specific differences in placental gene
expression, in the context of preeclampsia, we used sex and outcome as terms in the
regression model whilst controlling for maternal age and maternal BMI. Genes on the Y
chromosome were removed as these cannot be tested in females and genes on the X
chromosome were retained in the dataset to ensure important X chromosome genes were
included in the differential expression (DE) analyses. Often, both Y and X chromosome
genes are removed to reduce confounding by sex differences in gene expression
however, given the importance of X chromosome genes in placental development, X

chromosome genes were retained.

DE for each gene was performed using linear models comparing between LOPE and
uncomplicated, adjusting for maternal age and BMI. Custom contrasts were constructed
to obtain the DE estimates between LOPE and uncomplicated males and females. Using
12,911 genes after filtering, we identified 25 genes that were differentially expressed
(FDR <0.05) in the analysis of the male bearing samples (Table 2, Figure 1la,
Supplementary Figure S1), but no significantly differentially expressed genes (FDR
<0.05) in the female comparison (Figure 1b). Ceruloplasmin (CP), a copper binding
glycoprotein, was the most highly up-regulated gene in male PE compared to male
Control. All differentially expressed genes were annotated as protein coding, with 2 up-
regulated (ZNF300, DZIP1) and 3 down-regulated genes (ZNF79, TRIM29, NR3C2)

being transcription factors (TF).
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Table 2: Differential expression analysis identified 21 up- and 4 down-regulated genes (FDR
<0.05) in placentas from male bearing PE pregnancies. Genes are ordered in the table by log:
fold change (logFC).

Up-regulated (Higher in PE)

Gene Name Ensembl ID Gene Biotype logFC AveExpr FDR
CpP ENSGO00000047457 Protein Coding 2335 3.58 0.014
ZNF300* ENSG00000145908 Protein Coding 1.682 0.44 0.026
GSTM3  ENSGO00000134202 Protein Coding 1.613 3.30 0.036
SGK2 ENSG00000101049 Protein Coding 1.608 1.05 0.043
COLB6A3 ENSG00000163359 Protein Coding 1.424 7.44 0.014
SLC26A6 ENSG00000225697 Protein Coding 1.369 3.27 0.046
IGFBP7  ENSG00000163453 Protein Coding 1.312 5.86 0.049
TMEM150C ENSGO00000249242 Protein Coding 1.309 3.28 0.017
SLC18A2 ENSG00000165646 Protein Coding 1.102 2.55 0.013
DzIP1* ENSG00000134874 Protein Coding 1.087 3.12 0.009
CRMP1 ENSGO00000072832 Protein Coding 1.081 2.27 0.046
ROBO1 ENSG00000169855 Protein Coding 1.014 4.21 0.039
TMEM144 ENSG00000164124 Protein Coding 1.100 2.74 0.017
CD44 ENSG00000026508 Protein Coding 0.986 6.71 0.043
WWOX ENSG00000186153 Protein Coding 0.830 2.84 0.026
Clorf21 ENSGO00000116667 Protein Coding 0.794 4.99 0.043
EHHADH ENSGO00000113790 Protein Coding 0.783 2.67 0.039
RERG ENSG00000134533 Protein Coding 0.756  4.47 0.039
TSPAN12 ENSG00000106025 Protein Coding 0.750 4.07 0.039
HSD17B12 ENSG00000149084 Protein Coding 0.626 4.77 0.009
SLC2A13 ENSG00000151229 Protein Coding 0.600 4.02 0.461
Down-regulated (Lower in PE)

Gene Name Ensembl ID Gene Biotype logFC AveExpr FDR
ZNF79*  ENSG00000196152 Protein Coding -0.587 3.77 0.049
TRIM29* ENSG00000137699 Protein Coding -0.934 6.51 0.014
GPR158 ENSG00000151025 Protein Coding -1.042 3.00 0.017
NR3C2* ENSG00000151623 Protein Coding -1.240 4.57 0.014

*Transcription factor
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Figure 1: Differentially expressed genes (FDR<O0.05; indicated as green (up-) and red (down-
regulated in PE) in placenta from preeclamptic and uncomplicated, male- and female-bearing
pregnancies. The volcano plots indicate the level of change (log- fold change) in log transformed,
normalised data for male (a) and female (b) comparisons. Note significance (y-axis) is given here
as the adjusted p-value in (a) and the un-adjusted p-value in (b).

Given the small number of significantly DE genes, rather than perform a GO or KEGG
functional enrichment test, we performed a gene set enrichment analysis (GSEA) using
the full, ranked, DE table [56,57]. GSEA is used to test for enrichment between the ranked
list of genes taken from the DE table and curated gene sets, groups of genes that share
a common biological function, chromosomal location or regulation. Enrichment in a given
gene set can be identified where the members of the DE table, rather than be randomly
distributed, are primarily found at the top (up-regulated in a gene set) or the bottom (down-
regulated in a gene set) of a curated set [56]. Rather than focus on individual genes, this
method identified groups of genes that were enriched for biological pathways. We

identified 3 up and 1 down-regulated Hallmark pathways (FDR g-value <0.05) with
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normalised enrichment score (NES) values >|2|. These were E2F Targets, G2M
Checkpoint, Epithelial Mesenchymal Transition and TNFA Signalling Via NFKB down-
regulated (Supplementary Figure S2). We also observed an enrichment within the
Immunologic gene sets with 3 up gene sets associated with immune related pathways
(FDR g-value <0.01) with normalised enrichment score (NES) values >|2|. Gene sets
included predominantly those associated with a response to vaccination (Supplementary
Figure S3) with an important parallel in placenta given the interaction between mother
and fetus who are two biologically distinct organisms. These data suggest broadscale up
regulation in differentiation, proliferation and immune response pathways in PE males

compared to uncomplicated.

Sex-specific differential expression analysis failed to identify any DE genes in the female
PE/Control analysis. Given that statistical power in the female analysis was insufficient to
draw independent conclusions, we decided to perform a weighted gene co-expression
network analysis using a systems biology approach with the combined male and female

data.

Constructing a Co-Expression Network of the human placenta

Given the small sex differences identified, we decided to add sequence data from a
previous investigation to our current dataset and perform a sex-naive weighted gene co-
expression analysis (WGCNA) [58] using placenta from both male and female bearing
pregnancies. We have chosen to combine the two datasets, rather than use the second
dataset for validation in a secondary analysis, due to the small sample number, and

because the second dataset contains repeat measures for a number of samples used in
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the initial differential expression analysis. WGCNA is a systems biology approach to
analysing gene expression data that is useful for revealing broader biological changes
between groups. Compared with DE gene analysis which reveals significant individual
genes, WGCNA reveals how the overall gene expression patterns can be represented as
groups of genes ("modules”) with distinct biological significance. By examining how these
modules of genes change in expression between LOPE and uncomplicated samples, we
can start to see what biological processes or pathways may be altered in LOPE relative
to uncomplicated pregnancies. Briefly, 34 additional samples (18 male, 16 female) were
incorporated (Mayne et al. Unpublished), with 9 samples removed due to a lack of
sequencing coverage, and 3 samples removed due to quality concerns, leaving a
combined total of 80 (30 male and 50 female) samples available for downstream analysis.
After removing mitochondrial (MT) and Y chromosome genes, filtering for genes with both
low expression and low variability between samples (low expression classed as <1.5
counts per million in 23 samples; low variability genes considered as those with a
standard deviation above the 40th quantile, ie in the lowest 60% of variability) and
accounting for batch effects, 11,724 genes remained. WGCNA was then run on
normalised, batch corrected gene expression values. The grey module was composed of
unassigned genes from across the network. After module assignment, the grey module

genes were removed from further consideration.
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Figure 2: Hierarchical clustering dendrogram of genes from human placentas from uncomplicated
and PE placentas reveals 14 distinct clusters of co-expressed genes (coloured segments in the
bottom panel titled Merged Dynamic). A dynamic tree cutting method was used for initial
hierarchical clustering module detection of the dendrogram (represented as the Dynamic Tree
Cut colour band). Next, modules with an eigengene correlation above 0.75 were merged resulting
in the final gene module assignments (represented as Merged dynamic colour band).

For each identified module, a summary eigengene was calculated, representing the
weighted average of gene expression for a given module. For each gene, module
membership was calculated as the absolute correlation between the gene’s expression
and the module eigengene. Genes with the highest correlation, represented as kKME,
reported in Table 3. The module eigengene was then correlated with biological or
phenotypic traits of interest (summarised in Figure 3). Importantly for our context here,
the tan module was significantly (p-value <0.05) correlated with pregnancy outcome. This

indicates that genes from the tan module are up-regulated in LOPE. The black module
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we see is correlated with fetal sex. This indicates that genes from the black module are
up-regulated in males compared to females. Both tan and black modules were negatively
correlated with the associated trait. Both blue and red modules were correlated with fetal
sex although neither were correlated with tan or black. The red module genes, negatively
correlated, were down-regulated in females with the positively correlated blue module
genes up-regulated in females. The turquoise module was negatively correlated with
maternal age suggesting that genes in the module are down-regulated in placenta from
pregnancies in older women. It is important to note there that between all module and
eigengene correlations noted here, the correlation values associated with each trait is
small. This indicates a limitation with this experiment which will require further

investigation before more robust claims can be made.

Intramodular connectivity (kIM), a measure of connectivity of nodes to other nodes within
the same module, was also calculated, here we consider the genes with highest kIM to
be hub genes. kIM guantifies module membership (centrality) and identifies highly
connected genes which may be key drivers of biology. Genes with the highest
intramodular connectivity are reported in Table 3. The red and lightgreen modules have
the highest intramodular connectivity (Supplementary Figure S4), with the red module
being enriched for response to endoplasmic reticulum stress and glycosylation. The tan
module was correlated with pregnancy outcome groups, the black, blue and red modules
were correlated with fetal sex and the turquoise module correlated with maternal age
(significant at p-value <0.05). Among the hub genes described in Table 3, NECTIN4 [59],

CALML1 [60], INHBA [38,61], LYN [61], NDRG1 [61,62], CCSAP [63], LRRC1 [64] and
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SLC2A1 [38], 9 of the ten top hub genes associated with the tan (PE) module have
previously been associated with PE. This provides further confidence in the robust nature
of the current study. Hub genes from the remaining modules include RBM26, PLXND1
and TMED4 which may be associated with fetal sex; CHCHD2 and PSMA3-AS1 which
may be associated with maternal age and maternal smoking status; and TOP2A, BRD4,
NCKAPLL, NIPBL, EXTL3, CTBP1 for which there was no maternal or fetal characteristic

association.
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Figure 3: Gene co-expression modules across PE and Control placentas from male and
female bearing pregnancy at term. Values shown in cells are hybrid Pearson-robust
correlations between the overall gene expression in a module (summarised using the eigengene)
and pregnancy outcome (PE, Uncomplicated), maternal characteristic (smoking) and fetal sex
(male, female) coded as binary variables and maternal characteristics (BMI, age) and neonatal
characteristic (birth weight) coded as continuous variables. Each cell with significant values
reports the Pearson’s correlation (p-values in brackets) which results from correlating the module
eigengenes (rows) with the character traits (columns). Gene co-expression analysis identified 13
modules. The tan module is significantly (p-value <0.05) correlated with pregnancy outcome;
black, blue, grey and red are correlated with fetal sex; turquoise was correlated with maternal
age.
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Table 3: Co-expression module characteristics.

No. of Variance Highest
Module ' explained by intramodular Top ten hub genes (kME >0.8)
genes : L
eigengene connectivity (kIM)

black 460 0.44 RBM26 TMF12, RBM26, TRPM7, PPP6R3,
SCAPER, USP15, GOLGA4,
ZNF567?, ZBED5?, TRIP11

blue 984 0.40 PLXND1 LIX1L, RASA3, RAB3IL1, DNAAF9,
ARHGAP35?, NFIX?, CSF1,
LTBP2, ADAMTS2, PLXND1

brown 865 0.25 TOP2A TOP2A, NCAPG, RACGAP1,
LMNB1, BUB1, CDK1, ASPM,
DLGAP5, ATAD2, WDR76

green 514 0.40 BRD4 PRR122, KMT2D, KMT2B?, BRD4,
SETD1B, SKI?, ANKRD11,
KDM6B, ZMIZ1, ZFHX3?

greenyellow 399 0.44 NCKAP1L DOCK2, ITGAM, SASH3, LAPTM5,
NCKAP1L, PTPRC, SYK, CTSS,
ITGB2, HCK

grey 5300 0.13 N/A TBC1D1, NECTIN3, CDC42SE1,
KAT5, SLC5A6, HSD3B1, C4orf19,
MFSD2A, AZIN1, CYP19A

grey60 76 0.54 NIPBL NIPBL, INO80OD, PUM2, PRRC2C,
SEC63, CDK12, TOP1, KMT2C,
NF1, ASH1L?

lightcyan 324 0.30 EXTL3 PTK2B, EXTL3, SLC2A10, REPS2,
APOLG6, SOX4? FN1, SERPINEZ,
SH3PXD2B, SLC43A3

lightgreen 331 0.60 CHCHD2 CHCHD2, COX8A, PSMB3,
PSMB4, COX6A1, ELOB, MRPL54,
MRPS7, ATP5F1B, UBL5

magenta 225 0.43 CTBP1? CTBP1% CTBP1-AS, FBXWS5,
HSF12, ASB6, MAP2K2, PKP3,
SHARPIN, CPTP, TPRA1

red 1030 0.56 TMED4 CYP19A1, RNF11, TMED4,

HSD3B1, ATP6V1E1l, CHMP2B,
SELENOT, TMEMS87A, GHITM,
TM9OSF2
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Table 3 cont.. Co-expression module characteristics.

No. of Variance Highest
Module : explained by intramodular Top ten hub genes (kME >0.8)
genes . -
eigengene connectivity (KIM)
tan 180 0.47 NECTIN4 NECTIN4, CALM1, INHBA, LYN,
NDRG1, CCSAP, FAM120A,
LRRC1, SYDE1, SLC2A1
turquoise 1106  0.47 PSMA3-AS1 PSMA3-AS1, NKTR, EOLA2-DT,

LUC7L3, MATR3, FTX, N4BP2L2-
IT2, MALAT1, LSMBTL13, NEAT1

aTranscription factor

Using this gene co-expression approach, module membership as described by gene co-
expression and connectivity data was used to create a network (Figure 4). Co-expression
connectivity indicates the connection strength among the nodes in the network. Nodes
(genes) with adjacency <0.25 and less than 4 edges to other nodes were removed leaving
a network containing nodes primarily from red, turquoise, green, lightgreen, greenyellow,
blue and tan modules. Within the network, the tan module appears to form two distinct
subclusters, with one subcluster (bottom left tan subcluster) contained 9 of the 10 top hub
genes except for NDRG1. The second subcluster (top right tan subcluster) contained
NDRGL1 and also FLT1 both of which have repeatedly been shown to be associated with

PE [35,37,61,62,65].
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Figure 4. Gene networks identified through co-expression analyses. Each node (circle) in
the network represents a single gene. Node size is proportional to the degree of connectivity (i.e.
the number of connected nodes). Edges (lines connecting each circle) represent co-expression
between two genes, with edge weight proportional to the strength of co-expression. The co-
expression network is a signed adjacency matrix constructed from RNA-seq data from placenta
taken from uncomplicated (Control, n=57) and complicated (PE, n=23) pregnancies, post delivery.
Only nodes with at least four connections are shown. Here a “module” of genes represents a
group of genes with similar expression patterns in term placenta. We identified 13 modules using
a signed, hierarchical clustering and branch cutting method. The signed modules contain genes
for which changes in expression are up- or down-regulated in the same direction for all genes in
the module. The most significant GO term enrichment is annotated by module colour.

Genes identified as differentially expressed between PE and Control in male bearing
placentas were located in the blue, brown and red modules (Figure 5). Notably, the
WGCNA modules were created from both male and female bearing pregnancies and as
such gene expression correlations may not completely overlap the DE fold change
direction from the male comparison. This further highlights the regulatory differences

between the placenta of male and female bearing pregnancies. Typically, in a control-
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treatment variable such as the outcome described here, we would expect to see genes

in any one module, with a common fold change direction.

v v T v T T . v . v v
2 A 1 2 -2 A 2 2 A L} 1 2

0
Log; Fold Change

Significance * Down-regulated Not Significant + Up-regulated

Figure 5: Genes identified as differentially expressed between PE and control placentas
(male bearing). Genes up-regulated in the male comparison are found in the blue and brown
modules, with down-regulated genes found in the red module. The sign of the fold change is not
common to each module highlighting gene regulation differences between the male and female
bearing placenta.

Gene co-expression analysis defines highly correlated PE module enriched for processes

involved in the anaerobic metabolism of glucose

After identifying neatly defined modules of co-expressed genes, we then used gene
ontology (GO) enrichment analysis to identify genes enriched for functional attributes
(Figure 6). Tan module genes (correlated with PE) were enriched for processes involved

in the anaerobic metabolism of glucose, known as glycolysis. These included polyol
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metabolic process, NADH regeneration, NAD metabolic process, canonical glycolysis,
glucose catabolic process to pyruvate, glycolytic process through glucose-6-phosphate
and pyruvate metabolic process. The anaerobic context is relevant here given the
association between hypoxia/reperfusion and the pathogenesis of PE. Hallmark and
KEGG analysis identified estrogen response early, glycolysis, hypoxia MTORC1
signalling and glycolysis gluconeogenesis pathways, respectively. Again the main
association was between tan module genes and hypoxia and glycolytic processes.
Interestingly, mTORC1 promotes cell growth primarily through the activation of key
anabolic processes [66]. Estrogen response early has been associated with tumor
metastasis [67] and its expression is mediated by 17B-estradiol in breast cancer [68].
Importantly in the context of PE, 17p3-estradiol or agonists of estrogen receptors (ER), can

exert acute vasodilatory actions in placenta [69].

The lightgreen and turquoise modules, which are both correlated with maternal age and
smoking, were significantly enriched for Biological Processes including hematopoietic
progenitor cell differentiation and regulation of morphogenesis of epithelium, and with
MRNA processing and RNA splicing, respectively. Further, Cellular components
ribosomal subunit and mitochondrial inner membrane and Molecular function structural
component of ribosome and electron transfer activity. The black and blue modules (both
correlated with fetal sex) were significantly enriched in terms relating to mRNA processing
and RNA splicing (black) and growth and development including cellular response to
growth factor stimulus, regulation of growth and Molecular Functions including growth

factor binding. This finding is interesting given that the male fetus responds differently to
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maternal stress, including smoking [70], and male and female fetal growth patterns differ

with a resultant increase in feto-placental weight ratio in males [71].
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Figure 6. Top Gene Ontology (GO) pathways of WGCNA module genes. Modules with significant
Go terms include black (a), blue (b), brown (c), green (d), greenyellow (e), grey60 (f), lightcyan
(9), lightgreen (h), red (i) and tan (j).

162



After identifying enriched GO terms, gene set enrichment analysis (GSEA) was used to
determine whether, using the module genes as individual a priori gene sets, modules
provided a better understanding of the underlying biological processes associated with
each module. Using KEGG pathway and Hallmark gene sets from the Molecular
Signature Database (MSigDB), we found that PE associated tan module genes were
enriched in the Glycolysis Gluconeogenesis KEGG pathway and Hypoxia, Glycolysis,
MTORCL1 Signalling and Estrogen Response Early Hallmark pathways, suggesting a
potential role in PE disease progression. Turquoise, the largest module, contained 1106
genes and was enriched for RNA splicing and Cilium movement. This module was
correlated with maternal smoking and maternal age in which alternative splicing and
Ciliary beat frequency have been implicated [72—74]. The lightgreen module was also
correlated with maternal smoking. Lightgreen module genes were enriched for
Adipogenesis, Oxidative phosphorylation and Ribosome. Red, the most highly
interconnected module, blue and black modules were correlated with fetal sex. These
modules were enriched for Response to ER stress, Glycosylation; Extracellular matrix,
Angiogenesis and G2M checkpoint respectively. The red and black modules were closely
interconnected with black forming two subclusters, one of which was more closely
connected to the red cluster, while blue formed two main subclusters with the larger being
more closely connected to greenyellow, lightcyan and green clusters. The greenyellow
module was enriched for the largest number of KEGG pathways, and both KEGG and
Hallmark pathways tended to be associated with an immune or inflammatory response.
The green module also formed two subclusters and was enriched for pathways including

Transcription factor binding and Transcription factor coregulator activity. This is not
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surprising given that four of the ten hub genes (Table 2) were transcription factors. The
brown module, with the lowest intermodule connectivity, was enriched for Cell division. In
a recent single cell study, TOP2A, the gene with the highest kIM in the brown module was
shown to be highly expressed in proliferative subclusters of multiple placental cells [75].
Lightcyan was interconnected with both the blue and greenyellow modules and enriched
for pathways including Extracellular matrix organisation and Collagen containing
extracellular matrix. Magenta, one of the smallest modules, genes were highly
interconnected with red module genes. In particular, CTBP1 and CTBP1-AS, the two top
hub genes. There was no significant enrichment in this module. Lastly, the smallest
module, grey60 was enriched for the KEGG pathway Spliceosome. Details of all module

gene pathway enrichments are provided in Supplementary Tables 1 and 2.

Discussion

How genetic factors influence the etiology of both essential and gestational hypertension
are an ongoing field of research [76,77]. PE is one of the leading causes of maternal
death [1,2], yet our understanding of its pathogenesis and prediction is currently
incomplete. Studies often focus on EOPE, or pooled groups without clinical subtyping,

and rarely with a fetal sex-specific focus.

There is an emerging consensus that the development of PE is influenced by multiple

modifiers including maternal and fetal genes and environmental factors [4,77,78]. LOPE,

for example, differs from EOPE in that EOPE is often, but not exclusively, more severe
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and largely originates from impaired first trimester placentation. LOPE disease, by
contrast, may be caused by a cascade of placental and systemic inflammation and
oxidative stress triggered by a maternal predisposition to cardiovascular and metabolic

syndrome-like disorders [79].

Differential expression analysis between LOPE and uncomplicated placenta identified 21
up and 4 down-regulated genes in males. We found no genes with statistical significance
in the female comparison. In addition to the sex-specific differential expression analyses,
we used the pooled male and female data to perform a weighted gene correlation analysis
(WGCNA). WGCNA identified 13 co-expression modules, among which the tan module
was correlated with PE, the black, blue and red modules were correlated with fetal sex

and the turquoise module was correlated with maternal age.

Differential expression identified signs of oxidative stress in preeclamptic placentas

During our differential expression analysis, we identified Ceruloplasmin (CP), a copper
binding glycoprotein that has antioxidative activity due to its inhibition of metal ion-
catalysed oxidation of lipids [80], as the most highly up-regulated gene when comparing
PE/Control males. Previous reports of CP have focussed on the maternal system and
show increased abundance in maternal serum in pregnancies complicated with PE [81]
and in the meta analysis [82]. Increased CP is indicative of the stressed state of the PE
placenta. Unsurprisingly, maternal serum copper (Cu) and CP have been associated with
PE severity [83]. In an analysis of maternal plasma (Wilcoxon rank sum test with continuity
correction, Wilson and Leemaqgz, Unpublished) we found Cu to be significantly (p-value

<0.05) higher (~100 pg/L) in women with a pregnancy complicated by PE. In a recent
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single cell placental study, CP was shown to be expressed in extravillous trophoblasts
(EVT) [84]. During early placental development, EVTs migrate from the top of the
anchoring villi invading the decidua (forming placental bed giant cells) or the uterine spiral
arteries (forming endovascular evCTB) [84]. Increased CP from invading EVTs may form
part of the underlying mechanism for endothelial dysfunction seen in LOPE. Whilst
intriguing, it is difficult to say whether the increased placental CP we found in placenta

tissue and maternal plasma Cu are part of the cause or effect of PE.

Placenta-derived oxidative and nitrosative stresses are considered major molecular
determinants of maternal PE [85]. Here we show up-regulation of known hypoxia markers
such as EHHADH [86]. Glutathione S-transferases, such as Glutathione S-Transferase
Mu 3 (GSTM3), are part of a large antioxidant enzyme family with a role in detoxification
processes. We found GSTM3 to be up-regulated in placenta from PE males, consistent
with the increase in oxidative stress associated with PE. Yet another indication of the
male placenta under stress was the up-regulation of DAZ Interacting Protein 1 (DZIP1).
Up-regulation of DZIP1 appears to be important for the formation of stress granules
(dense aggregations in the cytosol composed of proteins and RNAs that appear when the
cell is under stress) during the stress response [87]. Linking this stress to PE, a recent
systematic review found an association between zinc and hypertensive disorders of

pregnancy [88] with previous research showing that modulating the expression level of

DZIP1 may affect the accumulation of zinc (Zn?*) in the brain [89], which is in turn

associated with eclampsia/seizure. EHHADH clustered with genes in the brown module

which was enriched with pathways including DNA conformation and Cell division, but was
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not correlated with any of our maternal characteristics or pregnancy outcome. CP,
GSTM3 and DZIP1 were assigned to the grey module suggesting no significant
correlation in their gene expression. This may be due to the sex-naive nature of the
network co-expression approach. Further analyses using larger sample numbers with a

sex-specific approach may help to further elucidate our findings here.

Dysregulated angiogenesis genes associated with late-onset preeclampsia

Preeclampsia is often characterized by dysfunctional endothelium and impaired
angiogenesis, resulting in disturbed vasculature of the placenta. Late-onset
preeclampsia, has been suggested to be exacerbated by a maternal predisposition to
endothelial dysfunction [3]. Inadequate invasion and aberrant angiogenesis also appear
to play roles in the pathophysiology of LOPE [90,91]. The molecular causes, however,
are still being investigated. ROBO1, up-regulated in PE males placentas, in conjunction
with Slit family proteins, is regulated by hypoxia and has previously been shown to be
dysregulated in PE placental trophoblast and endothelial cells [90]. Further, Slit2, once
bound to ROBO1, helps to control vascular network formation by functioning as an

attractant to promote the directional migration in vascular endothelial cells in vitro [91].

Vascular formation may also be affected by down-regulation of the zinc finger ZNF79
which has been implicated in hereditary haemorrhagic telangiectasia, vascular dysplasia,
characterized by widespread dermal, mucosal and visceral telangiectases and recurrent
haemorrhage [92]. CD44, a critical inhibitor of angiogenesis with CD44/FKBPL ratio

suggested as a potential PE risk stratification measure [93], and TSPAN12, implicated in
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vascular homeostasis [94] were also up-regulated in PE male placentas. ROBO1, Slit2

and CD44 were strongly co-expressed and found in the blue module genes.

Factors associated with proliferation, migration and invasion show causal potential in late-

onset preeclampsia

Given its proliferative and invasive nature and the suppression of immune responses, the
placenta has been likened to a controlled form of cancer [95]. Proliferation, migration and
invasion of trophoblast cells, essential to the function and growth of the placenta, is also
implicated in our analyses. We identified up-regulation (in PE males) of invasion
suppressor CRMP1 [96,97], proliferation inhibitor HSD17B12 [98] and Ras-like and
estrogen-regulated growth inhibitor (RERG). RERG, through regulation by ERB, has been
shown to enhance the proliferation of endometriotic cells [99]. Further, we found down-
regulation of GPR158, the over expression of which is associated with stimulation of cell
proliferation [100]. Our network approach identified CRMP1 assigned to the blue module,
HSD17B12 and RERG assigned to the brown module and GPR158 was found in the grey

module.

We also show up-regulation (in PE males) of WWOX which, in association with
complement component Cql, is critical to invasion by extravillous cytotrophoblasts [101].
Members of the transmembrane (TMEM) protein family are well characterised in cancer
including in the formation of metastases and in the mechanisms leading to cancer cell
dissemination such as migration and extracellular matrix remodelling [102]. In a recent
analysis, TMEM150C, which we found to be up-regulated in PE male placentas, was

associated with gestational age, but not with PE [103], again highlighting the need to
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include fetal sex in placental analyses. A second TMEM member, TMEM144, a
carbohydrate transporter not well studied in the placenta, harbours a human endogenous
retrovirus &' long terminal repeat (HERV-E LTR) which, at least in part due to
hypomethylation in this unique tissue, functions as an alternative gene promoter in
placenta [104]. Consistent with the “placenta as a controlled cancer” paradigm, we found
TRIM29 to be down-regulated in male PE placenta. TRIM29 appears to have a
paradoxical expression pattern. In tissue such as breast or prostate, where TRIM29 is
readily detectable, expression is decreased in cancer tissue, but for organs such as
stomach or colon/rectum, where expression is low or undetected, there appears to be an
upregulation in cancer tissue [105]. Much like the pattern shown in breast or prostate
cancers where TRIM29 is expressed in healthy tissue, here we found that TRIM29,
usually detectable in placenta, was down-regulated in male PE placenta. WWOX,
TMEM144 and TRIM29 were found in the grey module with TMEM150C assigned to
brown. That our DE genes have variously been assigned into different modules highlights
both the varied pathways involved in PE and perhaps also the change between sex-

specific and sex-naive analysis.

Zinc Finger Protein 300 (ZNF300), typically up-regulated in placenta from female bearing
pregnancies, was up-regulated in placenta from PE males (FDR <0.05). This transcript
encodes a TF that has competitive binding sites to Early Growth Response 1 (Egrl), a
zinc finger TF elevated in the first trimester placenta of pregnancies that later develop PE
[54,106]. Interestingly, up-regulation of ZNF300 and the subsequent competitive binding

with Egrl, has been suggested as a factor in the reduced risk of PE in female bearing
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pregnancies [54]. Unlike the DE comparison, our network approach included a filter for
genes with low variance (described in the results). This filter for low variance removed
ZNF300 from the WGCNA analysis. However, our sex-specific DE results suggest that
this gene does vary in the male placenta again highlighting that sex differences in

expression and regulation of this gene are more complex and deserve further scrutiny.

We also found up-regulation of the collagen gene, COL6A3, which encodes the a3 chain
of collagen VI, previously associated with increased collagen in placenta from mothers
who smoke during pregnancy [107] but, that was previously found not to be dysregulated
in PE [108,109]. We identified COL6A3 up-regulated in PE males compared to Control
males. Previously, Collagen VI deficiency has been implicated in mechanisms causing
the dystrophic changes in Ullrich congenital muscular dystrophy [110], with complete
reduction altering the fibronectin network architecture in fibroblast cultures [111] and
reducing cell proliferation [112]. Presence of soluble collagen VI prevents apoptosis in
serum-starved fibroblasts [113] through activation of tyrosine phosphorylation of focal
adhesion proteins and was suggested to act as a matrix-derived sensor that allows for
rapid reconstitution of a tissue defect by activating nearby mesenchymal cells. Insulin-like
growth factor-binding protein 7 (IGFBP7), stimulated adhesion of human umbilical vein
endothelial cells to type IV collagen substrate inducing morphological changes [114].
Increased activity of IGFBP7 is associated with cellular senescence, tissue aging, and
obesity, with higher concentrations associated with diastolic dysfunction [115]. These

complex mechanisms affecting differentiation, regeneration, and apoptosis may also
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apply in placenta and may be involved in the pathological pathways associated with either

the cause or effect of PE.

Mineralocorticoid receptor link between early-onset and gestational hypertension

Abnormalities in the mineralocorticoid receptor (Nuclear Receptor Subfamily 3 Group C
Member 2 (NR3C2)) effector mechanism, possibly through sodium (Na+) retention, play
arole in the etiology of PE [116]. A functional polymorphism of the NR3C2 gene has been
associated with risk of early-onset hypertension [76], with variations in this gene
associated with aldosterone mediated sodium channel activation affecting salt/water
balance associated with early-onset hypertension exacerbated in pregnancy [117].
Interestingly, we identified an up-regulation of NR3C2 in male, but not female, placenta
from preeclamptic pregnancies, with no associated polymorphism as previously
described. The serum glucocorticoid dependent kinase (SGK1-3) family has been
identified as critical to the insertion of Na+ channel proteins into the cell membrane in the
kidney [118]. All three SGKs are involved in the antinatriuretic action of IGF1 and insulin,
both elevated in pregnancy. This suggests that dysregulation of NR3C2, without protein
conformational changes, and the regulation of Na+, may have a causal role in LOPE in
male bearing pregnancy. It also further establishes the potential importance of this
mechanism in the understanding of PE, PE subtypes, and sex differences in pregnancy

outcomes.

The products of solute carrier genes (SLC), transport sugars, amino acids, and inorganic
ions across cell membranes undoubtedly play roles in the regulation of the transfer of

these materials across the feto-maternal interface throughout pregnancy. We identified
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up-regulation of three SLC genes in PE male placentas (SLC26A6, SLC18A2, SLC2A13)
which are associated with transport of CI-/HCO3- [119], monoamines [120] and glucose
(facilitated transport) [121], respectively. Often studied in the brain, altered gene
expression, and subsequent dysregulation of protein abundance of the SLC family may
play a role in maternal kidney function [122] and the functional role of kidney and placenta

in the volume abnormalities (extracellular fluid) observed in PE [123].

We have attempted here to overcome the limitations often seen in studies of PE by
focusing on sex-specific analyses of LOPE, specifically. However, our initial power
calculations revealed that we would require 75 samples to have 95% confidence in finding
~500 differentially expressed genes. Given that we tested DE independently by fetal sex
as a multi-group comparison, a total of 150 samples would be optimal. Previously, Tejera
et al. (2013) [61] combined microarray data from 5 independent projects to identify 1146
significant genes in an analysis of preeclampsia in placenta tissue. In future work, the
sample size should be expanded and the collection of maternal information extended
enabling a more detailed investigation of the intricate molecular signature of LOPE. Also,
although we identified many genes and pathways worthy of further investigation, no in

Vvivo or in vitro verification studies have yet been completed.

Whilst placenta flow defects inferred from uterine artery Doppler flow analyses, can be
detected as early as 12 weeks’ gestation in women who go on to develop PE [124], in the
case of LOPE (also known as “maternal preeclampsia”), the placenta is often of an

appropriate size for gestation. Genome-wide expression profiling in the context of LOPE,
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and with the added context of fetal sex, allows for highly specific unravelling of the
biological functions involved in this complex disease. With early and late-onset
preeclampsia increasingly acknowledged as different pathophysiological processes
leading to a common presentation [125], the difference in their underlying molecular
bases remains elusive. As with many complex disorders, accurate subtyping is the first
step in the path to both understanding the disease, and in providing clinical care and
intervention. The different associations identified here between placental TF and
response to oxidative stress in the male and female bearing pregnancy warrant further
study directed not just at the accurate subtyping of PE, but also in how PE subtypes

interact with fetal sex.

Methods

Study Participants

Patient samples were taken from the Adelaide arm of two prospective cohort studies. The
first was the SCreening fOr Pregnancy Endpoints (SCOPE) study [126,127]. SCOPE is a
prospective, international, multicentre cohort study of healthy, nulliparous, singleton-
bearing women which aimed to develop screening tools to predict risk for pregnancy
complications. Our cohort was recruited from the Lyell McEwin Hospital, Adelaide,
Australia between November 2004 and September 2008. The second was the Screening
Tests to predict poor Outcomes of Pregnancy (STOP) study [128]. This is another
prospective multicentre cohort study of healthy, nulliparous, singleton-bearing women.
Recruitment occurred across three Hospitals in Adelaide, South Australia (Lyell McEwin

Hospital, Elizabeth Vale; Modbury Hospital, Modbury; and Women’s and Children’s
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Hospital, North Adelaide) from 2015 to 2018. Women were excluded from participation if
they had =3 miscarriages or 23 terminations of pregnancy, major fetal anomalies, pre-
existing hypertension on medication, Type | or Type Il diabetes mellitus, renal disease,
systemic lupus erythematosus, antiphospholipid syndrome, known major uterine anomaly
or previous cervical cone biopsy. Fetal and maternal outcomes were obtained directly

from clinical records [129].

Sample collection

Term placental tissue was collected from women recruited as part of either the SCOPE
or STOP Studies. Post delivery, term placenta samples were collected from pregnancies
classified as being either uncomplicated, using the criteria described in [130] or as
preeclamptic, using criteria described in [1,131]. Placentas were collected and dissected
within 3 hours from birth and stored at 4 -C for 24 h in RNALater (Thermo Fisher) and

stored at —80 -C.

RNA extraction and library preparation

RNA was extracted from each placental villus sample using the QIAGEN RNeasy Plus
Mini Kit (QIAGEN, Hilden, Germany) following the manufacturer’s protocols with the
exception of substituting the RW1 buffer for 70% ethanol for better retention of smaller
RNA fragments. Sequencing libraries were prepared using lllumina TruSeq Stranded
Total RNA Sample Preparation kits and all the ribosomal RNA was depleted using Ribo-
Zero Gold. Sequencing was performed on the lllumina Hi-Seq 2500 using a 100bp paired-

end protocol at the Flinders University Genomics Facility, SA.
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Note: Source code for all analyses conducted here is available at

(https://github.com/mxhp75/late_onset_preeclampsia_analysis)

Differential expression analysis

Differential expression analyses were conducted in the R statistical environment (v.4.0.5),
using the edgeR (v.3.16.5) [28] and limma (v.3.30.11) [29] packages. Briefly, edgeR was
used to filter mRNA with low expression and normalise for library composition bias. All
samples were then normalised using the Trimmed Mean of M values (TMM). Sample-
weights and log transformation was performed using the limma package with the voom
function used to estimate the mean-variance relationship between individual observations
and then applied to the normalised log-counts data. Differential expression analysis
including, moderated F-statistic evaluation, adjusted p-value estimation and log: fold
change analysis were performed using a moderated t-test [30] with Benjamini-Hochberg
(BH) multiple hypothesis test corrections [31]. After adjustment, gene expression was

considered significantly different at FDR < 0.05.

Weighted genome co-expression network analysis

Weighted gene correlation network analysis (WGCNA) was carried out using the R
package WGCNA [58] and incorporates two sets of term RNA-seq samples. Low count
and low variability genes were removed using edgeR [132], batch effects removed using

limma [133].

To construct the gene-wise network, we first created a symmetric correlation matrix (the

adjacency matrix) where each cell contains the Pearson’s correlation between the
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expression of a pair of genes, and then raising each correlation value to a soft
thresholding power. The adjacency matrix considers how related the expression of two
genes are to each other. Genes with low connectivity do not have much influence in the
network and act as noise, so it is desirable to remove them. Using the connection
strengths between genes in the adjacency matrix, we next transformed the data into a
topological overlap matrix (TOM). The TOM considers how related each pair of genes is
to the rest of the network. Genes have high topological overlap if they are connected to
the same group of genes within the network [134]. From the TOM we calculated a
dissimilarity matrix as a measure of distance between genes (dissimilarity matrix = 1-
TOM). Finally, the values from the dissimilarity matrix were used to identify modules of
co-expressed genes through unsupervised hierarchical clustering. The signed network
and adjacency matrices were constructed using a soft power threshold of 12 and modules
with a minimum size of 50 generated and merged at distance cut-off of 0.25. Network

graphs were constructed and visualised using Gephi (https://gephi.org/).

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) of genes from the differential expression analysis

was carried out using the GSEA software ([56], http://www.broad.mit.edu/gsea/) and

Molecular Signature Database (MSigDB v6.2) Hallmark and Immunologic (C7) gene sets.
For the WGCNA analysis, module genes were tested for enrichment within Gene
Ontology and Molecular Signature Database (MSigDB v6.2) Hallmark and KEGG gene
sets [56] using the WGCNA R package AnRichment
(https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/GeneAnnotation/) and

clusterProfiler [135].
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Supplementary Information Legends

Note: Supplementary Figures and Tables are hosted on Figshare

(https://figshare.com/projects/Chapter 6 - Supplementary Files/122459)

Figure S1. Box plots indicate IQR (box), median (centre line), mean (centre diamond),
upper and lower whiskers represent scores outside the middle 50% of centred log2 CPMs.
Genes up-regulated in placenta from male bearing pregnancies complicated by PE (i-xxi)
and genes down-regulated in placenta from male bearing pregnancies complicated by

PE (XXii-XXV).

Figure 2. Gene set enrichment analyses (GSEA) of placenta genes associated with late-
onset preeclampsia. Following differential expression analysis genes were ranked
according to the product of the sign of the log fold change and the negative log 10 FDR
(1). Hallmark pathways enriched with up-regulated genes (i-iii) and down-regulated

genes (iv).

(1) GSEA rank = (sign(logFC))*(-log10(FDRY))

Figure S3. Gene set enrichment analyses (GSEA) of placenta genes associated with

late-onset preeclampsia. Following differential expression analysis genes were ranked

according to the product of the sign of the log fold change and the negative log 10 FDR

(1). Immunologic gene sets enriched with up-regulated genes (i-iii)
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Figure S4. Intramodular connectivity is a measure of module membership (centrality).
The red and lightgreen modules have the highest intramodular connectivity indicating that
genes within these modules are highly connected and may be key drivers of placental

biology.

Table S1. Full Gene Ontology (GO) pathways of WGCNA modules.

Table S2. Hallmark and KEGG pathways enrichment of WGCNA modules.
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Chapter 7

Discussion and Future Directions

192



The placenta, that most essential yet transient organ, remains something of a medical
mystery. In many cultures, the placenta has been seen as “mother, grandmother and
sibling”, treated with reverence and prepared for ritual burial [1]. Today, modern research,
such as that conducted throughout my candidature, attempts to understand the placenta,
not only at a functional level, but to unravel its development and function down to the
finest genomic scales. While the techniques and insights included in the following
discussion are set in the contextual world of pregnancy and the placenta, the implications
are much broader. Both micro- and messenger RNAs are ubiquitous in human tissues.
Whilst the placenta has some special considerations including its unique sympatric
relationship with both the fetus and the mother, its molecular functions can be probed
using cross-disciplinary techniques. The methodological approach set out in Figure 1
illustrates the importance of defining a tissue specific regulatory landscape and the focus
on technical considerations that are important to novel biomarker discovery. This strategy
is essential, not only to our understanding of the placenta and its role in both maternal
and fetal health, but is also applicable to research across precision medicine and

precision health.
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Figure 1. In the early stages of my PhD | characterised a comprehensive profile of miRNAs in
early to mid-gestation (6-23 weeks’) placenta and matched maternal plasma (Left). This initial
miRNA characterisation led to the identification of red blood cell inclusion within the maternal
plasma samples. This issue prompted the creation of a new Shiny/web based tool DraculR,
designed to enable detection of red blood cell inclusion in miIRNA sequencing from plasma
(Centre). Bulk RNA sequencing was used to identify genes highly correlated with late onset
preeclampsia (Right). (Created with Biorender).
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This research in this thesis is divided into a number of experimental chapters that
investigate miRNA and mRNA expression in the placenta and their technical biases that
impact biomarker discovery for pregnancy monitoring (Figure 1). Chapter 2 contains the
comprehensive analysis of miRNAs in placenta and matched maternal plasma, using high
throughput sequencing data, from our biobank of tissue representing presumably ‘normal’
human pregnancy from 6-23 weeks’ gestation. Importantly, we demonstrated that
placental miRNAs are present in maternal plasma, and indicative of oxygen transfer
across the placenta-maternal axis. Technical limitations of maternal plasma data
identified in Chapter 2 were then further explored in Chapters 3 and 4. These chapters

detail a new method developed specifically to detect red blood cell inclusion in miRNA
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sequencing data from human plasma, and then provides a tool freely available to the

research community for this purpose.

After defining this ‘normal’ profile of mMiRNA expression, and identifying whether maternal
plasma could reflect the placental profile, | then shifted to investigating gene expression
(mMRNA-seq) changes identified from complicated pregnancies (Figure 1), in this case late
onset preeclampsia in placenta. Importantly, the results of this chapter highlight the need
for sex-specific analysis of the placenta and provide intriguing insights into the varied
etiological pathways we need to understand in order to generate true individualised
medical insight into preeclampsia. Further, they provide a novel 25 gene set which,
through future investigation, will provide further insight into the complex and dynamic
etiology of late onset preeclampsia. Interestingly, it highlights the importance of anaerobic
metabolic processes as well as oxidative stress in this disease. This work was part of a
wider study aiming to establish a multi-omic placental dataset of global importance, and
led to the detection of important technical limitations in novel biomarker discovery in the

context of pregnancy [2,3].

The regulatory profile of placenta in early to mid gestation is
dynamic

As the most comprehensive investigation of placenta miRNAs to date, Chapter 3
provides the most detailed profile of early to mid-gestation placental villus miRNASs in
human tissue and matched maternal plasma produced to date. These analyses were

undertaken as part of a wider project aimed at novel biomarker discovery. However,

before we are able to investigate biomarkers of health and disease we first need to profile
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what we can consider to be the “normal” signature of placental development. A “normal”
profile in this study was determined through the use of important samples taken from
women undergoing surgical, elective pregnancy terminations, enabling me to specifically
identify miRNAs that were expressed within the placenta within a presumably
uncomplicated environment. Through careful analysis using conservative protocols
developed in cancer studies, | identified a clear signature of gestational age across
samples (using unsupervised clustering technigues) and found that the introduction of
oxygenated maternal blood into the intervillous space, roughly between ~10-12 weeks’
gestation [4], fundamentally changed the miRNA profile of the chorionic villus, particularly
in placenta-specific miRNA clusters. | identified a clear gestational age group bias in
MiRNA clusters C19MC, C14MC, miR-17~92 and paralogs with a general decrease in
expression seen in C19MC and miR-17~92, and a general increase in expression seen
in C14MC members. These clusters expressed either exclusively, or preferentially in

placenta [5—7] provide excellent biomarker potential.

Biomarker potential aside, the level of miRNA-derived regulatory information described in
this chapter represents a considerable resource for placental biologists. The unique
transcriptional and epigenetic profiles of the placenta are vastly different from most
human tissues and often are far more similar to samples taken from human cancers [8—
10]. Structures such as Partially Methylated Domains (PMDs) for example, are found
throughout the placental genome [11-13] and are the hallmark of a unique regulatory
profile. While work described here is not intended to address the specific impact of

mMiRNAs on matched mRNA-seq samples from the sample timepoints, as described in
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Breen et al. [2], the data offers a significant opportunity to identify how placental miRNAs

target specific genes.

The identification of a novel disease biomarker in human clinical data is strongly impacted
upon by both the quality/technically-derived differences between samples. This may
highlight the limitations of mMIRNA and RNA sequencing data in the pursuit of minimally or
non-invasive biomarkers of pregnancy health. My analyses that seek to accurately profile
placental health and development through analysis of placental nucleic acids identified in
maternal plasma is driven by this need to inform clinical interventions. However, even in
single cell sequencing where there is a focus on a single sample at extremely high
resolution, the focus is on the implications of gene expression implications on cell to cell
signalling, functionally distinct cell types or cellular differentiation [14-16]. Establishing
this baseline of normal is crucial for determining patterns of disease as placental
insufficiency, induced by aberrant placental development, is implicated in many
complications of pregnancy [4,17]. While Chapter 2 focussed on defining what is “normal”
in the context of human placenta and maternal plasma miRNAs, the need for medical
intervention arises when pregnancy complications occur. Chapter 5 moves away from
normal pregnancy and into the context of pregnancy complications, in particular, late
onset preeclampsia in which we used sex-specific and sex-naive approaches to identify

genes and pathways in disease pathogenesis and response.
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Technical biases can impact the development of biomarkers for

precision medicine

MicroRNA expression changes during the development of the placenta between 6-23
weeks’ gestation and the effects observed around the rise in oxygen tension at the
introduction of oxygenated maternal blood described in detail (see Chapter 3), whilst not
previously described in such detail, is not in of itself surprising. Nor is the discovery of
fetally-derived molecules in the maternal circulation [18,19]. Recent work by several
groups has focussed on the expression level of highly placenta associated miRNA
clusters from chromosomes 14 and 19 [7,20-22]. Here we were able to demonstrate in
placenta that the proportion of highly placenta associated miRNAs changed at the
introduction of oxygenated maternal blood and more importantly, that this proportional
change was reflected in maternal plasma. Unfortunately, sample quality issues
associated with haemolysis failed to allow the depth of analysis planned and it is evident
given the limitations identified here that the bioinformatics community requires more and
more sophisticated tools to support our common goals [23,24]. Although limiting my initial
research findings, this issue led to the creation of a new bioinformatics tool (Chapter 4),
highlighting the complexities of working with clinical fluids and has inspired future

research efforts to overcome this limitation.

While research into the effects of haemolysis on miRNA quantification and normalisation
continues, there is no current, publicly available method for the in silico identification of
haemolysis in high-throughput sequencing data. Given that red blood cells are known

MiRNA repositories, without a robust method of haemolysis detection, measurements of

198


https://paperpile.com/c/feOk2Q/Ya2h+mJSZ
https://paperpile.com/c/feOk2Q/Ns6ae+MaS9+EDHr+WeQA
https://paperpile.com/c/feOk2Q/FehX+XaCE

mMiRNA abundance as disease biomarkers are limited [25]. Previous research has
identified haemolysis as an issue in biomarker discovery [25—-27]. The myriad of changes
identified in maternal plasma miRNAs in association with haemolysis highlight the
importance of quality primary data and the need to understand where data complexity
originates. After filtering for low expression, we identified 138 miRNAs with a higher
abundance in haemolysed compared to non-haemolysed samples (FDR <0.05: log2FC
>0). Importantly, we identified miR-451, the sole haemolysis signature miRNA used in the
current ACq (miR-23a-miR-451) gold standard method for haemolysis detection [25,28],
to be highly correlated with pregnancy status. Starting early in pregnancy, maternal
haemodynamics change. This change includes an increase in plasma volume, and red
blood cell mass [29,30] with the former increasing proportionally more than the latter, with
resultant hemodilution [31]. This means that the gold standard for haemolysis detection
using miRNA abundance in plasma is therefore not applicable to pregnant women. The
tool developed here (detailed in Chapter 4) uses a 20 miRNA signature with the larger
MiRNA set allowing for the removal of individual or multiple miRNAs that are known or
suspected to be affected by a disease or condition. This in turn gives greater confidence

in haemolysis detection across a wide range of research questions.

Deriving this haemolysis signature is additionally important to a wide array of clinical
applications involving plasma samples. To facilitate the extended use of the technique we
also present a Shiny/R web-based application DraculR which can be used to identify
haemolysis contamination in human plasma samples. DraculR was specifically designed

to give the user a simple tool for inspection of miRNA sequencing data from human
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plasma extraction, allowing non-computational wet lab and clinical researchers to identify
potential haemolysis in a sample before proceeding further with downstream
bioinformatics analyses. Using an existing matrix of miRNA counts taken from high
throughput sequencing, DraculR returns a simple Haemolysis Metric and provides a clear
recommendation regarding the downstream analysis of each of the samples being
considered. A simple, but important, quality check is rarely reported in the literature
relating to miRNAs in human plasma or serum and its implementation using this or other
approaches will improve the quality of research in this field. As discussed previously, we
discovered that miR-451, the haemolysis associated miRNA currently used in the ACq
(miR-23a-miR-451) gold standard method for haemolysis detection, varies as maternal
haemodynamics change throughout pregnancy [32]. Likewise, haemodynamic changes
may alter results obtained using spectrophotometry for haemolysis detection in a
pregnancy context. Whilst this highlights the need for alternative measures, for example
the use of a modifiable signature set, it also highlights a limitation of this method as all
samples used in the identification of signature miRNA were taken from women of child
bearing age. Given this, the method we derived for the assessment of haemolysis
detection may not generalise outside of this group. Future work in this area is planned
and will include the incorporation of plasma samples from male and female individuals
and across a wider age range. Serial dilutions in a similar context to the method used by
Shah et al. [33] are planned to validate the method proposed here with the intention to

make the DraculaR tool freely available to the research community.
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What are the implications for personalised treatment in obstetric

healthcare?

When thinking about pregnancy health, the placenta and its interaction with maternal
physiology is arguably the most important component. Whilst the fetal and maternal
bloodstreams do not mix, interactions are mediated between these compartments via
components such as oxygen tension, hormones and extracellular vesicles (e.g.
exosomes, microvesicles and apoptotic bodies [34]). As detailed in Chapter 3 and 4, this
cross-talk provides a potential source of biomarkers for assessing placental health using
biological material obtained from the mother. The best approach to biomarker discovery
remains to be decided. However, the use of maternal plasma for the realtime assessment
of placental health and function may profoundly impact an individual woman’s obstetric
care. In Chapter 3 | focussed on the utility of miRNA sequencing of small RNA fragments

extracted from maternal plasma.

Whilst a placenta signal was present within maternal blood, in particular that of placenta
associated miRNA clusters from chromosomes 14 and 19, additional genomics-
approaches could be used to identify placenta-specific patterns within maternal blood.
With a change to miRNA and mRNA sample preparations [35,36], the enrichment for
placenta-derived exosomes may provide greater clarity. Exosomes are derived from
placental specific cells and exported into maternal blood, making them perfect targets for
biomarker discovery [35—-38]. In particular, exosomal enrichment would eliminate the
issue of red blood cell content inclusion identified in Chapter 4. Additionally, a number of

studies in reproductive health have utilised the application of cell-free DNA (cfDNA) to
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determine tissue-specific biomarkers [39,40]. Using this approach, genomic DNA or DNA
methylation patterns identified from genomic DNA are shed into blood which are then able
to be identified and linked to the original cell-type or tissue. The utility of this particular
approach, compared to miRNAs, is the specificity to the tissue or even cell-type whereas
outside of miRNA clusters that are highly specific to the placenta (e.g. C19MC and
C14MC miRNA clusters), the presence of a singular miRNA or mRNA could be tied to
any tissue. DNA extraction and library preparation of cfDNA is simple and can be applied
in a high-throughput setting with a peripheral blood sample [41-43]. Despite this cfDNA
and cfDNA methylation approaches can only distinguish genetic markers rather than
identifying an expressed component, so might be only applicable for diseases with a high

genetic component.

We found the transcriptional landscape of the human placenta to be remarkably
conserved in the context of preeclamptic, uncomplicated, male- and female-bearing
pregnancy. But perhaps this is to be expected given that in all instances the organ is still
performing the main function of the placenta, the transfer of oxygen, nutrients, hormones
and wastes, albeit less efficiently in the case of preeclampsia [44,45]. Importantly, the
results of Chapter 5 indicate the presence of biologically relevant metabolic, oxidative
stress and immune gene expression responses to preeclampsia in both sex-specific and
sex-naive analyses. This is consistent with findings from previous research which
identified many of the placental genes demonstrating sexual dimorphism, for example in
the context of maternal asthma, to be associated with growth, inflammation and immune

pathways [46].
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With the implementation of first DNA and then RNA (cDNA library) high throughput
sequencing technologies [47-49], biomedical science has become increasingly data-
driven [50]. This is true today with the advent of new complementary RNA sequencing
technologies such as single cell transcriptomics and spatial transcriptomics [51,52]. To
be human interpretable, this high-dimensional data requires dimensional reduction and
network-based techniques, such as gene co-expression analysis [53,54]. Weighted gene
co-expression analysis (WGCNA) constructs modules of genes with highly correlated
expression patterns which can be used to identify biologically relevant molecular
pathways and modules correlations with sample characteristics using module eigengenes
[55,56]. Using a sex-naive approach we performed weighted gene co-expression analysis
to identify correlated gene modules using RNA sequencing gene expression data from
term placenta. My analysis identified 13 gene co-expression modules, one of which was
significantly correlated with late-onset preeclampsia. When investigating a disease
characterised by placental perfusion and oxidative stress, enrichment for hypoxia and
anaerobic metabolic process pathways is particularly relevant [57,58]. Interestingly the
LOPE signature module was enriched for genes in pathways associated with oxidative
stress and glucose metabolism, previously implicated in both early- and late-onset

preeclampsia [59-62].

Confluence in the diversity of clinical presentation and many lines of scientific enquiry

converge on the consensus that preeclampsia occurs through multiple pathophysiological

pathways and is not one single disorder [63,64]. Whilst late-onset preeclampsia is often

203


https://paperpile.com/c/feOk2Q/P6PB+oHWa+jnTt
https://paperpile.com/c/feOk2Q/BUKW
https://paperpile.com/c/feOk2Q/Mtp8+M8iM
https://paperpile.com/c/feOk2Q/6JM7+Euaq
https://paperpile.com/c/feOk2Q/LPfH+ZPLg
https://paperpile.com/c/feOk2Q/xg3Z+nAil
https://paperpile.com/c/feOk2Q/hunu+dzDU+sKxn+pzNa
https://paperpile.com/c/feOk2Q/ygyo+9oRv

considered to be a maternal disorder [65], it is important to remember that in this, and
most other subtypes of preeclampsia, the placenta is both necessary and sufficient to
cause the disease, and delivery of the placenta is the only curative treatment [66].
Targeted studies such as the one presented here and others [46,58,67] are designed to
interrogate how characteristics such as fetal sex or disease subtype impact the molecular
pathways implicated in disease pathogenesis. | argue that in the age of personalised
medicine we must focus on the diversity of presentations to understand the importance
of our findings in the pathophysiology of this complex disorder. Because of this, further
studies elucidating the molecular mechanisms of preeclampsia from the perspective of

the placenta are essential and will provide novel opportunities for clinical intervention.

Sex stratification in particular had interesting implications for genes such as zinc finger
protein 300 (ZNF300) previously shown to be more lowly expressed in female placenta
and to indicate lower preeclampsia risk [68,69] and Collagen Type VI Alpha 3 Chain
(COL6A3) previously found to not be dysregulated by preeclampsia [70,71] although both
COL6A1 and COL1A1 were implicated in early onset preeclampsia again highlighting the
multi pathway nature of preeclampsia pathogenesis. That my findings are somewhat
contrary to those of others has many implications, but highlights two main concepts.
Firstly, in the placenta, sex matters (as described further in Chapter 2) and secondly,
accurate subtyping of placental disease should be an essential consideration; a
feedforward loop whereby research identifies finer gradations of molecular signatures of
disease, which further informs the search for interventions in clinical practice. The

strengths of my approach included 1) the inclusion of a single preeclampsia subtype; 2)
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stratification by fetal sex; 3) tissue specific optimisation of numerous data analyses

approaches [53,72,73] and 4) my access to data from a large number of human samples.

Due to the difficulty and risk associated with obtaining human placenta samples across
the ~40 weeks of human gestation, research is often conducted in immortalised cell lines
or animal models. However, as so aptly put by Schmidt (2015) [74], only humans have a
human placenta. While important for molecular work, cell lines bring with them limitations
in the form of karyotypic abnormalities and aberrant expression when compared to whole
tissue [7,75]. To ameliorate these research limitations, all placental work here was
conducted using chorionic villus samples taken directly from human placental tissue. This
tissue is obtained either after the elective termination of pregnancy, or after delivery of

the neonate, and is obtained after informed consent.

Overall, these chapters have described a comprehensive effort to characterise miRNAs
in human placenta and maternal plasma, identified and attempted to resolve technical
limitations in biomarker discovery and provided a unique sex-specific investigation into
the molecular signature of late onset preeclampsia. The results further our understanding
of the effect of oxygen and late onset preeclampsia in human placenta at the molecular
level and are a valuable resource for hypothesis generation for future work. Additionally
we demonstrated that technically rigorous, bioinformatics-focussed strategies are
instrumental in elucidating unique molecular insights in complex datasets taken from
clinical samples. Collectively, the work here represents an initial contribution towards the

ultimate goal of acquiring the depth of understanding required to provide truly individual
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therapeutic benefits based on a precision medicine model using a data-driven,

bioinformatics-led approach.
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