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Abstract

Approximately one in four pregnancies result in pregnancy loss, with 1 % of couples suffering
from recurrent miscarriage. Genetic investigations are recommended after three
consecutive miscarriages and require pregnancy tissue. This thesis investigates the use of
cell-free fetal DNA from maternal blood to identify chromosomal abnormalities in recurrent
miscarriage. 123 cell-free DNA samples were collected from first trimester miscarriages (5+1
to 11+6 weeks) and 62 % of samples had a corresponding routine cytogenetic result. 54 % of
genetic aberrations were correctly identified using single end sequencing on a HiSeq2500
and the WISECONDOR pipeline, and 68 % of genetic aberrations were correctly identified
using paired end sequencing on a NextSeq and the Illlumina pipeline. This thesis also
investigates other genetic causes of miscarriage in euploid pregnancies and includes a
published systematic review and whole exome sequencing in seven euploid miscarriage
trios. The systematic review identified 50 studies which included variants thought to be
causative of miscarriage, and the whole exome sequencing cohort demonstrated the
difficulty in interpreting variants without human phenotype ontology or genes without a
reported disease-association. However, identification of genes/ variants that are causative of
or predisposing to miscarriage will be of significant individual patient impact with respect to

counselling and treatment.
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Chapter 1: Introduction



Chapter 1- Introduction

Miscarriage or early pregnancy loss (EPL) is the most common adverse outcome of
pregnancy and is defined as the loss of an embryo or fetus before 22 weeks gestation. One in
four clinical pregnancies results in pregnancy loss ((NICE), 2012, King et al., 2000) and of
these, 1% of couples will go on to suffer from recurrent miscarriage. The Royal College of
Obstetrics and Gynaecologists (RCOG) define recurrent miscarriage as the loss of three or
more consecutive pregnancies (Regan et al., 2011). Recurrent miscarriage is the most
common complication during early pregnancy (Larsen et al., 2013a). This is clearly a very
distressing time for the couple and regrettably for many of these cases the cause of the RPL

is not identified.

1.1 Epidemiology of miscarriage

Whilst it is difficult to estimate the exact number of pregnancies that end in loss, it is quoted
that 1 in 4-5 pregnancies end in miscarriage. Approximately two thirds of conceptions are
never recognised as a clinical pregnancy, with 30% of pregnancies lost prior to implantation,
and 30% lost following implantation but before the missed period. These are collectively
known as preclinical losses. Only 30% of conceptions result in a live birth and 10% end in
miscarriage (Grossmann et al., 2004, Ramond et al., 2017). Prospective cohort studies using
urinary human chorionic gonadotropin (BhCG) have revealed that the human conception
rate is 40% over a 12 months period (Grossmann et al., 2004). The outcomes of human
conceptions can be visualised and summarised in the pregnancy loss iceberg shown below in

Figure 1.
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Figure 1- The Pregnancy Loss Iceberg

Pre-clinical and clinical pregnancy losses from conception. Adapted from (Macklon et al.,
2002).

1.2 Causes of pregnancy loss

Whilst it is generally accepted that pregnancy loss occurs when the fetus is incompatible
with life due to structural malformations or chromosomal aberrations, there are many other
risk factors associated with miscarriage. These include lifestyle factors, endocrine factors,
immunological causes, infections, thrombophilia, sperm DNA fragmentation and uterine

malformations (Larsen et al., 2013a).



1.2.1 Life Style Factors

Life style factors could have a negative impact on pregnancy and certain life styles, such as
smoking, caffeine and alcohol consumption should be reduced or stopped during pregnancy.

Weight loss should ideally be achieved before conception occurs.

Smoking during pregnancy can cause pregnancy-related problems including miscarriage,
fetal abnormalities, placental abruption, premature birth, low birth-weight and sudden
unexpected death in infancy, and much advice and guidance is given on how to stop smoking
during pregnancy (Richards et al., 2015). Studies have shown that smoking causes a dose-
response detrimental effect to miscarriage (Dong et al., 2019, Ellard, 2019). A systematic
review has calculated the relative risk of active smoking to be 1.23 (95% Cl), with an
increased risk with the amount of cigarettes smoked. However, former smokers had no

more risk of miscarriage than non-smokers.

The current guideline for pregnant women is to consume no more than 200 mg of caffeine
daily. There is increasing evidence that caffeine consumption increases the risk of
spontaneous miscarriage with a relative risk of 1.37 (95% ClI) when consuming 300 mg of
caffeine daily and a relative risk of 2.32 (95% Cl), when consuming 600 mg daily (Bender Atik
et al., 2018). Therefore reducing caffeine consumption is highly recommended during

pregnancy. However there is no known association between caffeine and infertility.

Consumption of alcohol during pregnancy is associated with an increased risk of pregnancy
loss (Kesmodel et al., 2002, Windham et al., 1997). A Danish cohort that monitored alcohol
consumption during pregnancy reported that 45% of women consumed some alcohol during

pregnancy. In women who reported consuming 2-3.5 drinks weekly and >4 drinks, a hazard



ratio of 1.66 and 2.82 (95 % Cl) was calculated with pregnancy loss respectively (Andersen et

al., 2012).

Obesity is known to cause complications during pregnancy including infertility, miscarriage,
and stillbirth, pre-eclampsia and gestational diabetes (Catalano and Shankar, 2017, Mission
et al., 2015). Systematic reviews have identified that obesity increases miscarriage rates for
both spontaneous pregnancy losses (Metwally et al., 2008) and recurrent pregnancy losses
(Metwally et al.,, 2010). A meta-analysis including over 28,000 women experiencing
miscarriage identified a higher spontaneous miscarriage rate of 13.6 % in obese women (BMI
>28) compared to normal-weight women (BMI <25). A smaller subgroup analysis showed
higher recurrent miscarriage rate in the obese group (46 %) vs the normal-weight group (43
%). Therefore it can be concluded that obesity has a higher association with miscarriage

(Boots and Stephenson, 2011).

1.2.2 Endocrinological causes

The most prevalent endocrinological causes of miscarriage are polycystic ovary syndrome
(PCOS), obesity, hyperinsulinemia and insulin resistance. Elevated levels of follicular phase
serum LH levels (Regan et al., 1990), free androgen (Cocksedge et al., 2008) and prolactin
during the follicular phase (Bussen et al., 1999), have also all been associated with pregnancy
loss. The thyroid dysfunctions, hyperthyroidism (Millar et al., 1994), hypothyroidism (Khalid
et al.,, 2013) and thyroid autoimmunity (Lata et al., 2013) also have an increased risk of

miscarriage.

PCOS has been identified as the most common endocrinological condition in women with

RPL (Clifford et al., 1994), with miscarriage occurring in 40 % of women with PCOS (Rai et al.,



2000b). However, there may be an underlying condition such as obesity, hyperinsulinemia or

hyperandrogenemia associated with PCOS which is causing the pregnancy loss.

1.2.3 Immunology

During feto-placental development, the conceptus comes into close contact with the
maternal cellular immune system and must overcome a potential immune response from
the mother. During implantation, IL-10, CSF-1 and TGFB are expressed in uterine cells and
during pregnancy natural killer (NK) cells, macrophages and dendritic cells are expressed in
the feto—maternal interface (Giakoumelou et al., 2016). Evidence has suggested that
immunological factors could be causative of miscarriage with increased or decreased levels

of immunological cells being the cause of the pregnancy loss.

Studies have shown that women with RPL have increased peripheral natural killer (NK) cells
compared to normal fertile controls (Kwak et al., 1999, Ntrivalas et al., 2001). NK cells have
been demonstrated to recognise placental trophoblastic cells (King et al., 2000) and although
they don’t directly kill trophoblast cells, they can activate cytokines which target the

conceptus (Lachapelle et al., 1996).

Recurrent miscarriage has also been associated with a significantly elevated ratio between
immune cells, T-helper 1 and T helper 2 (TH1/ TH2 ratio), in women with RPL compared to
healthy multiparous controls (Kwak-Kim et al., 2003). While the levels of CD3+ T cells in
peripheral blood do not differ from normal fertile controls and non-pregnant women with a
history of RPL (Darmochwal-Kolarz et al., 2002), during the first trimester, CD3+ T cell levels
are significantly lower in women who miscarried, compared to those who went on to have a

live birth (Kwak et al., 1995).



Similarly, T regulator cell levels were not different in non-pregnant women with RPL
compared to controls (Kwak-Kim et al., 2003), but T regulator lymphocytes were lower in
women with pregnancy losses compared to controls normal fertile controls (Darmochwal-

Kolarz et al., 2002).

1.2.4 Infections

Evidence suggests that 15 % of early miscarriages are caused by possibly preventable
infections (Giakoumelou et al., 2016). Some bacterial infections, such as bacterial vaginosis
(Donders et al., 2009) and Chlamydia (Baud et al., 2011) and viral infections, such as Herpes
Simplex Virus (Kapranos and Kotronias, 2009) and Influenza (Bloom-Feshbach et al., 2011),

have all been shown to have an increased risk of miscarriage.

As discussed above, the immune system plays a critical role during pregnancy as the
tolerance of the semi-allogeneic fetus is maintained. An infection could disrupt normal
biological functions such as implantation, placentation or spiral artery invasion during the
pregnancy or disrupt the immunological balance and result in a miscarriage. This has been

reviewed in detail (Giakoumelou et al., 2016).

1.2.5 Thrombophilia

Thrombophilia can be either inherited or acquired, leading to blood clotting disorders that
can cause pregnancy complications. If excessive blood clotting leads to arterial and/or
venous thrombosis at the implantation site or in the placental blood vessels it can result in a

pregnancy loss (Abu-Heija, 2014). This is often treated with low-dose Aspirin, however there



is no evidence that this improves live birth rates (Rai et al., 2000a, Schisterman et al., 2014)

and could also have a negative effect on the pregnancy.

Antiphospholipid syndrome (APS) is an acquired form of thrombophilia which can be caused
by either Lupus anticoagulant or anticardiolipin antibodies which are associated with
pregnancy loss. The maternal immune system produces antibodies against the
phospholipids on the trophoblast cell membrane and the endogenous protein, B2-
glycoprotein 1, which is also produced by the trophoblasts (Abu-Heija, 2014, Tong et al.,
2015). Low dose heparin is advised as a treatment for pregnant women with
Antiphospholipid syndrome using the RCOG, Green-top Guidelines No. 17 (Regan et al.,

2011).

1.2.6 Sperm DNA fragmentation

Men with higher levels of sperm DNA damage have been shown to have a significantly
higher risk of pregnancy loss (Robinson et al., 2012). Sperm DNA damage affects both
nuclear and mitochondrial DNA and is predominantly caused by six mechanisms, reviewed
by Sakkas and Alvarez (Sakkas and Alvarez, 2010). These mechanisms include apoptosis
during spermatogenesis, DNA strand breakage during the remodelling of sperm chromatin,
post-testicular DNA fragmentation by oxygen radicals or endogenous caspases and
endonucleases, and DNA damage induced by radiotherapy, chemotherapy or environmental

factors such as smoking or air pollutants.



1.2.7 Structural malformations

A potential cause of recurrent miscarriage could be due to maternal uterine malformations.
This is caused when there is abnormal development of the Miillerian ducts during
embryogenesis. Uterine malformations include a uterine septum, bicorn ate uterus, uterus
didephis or unicornate uterus. In a systematic review (Robinson et al., 2012) of over 89,000
women, the prevalence of uterine malformations was 13.3 % (95 % CI) in patients with

pregnancy loss compared to 5.5 % (95 5 Cl) in an unselected population (Chan et al., 2011).

While the prevalence of RPL and uterine septum has increased, and has been treated using
hysteroscopic metroplasty to improve pregnancy outcomes, very little to no evidence is
available to suggest a positive outcome (Kowalik et al., 2011). A randomised control trial,
“The randomised uterine septum transection trial” (TRUST), is comparing hysteroscopic
septum resection and expectant management in women with recurrent pregnancy loss and
a diagnosis of uterine septum (Rikken et al., 2018). This will identify whether hysteroscopic
septum resection will improve the rate of live births in woman with recurrent miscarriage

and a diagnosed septate uterus.

1.3 Genetics of Miscarriage

Genetic factors are the most common cause of pregnancy loss, with the risk of aneuploidy
increasing with increasing maternal age (Hassold and Chiu, 1985, Stephenson et al., 2002).
Approximately 50 % of miscarriages are caused by chromosomal abnormalities (Choi et al.,
2014, Sugiura-Ogasawara et al., 2012) and the majority of these chromosomal abnormalities

are de novo (Carp et al., 2006). It is considered that chromosomal errors are more common



in spontaneous miscarriage than recurrent miscarriage, and that fetal chromosome errors
are more common before 10 weeks of pregnancy and less common between 12 and 22
weeks. Evidence suggests that of these abnormalities, 86 % are numerical abnormalities, 6 %
are structural abnormalities and 8 % are from other genetic mechanisms, including

chromosomal mosaicism (Goddijn et al., 2004).

1.3.1 Numerical Abnormalities

Numerical Abnormalities include autosomal trisomies (three copies of a particular
chromosome), monosomies (one copy of a particular chromosome) and polyploidies (extra
set(s) of chromosomes, e.g. Triploidy and tetraploidy). Where these numerical abnormalities
are sporadic they most commonly arise from non-disjunction in meiosis during the
production of gametes. Non-disjunction can cause either a loss (monosomy) or a gain
(trisomy) of a chromosome. If non-disjunction occurs during meiosis |, the gamete will
contain chromatids from homologous chromosomes and if non-disjunction occurs during

meiosis Il, the gamete will have two chromatids from the same homologue (Figure 2).

The majority of aneuploidies are maternally inherited, usually due to an increase in maternal
age, although it has been suggested that around 7% of meiotic errors in chromosomes are of
paternal origin (Robinson et al., 1999). Suggested explanations are that spermatocytes with
synaptic defects undergo apoptosis during the pachytene stage of prophase | or metaphase |
whereas oocytes remain viable, or that during oogenesis, oocytes remain in prophase | for
an extended amount of time, from birth to ovulation. Therefore this could result in more
genetic meiotic errors compared to sperm where spermatogenesis is a continuous process

(Kaser, 2018).
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Figure 2- Non-disjunction during gametogenesis

1.3.2 Structural Abnormalities

The majority of numerical abnormalities occur in conceptuses from chromosomally normal
parents, however parental structural abnormalities will present in 3-6 % of recurrent
miscarriage cases. This gives the fetus a 50% chance of inheriting an unbalanced
chromosome translocation (Larsen et al., 2013b, Larsen et al., 2013a). The two main types of
chromosomal structural abnormalities are reciprocal translocations (balanced or
unbalanced) or Robertsonian translocation (centric fusion of two acrocentric chromosomes),
but inversions, deletions, insertions and ring chromosomes can also be identified. Whilst the

carriers of balanced translations themselves are usually phenotypically normal, some of the
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gametes produced will have unbalanced chromosomes and patients with reciprocal or
Robertsonian translocations have an increased risk of RPL or infertility due to transmission of

an unbalanced translocation during meiosis.

1.3.2.1 Reciprocal translocations

Reciprocal translocations occur when two non-homologous chromosomes undergo double-
strand breakage and exchange segments with ends joining. Translocation carriers are
phenotypically normal providing there has been no loss or gain of chromosomal material and
the break point has not interrupted a critical gene. During meiosis, reciprocal translocations
can form different chromosomal conformations. The chromosomes line up with homologous
areas within the chromosome and produce a pachytene quadrivalent. During segregation,
this can result in different chromosome imbalances because the chromosomes can separate

in different ways.

Figure 3- reciprocal translocation
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1.3.2.2 Robertsonian translocations

Robertsonian translocations occur when two acrocentric chromosomes (chromosomes 13,
14, 15, 21 or 22) break and recombine at or close to the centromeres, and the two long arms
fuse (centric fusion). The short arm (satellite DNA) of each chromosome is lost. However, as
the short arms contain genes for ribosomal RNA only and there are multiple copies on
acrocentric chromosomes, they are considered as a functionally balanced chromosome. The
prevalence of Robertsonian translocations is 1 in 1000, with 13g14q being the most

common.

Figure 4- Robertsonian translocation
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1.3.2.3 Deletions, Duplications, Insertions, Inversions and Ring Chromosomes

Other structural chromosomal abnormalities include deletions, duplications, insertions and
inversions. A deletion is when part of the chromosome is lost and causes a monosomy for
that part of the chromosome only and a duplication or insertion is where an additional part

of the chromosome is duplicated or inserted.

If a chromosomal segment is inserted into another chromosome, this is known as an
insertion. Insertions can remain balanced within a karyotype, but there is a 50 % chance of

gametes inheriting either a deletion or insertion.

Inversions occur when a single chromosome has a two break arrangement and the
chromosomal segment rotates when it recombines. These can be either pericentric
inversions when the centromere is involved or paracentric inversions only one chromosome
arm is involved. Although inversions are balanced rearrangements, they can cause problems
if an important gene is disrupted, which can lead to chromosomal imbalances in gametes

depending on where cross-overs occur in meiosis .

If a break at each end of the chromosome occurs and the two ends join they produce a ring
chromosome. Inevitably, the distal portions of the chromosomes are lost with varying

consequences.

1.3.3 Mosaicism

If an individual has two or more cell lines with a different genetic constitution, derived from
a single zygote they are defined as mosaic. Mosaicism is usually the result of a mitotic non-

disjunction error in the developing conceptus. The timing of when the mitotic error occurs

14



will reflect in the degree of mosaicism. For example, the earlier the mitotic error the more
likely each cell line will be equal. The mosaicism can occur entirely throughout the fetus and
placenta, known as generalised mosaicism or it is also possible for the mosaicism to occur
after divergence of the placenta and fetus, with the placenta having a different karyotype
from the fetus. This is known as placental mosaicism (Kalousek and Dill, 1983, Ariel et al.,
1997) and the mosaicism can also be confined to the fetus. Figure 5 below illustrates the

three different kinds of mosaicism.

El

() Euploid

. Trisomic

Figure 5- Examples of mosaicism

A, Generalized. B, Confined to the placenta. C, Confined to the embryo. lllustration provided by
Rosanna Colley.
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1.3.5 Genetic Abnormalities causing miscarriage

As discussed above, 50 % of miscarriages are due to a chromosomal abnormality. These can
be broken down into different anomalies, including but not limited to, trisomies, triploidies,
monosomies, tetraploidies and structural chromosome anomalies. Reported abnormality
rates can vary between published studies (Table 1). This could be due to gestational age,
ascertainment bias, maternal cell contamination (MCC) or tissue culture failure (Hardy and

Hardy, 2015).

Table 1- Summary of abnormalities found by cytogenetic analysis of pregnancy loss tissue.

No. of No. of

No. of obtainable abnormal S.ingle M.ultiple Monosomy X Triploidy Tetraploidy Structural
samples results results trisomy trisomy rearrangements
Soler et al.
’ 1011 711 461 \ 74 93 10 37
2°;7(§8'1e7')et 1119 (903%)  (703%)  (64.9%) 2242 (10.4%) (13.1%) (1.4%) (5.2%)
Jenderny et al.,
390 237 125 18 29 25 10
* 0,
201;‘ ;’oel'::e’" >34 73.0%  (601%)  (27%) VU gew)  (22%)  (105%) (4.2%)
Wang et al.,
2024(wang ot c457 4092 1872 1236 not 243 262 75 37
L 2014 (75.0%)  (45.7%)  (66.0%) recorded  (13.0%) (14.0 %) (4.0%) (2.0%)
Menasha et al.
’ 1920 1099 721 . 9% 116 18 46
Zzgi(l“":gg;')‘a 2180 88.1%)  (57.2%)  (65.6%) O &1%) (g0 (10.6%) (1.6%) (4.2%)
1';2’&:;:'; o83 750 380 229 7 40 47 17 18
21, 1950) (76.3%)  (50.7%)  (60.3%)  (1.8%) (10.5%) (12.4%) (4.5%) (4.7%)
Average (%) n/a 80.5% 56.8% 61.9% 4.8% 10.0% 12.5% 4.4% 4.1%

*including cases where the aberration was mosaic.

It is reported in the literature that Trisomy 16 is the most common trisomy not compatible
with life, followed by trisomy 22, which has rarely been reported to have a very brief
survival. Trisomies 21, 15 and 18 are reported to be slightly less common, with only trisomy
15 not being observed at term. Trisomy 1 and Trisomy 19 are the rarest with very little

documentation of them reported in the literature (Hardy and Hardy, 2015).
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1.3.6 Cytogenetic Analysis in Recurrent Miscarriage

Conventional cytogenetic analysis uses whole genome techniques to detect abnormalities in
the fetus’s entire genome. Although karyotyping is classed as the ‘gold standard’, it is time
intensive and often has limited resolution in detecting micro- deletion and duplication
syndromes. Furthermore subtle rearrangements and the origin of small supernumerary
marker chromosomes are not detected (van den Berg et al.,, 2012). The extent of fetal

genetic abnormalities and submicroscopic imbalances in miscarriages is unknown.

G-banded-karyotyping of cultured cells often has a high failure rate due to the poor quality
of tissues received (McClelland et al.,, 2011). Thus, laboratories have implemented
alternative DNA-based diagnostic approaches (Bruno et al., 2006, Carvalho et al., 2010,
Diego-Alvarez et al., 2007, Donaghue et al., 2010). In the West Midlands Regional Genetics
Laboratory, chromosomal abnormalities in recurrent miscarriage samples are detected using
Quantitative fluorescence polymerase chain reaction (QF-PCR) and chromosomal microarray
(CMA) based methods (McClelland et al., 2011). QF-PCR has the advantage of a rapid result
for chromosomes 13, 18, 21 and sex chromosomes, whilst also detecting triploidy and
whether there is any maternal cell contamination. CMA tests for deletions, duplications and
chromosome number abnormalities across all autosomal chromosomes. Both of these
methods have a lower failure rate, higher throughput and are less labour intensive than
conventional karyotyping, and also allow DNA to be stored for future analysis. This is more

cost-effective and allows a higher diagnostic yield.

Currently, genetic testing for the cause of recurrent miscarriage is completed on pregnancy

tissues, which comprises of placental villi, fetal skin and umbilical cord, referred to as

17



products of conception (POC). This tissue needs to be fresh and unfixed so that the tissue
can either be cultured or have DNA extraction performed. The problem with using POC is
that POC is not always available after a miscarriage and the collection of tissue is very
stressful to the woman and sometimes difficult to obtain. Collectable POC is not always
present, for example, in cases of very early pregnancy loss, or if the POC is lost down the
toilet. POC is often fixed in formaldehyde for histological examinations and therefore
rendered unusable for genetic testing as aldehyde fixatives degrade the DNA. Alternatively,
the POC is not returned by the patient to allow genetic testing in a laboratory setting.
Additionally, POC is often heavily contaminated with maternal material due to the close
proximity of the placenta to the maternal circulation, and the subsequent trauma caused
during miscarriage. For all of these reasons, another easier, less stressful and reliable way of

obtaining the fetal genetic material needs to be addressed.

1.4 Cell Free Fetal DNA

Cell free DNA (cfDNA) was first identified by Dennis Lo (Lo et al., 1997) who demonstrated
that male cfDNA can be obtained in ongoing pregnancies from the plasma of pregnant
women. It was later discovered that differential methylation of fetal DNA using paternally
inherited single nucleotide polymorphisms (SNPs) can be used to detect cfDNA independent

of fetal sex (Poon et al., 2002).
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1.4.1 What is cell free fetal DNA?

cfDNA is small fragments of DNA which represent the entire fetal genome (Lo et al., 2010).
Paired-end sequencing has determined cfDNA to be approximately 160-180 bp in length (Fan
et al., 2010). This is considerably smaller than maternally derived DNA (Li et al., 2004).

Although cfDNA is termed as fetal, it is actually derived from the trophoblast cells of the
placenta (Alberry et al., 2007) and is present as early as day 22 in singleton pregnancies
(Guibert et al., 2003). Trophoblasts are fetally derived cells covering the placental villi.
Syncytiotrophoblasts are the outermost layers which come into direct contact with the
maternal blood and the cytotrophoblasts are the inner layer which lies on the basement

membrane (Figure 6).

Fetal Vessel

Fetal Villi — Maternal Blood
Cytotrophoblast
Syncytiotrophoblast
Extravillous trophoblasts

Maternal Uterine Artery

Uterus =

| 9_’:

Figure 6- Schematic of Human Placental Villi.

The syncytiotrophoblasts are the outermost layer of the placental villi and the
cytotrophoblasts the inner layer of the placental villi. Adapted from (Lavialle et al., 2013).
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It was initially thought that cfDNA was derived from fetal blood. However, cfDNA can be
detected before the fetal-placental circulation occurs at approximately 28-30 days meaning
cfDNA is identifiable before the fetal circulation is established (Guibert et al., 2003). The fetal
and placental blood is always separated by the feto-placental barrier. From 12 days post
conception, during early implantation, syncytiotrophoblasts invade the maternal
endometrium causing disintegration of the maternal endometrial vessels, and fetal
capillaries are observable in the mesenchyme of the placental villi between 18 and 20 days.
This supports the evidence that cfDNA is derived from the trophoblasts. As the placenta
undergoes the natural process of apoptosis, the placentally derived cfDNA is released into

the maternal circulation (Figure 7).

Figure 7- Release of cfDNA in the maternal circulation

Illustration provided by Rosanna Colley.
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1.4.2 Clinical applications of cfDNA

CfDNA can be clinically identifiable in maternal serum from as early as 7 weeks gestation and
the concentration of cfDNA increases as the pregnancy progresses (Lo et al., 1998). At 11-13
weeks gestation, the average cfDNA in the maternal blood has been assessed at 10%,
although it can be affected by many factors, such as maternal weight, fetal crown-rump
length, serum free BhCG, serum pregnancy-associated plasma protein-A, smoking and
trisomies (Ashoor et al.,, 2013). The identification of cfDNA in maternal blood and major
advances in genomics have led to many different clinical applications in prenatal diagnosis,
including fetal sex determination, Rhesus D genotyping, chromosomal aneuploidy detection
and diagnosis of monogenic disorders. This means that invasive tests, such as chorionic
villus sampling and amniocentesis, in many instances are being replaced by non-invasive
tests which don’t carry the 1 % miscarriage risk and allows easier and earlier testing during

pregnancy (Salomon and Sotiriadis, 2019).

1.4.2.1 Fetal Sex determination

Fetal sex determination was the first application of cfDNA to be applied in a clinical setting. Y
chromosome sequences are identified in the maternal plasma and can be amplified to
identify a male fetus (Devaney et al., 2011). This is now a widely used test across England
(and other countries including the Netherlands, Spain and France) and is reliable (Devaney et

al., 2011) and cost effective (Hill et al., 2011).

A systematic review by Devaney et al. has shown that determining fetal sex using the

presence of the Y chromosome has 95.4% sensitivity and 98.6% specificity. However,
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gestational age and amplification technique could affect the test performance (Devaney et
al., 2011). The use of fetal sex determination is important in the management of pregnancies
with fetal genital ambiguity, congenital adrenal hyperplasia or at risk of an X-linked
condition. In conditions where only males are affected, non-invasive determination of fetal

sex reduces the need for invasive testing by as much as 50 % (Daley et al., 2014).

1.4.2.2 Rhesus D (RhD) status

The use of cfDNA analysis has allowed for the non-invasive prediction of fetal rhesus D status
to target anti-D prophylaxis. As RhD sequences are absent in maternal D-genomes, the
detection of RhD sequences in maternal plasma can determine the rhesus D status of the
fetus. Initially the fetal rhesus D status was assessed in male pregnancies using real-time PCR
to identify RhD and SRY sequences, with rhesus D males identified correctly (Zhong et al.,
2001, Finning et al., 2002). The fetal Rhesus D status can also be correctly identified in
female pregnancies (Aykut et al.,, 2013, Ahmadi et al.,, 2016). NICE guidelines now
recommend high-throughput non-invasive prenatal testing (NIPT) for fetal RhD genotype to
reduce the unnecessary use of antenatal anti-D prophylaxis in the prevention of anti-D

immunization in RhD-negative patients ((NICE), 2016).

1.4.2.3 Chromosomal aneuploidies

The identification of chromosomal aneuploidies during pregnancy is known as non-invasive
prenatal testing (NIPT). NIPT allows for the detection of common fetal aneuploidies 13, 18,
and 21 (and the sex chromosomes X and Y) and is now offered in a clinical setting for

detection of fetal trisomies (Drury et al., 2016). Invasive testing (amniocentesis and CVS
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sampling) carries a small miscarriage risk as a result of the invasive procedure (Salomon et
al., 2019). NIPT does not carry this miscarriage risk. However, NIPT for fetal aneuploidy is a
screening test, and positive/ high chance results should always be followed-up by an invasive
diagnostic test, such as amniocentesis, if termination of pregnancy is being considered. A
recent meta-analysis (Mackie et al., 2017) has evaluated the sensitivity and specificity of
NIPT using cfDNA in singleton pregnancies. The sensitivity and specificity of the different

aneuploidies are shown in Table 2.

Table 2- Sensitivity and specificity of detection of fetal aneuploidy using NIPT

The Sensitivities and specificities of NIPT for trisomy 13, 18, 21 and monosomy X, with a 95%
confidence interval (Mackie et al., 2017).

Sensitivity Specificity

Trisomy 13 0.906 (0.823-0.958) 1.00 (0.999-0.100)

Trisomy 18 0.977 (0.952-0.989) 0.999 (0.998-1.000)

Trisomy 21 0.994 (0.983-0.998) 0.999 (0.999-1.000)

Monosomy X  0.929 (0.741-0.984) 1.00 (0.999-0.100)

NIPT has been has been developed using different technologies such as Next generation
sequencing (NGS), microarray analysis and detection of epigenetic modifications, for

example using methylation DNA immunoprecipitation (MeDIP).

1.4.2.3.1 Next Generation Sequencing NIPT

There are several different approaches to NIPT using NGS. These include massively parallel

shotgun sequencing, targeted sequencing and SNP-based targeted sequencing. Massively
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parallel Shotgun Sequencing (MPSS) is a NGS technique which reads a representative of
short fetal DNA sequences from the entire fetal genome. CfDNA is extracted from maternal
plasma and a library preparation, with each sample indexed, is made from the DNA
fragments (Ehrich et al., 2011). Samples are sequenced using MPSS for single-end reads of
36 bp and tens of millions of sequence reads are mapped to a reference genome (Fan et al.,
2008). Aneuploidies (trisomy 13, 18 and 21 and monosomy X) are then detected using
statistical methods such as, normalised chromosome values (NCVs), where the chromosome
of interest is normalised against reference chromosomes (Sehnert et al., 2011). This means

that this method cannot be used to detect full triploidy.

Targeted sequencing amplifies and sequences specific target regions of the genome. Unlike
MPSS, which generates large amounts of data from randomly analysed genomic fragments
across the whole chromosome, targeted sequencing only sequences specific genomic
regions and therefore more efficient use of sequencing data. Digital analysis of selected
regions (DANSR™) selects loci unique to the individual chromosomes that do not have
known polymorphisms and copy number variants to target each chromosome. Each
sequence for a selected genomic location is counted and any aneuploidies calculated using a
standard Z-test on normalized sequence counts (Sparks et al., 2012). Like MPSS, this cannot
detect full triploidy.

Analysis using SNP-based targeted sequencing uses targeted PCR amplification and
sequencing of SNPs. This allows the detection of triploidy and uniparental disomy which
counting based methods cannot determine (Ryan et al., 2016). Using expected distributions
for the possible alleles for the SNP set on the targeted chromosome, the observed allele

distribution can determine the aneuploidy status (Zimmermann et al., 2012). This allows for
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detection of full trisomies. NGS technologies have the potential to detect small chromosome

aberrations but they do require complicated statistical and bioinformatics methods.

1.4.2.3.2 Epigenetic-based NIPT

Methylated DNA immunoprecipitation (MeDIP) uses 5" methyl cytidine specific antibodies to
target differentially methylated sites between fetal and maternal cfDNA. There have been
more than 2000 differentially methylated regions (DMR) found between maternal and
placental DNA using MeDIP (Papageorgiou et al., 2009), and using MeDIP in combination
with real time gPCR, cfDNA is hypermethylated compared to maternal DNA. Detection of
trisomy 21 can be achieved by comparing the fetal-specific methylated regions

(Papageorgiou et al., 2011).

The methylation profile of maternal and placental cfDNA can also be analysed using
genomewide bisulfite sequencing. Whole-genome sequencing is completed on bisulphite-
converted libraries to analyse DNA methylomes from cfDNA. An algorithm then predicts the
placenta methylation profiles which have been associated to pregnancy conditions to non-

invasively predict trisomy 21 (Lun et al., 2013).

NIPT using epigenetic-based methods is a low cost and simple method which directly
enriches the fetal DNA. However, full conversion of the fetal DNA is rarely achieved and the
DNA is prone to degradation (Papageorgiou and Patsalis, 2012). There is also a risk of bias
introduced by the assay, and inherent natural variability in methylation between individuals

and tissues, and during development.
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1.4.2.3.3 Commercially available NIPT Testing

There are currently several NIPT tests available, either through the NHS or privately. These
include MaterniT21 PLUS (Sequenom), VeriFi and VeriSeq prenatal tests
(VERINATA/Illlumina), Harmony prenatal test (ARIOSA diagnostics/ Roche) and Panorama test
(NATERA Inc.). The West Midlands Regional Genetics laboratory currently offers the Verifi
test, called Lucina, privately or for patients with an increased risk (21:50) of trisomy 13, 18 or

21 on combined screening.

Sequenom laboratories offer MaterniT21 using MPSS for whole genome sequencing with
enhanced sequencing series for their MaterniT21 NIPT, to report on chromosomes 13, 18
and 21, fetal sex and sex chromosome abnormalities. In addition, Sequenom can also offer
the detection of microdeletions and the first genome-wide NIPT (Sequenom, 2017). Verinata
Health (Illumina since 2014) offer Verifi prenatal test for trisomies 13, 18 and 21, sex
chromosomes and the option for all chromosomes by using MPSS and normalised
chromosome values (NCV), for all chromosomes (lllumina, 2017). Harmony prenatal NIPT by
ARIOSA diagnostics (Roche since December 2014) is a targeted NIPT test which uses
microarray and digital analysis of selected regions (DANSR) to targets specific regions of the

chromosome (Roche, 2016).

The Panorama test requires an additional DNA sample from the mother to compare SNPs
across all chromosomes between the mother and the fetus. The algorithm, next generation
aneuploidy test using SNPs (NATUS) is used to determine the fetal genetic status (Natera,

2016).
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1.4.2.4 Monogenic disorders

As well as cfDNA being clinically used for fetal chromosomal aneuploidy in NIPT, fetal
monogenic disorders can be identified using cfDNA, known as non-invasive prenatal
diagnosis (NIPD). These single gene disorders are identified by first identifying the parental
haplotype. The cfDNA isolated from the maternal plasma then undergoes targeted
sequencing and the ratios of parental haplotypes present in the cfDNA identify the fetal
inheritance of the monogenic disorder. Identification of many monogenic disorders has been
demonstrated by NIPD including beta thalassaemia (Chiu et al., 2002, Lam et al., 2012),
cystic fibrosis (Gonzalez-Gonzalez et al., 2002), congenital adrenal hyperplasia (Ma et al.,
2014, New et al., 2014), congenital deafness (Meng et al., 2014) and Duchenne muscular

dystrophy (Xu et al., 2015, Yoo et al., 2015).

1.5 Fetal Fraction

The proportion of cfDNA that is fetally derived is known as the fetal fraction (FF). The level of
FF in a sample is important to give accurate results as insufficient FF may give false-negative
results. There is limited evidence of the lower threshold of FF needed to produce a result,
and many laboratories do not even check the FF. However it has been suggested that the FF

should be at least 4 % to minimise the risk of a false-negative risk (Peng and Jiang, 2017).
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1.5.1 Estimating Fetal Fraction

There have been huge advances in estimating the FF and there are now many different
approaches which are discussed below (Peng and lJiang, 2017). However, methods to
calculated FF may be quite variable as FF is difficult to measure accurately, especially at low

levels.

1.5.1.1 Y based chromosome approach

The earliest used measurement of FF relies on using Y chromosome based approaches. This
method utilizes the Y chromosome present in the male fetus but not present in the mother.
Genetic markers, DYS14 and SRY, can be identified using real-time PCR and quantified
against reference genomic DNA to determine FF (Zimmermann et al., 2005). The proportion
of Y chromosome material can also be used to calculate FF using the percentage of Y
chromosome. This is calculated using bioinformatics algorithms and a reference set of
euploid pregnancies, in data obtained by massively parallel genomic sequencing (Chiu et al.,
2011). Using the Y chromosome is a simple and accurate way of determine FF however it

cannot be used for female foetuses.

1.5.1.2 SNP-based methods

SNP-based methods are an accurate way to measure FF for both male and female foetuses.
This method relies on SNPs where both the mother and father are homozygous for different
genotypes and the fetus is heterozygous for the same SNP. The FF can be quantified by
sequencing the cfDNA and using the ratio of fetal alleles to the total number of alleles in the

plasma DNA sample (Chu et al., 2010). Although this is a direct and accurate method,
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additional analysis is required and both maternal and paternal DNA is required, and may not
always be feasible if the biological father’s DNA is not available. A similar method,
FetalQuant, can be used to calculate FF using maternal plasma, however it does require high
depth massively parallel sequencing. The FF is calculated using maximum likelihood
estimations, assuming that allelic counts at each SNP locus follow a binomial distribution

(Jiang et al., 2012).

1.5.1.3 SeqFF

A method to estimate both male and female FF, known as SeqFF, uses single-end, shallow
depth sequencing allowing the use of the same data generated during NIPT. This is based on
the assumption that maternal and fetal cfDNA have slightly different sequencing behaviour
and certain regions have different representation. While these differences are subtle and
hard to detect in an individual sample, when these differences are analysed in a large cohort
they can be determined. Discrete regions of fetal DNA are overrepresented in some areas of
the genome and the more fetal DNA the larger and more evident the difference. Once this
relation is known, a statistical model can be trained to quantify the FF. This statistical model
aggregates normalised counts of autosomal single-end sequence reads aligned to 50 kb
continuously partitioned regions of the human reference genome (hgl9) to determine
model coefficients using elastic net (Enet) and reduced-rank regression. This model can be

applied to other data sets to predict FF (Kim et al., 2015).
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1.5.1.4 DNA methylation

DNA methylation profiles vary between maternal and fetal cfDNA (Poon et al., 2002)
allowing for FF to be estimated using the different methylation regions in the RASSF1A gene
(Chan et al.,, 2006) and by bisulfite sequencing (Lun et al., 2013). Using a methylation-
sensitive restriction enzyme digests the hypo-methylated maternal derived RASSF1A
promoter sequences leaving the methylated fetal derived sequences. By comparing the total
copies of DNA against the fetal methylated DNA after restriction enzyme digestion, the FF
can be calculated (Chan et al., 2006). Alternatively, the placenta has a hypomethylated
profile compared to other tissues and the methylation of distinct genomic loci is specific to
placental tissues. cfDNA correlates with the placental methylome (Lun et al., 2013). Using
massively parallel bisulfite sequencing, cfDNA can be correlated to the methylation profile of
the placenta (Sun et al., 2015), a term referred to as plasma DNA tissue mapping, and thus
the fetal fraction can be calculated. However, these methods are expensive and technically

complex (Peng and Jiang, 2017).

1.5.1.5 DNA fragment sizes

Fetally derived cfDNA is shorter than maternally derived cfDNA (Chan et al., 2004). Fetal
fraction estimation has been developed based on the ratio between DNA fragment sizes as a
diagnostic parameter. Using paired-end massively parallel sequencing and a linear
regression model, the fetal fraction can be deduced from the size of the DNA fragment size,
where 100-150 bp represents the fetal DNA and 163-169 bp represents the maternal DNA

(Yu et al., 2014).
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1.5.2 Fetal Fraction influences

It is well known that FF increases with gestational age (Song et al., 2016, van Beek et al.,

2017). There have been no reports that maternal age influence the FF, but FF does decrease
with increasing maternal BMI (Hudecova et al., 2014, Wang et al., 2013, Zhou et al., 2015). It
has also been suggested that some trisomies influence the FF. For example, trisomies 13 and

18 decreases (Suzumori et al., 2016) FF but trisomy 21 increases FF (Ashoor et al., 2013).
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1.6 Aims

This thesis will explore the genetics of miscarriage over three chapters.

Firstly, a clinical trial to identify if there is a genetic cause of pregnancy loss using cfDNA
from maternal blood rather than the standard procedure of completing cytogenetic analysis
on pregnancy tissue. The aims of this chapter are to assess whether cfDNA in early
pregnancy can reliably detect fetal aneuploidies and other chromosome abnormalities and
whether the results obtained are comparable to the results obtained using routine testing
on pregnancy tissue when there is a sample available. This chapter will also assess the levels
of cfDNA in early pregnancy losses and whether the levels of cfDNA correlate to the levels of

BhCG.

Secondly, a published systematic review to identify potential genetic causes in miscarriage. It
is known that approximately 50 % of pregnancy losses are caused by genetic abnormalities
and the remainder have apparently euploid karyotypes. However, it is plausible that there
are cases of pregnancy loss with genetic aberrations that are not currently detected
routinely. The systematic review identifies studies that have recorded monogenic genetic

contributions to pregnancy loss.

Thirdly, whole exome sequencing was used to identify variants in genes which could be
lethal during early development and could be contributing to recurrent miscarriage within

the trial cohort.
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Chapter 2: The use of cfDNA in the
investigation of miscarriage
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Chapter 2- The use of cfDNA in the investigation of miscarriage

Work from this Chapter has been published (Appendix 1) in Journal of Clinical Medicine

under the following reference:

Colley E, Devall AJ, Williams H, Hamilton S, Smith P, Morgan NV, Quenby S,
Coomarasamy A, Allen S. Cell-Free DNA in the Investigation of Miscarriage. J Clin Med.

2020 Oct 26;9(11):3428. doi: 10.3390/jcm9113428. PMID: 33114508.

Authors roles: E.C.—Data analysis and writing; A.J.D.—Study design and ethical approval;
H.W.—Study design, ethical approval, grant administration and editing; S.H.—Data analysis
and critical appraisal; P.S.—Study design and critical appraisal; N.V.M.—Supervision and
critical appraisal; S.Q.—Critical appraisal; A.C.—Study design, supervision and critical
appraisal; S.A.—Study design, supervision, critical appraisal, data analysis, writing and

editing.

2.1 Introduction

2.1.1 Miscarriage Genetics

Early pregnancy loss prior to 20 weeks gestation is the most common complication during
pregnancy. One in five early pregnancies end in miscarriage and 50 % of these spontaneous
pregnancy losses are due to chromosomal abnormalities. It is important to identify whether
a chromosomal abnormality was causative of the pregnancy loss because this may have an

indication for the prognosis of future pregnancies. If a sporadic chromosomal abnormality is
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the cause of the pregnancy loss, the prognosis for future pregnancies is better than if the
chromosome complement is normal in which case there may be another, non-chromosomal,
reason for the miscarriage. If there is an unbalanced rearrangement in the pregnancy loss, it
could mean that one of the parents carries a balanced chromosomal rearrangement. This
would mean that future pregnancies would be susceptible to the same or other unbalanced
rearrangement. In these cases, it is important to obtain blood samples for parental

karyotyping for assessment of recurrence risk.

2.1.2 Cytogenetic analysis

The current Royal College of Obstetricians & Gynaecologists (RCOG) Green-top Guidelines
No. 17 (Regan et al., 2011) recommends cytogenetic analysis of pregnancy tissue after the
third and subsequent consecutive pregnancy losses, or karyotyping of parental samples if
pregnancy tissue is not available. Traditionally, cell culture and G banded chromosome
analysis were used to detect abnormalities in the pregnancy tissue. However, there is often
a high failure rate, due to the poor quality of tissue received and the difficulty with culturing
cells from such tissues and a limited resolution in detecting micro- deletion and duplication
syndromes. Molecular-based approaches, such as quantitative fluorescent PCR (QF-PCR),
subtelomere multiplex ligation-dependent probe amplification (MLPA) and array-
comparative genomic hybridisation (array CGH) have therefore been implemented across
laboratories. In the West Midland’s Regional Genetics Laboratory, chromosomal
abnormalities in pregnancy tissues are detected using QF-PCR and CMA based methods

(McClelland et al., 2011). This increased the success of POC testing from 70-80 % to 92 %.
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Currently, genetic testing for miscarriage is completed on pregnancy tissue, which comprises
of fetal skin, umbilical cord and placental chorionic villi, referred to as products of
conception (POC). This tissue needs to be fresh and unfixed so that the fetal tissues can be
identified and have DNA extraction or cell culture performed. This comes with the risk of
potential maternal cell contamination (MCC) which could lead to misdiagnosis of the sample.
The POC samples contain maternal cells including red blood cells and decidua which are
intertwined with the fetal tissues. These maternal cells can be carried over during the
selection of fetal tissues resulting in maternal DNA during DNA extraction or an overgrowth

of maternal cells during cell culture.

One of the other major problems with genetic testing of POC is that it is not always available
after a pregnancy loss, or the tissue is not returned by the patient to allow for genetic testing
in a laboratory setting. The management of miscarriage can be conservative, medical or
surgical. Conservative management is when the miscarriage occurs naturally without any
intervention and medical management involves taking medications which cause the cervix to
open and the uterus to contract causing the pregnancy tissue to pass. During conservative
and medical management the pregnancy tissue is often passed at home. Surgical
management involves removing the pregnancy tissue using a suction catheter under general
anaesthetic. This is completed in a hospital setting but comes with some risks such as
bleeding, infection, perforation, cervical trauma and intrauterine adhesions. The collection
of tissue can be very stressful for the patient and difficult to obtain. For example, collectable
POC is not always present in the cases of very early pregnancy loss or the POC is lost down
the toilet. POC is often fixed in formaldehyde for histological examinations and therefore

rendered unusable for genetic testing as formaldehyde fixatives degrade the DNA. For all
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these reasons, another easier, less stressful and reliable way of obtaining the fetal genetic

material needs to be addressed.

2.1.3 cfDNA

The identification of cell free DNA (cfDNA) by Dennis Lo (Lo et al., 1997) and major advances
in genomics has allowed the use of cfDNA to rapidly evolve. cfDNA is small fragments of
placental DNA, derived from trophoblast cells of the placenta which can be obtained from
the plasma of pregnant women. cfDNA has a half-life of just 16 minutes, meaning cfDNA is
cleared from plasma quickly following delivery and ensures that there is no residual cfDNA
from previous pregnancies. This has led to the development of non-invasive prenatal testing
(NIPT), non-invasive prenatal diagnosis (NIPD), fetal sex determination and fetal rhesus
determination. This means invasive tests such as chorionic villus sampling (CVS) and
amniocentesis are increasingly being replaced by non-invasive tests which don’t carry the
~1% miscarriage risk associated with invasive tests (Daley et al., 2014, Salomon and
Sotiriadis, 2019). However, very little work has been completed using cfDNA for miscarriage

genetic testing.

As discussed in the introduction, cfDNA is detectable as early as 22 days of gestation in
singleton pregnancies and is clinically utilisable from seven weeks gestation. Different
applications of cfDNA testing include fetal sex determination, Rhesus D (RhD) status, NIPT

and NIPD.
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2.1.4 cfDNA in miscarriages

Although cell-free fetal DNA is being utilized for prenatal diagnostic use in a clinical setting,
very little work has been done in nonviable pregnancies. Only two (Yaron et al., 2020, Clark-
Ganheart et al., 2015) to date have evaluated the use of cfDNA in a miscarriage setting.
cfDNA would be extremely useful in miscarriages to examine for any genetic causes of the
miscarriage by a simple blood test upon diagnosis. This would be far less stressful for the
patient than collecting the POC and would ensure a sample for genetic testing is always
available. POC is not always available because it is not present, not returned through the

correct pathway or is fixed too soon in formaldehyde.

One prospective cohort study (Clark-Ganheart et al., 2015), analysed cfDNA from 50 patients
who had either a missed abortion or fetal demise where the fetal tissue/ placenta was still in
situ. Cytogenetic analysis, from CVS, amniocentesis or post-mortem tissue, was available in
18/50 (36 %) of pregnancies. The mean gestational age by ultrasound scan was 15.5 weeks
(6.1-38.4 weeks) and the median fetal fraction was evaluated according to ultrasound scan

findings in Table 3.

Table 3- Median fetal fractions according to ultrasound scan findings (Clark-Ganheart et al., 2015)

Ultrasound scan findings Fetal Fraction (%)
Gestational sac only 4.7
Yolk sac without fetal pole 2.6
Fetal pole present 4.0

Second trimester conceptus 11.2

Third trimester conceptus 25.7
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There was 14/16 (87.5 %) concordant results between cytogenetic analysis and cfDNA
analysis, including trisomy 18, trisomy 13 and two trisomy 21. In two cases, the cfDNA result
was not concordant with the cytogenetic result. The cytogenetic testing identified a
monosomy X and a 1.79 MB microdeletion on chromosome X, cfDNA testing identified these
results as euploid and trisomy 7 respectively. Although this was not confirmed, these

discrepant results were suggested to be due to confined placental mosaicism.

In total, Clark-Ganheart et al. demonstrated 38/ 50 samples yielded results from cfDNA
analysis and had fetal fractions between 3.7 and 65 %. Fetal fractions <3.7 % or >65% were
considered to be non-results. Results were obtained in 87.9 % of samples with an
ultrasound scan gestational age of eight weeks or greater and 52.9 % of samples with an
ultrasound scan gestational age of less than eight weeks. This indicates that after
miscarriage, providing the pregnancy tissue is still in situ, cfDNA remains in the maternal

plasma.

An additional prospective diagnostic test study, (Yaron et al., 2020) has used cfDNA to
analyse 109 patients with early pregnancy loss at less than 14 weeks by ultrasound scan.
Ultrasound scans were performed to evaluate the gestation and a blood sample for BhCG
and cfDNA. Chorionic villus samples (CVS) were taken for each patient for cytogenetic
analysis by QF-PCR and karyotyping. Complete non-mosaic cytogenetic results were
available for 86 patients (80.7 %), consisting of 55 pregnancies (64.0 %) with genetic
aberrations and 31 euploid pregnancies. There was a mean ultrasound gestational age of

9.6 + 1.9 week and the mean fetal fraction was 5.2% * 3.6% (range <1% to 28%).
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2.1.5 Tommy'’s National Centre for Miscarriage Research

The Tommy’s National Centre for miscarriage research opened in 2016 and is based in
Birmingham Women’s Hospital, University Hospital Coventry, Queen Charlotte’s & Chelsea
Hospital and St Mary‘s Hospital, London. Tommy’s miscarriage centre aims to find causes for
pregnancy loss, gives parents to-be answers for their pregnancy loss and to stop it from

happening again (https://www.tommys.org/our-organisation/our-research/research-miscarriage).

The four main research focuses in Tommy’s are:

e Whydid it happen?
e Will it happen again?
e (Can we prevent it?

e How can we care for women emotionally?

This chapter of my thesis covers research which is one of thirteen work packages from
Tommy’s miscarriage centres and focuses on the genetic cause of ‘why did it happen?’
Within Tommy’s we aim to reduce the number of couples who are given no reason or

explanation for their miscarriage.
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2.2 Aims

The aims of this chapter are to investigate the use of cfDNA from maternal blood sample as a

diagnostic test following pregnancy loss, in particular:

e What the levels of cfDNA are in early miscarriages and whether it can be used to
reliably detect fetal aneuploidies and other chromosome abnormalities.

e To address whether the results obtained using cfDNA are comparable to the results
achieved using routine testing of products of conception when a sample is available.

e Whether the levels of cfDNA correlate with the levels of beta human chorionic

gonadotrophin (BhCG).

This research was completed at Birmingham Women’s Hospital. Patients were recruited
through the Tommy’s recurrent miscarriage clinic and laboratory tests were completed in

West Midlands Regional Genetics Laboratory.

West Midlands Regional Genetics Laboratory (WMRGL) currently uses lllumina’s Verifi
technology for non-invasive Prenatal Testing (NIPT). Verifi uses WGS and identifies
pregnancies with a high chance of trisomy 13 18 or 21 and is offered to patients with a high
first trimester screening risk (>1 in 150) of Edward’s, Patau or Down’s syndrome following
biochemical screening. As Verifi was already well established at WMRGL and uses WGS
(Togneri et al., 2019), it was decided to trial this method for cfDNA analysis in pregnancy loss
for all chromosomes. The closed pipeline using Verifi only identifies trisomy of chromosomes
13, 18 and 21. Therefore an additional bioinformatics pipeline was needed for the

sequencing data to determine genetic aberrations in all chromosomes.
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There are multiple bioinformatics pipelines which have been developed for NIPT. These
include WIthin-SamplE Copy Number aberration DetectOR (WISECONDOR) (Straver et al.,
2014b), Reliable Accurate Prenatal non-Invasive Diagnosis R package (RapidR) (Lo et al.,
2014), lllumina bioinformatics pipelines and Tree-based consistency objective function for

alignment evaluation (T-COFFEE) (Taly et al., 2011).

WISECONDOR is freely available and was developed in the Netherlands for NIPT. Using low
coverage NGS, WISECONDOR detects small aberrations in the fetal DNA (Straver et al.,
2014a). WISECONDOR works by splitting the genome into fixed sizes, known as bins. The
frequency of each read is mapped to each bin and normalized for the GC-content. The reads
are then compared across bins within the same sample and against a set of reference
samples. We decided to evaluate WISECONDOR as the pipeline was published and freely
available, the pipeline was validated using a HiSeq2500 which was also available in West
Midlands Regional Genetics Laboratory and was based on low coverage NGS with 10 to 14
million single end reads which was similar to the read depth to that achieved by routine NIPT

at West Midlands Regional Genetics Laboratory.

In addition, after the trial had commenced an opportunity to collaborate with lllumina arose.
Samples which had consent to be sent to an external laboratory also had cfDNA testing using
Illumina’s VeriSeq technology and analysis using lllumina’s all chromosome pipeline. This
additional laboratory work and analysis was completed by lllumina Cambridge and final

results were returned.

42



2.3 Methods

2.3.1 Ethics and approvals
This study was completed at Tommy’s National Centre for miscarriage Research, IRAS project
ID, 215646, has received Research Ethics Approval (REC) approval and Health Research

Authority (HRA) approval.

2.3.2 Recruitment and Sample collection

2.3.2.1 Patient Consent

Informed consent was obtained from the donors in order to use their samples and data in
this research. This explicitly covers consent to work with the patient’s POC and genetic
material. The samples were collected as donations to medical research and the tissue(s)
were used according to the approved ethics and in accordance with the Human Tissue Act
(HTA). The donor(s) maintained their ability to withdraw consent for further use but did not

retain any rights to the samples after acquisition.

Consent was obtained in a clinical setting by someone trained in accordance with Good
Clinical Practice (GCP) and on the trial delegation log. The consent forms explained the trial
and how the samples would be used. A copy of the signed consent forms was retained for
the sample collection log, a copy retained by the patient and a copy filed in the patient’s

medical notes.

Consent was either obtained through Tommy’s Global (TG), Tommy’s Pregnant (TP) or
Tommy’s Sporadic (TS). TG consent was obtained outside of the pregnancy during the

Tommy’s Recurrent Miscarriage clinics. TP consent was only used when the couple was
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currently pregnant and had not been previously consented. The couple were consented if
they were high risk of pregnancy loss or experiencing a miscarriage. The couple must have
been at least 16 years of age and have a medical history of recurrent miscarriage and be
experiencing early pregnancy complications. The couples were excluded from the study if
either of the parents were not genetic parent(s) of the conceptus. Figure 8 below shows the
consent flow. In addition, TS was introduced to collect samples from couples without

recurrent miscarriage when experience their first or second pregnancy loss.

GP referral GP referral
Recurrent Miscarriage Clinic Early Pregnancy Monitoring
Before Next Pregnancy During First and Second Trimesters
Become Pregnant Successful Pregnancy
ﬁ ﬁ
M Consent M M Consent ™M

Either
Already in place via RM Clinic
Or direct entry via:
TP (Pregnancy Monitoring)

TG (Tommy’s Global)

Figure 8- Consent was either obtained during the recurrent miscarriage clinic or during
early pregnancy monitoring.

2.3.2.2 Samples

The patient recruitment was loosely divided into three groups, serial blood samples,
threatened miscarriage and diagnosed miscarriage. There was some fluidity between these

groups as patients could move between groups when they went from threatened to
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confirmed miscarriage. The pregnancy tissue was collected where available when the

pregnancy was no longer viable.

Serial blood samples were taken from women who had a history of three or more
miscarriages and were being monitored during early pregnancy. A blood sample for cfDNA
testing and BhCG was taken every week after a positive pregnancy test for six weeks or until
the pregnancy ended. The serial samples were started as early as five weeks of gestation
from LMP and the gestation confirmed by ultrasound scan. If unfortunately the women
miscarried during the serial sampling monitoring, the unfixed POC was collected and

analysed.

Threatened miscarriage samples were taken to ascertain whether cfDNA could be used as an
early predictor of miscarriage. Knowing the genetics of the threatened pregnancy could
determine the future clinical management of the pregnancy (e.g. prescribing progestogen to
‘rescue’ threatened euploid pregnancies). These women had a history of recurrent
miscarriage and experiencing bleeding or pain during a viable pregnancy. A blood sample
was taken for cfDNA analysis and BhCG levels. In cases where the patient went on to have a
miscarriage, an additional cfDNA and BhCG blood sample was collected and the pregnancy

tissues collected for cytogenetic testing, where available.

Diagnosed miscarriage samples were taken to ascertain whether cfDNA was comparable
with routine POC testing. Women were at the point of miscarriage diagnosis, but still had
some or all of the pregnancy tissue in situ. Blood samples were taken for cfDNA and BhCG

levels. Where available the POC was obtained for cytogenetic testing.
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Blood was collected for BhCG levels at the same time as cfDNA blood collection. This was to

determine whether the levels of cfDNA correlate with BhCG levels.

RM clinic

3 or more
previous
miscarriages

EPAU

3 or more
previous
miscarriages,
currently
pregnant and
experiencing
complications

Become pregnant

ﬁ

Sign TG
consent
RM clinic
questionnaire
completed

}
7

10ml 5ml

:

Sml

Streck EDTA EDTA

Complete
EPAU
questionnaire

Sign TP
consent

tube tube

tube

10ml 10ml
Streck Streck
tube tube

1Oml
Streck
tube

POC

Miscarriage

Figure 9- Samples are obtained following threatened or diagnosed miscarriage

2.3.2.3 Clinical Information

Upon recruitment to the trial, a patient questionnaire was completed by both male and
female partners. This collected the clinical information which was relevant to the study
including a history of previous pregnancies and/ or miscarriages, the gestation of the
miscarriage(s), contraceptive and fertility treatments and whether the relationship was
between blood relatives. Access to the patient’s notes was also available to collect any

additional clinical information.

During the sample collection scan findings were collected, where available. These include
date of ultrasound scan and estimated gestation according to ultrasound scan, whether
gestational sac, yolk sac and fetal pole were seen, crown-rump length measurements and

fetal heart activity.
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2.3.2.4 Anonymisation

Samples were anonymised using Tommy’s identifiers which comprises of the consent
number, sample type and a randomly assigned colour, e.g. 0001.MAT.Red. Streck samples
for threated, diagnosed miscarriage and serial samples were anonymised at the time of
collection. POC samples were assigned an anonymised Tommy’s identifier and the data
analysed anonymously for the study. However, they were still linked to patient identifiers so

a report could be issued.

2.3.3 Sample preparation

2.3.3.1 Plasma isolation

Up to 10 ml of maternal blood was collected for cfDNA in Streck tubes. These are specialised
glass blood tubes which keep cell free DNA stable in blood for up to seven days at room
temperature. The plasma was isolated from whole blood using double centrifugation
according to manufacturer’s instructions and transferred into Eppendorf DNA LoBind tube in
1 ml aliquots. These aliquots were stored at -80°C until use. This separated the plasma from
red blood cells and buffy coat and removed any white blood cells which could lyse during the

freeze thaw and release additional DNA into the sample.

2.3.3.2 phCG

Blood samples to collect BhCG levels were ta ken at the same time as a Streck sample and
allowed comparison of cfDNA levels with the BhCG level. These blood samples were

collected in lithium heparin blood tubes and labelled with the patient identifiers. The BhCG
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levels were tested by Birmingham Women’s and Children’s NHS Trust Biochemistry service
and the results obtained using Birmingham Women’s and Children’s NHS Trust Telepath

results service. The BhCG range was measured from between 0- 211134 mIU/mL.

2.3.3.3 POC

In cases where the pregnancy loss had been confirmed, where available, the products of
conception (POC) were collected using patient identifiers. These were collected as routine
clinical samples and QF-PCR and chromosomal microarray analysis (CMA) was completed on
POC after the third and subsequent consecutive miscarriages(s) according to the RCOG
Green-top Guideline No. 17 (Regan et al., 2011). QFPCR and CMA testing was completed at

West Midlands Regional Genetics Laboratory.

Initially fetal tissue (fetal skin > cord > chorionic villi) was identified from the POC sample
under a microscope using F-10 Nutrient Mixture (Ham’s) Media (Gibco) and any maternal
tissue was identified and removed. A small amount of fetal tissue was sampled into a
Precellys Lysing Kit tube (Bertin) with Dulbecco’s phosphate buffered saline (Gibco). DNA
from the tissue was extracted using Precellys 24 Lyser/Homogeniser followed by EZ1

automated extraction according to West Midlands Regional Genetics Laboratory guidelines.

A quantitative Fluorescence-Polymerase Chain Reaction (QF-PCR), trisomy screen was first
performed on DNA from the tissue extraction. This is a rapid screen to test for trisomies 13,
18 or 21, triploidy and sex chromosome aneuploidy. If the QF-PCR was abnormal it was
reported, if this was normal Microarray testing was initiated. Microarray testing was

completed using OGT CytoSure 8x60k Constitutional v3 design; exon/gene level resolution of
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~500 DDD/ClinGen curated developmental genes and syndromic regions; tiered backbone
resolution ~120-500kb; analysis in build GRCh37 using CytoSure v4.9 and CBS algorithm. The
microarray analysis was expected to detect copy number imbalances >1 Mb, however would
not have been able to detect balanced rearrangements or UPD and is limited in detecting

mosaicism

2.3.3.4 ¢cfDNA extraction

cfDNA was extracted from the 900 ul plasma samples using QlAamp DNA Blood Mini Kit 250
according to the standard protocol. The QlAvac 24 Plus Vacuum Manifold System was
assembled according to Figure 10 and the cfDNA extracted from the plasma lysate using the
QlAamp MiniElute Column. The DNA elute was transferred to 0.5 ml screw cap elution tubes

and frozen to -80°C until used for library preparation.

Figure 10- QlAvac 24 Plus Vacuum Manifold System

A, vacuum connector; B, vacuum valve; C, QlAamp mini column; D, extension tube; QlAvac 24
vacuum manifold. Illustration provided by Rosanna Colley.
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2.3.4- SE-HiSeq-WC

All samples were analysed within West Midlands Regional Genetics Laboratory using single
end sequencing reads on the HiSeq2500 and analysed using WISECONDOR (SE-HiSeq-WC).
Laboratory work was completed equally by Mohammed Omer and myself. The extracted
DNA was enriched into a 16 sample library, including a normal control, and a no DNA
template control (Dulbecco's Phosphate-Buffered Saline), using the lllumina® TruSeq® Nano
DNA sample prep kits (low-throughput), box A and box B, and additional Enhanced PCR Mix

(EPM) tubes (lllumina) according to manufacturer’s guidelines.

In brief, the sample library was made by converting each DNA fragment into a blunt end
using the end repair mix and the 3’ ends adenylated. A unique DNA adapter was ligated to
each sample and the products cleaned up using PCR Sample Purification beads. This method
was PCR based and the samples underwent PCR amplification using a BioRad thermal cycler

and the final products cleaned up again using PCR Sample Purification beads.

The final libraries were quantified using Qubit dsDNA HS Assay Kit according to the
manufacturer’s guidelines. The concentration of each sample is calculated using the

following calculation:

[Qubit reading ng/ml] x [40 dilution factor] x [1000 ml/L] x [bp mol/660g] x [1/290 bp] = nM

The library was normalised to a concentration of 1.7 nM and the DNA denatured using equal
volumes of 0.1 M NaOH. A further diluted 8.5 pM library was shallow sequenced on the
HiSeq2500 using 50 cycle rapid SBS kit (boxes 1 and 2) (lllumina) and Rapid SR cluster kit

(Hlumina), rapid run flow cell (lllumina), HiSeq Rapid SBS kit v2 (lllumina) and HiSeq Rapid SR
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Cluster kit v2 (lllumina), according to standard manufacturer’s guidelines. Run parameters

were selected on the HiSeq500 to use single read indexing and 36 cycles.

Once the HiSeq2500 run had finished, the shallow sequencing data was run on
WISECONDOR. The fetal fraction for the SE-HiSeq-WC method was calculated using the

[llumina VeriFi pipeline.

2.3.4.1 The WIthin-SamplE Copy Number aberration DetectOR (WISECONDOR)

The WiIthin-SamplE Copy Number aberration DetectOR (WISECONDOR) (Straver et al.,

2014a) algorithm was downloaded from https://github.com/VUmcCGO/wisecondor and

implemented as recommended, using a custom pipeline written in Python using the Ruffus
framework. The custom pipeline works by removing low quality data and removing adapters
added during the library preparation. The trimmed data files are aligned to the human
genome (hgl9 build) using the BWA aln algorithm to generate an intermediate SAIl (Suffix
Array Indexes) file. Reads from both lanes of the HiSeq were aligned to the reference
genome independently, as this is more conveniently and computationally efficient, and the
SAl file was converted to a SAM (Sequence Alignment and Mapping) file. The files were then
converted into a BAM file (a compressed binary equivalent of the SAM file) with the lane
identifier within the read group of each BAM, sorted into chromosome order and the two
lanes merged together. The merged BAM files were run through WISECONDOR convert tool
to create a WISECONDOR-specific (NPZ) file that records the number of reads in 50,000 base
bins across the genome. The WISECONDOR test tool then compared reads across bins within

each sample and to a previously generated set of reference samples that are from
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aneuploid-negative samples. A binary output file (in NPZ format) is produced, converted into
a readable .txt file and plotted along with G banding information. The WISECONDOR
reference set was generated following authors instructions (Straver et al., 2014a) on samples
previously assessed in house using lllumina’s Verifi NIPT assay. An equal male to female ratio
of samples were chosen that did not contain values, on any chromosome, with a normalised

count value (NCV) of greater than four; which is the agreed threshold for calling a trisomy.

Results were scored from the WISECONDOR plots. ‘Called regions’ in an ‘un-callable region’
were considered to be artefacts. Sample results where >3 called chromosome regions were
considered failed results. Low fetal fraction or low BhCG results were not used as cut-offs, to
fail a result. However fetal fraction and BhCG results are taken into account in the results
section (2.4). If there were no regions called as under- or over-represented in the sample

then these pregnancies were considered to be euploid.
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Figure 11- Within-SamplE COpy Number aberration DetectOR (WISECONDOR) Bioinformatics
Pipeline.

2.3.5 PE-NextSeq-Illumina

During the trial the opportunity arose to collaborate with Illumina. At least 1 ml of plasma
sample, from patients which had been consented to be tested by an external laboratory
were sent to an lllumina Laboratory in Cambridge. These samples were run using lllumina’s
automated VeriSeq NIPT v2 CE-IVD using paired end sequencing reads on the NextSeq and

analysed using lllumina’s all chromosome pipeline (PE-NextSeq-lllumina).
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The samples were processed in a 24-sample batch through a modified Illumina VeriSeq NIPT
solution v2 workflow as previously described (Pertile et al., 2020, Andrews et al., 2020), but
using the latest analysis platform (Leinfinger et al., 2020) and with a few small modifications.
This protocol is PCR free and whole genome sequencing is used to detect aneuploidies,
partial duplications and deletions, sex chromosome aneuploidy and calculate fetal fraction.

Table 4 below illustrates the two sequencing and analysis protocols used in the study.

Table 4- Sequencing and analysis protocols used in the study.

SE-HiSeq-WC PE-NextSeq-lllumina
Manual Automated

PCR based PCR free

Single end reads Paired end reads

HiSeq NextSeq

WISECONDOR [llumina custom pipeline
2.4 Results

2.4.1 PAGE Results

To investigate the limit of detection using SE-HiISEg-WC, an initial analysis was carried out on
plasma aliquots collected from pregnancies recruited to the Prenatal Assessment of
Genomes and Exomes (PAGE) study (Lord et al., 2019). These were pregnancies with
structural abnormalities where genetic aberrations had been detected by CMA analysis.
Three PAGE samples were selected with five varying sizes of deletions and duplications to
assess the detection capabilities of WISECONDOR. Table 5 shows the detection of

aberrations in PAGE samples ranging in size from 2.6 Mb to 71Mb.
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Table 5- Detection of aberration in PAGE samples by WISECONDOR.

Gestation Scan findings Fetal Aberrations Dfelet'lon/. Chromosome WISECONDOR
sex Duplication size detection
Hypoplastic left
Not heart syndrome, Male 22q11..21 micro- 2.6 Mb duplication 22 Not detected
recorded short long bones, duplication
bright bowel
8.3 Mb duplication 3 Not detected
22+6 Encephalocele Female 46,Xz((;c21¢;;1232).t1()3:13)
41.2 Mb deletion 13 Detected
71 Mb duplication 3 Detected
Nuchal
uchal pad/ 46,XX,der(6)t(3;6)
13+1 nuchal thickening ~ Female (q21;25)mat
(6.7 mm) asba
10.5 Mb deletion 6 Detected

The 22g11.21 micro-duplication and the 8.3 Mb duplication were not detectable by

WISECONDOR, but the 41.2 Mb deletion, 71 Mb duplication and 10.5 Mb deletion were all

detected. It was concluded from this initial analysis that in general aberrations under 10 Mb

were unlikely to be detectable by WISECONDOR but aberrations above 10 Mb are more

likely to be detectable. However this is dependent on several factors including fetal fraction

and gestation. The plasmas from the PAGE were taken from pregnancies in the second

trimester, whereas pregnancy losses <10 weeks are likely to have lower FFs. The CMA result

and WISECONDOR MPS/WGS analysis for two PAGE cases are shown in Figure 12.
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Figure 12- CMA and WISECONDOR analysis of PAGE Samples

A) CMA of POC showing a duplication of 8.3 Mb on chromosome 3 and a 42.2 Mb deletion on
chromosome 13. 46,XX,der(13)t(3:13)(g28;922.1) B) WISECONDOR WGS of the corresponding plasma
sample showing a called region at the end of chromosome 13 but no called region on chromosome 3.
C) CMA of POC of 46,XX,der(6)t(3;6)(q21;925)mat, showing a duplication of 71 Mb on chromosome
3 and a 10.5Mb deletion on chromosome 6. D) WISECONDOR analysis of the corresponding plasma
sample showing a called region at the end of chromosome 3 and 6.
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2.4.2 Sample Collection

In total, 219 maternal blood samples were collected in Streck blood tubes for cfDNA analysis.
This comprised of 72 serial samples, 30 threatened miscarriage samples and 123 confirmed

miscarriage samples (of which 6 were from serial patients).

2.4.2.1 Serial Samples

A total of 72 serial samples were collected from 15 patients. A maternal blood sample was
collected approximately every week and an early pregnancy ultrasound scan was performed
on the patient to assess the gestational age and health of the conceptus. The gestations by
ultrasound scan ranged from four to 13 weeks with a mean of 6 weeks, the average number
of previous pregnancy losses was three and the average maternal age was 34 (Figure 13).
Nine of these pregnancies resulted in live births and six of them miscarried (Table 6). cfDNA
testing was completed with SE-HiSeg-WC. The BhCG measurement was calculated for 66

samples and the fetal fraction calculated using the NIPT VeriFi pipeline during the cfDNA

testing.
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Figure 13- Baseline Characteristics for Serial Samples

Graph shows the maximum, minimum and average values for the gestation by ultrasound scan,
number of previous pregnancy losses and maternal age of the serial sample cohort.
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Table 6- Serial Sample Collection
The gestation of the pregnancy was calculated by ultrasound scan. The red samples

represent when the miscarriage was diagnosed. The sample in purple represents an early
fetal death with complete infraglottic laryngeal atresia complicated by severe pulmonary
hypoplasia. a, b etc. represents when more than one pregnancy was sampled from the same

patient.

Previous Sample 1 Sample 2 Sample 3
losses Gestation Gestation Gestation

Sample 4
Gestation

Sample 5
Gestation

Sample 6

Fatient Gestation

N

6+0

NNNAWWWUWWNOOWW

4+3 No scan 5+6 6+0

4+0 5+0 7+0

6+0

5+6 6+0 7+0 8+0 9+0 1145
7+0 8+2 9+0 10+0 1140 1340

2.4.2.2 Threatened miscarriage Samples

In total 26 samples from 25 different patients were collected as “threatened miscarriage”
samples where there was pain or bleeding during the pregnancy. The gestations ranged from
5+2 to 12+4 weeks, the average number of previous pregnancy losses was three and the
average maternal age was 32. The pregnancies were followed up and 16 resulted in live birth
and eight resulted in miscarriage. Four of the miscarriages (Sample IDs 27, 34a, 107 and 242)
also had an additional sample taken at the point of miscarriage diagnosis, which is included
in the confirmed miscarriage cohort. CfDNA testing was completed using SE-HiSeq-WC. The
BhCG measurement was taken for the samples and the fetal fraction calculated using the

[llumina VeriFi pipeline during the cfDNA testing.
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2.4.2.3 Confirmed Miscarriage Samples

In total 123 blood samples were collected for confirmed miscarriages, 113 of these samples
were collected only for the confirmed miscarriage cohort, 4 samples also had threatened
miscarriage samples collected (sample IDs 27, 34a, 107 and 242) and 6 samples (sample IDs
4, 82, 96, 168, 170a and 198) were from the serial sample cohort at the point of diagnosis.
The gestations ranged from 5+0 to 11+6 weeks, the average number of previous pregnancy
losses was four and the average maternal age was 34. Seventy-nine (64.2 %) samples
received cytogenetic results from the POC, of which 37 (46.8 %) had no significant copy

number imbalance detected and 42 (53.2 %) had a genetic aberration.

59



2.4.3 Linear Regression

Linear regression analysis compares the direct relationship between two variables and was
completed to examine the relationship between fetal fraction, gestation by scan and BhCG
value. Statistical analysis was completed on gestation, BhCG and fetal fraction using linear

regression calculated for:

e Serial samples )
» BhCG on gestation Calculated difference between live

" birth and miscarri |
> Fetal fraction (VeriFi) on BhCG Irth and miscarriage samples.

» Fetal fraction on gestation

e Threatened miscarriage samples )
> BhCG on gestation. >_Ca|cu|ated difference between live
birth and miscarriage samples.
» Fetal fraction (Verifi) on BhCG

e Confirmed miscarriage samples
» BhCG on gestation
» Fetal fraction (Verifi) on BhCG

» Fetal fraction (VeriSeq) on BhCG

60



The combined correlation of fetal fraction on gestation for serial samples from pregnancies
resulting in either live birth or pregnancy loss was calculated. This showed that for each
additional week of gestation the fetal fraction increased by 1% in pregnancies that resulted

in livebirth and by 0.2 % for pregnancies that resulted in miscarriage (P=0.09).

10 15
1 1

Fetal Fraction (%)
5
|

1
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© Live Birth © Miscarriage

Figure 14- correlation of fetal fraction on gestation for serial samples from pregnancies
resulting in either live birth or pregnancy loss
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Linear regression for fetal fraction on BhCG analysis, for all groups, showed that there was a
statistically significant correlation between fetal fraction per 10,000 mIU/mL rise of BhCG for
all samples (Figure 15/Table 7). When the pregnancies resulting in livebirth were compared
to the pregnancies resulting in miscarriage (from the serial and threatened cohorts
combined), there was no observed difference in the correlation of fetal fraction with BhCG

(p = 0.426)
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Figure 15- Linear regression graphs for fetal fraction on BhCG
A) Serial, B) Threatened, C) Confirmed (Verifi), D) Confirmed (VeriSeq).

Table 7- Linear Regression analysis for Fetal fraction on BhCG
Where coef. is the coefficient per 10,000 mlU/mL rise of BhCG, se is the standard error.
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The linear regression analysis showed that there was a statistically significant increase in

I”

BhCG for each additional week of gestation for pregnancies in the “serial” and “threatened”
groups. As illustrated in the graphs, this was largely due to the contribution of pregnancies
that went on to result in a live birth represented in green. The increase of BhCG for each

additional week of gestation for the samples where a miscarriage had been confirmed was

not statistically significant (Figure 15/ Table 8).
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Figure 16- Linear regression graphs for BhCG on gestation
A) Serial, B) Threatened, C) Confirmed

Table 8- Linear Regression analysis for BhCG on gestation

Where coef. is the coefficient for each additional week of gestation, se is the standard error.

16023.0 (3033.7)
16772.9 (6709.4) 0.019 20.0
632.6 (1961.6) 0.748 0.1
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2.4.4 Assessment of test performance in miscarriage samples

In total, 123 samples were collected once a miscarriage had been confirmed. 80 pregnancies
had a corresponding cytogenetic result from POC analysis. All 123 samples were analysed
using SE-HiSeq-WC and 101 samples had additional analysis using PE-NextSeqg-lllumina
(Figure 17). The BhCG measurement was taken for 120 of the samples and the fetal fraction

for both SE-HiSeq-WC and PE-NextSeq-lllumina was calculated during the cfDNA testing.

PE-NextSeq-lllumina
38

Figure 17- Venn diagram showing the total number of confirmed miscarriage samples with
corresponding POC samples.
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Six Samples only had analysis SE-HiSeg-WC, 16 samples had SE-HiSeq-WC with a known
cytogenetic result, 38 samples had SE-HiSeq-WC analysis and PE-NextSeqg-lllumina without a
known cytogenetic result, 63 samples had SE-HiSeq-WC analysis and PE-NextSeq-lllumina

with a known cytogenetic result.

The analysis from c¢fDNA was compared to the cytogenetic results from the POC samples
(Table 9), where available. Using SE-HiSeq-WC, 57.5 % of samples were correctly identified in
comparison to POC results and using PE-NextSeqg-lllumina, 72.4% of samples were correctly

identified. Triploid results cannot be identified by either pipeline, so have been excluded.
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Table 9- All miscarriage samples analysed by cfDNA using SE-HiSeq-WC and PE-NextSeq-lllumina and compared to genetic analysis of POC (CMA).

Includes all samples from the miscarriage cohort and additional samples from the threatened and serial cohorts where the sample was taken at the

point of miscarriage diagnosis. Note, samples 529-UHC, 264 and 433-UHC appear twice as they fall into two subgroups. No sample- sample was not

submitted for analysis, no fetal material- sample was received but no fetally derived tissue could be identified (including chorionic villi), maternal cell

contamination- sample received but QF-PCR results showed too much of the sample tested was maternally derived and therefore a genetic result was

not available. The gestation of the pregnancy was calculated by ultrasound scan. *represents the confirmed miscarriage sample from serial patients.

a, b etc. represents when more than one pregnancy was sampled from the same patient. ii represents where a previous threatened sample was

taken. NR indicates not recorded results.

Patient

POC results

(Male/ Female)

POC tissue
analysed

Gestation
(Weeks)

Fetal
fraction (%)

BhCG

(mlU/mL)

Maternal age
(Years)

SE-HiSeq-WC

outcome

PE-NextSeg-lllumina
outcome

Normal POC,
both tests concordant

26 No significant copy number | o\ o ol vill 7+4 5 21572 29 No anomaly No anomaly detected- XY
imbalance (M) detected

88 No SIEn.Iﬁcant R Placental villi 1040 3 69 42 D e No anomaly detected- XX
imbalance (F) detected

107ii No 5|gn.|f|cant copy number Placental villi 5+0 8 48612 24 No anomaly No anomaly detected- XX
imbalance (F) detected

131 NOSTLTTEN GO TS| ooy 9+0 4 89142 30 MDELIETIED) No anomaly detected- XX
imbalance (F) detected

155 No 5|gn.|f|cant copy number Placental villi 7+5 6 129704 23 No anomaly No anomaly detected- XX
imbalance (F) detected

161 ORI Sl Fetal skin 9+0 19 30465 20 MDELIETIED) No anomaly detected- XY
imbalance (M) detected

170pii | MO significant copy number Fetal skin 8+4 7 11296 28 No anomaly No anomaly detected- XX
imbalance (F) detected

191 No 5|gr'1|f|cant Loy e Placental villi 11+0 9 4229 40 MDELIETIED) No anomaly detected- XY
imbalance (M) detected

215a No 5|gr.1|f|cant copy number Placental villi 8+4 4 4067 35 No anomaly No anomaly detected- XY
imbalance (M) detected

217 No 5|gn.|f|cant Loy il Placental villi 8+4 16 25177 24 D IEIED] No anomaly detected- XX
imbalance (F) detected

242ii No 5|gn'|f|cant copy number Placental villi 7+0 2 15670 25 No anomaly No anomaly detected- XX
imbalance (F) detected
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263 No 5|gr.1|f|cant geelienbey Placental villi 6+0 7 122350 NR 29 MO eIz No anomaly detected- XY
imbalance (M) detected

308 No significant copy number | o, o ol vill 743 2 4888 4 31 No anomaly No anomaly detected- XX
imbalance (F) detected

98- No significant copy number | o o) i NR 10 76188 4 34 No anomaly No anomaly detected- XX

UHC imbalance (F) detected Y

198- No significant copy number - No anomaly

UHC imbalance (F) Placental villi NR 9 43599 4 33 detected No anomaly detected- XX

243- No significant copy number - No anomaly

UHC ) Placental villi 6+3 10 102631 2 28 E— No anomaly detected- XY

306- No significant copy number - No anomaly

UHC imbalance (M) Placental villi 5+6 4 57511 4 31 detected No anomaly detected- XY

351- No significant copy number - No anomaly

UHC - Placental villi 6+4 4 60847 4 31 detected No anomaly detected- XX

420- No significant copy number - No anomaly

UHC imbalance (M) Placental villi NR 4 7526 14 34 detected No anomaly detected- XY

544- No significant copy number . No anomaly

UHC -] Fetal skin 6+1 7 35524 5 30 detected No anomaly detected- XY

620- No significant copy number . No anomaly

UHC imbalance (M) Fetal skin 1046 4 53747 5 31 detected No anomaly detected- XX

669- No significant copy number - No anomaly

UHC imbalance (F} Placental villi NR 7 130993 7 39 detected No anomaly detected- XX

785- No significant copy number - No anomaly

UHC imbalance (M) Placental villi NR 2 2098 3 32 detected No anomaly detected- XX

No 5|gr.1|f|cant copy number Placental villi 5+5 4 79671 3 25 \IEITIELY No anomaly detected- XY

imbalance (M) detected

imbalance (F)

detected

No significant copy number . No anomaly
. E imbalance (M) Fetal skin 7+0 2 6317 4 35 detected
-
c o i ifi
5z s7p | Nosienificant copynumber | o o neal vil 7+0 8 42635 9 43 No anomaly -
.59 imbalance (M) detected
U O P
95 68 No significant copy number Fetal skin 1145 10 62510 3 35 No anomaly ;
=9 E imbalance (M) detected
£ ";) = % No significant copy number - No anomaly
=23 82 . Placental villi 8+0 2 6844 8 39 -
g T o imbalance (M) detected
38 —
Tx 83 No significant copy number | o\ ol vill NR 7 55844 3 34 No anomaly -
a2 imbalance (M) detected
»n 5 —
& 144 NOSRIHEGERIAE || o e g0y 740 8 48002 2 34 LI LY -
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both tests
discordant

Normal POC,

Normal POC,
discordant,
PE-NextSeq-
lllumina not

Normal POC,
concordant,

Normal POC, SE-
discordant, PE-

Abnormal POC,
both tests concordant

NextSeq-lllumina

lllumina
discordant

No significant copy number

chromosome 5

concordant

81 imbalance (F) Fetal skin NR 6 4648 3 36 deletion del(10)(q26.13926.3)- XX
No S|gn'|f|cant copy number Fetal skin 940 6 2693 ) 36 Chr?mosc?me 19 _
imbalance (F) insertion
No significant copy number - No anomaly .
UHC imbalance (F) Placental villi NR 6 16968 4 41 detected Trisomy 16- XY
830 | Nosignificant copy number | py, o yif 6+0 6 46177 0 35 No anomaly Trisomy 16- XX
imbalance (F) detected
No 5|gr.1|f|cant copy number Placental villi 6+0 6 8670 3 33 part|.al tr|.somy 9+ No anomaly detected- XY
imbalance (M) partial trisomy 15
141 No significant copy number Fetal skin 743 9 21160 5 32 Chromosome 7 No anomaly detected- XY
imbalance (M) duplication
Chromosome 1-
No significant copy number - deletion +
R Placental villi NR 12 263766 3 27 No anomaly detected- XX
imbalance (F) Chromosome 10
deletion
~5.8 Mb terminal deletion at Terminal
133 7q36.2q36.3 anc.i 2.1’14 LAl Placental villi NR 7 57348 4 34 Chromosome 19 dup(19)(g13.12g13.43)- XX
terminal duplication at duplication
19913.12q13.43 (F) P
164 Trisomy 15 (F) Placental villi 6+0 4 6774 2 42 Trisomy 15 Trisomy 15- XX
176 Trisomy 15 (F) Placental villi 7+0 5 491 2 43 Trisomy 15 Trisomy 15- XX
279 Trisomy 7 (F) Placental villi 6+0 NR 8429 4 40 Trisomy 7 Trisomy 7- XX
Ziigc Trisomy 21 (M) Placental villi 9+3 9 100638 6 28 Trisomy 21 Trisomy 21- XY
EJZI-IQ(; Trisomy 21, monosomy X (F) Placental villi 7+0 5 21171 5 39 Trisomy 21 Trisomy 21-XX
Trisomy 15 (F) Placental villi 7+3 4 42333 2 33 Trisomy 15 Trisomy 15- XX
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Abnormal

Abnormal POC,
SE-HiSeq-WC discordant,

PE-NextSeq-Illumina not

POC,
SE-HiSeq-WC

Abnormal POC,

Concordant,

-
c
(]

o
£
]
o

2

T
"
2
(%3
]
-

£
=
o

o

PE-NextSeq-
Illumina not

tested

tested

Trisomy 15

12 (M) Placental villi 7+5 - 69345 3 38 Trisomy 15 -
114 Trisomy 16 (F) Placental villi 6+0 5 11719 2 36 Trisomy 16 -
129 Trisomy 22 (M) Placental villi 8+0 5 6764 5 43 Trisomy 22 -
4* Trisomy 22 (F) Placental villi 7+2 1 19247 2 40 MDENIEEL; No anomaly detected- XX
detected
~9.23 Mb terminal
duplication at 4934.3935.2 - No anomaly
202 and ~29.78 Mb terminal Placental villi 6+0 4 13819 4 29 detected No anomaly detected- XX
deletion at 5933.1935.3 (F)
245 Trisomy 22 (M) Placental villi NR 3 14762 3 33 \DEITIELY No anomaly detected- XY
detected
303- . . No anomaly
UHC Deletion 13q13.3g34 (F) Placental villi 6+0 3 34087 3 35 detected No anomaly detected- XX
328- . - No anomaly
UHC Trisomy 11 (F) Placental villi NR 6 2983 3 42 I No anomaly detected- XX
586- . - No anomaly
UHC Mosaic Trisomy 17 (F) Placental villi 6+0 7 22435 2 41 detected No anomaly detected- XX
816- . . No anomaly
UHC Trisomy 18 (F) Placental villi 5+0 4 5852 3 40 I No anomaly detected- XX
965- . - No anomaly
UHC Trisomy 15 (M) Placental villi 7+6 4 73962 3 42 detected No anomaly detected- XY
99 Trisomy 5 (M) Placental villi 6+0 3 5111 4 27 Chrom.oso.me 8 No anomaly detected- XY
duplication
260 Trisomy 22 (M) Placental villi 740 4 5194 2 43 Monosomy 10 +, No anomaly detected- XY
Monosomy 20
- No anomaly dup(15)(g21.3923);dup(20)
228 Monosomy 21 Placental villi 7+0 3 6220 5 41 i (q11.2113.12)- XY
264 Trisomy 13 (F) Placental villi 6+0 3 14002 NR 33 No anomaly Trisomy 13, Trisomy 16- XX
detected
51a Mosaic trisomy 4 (M) Placental vill 5+4 4 12725 6 34 No anomaly -
detected
57a Mosaic trisomy 16 (F) Placental villi NR 3 42635 8 41 No anomaly -
detected
. - No anomaly
62 Trisomy 4 (F) Placental villi 6+0 <1 31316 3 36 detected -
80 Trisomy 17 (F) Placental villi NR 4 26179 3 40 No anomaly -
detected
459- . - No anomaly
UHC Trisomy 13 (F) Placental villi 7+3 1 4736 6 42 detected -
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. 264 Trisomy 13 (F) Placental villi 6+0 3 14002 NR 42/80 No anomaly Trisomy 13, Trisomy 16- XX
W £ detected
a
~ T N |
g5 287 Trisomy 12 (F) Placental villi NR 4 NR 0 42 © anomaly Trisomy 12- XX
g8 2 detected
8 s S . - No anomaly )
20 4 290 Trisomy 16 (F) Placental villi 5+0 6 44313 0 39 Trisomy 16- Undetected
© % c detected
§ s E 319- 1 plication 7622.1936.3 (F) Fetal skin 740 7 13642 6 40 MDENIEEL; dup(7)(g22.1¢31.1)
= < = UHC detected
< g T -
24 ﬁ?—?c Trisomy 22 (M) Placental villi 546 4 29052 5 a2 NZ;Z‘;ZZ'V Trisomy 22- XY
r X
w
w Z 462- . - Chromosome 11 -
UHC Trisomy 15 (M) Placental villi 6+1 4 22429 2 40 deletion Trisomy 15- XY
No anomaly
+ =
. 7 Monosomy X (F) 6+0 2 37819 5 35 I
i 2 No anomaly
E3 163 Monosomy X (F) 8+4 6 13466 3 24 d Anomaly detected- XO
s 2 etected
(7.
<] N I
€8 175 Monosomy X (F) 840 4 5323 6 34 z a"°m3 v Anomaly detected- XO
Sa etecte
lSJZHg(; Trisomy 21, monosomy X (F) 7+0 5 21171 5 39 Trisomy 21 Trisomy 21-XX
- ) N |
27ii No fetal material 6+0 4 415 3 35 0 anomaly No anomaly detected- XX
detected
= 77 No fetal material 5+4 3 33187 5 37 AIEIELY No anomaly detected- XY
3 detected
g N I
= 160 No sample 6+0 6 55400 2 36 o anomaly No anomaly detected- XX
£ detected
2 168* No fetal material 6+0 <1 NR 3 38 MDEIEIED) No anomaly detected- XX
> detected
5 N I
3 170a* No sample 8+0 2 13523 4 28 © anomaly No anomaly detected- XY
= detected
o
§ 173 No fetal material 8+0 4 32727 5 30 MDEIEIED) No anomaly detected- XY
o detected
3
N I
g 198* No fetal material 6+2 5 58253 2 31 © anomaly No anomaly detected- XY
= detected
=
°
= 215b Maternal cell contamination 8+1 7 7117 5 36 D IEIED] No anomaly detected- XY
detected
N I
278 No fetal material 740 7 27099 4 36 ©anomaly No anomaly detected- XY
detected
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288 No fetal material NR 7 6176 0 24 No anomaly No anomaly detected- XX
detected
289 No sample NR 1 22377 0 26 No anomaly No anomaly detected- XX
detected
16-UHC No sample NR 4 52141 4 39 MO eIz No anomaly detected- XX
detected
Maternal cell No anomaly
97-UHC s NR 9 44760 2 35 No anomaly detected- XX
contamination detected
116-UHC No fetal material 6+0 6 28585 2 37 ADEICIEL No anomaly detected- XX
detected
430-UHC No sample NR 1 20565 4 40 No anomaly No anomaly detected- XX
detected
432-UHC No sample 7+4 8 26369 5 25 \DEITIELY No anomaly detected- XY
detected
470-UHC No sample 546 5 25336 7 36 No anomaly No anomaly detected- XX
detected
531-UHC No fetal material 7+2 6 4289 8 38 No anomaly No anomaly detected- XX
detected
534-UHC No sample 942 3 21194 4 25 No anomaly No anomaly detected- XX
detected
564-UHC No sample 8+6 2 19590 10 28 No anomaly No anomaly detected- XX
detected
Maternal cell No anomaly
643-UHC o 4+0 7 12128 2 39 No anomaly detected- XY
contamination detected
765-UHC No sample 5+0 3 789 5 23 IETIEL No anomaly detected- XY
detected
709-UHC No fetal material 8+6 5 14931 12 37 No anomaly No anomaly detected- XX
detected
1022- No anomaly
UHC No sample 8+3 6 2242 4 26 detected No anomaly detected- XY
1058- No anomaly
UHC No sample 6+2 4 33008 2 36 detected No anomaly detected- XX
130 No fetal material Trisomy 16 Trisomy 16 - XX
G 8 & T 269 No fetal material NR NR 2262 NR 34 Trisomy 12 Trisomy 12- XX
8 § "-: S 273 No sample 7+0 7 11530 2 33 Trisomy 16 Trisomy 16- XX
§ g § _g 340-UHC No sample 5+6 8 53981 2 33 Trisomy 13 Trisomy 13- XO
2 9 © 433-UHC No fetal material NR 3 17567 2 43 Trisomy 14 Trisomy 14, Trisomy 18- XX
825-UHC No sample 4 Trisomy 20 Trisomy 20- XX
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No anomaly

SE-HiSeq-WC outcome,
PE-NextSeq-lllumina not tested

16 No sample 4+0 1 88 4 28 E— -
78 No fetal material 8+0 6 6649 2 26 No anomaly -
detected
No anomaly
* -
96 No sample 5+0 3 4543 3 33 E—
111 No fetal material NR 2 2809 4 43 No anomaly -
detected
No anomaly
122 No sample 11+6 5 21038 2 22 R -
Partial trisomy 7 +
42 No sample 6+2 6 44238 3 42 partial monosomy -

13- translocation?

Trisomy 16, Trisomy

discordant results

3 No fetal material NR 1 14640 3 40 17 No anomaly detected- XY
. dup(1)(p36.32p31.3);dup(6
34a No sample degrading <1 8992 2 41 Monosomy 19 )(p24.2p12.3)- XX
154 No sample 7+0 4 15568 NR 32 Monosomy 22 No anomaly detected- XX
270-UHC Maternal cel 8+0 <1 3284 9 35 No anomaly Invalidated
contamination detected
433-UHC No fetal material NR 3 17567 2 43 Trisomy 14 Trisomy 14, Trisomy 18- XX
730-UHC No fetal material 546 4 1658 2 30 No anomaly Trisomy 5- XY
detected
790-UHC No fetal material 8+1 8 102157 2 37 Failed del(6)(p22.3p22.1)- XX
840-UHC No fetal material 8 34148 3 Monosomy 18 Trisomy 22-XY

Triploid POC results

L No anomaly
93 Triploid (F) 9+0 13 4843 2 29 detected No anomaly detected- XX
268 Triploid (F) 8+0 9 NR 7 26 No anomaly No anomaly detected- XX
detected
41-UHC Triploid (F) NR 7 166537 2 35 No anomaly No anomaly detected- XX
detected
313-UHC Triploid (M) 742 5 1780 5 31 No anomaly Trisomy 7- XY
detected
356-UHC Triploid (M) 7+1 2 3794 11 34 No anomaly No anomaly detected- XX
detected
437-UHC Triploid (M) 742 2 3538 14 32 No anomaly Invalidated
detected
s No anomaly
601-UHC Triploid (M) NR 1 NR 3 30 detected No anomaly detected- XX
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Table 10- Concordance sensitivity and specificity for SE-HiSeq-WC and PE-NextSeq-lllumina cfDNA
results vs. known cytogenetic analysis from POC testing
529-UHC has been counted twice for both because trisomy 21 was detected and monosomy X was

not detected in both. 264 was counted twice for PE-NextSeq-Illumina because it concordantly
identified trisomy 13 but also discordantly identified trisomy 16.

SE-HiSeq-WC PE-NextSeg-lllumina
Concordance 57.5% 72.4%
Sensitivity 55.6 % 75.0%
Specificity 58.2% 71.1%

123 samples were tested using cfDNA analysis and 79 had corresponding POC genetic analysis. Using
SE-HiSeq-WC, cfDNA analysis correctly identified 42/73 (57.5%) samples including 10/36 (27.7%)
abnormal and 32/37 (86.5%) normal samples. Table 9 compares POC results and cfDNA results. The
following anomalies were detected using cfDNA: Trisomy 7 (1), trisomy 15 (3), trisomy 16 (1),
Trisomy 21 (2), trisomy 22 (1) and a terminal duplication of chromosome 19 (1). The positive POC
results not identified by SE-HiSeq-WC analysis were: a translocation (1), a deletion (1), a duplication
(1), trisomy 4 (1), trisomy 5(1), trisomy 11 (1), trisomy 12 (1), trisomy 13 (3), trisomy 15 (2), trisomy
16 (1), trisomy 17 (1), trisomy 18 (1), monosomy 21 (1), trisomy 22 (4), mosaic trisomy 4 (1), mosaic
trisomy 16 (1), mosaic trisomy 17 (1) and monosomy X (4). Please note that sample 529-UHC has

been counted twice because trisomy 21 was concordant and monosomy X was discordant.

101 of the same samples were also analysed using PE-NextSeg-lllumina and 63 samples had
corresponding POC results. Using PE-NextSeg-lllumina, cfDNA analysis correctly identified 42/58
(72.4%) samples including 15/28 (53.6%) abnormal and 27/30 (90.0%) normal samples. Table 9
compares POC results and cfDNA results. The following anomalies were detected using cfDNA:
trisomy 7 (1), trisomy 12 (1), trisomy 13 (1), trisomy 15 (4), trisomy 16 (1), trisomy 21 (2), trisomy 22
(1), a duplication (1), a terminal duplication of chromosome 19 (1) and monosomy X (2). The positive

POC results not identified by SE-HiSeq-WC analysis were: a translocation (1), a deletion (1), trisomy 5
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(1), trisomy 11 (1), trisomy 13 (1), trisomy 15 (1), trisomy 18 (1), monosomy 21 (1), trisomy 22 (3),
mosaic trisomy 27 (1) and monosomy X (1). Please note that sample 529-UHC has been counted
twice because trisomy 21 was detected and monosomy X was not detected and sample 264 is also
counted twice because PE-NextSeg-lllumina concordantly identified trisomy 13 and discordantly

identified trisomy 16.

Both false negative and false positive results were identified using both SE-HiSeq-WC and PE-
NextSeqg-lllumina. In cases of a false negative result, it may result in some unnecessary follow up e.g.
parental karyotyping. However, a false negative result could have a higher impact as the potential
need for follow up could be missed. For example, a false negative cfDNA result could miss the need
to follow up a balanced translocation in a parent(s). It would be best to avoid a false negative result.

However, if POC testing is also available it could mitigate the effect of a false negative result.

In total PE-NextSeg-lllumina had the highest number of samples correctly match the known genetic
aberration. The results were also grouped using different gestations (Table 11), BhCG value (Table
12) and fetal fraction (Table 13) cut offs to see if this could improve the result calling between the
cfDNA and POC cytogenetic analysis. In all categories, PE-NextSeg-Illumina had a better concordance

than SE-HiSeq-WC (Table 14).
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Table 11- CfDNA results using Gestation thresholds as cut off
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Table 12- CfDNA results using BhCG thresholds as cut offs
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PE-NextSeqg-lllumina

uoljedo|sued]
projdiiL
|ewJoN

[44

T Awosouo
8T

[T+ 21esoN
€T

[

1T

{7+ J1BSOIN|

uonedldng
uons|aq
uoledojsued]
plojduL
[ewJoN

X Awosouolp
T¢C

9T

ST

S

16
14
12
10

0 OV < N O

SE-HiSeg-WC

uonsjeq
uoledo|sues |
projduL
|[ewJoN

X Awosouolp
[44

Tz Awosouoy
8T

LT

9T+ JleSON
ST

€T

(4

S

7+ J1BSOIN|

16
12

O NO
i

uonedldng
uolledo|sued |
projduL
|ewJoN

X Awosouoy
[44

TC

LT+ 21eSON
91

ST

1T

16
14

NOVOTNO
—

16
14
12
10

0 OV < N O

Table 13- CfDNA results using Fetal Fraction thresholds as cut offs
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Table 14- Concordance with genetic aberrations using SE-HiSeq-WC and PE-NextSeq-lllumina.

2.4.5 Comparison of miscarriage and live birth samples

Cell free fetal DNA analysis was completed on serial samples using SE-HiSeq-WC. Serial
samples were collected approximately every week and the cfDNA results were compared
against the pregnancy outcome (Table 15). Where the outcome of the pregnancy was a live
birth without physical congenital abnormalities, the cytogenetic result was considered to be
normal as it is unlikely for a large chromosomal abnormality to go term without
complications. For the six pregnancies which resulted in a pregnancy loss, four had no
cytogenetic analysis due to no sample collection or no fetal material in the sample. Of the
two miscarriages that did have cytogenetic analysis, one had trisomy 22 and the other had

no significant copy number imbalance detected.
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Table 15- Serial sample Outcomes from cfDNA using the SE-HiSeq-WC method.

Pregnancies which resulted from live birth were assumed to be euploid.

SE-HiSeq-WC
patient  'resnancy Genetics Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Outcome Outcome Outcome Outcome Outcome Outcome Outcome
Gestation (Weeks) Gestation (Weeks) Gestation (Weeks) Gestation (Weeks) Gestation (Weeks) Gestation (Weeks)
Fetal fraction (%) Fetal fraction (%) Fetal fraction (%) Fetal fraction (%) Fetal fraction (%) Fetal fraction (%)
BhCG (mIU/mL) BhCG (mIU/mL) BhCG (mIU/mL) BhCG (mIU/mL) BhCG (mIU/mL) BhCG (mIU/mL)
no anomaly no anomaly
detected detected
Miscarriage  Trisomy 22 5+0 6+2
2 1
6733 12469
no anomaly Monosomy no anomaly no anomaly no anomaly no anomaly
Early detected 19 detected detected detected detected
neonatal Unknown 6+0 7+0 8+2 9+6 10+4 11+0
death 2 3 3 5 4 5
35472 63527 79663 75512 79352 78056
no anomaly no anomaly no anomaly no anomaly no anomaly no anomaly
Assumed detected detected detected detected detected detected
Live birth euploid 6+0 7+0 8+0 9+0 10+0 11+0
1 2 8 4 8 7
NR 71692 119048 109539 NR NR
no anomaly no anomaly
detected detected
Miscarriage euploid 5+5 6+4
1 2
4273 5397
no anomaly no anomaly no anomaly no anomaly no anomaly no anomaly
Assumed detected detected detected detected detected detected
Live birth euploid 5+5 6+4 740 9+0 1042 1145
2 4 8 9 11 10
55859 145736 >211134 >211134 171290 126870
no anomaly
detected
Miscarriage Unknown 5+3
2
325
no anomaly no anomaly no anomaly no anomaly no anomaly no anomaly
Assumed detected detected detected detected detected detected
Live birth euploid 5+0 6+4 7+1 8+0 9+4 10+2
3 3 5 13 7 10
11862 42881 77680 102375 117886 119603
no anomaly No result no anomaly no anomaly no anomaly
Assumed detected 843 detected detected detected
Live birth X 5+0 9+4 10+6 1145
euploid 10
2 >211134 13 d 10
36837 >211134 176252 110011
no anomaly No anomaly no anomaly no anomaly no anomaly no anomaly
Assumed detected detected detected detected detected detected
Live birth euploid 5+0 6+0 740 8+0 940 1140
1 3 3 3 5 6
15449 NR 118553 127584 103033 53335
no anomaly no anomaly no anomaly no anomaly no anomaly no anomaly
Assumed detected detected detected detected detected detected
Live birth T 5+0 6+0 7+0 8+0 9+0 10+0
4 3 4 8 8 9
8904 46558 114126 159513 163593 146969
no anomaly no anomaly no anomaly no anomaly
detected detected detected detected
Miscarriage Unknown 443 NR 5+6 6+0
2 3 5 4
35 404 2056 3787
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no anomaly no anomaly no anomaly
detected detected detected
Miscarriage Unknown 4+0 5+0 7+0
1 <1 3
1404 4238 3318
no anomaly
detected
Miscarriage Unknown 6+0
2
27349
no anomaly s no anomaly no anomaly no anomaly no anomaly
Assumed detected 640 detected detected detected detected
Live birth : 5+6 7+0 8+0 9+0 11+5
euploid 5
2 NR 4 5 5 7
8541 70222 NR 95216 88048
no anomaly no anomaly no anomaly no anomaly no anomaly no anomaly
Assumed detected detected detected detected detected detected
Live birth euploid 7+0 8+2 9+0 10+0 11+0 13+0
7 7 10 6 9 11
114288 147639 113215 82105 55441 61733

Of the 54 samples collected from pregnancies which resulted in a live birth, the SE-HiSeq-WC
method detected no anomaly in 51 of the samples. One sample was scored as ‘no result’ and

two samples were false positives (monosomy 19 and trisomy 4).

All the samples which resulted in miscarriage were detected to have no anomaly by the SE-
HiSeqg-WC method. For one pregnancy loss this was correct as it was known to have no
significant copy number balance but one pregnancy loss was known to have trisomy 22,
which was not detected by the SE-HiSeq-WC method. These samples had a gestation of 5+0,
6+2 and 7+2 weeks, were detected to have fetal fractions of 2 %, 1% and 1 % respectively,

and a BhCG of 6733 mIU/mL, 12469 mIU/mL and 19247 mIU/mL respectively (Figure 18).
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Figure 18- Fetal fraction and BhCG against Gestation for Serial Samples
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2.4.6 Threatened Miscarriage Samples

Analysis was completed on threatened miscarriage samples using SE-HiSeq-WC method and
compared against the pregnancy outcome. Unfortunately there was not enough maternal
plasma aliquoted to complete cfDNA testing on three of the samples, two which resulted in
live birth and one that resulted in TOP. Where the threatened pregnancy resulted in a live
birth the cytogenetics was considered to be normal. Out of the eight threatened samples
which lead to miscarriage, three pregnancies were known to have no significant copy
number imbalance. Five of the pregnancies that miscarried had no known cytogenetic

outcome.

Out of the 17 threatened samples which resulted in live birth, 16 of the SE-HiSeq-W(C results
detected no anomaly. One live birth sample was considered to be ‘no result’ by SE-HiSeq-
WC. SE-HiSeq-WC detected no anomaly in the three pregnancies known to have no
significant copy number imbalance. In the five pregnancies losses with no known cytogenetic
outcome, SE-HiSeq-WC detected no anomaly in three samples, one monosomy 19 and

chromosome 12 duplication
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Table 16- Samples of patients with viable pregnancies but bleeding and pain (“threatened miscarriage”) with follow up outcomes

The gestation of the pregnancy was calculated by ultrasound scan. a, b etc. represents when more than one pregnancy was sampled from the same

patient. i represents where a second miscarriage sample was taken.

O 0 ed
51b Miscarriage No 5|gn|f.|cant copy Placental villi 8+4 4 107494 7 35 No anomaly detected
uteo number imbalance
o 107i Miscarriage No 5|gn|f.|cant copy Placental villi 6+0 1 61979 3 24 No anomaly detected
1ot B number imbalance
POC ana 242i miscarriage No s|gn|f.|cant copy Placental villi 7+0 5 38266 2 25 No anomaly detected
number imbalance
arriage 11 Miscarriage Unknown - 6+0 2 920 3 33 No anomaly detected
outcome 27i Miscarriage Unknown - 7+0 2 346 3 35 No anomaly detected
0 170bi Miscarriage Unknown - 6+0 <1 7709 2 41 monosomy 19
ogene 74 Miscarriage Unknown - 5+0 3 739 2 39 No anomaly detected
outcome 200 miscarriage Unknown - 7+0 3 25316 5 39 Trisomy 12
1 Live birth Assumed euploid - 5+2 5 19340 6 37 No anomaly detected
6 Live birth Assumed euploid - 6+5 5 58283 2 37 No result
8 Live birth Assumed euploid - 6+3 3 88246 3 38 No anomaly detected
15 Live birth Assumed euploid - 8+0 11 161527 3 24 No anomaly detected
24 Live birth Assumed euploid - 9+1 17 204204 2 27 No anomaly detected
25 Live birth Assumed euploid - 6+0 5 61689 4 41 No anomaly detected
30 Live birth Assumed euploid - 7+0 5 152348 5 27 No anomaly detected
36 Live birth Assumed euploid - 5+4 2 153 5 33 No anomaly detected
b 40 Live birth Assumed euploid - 7+5 7 150538 3 30 No anomaly detected
59 Live birth Assumed euploid - 8+0 8 141855 2 28 No anomaly detected
60 ¢ Live birth Assumed euploid - 6+4 5 47852 2 28 No anomaly detected
60 ¢ Live birth Assumed euploid - 12+4 5 38011 2 28 No anomaly detected
103 Live birth Assumed euploid - 6+0 4 61979 3 22 No anomaly detected
132 live birth Assumed euploid - 6+0 1 29052 4 38 No anomaly detected
162 live birth Assumed euploid - 6+0 7 91182 2 29 No anomaly detected
209 live birth Assumed euploid - 6+4 6 45752 3 26 No anomaly detected
230 live birth Assumed euploid - 6+0 1 40387 3 31 No anomaly detected
R0 66 Lost to follow up unknown - 6+0 2 10051005 6 24 No anomaly detected

N.B. patients that only had a sample when the pregnancy was threatened and not included in the miscarriage cohort.
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2.4.6.1 Threatened to diagnosed samples

Four of the samples collected from the threatened group had an additional sample collected
at the time of miscarriage diagnosis; these samples were also included in confirmed cohort.

Figure 19 below shows the scan findings for two of these pregnancies.

CRL 3.56mm
GA  6wOd|

Figure 19- Scan Findings

107i) shows a viable pregnancy at ~6 weeks by ultrasound scan with a CRL of 3.56 mm. This
scan was seen at the time the threatened sample was taken. 107ii) shows a non-viable scan
at the time of miscarriage diagnosis. Colour Doppler is used to confirm there is no fetal
heart. As no vascularity is seen within the conceptus this confirms it is a non-viable
pregnancy. Colour Doppler is not used during a healthy pregnancy as the Doppler heat can
be detrimental to the pregnancy. 34ai) shows a pregnancy of unknown viability. A fetal pole
of 2.5 mm is present but no fetal heart beat is observed. The CRL is too low to predict
gestation. 34aii) shows retained POC. The colour Doppler shows no vascularity in the RPOC
and confirms it is not a viable conceptus.

84



2.4.8 No cytogenetic comparison

In total, 44 samples didn’t have a corresponding POC result. This was due to either no fetal
material in the sample (38.6%), maternal cell contamination (9.1 %) or a POC sample not
being received (52.3 %). 37 of these samples were analysed using both SE-HiSeq-WC and PE-

NextSeq-lllumina.

Whilst it is difficult to say if the genetic aberrations have been classified correctly, for 23
samples (62.2%) there was no genetic aberration in both SE-HiSeq-WC and PE-NextSeq-
[llumina, for 6 samples (16.2 %) SE-HiSeq-WC and PE-NextSeq-Illumina agreed on the same
genetic aberration. However, PE-NextSeg-Illumina also detected Monosomy X in the trisomy
13 sample and detected trisomy 18 in the trisomy 14 sample. In 8 samples (21.6 %) without
POC results, the aberrations between SE-HiSeq-WC and VeriSeq + PE-NextSeg-lllumina were
not concordant (Table 17). There was no significant difference between the BhCG

measurement and gestation between concordant and discordant results (Figure 20).

120000

100000 |

80000

60000
w M Discordant

BhCG
(mlu/mL)

40000 M Concordant

20000

O . T T T . 1

Gestation (weeks)

Figure 20- BhCG and gestation for concordant and discordant results were there was no
cytogenetic analysis on the POC sample.
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Table 17- Difference in results between SE-HiSeq-WC and PE-NextSeq-lllumina.

Concordant

Discordant

BhCG ~ Gestation . Fetal Fraction . Fetal Fraction
(miu/mL) T SE-HiSeq-WC (%) PE-NextSeg-lllumina (%)
30865 7+0 Trisomy 16 4 Trisomy 16 5
2262 NR Trisomy 12 NR Trisomy 12 11
17567 NR Trisomy 14 3 Trisomy 14; Trisomy 18 4
11530 7 Trisomy 16 7 Trisomy 16 5
53981 5+6 Trisomy 13 8 Trisomy 13, Monosomy X 9
57373 8+1 Trisomy 20 NR Trisomy 20 8
14640 NR Trisomy 16 and 17 1 ‘:;‘p(l)(p%'13q31'3);d“p(16)(q22'1q24' 3
102157 8+1 Failed 8 del(6)(p22.3p22.1) NR
34148 6+0 Monosomy 18 8 Trisomy 22 7
1658 5+6 No anomaly 4 Trisomy 5 4
8992 Degrading Monosomy 19 <1 ;:Iup(1)(p36.32p31.3);dup(6)(p24.2p12.3 2
15568 7+0 Monosomy 22 4 No anomaly 5
20565 NR Chromosome 9 duplication 1 No anomaly 3
2242 8+3 normal 6 Trisomy 9 4
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2.5 Discussion

2.5.1 PAGE Discussion

A limited number of samples from the PAGE study were analysed to evaluate the detection
size of SE-HiSeq-WC. From the samples tested, these suggest that the aberration detection
size is 10 Mb. This suggested that WISECONDOR has the potential to pick up relatively small
chromosomal aberrations, where the fetal fraction is high enough. As the majority of known
chromosome abnormalities associated with miscarriage are aneuploidies and translocations
associated with relatively large regions of imbalance, it gave confidence that massively
parallel sequencing and analysis using SE-HiSeq-WC would have the potential to detect
clinically relevant chromosome abnormalities in the miscarriage samples. WISECONDOR also

picked up aberrations which were not confined to Chromosomes 13, 18 and 21.

The PAGE samples were collected from viable pregnancies with fetal structural anomalies
detected by ultrasonography and therefore the gestations of these samples were at least 11
weeks gestation, and many in the second trimester. This is much later in pregnancy than
samples from patients experiencing miscarriage are likely to be taken. The fetal fraction of
the PAGE samples was not confirmed; however it is likely to be higher due to the later

gestation at sampling.
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2.5.2 cfDNA Discussion

2.5.2.1 Sample recruitment

In total 219 Streck blood samples were collected for the Tommy’s study comprising of 72
serial samples, 30 threatened miscarriage samples and 123 confirmed miscarriage samples.
Sample collection was less than anticipated so the study was extended to an additional site

where samples were collected for diagnosed miscarriages only.

The collection of plasma samples in the case of confirmed pregnancy loss must be
completed while the pregnancy is still in situ. This is because cfDNA remains in the maternal
plasma as long as the pregnancy remains in situ, potentially due to continued apoptosis/
necrosis of placental cytotrophoblast cells (Tjoa et al., 2006). Once the pregnancy has been
expelled the cfDNA does not remain in the maternal circulation for long (Lo et al., 1999) and
therefore a maternal blood sample must be taken for cfDNA analysis before the pregnancy
has been expelled. This study was limited to patients still having the pregnancy loss in situ

and therefore the patients who had already passed the tissue were not eligible for the study.

2.5.2.2 Gestations

Tommy’s Miscarriage centre is a specialist in the care of families undergoing recurrent
miscarriage. These families are very aware of when they first become pregnant and receive
careful monitoring during their first trimester. In comparison to other studies (Clark-
Ganheart et al., 2015, Yaron et al., 2020) miscarriages are diagnosed earlier by ultrasound
scan than the other two studies (Figure 21). This is likely due to the close monitoring of this

cohort of Tommy’s patients in comparison to the general population.
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Figure 21- Gestations of pregnacy loss by ultrasound scan (Clark-Ganheart et al., 2015, Yaron et al.,
2020)

2.5.2.3 Fetal Fraction
The fetal fraction measures how much cfDNA is in the maternal plasma in comparison to
maternal cfDNA. In general it increases with increased gestational age. This is because as the

placenta grows more cfDNA is realised into the maternal circulation.

Fetal fraction was measured in all samples tested within this study. In four samples the fetal
faction was less than 1 %. Potential reasons for the low fetal fractions could be due to a

degrading/ collapsing conceptus, the tissue already having detached from the endometrium
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and sitting on the neck of the cervix or from pregnancies with a low gestation and likely to
be too soon for there to be sufficient development of the placenta for sufficient detectable

levels of cfDNA.

The linear regression shows that in addition to FF, the BhCG measurement increased with
increasing gestation age when analysis was completed in the cohort of samples which
contained samples resulting in live birth. When the same analysis was completed in
miscarriage samples only, there was no significance between the increase of BhCG and the
gestation. The fetal fraction was shown to increase with increasing BhCG. The fetal fraction
also increased with increasing gestational age. However there was a significant difference for
this result between miscarriage and live birth samples. The samples in the serial samples
cohort demonstrated that pregnancies which resulted in miscarriage had a fetal fraction
increase of 0.2 % per week of gestation compared to pregnancies that resulted in live birth
which had a 1 % increase of fetal fraction per week of gestation. Our results suggest that less
cfDNA is realised during a miscarriage than in a viable pregnancy as there is a lower fetal
fraction. Other literature also suggests there is lower fetal fraction in pregnancies with an

adverse outcome (Krishna et al., 2016).

It could be feasible that some women have a lower amount of fetal fraction. This could be
because either there is low cfDNA in the maternal circulation or there is an extremely large
maternal amount of maternal cfDNA which causes a lower percentage of cfDNA. Factors that
affect levels of fetal DNA include gestation, maternal weight/ BMI and aneuploidies (Hestand
et al., 2019). There could also be a biological relevance to the health of trophoblast cells

which produce a low fetal fraction.
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2.5.3 SE-HiSeq-WC and PE-NextSeq-Illumina analysis

We have successfully shown that WISECONDOR detects genetic aberrations over 10 Mb and
both SE-HiSeq-WC and PE-NextSeq-lllumina can detect fetal aberrations where there is
sufficient fetal fraction. There was a 57.5 % and 72.4 % total concordance (both known
normal and abnormal samples) in cfDNA testing in SE-HiSeq-WC and PE-NextSeq-lllumina

respectively.

Although SE-HiSeq-WC cannot detect monosomy X and PE-NextSeqg-lllumina can, it was
decided to include the results of monosomy X in the interpretation for both methods. This is

because it gives a more accurate comparison of concordance between the two methods.

Discrepant results between the POC genetic testing and the cfDNA testing could be caused
by confined placental mosaicism. cfDNA analysis tests DNA derived from the whole
placenta/ cytotrophoblasts only, whereas the POC testing may consist of fetal tissue and
whole placental tissue or a small area of cytotrophoblasts. This could result in a discrepancy

between the results.

2.5.4 Triploid Samples

Neither SE-HiSeq-WC nor PE-NextSeqg-lllumina identified triploid samples, and therefore
these were excluded from the primary interpretation. Triploid pregnancies have three copies
of each chromosome and thus cannot be detected using a counting-based pipeline for
identifying genetic aberrations (Park and Park, 2019). It is interesting to note that all triploid

pregnancies were excluded from the data analysis in the (Yaron et al., 2020) cohort. It is
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important that triploid samples can be identified rapidly due to the implications in
management with regards to the choriocarcinoma risks. Triploid samples can be identified

using histology and QF-PCR of POC.

2.5.5 Aims

At the beginning of this chapter, we proposed some questions, including:

e What are the levels of cfDNA are in early miscarriages and can it be used to reliably
detect fetal aneuploidies and other chromosome abnormalities, including sub
chromosomal abnormalities?

e To address whether the results obtained using cfDNA are comparable to the results
achieved using routine testing of products of conception when a sample is available.

e Whether the levels of cfDNA correlate with the levels of beta human chorionic

gonadotrophin (BhCG).Below | will discuss each of the aims.

The levels of cfDNA in early miscarriage were between < 1 % to 19 % in our study. While
some aberrations were identified with a lower fetal fraction, the total concordance at a fetal
fraction of <5 % was 45.7 % and 60.8 % for SE-HiSeq-WC and PE-NextSeg-lllumina
respectively, compared to 80 % and 100 % respectively at 29 % fetal fraction. Where there is
a low fetal fraction, it is likely that both SE-HiSeq-WC and PE-NextSeqg-lllumina will call the
sample as normal (i.e. a false negative result). This is because there is not enough fetal
genetic material to detect the aberration. PE-NextSeg-lllumina appeared to be more

accurate at detecting genetic aberrations than SE-HiSeqg-WC at a low fetal fraction.
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The recommended fetal fraction for NIPT is 24 % for trisomy 13, 18 and 21 (Oepkes et al.,
2016, Skrzypek and Hui, 2017). From this study it would suggest that some of the less
common aberrations are not detectable between 5-8 % fetal fraction, but many aberrations
can be detected from >5 % fetal fraction. It is difficult to conclude an exact cut off as to when
genetic abnormalities can be detected due to the low sample numbers and biological
variation but it could be suggested the RPL cytogenetic follow up be completed using POC

sample if the cfDNA sample fetal fraction is <5%.

This study and others (Yaron et al., 2020, Clark-Ganheart et al., 2015) have demonstrated
that genetic aberrations can be identified using cfDNA in pregnancy loss. The concordance

and inclusion/ exclusion criteria are shown in Table 18 .

Table 18- Concordance and inclusion/ exclusion criteria of SE- HiSeq-WC, PE-NextSeq-lllumina,
Clark-Ganheart et al. (2015) and Yaron et al. (2020)

Concordance (%) Included Excluded
mosaic and
SE-HiSeq-WC 57.5 subchromosomal triploid samples
anomalies
mosaic and
PE-NextSeg-lllumina 72.4 subchromosomal triploid samples
anomalies
Clark-Ganheart et al. 76 All gestational ages triploid, mosaic, or
(2015) subchromosomal
tr|_pI0|d samples and mosaic and
Yaron et al. (2020) 82 usmg F)regnancy loss subchromosomal
specific LLR .
anomalies
thresholds

This study shows that some fetal aneuploidies in pregnancy loss are detectable by cfDNA

however not all genetic aberrations are detectable. Two known translocations, a terminal
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deletion of ~5.84Mb of chromosome 7 at 7936.2936.3 and a large terminal duplication of
~21.14 Mb at chromosome 19 at 19q13.12g13.43 (sample ID 133) and a terminal duplication
of ~9.23 Mb of chromosome 4 at 4934.3935.2 and terminal deletion at ~29.78 Mb of
chromosome 5 at 5933.1935.3 (sample ID 202). The terminal deletion of chromosome 19
(sample ID 133) was the only aberration to be detected by both SE-HiSeq-WC and PE-
NextSeqg-lllumina. None of the other aberrations were detected. The preliminary results
using samples from the PAGE study suggested that SE-HiSeq-WC cannot detect genetic
aberrations below 10 Mb. However, the ~29.78 Mb of chromosome 5 at 5q33.1935.3
(sample ID 202) was also not detected. This could have been due to the low gestation and/

or low fetal fraction.

Results from cfDNA testing were comparable in some cases using SE-HiSeq-WC and PE-
NextSeqg-lllumina. Differences could be introduced at several stages in the process, for

example the introduction of bias due to PCR within the TruSeq process.

Mosaic genetic aberrations (Sample IDs 51a, 57a and 586-UHC), were not detected by either
SE-HiSeq-WC or PE-NextSeq-lllumina. The two explanations for this are the affected fetal
fraction was too low to be detectable or that that the mosaicism was confined to the fetus
and not present in the placenta/ cytotrophoblast where cfDNA is derived from. Mosaic
samples cause the affected fetal fraction to be lower and therefore an affected fetal fraction
which is lower than the total fetal fraction is suggestive of mosaicism. Whether mosaicism
can be detected or not depends on the fetal fraction, the sequencing depth and the degree

of mosaicism.
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Statistical analysis showed that the cfDNA levels did correlate with the BhCG levels. The
analysis showed that for every 10,000 mlU/mL increase of BhCG the fetal fraction increased

by 0.3 % and was statistically significant.
2.5.6 Clinical Application

This study and others (Yaron et al., 2020, Clark-Ganheart et al., 2015) have shown that
cfDNA can be utilised in miscarriage. However there are still some genetic aberrations that
can be missed (e.g. triploid and mosaic samples). Therefore, cfDNA cannot completely
replace current cytogenetic testing. A RPL algorithm has been proposed by (Yaron et al,,

2020) which would utilise cfDNA testing in recurrent pregnancy loss (Figure 22).

st
1 Miscarriage

No further action

R

2 Miscarriage

|

cfDNA testing

l

Unbalanced

Aneuploidy Euploid
rearrangement
No further action Parental karyotyping RPL workup

Figure 22- Proposed RPL algorithm by (Yaron et al., 2020)
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When a third or subsequent pregnancy loss has been diagnosed, current guidelines are to
test the pregnancy tissue for fetal aneuploidies. Providing there is still pregnancy tissue in
situ, maternal blood samples can be collected to complete cfDNA testing and the collection
of POC is also to be advised. If an aneuploidy is detected using cfDNA, no further work is
required as numerical errors usually occur sporadically and the likelihood of a successful
subsequent pregnancy is not negatively affected. If no genetic aberration is identified then
cytogenetic analysis on POC should be initiated to see if there is a genetic aberration that is
not detectable by cfDNA testing (e.g. triploid and mosaic samples). This would reduce the
need to complete cytogenetic analysis on all POCs, however some genetic aberrations may

be missed if POC is not available.

A full economic assessment has not been carried out to assess the costs benefit. However as
the price of NGS decrease the cost benefit will greatly improve. When completing a cost

assessment the price of alternative management and testing should also be included.

We have shown in this study that translocations can be identified providing the genetic
aberration is large enough to be detected. In cases where an unbalanced rearrangement is
identified, parental karyotyping should be recommended to assess whether one of the

parents is a carrier of this translocation.

In our cohort of known cytogenetic aberrations, using SE-HiSeq-WC analysis, 24 cases were
considered to have an aberration and 10/ 24 (41 %) of these cases were confirmed with POC
testing. This would mean that 24 cases of POC testing would not need to be completed with
the proposed algorithm. POC cytogenetic then has the potential to identify the genetic

aberrations not identifiable using cfDNA testing.
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2.5.7 Limitations of this Study

The limitations of this study are the low sample size, limited genetic variation and limited
number of POC samples for comparable analysis. The results would have been further
improved if we had been able to recruit more confirmed miscarriage samples with paired
POC results. This could be overcome by extending the recruitment time and locations to
increase the sample numbers and genetic variation and opening the study up to include all
pregnancy losses regardless as to whether they are recurrent or not. It is difficult to increase
the comparable results because pregnancy tissue is not always available from every
pregnancy loss. (Yaron et al., 2020) ensured a cytogenetic result by taking a chorionic villus
sample for every pregnancy loss. However, this is an invasive procedure and not routine care

for this cohort of patients.

The limitations of SE-HiSeq-WC are that triploid pregnancies and sex chromosomes are not
detectable (although aberrations in the sex chromosome can be identified from the raw
data), the pipeline has not been optimised to detect autosomal monosomies and SE-HiSeq-
WC cannot detect true fetal mosaicism. This is also true of PE-NextSeq-lllumina except this

pipeline can detect sex chromosome abnormalities.

The samples run using PE-NextSeg-lllumina were run using the VeriSeq NIPT solution V2. The
current recommendation for clinical prenatal application is that this testing should only be
offered for viable pregnancies at >10 weeks gestation. The cfDNA samples that were
analysed in this study were non-viable pregnancies and in most cases < 10 weeks gestation.
(Yaron et al., 2020)used 50 of the samples as a training set to optimise the log to log ratio

(LLR) scores. The optimised score was then used for the whole cohort of samples. It is likely
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that optimising the LLR for SE-NextSeg-lllumina would also give a higher detection rate

although this would compromise on the sensitivity and specificity.

Another limitation of this study is that a huge amount of bioinformatician involvement is
needed, especially if a trained algorithm is used. This study also didn’t complete a full

economic assessment for costing.

2.6 Conclusion

Knowing the genetic result of a pregnancy loss can be applied during counselling patients for
the prognosis of future pregnancies. It also helps to provide psychological support and relief

from the guilt that can be associated with pregnancy loss.

Using cfDNA to diagnose whether a miscarriage was caused by a genetic aberration or not
would have a huge clinical impact to patients where conventional cytogenetic testing is not
available, either due to the availability of pregnancy tissue for testing or patients

preferences. However this is only feasible where the pregnancy is in situ.

In conclusion, cfDNA can be used to detect a genetic aberration in miscarriages providing the
maternal plasma sample is collected when the pregnancy tissue is still in situ and in cases
where there is enough fetal fraction. Where the miscarriage has occurred at a later gestation
and there is sufficient cfDNA, genetic aberrations including subchromosomal anomalies > 10
Mb can be identified and these have been comparable to the results obtained by routine
testing of products of conception. However, in many cases of early pregnancy loss the fetal

fraction is too low to reliably detect a genetic aberration. As it is often earlier gestation/ fetal
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losses where there is no fetal tissue available, it is unlikely cfDNA testing can currently be

used as an alternative as the fetal fraction is too low to give an accurate and reliable result.

The levels of cfDNA do increase with increasing BhCG. However, as BhCG is comparable
within a pregnancy and not between pregnancies it is unlikely this would be able to be used
as a predictor of cfDNA fetal fraction. Likewise, it is unlikely to be able to use cfDNA as an

early predictor of miscarriage.
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Chapter 3: Potential Genetic Causes of
miscarriage in euploid pregnancies: a
systematic review

100



Chapter 3- Potential Genetic Causes of miscarriage in euploid
pregnancies: a systematic review

This chapter is the systematic review ‘Potential genetic causes of miscarriage in euploid
pregnancies: a systematic review’ and has been published (Appendix 2) in Human

Reproduction Update under the following reference:

Emily Colley, Susan Hamilton, Paul Smith, Neil V Morgan, Arri Coomarasamy, Stephanie
Allen, Potential genetic causes of miscarriage in euploid pregnancies: a systematic
review, Human Reproduction Update, Volume 25, Issue 4, July-August 2019, Pages

452-472, https://doi.org/10.1093/humupd/dmz015

Authors roles: E.C.- study search, study selection, data extraction, quality assessment, and
writing. S.H.- data extraction, quality assessment, and editing. P.S.- study design and critical
appraisal of manuscript. N.M.- critical appraisal of manuscript and editing. A.C.- study design

and critical appraisal of manuscript. S.A.- supervision, study selection, writing, and editing.

3.1 Abstract

Background: Approximately 50% of pregnancy losses are caused by chromosomal
abnormalities, such as aneuploidy. The remainder have an apparent euploid karyotype, but
it is plausible that there are cases of pregnancy loss with other genetic aberrations that are
not currently routinely detected. Studies investigating the use of exome sequencing and
chromosomal microarrays in structurally abnormal pregnancies and developmental
disorders have demonstrated clinical application and/ or potential utility in these groups of

patients. Similarly, there have been several studies that have sought to identify genes that
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are potentially causative of, or associated with, spontaneous pregnancy loss, but the

evidence has not yet been synthesized.

Objective and rationale: The objective was to identify studies that recorded monogenic
genetic contributions to pregnancy loss in euploid pregnancies, establish evidence for
genetic causes of pregnancy loss, identify the limitations of current evidence and make
recommendations for future studies. This evidence is important in considering additional
research into Mendelian causes of pregnancy loss and appropriate genetic investigations for

couples experiencing recurrent pregnancy loss.

Search methods: A systematic review was conducted in MEDLINE (1946 to May 2018) and
Embase (1974 to May 2018). The search terms “spontaneous abortion”, “miscarriage”,
“pregnancy loss” or “lethal” were used to identify pregnancy loss terms. These were
combined with search terms to identify the genetic contribution including “exome”, “human
genome”, “sequencing analysis”, “sequencing”, “copy number variation”, “single nucleotide
polymorphism”, “microarray analysis” and “comparative genomic hybridization”. Studies
were limited to pregnancy loss up to 20 weeks in humans and excluded if the genetic
content included genes which are not lethal in utero, PGD studies, infertility studies,
expression studies, aneuploidy with no recurrence risk, methodologies where there is no

clinical relevance and complex genetic studies. The quality of the studies was assessed using

a modified version of the Newcastle-Ottawa scale.

Outcomes: A total of 50 studies were identified and categorised into three themes; whole-
exome sequencing studies; copy number variation studies; and other pregnancy loss related

studies including recurrent molar pregnancies, epigenetics and mitochondrial DNA
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aberrations. Putatively causative variants were found in a range of genes, including CHRNA1,
DYNC2H1 and RYR1, which were identified in multiple studies. Copy number variants were

also identified to have a causal or associated link with recurrent miscarriage.

Wider implications: Identification of genes causative of or predisposing to pregnancy loss
will be of significant individual patient impact with respect to counselling and treatment. In
addition, knowledge of specific genes that contribute to pregnancy loss could also be of
importance in designing a diagnostic sequencing panel for patients with recurrent pregnancy

loss and also in understanding the biological pathways that can cause pregnancy loss.

Key words: genetic causes, pregnancy loss, euploid miscarriage, exome sequencing,

chromosomal array, single nucleotide variation, copy number variant.

3.2 Introduction

Pregnancy loss is the most common complication of pregnancy and multiple studies have
sought to identify potentially causative genes involved in pregnancy loss. In this systematic

review, we have synthesized the evidence to establish a genetic causality of pregnancy loss.

3.2.1 Miscarriage and recurrent pregnancy loss

Approximately 15 % of clinically recognised pregnancies end in pregnancy loss, with the
majority occurring during the first trimester. Of these, 50 % are caused by chromosomal
abnormalities such as aneuploidy (Hassold et al., 1980) and can be detected by conventional

cytogenetic analysis. It is suggested that 86 % of these abnormalities are numerical, 6 % are

103



structural abnormalities and 8 % are due to other genetic mechanisms, such as chromosomal

mosaicism and molar pregnancies (Goddijn and Leschot, 2000).

Recurrent Miscarriage (RM) is defined by the Royal College of Obstetricians and
Gynaecologists (RCOG) as at least three consecutive miscarriages before 24 weeks gestation
(Bakker et al.) and recurrent pregnancy loss (RPL) by the European Society of Human
Reproduction and Embryology (ESHRE) November 2017 guidelines as the loss of two or more
pregnancies (Weiss). In addition to genetic aetiology, a spectrum of non-genetic causes of
RPL have also been identified, including thrombophilic factors, endocrinological causes,
immunological and immunogenetic causes, sperm DNA fragmentation, uterine

malformations and lifestyle factors such as smoking, reviewed by (Larsen et al., 2013a).

3.2.2 Cytogenetic and chromosomal microarray analysis

Traditionally, cytogenetic analysis of pregnancy tissue has been performed to identify
genetic causes of RPL and to indicate the need for further analysis of parental samples
where there is the possibility of a balanced chromosome rearrangement (e.g. translocation)
in one of the parents. It is important to identify any numeric chromosome errors, such as
trisomy, monosomy or polyploidy, since these are causes of pregnancy loss which usually
occur sporadically, and the likelihood of a successful pregnancy outcome is not negatively
affected in subsequent pregnancies. Where there is a balanced translocation in one of the
parents, genetic counselling is important as there is likely to be a recurrence risk in future
pregnancies and pre-implantation genetic testing (PGT), chorionic villus sampling or
amniocentesis can be used to detect an abnormality in the conceptus. However, for couples

with a translocation, medical management (e.g. natural conception and observation) has
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been reviewed to have a higher live birth rate than IVF/PGD (Franssen et al., 2011, Hirshfeld-

Cytron et al., 2011).

The most recent ESHRE guidelines for genetic analysis of products of conception (POC) give a
conditional recommendation for genetic analysis but recommend that testing is carried out
by array- comparative genomic hybridisation (CGH) instead of traditional karyotyping
(Bender Atik et al.,, 2018). Conventional karyotype analysis identifies balanced and
unbalanced chromosomal rearrangements and copy number variants (CNVs) to ~5Mb
resolution. Chromosomal microarray analysis can now identify unbalanced CNVs below 1
Mb, with a resolution at the level of individual exons of genes in targeted regions of the
genome (Miller et al., 2010). Microarray analysis is also less labour intensive as it is based on
DNA analysis rather than cultured cells and has a higher success rate in poor quality tissue
samples; however, the quality of tissue will impact the success and failure rate of both
conventional karyotyping and array-CGH. Array-CGH has become the gold standard for
genetic CNV analysis. It should, however, be noted that array CGH may miss some balanced

chromosomal rearrangements and may also fail to identify maternal cell contamination.

3.2.3 Other genetic causes

In the case of pregnancy loss, with an apparently euploid karyotype, there may be genetic
aberrations causative of pregnancy loss that are not currently known or routinely assessed.
These could include single-nucleotide variants (SNVs) that affect individual genes and are
detectable by sequencing or small sub-microscopic aberrations that affect a cluster of genes
and are detectable by microarray analysis. In the case of SNVs, this is particularly important

as many may follow a recessive or X-linked pattern of inheritance and therefore have a high
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recurrence risk. CNVs detected in cases of pregnancy loss may unmask a recessive mutation
in a relevant gene or involve dosage-sensitive genes, where loss or gain of copies affects the
gene function. These regions may also represent benign CNVs seen frequently with no
recorded effect on phenotype, although it remains possible that some may be involved in
RPL. Evidence in humans and other species (Wilson et al., 2016b) suggests that many genes
are important in early development, and can lead to embryonic lethality when functionally
‘knocked out’, resulting in pregnancy loss. More widespread genetic analysis of embryonic
pregnancy loss may provide an opportunity to identify genes that are essential in early

human development or where a lack of function leads to pregnancy loss.

3.2.4 Molar pregnancies

A molar pregnancy or hydatidiform mole (HM) is an abnormal pregnancy, which has cystic
degeneration of the chorionic villi, abnormal proliferation of the trophoblast and abnormal
development of the fetus. These can either be complete HM or partial HM, distinguishable

by the extent of trophoblast proliferation and presence of embryonic tissue.

Complete HMs are usually diploid with all chromosomes of paternal origin. The majority
arise from an anuclear ovum being fertilised by a haploid sperm and replicating its own
chromosomes (uniparental paternal isodisomy) or rarely from an anuclear ovum fertilised by
two sperm (uniparental paternal heterodisomy). Partial HMs are mostly triploid with 23

chromosomes of maternal origin and 46 of paternal origin.

Whilst HMs are usually triploid and sporadic and therefore outside the scope of this review,

a minority of molar pregnancies are diploid and biparental, usually being recurrent and
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familial. These may be caused by maternal autosomal recessive mutations in genes, such as
NLRP7 and KHDC3L, resulting in an abnormal epigenotype of imprinted loci. This results in
abnormal gene expression, which causes abnormal placental trophoblast development and

manifests as HM (Carey et al., 2015).

3.2.5 Whole exome sequencing

Advances in sequencing technology, including whole-exome sequencing (WES) and whole-
genome sequencing (WGS), are increasingly providing the opportunity to detect genetic
sequence variation and to characterise genetic mutations causing disease. WGS is the most
extensive sequencing method and targets the entire genome, whereas WES targets the
exome, which is the protein-coding region of the DNA. The exome makes up ~1 % of the
human genome, and it is estimated to contain 85 % of the genetic mutations associated with
disease (Choi et al., 2009). Generally, WES is the preferred method of sequencing because it
is cheaper than WGS and has a smaller, more manageable data set while still
comprehensively covering the coding regions of DNA. WGS has the advantage of analysing
and giving a comprehensive view of the whole genome and has the potential to detect large
structural variants, insertions/ deletions, SNVs and copy number changes. However, still

relatively little is understood about the non-coding regions of the genome.

Studies investigating the use of WES in structurally abnormal pregnancies, late pregnancy
losses and developmental disorders (Wright et al., 2015, Shamseldin et al., 2018, Carss et al.,
2014) have demonstrated the clinical application in these patients. However, very few WES
studies have reported analysis in pregnancy loss or lethal genes that could contribute to RPL.

The few studies using WES to look for genetic aberrations in RPL have also tended to
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represent only small patient cohorts. The ability to recognise and detect genetic mutations
may have implications for routine genetic testing and clinical practice, especially when a

pathogenic aberration is identified that can be reliably detected in future pregnancies.

3.2.6 Aims

There are several studies that have sought to identify genes causative of or associated with
pregnancy loss, but the evidence has not yet been synthesised. We propose to review these
studies and establish evidence of genetic causality of RPL, including reviewing appropriate
methodologies. We will evaluate studies investigating Mendelian inheritance patterns,
including autosomal recessive and dominant X-linked inheritance, and also de novo genetic
causes, but we have excluded studies investigating more complex genetic associations,

which have recently been systematically reviewed (Yaron et al., 2020).

3.3 Methods

3.3.1 Registration

This systematic review has been registered with PROSPERO (CRD42017073910).

3.3.2 Search

A systematic literature review to assess the studies investigating the genetic contribution to
RPL was conducted in MEDLINE (1946 to May 2018) and Embase (1974 to May 2018) using
Ovid (https://ovidsp.tx.ovid.com). The search terms used to identify pregnancy loss were
‘spontaneous abortion’, ‘miscarriage’, ‘pregnancy loss’ or ‘lethal’, and the search terms to

identify the genetic contributions were ‘exome’, ‘human genome’, ‘sequencing analysis’,
Yy
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‘sequencing, copy number variation’, ‘single nucleotide polymorphism’, ‘microarray analysis’
and ‘comparative genomic hybridisation’. The search terms and corresponding Mesh terms
are shown in Supplementary Table 1. Additional studies were also identified from references

of selected studies.

3.3.3 Study selection

Studies were selected by two independent reviewers (E.C. and S.A.). Studies were first
screened for eligibility using article titles and then by screening the study abstracts. Studies
were included if they had pregnancy loss up to 20 weeks, but were not restricted if they also
included some later losses, providing the genetic aberrations were defined. Studies were
excluded if the genetic content included genes which were not lethal in utero, PGD studies,
infertility studies, expression studies, aneuploidy with no recurrence risk, methodologies
where there is no clinical relevance, and complex genetics. Both recurrent and sporadic
pregnancy losses were included. The full inclusion and exclusion criteria are presented in

Supplementary Table 2.

3.3.4 Data extraction process

Data on publication date, country, study objective, sample, phenotype and gestation,
methods and analysis, study outcome and quality scores were extracted (E.C. and S.H.). Data
extraction was checked by a second reviewer (S.A.). Each of the identified genes were found
in Online Mendelian Inheritance in Man (OMIM) and the Mendelian Inheritance in Man
(MIM) number, gene name, gene function, associated disease/phenotype and cytogenetic

location were ascertained.
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3.3.5 Quality assessment

The quality of each study was assessed (E.C. and S.H.) using a modified Newcastle-Ottawa
scale (Supplementary Table 3). Each study was scored out of 12 and was judged on the
sample size, inclusion/exclusion criteria, the genetic analysis method, statistical analysis,
case definition, controls and comparability. The breakdown of each study’s score is included

in Supplementary Table 4.

3.4 Results

A total of 50 studies were included in the review. The initial search of the Medline and
Embase databases identified 3404 potentially relevant articles. After screening the titles and
abstracts, 74 full texts were obtained for detailed review. A total of 30 full articles were
excluded because they were either not related to pregnancy loss, were more than 20 weeks
gestation, or contained no genetic content. Examination of the bibliographies and journal
indices generated six additional studies for the review. Figure 23 illustrates the study
selection. The papers identified were categorised into three themes; WES studies, CNV
studies and other studies related to pregnancy loss related studies including recurrent molar

pregnancies.
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Figure 23- PRISMA flow diagram for the systematic review of the Potential genetic causes
of miscarriage in euploid pregnancies.

The 50 studies that met the inclusion and exclusion criteria were all published in English

between 2009 and 2018. Out of the studies identified, 21 were from Europe, 14 were from

North America, 13 were from Asia and there was one study each from South America and

Africa.
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3.4.1 Whole exome sequencing

Thirteen studies were identified (Table 19) that used whole exome sequencing (WES) to
identify single nucleotide variants (SNVs) in families with multiple pregnancy losses, a
combination of pregnancy losses and terminations and termination of pregnancies for fetal
scan findings. Eight of these studies focused on a single couple only (Bondeson et al., 2017,
Cristofoli et al., 2017, Dohrn et al., 2015, Filges et al., 2014, Rae et al., 2015, Shamseldin et
al., 2013, Tsurusaki et al., 2014, Wilbe et al., 2015). Six studies used WES analysis of trios
(Filges et al., 2014, Dohrn et al., 2015, Wilbe et al., 2015, Cristofoli et al., 2017, Bondeson et

al., 2017, Qiao et al., 2016).

Studies using WES identified variants in genes from both fetal and parental samples, thus
allowing for the inheritance to be identified. One study identified compound heterozygous
mutations in KIF14 in a family with unexplained euploid miscarriages (Filges et al., 2014). The
other studies included pregnancies terminated for a fetal abnormality including a
homozygous missense mutation in ECEL1 from a consanguineous couple with pregnancies
terminated due to arthrogryposis multiplex congenita (Dohrn et al.,, 2015); a novel
homozygous mutation in the MUSK gene in a non-consanguineous couple with a history of
fetal akinesia deformation sequence (FADS) (Wilbe et al., 2015), compound heterozygous
mutations in STIL from a non-consanguineous couple with fetal microcephaly (Cristofoli et
al., 2017), a homozygous nonsense mutation in CEP55 in a non-consanguineous family with
two fetuses with Meckel-like syndrome (Bondeson et al., 2017) and compound heterozygous
mutations in /FT122 in a couple experiencing both RPL and later losses with scan

abnormalities (Tsurusaki et al., 2014).
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Two studies (Rae et al., 2015, Shamseldin et al., 2013) identified pathogenic variants by WES
of fetuses affected with hydrops fetalis. The first identified pathogenic variant in the gene
FOXP3 was from a non-consanguineous couple whom had multiple male pregnancy
terminations. FOXP3 is an X-linked gene that is known to cause fetal akinesia syndrome (Rae
et al.,, 2015). The second identified a novel mutation in the gene CHRNAIl in a
consanguineous couple (Shamseldin et al., 2013). Autosomal recessive mutations in this

gene are also known to cause fetal akinesia.

A single study identified a homozygous missense variant in NOP14 in pregnancy loss material
from two consanguineous Iranian couples experiencing RPL. WES was completed on fetal
tissue samples and the heterozygous copies of the variant were confirmed in the parents

using Sanger sequencing (Suzuki et al., 2018).

Studies also used WES in larger cohorts. One study (Shamseldin et al.,, 2015) looked at
consanguineous couples with two or more pregnancies diagnosed with non-immune
hydrops fetalis (NIHF). Seven pathogenic variants previously known to cause NIHF

(Shamseldin et al., 2015) were identified from 24 consanguineous couples with lethal NIHF.

Two Studies (Ellard et al., 2015, Qiao et al.,, 2016), analysed non-consanguineous couples
with RPL. Variants in GLE1, RYR1 and DYNC2H1 were identified using WES of parental
samples only (Ellard et al., 2015). Compound heterozygous variants were also identified in
DYNC2H! and ALOX15 in seven euploid pregnancy losses from four families (Qiao et al.,

2016).

The final study used a slightly different approach and analysed a panel of 234 pre-selected

RPL candidate genes from women affected by RPL. Using WES and bioinformatic filtering of
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non-synonymous sequence variants, 27 variants were identified from the previously selected
genes (Quintero-Ronderos et al., 2017). The genes in which variants were identified in the
described sequencing studies are detailed in Table 20. However, genes from Quintero-
Ronderos et al. (2017) have been excluded because they were from a pre-selected gene

panel and therefore would introduce bias.

114



Table 19- Study characteristics from Single nucleotide variants by whole exome sequencing studies

Author, date and Study objective Sample, phenotype and gestation Methods and analysis Study outcome Quality
country scores
Rae et al., 2015 Assessment of genes causing One woman with multiple male Fetal DNA screening using NGS panel Identified pathogenic variant in X- 3
Southampton, UK pregnancy loss of male pregnancies. pregnancy loss (hydrops fetalis). Two (Sure Select XT kit — no information linked FOXP3 gene. Known to cause
fetal tissue samples at 18 and 20 on gene number given). IPEX syndrome, but gene not
weeks gestation. previously linked to NIHF.
Shamseldin et al., 2013 Identify causative mutation in a Consanguineous couple with two WES of affected fetus and filtering of Identified novel mutation in CHRNA1, 6
Riyadh, Saudi Arabia family with RPL due to NIHF. previous fetal losses and a history of variants by autozygome. known to cause multiple pterygium
fetal hydrops. One fetal tissue at 19 and fetal akinesia syndrome.
weeks gestation.
Filges et al., 2014 Identify causal variants for a Two pregnancy tissue samples with WES of DNA from parents and Compound heterozygosity for two 4
Vancouver, Canada recurrent pattern of an undescribed normal female karyotypes at 21+4 chorionic villus samples. Variants non-synonymous truncating mutations
lethal fetal congenital anomaly and 18+5 weeks gestation from one from trio filtered for autosomal in KIF14 in the one fetus.
syndrome. family (non-consanguineous). recessive inheritance (homozygous or
compound heterozygous).
Suzuki et al., 2018 Identify causative variant(s) of two Two Iranian consanguineous families WES on fetal tissue samples. Filtering Homozygous variant in NOP14 gene in 3
Yokohama, Japan consanguineous families with RPL. with RPL (nine and two pregnancy for compound heterozygosity and both pregnancy losses with parents
loss in each family). homozygous variants. having heterozygous variants
confirmed by Sanger sequencing.
Dohrn et al., 2015 Clinical report of consanguineous Two pregnancy tissue samples WES of parents and fetuses. Variants Homozygous missense variant in 3
Aalborg, Denmark couple with a history of pregnancies terminated at 14+2 and 13+4 weeks filtered for autosomal recessive ECEL1.
with Arthrogryposis multiplex gestation from one consanguineous inheritance (homozygous in fetus).
congenita (AMC). family.
Wilbe et al., 2015 WES on family trio with a history of One family trio (mother, father and WES on parental and one affected Novel homozygous mutation in MUSK 7
Uppsala, Sweden recurrent fetal loss and fetal akinesia 17 week fetal tissue) with five fetus. Variant filtering to identify gene leading to a frameshift mutation
deformation syndrome. affected fetuses with severe/ lethal potentially damaging variants and predicting a premature stop
form of FADS. following a recessive inheritance codon.
pattern.
Cristofoli et al., 2017 Identify causative mutation in a One couple with 5 first trimester WES on fetus and parents using Identification of novel compound 6
Leuven, Belgium family with profound fetal pregnancy losses. Two fetal tissue OneSeq Constitutional Research heterozygous mutation in STIL in both
microcephaly associated with delayed | terminations sampled at 20 and 25 Panel for exome enrichment. Trio fetuses.
gyrification of the corpus callosum. weeks gestation. filtering of variants for recessive, de
novo and hemizygous inheritance.
Bondeson et al., 2017 Uncover the genetics of suspected Family with four pregnancies (one WES of trio (20 week TOP) with Homozygous nonsense mutation in 5
Uppsala, Sweden autosomal recessive lethal fetal pregnancy loss, one TOP, one IUFD, variant filtering for potentially CEP55 causing a premature stop
ciliopathy Meckel-like syndrome in a one healthy girl). damaging variants following recessive | codon in the affected fetus. The IUFD
family with two affected fetuses with inheritance pattern. SNPs identified fetus was homozygous and the
Meckel-like syndrome and 1 healthy investigated for shared ancestral mother, father and healthy sibling
sibling. haplotype analysis. were all heterozygous for the
mutation.
Tsurusaki et al., 2014 Identify causative mutation in a 39-year-old women with two WES for maternal sample, healthy Compound heterozygous mutation in 33
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Yokohama, Japan

family with RPL and scan
abnormalities.

terminations (13 and 21 weeks), one
intrauterine fetal death (13 weeks),
four RPL (6-8 weeks) and one healthy
son.

son and 21 week TOP due to skeletal
anomalies.

IFT122 identified in the TOP. Same
heterozygous mutation was found in
pregnancy loss tissue at 7 weeks by
PCR analysis. One mutation identified
in maternal sample. Mutation known
to cause Cranioectodermal dysplasia-
1.

Shamseldin et al., 2015
Riyadh, Saudi Arabia

Analysis of consanguineous couples in
which embryonic lethality appears to
follow a Mendelian recessive pattern.

Twenty-four consanguineous couples
with two or more pregnancies
diagnosed with lethal NIHF.

Autozygosity mapping using genome-
wide genotyping array from affected
fetus. WES on affected fetus filtered
for the autozygome and novel
homozygous variants.

In eight fetuses, variants known to
cause NIHF were detected in four
genes (same gene affected in five
families). Mutations in seven novel
candidate genes were identified in 10
fetuses (same gene affected in four
families).

Ellard et al., 2015
Exeter, UK

Investigate a strategy for diagnosis of
autosomal recessive lethal disorders.

Three couples with multiple
pregnancy terminations due to
presumed autosomal recessive
disorder.

WES of parental DNA samples only,
filtering variants for autosomal
recessive inheritance (homozygous or
compound heterozygous). Pregnancy
tissue subsequently tested for
variants using sanger sequencing.

Proof of principle study detected
variants in GLE1, RYR1 and DYNC2H1
(fetal akinesia syndrome).
Demonstrates that WES of parental
samples can be effective in diagnosing
lethal recessive disorders.

Qiao et al., 2016
British Columbia, Canada

WES in recurrent pregnancy loss.

Seven fetal tissues from four families
with RPL at <20 weeks gestation.

WES on couples and pregnancy
tissue. Variant filtering for autosomal
recessive, compound heterozygous
and X-linked inheritance; pathway
and disease association enrichment
analysis.

Compound heterozygous variants
identified in DYNC2HI and ALOX15.

Quintero-Ronderos et al.,
2017
Bogotd, Colombia

Analyse non-synonymous sequence
variants in RPL candidate genes for
dissection of complex disease
aetiology.

49 women with RPL at <20 weeks
gestation.

WES of women (not partners),
bioinformatic filtering of non-
synonymous sequence variants in
subset of 234 RPL candidate genes
selected from review of literature
and databases.

27 variants, in 22 genes, affecting 20
patients were considered strong
candidates for relating to RPL
molecular aetiology.

Quality scores were assessed using a modified Newcastle—Ottawa scale. FADS, fetal akinesia deformation sequence; IPEX, immunodysregulation
polyendocrinopathy enteropathy X-linked; IUFD, intrauterine fetal death; NGS, next generation sequencing; NIHF, non-immune hydrops fetalis; RPL,
recurrent pregnancy loss; SNP, single-nucleotide polymorphism; STIL, SCL/TAL1-interrupting locus; TOP, termination of pregnancy. ALOX15, 15-
lipoxygenase, reticulocyte arachidonate; CEP55, centrosomal protein, 55-KD; CHRNA1, cholinergic receptor, nicotinic, alpha polypeptide 1; DYNC2H1,
dynein, cytoplasmic 2, heavy chain 1; ECEL1, endothelin-converting enzyme-like 1; FOXP3, forkhead box P3; GLE1, RNA exportmediator; IFT122,
intraflagellar transport 122; KIF14, kinesin family member 14; MUSK,muscle, skeletal, receptor tyrosine kinase, NOP14, nucleolar protein 14; RYR1,
ryanodine receptor 1.
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Table 20- Genes identified by WES studies

Gene Paper Author Gene/Locus name Gene/Locus MIM Gene Function Associated Disease/phenotype Cytogenetic location
number
ALOX15 Qiao et al., 2016 15-LIPOXYGENASE, RETICULOCYTE 152392 Implicated in anti-inflammation, None 17p13.2
ARACHIDONATE membrane remodelling, and cancer
development/metastasis.
CEP55 Bondeson et al., CENTROSOMAL PROTEIN, 55-KD 610000 Regulator of the final stages of Multinucleated neurons, 10g23.33
2017 mitosis. anhydramnios, renal dysplasia,
cerebellar hypoplasia, and
hydranencephaly
CHRNA1 Shamseldin et al., CHOLINERGIC RECEPTOR, NICOTINIC, 100690 Nicotinic acetylcholine receptor, Myasthenic syndrome, 2g31.1
2013, Shamseldin et | ALPHA POLYPEPTIDE 1 electrical signalling between nerve congenital, Multiple pterygium
al., 2015 and muscle cells. syndrome
CTSA Shamseldin et al., CATHEPSIN A 613111 Multifunctional enzyme, lysosomal Galactosialidosis 20qg13.12
2015 multienzyme complex.
DNAH14 Shamseldin et al., DYNEIN, AXONEMAL, HEAVY CHAIN 14 603341 Microtubule-associated motor None 1g42.12
2015 protein complexes.
DYNC2H1 Ellard et al., 2015, DYNEIN, CYTOPLASMIC 2, HEAVY CHAIN | 603297 Ciliary intraflagellar transport (IFT). Short-rib thoracic dysplasia 3 11922.3
Qiao et al., 2016 1 with or without polydactyly
ECEL1 Dohrn et al., 2015 ENDOTHELIN-CONVERTING ENZYME- 615065 Zinc metalloproteases. Neuromuscular disease / 2937.1
LIKE 1 Arthrogryposis Multiplex
Congenita, Distal Arthrogryposis
FOXP3 Rae et al., 2015 FORKHEAD BOX P3 300292 Development and function of Immunodysregulation, Xp11.23

naturally occurring CD4 positive T
regulatory cells.

polyendocrinopathy, and
enteropathy, X-linked
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https://www.omim.org/geneMap/2/683?start=-3&limit=10&highlight=683
https://www.omim.org/geneMap/20/303?start=-3&limit=10&highlight=303
https://www.omim.org/geneMap/1/1532?start=-3&limit=10&highlight=1532
https://www.omim.org/geneMap/11/787?start=-3&limit=10&highlight=787
https://www.omim.org/geneMap/X/267?start=-3&limit=10&highlight=267

FZD6 Shamseldin et al., FRIZZLED, DROSOPHILA, HOMOLOG OF, 603409 Whnt family member, directional Nail disorder, nonsyndromic 8q22.3
2015 6 cues to align either individual cells congenital, 10, (claw-shaped
within an epithelial sheet or nails)
multicellular clusters.
GALNT14 Shamseldin et al., UDP-N-ACETYL-ALPHA-D- 608225 Glycosyltransferases, enzymes None 2p23.1
2015 GALACTOSAMINE:POLYPEPTIDE N- catalyse the first step in the O-
ACETYLGALACTOSAMINYLTRANSFERASE glycosylation.
14
GLE1 Ellard et al., 2015 RNA EXPORT MEDIATOR 603371 Regulates gene expression. Arthrogryposis, Lethal congenital | 9g34.11
contracture syndrome 1
GUSB Shamseldin et al., BETA-GLUCURONIDASE 611499 Lysosomal hydrolase (involved in Mucopolysaccharidosis VII 7q11.21
2015 the stepwise degradation of
glucuronic acid-containing
glycosaminoglycans).
KIF14 Filges et al., 2014 KINESIN FAMILY MEMBER 14 611279 Intracellular transport and cell Meckel syndrome 12, 1g32.1
division. Microcephaly
IFT122 Tsurusaki et al., INTRAFLAGELLAR TRANSPORT 122 606045 Cell cycle progression, signal Cranioectodermal dysplasia 1 3g21.3-g22.1
2014 transduction, apoptosis, and gene (DEC-1)
regulation.
MUSK Wilbe et al., 2015 MUSCLE, SKELETAL, RECEPTOR 601296 Muscle-specific kinase for Fetal akinesia deformation 9g31.3
TYROSINE KINASE neuromuscular junction formation. sequence, Myasthenic syndrome,
congenital, 9, associated with
acetylcholine receptor deficiency
MYOM1 Shamseldin et al., MYOMESIN 1 603508 Striated muscle. none 18p11.31
2015
NEB Shamseldin et al., NEBULIN 161650 Protein component of the Nemaline myopathy 2, 2g23.3

2015

cytoskeletal matrix within skeletal
muscle.

autosomal recessive
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https://www.omim.org/geneMap/8/411?start=-3&limit=10&highlight=411
https://www.omim.org/geneMap/2/137?start=-3&limit=10&highlight=137
https://www.omim.org/geneMap/7/271?start=-3&limit=10&highlight=271
https://www.omim.org/geneMap/9/368?start=-3&limit=10&highlight=368
https://www.omim.org/geneMap/18/25?start=-3&limit=10&highlight=25
https://www.omim.org/geneMap/2/592?start=-3&limit=10&highlight=592

NOP14 Suzuki et al., 2018 NUCLEOLAR PROTEIN 14 611526 18S rRNA processing and 40S None 4p16.3
ribosome biogenesis.
PIGC Shamseldin et al., PHOSPHATIDYLINOSITOL GLYCAN 601730 Glycosylphosphatidylinositol None 1g24.3
2015 ANCHOR BIOSYNTHESIS CLASS C biosynthesis.
PROTEIN
RYR1 Ellard et al., 2015, RYANODINE RECEPTOR 1 180901 Calcium release channel of the Central core disease, King- 19q13.2
McKie et al., 2014 sarcoplasmic reticulum. Denborough syndrome, Minicore
myopathy with external
ophthalmoplegia, Neuromuscular
disease, congenital, with uniform
type 1 fiber
STIL Cristofoli et al., SCL/TAL1-INTERRUPTING LOCUS 181590 Centriole duplication during the cell | Microcephaly 7, primary, 1p33
2017 cycle. autosomal recessive
THSD1 Shamseldin et al., THROMBOSPONDIN TYPE 1 DOMAIN- 616821 Adhesive glycoprotein None 13g14.3
2015 CONTAINING PROTEIN 1
UBN1 Shamseldin et al., UBINUCLEIN 1 609771 Proliferation. None 16p13.3

2015
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https://www.omim.org/geneMap/1/1252?start=-3&limit=10&highlight=1252
https://www.omim.org/geneMap/19/572?start=-3&limit=10&highlight=572
https://www.omim.org/geneMap/1/499?start=-3&limit=10&highlight=499
https://www.omim.org/geneMap/13/178?start=-3&limit=10&highlight=178
https://www.omim.org/geneMap/16/148?start=-3&limit=10&highlight=148

3.4.2 CNVs

Thirteen studies and one meta-analysis (Bagheri et al.,, 2015) (Table 21), were identified
which looked for CNVs in either fetal tissue, parental samples, or both by chromosomal
microarray analysis. Three different microarray platforms were used for analysis, either
single-nucleotide polymorphism (SNP) array, oligonucleotide (oligo) array or bacterial

artificial chromosome (BAC) array.

Six studies reported CNVs in pregnancy loss (Zhang et al., 2009, Viaggi et al., 2013, Levy et
al., 2014, Zhang et al., 2016, Donaghue et al., 2017, Zhou et al., 2016), four studies in RPL
(Raman et al., 2019, Nagirnaja et al., 2014, Karim et al., 2017, Park and Park, 2019) and three
studies with a mixture of both pregnancy loss and RPL (Wang et al.,, 2017, Warren et al.,
2009, Borrell, 2019). Seven of the studies included parental samples and therefore the
inheritance of reported CNVs was determined. Six of the studies did not include parental
samples, and therefore the inheritance pattern of the CNVs reported in these studies could

not be determined.

The pregnancy losses reported were pregnancies of varying gestational age, with the
majority of pregnancy losses at less than 20 weeks. In three studies (Raman et al., 2019, Park
and Park, 2019, Viaggi et al., 2013), all pregnancy losses tested were less than 12 weeks
gestation. Two papers (Borrell, 2019, Park and Park, 2019) also identified pregnancies with
developmental abnormalities and used hystero-embryoscopy to allow morphological

examination of the fetus in utero prior to genetic analysis.
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Of the studies which determined the inheritance of the CNVs, there were 30 de novo, and 43
inherited CNVs (Levy et al.,, 2014, Raman et al., 2019, Borrell, 2019, Park and Park, 2019,
Wang et al., 2017, Warren et al., 2009). In general, the studies showed a 2.2-13 % detection
rate (DR) of pathogenic CNVs (Donaghue et al., 2017, Levy et al., 2014, Wang et al., 2017,
Warren et al., 2009, Zhang et al., 2016, Zhang et al., 2009) plus a 0.9 % to 3.3 % DR of
variants of unknown significance (VOUS) (Donaghue et al., 2017, Wang et al., 2017, Zhang et
al.,, 2016, Qiao et al.,, 2016). An additional meta-analysis study (Bagheri et al., 2015)
compared the characteristics and contributions of rare and common CNVs from four of the
other studies by reclassifying CNVs according to the prevalence of healthy controls using
Database of Genomic Variants (Bagheri et al., 2015, Raman et al., 2019, Borrell, 2019, Park
and Park, 2019, Viaggi et al., 2013). They concluded that common CNVs were specifically
enriched in immunological pathways and rare CNVs were not, although the small number of
rare CNVs may have hampered this conclusion. However, both rare and common CNVs could
have a role in pregnancy loss, as rare CNVs have a two times higher gene density and contain
more genes studied in mouse knockouts and common CNVs contain more genes in biological
pathways relevant to pregnancy. The studies that identified VOUS were in accordance with

each other and suggested the rate of between 2-3 %.

Of particular interest is to find recurrent CNVs that are associated with pregnancy loss.
Maisenbacher et al. (2017) determined the frequency of the 22g11.2 deletion in a large
cohort of pregnancy loss samples using a SNP microarray. The 22q11.2 deletion was
detected in 15 (0.07%) of 22451 POCs, with an overall incidence of 1/ 1497. They concluded
that this was higher than the reported general population prevalence (1/4000- 1/6000).

Likewise, Nagirnaja et al. (2014) identified CNV regions on chromosome 5 (5p13.3),
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disrupting the PDZD2 and GOLPH3 genes. There was significant association with an increased
risk of RPL. PDZD2 and GOLPH3 are predominately expressed in the placenta, suggesting a
functional relevance; however neither, of these genes haves previously been linked to

placental function or pregnancy complications (Nagirnaja et al., 2014).
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Table 21- Study characteristics from studies looking at other genetic findings in pregnancy loss including recurrent molar pregnancies

Clinical Information

Results from POC analysis

. Quality
Reference Sample Size Array :
Sample Gestation CNVs Size Inherited vs. De Score
novo
mz;rez:/: al., 2009 30 POC- miscarriage 10-20 weeks BAC and Oligo | 4 CNVs (3 gains, 1 loss) All <300 kb 4 de novo 4
Zha'1‘r.1g et al.., 2009 58 POC- miscarriage First trimester Oligo 5 CNVs (4 gains, 1 loss) 108 - 1460 kb No parental 5
Beijing, China samples
Rajcan-Separovic et . . . . 6 CNVs (in 5 2 maternal, 1
POC- h N
al., 2010b 17 OC- miscarriage wit otgiven BAC and Oligo | miscarriages) (4 gains, 2 <250 Kb paternal, 2 de novo, | 4
abnormal morphology (CRL 4-30 mm) *
Vancouver, Canada losses) 1 unknown
Viaggi et al., 2013 40 POC- miscarriage <12 weeks Oligo 14 CNVs (9 gains, 5 < Mb No parental 5
Genova, Italy losses)* samples
Clinically significant-
5 maternal, 6
. paternal, 1
Levy et al., 2014 . . 33 CNVs- 12 clinically
New York, USA 2389 POC- miscarriage <20 weeks (mean 7.7) | SNP significant, 21 VOUS All <10 Mb unknown. VOUS-17 | 6
maternal, 3
paternal, 1
unknown
Zhang etal,, 2016 60 POC- Miscarriage <20 weeks (mean SNP and Oligo | 4 pCNVs, 2 VOUS 3>10 Mb, 3 <10 Mb | O Parental 6
Guangzhou, China 17.2) samples
POC- 128 culture
Zhou et al., 2016 failure(CF-POC) and 106 . 5 pCNVs from CF-POC, 6 10<10 Mb, 1 >10 No parental
234 -37 k |
New Haven, USA 3 normal karyotype (NK- 6-37 weeks Oligo pCNVs from NK-POC Mb (from CF-POC) samples 2
POC)
197 (7.2%) >10 Mb,
Donaghue et al., 2017 . . . 25 (0.9%) <10 Mb, No parental
London, UK 1911 POC- miscarriage 8-40 weeks (mean 16) | Oligo 260 CNVs 24(0.9) VOUS, 14 samples 5
(0.5%) IF
Rajcan-Separovic et 13 CNVs (6 gains,7 6 maternal, 7
al., 2010a 26 POC- RPL <20 weeks Oligo . gains, <1600 Kb ! 7
losses) paternal
Vancouver, Canada
Robberecht et al., POC- miscarriage with .
2012 32 abnormal morphology <11 weeks (mean 7.5 BAC and SNP 11 CNVs (8 gains, 3 <1 Mb 2 de r.10vo, 9 5
weeks) losses)* inherited

Leuven, Belgium

(1-6 previous losses)
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1 maternal, 3

Wang et al., 2017 <13 weeks (mean 12 <10Mb, 19 paternal, 22 de
Nanjing, China 235 POC-SA and RM 9.8) SNP 31 pCNVs >10Mb novo, 5 lost at
follow up

Nagirnaja et al., 2014 309 female, Parental blood samples-
Tartu, Estonia 249 male RPL (<3 miscarriages) <22 weeks SNP ik oa LS

parental samples with 79.5% first trimester,
Karim et al., 2017 a RPL (29.5% >§ 16% second Oligo 36 CNVs (25 gains, 11 all <10 Mb N/A
Jeddah, Saudi Arabia ) o7 trimester, 4.5% third & loses)

miscarriages) .

trimester
. 14 familial, 1 de

Bagheri etal,, 2015 101 Meta- analysis of studies 24 rare CNVs novo, 9 unknown

Vancouver, Canada

origin

These CNVs were subsequently reviewed and reclassified by Bagheri et al. (2015). Quality scores were assessed using a modified Newcastle—Ottawa

scale. Array, chromosomal microarray analysis; BAC, bacterial artificial chromosome microarray; CNV, copy number variation; CRL, crown to rump

length; IF, incidental finding; Oligo, oligonucleotide microarray; pCNV, pathogenic copy number variant; POC, products of conception; VOUS, variants
of unknown significance.
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3.4.3 Recurrent molar pregnancies

Eleven studies (Table 22) were identified which evaluated the genetics of diploid and
biparental recurrent HM (RHM) pregnancies. One study (Parry et al., 2011) identified biallelic
mutations in C6orf221 in three consanguineous families with familial biparental HMs. Three
studies (Abdalla et al., 2012, Brown et al., 2013, Ulker et al., 2013) reported case studies of
an individual consanguineous family, two non-consanguineous families and two
consanguineous families with RHMs. Autosomal recessive mutations were identified in the
NLRP7 gene and were considered to be responsible for the occurrence of HMs. Deveault et
al. (2009) investigated 13 women experiencing RHM, some with a family history of molar
pregnancies and 11 NLRP7 variants were identified. Mutation analysis of the NLRP7 gene in
35 women experiencing RPL with at least one HM revealed 17 different mutations (Qian et
al.,, 2011). Qian et al. (2011) also suggested that one defective allele in NLRP7 causes diploid

androgenic moles and two defective alleles causes diploid biparental moles.

Two studies (Huang et al., 2013, Kang et al.) investigated cohorts of women to see whether
mutations in the NLRP7 gene could also be responsible for RPL without history of molar
pregnancy. Messaed et al. (2011) investigated 135 women with either RPL or at least one
HM and sequencing of NLRP7 exons identified two patients with RPL to have NLRP7
mutations. Huang et al. (2013) also showed significant association between RPL and NLRP7
polymorphisms. In contrast, two further studies (Andreasen et al., 2013, Manokhina et al.,
2013) identified no disease-causing mutations in NLRP7 in women with RPL and similarly

Aghajanova et al. (2015) found no mutations in NLRP7, NLRP2 or KHDC3L (C6orf221).
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3.4.4 Other genetic causes

Two studies (Seyedhassani et al., 2010a, Seyedhassani et al., 2010b) analysed and sequenced
mitochondrial tDNA in 96 women with RPL. Four variants in threonine tRNA and one variant
in proline tRNA were observed, but in some cases these were also observed in controls
(Seyedhassani et al., 2010a), which calls into question the significance of these findings.
Analysis of mitochondrial D-loop sequences showed a higher rate of point mutations in RPL
patients than in controls. In total 89 out of 153 variants were only identified in women with
RPL and 22 of these mutations were considered to be significant (Seyedhassani et al.,

2010b).

X-chromosome inactivation occurs during early embryogenesis and has also been proposed
to have an aetiological role in RPL. Skewed X-chromosome inactivation (XCI) status was
compared between women with RPL and healthy controls. Extremely skewed XCI (defined as
>90 %) was identified in 17.7% of RPL women compared to 1.6 % of extremely skewed XCl in

controls (Bagislar et al., 2006).

Six further papers were identified that discussed specific genes and their contribution to
pregnancy loss. Each paper (Bendroth-Asmussen et al., 2016, Bhuiyan et al., 2008, Lopez-
Carrasco et al., 2013, McKie et al., 2014, Stouffs et al., 2011, Zhang et al., 2016) investigated
an individual gene or genes. In a case study of a 30-year-old women with pregnancy loss
from glycogen storage disease Type IV (GSD-IV), DNA extracted from placental tissue

identified compound heterozygous mutations in GBE1 (Bendroth-Asmussen et al., 2016).

Another case study, a consanguineous Arabian family with pregnancy losses, stillborn, fetal

demise and two live children, had homozygosity mapping. This led to the screening of the
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HERG gene in the live children, parents and stillborn. Homozygous nonsense mutations in
HERG were identified in the child with polymorphic ventricular tachycardia and the same
heterozygous mutation in the parents and unaffected child. Amniotic fluid cells from the

stillborn child were also homozygous for the same HERG mutation (Bhuiyan et al., 2008).

Three rare homozygous RYR1 variants were identified using genome-wide linkage studies
and sequencing of RYR1 coding exons. Initially, a RYR1 homozygous nonsense mutation was
detected in two fetuses with FADS/ lethal multiple pterygium syndrome (LMPS). The parents
were both homozygous for the same mutation. When 66 further probands with FADS/ LMPS
phenotype were screened for germline RYR1 mutations two further potential homozygous

mutations were detected (McKie et al., 2014).

In a larger study, 100 couples with at least three unexplained pregnancy losses had WNT6
mutation analysis performed. WNT6 has previously been shown to have an important role
for stromal cell proliferation during decidualisation in mice. Four novel mutations were
identified in the women with RPL but not in the male partners or healthy controls (Zhang et

al., 2015), although there was no conclusive evidence for pathogenicity.

Ten aberrations were identified in MSH4, DNMT3L and SYCP3 in 23 couples with RPL. Six of
these aberrations were predicted to alter the amino acid sequence. All but one of these
aberrations was considered a likely SNV. The mutation in the SYCP3 gene was shown to have
a 78 % likelihood of causing a deleterious effect on protein function due to an alteration in
the amino acid sequence changing a non-polar isoleucine into a polar threonine (Stouffs et
al.,, 2011). Another study (Lopez-Carrasco et al., 2013) targeted the two spindle checkpoint

genes AURKB and SYCP3 in 102 patients with either RPL or spermiogram alterations. One
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heterozygous intronic deletion was identified in SYCP3 with no in silico causative indication.
Six aberrations were identified in AURKB, however a deletion and two nucleotide changes
were considered to have no functional alteration or be frequent variants respectively. Three
rare missense variants were identified in AURKB, with two of these variants found in a

couple with pregnancy loss.
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Table 22-Characteristics of studies looking at other genetic findings in pregnancy loss including recurrent molar pregnancies.

Author, Date and Study Objective Sample, phenotype and gestation Methods and analysis Study Outcome Quality
Country Scores
e Deveault et al., 2009 Investigate the role of NLRP7 in Thirteen patients, each with RHM or | Sequencing of NLRP7 exons. Eleven NLRP7 variants in parents 6
‘g ° Montreal, Canada recurrent HMs. recurrent reproductive wastage. Five with diploid biparental, diploid
§ % with family history of molar androgenic, triploid and tetraploid
< pregnancy, eight with no fetal heart. moles.
S 2 © Parry et al., 2011 Report biallelic mutations of Three consanguineous families with Homozygosity sampling using Biallelic mutations in C6orf221 in 4
E é g ~| Leeds, UK C6orf221 in three families with FBHM, and 14 further probands. genome-wide SNP array, NGS three families.
FBHM. enriching for homozygous regions.
S 2 © Abdalla et al., 2012 Mutation analysis of NLRP7 and Three women from two families with | Cytogenetic analysis; Sequence Two autosomal recessive mutations 4
E é g | Alexandria, Egypt C6orf221 genes in women with first trimester losses with repeat analysis of NLRP7 and C6orf221 were identified in NLRP7.
RHM. HMs. genes.
° . Brown et al., 2013 Case study of one patient. One woman with successive molar Chromosomal microarray analysis of | Homozygosity for clinically relevant 4
g - f_ov Vermont, USA pregnancies in the first trimester. DNA from peripheral blood. NLRP7 mutation. SNP array ruled out
é s One complete HM and two partial deletion.
moles.
- Ulker et al., 2013 Investigate genetic disposition of Two consanguineous Turkish families | Sequencing of NLRP7 axons and SNP 1 family with homozygous NLRP7 3
@ 5 Istanbul, Turkey families with RHM pregnancies. with recurrent HM. array. nonsense mutation.
50 Another family with heterozygous
é 2 deletion affecting the NLRP2 and
NLRP7 genes.
- Qian et al.,, 2011 NLRP7 mutation analysis in Chinese Thirty-five women with RPL with at Mutation analysis of NLRP7 exons. Founder mutations in NLRP7 - 9
- @ - Zhejiang, China patients with recurrent reproductive | least one HM. diploid androgenic moles in patients
E 50 wastage, including at least one HM. with one defective allele, diploid
nuc‘ﬂ = biparental moles in patients with
two defective alleles.
L s e o Messaed et al., 2011 Investigate the role of NLRP7 in One hundred thirty-five women with | Sequencing of NLRP7 exons. NLRP7 is responsible for some cases 9
£ @ § S | Montreal, Canada sporadic moles and other forms of three spontaneous abortions or at of recurrent spontaneous abortion.
Foes2 reproductive wastage. least one HM.
- Andreasen et al., 2013 Investigate the association between Nineteen women with RPL and one DNA from maternal blood - NLRP7 No unequivocal pathogenic 7
- § s Aarhus, Denmark molar pregnancy and RPL regarding HM, five women with RHM, seven and KHDC3L were sequenced using mutations in NLRP7 or KHDC3L;
E § g changes in the NLRP7 and C6orf221/ | women with HM and with family PCR. although eight rare non-synonymous
2 KHDC3L genes. members with HM. variants (NSVs) in NLRP7 were
observed and 3 NSVs in KHDC3L.
Huang et al., 2013 Do genetic variants of NLRP2 and One hundred forty-three women Genomic DNA extracted from A SNP in NLRP7 showed significant 10
z Tainan, Taiwan NLRP7 confer susceptibility to with a least two consecutive lymphocytes and SNPs identified association with idiopathic RPL. A
3 idiopathic RPL? pregnancy losses at <12 weeks. using end-point TagMan assays from | SNP in NLRP2 showed a marginally
genomic DNA. significant association.
Manokhina et al., 2013 Elucidate which subpopulations of Seventeen women with RPL or Peripheral blood DNA sequencing of No association between NLRP7 8
3 Vancouver, Canada women with adverse reproductive complete HM. NLRP7 and C6orf221 exons. Six non- variants and RPL or partial HM.
o outcomes should be screened for synonymous NLRP7 variants
NLRP7/ Céorf221. genotyped in larger clinical groups.
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Aghajanova et al., 2015 Are mutations in NLRP2, NLRP7 or Ninety-four women with Sequencing of coding exons of No disease-causing mutations were 6
_ Houston, USA KHDC3L associated with recurrent unexplained infertility and 24 NLRP7, NLRP2 and KHDC3L in identified in NLRP2, NLRP7 and
& pregnancy loss or infertility? women with RPL. genomic DNA. KHDC3L in either unexplained
infertility or RPL.
- Docherty et al., 2015 Report genetic causes in multi-locus Thirty-nine MLID patients and 33 WES and sanger sequencing to Identification of NLRP5 variants in 6
_téb . Southampton, UK imprinting disturbances (MLID) mothers of patients with MLID. confirm NLRP5 variants, target five mothers of patients with MLID
E r_o‘s patients, to seek genetic causes of methylation analysis using and hypomethylation of imprinted
g— E the epigenetic errors in MLID. methylation-specific PCR. loci observed in MLID patients
- exposed to maternal NLRP5 variants.
0 c =« Seyedhassani et al., 2010a | Analysis of mitochondrial tRNA (Thr) Blood samples from 96 women with Mitochondrial proline and threonine | Four mutations in tRNA (Thr) and 5
-‘§=‘ % = g Tehran, Iran and tRNA (Pro) in women with RPL. at least 3 pregnancy losses at <20 tRNAs were sequenced. one mutation in tRNA (Pro) were
weeks gestation. identified in some women.
- Seyedhassani et al., Examine mitochondrial D-loop Ninert-six blood samples from Mitochondrial D-loop DNA sequence | One hundred fifty-three different 10
§ 2 2010b deletions and nucleotide alterations women with at least 3 pregnancy analysis. mutations in D-loop region. Higher
§ o Tehran, Iran in samples taken from RPL women. losses at <20 weeks gestation. rate of mutations in D-loop in
§ 2 maternal blood of women with RPL
in comparison to control group.
° < | Bagislaretal., 2006 Is there a difference in X- Eighty patients with RPL and 160 Methylation sensitive restriction Skewed X chromosome inactivation 8
[ g “E’ -2 { Ankara, Turkey chromosome inactivation patternsin | controls. enzyme digest and PCR. Radioactive in 20.9% RPL vs. 6.4% controls, with
kK 8554 . . . B L o
53 g 4 patients with RPL? labelling and densitometry analyses. extreme skewing in 17.7 % RPL vs.
1.6 % controls.
Bendroth-Asmussen et Case report of 30 year old woman Pregnancy tissue at 10+1 weeks Placental histopathology with Compound heterozygosity for 2
- al., 2016 with pregnancy loss in the first gestation. Periodic acid-Schiff staining and mutations in GBE1. GSD-IV can cause
0 Copenhagen, Denmark trimester. Presenting Glycogen immune-histochemical stains and early pregnancy loss, and diagnosis
© storage disease Type IV (GSD-IV) as a sequencing of GBE1. can be made on histopathological
cause of early pregnancy loss. examination.
Bhuiyan et al., 2008 Identify causes of RPL and late fetal Male child with polymorphic Homozygosity mapping of cardiac Homozygous nonsense mutation in 3
Q Amsterdam, Netherlands loss due to arrhythmias in a ventricular tachycardia ion channel genes. HERG (consanguineous parents both
T (Multi centre) consanguineous Arabian couple. had the same heterozygous
mutation).
McKie et al., 2014 Identify any novel genetic causes of Two pregnancy tissues affected by Genome-wide linkage using DNA Linkage study identified three rare 5
- Cambridge, UK the FADS and multiple pterygium FADS/ MPS at 12+6 and 14+0 weeks from fetal material and sequencing homozygous RYR1 variants which
T syndrome (MPS) phenotypes. gestation. Thirty-six families with of RYR1 coding exons in probands. were also identified in families with
&« FADS/LMPS and 30 families with FADS/LMPS phenotypes.
Escobar variant of MPS.
Zhang et al., 2015 Investigate whether mutations in One hundred couples with at least Mutation analysis of WNT6 exons. Four novel mutations in women with | 8
2 Jinan, China WNT6 play a role in unexplained three pregnancy loss; 100 matched unexplained pregnancy loss, none in
§ RPL. controls. males or controls. No conclusive
evidence for pathogenicity.
Maisenbacher et al., 2012 | Determine the incidence of the Twenty-two thousand five hundred Genotypes using SNP arrays across Fifteen samples with 22q11.2 6
S San Carlos, USA 22g11.2 deletion in the pregnancy forty-one POC specimens received the genome. deletion (0.07% of the sampled
= loss population. for pregnancy loss testing. population), 12 from normal
N karyotypes and 2 from abnormal
karyotypes.
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c Stouffs et al., 2011 Gain insight into maturation arrest Forty azoospermic patients and 23 Genomic DNA sequencing of Five and six aberrations affecting 7
2 = Brussels, Belgium and the relationship with mutations couples with at least two DNMT3L, SYCP3 and MSH4 genes. amino acid sequence in azoospermic
g g in genes essential for meiosis and consecutive pregnancy losses. men and RPL patients respectively.
& < the relevance to RPL. Some aberrations were also
2 identified in controls.
v a " Lopez-Carrasco et al., Investigate involvement of spindle One hundred two patients (43 of Genomic DNA sequencing of AURKB Three rare heterozygous missense 10
§ § g9 2013 checkpoint genes in patients with which have RPL and 46 with and SYCP3 genes. variants in AURKB.
uc:z_ 5 © Y| Valencia, Spain chromosomal instability and spermiogram alterations).
reproductive problems.
Zheng et al., 2013 Do assisted reproduction techniques | 320 pregnancy tissue samples from Paternally methylated gene, H19, Two regions of hyper-methylation 11
» Guangzhou, China affect DNA methylation of imprinted pregnancy loss after ART or natural and maternally methylated genes, found in H19. Mean percentage of
% genes and can aberrant methylation conception between 6-26 weeks. LITI and SNRPN, were analysed using | methylation higher in pregnancy loss
S of imprinted genes account for bisulfite pyrosequencing of genomic samples. Positive correlation
%‘3 pregnancy loss? DNA and methylation analysis. between percentages of methylation
w of all three genes and pregnancy
loss.

Quality scores were assessed using a modified Newcastle—Ottawa scale. FBHM, familial biparental hydatidiform mole; HM, hydatidiform mole; RHM,
recurrent hydatidiform mole. C6orf221, chromosome 6 open reading frame 221; DNMT3L, DNA methyltransferase 3-like protein; GBE1, glycogen
branching enzyme; H19, H19, imprinted maternally expressed noncoding transcript; HERG, human ether-a-go-go-related gene; KHDC3L, KHDC3-like
protein, subcortical maternal complex member; LIT1, long gt intronic transcript 1; MSH4, MutS, E. coli, homolog of, 4; NLRP2, NLR family, pyrin
domain-containing 2; NLRP5, NLR family, pyrin domain-containing 5; NLRP7, NLR family, pyrin domain-containing 7; SNRPN, small nuclear
ribonucleoprotein polypeptide N; SYCP3, synaptonemal complex protein 3; WNT6, wingless-type MMTV integration site family, member 6.
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3.5 Discussion

In this systematic review we have identified 50 papers which investigated genetic
contributions other than aneuploidy to pregnancy loss. The studies identify some key areas,
including identification of SNVs by WES, identification of CNVs by microarray analysis, and
investigation of a group of genes associated with diploid and biparental recurrent molar
pregnancies that are linked to pregnancy loss. Other genetic contributions, such as
epigenetics and mitochondrial DNA (mtDNA), were also investigated in individual papers.
There were also studies reporting sequencing of candidate genes already known to be

associated with pregnancy loss with or without structural abnormalities.

We have summarised the current evidence below for each of these categories, and then
discuss the implications of these findings both for future studies and also for genetic

investigation of couples experiencing RPL.

3.5.1 Whole exome sequencing

Advances in next generation sequencing are vastly improving and enabling a molecular
diagnosis for a range of disorders and clinical pathways. As the cost of WES decreases, the
technology is becoming more widely used and clinically applicable. This review identified a
number of studies (Table 19) over the last 4 years which have used WES to look for as yet
unidentified genetic causes of pregnancy loss. The majority of these studies looked at
individual patients or couples with RPL, some of which showed ultrasound scan
abnormalities during the pregnancy (Bondeson et al., 2017, Cristofoli et al., 2017, Wilbe et

al., 2015, Tsurusaki et al., 2014). More recently a small number of studies have been
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published studying larger cohorts of patients and exploring possible strategies for genetic
investigation of these patients (Ellard et al., 2015, Qiao et al., 2016, Shamseldin et al., 2015).
This review included studies where patients suffered multiple pregnancy losses with
phenotypic findings in all or some of their pregnancy losses. This included ultrasound scan
abnormalities and post-mortem findings, and in some cases, where patients opted for
termination of pregnancy. These were thought to be important to include because there
could be a range of phenotypic effects caused by a genetic abnormality in a lethal gene,
which could include abnormalities and late fetal death in some pregnancies, but earlier

pregnancy loss in others.

Bioinformatic filtering is required when studying the whole exome in order to provide a
more manageable approach to interpretation of the data. In most of these studies ‘trios’ of
patients were sequenced, and bioinformatic modelling of inheritance patterns was used to
limit the number of variants identified. In most cases, patterns of autosomal recessive
inheritance (or X-linked recessive in male fetal losses) were modelled to look for variants. As
might be expected, very often the couples investigated were consanguineous or possibly
from populations isolated geographically. An alternative autozygosity mapping approach was
used by Shamseldin et al. to restrict the genes that were analysed by WES (Shamseldin et al.,
2013, Shamseldin et al., 2015) and a ‘proof of principle’ study (Ellard et al., 2015) developed

a technique to identify autosomal recessive lethal disorders using WES in couples with RPL.

It is important to note that where autosomal recessive mutations are identified as a cause of

pregnancy loss, this will guide counselling and treatment options for the couple as there is a
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1:4 recurrence risk in future pregnancies, and prenatal diagnosis or PGD would be available

to the couple.

Interestingly, genes that were identified from these WES studies are associated with
processes that have an early role in developmental biology and are essential in
embryogenesis. Some key processes include centrosome integrity, anti-inflammatory/
immune responses, proliferation and maintenance of epithelial cells, maintenance and
development of collagen and muscle tissues and blood coagulation. The majority of WES
studies focused on individual families. Therefore the genes detected are limited to
preselected cases and it is not possible to group them together for a meta-analysis to

ascertain the DRs.

Immune cells present early during pregnancy, especially during implantation where the
maternal immune system has to tolerate the implanting embryo. The immune response
during implantation is not currently well understood. However, the maternal immunity shifts
from cell-mediated immunity to humoral (antibody mediated) immunity to protect the
embryo from rejection. Aberrations in several genes, ALOX15 (Qiao et al., 2016), CR1
(Quintero-Ronderos et al., 2017), FOXP3 (Rae et al., 2015) and TLR3 (Filges et al., 2014) were
identified and are known to be involved in inflammatory and immune defences. Mutations
in these genes could be causing defects resulting in early pregnancy loss because the

immune response is rejecting the embryo.

During embryogenesis, cells differentiate and proliferate. Potentially causative mutations
were identified in FLT1 (Quintero-Ronderos et al., 2017), LIFR (Quintero-Ronderos et al.,

2017) and UBN1 (Shamseldin et al., 2015) genes involved in cell differentiation and
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proliferation. Mutations in the two genes TRO and CHD11 were both identified (Quintero-
Ronderos et al., 2017) and are involved in cell adhesion. As cell differentiation, cell
proliferation and cell adhesion are an important part of fetal growth during pregnancy,

disruption in these genes could cause the pregnancy to fail.

Mutations in genes involved in tissue formation were also identified. In particular, CDH1
(Quintero-Ronderos et al., 2017) and FZD6 (Shamseldin et al., 2015) are specifically involved
in cell adhesion, MMP10 and MMP9 (Quintero-Ronderos et al., 2017) for extracellular
remodelling and MUSK (Wilbe et al., 2015) and MYOM1 (Shamseldin et al., 2015) for

formation of neuromuscular junctions and striated muscle.

During pregnancy, blood passes through the placenta for the exchange of gases, nutrients,
electrolytes and waste products between the mother and fetus. Mutations in three genes,
F5, FGA and THBD (Quintero-Ronderos et al., 2017), were identified. These are involved in
the coagulation pathway. The flow of blood is necessary for the fetus to grow and any

disruption causing the blood to clot could result in loss of the pregnancy.

In summary, WES of POC or fetal DNA and parental DNA is a promising method to identify
variants in genes which might be responsible for RPL and/ or fetal abnormalities. Where
aberrations are inherited from the parents, a genetic diagnosis may provide invaluable
information for preimplantation screening or prenatal diagnosis in future pregnancies.
However, studies with larger unbiased cohorts are needed to conclusively determine

detection rates and clinical utility of WES in this group of patients.
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3.5.2 Chromosomal microarray analysis

In some cases, CNVs either as gains or losses may be responsible for pregnancy loss of a
fetus with an apparently normal karyotype. CNVs, both rare and common, may be impacting
pregnancy-related genes or pathways, resulting in pregnancy loss. These may involve single

genes or clusters of genes which are deleted, duplicated or disrupted.

Studies identified by our systematic review are summarised in Table 21. Due to the diverse
approaches taken, the studies are difficult to compare collectively. Cohorts reported
sporadic pregnancy loss and RPL, different gestations and different methods of analysis.
Some studies (Bagheri et al., 2015, Raman et al., 2019, Borrell, 2019, Warren et al., 2009,
Levy et al.,, 2014, Park and Park, 2019, Wang et al., 2017) analysed both fetal tissue and
parental DNA concurrently (i.e. a trio) to identify whether CNVs were de novo or inherited.
This is important in assessing both the likely pathogenicity of the finding and the associated
recurrence risk. Where the CNV is also detected in a parent, it is less likely to be causative of
a pregnancy loss in isolation. It is possible that inherited CNVs could still cause RPL where
the CNV co-occurs with an autosomal recessive gene mutation (SNV) on the other allele or
where genes present within the CNV are relevant to genomic imprinting or embryonic/

placental growth (Raman et al., 2019, Borrell, 2019).

Relatively little is known about the genes and pathways involved in pregnancy loss, and
therefore many CNVs identified will be classed as uncertain clinical significance. One study
analysed CNVs in parents experiencing idiopathic RPL using functional enrichment analysis,
identifying biological pathways that were significantly over-represented, such as antigen

binding and immune signalling (Karim et al., 2017, Nagirnaja et al., 2014). Enrichment was
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identified in genes associated with immunoregulatory interactions at the feto-maternal

interface and impaired immune signalling (Nagirnaja et al., 2014).

Identification of pregnancies with developmental abnormalities using hystero-embryoscopy
enables genetic abnormalities to be compared with developmental abnormalities and
growth disorganisation of the embryo. CNVs identified where there is a developmental
abnormality present are more likely to indicate genes important in early development. In
addition to evaluating a genetic cause for pregnancy loss, such studies can provide an
opportunity to identify and evaluate the function of the genes. Where variants are identified
in genes, through analysis of an enriched cohort, such as this, it is easier to interpret their

clinical significance.

Several studies explored the possibility of uniparental disomy (UPD) and looked for regions
of loss of heterozygosity in euploid embryos (Levy et al., 2014, Park and Park, 2019, Wang et
al., 2017). The pathological relevance of UPD is difficult to evaluate as not all platforms are
capable of detecting UPD (e.g. Oligo BAC array) and therefore are difficult to compare.
Pregnancy loss could be due to UPD resulting in unmasking of an underlying lethal recessive

disease gene(s) or imprinted genes.

CNVs were identified in the highly imprinted region 11p15.5. This region is abundant with
imprinted genes and has an important role in the maternal-fetal exchange. Aberrant
methylation or duplication of imprinted genes in this region could cause pregnancy loss

(Zhang et al., 2016).

137



3.5.3 Recurrent molar pregnancies

Although the majority of HMs are sporadic, a small minority are recurrent and/ or familial. A
number of studies looked at the role of genes including NLRP7, C6orf221 (KHDC3L) and
NLRP2 in pregnancy loss manifesting as recurrent molar pregnancy. In the cases reviewed,
the HMs are euploid, and are instead caused by autosomal recessive mutations in genes that

code for the cell machinery that labels the parental origin of the two sets of chromosomes.

It is thought that NLRP7 and Cé6orf221 are components of an oocyte complex that forms
during oogenesis and determines the epigenetic status of the oocyte genome by inactivating
genes. It is likely that variants in NLRP7 cause Hydatidiform moles by impairing the normal

imprinting process causing maternal genes to be expressed when they should not be.

Studies have explored the role of NLRP2, NLRP5, NLRP7 and C6orf221 in other forms of
pregnancy loss such as partial moles, RPL, stillbirth, infertility and multi-locus imprinting
disturbance (MLID) (Aghajanova et al., 2015, Andreasen et al., 2013, Huang et al., 2013,
Manokhina et al., 2013, Kang et al., Docherty et al., 2015). These have shown conflicting
results, many showing no evidence of NLRP7, NLRP2 and C6orf221 mutations in women with

RPL (Aghajanova et al., 2015, Andreasen et al., 2013, Manokhina et al., 2013).

Evidence from several papers suggests that genes involved in oocyte development,
maturation and epigenetic reprogramming are likely to be important in a subset of
pregnancy losses. One of the most studied epigenetic modifications is DNA methylation.
DNA methylation is implicated in the regulation of imprinting and expression of imprinted
genes are thought to be important for the development and physiology of the placenta

(Togneri et al., 2019). Aberrant DNA methylation of several imprinted loci (H19, LIT1 and
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SNRPN) was demonstrated in pregnancy losses, with increasing methylation of these genes
showing a positive correlation with pregnancy loss. It is possible that inappropriate DNA
methylation may either be a contributing factor or consequence of the defect that led to
pregnancy loss (Zheng et al., 2013). It also remains to be investigated as to whether there
are wider epigenetic defects at other loci. Zheng et al. (2013) propose a multifactorial
threshold model for pregnancy loss where additional genetic and environmental factors may

also play a role.

3.5.4 Other genetic causes

Mitochondria have been hypothesised to have an important role in development. They
predominantly regulate the production of ATP, used to regulate cellular metabolism.
Processes such as cell proliferation and development require high energy giving the
mitochondria an important role during pregnancy. Seyedhssani et al. (Seyedhassani et al.,
2010a, Seyedhassani et al., 2010b) have identified mutations in mtDNA in women with RPL.
Furthermore a significant number of mutations were identified in the D-loop of mtDNA. The
D-loop contains essential elements for mtDNA transcription and disruption could affect the
transcription or translation of mtDNA, in turn compromising embryonic development or

causing pregnancy loss.

It is hypothesised that skewed XCI could be involved in the pathogenesis of RPL. Bagislar et
al. (2006) and colleagues demonstrated extremely skewed XCl in 17.7 % of patients with RPL.
It is suggested that skewed XClI could expose X-linked variants that are lethal in the
hemizygous state. In addition, a more recent review (Sui et al., 2015) including 12 case-

control studies on skewed XCI with or without RPL. In patients with RPL, skewed XCI was

139



significantly higher, although the significance drops with fewer losses and for less extreme
skewing. Although the association between RPL and skewed XCl is unclear, two mechanisms
have been proposed. Firstly, if a female carrier with a recessive lethal X-linked genetic
mutation and skewed XCl has a male fetus who inherits the X-linked genetic mutation, it
could lead to pregnancy loss. Secondly, an X-linked genetic mutation could cause follicular

atresia and an increase in aneuploid embryos resulting in pregnancy loss (Sui et al., 2015).

Six papers (Bendroth-Asmussen et al., 2016, McKie et al., 2014, Stouffs et al., 2011, Zhang et
al., 2016, Bhuiyan et al., 2008, Lopez-Carrasco et al., 2013) describe targeted sequence
analysis of specific candidate genes (GBE1, RYR1, WNT6, DNMT3L, SYCP3, MSH4, HERG and
AURKB) in either an individual case of pregnancy loss (Bendroth-Asmussen et al., 2016,
Bhuiyan et al., 2008) or in patient cohorts (McKie et al., 2014, Stouffs et al., 2011, Zhang et
al.,, 2016, Lopez-Carrasco et al., 2013). This targeting was informed by factors including
histopathological examination of placental tissue observed in fetal arrhythmia, scan findings

and functional prediction of gene pathways.

3.5.5 Limitations of current evidence

This review was completed in a systematic manner by two independent reviewers making it
reproducible. The limitation of this study however is the quality of the studies published to
date. Each study was scored according to our modified Newcastle-Ottawa scale
(Supplementary Table 4) with a few of the studies being of poor quality and scoring as little

as three or four in our scale.
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The most common limitations in these studies related to the small size of the studied
cohorts, with several focusing on a single family, and many of the studies lacking
information on control populations or statistical analysis. Work on small groups, and in
particular a single family, may detect genetic abnormalities that have occurred in isolation or
are very rare. In many cases this results in identification of variants in unique candidate
genes with no definitive causal effect. Therefore larger cohorts are needed to replicate these

findings and to determine how relevant these findings are to other couples with RPL.

There was also limited availability of functional data in many of the studies. A few studies
supplemented their cases with information on scan abnormalities or post-mortem
abnormalities detected in cases of losses and hystero-embryoscopy to correlate genetic
findings with findings in the embryo. The studies were also difficult to compare and collate

as there was multiple variations in the cohorts studied and the methods of analysis.

3.6 Conclusion

It is evident that there are many genetic and environmental factors that result in a successful

pregnancy and a disruption in any of these could contribute to pregnancy loss.

From the genetic perspective this includes both clearly pathogenic genetic causes such as
sporadic aneuploidy and translocations and other potential genetic causes such as smaller
CNVs and mutations in genes important in early fetal development. In addition, there are
likely to be complex genetic contributions such as multi-factorial inheritance, changes in
methylation (epigenetics), and mitochondrial function, which could be contributing to

pregnancy loss. These more complex genetic mechanisms may be influenced by
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environmental factors such as diet, medication, pollutants and lifestyle which could provide

a cumulative effect resulting in pregnancy loss.

The papers we have identified have demonstrated that monogenic aetiologies could
contribute to a proportion of pregnancy losses. However as most studies have been carried
out in highly selected families or small cohorts, additional studies are required to further

assess if this technology is generalisable to more couples experiencing RPL.

It is plausible that cases of pregnancy loss (particularly in RPL) may have causative mutations
not detectable with routine cytogenetic analysis or fetal scans, but are detectable by WES.
Although WES is not currently recommended for routine diagnostic use for pregnancy losses,
identification of genes associated with pregnancy loss will be of significant individual patient
impact with respect to treatment and availability of PGD. If monogenetic etiologies of RPL
and the overall prevalence of monogenetic causes of pregnancy loss are better elucidated
through larger, well-designed studies, the identification of non-aneuploid causes of RPL

could be of significant patient impact.

Knowledge of specific genes that contribute to pregnancy loss could also be of importance in
understanding the biological pathways that can cause pregnancy loss. However, much larger
and more comparable cohort studies are required in all of these areas to determine causality
of candidate genes and to dissect out these effects, as at present many of these findings are
of uncertain clinical significance. Functional analysis such as embryoscopy studies and in vivo
animal modelling may assist in further assessment of the mutation effect on early embryonic

development.
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RPL is a complex problem influenced by many different aetiologies. Currently, with the
exception of aneuploidy and other chromosomal abnormalities, routine investigation for the
genetic contributions, causing pregnancy loss is limited. With increased knowledge of
additional non-aneuploid contributions to RPL, additional genetic testing recommendations
may be made in the future to couples experiencing RPL. These would have implications for

diagnosis and recurrence risks.
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Chapter 4: Whole Exome Sequencing
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Chapter 4- Whole Exome Sequencing

Whole exome sequencing (WES) is a method to target the specific ‘protein-coding’ regions of
DNA known as the exome. The exome contributes to approximately 1% of the human
genome, but contains approximately 85 % of the genetic mutations associated with disease
(Choi et al., 2009). With advances in sequencing technology, the opportunity to detect
genetic sequence variation and to characterise genetic mutations causing monogenic
disease is increasing. WES has been used to evaluate developmental disorders. For example,
the Deciphering Developmental Disorders (DDD) Study (Wright et al., 2015) and the Prenatal
Assessment of Genomes and Exomes (PAGE) study (Lord et al., 2019), have shown that
exome sequencing increases the diagnostic yield (Drury et al., 2015). However, very few WES
studies have been reported for miscarriage, and it is possible that genes which are lethal

during early development could be contributing to recurrent miscarriage.

A few published studies have used WES in patient samples with recurrent pregnancy loss.
These studies tend to have very small cohorts and often focus on fetal abnormalities. Several
studies, identified in the systematic review in Chapter Three, identified families where WES
in trios had been used to identify variants in both the fetus and parents to identify the cause

of the fetal loss and determine the inheritance.

A large study from the Wellcome Trust and Francis Crick Institute has looked at genes
essential for mouse embryonic development (Wilson et al., 2016a). Using 31 lethal and 11
sub-viable, novel gene knock-out embryos, 42 genes found were considered to be lethal or

sub-viable and 398 different mammalian phenotypes were recorded. This study could have a
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huge impact in deciphering essential genes for human development and human embryonic

lethal genes.

WES can potentially detect some large structural variants, and small insertions/deletions,
single nucleotide variants and copy number changes within the exome. However, very few
WES studies have reported analysis in early pregnancy loss or lethal genes which could
contribute to recurrent miscarriage. The few studies using WES to look for genetic
aberrations in recurrent pregnancy loss also tend to only represent small patient cohorts.
The ability to recognise and detect genetic mutations may have implications for routine
genetic testing and clinical practice, especially when a pathogenic aberration is identified
that can be reliably detected in future pregnancies. However this group of patients are
potentially challenging in comparison to structurally abnormal pregnancies. In most cases it
will be difficult to enrich the cohort for pregnancies that are more likely to have a genetic
abnormality and it is difficult to functionally assess the contribution of any variants that are

identified.

More widespread genetic analysis of euploid miscarriages may provide an opportunity to
identify genes, essential in early human development and where a lack of function leads to
miscarriage. This could identify in some couples why apparently normal conceptuses
miscarry and would provide important information to that couple for future pregnancy
planning. Our systematic review reflects that larger studies are needed to conclusively
determine the clinical utility of WES in this group of patients. We aim to identify the best

WES method for us and to run whole exome sequencing on selected samples from our
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recurrent miscarriage patient cohort, focusing on trios of maternal, paternal and fetal DNA

samples.

4.1 Pilot Study

In order to establish the best method of whole exome sequencing in our patient cohort an
initial pilot study was conducted to assess three different sequencing methods including

cost, ease, sequence output, coverage and variant detection.

4.1.1 Methods

As per ethical approval, maternal and paternal whole blood samples were collected as part
of the Tommy’s miscarriage recruitment from patients with recurrent pregnancy loss. Where
available, POC samples were collected from the family. DNA was extracted from both whole
blood and tissue using the QlAsymphony DSP DNA Midi kit (QIAGEN) according to

manufactures guidelines on a QlAsymphony robot.

Three trios (maternal, paternal and POC) from families 82, 141 and 154 were sequenced
using three different WES methods from external providers, UoB-TruSeq, TE-Agilent-SS and
BGI-AgilentV6. The coverage of each WES method assessed using the FETALCES-001: Exome

Comparison gene panel in Congenica consisting of 1542 genes (Appendix 3).
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Table 23- Three different Whole Exome Sequencing Providers.

Sequencing . Sequencing Cost Per
. NGS Platform Library Prep
Provider Coverage sample

University of

UoB-Trus Birmingham lumina TruSeqg exome kit 30 664
- X
oB-Truseq Sequencing NextSeq500 (Hlumina)
Service
) Agilent Sureselect
TE-Agilent-ss  Th Et lumina V6 t 100 £250
- - eragen Etex exome capture X
gilen g NovaSeq 6000 © cap
kit
BGI-AgilentV6 BGlI BGISEQ-500 Agilent V6 kit 100x £261

FASTQ files were downloaded from the respective sources and the Next generation
sequencing (NGS) data and family pedigree from each WES method was uploaded via a

secure FTP site to Congenica (https://www.congenica.com/about-us/), genetic variant

interpretation software to be processed (previously Sapientia). Variant calling bioinformatics

analysis was completed in Congenica using family information for inheritance filtering.

Variants were filtered using the FETALCES-001: Exome Comparison gene panel which
consists of genes selected from Fetal Clinical exome derived from the PAGE study (Lord et

al., 2019). This panel of genes was selected to assess the coverage of each WES method.
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4.1.2 Results

Three WES family trios from Families 82, 141 and 154 were assessed. The data from all three
trios was successfully downloaded however only the data from UoB-TruSeq and TE-Agilent-
SS was successfully uploaded into Congenica. The data from BGI-AgilentV6 was not able to
be processed due to the data being generated using BGl’s sequencer. This has a slightly

different FASTQ format and is not compatible with Congenica.

4.1.2.1 Coverage

The WES coverage for each trio was assessed at >20x coverage for two WES methods, UoB-
TruSeq and TE-Agilent-SS using the FETALCES-001: Exome Comparison gene panel in
Congenica. BGI-AgilentV6 coverage was not assessed as the data could not be uploaded to
Congenica. The coverage was assessed using the coverage of each individual gene per
patient on the gene panel and taking an average of these. The mean WES coverage for UoB-
TruSeq at >20x coverage was 97.17%, 96.94% and 98.43% for families 82, 141 and 154
respectively. The mean WES coverage for TE-Agilent-SS at >20x coverage was 98.95%,

99.24% and 99.25% for families 82, 141 and 154 respectively.

Figure 24 below shows a summary of the coverage. The coverage of individual genes can be
found in Appendix 4-6, where at least one sequencing method was fewer than 90% coverage

at 220x coverage.
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Figure 24-Gene Coverage comparisons for WES

Comparison of UoB-TruSeq and TE-Agilent-SS for A) Family 82, B) Family 141 and C) Family 154. Coverage
has been calculated using the FETALCES-001: Exome Comparison gene panel in Congenica.
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4.1.2.2 Variants

Variants were identified in UoB-TruSeq and TE-Agilent-SS sequencing data using Congenica
from the FETALCES-001: Exome Comparison gene panel (Table 24). Unfortunately the data
from BGI-AgilentV6 was not able to be processed by Congenica so this cannot be included in
the comparison between the variants. The variants described below were identified
following inheritance filtering within each trio. Variants have not been confirmed by Sanger

sequencing.

Variants that were considered artefactual were excluded. Artefacts can be introduced due
to poor quality DNA preparations, structural variation, sequence context or can be
sequencing method specific or sequencing dependent, e.g. repetitive regions. A variant is
usually felt to be artefactual if it is seen multiple times in the patient cohort or sequencing
run, if it is at low frequency in population control databases (GnomAD), often in repetitive
or GC rich regions, and often present as de novo fp flagged, skewed read splits and messy
sequence alignments. Analysis filters can be applied in Congenica to flag artefactual

variants.

For Family 82: Of 24 variants filtered from UoB-TruSeq sequencing data, 23 were excluded
as artefacts, and of four variants filtered from TE-Agilent-SS sequencing three were excluded

as artefacts. Both lllumina and Agilent sequencing data identified the same variant.

For Family 141: Of 25 variants filtered from UoB-TruSeq sequencing data, seven were
excluded as artefacts, and of seven variants filtered from TE-Agilent-SS sequencing none

were excluded as artefacts. lllumina and Agilent sequencing data identified six of the same
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variants. A variant in CDT1 was only identified in Agilent sequencing data and a variant in

PRG4 was only identified in [llumina sequencing data.

For Family 154: Of 22 variants filtered from UoB-TruSeq sequencing data, seven were
excluded as artefacts, and of 11 variants filtered from TE-Agilent-SS sequencing six were
excluded as artefacts. lllumina and Agilent sequencing identified five of the same variants. A
variant in CUX2 was only identified in Agilent sequencing data and two variants were
identified in HYDIN in Agilent sequencing data were in lllumina sequencing data only one
variant was identified. Two variants were identified in PKD1 in lllumina sequencing data

where in Agilent sequencing data only one variant was identified.

Table 24- Variants and Artefacts

Number of artefacts and variants in [llumina and Agilent sequencing. Filtering according to gene
panel and inheritance in trios.

UoB-TruSeq TE-Agilent-SS
Artefacts Variants Artefacts Variants
Family 82 23 1 3 1
Family 141 18 7 0 7
Family 154 15 7 5 6
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4.1.3 Discussion

An initial pilot study to identify the most appropriate sequencing provider of whole exome
sequencing for this study was conducted using three family trios. The sequencing methods

included were UoB-TruSeq, TE-Agilent-SS and BGI-AgilentV6.

The pilot study was used to assess the three different methods for delivery, quality control,
data receipt, upload of data to Congenica, sequencing depth and number of artefacts (Table

25).

Table 25- Assessments of Pilot study.

UoB-TruSeq TE-Agilent-SS BGI-AgilentV6
Delivery Delivered in person Pre-paid FedEx Courier service
account
lightl
Quality control Passed Passed Slightly or degraded
samples
ful using K
Sequencing Successful Successful Success uk:,tlzmg appa
BaseSpace .
P . . Theragen Etex- File
https://emea.illumina .
Transfer Protocol BGI online
. .com/products/by- L
Data receipt i . (FTP) server https://www.bgionline
type/informatics-
ftp://ftp.theragenetex .com
products/basespace-
sequence-hub.html -com/
D |
ata up o?d to Successful Successful Unsuccessful
Congenica
Sequencing depth 97.51 % (average) 98.87 % (average) Failed
Artefacts 18.6 (average) 2.6 (average) Failed

The pilot study was used to identify the best method of WES for our patient cohort and we
assessed three different sequencing methods based on cost, ease, coverage and variant
detection. As the data from BGI-AgilentV6 was unable to be processed in Congenica this was

excluded from the comparisons.
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In terms of cost per sample, UoB-TruSeq was by far the most expensive. This is likely because
it was completed by the University of Birmingham and not a competitive company.
However, extra costs were not needed to transport the samples, which have not been
considered on the cost per sample. Transporting the samples to the University of
Birmingham was easier than arranging a courier for the other samples. Sending the
biological samples outside the country was more difficult because they had to go through

customs.

TE-Agilent-SS sequencing data had the better coverage than lllumina for all three probands.
UoB-TruSeq also had more artefacts then TE-Agilent-SS, however the same variants were
detected in both UoB-TruSeq and TE-Agilent-SS sequencing data. UoB-TruSeq actually
detected one extra variant in family 154 and there were a few differences between TE-

Agilent-SS and UoB-TruSeq variants in families 141 and 154.

In conclusion, although the UoB-TruSeq sequencing had a slight lower coverage for these
trios, there were more artefacts and the sequencing was more expensive, the same variants
were identified in both UoB-TruSeq and TE-Agilent-SS, and with the ease of transferring the
samples to the University of Birmingham Sequencing Service, it was concluded to complete

an additional 4 trios using UoB-TruSeq sequencing.
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4.2 Whole Exome Sequencing of Trios

Having identified that UoB-TruSeq was the preferred sequencing service for our study; four

additional trios were sequenced using the University of Birmingham Sequencing Service.

4.2.1 Methods

4.2.1.1 Trio sample selection

A total of seven trios, collected as part of the Tommy’s miscarriage study from patients with
recurrent pregnancy loss, were selected for WES. The selection criteria for these seven cases
were, a known euploid pregnancy loss, DNA from the entire trio (Maternal, paternal and
POC DNA) and consent from the family to send the DNA to an external laboratory.
Therefore, the seven trios unintentionally were from seven male pregnancy losses. This was
coincidental. The trios consisted of DNA from pregnancy tissue and maternal and paternal
whole blood. DNA was extracted from both whole blood and tissue using the QlAsymphony

DSP DNA Midi kit (QIAGEN) according to manufactures guidelines on a QlAsymphony robot.

4.2.1.2 Library Preparation and sequencing

At least 100 ng of DNA was submitted to the University of Birmingham Sequencing Service
where the WES service was provided. Whole exome Sequencing was completed by the
University of Birmingham Sequencing Service using TruSeq Exome Library Prep Kit (lllumina)

as per manufacturer’s instructions. In brief:
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4.2.1.2.1 DNA Fragmentation

100 ng of genomic DNA was fragmented into 150 bp fragments using Covaris shearing. This

produces dsDNA fragments of 150 bp with a 3’ or 5" overhang.

4.2.1.2.2 Repair Ends and Select Library Size

The 3’ or 5’ overhang was removed from the sheared DNA using End Repair Mix containing
an exonuclease activity. The fragment length was then optimised using sample purification

beads.

4.2.1.2.3 Adenylate 3’ End and Ligate Adapters

To prevent the DNA fragments ligating together and forming a chimera, an ‘A’ nucleotide
was added to the 3’ end of the blunt fragment. This also provided a complementary
overhang for the ‘T’ nucleotide for ligating the adapter to the DNA fragment. The indexing

ligating adapter allows for hybridisation onto the flow cell.

4.2.1.2.4 Enrich DNA Fragments

DNA with ligated adapters was selectively enriched using PCR to amplify the DNA in the
library. The PCR Primer Cocktail anneals to the end of the ligating adaptor to minimise the
number of PCR cycles which prevents skewing the library. After the DNA has been enriched
the libraries are quantified using Qubit dsDNA HS Assay Kit and the library size distribution

checked on an Agilent Technologies 2100 Bioanalyser.
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4.2.1.2.5 Pool Libraries and hybridise probes

100 ng of each sample with a unique index was combined into a single pool with coding
exome oligos to bind targeted DNA regions with capture probes. Streptavidin Magnetic
beads select the capture probes which hybridise to the region of interest and the non-
specific binding was washed away from the beads. This wash was completed twice to ensure

a high specificity of the captured regions.

4.2.1.2.6 Clean up and amplification of enriched library

The capture library was cleaned using Purification beads and the enriched library amplified
using an eight cycle PCR program. A clean up was completed after this PCR program to purify
the enriched library. The enriched library was quantified using Qubit dsDNA HS Assay Kit
and the library quality assessed using an Agilent Technologies 2100 Bioanalyser using a High

Sensitivity DNA chip.

4.2.1.2.7 Denature Library

To denature the library, 0.2 N NaOH was added to the library. After incubation, an equal
amount of 200 mM Tris-HC1 was added to the denatured libraries to ensure the NaOH was

fully hydrolysed.

4.2.1.2.8 Library Dilution

The denatured library was diluted to a 4 nM loading concentration using HT1 reagent and a

1% PhiX spike in was added as a sequencing control.
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4.2.1.2.9 Sequencing

The library was sequenced using a NextSeg500 using a v2.5 150 cycles high output (75 paired

end) flow cell.

4.2.1.3 Variant interpretation

FASTQ files were downloaded from the respective sources and the Next generation
sequencing (NGS) data and family pedigree from each WES method was uploaded via a

secure FTP site to Congenica (https://www.congenica.com/about-us/), genetic variant

interpretation software to be processed. Variant calling bioinformatics analysis was

completed in Congenica using family information.

Variants were filtered using the FETALCES-001: Exome Comparison gene panel which
consists of genes selected from Fetal Clinical exome derived from the PAGE study (Lord et
al., 2019). This panel of genes was selected because they have been shown to be
developmentally and prenatally relevant, and therefore the first tier of genes that we felt
should be examined. Variant inheritance was filtered using autosomal dominant,
homozygous autosomal recessive, compound heterozygous autosomal recessive, X-linked
dominant or X-linked recessive inheritance filters. Allele population frequency databases
were set to < 0.01 and the read depth was set to > 20. The quality was assessed by filtering
out DRAGENHardINDEL and DRAGENHardSNP QC filters (Figure 25). Variants were annotated

based on the ACMG guidelines (Richards et al., 2015) (Table 26).

Once analysis had been carried out using the gene panel, the data was also opened up to

look at variants across the whole exome for all seven trios (including those that were
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sequenced to identify the preferred sequencing method). Variant inheritance was filtered
using de novo and autosomal dominant, autosomal recessive, autosomal compound
heterozygous, X-linked dominant and X-linked recessive. The allele population frequency
data bases were set to <0.0005 and the read depth was set to >20. Variants were excluded if
they were artefactual, selected based on whether they had a potential phenotypic link, and

then classified using the ACMG classification.

Copy number variants and complex rearrangements were not detected by the filtering and

so will be missed by this analysis.
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/ Configuration \

* Gene Panels- FETALCES-001: Exome Comparison.
*  Population- MAX AF <0.01
* Inheritance- Autosomal Dominant (AD)

. Autosomal Recessive, Homozygous (ARH)

. Autosomal Recessive, Compound Heterozygous (ARCH)
. X-Linked Dominant (XLD)

. X-Linked Recessive (XLR)

* Quality- Depth > 20

. Include QC Filters- PASS

J

g Per Variant

& Exclude QC Filters- DRAGENHardINDEL, DRAGENHardSNP/

1. Artefact?* YES Exclude
NO

1. ACMG Classification — 2> Class 1-5

\ *artefacts are de novo fp, skewed read splits, ins/ dels more likely. /
/ Per Variant \

* De novo

* Population Data- MAXAF, 1000 genomes, EXAC, gnomAD
* Computational Data- Polyphen2***, SIFT*** GERP

*  OMIM, ClinVar HGMD, DECIPHER

* Article Searches- Pubmed, Google search, Google Scholar

\ ***0nly scored on missense variants /

Figure 25- Flow chart summary for analysis of trios using FETALCES-001: Exome
Comparison gene panel in Congenica.
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Table 26- ACMG evidence framework
Table adapted from Richards et al. (2015). Full description of criteria can be found in Richards et al. (2015)

BA, benign alone; BS, benign strong; BP, benign supporting; PM, pathogenic moderate; PP, pathogenic supporting; PS, pathogenic strong; PVS,

pathogenic very strong.

Pathogenic
Stand Alone Strong Supporting Supporting Moderate Strong Very Strong
BA1- Allele BS1- Allele frequency PM2- Absent from controls PS4- The prevalence of
frequency is >5% in is greater than (or at extremely low the variant in affected
Population Data Exome Sequencing expected for disorder. frequency if recessive) in individuals is
Project, 1000 BS2- Allele frequency is Exome Sequencing Project, significantly increased
Genomes Project, or greater than expected 1000 Genomes Project, or compared with the
Exome Aggregation for disorder. Exome Aggregation prevalence in controls
Consortium. Consortium.
BP1-Missense variant in a gene for PP3-Multiple lines of PMA4- Protein length PS1- Same amino acid PVS1- Null variant
which primarily truncating variants are computational changes as a result of in- change as a previously (nonsense, frameshift,
known to cause disease. evidence support a frame deletions/insertions established pathogenic canonical £1 or 2 splice
deleterious effect on in a non-repeat region or variant regardless of sites, initiation codon,
BP3-In-frame deletions/insertions in a the gene or gene stop-loss variants. nucleotide change. single or multiexon
repetitive region without a known product (conservation, deletion) in a gene
function. evolutionary, splicing PM5- Novel missense where LOF is a known
impact, etc.). change at an amino acid mechanism of disease.
BP4-Multiple lines of computational residue where a different
Computational and evidence suggest no impact on gene or missense change
predictive data gene product (conservation, determined to be
evolutionary, splicing impact, etc.). pathogenic has been seen
before.

BP7-A synonymous (silent) variant for
which splicing prediction algorithms
predict no impact to the splice
consensus sequence nor the creation of
a new splice site AND the nucleotide is
not highly conserved.

BS3-Well-established PP2-Missense variant PM1-Located in a PS3-Well-established
in vitro or in vivo in a gene that has a low mutational hot spot and/or in vitro or in vivo
functional studies rate of benign missense | critical and well-established functional studies
Functional data show no damaging variation and in which functional domain (e.g., supportive of a
effect on protein missense variants are a active site of an enzyme) damaging effect on the
function or splicing. common mechanism of without benign variation. gene or gene product.
disease.
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Segregation data

De novo data

Allelic data

Other database
data

Other data

BS4-Lack of
segregation in affected
members of a family.

PP1-Cosegregation
with disease in multiple
affected family
members in a gene
definitively known to
cause the disease.

PM6- Assumed de novo,
but without confirmation of
paternity and maternity.

PS2- De novo (both
maternity and paternity
confirmed) in a patient
with the disease and no
family history.

BP2-Observed in trans with a
pathogenic variant for a fully penetrant
dominant gene/disorder or observed in
cis with a pathogenic variant in any
inheritance pattern.

PM3-For recessive
disorders, detected in trans
with a pathogenic variant.

BP6-Reputable source recently reports
variant as benign, but the evidence is
not available to the laboratory to
perform an independent evaluation

PP5-Reputable source
recently reports variant as
pathogenic, but the
evidence is not available to
the laboratory to perform an
independent evaluation.

BP5-Variant found in a case with an
alternate molecular basis for disease.

PP4- Patient's phenotype or
family history is highly
specific for a disease with a
single genetic etiology.
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4.2.2 Results

Seven trios were sequenced by the University of Birmingham Sequencing Service using

[llumina Sequencing chemistry. The family history of each trio is shown below in Table 27.

Table 27- Family history of trios

Tommy's . Parental Maternal Paternal .
Gravida/ Para Additional Info/ Comments
ID Karyotypes Age Age
Family 26 G8P1 unknown 29 unknown -
) First pregnancy twins with
Family 57 G9P3 unknown 41 37 .
only one surviving.
Family 68 G6P1 46XX/ 46XY 41 40 -
Family 75 G8PO 46XX/ 46XY 32 32 First pregnancy was
terminated.
] Two live births were with
Family 82 G11P2 46XX/ 46XY 39 33 .
different partner.
] Consanguineous Couple
Family 141 G8PO 46XX/ 46XY 33 36 _ )
(first cousins)
Family 154 G5P1 unknown 32 33 -

4.2.2.1 Coverage

The coverage for each trio was assessed at >20x using the FETALCES-001: Exome Comparison

gene panel in Congenica. The mean WES coverages for these trios using UoB-TruSeq were

94.92 %, 86.40 %, 94.58 % and 92.57 % for family’s 26, 57, 68 and 75 respectively.
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4.2.2.2 Variants

Variants were identified from the lllumina sequencing data with and without the FETALCES-
001: Exome Comparison gene panel in Congenica. Three variants were identified in Family
26 with the gene panel and six variants were identified without the gene panel (Table 28).
No variants were identified in Family 57 with the gene panel and three variants were
identified without the gene panel (Table 29). Two variants were identified in Family 68 with
the gene panel and six variants were identified without the gene panel (Table 30). Three
variants were identified in Family 75 with the gene panel and five variants were identified
without the gene panel). One variant was identified in Family 82 with the gene panel and six
variants were identified without the gene panel (Table 32). Seven variants were identified in
Family 141 with the gene panel and 16 variants were identified without the gene panel
(Table 33). Seven variants were identified in Family 154 with the gene panel and seven

variants were identified without the gene panel (Table 34).
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Table 28- Family 26

Gene
(Transcript)

Variant

Zygosity
(Inheritance)

With FETALCES-001: Exome Comparison gene panel

COL18A1
(NM_130445.2)

MAMLD1
(NM_005491.3)

WDR73
(NM_032856.2)

Without gene panel

ARHGEF40
(NM_018071.4)

HELZ2
(NM_00103733
5.2)

PLEC
(NM_000445.3)

SPOP
(NM_003563.3)

TMEMI31L
(NM_015196.3)

ZNF705E
(NM_00127871
3.1)

c.1852G>C
p.(Gly618Arg)

c.*861A>C

c.1132delC
p.( Arg378Alafs
*25)

c.3427C>T
p.(Arg1143Trp)

¢.5528C>G
p.(Ala1843Gly)

¢.10550A>C
p.( GIn3517Pro)

c.782G>A
p.(Gly261Glu)

¢.1550-8A>C

c.63G>A
p.(Trp21*)

Heterozygous
(Paternal)

X-linked
Hemizygous
(Maternal)

Heterozygous
(de novo)

Heterozygous
(paternal)

Heterozygous
(Paternal)

Heterozygous
(Paternal)

Heterozygous
(de novo)

Heterozygous
(Paternal)

Homozygous
(Biparental)

0.00714

0.00405

<0.0001

<0.0001

Computational
Evidence

PolyPhen
Prediction
SIFT Prediction

GERP Score

possibly

damaging 0.98

4.54

-0.91

Possibly

damaging 0.773

Deleterious O
3.93

Possibly
damaging
0.844

tolerated
0.06

1.03
Probably

damaging 0.947

2.67
Probably

damaging 0.996

deleterious 0

5.43

-1.22
1.12

OoMIM

number

120328

300120

616144

610018

611265

601282

602650

616243

Gene-
Phenotype
Relationship
(Inheritance)

Knobloch
syndrome,
type 1 (AR)

Hypospadias
2, (XLR)

Galloway-
Mowat
syndrome 1
(AR)

Epidermolysis
bullosa
simplex with
muscular
dystrophy
(AR)

Read

Split
(Index
case)
N/mut

46/40

1/33

5/15

15/14

15/10

31/31

58/46

15/14

0/32

Pathogenicity
(Classification)

Significance

Uncertain
significance
(PM2, PP3)

Inherited, no

2" variant
Uncertain
Significance
(BS2)
Probable
incidental
finding
Likely
Pathogenic
(PM2, PVS1_M,
PM6)

No 2™ variant

Uncertain
Significance

(PM2, PP3)

Inherited, no
2" variant

Uncertain
Significance
(PM2)

Inherited, no
2" variant

Uncertain
significance

(PM2, PP3)

Inherited, no
2" variant

Uncertain
significance
(PM2, PP3,

PS2_M)

Uncertain

Uncertain
Significance

(PM2)
Inherited, no

2" variant

Uncertain
Significance

(PM2, PM4)

Uncertain

AF MAX, maximum allele frequency; PolyPhen Prediction, Polymorphism Phenotyping- to predict possible impact of an amino acid

substitution on the structure and function of a protein; SIFT, sorting intolerant from tolerant- to predict how amnio acid substitution

affects the protein function; OMIM, online mendelian inheritance in man; GERP score, Genomic Evolutionary Rate Profiling.
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Table 29- Family 57

Computational
Evidence Gene- Pathogenicity

Gene VR Zygosity PolyPhen oMIM Phenotype (Classification)
(Transcript) (Inheritance) Prediction number Relationship

SIFT Prediction (Inheritance)

Significance
GERP Score

Without gene panel

Probably Uncertain
Heterozygous damaging 0.931 significance
CDIP1 C.329G>A B —
(NM_013399.2) NG EIED) (De novo) 0 deleterious 0.01 010903 - 22/22 (P;\g:’ ::)3,
5.95 Uncertain
Heterozygous Uncertain
CTTN c.502C>T significance
NM_138565.2) p.( Arg168*) (benovo)  <0.0001 164765 ) 12/14 " (pwma, ps2_m)
3.49 Uncertain
Uncertain
Het Possibly significance
FAM222B ¢.899G>A e(De rozygo)us 00001y3  0aMaEing 0.646 1125 (PM2, PP3,
NM_018182.2 p.( Arg300His) € novo : PS2_M)
Tolerated 0.09 .
_— Uncertain

4.28
AF MAX, maximum allele frequency; PolyPhen Prediction, Polymorphism Phenotyping- to predict possible impact of an amino acid

substitution on the structure and function of a protein; SIFT, sorting intolerant from tolerant- to predict how amnio acid substitution
affects the protein function; OMIM, online mendelian inheritance in man; GERP score, Genomic Evolutionary Rate Profiling.
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Table 30- Family 68

Gene
(Transcript)

Variant

Zygosity
(Inheritance)

With FETALCES-001: Exome Comparison gene panel

COL18A1
(NM_130445.2)

COX6B1
(NM_001863.4)

Without gene panel

ADAMTS7
(NM_014272.3)

ATP11B
(NM_014616.2)

CHRNA3
(NM_00116669
4.1)

CNTNAP4
(NM_033401.3)

DIP2C
(NM_014974.2)

ST5
(NM_005418.3)

€.3539G>A
p.( Arg1180GiIn)

c.247C>T
p.( Pro83Ser)

¢.1510C>T
p.( His504Tyr)

c.3170A>G
p.(GIn1057Arg)

¢.907_908delCT
p.(
Leu303Aspfs*115
)

c.3161G>A
p.(Cys1054Tyr)

¢.3901G>A
p.( Val1301Met)

¢.1573T>C
p.( Ser525Pro)

Heterozygous
(Maternal)

Heterozygous
(De novo)

Heterozygous
(Paternal)

Homozygous
(Biparental)

Heterozygous
(Maternal)

Heterozygous
(Paternal)

Heterozygous
(De novo)

Homozygous
(Biparental)

Computational
Evidence

PolyPhen
Prediction
SIFT Prediction

GERP Score

possibly

damaging 0.798

0.00423
4.32
possibly
damaging 0.461
0.00027

4.87

Probably
damaging 0.99

0 deleterious 0

3.85

benign
0.439
tolerated
0.06
411

0.000485

0.000385
-0.75

0.000182
-0.579
Probably

damaging 0.999

5.91

benign 0.004

0 tolerated 0.25

4.38

OoMIM

number

120328

124089

605009

605869

118503

610518

611380

140750

Gene-
Phenotype
Relationship
(Inheritance)

Knobloch
syndrome,
type 1 (AR)

Mitochondria
| complex IV
deficiency
(AR)

Susceptibility
to Lung
cancer

Read
Split

(Index

case)

N/mut

35/27

48/48

22/15

0/44

35/25

79/68

12/12

0/31

Pathogenicity
(Classification)

Significance

Uncertain
Significance
(PM2, PP3)

Inherited, no

d a
2" variant
Uncertain
significance

(PM2, PS2_M)

Inherited, no
2" variant

Uncertain
Significance
(PM2, PP3)
Inherited, no
2" variant

Uncertain
significance
(PM2, BP4)

Uncertain

Uncertain
significance
(PM2, PM4)
Inherited, no

2" variant

Uncertain
significance

(PM2)
Inherited, no

2" variant

Uncertain
significance

(PM2_M, PP3,
PS2)

Uncertain

Uncertain
significance

(PM2, BP4)

Uncertain

AF MAX, maximum allele frequency; PolyPhen Prediction, Polymorphism Phenotyping- to predict possible impact of an amino acid

substitution on the structure and function of a protein; SIFT, sorting intolerant from tolerant- to predict how amnio acid substitution
affects the protein function; OMIM, online mendelian inheritance in man; GERP score, Genomic Evolutionary Rate Profiling.
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Table 31- Family 75

Gene
(Transcript)

Variant

Zygosity
(Inheritance)

With FETALCES-001: Exome Comparison gene panel

PCNT
(NM_006031.5)

PCNT
(NM_006031.5)

TRPV3
(NM_145068.3)

Without gene panel

DIP2B
(NM_173602.2)

KDMSA
(NM_00104260
3.1)

RRP12
(NM_015179.3)

SHPRH
(NM_173082.3)

SLCZ5A53
(NM_00101275
5.3)

AF MAX, maximum allele frequency; PolyPhen Prediction, Polymorphism Phenotyping- to predict possible impact of an amino acid

¢.5612_5629delC
CGAGAGAAATTT
AGAAA
p.(Ala1871_lle18
77delinsVal)

c.7802C>T
P.(Ala2601Val)

c.2236G>A
p.( Val74é6lle)

c.3344C>T
p.( Ser1115Phe)

c.4516C>T
p.(Arg1506Trp)

€.2239G>C
p.(Asp747His)

c.3794C>T
p.(Thr1265lle)

c.453C>G
p.(Phel51Leu)

Heterozygous
(Maternal)

Heterozygous
(Paternal)

Heterozygous
(Paternal)

Heterozygous
(Paternal)

Heterozygous
(Paternal)

Heterozygous
(Maternal)

Heterozygous
(Maternal)

Hemizygous
(Maternal)

0.0002

0.000116

0.000233

<0.0001

<0.0001

Computational
Evidence

PolyPhen
Prediction

SIFT Prediction
GERP Score

0.597

Possibly

damaging 0.75

-4.85

Probably
damaging 0.994

tolerated 0.1

5.52

Probably

damaging 0.995

deleterious 0
4.87

Probably
damaging
0.973

deleterious
0.02

4.87
benign
0.004
tolerated
0.11

5.55

Possibly
damaging
0.491

deleterious
0.01

4.89
benign
0.34

tolerated
0.45

2.33

OoMIM

number

605925

605925

607066

611379

180202

617723

608048

300941

Gene-
Phenotype
Relationship
(Inheritance)

Microcephalic
osteodysplast
ic primordial
dwarfism,
type Il (AR)

Microcephalic

osteodysplast

ic primordial
dwarfism,
type Il (AR)

Palmoplantar
keratoderma,
nonepidermo
lytic, focal 2
(AD)

Mental
retardation,
FRA12A type

(AD)

31/22

42/39

11/13

25/23

13/21

14/13

41/34

0/26

Pathogenicity
(Classification)

Significance

Uncertain
significance

(PM2, PM4)

Inherited,
inherited 2™
variant,
uncertain
Uncertain
significance
(PM2)
Inherited,
inherited 2™
variant,
uncertain
Uncertain
significance
(PM2)
Inherited,
uncertain

Uncertain
significance

(PM2, PP3)

Inherited,
uncertain

Uncertain
significance
(PM2, PP3)

Inherited, no
2" variant

Uncertain
significance
(PM2, BP4)

Inherited, no
2" variant

Uncertain
significance
(PM2, PP3)

Inherited, no
2" variant

Uncertain
significance
(PM2, BP4)

Inherited, no
2" variant

substitution on the structure and function of a protein; SIFT, sorting intolerant from tolerant- to predict how amnio acid substitution
affects the protein function; OMIM, online mendelian inheritance in man; GERP score, Genomic Evolutionary Rate Profiling.
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Table 32- Family 82

Gene
(Transcript)

Variant

Zygosity
(Inheritance)

With FETALCES-001: Exome Comparison gene panel

ANOS1
(NM_000216.2)

Without gene panel

c.1759G>T
p.(Val587Leu)

Hemizygous
(Maternal)

Computational

Evidence

PolyPhen
Prediction

AF MAX

SIFT Prediction

GERP Score

benign 0.088

0.003867

4.43

tolerated 0.15

OoMIM

number

300836

Gene-
Phenotype
Relationship
(Inheritance)

Hypogonadot
ropic
hypogonadis
m 1 with or

without 5/61
anosmia
(Kallmann
syndrome 1)
(XLR)

Pathogenicity
(Classification)

Significance

Likely Benign
(BS2, BP4)

None

ALPK1
(NM_025144.
3)

ack
(NM_153208.1)

STK36
(NM_00124331
3.1)

TAF9B
(NM_015975.4)

TEX2
(NM_018469.3)

c.1875G>T
p.(Leu625Phe)

c.452C>T
p.( Alal51Val)

c.994A>G
p.(Ser332Gly)

C.686A>G
p.(GIn229Arg)

c.1859C>T
p.(Pro620Leu)

Heterozygous
(Paternal)

Heterozygous
(de novo)

Heterozygous
(Maternal)

Hemizygous
(Maternal)

Heterozygous
(De novo)

benign
0.008
tolerated

0.0002 0.75

0.347
Probably

damaging 0.995
deleterious 0.04

5.22
benign
0.005
tolerated
0.31
2.98
benign
0.412
tolerated
0.44
4.2
Probably
damaging
1

<0.0001

0.000117

deleterious
0

5.78

607347

607652

300754

- 41/49

= 46/50

- 26/26

= 5/27

17/14

Uncertain
significance
(PM2, BP4)

Inherited, no
2" variant
Uncertain

significance

(PM2, PS2_M,
PP3)
Uncertain

Uncertain
significance
(PM2, BP4)
Inherited, no
2" variant

Uncertain
significance
(PM2, BP4)
Inherited, no
2" variant

Uncertain

significance

(PM2, PP3,
PS2_M)

Uncertain

AF MAX, maximum allele frequency; PolyPhen Prediction, Polymorphism Phenotyping- to predict possible impact of an amino acid

substitution on the structure and function of a protein; SIFT, sorting intolerant from tolerant- to predict how amnio acid substitution

affects the protein function; OMIM, online mendelian inheritance in man; GERP score, Genomic Evolutionary Rate Profiling.
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Table 33- Family 141

Gene
(Transcript)

Variant

Computational
Evidence

Zygosity PolyPhen
(Inheritance) Prediction

SIFT Prediction
GERP Score

With FETALCES-001: Exome Comparison gene panel

CDT1
(NM_030928.3)

CENPJ
(NM_018451.4)

CENPJ
(NM_018451.4)

NAA15
(NM_057175.3)

OCRL
(NM_000276.3)

POLG
(NM_002693.2)

RYR1
(NM_00104272
3.1)

Without gene panel

AKR7A3
(NM_012067.2)

¢.553G>C
p.(Val185Leu)

:€.2896_2898del
GAG
p.(Glugeedel)

c.1564G>A
p.(Gly522Ser)

c.382C>T
p.(Arg128%*)

¢.375G>T
p.(Glu125Asp)

c.2910C>A
p.(Asn970Lys)

¢.13498G>C
p.(Asp4500His)

c.3317T>C
p.(Tyrl11His)

Benign 0.039

tolerated 0.11

e osos
2.67
Heterozygous
(Paternal) 0.00116
5.25
benign 0.011
tolerated 0.22
Heterozygous 0
Mat |
(Maternal) 0.527
Heterozygous
(De novo) 0
-0.187
benign 0.001
Hemizygous 0 tolerated 0.38
(Maternal) 0.803
Probably
damaging 1
Heterozygous 0 deleterious 0
(Maternal)
5.24
Heterozygous  0.009745
(Maternal) 9
3.93

Probably
damaging

0.978
Homozygous

(Biparental)  0.000303  celeterious

0

3.21

OMIM
number

605525

609279

609279

608000

300535

174763

180901

608477

Gene-
Phenotype
Relationship
(Inheritance)

Meier-Gorlin
syndrome
(AR)

Seckel
syndrome
(AR),
Microcephaly
6, primary
(AR)
Seckel
syndrome
(AR),
Microcephaly
6, primary
(AR)

Mental
retardation
(AD)

Dent disease
2 (XLR), Lowe
syndrome
(XLR)

Mitochondria
| DNA
depletion
syndrome 4A.
Progressive
external
ophthalmople
gia (AD)
Minicore
myopathy
with external
ophthalmople
gia (AR)
Malignant
hyperthermia
susceptibility
1,central core
disease (AD)

60/51

107/97

42/48

25/43

1/97

77/57

41/47

0/54

Pathogenicity
(Classification)

Significance

Uncertain
Significance
(BP4)
Inherited, no
2" variant
Uncertain
Significance

(PM4)

Inherited, no
2" variant

Uncertain
Significance
(PM2, BP4)

Inherited, no
2" variant
Likely
pathogenic
(PM2, PVS1_S,
PS2_M)
Incidental
finding
Likely Benign
(BS2, BP4)

None

Uncertain
Significance
(PM2, PP3)

Inherited,
uncertain

Uncertain
Significance
(BS2)

Inherited,
uncertain

Uncertain
Significance
(PM2, PP3)

Uncertain
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BBX
(NM_020235.6)

CACHD1
(NM_020925.2)

COL12A1
(NM_004370.5)

cPD
(NM_001304.4)

EFCAB13
(NM_152347.4)

KIF21A
(NM_017641.3)

NSRP1
(NM_032141.3)

NUDT16
(NM_152395.2)

PKP2
(NM_004572.3)

SLC41A3
(NM_017836.3)

c.1736C>T
p.(Pro579Leu)

€.3593G>A
p.(Arg1198GIn)

c.1903C>T
p.(Pro635Ser)

¢.1150G>C
p.(al384Leu)

c.118A>G
p.(lled0Val)

c.4372G>A
p.(Gly1458Arg)

¢.1030C>G
p.(His344Asp)

c.388G>C
p.(Ala130Pro)

c.404C>A
p.(Ser135Tyr)

c.631C>T
p.(Arg211%*)

Homozygous
(Biparental)

Homozygous
(Biparental)

Heterozygous
(Maternal)

Homozygous
(Biparental)

Heterozygous
(Paternal)

Homozygous
(Biparental)

Homozygous
(Biparental)

Homozygous
(Biparental)

Homozygous
(Biparental)

Homozygous
(Biparental)

0.000424

0.000182

<0.0001

0.000303

0.0002

0.0001

Probably
damaging
1
deleterious
0.01
6.07
Possibly
damaging
0.885

Deleterious low

confidence
0.03

4.75

Possibly
damaging
0.734

5.68
benign
0.261
deleterious
0.01
3.9
benign
0.028
tolerated
0.26

-0.81

Probably
damaging
0.999

deleterious
0

5.72
benign
0.393
deleterious
0.01
3.05
Probably
damaging
0.991

deleterious
0

2.84
Possibly
damaging
0.897

deleterious
0

4.76

4.99

120320

603102

608283

616173

617381

602861

610803

Bethlem
myopathy 2
(AD)

Congenital
fibrosis of
extraocular
muscles (AD)

Arrhythmoge
nic right
ventricular
dysplasia (AD)

0/93

0/112

29/20

0/141

41/49

0/148

0/67

0/48

0/57

0/42

Uncertain
Significance

(PM2, PP3)

Uncertain

Uncertain
Significance
(PM2, PP3)

Uncertain

Uncertain
Significance
(PP3)

Inherited,
uncertain

Uncertain
Significance
(PM2)

Uncertain

Uncertain
Significance
(PM2, BP4)

Inherited, no

a
2" variant

Uncertain
Significance
(PM2, PP3)

Uncertain

Uncertain
Significance
(PMm2)

Uncertain

Uncertain
Significance
(PM2, PP3)

Uncertain

Uncertain
Significance
(PM2, PP3)

Uncertain

Uncertain
Significance
(PM2)
Uncertain
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SPATA20
(NM_022827.3)

TEX13A
(NM_031274.3)

TGFB1I1
(NM_00104245
4.2)

VWA2
(NM_00127204
6.1)

XIRP2
(NM_152381.5)

AF MAX, maximum allele frequency; PolyPhen Prediction, Polymorphism Phenotyping- to predict possible impact of an amino acid

c.2135C>T
p.(Ala712Vval)

c.677C>T
p.(Ser226Phe)

c.1132C>T
p.(Pro378Ser)

¢.2092dupC
p.(GIn698Profs*6
)

c.1295G>A
p.(Ser432Asn)

Homozygous
(Biparental)

Hemizygous
(Maternal)

Homozygous
(Biparental)

Heterozygous
(Paternal)

Heterozygous
(Maternal)

0.000105

<0.0001

<0.0001

benign
0.005

tolerated
0.57

3.17

-0.583
Probably
damaging
1

tolerated
0.12

4.58

5.25

benign
0.009

1.79

613939

300312

602353

609778

0/72

0/57

0/25

34/36

53/53

Uncertain
Significance
(PM2, BP4)

Uncertain

Uncertain
Significance
(PM2)
Inherited

Uncertain
Significance
(PM2)

Uncertain
Uncertain

Significance
(PM2)

Inherited, no

2" variant
Uncertain
Significance

(PM2, BP4)

Inherited, no
2" variant

substitution on the structure and function of a protein; SIFT, sorting intolerant from tolerant- to predict how amnio acid substitution

affects the protein function; OMIM, online mendelian inheritance in man; GERP score, Genomic Evolutionary Rate Profiling.
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Table 34- Family 154

Gene
(Transcript)

Variant

Zygosity
(Inheritance)

AF MAX

Computational
Evidence

PolyPhen
Prediction

SIFT Prediction
GERP Score

OoMIM

number

Gene-
Phenotype
Relationship
(Inheritance)

Read
Split

(Index

case)

N/mut

Pathogenicity
(Classification)

Significance

With FETALCES-001: Exome Comparison gene panel

APaM1
(NM_004722.3)

HYDIN
(NM_00127097
4.1)

KMT2D
(NM_003482.3)

KMT2D
(NM_003482.3)

NHS
(NM_198270.2)

PKD1
(NM_00100994
4.2)

PKD1
(NM_00100994
4.2)

Without gene panel

ACSBG1
(NM_015162.4)

ARL6IP6
(NM_152522.5)

cic
(NM_015125.3)

COL6A6
(NM_00110260
8.1)

c.514C>T
p.(Arg172Cys)

¢.10652A>G
p.(His3551Arg)

¢.13930C>G
p.(Pro4644Ala)

c.10241A>G
p.(Lys3414Arg)

c.3152C>T
p.( Thr1051lle)

c.7429C>T
p.(Arg2477Cys)

c.3854G>A
p.(Arg1285GIn1)

c.253C>T
p.(Arg85Trp)

c.449delT
p.(Leul50Hisfs*2)

c.3214G>A
p.( Vall072Met)

c.1696C>T
p.(Arg566*)

Heterozygous
(Maternal)

Heterozygous
(Paternal)

Heterozygous
(Paternal)

Heterozygous
(Maternal)

Hemizygous
(Maternal)

Heterozygous
(Maternal)

Heterozygous
(Maternal)

Heterozygous
(Paternal)

Heterozygous
(De novo)

Heterozygous
(Paternal)

Heterozygous
(Paternal)

0.001

0.003339

0.000962

0.000669

0.00644

0.003395

0.000313

0.000427

<0.0001

0.000485

probably

damaging 0.998

deleterious 0
4.72

possibly

damaging 0.702

unknown 0

0.121
Probably

damaging 0.952

3.96

benign 0.012
tolerated 0.12

4.1
Possibly

damaging 0.901

4.77

benign 0.003

-0.762

Possibly
damaging
0.582

deleterious
0.04

2.92

2.98
Probably

damaging 0.971

5.05

3.23

602296

610812

602113

602113

300457

601313

601313

614362

616495

612082

616613

Spastic
paraplegia 50
(AR)

Ciliary
dyskinesia,
primary, 5

(AR)

Kabuki

syndrome
(AD)

Kabuki
syndrome
(AD)

Nance-Horan
syndrome
(XLD)

Polycystic
kidney
disease 1
(AD)

Polycystic
kidney
disease 2
(AD)

Mental
retardation
(AD)

105/
111

15/9

23/19

40/55

0/18

20/15

38/53

51/53

57/58

39/46

68/84

Uncertain
significance
(PM2, PP3)

Inherited, no

2" variant
Uncertain
significance

(BS2, PP3)

Uncertain
significance
(BS2)
Uncertain
significance
(BS2, PP3)
Inherited,
uncertain
Likely benign
(BS2, BP4)
None
Uncertain
significance
(BS2, PP3)
Inherited,
uncertain
Likely Benign
(BS2, BP4)

None

Uncertain
significance
(PM2, PP3)

Inherited, no
d q
2" variant
Uncertain
significance

(PM2, PS2_M)

Uncertain
Uncertain
significance

(PM2, PP3)

Inherited,
uncertain
Uncertain
significance
(PM2)
Inherited, no
2" variant
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Severe

combined Uncertain
immunodefici significance
ency, T-cell (PM2, PM4)
IL7R c.876+12delT Heterozygous . D
(NM_002185.3) ) (Paternal) 0.000122 146661 negative, B 96/93
cell/natural
killer cell- Inherited, no
2.82 positive type 2" variant
(AR)
Possibly
damaging Uncertain
0.857 Parkinson significance
VPs13C - i (PM2, PP3)
(NM_017684.4) c.10697A>T Heterozygous 0 deleterious 608879 disease 23, 142/12
p.(Tyr3566Phe) (Paternal) 0.01 early onset 2
(AR) Inherited,
5.7 uncertain
benign .
0.055 Parkinson siljﬁ?fei—‘z;a::e
VPS13C c.4174G>A Heterozygous 0 tolerated 608879 disease 23, 44/39 (PgMZ BSa)
(NM_017684.4) p.(Val1392Met) (Maternal) 0.13 early onset !
(AR) Inherited, no
3.14 2" variant

AF MAX, maximum allele frequency; PolyPhen Prediction, Polymorphism Phenotyping- to predict possible impact of an amino acid
substitution on the structure and function of a protein; SIFT, sorting intolerant from tolerant- to predict how amnio acid substitution
affects the protein function; OMIM, online mendelian inheritance in man; GERP score, Genomic Evolutionary Rate Profiling.
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4.2.3 Discussion

In total seven family trios were sequenced using Illumina sequencing chemistry at the
University of Birmingham Sequencing Service. Each family had suffered from recurrent
miscarriage and cytogenetic testing had determined the pregnancy loss tested using WES
was euploid. Unfortunately the data is not available for all the cytogenetic results of all the
families’ previous pregnancy losses. All the sequenced pregnancy tissue was coincidentally

from male fetuses.

Variants identified from these trios were analysed firstly with the FETALCES-001: Exome
Comparison gene panel at an allele frequency of <0.01. This gene panel contains genes
which have been demonstrated to be causative of fetal anomalies and developmental
disorders and has been derived through the PAGE study (Lord et al., 2019). The trios were
also analysed without the gene panel at an allele frequency of <0.0005. Each variant was
assessed using the VEP consequence and was filtered using autosomal dominant with de
novo, autosomal recessive, compound autosomal recessive inheritance and X-linked
inheritance. All variants were assessed using the ACGS/ ACMG criteria (Richards et al., 2015,

Ellard, 2019)

The ACGS/ ACMG criteria were developed to standardise interpretation of sequence
variants. The recommendation of the guidelines is that they are used according to the
disease and inheritance pattern. Therefore ACGS criteria are not designed to be used if
there is no reported disease association with a gene or if there is no Human Phenotype
Ontology (HPO) term. In the case of this research, there are no HPO terms as these are early

pregnancy losses with no ultrasound scan findings, and for many of the genes not in the
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FETALCES-001: Exome Comparison gene panel there is currently no reported disease
association. The ACMG criterion has still been used. However, in cases where the ACMG
criterion relies on the mechanism of the disease (e.g. loss of function) and there is no
disease associated with the disease, the ACMG criterion was not used. For example, PVS1
was not used for truncating variants if there was no disease associated with the gene which
may have a loss of function mechanism. Alternatively where there was an associated
disease, PVS1 was downgraded (PVS1_S) for variants which had an associated disease
caused by loss of function variants as there was no HPO term and these could be incidental
findings. This highlights the difficulty with interpretation of the clinical significance of

variants identified in these cohorts by exome sequencing.

As the WES was completed in trios, the maternity and paternity were confirmed by the
number of maternally/ paternally inherited variants. In cases where there was a de novo
variant in a gene which has no disease associated with it, the de novo criteria PS2 was
downgraded to moderate (PS2_M) evidence because there wasn’t a disease association
and/or associated HPO terms. If there was a disease association, and the variant was seen

often in variant databases (GnomAD- https://gnomad.broadinstitute.org/), the ACMG criterion

BS2 was applied.

4.2.3.1 Family 26

Three variants were identified in Family 26 (Table 28) using the gene panel FETALCES-001:
Exome Comparison gene panel. COL18A1 and MAMLD1 were classified as variants of
unknown significance (VUS) using the ACMG standards and guidelines and WDR73 identified
as likely pathogenic. As the variant in WDR73 was a frame shift variant resulting in a

premature stop coding the ACMG criterion PVS1_S was used and downgraded as there were
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no HPO terms. PVS1 was then downgraded further to PVS1_M as the frameshift variant was
towards the end of the protein. WDR73 regulates cell cycle progression, proliferation and
survival by its interaction with microtubules (Jinks et al., 2015) and homozygous mutations
in WDR73 are known to cause Galloway-Mowat syndrome 1, caused by either frameshift
variants (Colin et al., 2014, Vodopiutz et al., 2015) or point mutations (Ben-Omran et al.,
2015) that result in a premature stop codon. The likely pathogenic variant in family 26 is a
de novo heterozygous, frameshift variant in the gene WDR73 causing a premature
termination of translation. However, as there was no second variant identified, this variant
would not be considered causative of the miscarriage. The read split of WDR73 is skewed
(5/15) which suggests that this variant could be an artefact or from maternal cell
contamination (MCC). As the fetal DNA was obtained from products of conception (POC)
some maternal tissue could have been sampled when the fetal DNA was extracted which
resulted in MCC. If this was MCC then the fetus could have been homozygous for this
variant. Alternatively this skewed read split could be caused by a deletion on the other allele

or from uniparental disomy.

Six variants were identified in family 26 without the gene panel. All the variants were VUS,
and four were heterozygously inherited from a parent, with no second variant inherited and
therefore unlikely to be relevant to the pregnancy loss. For example, mutations in PLEC are
not lethal in utero and there is no second variant in the PLEC gene. A de novo missense
variant in SPOP was identified in a conserved domain. SPOP is likely to be involved in the cell
cycle and somatic mutations have been associated with prostate cancer (Barbieri et al.,
2012, Zuhlke et al., 2014) and endometrial tumours (Le Gallo et al., 2012). The PS2 criteria

was downgraded to PS2_M as there was no disease associated with the gene, and therefore
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the significance of this finding is uncertain. A homozygous truncating variant was identified
in the ZNF705E gene which could potentially be of interest, however the ZNF705E gene is

not well characterised, is not on OMIM, and not reported in the literature.

4.2.3.2 Family 57

DNA from two pregnancies was collected as part of the Tommy’s trial from family 57. One
pregnancy loss was a mosaic trisomy 16 and the other was euploid. Only the euploid
pregnancy loss was sequenced in the WES trio. No variants were identified in Family 57
using the FETALCES-001: Exome Comparison gene panel and three VUS were identified
without the gene panel. None of the VUS had a gene-phenotype relationship and FAM222B
was also not an OMIM gene. Two de novo variants in the genes CTTN and CDIP1 were
identified with a heterozygous zygosity. Multiple paternal SNPS were identified without any
filters applied and so non-paternity can be excluded. CTTN is the gene for Cortactin which is
a regulator of actin cytoskeleton including cell migration and invasion (Yamaguchi and
Condeelis, 2007) and is also a known oncogene (Hui et al., 1997, Luo et al., 2006). CDIP1 is a
cell death-inducing p53 target acting as a signal transducer for endoplasmic reticulum
stress-mediated apoptosis (Namba et al., 2013), suggesting these genes may be of some
importance. The variants identified in CTTN and CDIP are seen zero times and once
heterozygously in allele frequency databases (GnomAD) respectively and are in highly

conserved orthologs.

4.2.3.3 Family 68
Two variants were identified in Family 68 using the FETALCES-001: Exome Comparison gene

panel and both variants were classed as VUS. A maternally inherited heterozygous mutation
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in COL18A1 with no variant on the other allele and a de novo mutation in COX6B1, with an
AF Max of 0.00027, which argues against lethality as this is an autosomal recessive disorder

and no other variants were identified on the other allele.

With the gene panel removed, 6 variants were identified in family 68. Three variants were
identified which were heterozygously inherited. It is therefore unlikely that these three
variants are pathogenic as they have been parentally inherited with no second variant
identified in the gene. A heterozygous de novo variant was identified in DIP2C. However, as
there is low coverage in the parents it is difficult to be sure that this is a true de novo

variant. DIP2C has little known function and is not an OMIM morbid gene.

Two VUS missense variants were identified in the homozygous state in the proband, with
biparental inheritance. ST5 is a tumour suppressor gene and has been shown to be
expressed in fetal tissue (Gohring et al., 2010) and ATP11B is an ATPase which transports
ions across membranes. As there is little in the literature about the function of these genes

and any potential disease associations then the significance of this finding is uncertain.

Many biparentally inherited variants were identified in Family 68, although most of them
were filtered out due to their maximum allele frequency being above 0.0005. This suggests

that this may be a consanguineous coupling, however this has not been confirmed clinically.

4.2.3.4 Family 75

Three variants in two genes were identified in the pregnancy loss of Family 75 using the
FETALCES-001: Exome Comparison gene panel. TRPV3 was classified as VUS, was inherited
from a parent and is unlikely to be of any significance to the pregnancy loss. Two variants

were identified in the gene PCNT, which were both classified of VUS. The PCNT gene on
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chromosome 21 encodes the PCNT protein which localises to centrosomes in the cell cycle
and is involved with regulating spindle microtubule formation during mitosis (Flory et al.,
2000). In the absence of PCNT, the mitotic spindles are disorganised and premature
centriole separation causes mis-segregation of chromosomes (Kim and Kim, 2019, Rauch et
al., 2008). The PCNT gene is implicated in Microcephalic osteodysplastic primordial
dwarfism, type Il (MOPDII) and has been shown to be caused by both homozygous and
compound heterozygous mutations in PCNT (Rauch et al., 2008, Kantaputra et al., 2011) and
Willems et al have concluded that MOPDII is caused by a loss of function of PCNT (Willems
et al., 2010). While both of the variants in PCNT were classified as VUS they could be of
interest from the gene function and the disorder can cause IUGR which could be relevant to
the pregnancy loss. Both variants had a 0 or very low AF MAX score and were not recorded
in the ClinVar database. Of particular interest is the maternally inherited inframe deletion
(Figure 26) where the deletion of 18 base pairs is reflected in the coverage. Where the

deletion has occurred in one allele it has evidently reduced the coverage at that region.
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Figure 26-Maternally inherited Inframe deletion of PCNT.

Coverage of both Mother and patient shows an 18 base pair deletion on one allele.

Five variants were identified without the gene panel. The DIP2B gene is associated with
mental retardation but as this variant was classified as VUS and inherited paternally it is very
unlikely that this variant would have caused an incidental finding of mental retardation.
Three heterozygous variants in KDMSA, RRP12, and SHPRH were identified and all classified
as VUS. These variants are all missense variants which were parentally inherited and have
no disease associated with the gene. A hemizygous variant in SLC25A53 was also identified

maternally. Again, this was VUS with no disease association.
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4.2.3.5 Family 82

One variant was identified in Family 82 using the FETALCES-001: Exome Comparison gene
panel. A maternally inherited variant in ANOS1 was identified which encodes for the
glycoprotein, anosmin, which is involved with the migration of Gonadotrophin releasing
hormone (GNRH) and development of olfactory nerves (Cariboni et al., 2004). Either
deletions (Bick et al., 1992, Hardelin et al., 1993) or mutations (Oliveira et al., 2001) in the
ANOS1 gene have been identified to cause the X-linked condition, Hypogonadotropic
hypogonadism with or without anosmia (Kallmann syndrome) in male fetuses. However, the
phenotype is unlikely to be severe enough to be significant for this pregnancy loss and is a

likely benign variant.

Without the gene panel, five variants were identified and classified as VUS. Two de novo
variants, IQCK and TEX2, were heterozygous in non-OMIM genes and three variants, ALPK1,
STK36 and TAF9B, were parentally inherited and VUS with no phenotype association so are

unlikely to be of any significance.

4.2.3.6 Family 141

Seven variants in six genes were identified in the consanguineous Family 141 using the
FETACLCES-001: Exome Comparison gene panel. A de novo stop gain variant was identified
in NAA15 and was classified as likely pathogenic. As there were no HPO terms the ACMG
classifications PVS1 and PS2 were both downgraded. It is likely that this variant in NAA15 is
an incidental finding associated with mental retardation but it is not associated with and

unlikely to have caused the pregnancy loss.
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Two autosomal recessive compound heterozygous, variants were identified in CENPJ (one
missense variant and one deletion of a single amino acid). One variant was inherited
maternally and one variant was inherited paternally and both variants were classified as
VUS. CENPJ is a centrosomal protein which has a role in microtubule nucleation (Hung et al.,
2000) and has been associated with Seckel syndrome (Al-Dosari et al., 2010) and
microcephaly (Bond et al., 2005, Leal et al., 2003). The disease mechanism is reported to be
loss of function, therefore it is less likely that this finding is clinically significant. However
Seckle syndrome is associated with IUGR and there are small numbers of pathogenic

missense variants reported on ClinVar, therefore it can’t be completely excluded.

A maternally inherited X-linked variant was identified in OCRL. This was classified as likely
benign and is therefore unlikely to be an incidental finding or significant to the pregnancy
loss. Maternal inherited variants in CDT1, POLG and RYR1 were also identified in the
conceptus of family 141. These variants were all classified as VUS and as they were also
identified heterozygously in the maternal sample, they are unlikely to have any significance

to the pregnancy loss.

Without the gene panel, 16 variants were identified in family 141 and all 16 were classified
as VUS. Of particular interest was a biparental homozygous mutation in PKP2. PKP2 is the
gene for Plakophilin which are structural proteins found within the desmosome structure in
the cytoskeleton (Bonne et al., 2000). Variants in the PKP2 gene have been associated with
Arrythmogenic right ventricular dysplasia (Gerull et al., 2004) inherited in a dominant
manner. However PKP2 null mice are embryonically lethal (Grossmann et al., 2004), and
there are some reports in the literature of homozygous variants in the PKP2 gene causing

more severe cardiac anomalies such as hypoplastic left heart (Verhagen et al., 2018,
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Ramond et al., 2017). Therefore it is possible that this finding is relevant in the context of

early fetal loss.

In addition, there were 10 other variants which were homozygous and biparentally inherited
in this consanguineous family, four parentally inherited variants and one maternally derived
hemizygous variant. However, none of these variants were thought to be of any
significance. These results show the potential difficulties with interpretation of large-scale
sequencing data from consanguineous or related couples that may share lots of rare

variants.

4.2.3.7 Family 154

Seven variants in five genes were identified in family 154. Variants in AP4M1 and HYDI were
identified heterozygously and inherited maternally and paternally respectively. Variants in
AP4M1 have been shown to cause Spastic paraplegia (Verkerk et al. 2009, Tuysuz et al.
2014) and variant in HYDIN have been identified to cause Ciliary dyskinesia (Olbrich et al.
2012). However as these variants are VUS and in autosomal recessive diseases it is unlikely

these variants are causative of the pregnancy loss in the absence of a second variant.

Five variants were in autosomal dominant genes. Two missense variants were identified in
the KMT2D gene which causes Kabuki syndrome, characteristic of congenital mental
retardation and other phenotypes (Niikawa et al., 1981). However as Kabuki syndrome is
caused by loss of function variants and these missense variants were parentally inherited, it
is unlikely these variants were causative of the pregnancy loss or incidental findings. Two
missense variants were identified in the PKD1 gene. Again, these were inherited parentally

and unlikely to be causative of the pregnancy loss or incidental findings. An X-linked
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dominant variant was identified in the NHS gene, this was hemizygous and maternally

inherited but was classified as likely benign.

Seven additional variants were identified without the gene panel and all classified as VUS. As
the variant in the ACSBG1 gene was a frameshift variant, causing a premature stop codon,
with no disease associated the ACMG classification PVS1 was not used and the PS2
classification for de novo variants was downgraded as there were no HPO terms. The stop
gain variant in the COL6A6 gene also had no disease associated, so the ACMG classification
PVS1 was also not used. The five other variants identified without the gene panel were all

classified as VUS and parentally inherited so unlikely to be of any significance.

4.3 Conclusion

The systematic review in chapter three identified potential genetic causes in euploid
miscarriages and concluded that while there are many genetic disruptions that could be
causative of miscarriage they are not well known or understood. In this chapter we aimed to
identify potentially genetic causes of euploid miscarriages in our recurrent miscarriage
patient cohort. It is important to note that miscarriage has multifactorial and therefore
environmental factors, biological factors and multiple genetic factors can combine to
increase the risk of miscarriage. It is likely that in some cases small genetic contributions to
miscarriage are of complex inheritance and do not follow simple Mendelian inheritance.
Therefore, variants identified by WES could be associated with miscarriage but not a

definitive cause.
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Initially a pilot study was used to identify the best method of sequencing for our patient
cohort. Three sequencing methods, Illumina Agilent and BGI were selected and the results
compared. While Agilent was cheaper, had more coverage and fewer artefacts, it was
concluded that Illumina was the preferred method of sequencing due to ease and

identifying slightly more variants upon analysis.

Seven trios were sequenced in total by the University of Birmingham sequencing service
using lllumina sequencing chemistry. The data was uploaded to Congenica and the variants
were analysed with and without the FETALCES-001: Exome Comparison gene panel. While
there were several variants in interesting genes, none of these were considered to be
definitively causative of the pregnancy loss. Seven trios is a very small cohort and it was
unlikely that genetic causes of miscarriage will be identified with such a small cohort. This
study also identifies that routine WES within this patient group is difficult to assess due to
the lack of phenotype information. Ideally, a much larger study cohort with ultrasound scan
findings would be needed to identify and prove any significant genetic association to
miscarriage. Unfortunately this would be costly, time consuming, and difficult to be

conclusive in many cases.

One of the biggest weaknesses of this study was that while it was known that the trios were
from euploid pregnancy losses and the families had recurrent miscarriage, the cytogenetics
of the previous pregnancy losses was not known and DNA was not available. If DNA was
available from multiple pregnancy losses from the same families the variants identified
could be compared between pregnancies. While in most cases variants were seen to be
inherited both maternally and paternally, Family 57 had all de novo variants from the

filtering settings. This is unusual and brings in to question the family relationship or a
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sample mix up. However, when all filters were removed from the analysis of family 57 both

maternally and paternally inherited variants were observed.

While no definitive genetic cause for the pregnancy loss was identified in this cohort, it is
still likely plausible that some pregnancy losses are associated with genetic aberrations
detected by WES. The systematic review in chapter three identifies monogenic contributions
to pregnancy loss in euploid pregnancies. Knowledge of these specific genes which
contribute to pregnancy loss could be of important clinical significance. Much larger cohort
studies and functional follow-on studies are required to identify candidate genes which are

significant to pregnancy loss.
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Chapter 5: Conclusion
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Chapter 5- Conclusion

Pregnancy loss is the most common adverse outcome of pregnancy and occurs in 1 in 4
pregnancies. There are many risk factors associated with recurrent miscarriage with genetic
factors being the most common cause of pregnancy loss. Approximately 50 % of

miscarriages are caused by chromosomal abnormalities.

This thesis explored the use of cfDNA in the evaluation of miscarriage and genetic causes of
miscarriage. A clinical trial was implemented to explore whether cfDNA can be used to give
a genetic diagnosis for the cause of miscarriage, a systematic review was published to
identify potential genetic causes in apparently euploid pregnancies and whole exome
sequencing was used to identify variants in genes which could be causative of miscarriage

within our trial cohort.

5.1 The use of cfDNA in the investigation of miscarriage

Current analysis of recurrent miscarriage uses cytogenomics to detect abnormalities in the
fetal genome. This relies on the collection of pregnancy tissue, which faces many difficulties.
Two previous studies have been published which used cfDNA to detect aneuploidies in

nonviable pregnancies.

A prospective cohort study (Clark-Ganheart et al., 2020) analysed 50 cfDNA samples of non-
viable pregnancies. The gestations by ultrasound scan ranged from 6.1-38.4 weeks. Thirty-
eight of the 50 samples had a reportable result including eight samples which demonstrated

trisomies. This study demonstrated that cfDNA can be used from non-viable pregnancies to
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identify aneuploidies. However, this study had a larger number of later gestations and

recommended cfDNA in non-viable pregnancies after a gestation of eight weeks only.

The study by (Yaron et al., 2020) used cfDNA to analyse pregnancy loss at less than 14 weeks
gestation. 86 pregnancies had cfDNA results with comparable POC results (which was
achieved by CVS sampling) and the median FF was 5 %. Out of the 86 samples, 64 % had a
chromosomal abnormality and a detection rate of 55 % was achieved using the log-
likelihood ratio (LLR) standardly used for NIPT. To increase the sensitivity, a pregnancy-loss
specific threshold was developed using a 50 sample ‘training set’. This increased the
detection rate to 82 %. Trisomies not detectable using NIPT LLR thresholds but detectable
using pregnancy- loss specific LLR thresholds were Trisomy 2, 4 and 17. Monosomy X and

triploidy were not identified using either threshold.

Our cfDNA study cohort were recruited through Tommy’s miscarriage Centre at Birmingham
Women’s Hospital and included pregnancy losses in the first trimester and therefore the

cfDNA sample were <13 weeks gestation.

Using the SE-HiSeq-WC method, 59.5 % of samples were identified concordantly to POC
testing. WISECONDOR was initially used as it was a published freely available pipeline that

could be implemented in to West Midland’s Regional Genetics Laboratory.

The PE-NextSeq-lllumina method of cfDNA was completed externally by an Illumina
laboratory in Cambridge and processed in a 24-sample batch through a modified Illumina
VeriSeq NIPT solution v2 workflow. In our study, 75.9 % of samples were identified
concordantly to POC testing (not including triploid samples). It was initially thought that the

reduced performance in our study was due to the lower gestations; however the difference
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in pipelines may have also contributed to this difference. Using the pregnancy-loss specific
LLR improved the detection rate in the (Yaron et al., 2020) publication and it is feasible that
having a pregnancy-loss specific LLR for the cfDNA samples in the study sequenced using PE-

NextSeq-WC would improve the detection rate.

The next step in this study may be to conduct a trial using an algorithm similar to the one
proposed by (Yaron et al., 2020), trialling fetal fraction cut offs and using a pipeline with

modified LLRs to optimise the detection rate for this cohort of patients.

Yaron et al. (2020) have proposed an algorithm for RPL using cfDNA rather than CMS
analysis of POC. However, currently cfDNA testing is not reliable enough to offer solely for
RPL. Therefore we propose the below RPL algorithm, aimed at the recommended guidelines

for the UK (Figure 27).
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Figure 27- Recurrent pregnancy loss algorithm

Expanded from (Yaron et al., 2020).

RPL workup, in the UK, is only recommended for third and subsequent miscarriages;
therefore, there is no genetic follow up for the first or second pregnancy loss. We propose
that a maternal blood sample, cfDNA sample, and paternal blood sample (where available)
is collected at the point of miscarriage diagnosis and the POC collected if and when
available. Initially cfDNA sampling will be conducted. Cases of unbalanced rearrangements
or acrocentric aneuploidies should be followed up by parental karyotyping to establish

whether one or more of the parents carry a balanced rearrangement, which would confer
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increased risk in subsequent pregnancies. Currently cfDNA testing is not accurate enough
where an apparently normal result is obtained, as genetic aberrations with low fetal
fractions and triploid samples are not identified. Therefore, in the case of an apparently
euploid result on cfDNA, POC testing by QF-PCR (Chr 13, 18, 21, X and Y) and sequential
chromosomal microarray analysis (if the QF-PCR is normal) can be activated. Routinely QF-
PCR is completed for chromosomes 13, 18, 21, X and Y as large chromosomal abnormalities
in these chromosomes are the only ones viable with life. However, in a miscarriage setting
including all the acrocentric chromosomes would be of benefit. If the POC testing shows an

apparent euploid result then alternative RPL investigations are recommended.

A recent study (Dong et al., 2019) has also looked at the potential of using low-pass, paired-
end, genomic sequencing on maternal and paternal peripheral blood samples. Recurrent
miscarriage (>2) couples received low-pass, paired-end, genomic sequencing on maternal
and paternal peripheral blood to identify chromosomal rearrangements and CNVs. In total,
2167/2180 (99.4 %) yielded results. Low-pass, paired-end, genomic sequencing on maternal
and paternal identified 127 patients (11.7 %) with balanced structural chromosomal
rearrangements, including 78 (7.2 %) balanced translocations and 49 inversions (4.5 %). All
results were confirmed by PCR and Sanger sequencing. CNVs were also identified using low-
pass, paired-end, ge