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ABSTRACT

Hydatidiform mole (HM) or molar pregnancy is a rare complication of pregnancy
characterized by the excessive proliferation of the trophoblast and abnormal embryonic
development. Recurrent hydatidiform moles (RHM) are defined by the occurrence of at least two
HMs in the same patient. Though there are two genes, NLRP7 and KHDC3L, whose mutations

cause RHM, there exist other patients without mutations in the known genes.

Chapter 2 in this thesis describes my MSc project before I fast-tracked to the PhD
program. This project focused on the genetic characterization of the conceptions of patients with
bi-allelic NLRP7 mutations. Our work showed that NLRP7 acts upstream of p57¥*? and
regulates the balance between trophoblastic proliferation and tissue differentiation in the HM
tissues. This work also corroborated previous data that all conceptions from patients with bi-

allelic NLRP7 mutations are diploid biparental.

Chapters 3 and 4 describe the work of gene identification in patients with RHM. To
identify novel genes responsible for this entity, we performed whole exome sequencing on
patients with RHM who are negative for mutations in the two known genes, and then targeted
sequencing of candidate genes in larger cohorts of patients with milder phenotypes. The main
challenge of this work was the high genetic heterogeneity of patients with RHM since we were
not able to find any two patients with mutations in the same gene. To overcome this challenge,
we retrieved all accessible HM tissues of the patients included in the exome sequencing and
comprehensively characterized their genotypes in order to understand the mechanisms
underlying them and classify the patients into specific groups (Chapter 3). Our data showed that
RHMs from the same patient mostly have the same genotypic type and identified two main
mechanisms that recur in patients without mutations in the known genes: diploid androgenetic
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(24% of patients) and triploid dispermic (32% of patients), with stronger genetic susceptibility in

the former category of patients.

Next, we identified bi-allelic deleterious mutations in three genes, MEI],
TOPG6BL/C110rf80, and REC114, with roles in meiotic double-strand breaks formation (Chapter
4). Mutations in MEI1 and TOP6BL were found in 2 unrelated patients with recurrent
androgenetic HMs and their affected siblings. REC114 is essential in meiotic double-strand
breaks formation and its mutation was identified in one patient with androgenetic HM. Our work
has revealed that the same genetic defect caused by these three genes can be responsible for both
male and female infertility, and uncovered, for the first time in mammals, a mechanism for the

genesis of androgenetic zygotes.



RESUME

La mole hydatiforme (MH) ou grossesse molaire est une complication rare de la
grossesse humaine. Elle est caractérisée par une prolifération excessive du trophoblaste et un
développement embryonnaire anormal. Les méles hydatidiformes récurrentes (MHR) sont définies
par la présence d'au moins deux MH chez la méme patiente. Bien qu'il existe deux geénes dont les
mutations causent des MHR, NLRP7 et KHDC3L, il existe d'autres patientes avec MHR et sans

mutations dans ces deux genes.

Le chapitre 2 de cette thése décrit mon projet de maitrise en sciences avant que je passe
au programme de doctorat. Ce projet était axé sur la caractérisation génétique des conceptions de
patientes présentant des mutations bi-alléliques dans NLRP7. Nos travaux ont montré que NLRP7

agissait en amont de p57XIF?

et régulait 1'équilibre entre la prolifération trophoblastique et la
différenciation tissulaire dans les tissus molaires. Ce travail a également confirmé des données

antérieures selon lesquelles toutes les conceptions de patientes porteuses de mutations bi-alléliques

dans NLRP7 sont diploides biparentales.

Les chapitres 3 et 4 décrivent les travaux d’identification des génes chez les patientes
atteintes de MHR. Pour identifier de nouveaux genes responsables de cette entité, nous avons
effectué un séquencage d'exome complet sur des patientes atteintes de MHR et sans mutations
dans les deux génes connus, puis un séquencgage ciblé de génes candidats dans des cohortes plus
importantes de patientes présentant un phénotype moins sévere. Le principal défi de ce travail était
la grande hétérogénéité génétique des patientes atteintes de MHR puisque nous n’avons pas été en
mesure de trouver deux patientes présentant des mutations dans le méme geéne. Pour surmonter ce
défi, nous avons récupéré les tissus molaires de ces patientes et nous les avons génotypé afin de
comprendre les mécanismes sous-jacents et de classer les patientes dans des groupes spécifiques
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(Chapitre 3). Nos données ont montré que les MHR provenant de la méme patiente avaient
généralement le méme type génotypique et avons identifié deux mécanismes récurrents chez les
patientes ne présentant pas de mutation dans les génes connus: diploide androgénétique (24% des
patientes) et triploide dispermique (32% des patientes), avec une susceptibilité génétique plus forte

dans la premiere catégorie de patientes.

Ensuite, nous avons identifi¢ des mutations déléteres bi-alléliques dans trois genes,
MEII, TOP6BL / Cllorf80 et RECI14. Ces derniers ont des roles dans la formation de rupture a
double brin durant la méiose. Ces mutations ont été trouvées chez cinq patientes non apparentées,
atteintes d’HM androgéniques récurrentes, de fausses couches et d'infertilité. Aussi, chez deux
sceurs avec plusieurs fausses couches et un frére souffrant d’infertilité (chapitre 4). Nos travaux
ont révélé que ce défaut génétique causé par ces trois genes peut étre responsable de l'infertilité
masculine et féminine. En outre, nos travaux ont montré pour la premiere fois chez les

mammiféres, un mécanisme de la genese des zygotes androgéniques.
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five chapters. Chapter 1 is a literature review that describes the various aspects of the
pathology of hydatidiform mole and relevant background to this thesis. Chapter 2 is a
manuscript that was published in the Journal of Medical Genetics (PMID: 25097207).
Chapter 3 is a manuscript that was published in Modern Pathology (PMID: 29463882).
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(PMID: 30388401). Chapter 5 includes a global synopsis and comparisons of causative genes

found in this study and in previous studies.

Parts of Chapter 1 (Introduction) were reproduced from two review articles on which I am the

first author and was responsible for their writing:

Chapter 27 in Hydatidiform Moles in the “Textbook of Autoinflammation” - in press (Ngoc

Minh Phuong Nguyen, Pierre-Adrien Bolze, and Rima Slim)

1.1.1 Introduction

1.1.2 Epidemiology

1.1.3 Classification based on histopathology

1.1.4 Sporadic hydatidiform mole

1.2.1 Expression and localization (NLRP7)

1.2.1 NLRP7 and early embryonic development (NLRP7)

1.2.2 KHDC3L and the Subcortical Maternal Complex (SCMC)

“Genetics and Epigenetics of Recurrent Hydatidiform Moles: Basic Science and Genetic

Counselling” (Ngoc Minh Phuong Nguyen and Rima Slim) !
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1.2.1

1.2.1
1.2.1
1.2.1
1.2.1
1.2.1
1.2.2
1.3

NLRP7 (introductory paragraph- with some updates about the numbers and types of
mutations)

Functional roles of NLRP7

Overexpressed NLRP7 downregulates intracellular IL-15

Physiological level of NLRP7 inhibits IL-1f secretion in monocytic cells

An interesting emerging role for NLRP7 in trophoblast differentiation

Immune system (NLRP7)

Overview (KHDC3L) (first paragraph)

Genomic imprinting in recurrent diploid biparental moles (with some updates about
recently published articles)

References for all chapters can be found at the end of this thesis.
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CHAPTER 1- LITERATURE REVIEW

In this thesis, I recapitulate my work on the investigation of molecular mechanisms and gene
identification for recurrent hydatidiform mole through the use of different molecular techniques
and next generation sequencing. This chapter introduces the genetic background of this condition
and its key factors, which served as the foundation for the findings described in Chapters 2, 3

and 4.

Key concepts in the introduction:

e Hydatidiform mole is an abnormal human pregnancy; recurrent hydatidiform mole is
defined by the occurrence of at least 2 HM in a patient (Gross morphology and
histopathological example in Figure 1)

e There are 3 different genotypes observed in hydatidiform mole: diploid androgenetic,
triploid dispermic, and diploid biparental (Figure 2)

e Two genes were identified: NLRP7 and KHDC3L in patients with recurrent diploid
biparental hydatidiform mole (Figure 2)

e The mechanism for androgenetic hydatidiform mole formation is unknown. Some
hypotheses were proposed (Schematic representations in Figure 3, 4, 5). Patients with
recurrent androgenetic hydatidiform mole do not carry bi-allelic mutations in the two
known genes.

e Known functions of NLRP7 and KHDC3L are recapitulated in Figure 6.
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1.1 Hydatidiform mole

1.1.1 Introduction

In his description of the first case of hydatidiform mole (HM) in New England in 1638,
Governor Winthrop wrote, “If you consider each of them according to the representation of the
whole, they were altogether without form; but if they were considered in respect of the parts of
each lump of flesh, then there was a representation of innumerable distinct bodies in the form of
a globe” 2. The “innumerable distinct bodies in the form of a globe” is the appearance of
hydropic chorionic villi observed in these pregnancies (Figure 1.1A). This unfortunate event of
pregnancy considered in the past as a “monstrous birth” is now called HM, which derives from
the “hydatid” (Greek for a drop of water) and “mola” (Latin for millstone/false conception). In
this condition, embryonic development arrests very early, most likely during preimplantation
development and the HM tissue is characterized by the absence of, or abnormal, embryonic
development and excessive proliferation of the trophoblast. HM can be sporadic, when it occurs
once in the patient’s reproductive life, or recurrent (RHM), when it occurs at least two times in
the same patient. HM can also occur in more than one family member and such cases are referred

to as familial cases.
1.1.2 Epidemiology

The incidence of HM is 1 in 600 to 1000 pregnancies in Western countries 2 but is 2 to
10 times higher in Asian, African, and Latin American countries, with the highest frequency
being 12 in 1000 pregnancies in Southeastern Asia +°. The incidence of HM is higher in women
at the extremes of reproductive age, slightly higher in women aged 15-20 and dramatically

higher in women over 40 2. Recurrence of a second HM affects 1-9% of women with a prior
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HM depending on populations and studies 3. A study from the United Kingdom found that 1 in
76 women with a HM will develop a second HM, and 13 out of 100 women with 2 prior HM will

experience a third HM .
1.1.3 Classification based on histopathology

At the histopathological level, HM are classified into two types, complete HM (CHM)
and partial HM (PHM), based on several features and most importantly the degree of
trophoblastic proliferation and embryonic tissue differentiation. CHM usually have marked
circumferential trophoblastic proliferation (Figure 1.1B) with absence of embryonic tissues and
extraembryonic membranes, while PHM have moderate trophoblastic proliferation and may

contain embryonic tissues and extraembryonic membranes.
1.1.4 Sporadic hydatidiform mole
Etiology

The fact that sporadic HM occur only once in the reproductive life of the patients and may
follow or precede normal pregnancies suggest that sporadic HM do not have a strong genetic
etiology at their origin. To better understand what could underlie their occurrence, epidemiological
studies have looked at various risk factors that could predispose to sporadic HM such as maternal
age, reproductive history, ethnicity, and various environmental factors including diet, oral
contraception, herbicides, and ionizing radiation. Of all these factors, maternal age 2, a history of

14

miscarriages 14, maternal ethnicity 1, and the use of oral contraceptive drugs 1¢ are well-established

risk factors for HM that were replicated in several studies and populations. Advanced maternal age

is the strongest and most consistent risk factor for all types of HM, mainly sporadic CHM %1518
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Also the risk for HM increases with a history of two or more miscarriages, fertility problems or

difficulties in conceptions & 1221,

Genotype

There are 2 main genotypic types of sporadic HMs: diploid androgenetic and triploid
dispermic HM (Figure 1.2). CHMs are usually diploid androgenetic with two copies of the
paternal genome and no maternal genome, and may originate from monospermic (two identical
copies of a haploid paternal genome-85%) or dispermic (two different haploid paternal genomes-
15%) fertilization 222¢, PHMs are mostly triploid dispermic (99%, with 2 exceptions of triploid

monospermic) 2 with two copies of the paternal genome and one copy of the maternal genome.
1.1.5 Hypotheses about the mechanisms of androgenetic HM formation
Proposed hypotheses

Different hypotheses were suggested to explain the mechanisms of androgenetic HM
formation. The two main hypotheses differ by the stage at which the maternal genome is lost

before or after fertilization.

1- Loss of maternal chromosomes before fertilization: The androgenetic origin of HM
was first reported in 1977 by Kajii ef al. and an “empty” oocyte mechanism at the origin of
androgenetic HM was proposed 2. It was suggested that the diploid androgenetic moles derive
from the fertilization of an oocyte without nucleus (for simplicity, referred hereafter as empty
oocyte) by one or two haploid spermatozoa (Figure 1.3). The hypothesis of empty oocytes was
proposed to originate from the exclusion or degeneration of the maternal chromosome sets
before fertilization 2Z. However, until now, there was no experimental evidence about the

existence of empty oocytes.
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2- Loss of maternal chromosomes after fertilization: With the lack of evidence for
empty oocytes and the high frequency of triploidy observed in human reproduction failure,
Golubovsky proposed another model about postzygotic diploidization of triploid zygotes 2. This
model postulates post-fertilization errors of triploid zygotes to explain various types of abnormal
genotypic patterns observed in human conceptions (Figure 1.4). In this model, the oocyte is
nucleated, not empty, and is fertilized by 2 different spermatozoa. Depending on different errors
that may occur after fertilization, the zygotes may be maintained as triploid dispermic
conceptions (~25% of the cases), or the tripronuclear zygote can undergo abnormal cleavage and
result in 1n, 2n, and 3n derivatives. Some of these 2n cells might develop into HM; other
embryos may be maintained as mosaic conceptions including androgenetic cells. The postzygotic
model can explain cases of mosaicism/chimerism that are observed in some conceptions that
include HM 2L, Another example for such cases is a recent report about a mosaicism with high
frequency of androgenetic cells in blood and saliva of a 11-year-old deaf girl who was otherwise
normal. In this case, 93% of the cells in the blood and 74% of the cells in her saliva are diploid
androgenetic, while other tissues have normal bi-allelic ratio 2.

Because of the challenges in working with human oocytes and embryos, there are no
experimental evidence demonstrating the mechanism of androgenetic HM formation in humans

and no one has seen how such a HM develops during the preimplantation cleavage stages.
Androgenesis and its mechanisms in lower organisms

In general, androgenesis is very rare. Its scarcity could be attributed to one of the
following reasons: either because androgenesis is hardly identified and thus overlooked in
33

natural populations, or it is difficult to evolve and be maintained once it arises =>. Although

androgenesis has not been described in any other mammalian species, several examples have
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been observed in lower organisms and are summarized below. In lower organisms, androgenesis
is classified into three types: obligate androgenesis, spontaneous androgenesis, and artificial

androgenesis (reviewed in Pigneur 2012 3%),

1) Obligate androgenesis: All offsprings have androgenetic genotypes and can develop

to term. Obligate androgenesis is known in only a few organisms such as the freshwater clam
genus Corbicula, the conifer tree Cupressus dupreziana, and the little fire ant Wasmannia

auropunctata.

Corbicula leana (freshwater clam)- The zygotes lose their maternal

chromosomes after fertilization

Among all obligate androgenetic species, Corbicula leana is the most
characterized model. In this species, after fertilization, all maternal chromosomes are extruded
simultaneously into two polar bodies and lost 2326, In this species, after fertilization and polar
body formation, only one condensed male pronucleus is observed in the cytoplasm and the
zygote continues to develop. In this model, the abnormal extrusion of all maternal chromosomes
in two polar bodies is attributed to the abnormal orientation of spindle axis, which was found to

37-39

be parallel to the egg surface instead of being perpendicular as observed in various animals ===

(Figure 1.4)
Cupressus dupreziana (conifer tree)- uncharacterized mechanism:

In this species, the pollens (male gametes) are diploid and the embryos lack
alleles from the mother 2, indicating that the embryos have androgenetic genotype. This raised

the question about the existence of the female gametes in the endosperm, which is the nutritious

tissues of the seed and derives from the megametophyte that produce eggs. To answer this
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question, the authors performed flow cytometry analysis but did not find any evidence of a
haploid maternal genome in the endosperm; they found a mixture of multiple ploidies
(2C/4C/8C) 2. While the flow cytometry analysis was complex, they concluded that the absence
of a haploid peak (1C) indicates the lack of the haploid maternal nucleus in the endosperm). In
conclusion, in this species, the evidence of androgenesis was shown but the evidence of empty

oocyte is weak and not conclusive.
Wasmannia auropunctata (Little fire ant)- uncharacterized mechanism:

The genotypes of the male ants were found to be completely identical to those of
the sperm found in queen’s spermatheca, the female organ that receives and stores sperms
Fournier 2005 %. Although in this study, it was suggested that the mechanism could be due to the
elimination of the maternal genome in the egg, there have been no studies characterizing the

mechanism of androgenesis in this species.

2) Spontaneous androgenesis- Androgenetic offspring are produced accidentally at a

low frequency during fertilization.

For sporadic androgenesis, the frequency of androgenetic occurrence during fertilization
can range from less than 1% to 30% depending on the species (table 1 in Hedtke 2011 #%). Most
of spontaneous androgenesis in plants arise from interpopulation or interspecific hybridization. It
was suggested by Schwander and Oldroyd that spontaneous androgenesis tends to occur in
hybrids since the genomic divergence between genomic regions highly reduces the rate of
recombination %2, and therefore impairs meiosis and leads to higher frequency of non-nucleated

.. ¥ who showed in mice an

eggs 2 This hypothesis is supported by the study of Koehler et a
increase in aneuploidy in embryos resulting from mating different inbred mouse strains, Mus

musculus with Mus spretus, with estimated sequence divergence of about 1%.
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3) Artificial androgenesis- Androgenetic offspring are induced artificially in the

laboratory. All embryos die or develop abnormalities from day 6 to day 11 post-

implantation.

While development of androgenesis rarely occurs in nature, it can be induced in the
laboratory to study the contribution of parental genome or to analyze gene regulation during
embryogenesis. One common technique is the nuclear transplantation, which is performed by
removing the maternal pronucleus from the zygote and replacing it with another male
pronucleus. Using this method, McGrath et al. found that 17% of the genetically engineered
androgenetic mouse embryos implanted, but all died during the early post-implantation period
from day 6 to day 11 8. In another study, Barton et al. reported that 23% of the genetically
engineered androgenotes (28 embryos) implanted. Among these 28 embryos, 8 of them displayed
retarded and abnormal development at gestational day 10 (e.g. no somites or 4-6 somites instead
of 25-35 somites), while there were no embryonic remains detected for the remaining 20
implanted embryos 2. It is noteworthy that embryonic day 6 to 11 in the mouse is equivalent to

the first month in human pregnancy

(https://embryology.med.unsw.edu.au/embryology/index.php/Mouse_Timeline). The study from

Barton et al. also noted the better development of extraembryonic membranes and trophoblast in
androgenotes compared with the embryo itself, suggesting that the paternal genome is essential
for the development of extraembryonic tissues. Similarly, in humans, androgenetic HM is also
characterized by the excessive proliferation of trophoblast. To date, only one paper reported the
birth of two androgenetic female mice 2. However, such successful deliveries of genetically

engineered androgenetic embryos were not reproduced in any subsequent studies.
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In conclusion, among published studies on mice, most genetically engineered
androgenetic embryos fail to develop after implantation, and the ones that survive implantation

have severe abnormalities in the first 11 days of gestation 4% 42314,

1.2 Genetics of RHM

RHM is defined by the occurrence of at least two molar pregnancies in the same patient. Two
genes, NLRP7 and KHDC3L, have been reported to be causative of RHM. RHM from patients
with bi-allelic mutations in NLRP7 or KHDC3L are all diploid biparental (Figure 1.2). There are
still other patients without mutations in the known genes, and there were only 3 cases reported to
have recurrent androgenetic when I started working in this field in 2011 33 3% Furthermore, the
genetic characterization of the genotype of RHM has not always been reported, making it difficult
to determine the frequency of the different genotypes in patients without mutations in the two
known genes. The next section describes the known functions of the two causative genes

responsible for recurrent diploid biparental HM, which are also recapitulated in Figure 1.6.
1.2.1 NLRP7

NLRP7 (nucleotide oligomerization domain like receptor), pyrin containing 7, maps to
19q13.4 and is the first identified causative gene for RHMs 2. Studies from various groups and
populations concur that NLRP7 is a major gene for this condition and is mutated in 48-80%, of
patients with at least two HMs, depending on patients’ ascertainment criteria and populations 2
61

. To date, approximately, 74 different mutations in NLRP7 have been reported in patients with

two defective alleles (https://infevers.umai-montpellier.fr/web/). These mutations include

missense mutations, stop codons, small deletions or insertions (less than 20-bp), splice mutations,

large deletions or insertions, and complex rearrangements mostly mediated by Alu repeats.

31


https://infevers.umai-montpellier.fr/web/

NLRP7 transcripts have been identified in several human tissues including endometrium,
placenta, hematopoietic cells, oocytes at all stages, and preimplantation embryos. NLRP7
transcripts decrease after fertilization and during preimplantation development to reach their
lowest level at day 3 of embryonic development, which corresponds to the blastocyst stage, and
then increase sharply from day 3 to day 5, which coincides with the transcriptional activation of

the embryonic genome.
Functional roles of NLRP7

NLRP7 codes for a 1037 amino acids protein (including all coding exons of all splice
isoforms) and has three main domains, pyrin, NACHT (i.e., found in the NAIP, CIITA, HET-E
and TP1 family proteins) and 10 leucine rich repeats (LRR). NLRP7 is a member of the NLR
family of proteins with role in inflammation and apoptosis. Below, I outline known roles of NLRP7
in various cellular models and discuss their potential involvement in the pathophysiology of

recurrent moles.
Overexpressed NLRP7 downregulates intracellular interleukin-1 beta (IL-1p)

Data from three different groups about the role of NLRP7 indicate that its overexpression
in transient transfections downregulates the production of IL-1f, an important mediator of the
inflammatory response. The first study by Kinoshita et al. demonstrated that overexpressed
NLRP7 interacts with overexpressed pro-IL-1p and pro-caspase-1 and downregulates caspase-1-
dependent IL-1p secretion in Human Embryonic Kidney 293 cells (HEK293) cells by inhibiting
pro-IL-1B processing 2. Another study by Messaed et al. et confirmed the inhibitory effect of
overexpressed NLRP7 on IL-1f but showed that NLRP7 acts primarily on pro-IL-1f and inhibits
its intracellular synthesis &. In addition, this study showed that NLRP7 inhibitory function is

mediated concomitantly by its three domains and mostly by the LRR. Although the precise
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mechanism by which NLRP7 downregulates intracellular IL-1f (pro- or mature) is not fully
understood, NLRP7 was shown to interact physically with IL-1B, caspase-1, and the
inflammasome adaptor protein Apoptosis-Associated Speck-Like Protein Containing CARD

(ASC), with the latter interaction being mediated by the pyrin domain %% ¢,

Physiological level of NLRP7 is required for normal IL-1§ secretion in monocytic

cells

Using an ex vivo cellular model, Messaed ef al. also looked at the consequences of NLRP7
mutations on IL-1p secretion by peripheral blood mononuclear cells (PBMCs) from patients with
NLRP7 mutations . The authors showed that patients’ cells secrete lower levels of IL-1f than
control cells despite the fact that these same cells have normal or slightly higher amounts of
intracellular pro-IL-1B synthesis indicating NLRP7’s role in IL-1p secretion into the extracellular
milieu. These findings are in line with those obtained by Kinoshita et al., in stable transfections of
THP-1 cells (of human monocytic origin) where expressing an N-terminal 35-kDa NLPR7
fragment, which mimics some protein-truncating mutations observed in patients with RHMs,
reduced IL-1P secretion. This finding was also confirmed in a third cellular model described by
Khare et al. who demonstrated that NLRP7 knockdown using small interfering RNA in
macrophages significantly impairs IL-1B release upon stimulation with microbial acylated
lipopeptides . Within monocytic cells, NLRP7 co-localizes with the Golgi and microtubule-
organizing center, and associates with microtubules. This suggests that NLRP7 mutations may
decrease cytokine secretion by affecting, directly or indirectly, the structure of cytoskeletal
microtubules and impairing the trafficking of IL-1pB-containing vesicles . This was further
supported by the fact that treating hematopoietic cells with a microtubule depolymerizing agent,

nocodazole, fragmented NLRP7’s signal &,
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An interesting emerging role for NLRP7 in trophoblast differentiation

Another novel and interesting role for NLRP7 was demonstrated by Mahadevan et al. In
this study, the authors showed that NLRP7 knockdown in human embryonic stem cells leads to an
earlier expression of two trophoblast differentiation markers, GCM1 and INSL4, suggesting that
NLRP7 loss-of-function accelerates trophoblast differentiation . Another interesting finding in
this study is that NLRP7 knockdown increased the level of human chorionic gonadotropin (hCG),
known to be very high in patients with molar pregnancies. This new role of NLRP7 is very
important in view of the fact that hydatidiform mole is characterized by hyperproliferation of the

trophoblast and production of high levels of hCG.
Possible roles of NLRP7 in the pathology of moles
Immune system

The known functions of NLRP7 in inflammatory signalling in hematopoietic cells raise
questions as to whether NLRP7’s role in IL- 1 production may be the cause of the early embryonic
development arrest observed in molar pregnancies. Available data do indicate some connections
between IL-1pB, ovulation, and oocyte maturation. For instance, in several mammalian species,
intra-follicular injection of IL-1p increases the rate of ovulation, but decreases the quality of the
oocytes and consequently the rate of normal embryonic development ¢ ¢, However, this role for
IL-1B in oocytes is in contradiction with data on cells from patients with NLRP7 mutations, which
secrete lower amounts of IL-1B. In addition, mice lacking IL-1B 8 or type 1 IL-1 receptor (1/171)
8 are fertile, indicating that the lack of IL-1pB signalling does not significantly affect fertility and
embryo viability in mice. Besides its role in IL-1f secretion, NLRP7 has been shown to promote

70,71

cellular proliferation and invasion in testicular and endometrial cancer , respectively.
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Expression and localization

In humans, NLRP7 is expressed in many tissues with the highest level of its transcripts

62; 70

found in testis . However, among individual human cells, the highest level of NLRP7

transcripts is found in oocytes at the germinal vesicle stage 2. NLRP7 transcripts are also present

in different stages of oocyte development and in preimplantation embryos 22,

NLRP7 protein localizes mainly to the cortical region in all stages of human oocytes 2.
After the first zygotic division, NLRP7 localization becomes restricted to the outer cortical region
and is absent from the cell-to-cell contact region, which is identical to the localisation of other

proteins of the subcortical maternal complex (SCMC) 2.
NLRP7 and early embryonic development

Despite the fact that in vitro fertilization was introduced into medical practice 40 years ago,
it is not known how a conception that leads to a HM develops during the preimplantation stages.
The first description of how HM develops was reported by Edwards in 1990 and 1992 2 in a
patient with RHM and this was followed by two other case reports 2228, Unfortunately, however,
the causative genes responsible for RHM in these three patients are not known and nor are the
genotypes of their moles known. Recently, Sills ef al. reported a patient with 5 RHMs and bi-
allelic NLRP7 mutations, recorded the early development of her embryos after intra-cytoplamic
sperm injection, and provided photographs of two embryos 2. In this patient, 15 oocytes were
retrieved and 10 were fertilized. All embryos had diploid biparental genome, which is in line with
the diploid biparental genomes of HM from patients with bi-allelic NLRP7 mutations. Of the 10
fertilized oocytes, none were morphologically normal and suitable for transfer to the patient. This
case is the first detailed account of how a molar pregnancy develops during preimplantation

development and suggests that abnormalities in the conceptions of these patients start very early
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during preimplantation development. In addition, this case tells us that what leads to HM is perhaps

not a healthy, normal growing early cleavage embryo.
1.2.2 KHDC3L
Overview

KHDC3L (KH domain containing 3 like) is a second recessive gene responsible for RHMs
and was identified in 2011 8. KHDC3L maps to chromosome 6 and available data indicate that
this gene is a minor gene for RHMs accounting for 10 to 14% of patients who do not have
mutations in NLRP7. To date, six mutations in KHDC3L have been reported in patients with two
defective alleles 822 KHDC3L transcripts have been identified in several human tissues including
all oocytes stages, preimplantation embryos, and hematopoietic cells. KHDC3L codes for a small
protein of 217 amino acids that belongs to the KHDC1 (KH homology domain containing 1)
protein family, members of which contain an atypical KH domain that does not bind RNA as
opposed to proteins with canonical KH domain. In humans, this family includes KHDC3L,
KHDCI1, DPPAS (Developmental Pluripotency Associated 5), and OOEP (oocyte expressed
protein) &, Expression of KHDC3L is highest in human oocytes at the germinal vesicle (GV) stage
then decreases during preimplantation development and become undetectable at the blastocyst

stage %, similar to the expression prolife of NLRP7 22,

Mice knockdown for Khdc3, the orthologue of human KHDC3L, have reduced fecundity
and impaired preimplantation embryo development with a high incidence of aneuploidy due to
abnormal spindle assembly, chromosome misalignment, and spindle assembly checkpoint
inactivation . Abnormalities of spindle morphology in the embryos were observed in Khdc3
null mice such as 1-polar, 3-polar, broad polar and irregularly shaped spindles. Also, a high

incidence of chromosome misalignments was observed in the embryos. Some morula- and
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blastocyst-like structures contained fewer cells than normal (e.g. some E.4.5 blastocysts contain

about 15 cells compared with those control blastocysts with more than 36 cells).

Also, KHDC3L knockdown in human GV oocytes increases the rate of abnormal spindles
in MII oocytes and decreases the fertilization and embryo cleavage rates . In addition, this
downregulation also leads to a significantly lower number of oocytes that can be fertilized and

reach the 2-cell stage.
KHDC3L and the Subcortical Maternal Complex (SCMC)

The SCMC is a multi-protein complex expressed only in oocytes and preimplantation
embryos at the subcortical region. Recessive mutations in genes coding for the SCMC proteins
lead to defective oocytes and consequently early embryonic arrest during preimplantation stages
74; 84 86: 87 In mice, four members of the SCMC were identified (NLRPS5, OOEP, TLE6 and
KHDC3) 2. NLRP5, OOEP, and TLE6 were shown to interact directly with each other while
KHDC3, the mouse orthologue of human KHDC3L, interacts in oocytes only with NLRPS.
Genetic ablation of Qoep or Nlrp5 in mice results in the destabilization of the SCMC and the
diffuse localization of its proteins in the cytoplasm. Other maternal-effect genes such as Padi6,

Nirp2, Zbed3 were also suggested to be part of the mouse SCMC 2820,

In humans, four members of the SCMC (KHDC3L, OOEP, NLRPS5, and TLE6) were
shown to interact in transfected cells. KHDC3L and other SCMC components localize in the

subcortex of early human embryos. Of these, mutations in KHDC3L and TLE6 play causal roles

80; 91

in recurrent diploid biparental HM and female infertility, respectively . In addition, another

maternal-effect gene suggested to participate in the SCMC in mice, PADI6, was shown to be

22:%3 and recently for recurrent miscarriages and a HM in one of

responsible for female infertility
our patients 2.
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1.3 Genomic imprinting in recurrent diploid biparental moles

1.3.1 Altered DNA methylation at imprinted genes in the conceptions of patients

with KHDC3L or NLRP7 mutations

Genomic imprinting refers to epigenetic modifications such as DNA methylation, histone
modification or/and chromatin remodeling that lead to the expression of only one of the two
parental copies of a gene. The involvement of genomic imprinting in the pathology of hydatidiform
moles emerged soon after the demonstration that sporadic complete moles are androgenetic, which
made them an important experimental tool in characterizing the expression and/or methylation of
imprinted genes 227, Later, the identification of recurrent familial moles that have the same
histopathological features as the sporadic androgenetic moles 2% and the finding that such moles
are diploid biparental 2 entertained the plausible and interesting idea that the causative gene for

recurrent moles would be responsible for setting or maintaining the maternal imprints in the

oocytes.

To date, six studies have investigated the DNA methylation in diploid biparental HM from
patients with bi-allelic mutations in NLRP7 or KHDC3L and revealed a general trend of lack of
DNA maternal methylation marks on imprinted genes ¢% 1014 The first study demonstrated in
one diploid biparental CHM, from a patient with two KHDC3L defective alleles, the loss of
methylation marks at six out of seven analyzed differentially methylated regions (DMR) that are
normally maternally methylated and the gain of methylation marks on one paternally methylated
DMR (NESPS55) that acquires its methylation at the blastocyst stage (Table 1.1). In contrast, the
methylation at the HI9 DMR, which is normally established in the male germ line, was normal.
Two additional diploid biparental moles from the same patient were later studied, but unfortunately
at different DMRs, and their analysis showed the same trend of abnormal methylation with the
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exception of one gene, PEGI(0, which preserved its normal methylation on the maternal allele
(Table 1.1). Other studies also examined the methylation status of DMRs in moles from patients
with two NLRP7 defective alleles and reported abnormal loss and gain of methylation at some of
them 6% 10 103104 "1y one of these studies, single nucleotide polymorphisms were used to
distinguish parental alleles at some imprinted genes and showed that the abnormal methylation
indeed affected the maternal alleles 12! (Table 1.1).Sanchez-Delgado et al.. examined at the whole
genome level the methylation profiles of diploid biparental HMs from patients with bi-allelic
mutations in NLRP7. They also demonstrated a lack of maternal methylation at several additional
imprinted DMRs, including NAPILS5 and L3MBTL, which normally acquire methylation in the
female germline. However, paternally methylated DMR, which acquire methylation in the male
germ line (H19, IG, MEG3) or during early development (ZNP597, ZBDF?2), were found to have
normal methylation pattern. Methylation analysis on LINE-1 sequences, o-satellites and Alu-Yb8
sequences in these HMs revealed a normal DN A methylation profile. These data suggest that only
maternally derived methylation is affected in diploid biparental HM. In addition, the study also
showed subtle differences in the methylation profiles between HMs from the same patient or from
two sisters carrying the same mutation, suggesting inter-RHM variation. It would have been
interesting if the authors correlated the methylation profiles of such HMs with their

histopathological features to see if the differences in methylation patterns are associated with their

histopathological features (e.g. severe form as complete HM versus milder form as partial HM).

In conclusion, these studies consistently demonstrated the lack of DNA methylation marks
on maternally methylated regions of imprinted genes, most likely due to defects in the female
germline before the acquisition of the methylation marks. This abnormal DNA methylation pattern

can also extend to yet uncharacterized imprinted genes that are responsible for regulating cellular
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proliferation and differentiation, two features characterizing the morphology of HM as

trophoblastic proliferation and absent/abnormal embryonic development.
1.3.2 Altered DNA methylation beyond non-imprinted genes

To investigate the role of NLRP7 in establishing methylation marks at imprinted genes, recently,
Mahadevan et al. examined the consequences of NLRP7 knockdown on the DNA methylation of
imprinted genes during the differentiation of human embryonic stem cells (hESCs) into trophoblast

cells &

. However, they did not observe any DNA methylation changes at imprinted DMRs
including those that were previously shown to be abnormally methylated in diploid biparental
molar tissues. They explained their findings by the known high degree of epigenetic stability and
resistance of hESC lines to perturbations in DNA methylation at imprinted loci 1%, Instead, they
found that NLRP7 knockdown altered the DNA methylation of many non-imprinted CpGs.
Another recent study showed that the DNA methylation of a total 131 imprinted and non-imprinted
loci are altered in blood DNA of an individual with multiple anomalies born to a mother with a
single heterozygous NLRP7 mutation (A719V) % It would have been important in this study to
determine if the mutation in the mother occurred de novo or if it was inherited, and from which of
her parents. In addition, it is not clear whether the abnormal child inherited his mother’s mutation.
Surprisingly, comparing the abnormally methylated genes from the studies by Mahadevan et al.
and Beygo et al. %1% did not reveal any common gene with altered methylation, which raises

questions about the specificity and significance of these findings and their relation to NLRP7

mutations that remain to be clarified in future studies.

1.3.3 Altered expression of CDKNIC in the conceptions of patients with NLRP7

mutations
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In line with the above data, one study demonstrated the underexpression of p57X¥2 the
product of the paternally imprinted, maternally expressed gene, CDKNIC, in the cytotrophoblast
and villous stroma of a series of diploid biparental CHMs %7, p57%!P2 is the protein coded by a
cyclin-dependent kinase inhibitor. Cdknic deficiency in mice leads to altered cellular proliferation
and differentiation resulting in a variety of developmental defects 1% Although CDKNIC is
paternally methylated in the cytotrophoblast and villous stroma of normal first trimester placenta,
its expression has been shown to depend on the maternal methylation of KvDMR1, a CpG island
located at the promoter of KCNQIOT1 and believed to control the imprinted expression of Cdknlc
during embryonic development 12119 The same is observed in humans, where the loss of maternal
methylation marks at KvDMRI leads to the silencing of CDKNIC in patients with Beckwith-

111

Wiedemann Syndromes -, a pediatric overgrowth disorder in which the placenta share some

histopathological features with PHMs.

Despite the complexity of the methylation and imprinting data and the variations between
studies and samples, the common findings are the lack of DNA maternal methylation marks at
several, maternally imprinted, paternally expressed genes and the unspecific/stochastic extension

of methylation abnormalities to non-imprinted genes.

1.4 Ovum donation is recommended for patients with RHM

An unfortunate consequence of the genetic abnormalities in RHM is that most patients
cannot have normal pregnancies. To date, there are only 5 patients with RHM reported to have
57;112; 11

had spontaneous conceptions leading to live births === -2, There are no treatments for patients

with mutations in these two known genes to achieve normal pregnancies. Ovum donation was

41



suggested to be an option for such patients. Until now, there are 3 patients with bi-allelic NLRP7
mutations reported to have live births from donated oocytes 11314 syggesting that ovum
donation from healthy women remedies the defects of patients with recessive mutations in

NLRP?7 (and the same can be applied to patients with mutations in KHDC3L).
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1.5 Rationale and objectives

Patients with recurrent hydatidiform moles suffer severe emotional distress when their
pregnancies arrest in the first trimester, which inevitably brings down theirs hopes of ever
conceiving a healthy baby. Characterization of the mechanisms leading to RHM formation and
identification of new genes responsible for this condition are the two main objectives of this

thesis:

Objective 1-Comprehensively characterize RHM of patients with NLRP?7 recessive

mutations (Chapter 2)

When I started in the lab in September 2011 (as a MSc student before fast-tracking to the

PhD program), some studies documented the genotypes of RHM from patients with recessive

NLRP7 mutations, but only with one method 3% 38 60; 103; 115120

. At that time, it was not clear to
us whether all RHM from these patients are diploid biparental. In addition, mosaicism in HM
was also reported 22!, We intended to characterize the HM of these patients using different
methods and determine if they are all diploid biparental and to investigate the presence of
aneuploidy in these tissues. Extensively characterizing these tissues allowed us to understand the
pathogenesis of RHM and correlate the nature of NLRP7 mutations with the different features of
the moles. This work allowed us to determine if RHM caused by defects in the same gene have

the same genotype. The results of this analysis are presented in Chapter 2.
Objective 2- Identification of causative genes for RHM (Chapter 3 and 4)

The primary objective of my PhD work was to identify novel genes underlying the etiology
of RHM in patients without bi-allelic mutations in NLRP7 and KHDC3L. Patients were screened

for NLRP7 and KHDC3L mutations before selecting them for whole exome sequencing (WES),

43



followed by targeted sequencing of candidate genes on a larger cohort of patients with milder
defects. During this process, we realized that this condition is highly heterogeneous since we were
not able to identify mutations in the same gene in two patients. Therefore, in parallel with the WES
work, we decided to comprehensively characterize all available HM tissues of these patients at the
histopathological and genotypic levels. This work allowed us to re-evaluate the diagnosis of their
HM tissues, remove patients who were misdiagnosed with RHM, and classify the remaining
patients according to the genotypes of their RHM, as well as understand the differences between
HMs from patients with and without mutations in the known genes. The results of this objective

are presented in Chapter 3.

With the data obtained from chapter 3, we enriched for patients with the same genotype
of RHM as those with mutations in the candidate genes and performed WES on additional
patients. This work led to the identification of three novel genes for androgenetic RHM and the
characterization of the genesis of androgenesis in a mouse model. The results of this objective

are presented in Chapter 4.
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1.6. Figures and Table

Figure 1.1. Gross morphology and histopathological section of HM. a) Gross morphology of a hydatidiform mole
(HM). (b) Histopathological cross-section of an HM showing circumferential trophoblastic proliferation (arrows) around a chorionic
villous (CV) (Figure 27.1 from Textbook of Autoinflammation (in press). The gross morphology photo is a courtesy of Drs. Pierre-

Adrien Bolze and Jerome Massardier, French Reference Center for Trophoblastic Diseases, Lyon, France)
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Sporadic HM Recurrent HM
(1 in 600 pregnancies) (1-9% of patients with sporadic HM)
Aetiology Multifactorial + + - -
NLRB7\/KJ—IDC3L NLRP7 & KHDC3L
r . \ A r . \
Histopathology| CHM PHM " CHM/PHM ! CHM PHM CHM/PHM
X N ! i ¥ il \
Genotype Androgenetic  Androgenetic Triploid Diploid Androgenetic Triploid Diploid
Monospermic Dispermic D#spermic Biparental Monospermic  Dispermic Biparental
approximately (approximately (99%, (100%, (%=2", (%=20, 0=,
80%, 20%, 69, X XX/XXY/ 46,XX/XY) 46,XX) 69, XXX/XXY/  46,xX/ Y)
46,XX) 46,XX/XY) YY) YY)

Figure 1.2. Frequencies and classification of sporadic and recurrent HMs by aetiology, histopathology,

and genotype. The pink and blue colors refer to the presence of the maternal and paternal genomes, respectively, in the HM.

(*), indicates that the frequencies of these genotypes will be answered in chapter 3; CHM, stands for complete hydatidiform

mole; PHM, partial hydatidiform mole; POC, product of conception.

(Adapted from Figure 27.2 from Textbook of Autoinflammation (in press))
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Figure 1.3. Schematic representation of the “empty” oocyte mechanism proposed by Kajii 1977. Maternal
chromosomes were suggested to be degenerated or excluded before fertilization. The oocyte is fertilized by either 2 sperms or 1
sperm (which followed by the endoreduplication of the paternal pronucleus), resulting in diploid androgenetic dispermic or

monospermic, respectively.
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Figure 1.4. Proposed mechanism of postzygotic diploidization of triploids at the origin of HM formation.

Triploid zygote which contains three pronuclei, M (maternal pronucleus), P1 (paternal nucleusl), P2 (paternal nucleus 2) may undergo
abnormal cleavage resulting in the 1n, 2n, 3n derivatives. In the first scenario, the zygote can maintain the triploid state and produce a
triploid dispermic mole (MP1P2). In the second scenario, abnormal first division of the triploid zygote can result in the mosaic moles
with 3n triploid dispermic and 2n biparental derivative or 2n androgenetic derivative. In the third scenario, the maternal pronucleus
can be eliminated and a 2n androgenetic derivative can be formed. The division error may also result in the mosaic diploid biparental
derivatives. In the fourth scenario, the abnormal first zygotic division results in a 2n diploid biparental derivative and a 1n derivative
that undergoes endoreduplication (diploidization), leading to a diploid homozygous androgenetic HM. In the last scenario, a tripolar
spindle is formed at the first cleavage division, resulting in abnormalities in chromosome distribution such as trisomy or uniparental

disomy (2 copies of the same chromosome coming from the same parent). Androgenetic HM formation is indicated by a red square.
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Figure 1.5. Schematic representation of the formation of androgenetic zygote in Corbicula species after

fertilization. The male pronucleus is indicated in blue. The maternal chromosomes are in pink. The maternal chromosome

segregate and are extruded into the two polar bodies. The first cleavage of the zygote continues with only paternal chromosomes.
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Abnormalities in HM from patients with mutations in
NLRP7/KHDC3L

NLRP7 in Immune system

- NLRP7 knockdown in
macrophages impairs IL-1p
release.

- Patients with NLRP7 variants secrete
low level of IL-1p secretion.

-NLRP7 interacts physically with IL-
1B, caspase-1, and ASC in HEK293
cells.

NLRP7 knockdown in hES cells

- Earlier expression of 2
trophoblast differentiation
markers GCMI and
ISNL4 =» accelerate
trophoblast differentiation.

- Increases hCG level.

- Abnormal DNA methylation at
imprinted genes in HM tissues.

- Silenced expression of p57%%2 in

ART outcome and management

KHDC3L

- A component of the SCMC.

- KHDC3L knockdown in human GV
oocytes T the rate of abnormal spindles
in MII oocytes and { the fertilization
and embryo cleavage rates.

- Khdc3-null mice have reduced
fecundity and impaired preimplantation
embryo development.

- IVF data: all fertilized oocytdy
develop abnormalities and
cannot be transferred.

- Ovum donation 1s
recommended: 3 succesful case
reported

Figure 1.6. Known functions of the two genes NLRP7 and KHDC3L. hES cells, stands for human embryonic stem cells. SCMC, for
subcortical maternal complex. IVF, for in vitro fertilization.
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Table 1.1. Recapitulation of methylation analysis data in diploid biparental molar tissues from patients with NLRP7 or

KHDC3L mutations ( From Table 2, Nguyen et al. 2014) !

DMR Chr KHDC3L NLRP7 Conclusion
Patient ID L1 L1 4&6 HM70 & HM73 S4
Number of HMs (n) n=1 n= n=2 n=2 n=1

Maternal methylated

KCNQIOTIa 11 —-——= —-—= - ——= ——=
SNRPNb 15 -—= - == -—= -—=
PEGI 7 -—= -—=
PEG3 19 -—= -—= -—= -—=
GNAS-14 a 20 -—= -—= -—=
GNAS-AS 20 -—= Complex Inconcl.
GNAS-XLaS b 20 Normal Normal Normal
ZACa 6 -—= -——= -—=
PEGI0 a 7 Normal, — — Normal  Normal
Paternally methylated

HI9 a 11 Normal +, ++ Normal Inconcl.
GNAS-NESP55b 20 +++ +++ -+ +++¢ +++ +++

Chr, chromosome; @ primary imprint; b secondary imprint ; ¢ gain of methylation at this locus was found in the two diploid biparental
moles as well as in one normal term placenta and in one androgenetic mole; Inconcl., inconclusive. Different results on two HM
tissues are separated by a comma
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PREFACE TO CHAPTER 2

The work in Chapter 2 addresses the question about the genetic mechanism of RHM from
patients with bi-allelic mutations in NLRP7. While several RHM from such patients were found
to be diploid biparental, it was not known if other genotypic types of HM occur in such patients.
In addition, data on characterized RHM were generated using only one or two methods and were
before the publication of Golubovsky’s model proposing that postzygotic abnormalities could be
at origin of several genotypic types of HM. Postzygotic abnormalities are very complex and
require a combination of several approaches to be detected, especially when working with
formalin-fixed paraffin-embedded tissues, in which DNA is degraded and may consequently
compromise the quality of DNA genotyping. Therefore, we decided to use four different
approaches to investigate the presence of aneuploidies or mosaicisms in these diploid RHM and
comprehensively characterized the parental contribution to 36 products of conception (POC)

from patients with bi-allelic NLRP7 mutations.
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Abstract

Background: Hydatidiform mole (HM) is a human pregnancy with excessive trophoblastic
proliferation and abnormal embryonic development that may be sporadic or recurrent. In the
sporadic form, the HM phenotype is driven by an abnormal ratio of paternal to maternal genomes
while in the recurrent form, the HM phenotype is caused by maternal-recessive mutations, mostly
in NLRP7, despite the diploid biparental origin of the HM tissues. In this study, we characterized
the expression of the imprinted, maternally expressed gene, CDKNIC (p57%'F?), the genotype, and
the histopathology of 36 products of conception (POCs) from patients with two defective alleles
in NLRP7 and looked for potential correlations between the nature of the mutations in the patients

and the various HM features.

Methods/results We found that all the 36 POCs are diploid biparental and have the same parental
contribution to their genomes. However, some of them expressed variable levels of p57¥*? and
this expression was strongly associated with the presence of embryonic tissues of inner cell mass
origin and mild trophoblastic proliferation, which are features of triploid PHMs, and were
associated with missense mutations. Negative p57¥!P? expression was associated with the absence
of embryonic tissues and excessive trophoblastic proliferation, which are features of androgenetic

complete HMs and were associated with protein-truncating mutations.

Conclusions Our data suggest that NLRP7, depending on the severity of its mutations, regulates
the imprinted expression of p57%*2 and consequently the balance between tissue differentiation
and proliferation during early human development. This role is novel and could not have been

revealed by any other approach on somatic cells.

55



Introduction

Hydatidiform mole (HM) is an abnormal human pregnancy characterized by the absence of, or
abnormal, embryonic development, excessive trophoblastic proliferation, and hydropic
degeneration of chorionic villi. Common moles are usually sporadic, not recurrent, and affect 1 in
600 pregnancies in western countries 2 but have higher frequencies in developing countries % 3.
Based on histopathological examination, HMs are divided into two categories, complete HMs
(CHMs) and partial HMs (PHMs). CHMs display circumferential trophoblastic proliferation and
do not contain extraembryonic membranes (chorion and amnion), fetal nucleated red blood cells
(NRBC), or any other embryonic tissue of inner cell mass origin. PHMs have moderate focal

trophoblastic proliferation and may contain extraembryonic membranes and/or embryonic tissues

of inner cell mass origin.

Common sporadic CHMs are mostly diploid androgenetic with two copies of the paternal
genome. Common sporadic PHMs are mostly triploid dispermic with two different copies of the

paternal genome and one copy of the maternal genome. p57XF?

is the product of the paternally
imprinted, maternally expressed gene, CDKNIC, which is expressed in the nuclei of
cytotrophoblast and some stromal cells of triploid dispermic PHMs, but not in those of diploid
androgenetic CHMs 2L, Consequently, p57%*? immunohistochemistry is an ancillary marker that
is commonly used by pathologists to indirectly identify the presence of the maternal genome and
help them in dividing HMs into PHMs and CHMs, which may share some histopathological
features, when evacuated at early gestational stages 122. This differential expression of p57X¥2 is
believed to be due to the absence of the maternal genome in androgenetic CHMs. However, even

in androgenetic CHMs, p57%'"is expressed in the nuclei of extravillous trophoblast cells, which

indicates that p5S7*'*? imprinting is not maintained on paternal alleles in all trophoblastic cells.
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Consequently, the exact mechanism underlying the imprinted expression of p57%*? only in some
cellular types of first trimester placenta is not known 123124 Ki-67 is a nuclear protein coded by
MKI67 (antigen identified by monoclonal antibody Ki-67) and a proliferation marker known to be
expressed in all active phases of the cell cycle (G1, S, G2, and mitosis), but not in resting Go cells
123 Ki-67 is expressed in normal first trimester human placenta; however, its expression level is
higher in sporadic HMs. Among these, triploid PHMs express lower Ki-67 levels than

126;127

androgenetic CHMs , which reflects their milder trophoblastic proliferation. Recurrent

hydatidiform moles occur in 1-6% of patients with a prior mole % 1%-13: 128 129 4nd may occur in
patients with no family history of HMs (singleton cases) or in related women from the same family
(familial cases). By studying familial cases of recurrent HMs, two maternal effect genes, NLRP7
and KHDC3L, responsible for recurrent HMs have been identified %%, NLRP7 is a major gene
for recurrent HMs and is mutated in 48-80% of patients, depending on patients' ascertainment
criteria and populations 3% 13 KHDC3L is a minor gene for recurrent HMs and is mutated in
only 10-14% of patients with no NLRP7 mutations 2% 8139 Tq date, approximately 47 different
mutations have been reported in patients with two NLRP7-defective alleles
(http://fmf.igh.cnrs. fi/ISSAID/infevers/). The role of NLRP7 protein in the pathophysiology of
moles is not fully understood, but we do know that NLRP7 down regulates intracellular
inflammation and impairs IL-1p secretion in various cellular models ¢2** including peripheral
blood mononuclear cells from patients with two NLRP7-defective alleles &. Recently, a study by
Mahadevan et al. demonstrated that NLRP7 knockdown in human embryonic stem cells

accelerates trophoblast differentiation 131,

At the genotypic level, the parental contribution to approximately 80 HMs from patients

with two NLRP7-defective alleles have been analyzed so far and were found all diploid biparental
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d

36;38; 60: 115-120: 130: 132135 \yith the exception of two moles that were found to be triploid digynic 13

and triploid diandric 134, Despite their diploid biparental genome, HMs from patients with NLRP7
or KHDC3L mutations lack maternal methylation marks on several imprinted, paternally expressed
genes and display gain of methylation marks on some imprinted, maternally expressed genes &%
100; 101:103 'Recently, altered DNA methylation in cells with NLRP7 mutations or knockdown has
been shown to extend beyond imprinted genes and affect many non-imprinted genes 126 131: 136,
Using immunohistochemistry, four studies have investigated the imprinted expression of p57X?
in diploid biparental CHMs from patients with two NLRP7-defective alleles. These studies

7KIP2

demonstrated the absence of p5 expression in the cytotrophoblast and villous stroma of these

7KIP2 107;

diploid biparental moles similar to the absence of p5 expression in androgenetic CHMs

130: 133: I35 "To date, no studies have investigated Ki-67 expression in diploid biparental moles

caused by NLRP7 mutations.

To better understand the role of NLRP7 mutations in HMs, we first characterized p57%*?

expression in 36 products of conception (POCs), mostly HMs, from patients with two NLRP7
defective alleles. We found that some of them express variable levels of p57X'*? in the
cytotrophoblast and villous stroma, which was in contradiction with previously reported data in
the field and suggested either the presence of aneuploidies, genotypic mosaicisms or incomplete

7XP2 We next used three DNA-based approaches to comprehensively

inactivation of p5
characterize these tissues and demonstrated their diploid biparental genome. We looked for
potential correlation between p57X1*? expression, the nature of mutations, Ki-67 expression, and
morphological features of the HMs. We found that some missense mutations do not completely

repress p57%F2 expression and are associated with the presence of embryonic tissues of inner cell

mass origin, mild trophoblastic proliferation, and low expression of Ki-67. However, protein-
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truncating mutations repress p57<"? expression, and are associated with the absence of embryonic

tissues of inner cell mass origin, and the presence of excessive trophoblastic proliferation.

Materials and methods

Patients and mutation analysis

A total of 36 POCs from 17 patients were included in this study. Patients were referred to our

laboratory from various national and international collaborators for DNA testing. All the patients

have been screened for NLRP7 mutations as previously described 2! and the results of their
57; 59; 115; 120; 137

mutation analysis were either previously reported = or generated during this study

and are described in the “Results” section and Supplementary Table 2.1.

Histopathological characterization of the POCs
Morphological examination

For morphological examination and diagnosis, sections from the POCs were stained with H&E,
examined, and scored independently by two pathologists for the degree of trophoblastic
proliferation, the degree of hydropic changes, and the presence of extra-embryonic membranes,
NRBC, and/or other embryonic tissues according to previously reported guidelines 138, The two
pathologists were blinded to the data generated by the other methods and we deliberately did not
change the histopathological diagnosis based on the results of the other methods because our aim
is to look for correlations between the parental contribution to the POC genomes, the
histopathological features, and the mutations in the patients. The number of available blocks and/or

slides from each POC is provided in Supplementary Table 2.1.
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7KI P2

pS immunohistochemistry

751P2 immunohistochemistry were performed on 4-pm sections from formalin-fixed paraffin-

pS
embedded tissues as previously described 122. For all cases of p57%*? immunohistochemistry, the
presence or absence of nuclear staining was assessed in cells from the cytotrophoblast, villous
stroma, extravillous trophoblast and maternal decidua, independent of histopathological and

7KIP2

genotyping data. p5 was considered “conclusive” when maternal decidua or/and extravillous

7KIP2 i

trophoblastic cells, serving as internal positive control, exhibited nuclear expression of p5 n

several areas of the analyzed slides. Cases were considered “inconclusive” when maternal decidua

7KIP2 7KIP2

and/or extravillous trophoblastic cells did not express p5 or when the staining of p5 was

not nuclear due to non-optimal quality of tissue preparation or immunohistochemistry.

Ki-67 immunohistochemistry

Ki-67 expression level was evaluated by scoring the percentage of positive cells in the
cytotrophoblast in 10 different fields. Immunohistochemistry analysis was performed under light

microscopy at 200x magnification.

Comprehensive characterization of the parental contribution to products of conception
Microsatellite genotyping

Five serial 8-um sections were prepared from paraffin blocks containing the largest amount of
chorionic villi that are separated from maternal tissues. These sections were stained with
Hematoxylin and Eosin and areas containing chorionic villi were defined using a stereomicroscope
or an inverted microscope. Pinpoint solution (Zymo Research, Orange, CA, USA) was applied to
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the areas that only contain chorionic villi and was left to dry for 30-45 min at room temperature
139 The tissues were removed with the Pinpoint gel and were used for DNA extraction using
phenol-chloroform. Multiplex fluorescent microsatellite genotyping was performed with
PowerPlex® 16 HS System (Promega, Corporation, Fitchburg, WI, USA). The reaction consisted
of short tandem repeat multiplex PCR assays that amplify DNA at 15 different short tandem repeat
loci and a fragment from the Amelogenin gene that distinguishes the X and Y chromosomes.
Amplified PCR products were resolved by capillary electrophoresis using an ABI3130 Genetic
Analyzer and the genotypes of the molar tissues were compared to those of the patients and their
available partners in order to determine the parental origin of the alleles. The average number of

amplified loci was 12.

Flow cytometry
Ten sections of 20 um containing a substantial amount of chorionic villi from each available POC
were used to assess the ploidy of the tissues by flow cytometry using propidium iodide according

to standard methods 142,

Fluorescent in situ hybridization

Fluorescent in situ hybridization (FISH) was performed on 4-pm sections. Slides were hybridized
with probes from the centromeres of three chromosomes, X, Y, and 18 as previously described L.
In addition, probes from other chromosomes were also used on some tissues to solve some
genotypic discrepancies and to investigate whether additional peaks detected occasionally with
microsatellite markers are due to trisomies. For each POC, more than 100 cells from different

microscopic fields were scored with each probe.
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Statistics

The significance of the association between the tissues with p57X*? expression and the presence
of'embryonic tissues of inner cell mass origin (fetal membranes, nucleated red blood cells, or fetus)
was determined by Fisher's exact test. Similar statistical test was used to compare between p57XP?
expression and the severity of the mutations, between the presence of embryonic tissues and the

severity of the mutations. The significance of association between Ki-67 and p57%!F

expression
was determined by two-tailed unpaired t test. All statistical tests were done using GraphPad Prism

software; p values <0.05 were considered statistically significant.

Results

Identification of three novel protein-truncating mutations in NLRP7

In this study, we analysed 36 POCs from a total of 17 patients, each with two NLRP7 defective
alleles. NLRP7 mutations found in 13 out of the 17 patients were previously reported 3% 115 120: 137
Mutation analysis in the remaining four new patients, 1074, 1142, 1200, and 2000, whose POCs
are included in this study, was performed during this study as previously described 2Z. This analysis
identified three novel protein-truncating mutations, a stop codon, ¢.2616C>A, p. Tyr872Stop in
exon §; a splice mutation, c¢.2130-2A>G affecting the invariant acceptor site at the junction of
intron 5 and exon 6; and an insertion of 22-bp, ¢.1517 1518ins22, p.Glu508 Aspfs*27 in exon 4
(Supplementary Table 2.1). In some new or previously reported patients, in which more than one

mutation was found, the phase was established either by testing the parents for the identified DNA

changes or by amplifying a PCR fragment containing both mutations, cloning, and sequencing.
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The results of this analysis are summarized in Supplementary Table 2.1 and are annotated
according to the Human Genome Variation Society guidelines (http://www.hgvs.org/) for
haplotype annotations. In conclusion, all the patients, whose POCs are included in this study, had

two defective alleles in NLRP7.

Some HMs from patients with two NLRP7-defective alleles express p57%!F?

Using immunohistochemistry, we first analyzed the expression of p57%*? in 36 POCs from 17
patients with two NLRP7-defective alleles. Of the analyzed tissues, 32 were conclusive. Of these,

19 (59%) did not express p57%!*? in the cytotrophoblast or the villous stroma and were therefore

7K1P2 7KJP2

negative and 13 (41%) displayed variable levels of p5 positive cells ranging from 20-

pS
100% (Table 2.1 and figure 2.1A-C). Among the 13 POCs with some p57%P? expression, six
expressed p57%P2 strongly in all cytotrophoblast and villous stroma cells (figure 1A); three

expressed p57XF?

only in the cytotrophoblast, but not in the villous stroma and this pattern was
observed in all chorionic villi (figure 2.1B); and four expressed p57%%2 in 20-50% of
cytotrophoblast cells but not in villous stroma cells and this pattern was observed only in 5% of
chorionic villi (Table 2.1 and figure 2.1C). These data demonstrate that p5S7¥*? silencing does not
occur in all diploid biparental moles and that some diploid biparental HMs from patients with two
NLRP7-defective alleles do express p57%'¥2 in cytotrophoblast and villous stroma cells. The

expression of p57¥'¥2 in diploid biparental moles from patients with two NLRP7 defective alleles

is novel and has not been previously reported.
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Comprehensive characterization of the parental contribution to HMs from patients with

recessive NLRP7 mutations

7 KIP2

The presence of HMs with variable levels of positive p5 expression raised the possibility

that these tissues may be aneuploid, for instance triploid, in mosaic or non-mosaic state. We
therefore undertook a comprehensive genotypic characterization of the parental contribution to
these 36 POCs using three different DNA-based approaches, microsatellite DNA genotyping, flow
cytometry, and fluorescent in situ hybridization (FISH). Each of the used methods has it
advantages and limitations. Of the three methods used in our genotypic evaluation, microsatellite
DNA genotyping is the only one that allows determining the parental origin of DNA present in the
POC:s. A distortion in the heights of the maternal and paternal alleles is indicative of an imbalance
in the ratio between the parental genomes. Flow cytometry is an easy and fast method to determine
ploidy (2n or 3n). FISH is another method to determine ploidy and the only method to identify
mosaicisms, but only in cases of mixed cellular populations with different ploidies, different
gender, or high frequency of aneuploidy cells. An example of our comprehensive genotyping

approach is provided in figure 2.2.

The detailed results of the three approaches are summarized in Supplementary Table 2.1
and demonstrated that all the POCs are diploid biparental. Among these 36 tissues, 35 had a single
cellular population and one was found mosaic with two cellular populations. In this mosaic molar
tissue, the main cellular population was diploid XY and was found in all cytotrophoblast cells and
in 90% of villous stroma cells. The second minor cellular population was diploid XX and was
found only in 10% of cells from the villous stroma (figure 2.3; Supplementary figure S2.1). It is
important to note that the mosaicism in this POC was not detected by the multiplex DNA

genotyping due to the low amount of cells from the minor cellular population, which prevented us
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from determining its parental origin. However, we had noticed an imbalance in the heights of the
X and Y allele peaks at the Amelogenin gene marker, which was not due to contamination with
maternal DNA as judged by the profiles of other informative microsatellite markers (figure 2.3).
It is therefore possible that this POC may have originated from a dispermic fertilization followed
by postzygotic diploidization at the first cellular division leading to a diploid biparental XY cell
and another diploid XX cell 2. Such mosaicism would be in agreement with the mosaic p57%*

pattern observed with this POC, but does not explain the positive expression of p57XiF2

in the major
cell line of this POC, which is diploid biparental. Therefore, our genotyping data on the 36 POCs
demonstrate that molar tissues from patients with two NLRP?7 defective alleles are mostly diploid
biparental with a single cellular population but failed to identify aneuploidies that could underlie

7KIP2

their positive p5 expression.

p57%P2 expression correlates with the presence of embryonic tissues of inner cell mass origin

We next used histopathological examination to characterize the 36 POCs from patients with two
NLRP7 defective alleles. Hematoxylin and Eosin slides were reviewed independently by two
pathologists who were blinded to the genotyping results and p5S7X*? staining. Of the analyzed 36
POCs, there was an agreement between the two pathologists on the diagnosis of 81% of the cases,
which is in line with previously reported data in the field 1412, Among the 32 POCs that were
conclusive for p57%* staining, 13 expressed p57X'*? in the cytotrophoblast and/or the villous
stroma and six (46%) of them had embryonic tissues of inner cell mass origin, namely,
extraembryonic membranes and nucleated red blood cells inside the chorionic villi (Table 2.1)
(figure 2.4, upper panel). These six POCs had mild trophoblastic proliferation and consequently

were diagnosed as PHMs or non-molar SAs. However, none of the 19 POCs that did not express

65



p57%%2 had extra-embryonic membranes or nucleated red blood cells (figure 2.4, lower panel).

The association between positive expression of p57XF

and the presence of embryonic tissues was
highly significant (p=0.00189) (Table 2.2). In addition, among the 32 analyzed tissues, 12 were
from patients with at least one protein-truncating mutation in the coding region (E99X, Q310Hfs,
E340Qfs, Y872X, ES08Dfs, C931X) and all these POCs did not have embryonic tissues of inner
cell mass origin (p=0.04277) (Table 2.2) and had strong trophoblastic proliferation. Moreover, 10

of these 12 tissues did not express p57X*2 at all (p=0.03191) (Table 2.2).

These data demonstrate a significant association between missense NRLP7 mutations

(presumably with some residual activity), positive p57XIF

expression, the presence of embryonic
tissues of inner cell mass origin, and mild trophoblastic proliferation. On the contrary, truncating
NRLP7 mutations (presumed to completely abolish the function) correlated with negative p57¥*?
expression and absence of embryonic tissues of inner cell mass origin. We note that some patients
with invariant splice mutations had more variability in their reproductive outcomes than patients
with protein-truncating mutations in the coding region. The best example of these is the case of
family MoLbl, in which three patients are homozygous for an invariant splice mutation,
c.352+1G>A, p.Gly118fs, and had the full spectrum of reproductive loss ranging from moles to
early neonatal death and including spontaneous abortions and stillbirths >Z. In addition, two patients

from this family had, each, one live birth of a healthy baby and now adults. In this family, MoLbl,

four moles were found p57¥? positive (Table 2.1).

Negative correlation between p57¥'*? and Ki-67 expression
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In the histopathological analysis, the degree of trophoblastic proliferation was evaluated by the
two pathologists based on microscopic examination, which is a descriptive analysis known to be
subject to interobserver and intraobserver variabilities 14142, To have a more accurate evaluation
of the trophoblastic proliferation of the POCs from patients with two defective NLRP7 alleles, we
analyzed 22 of the 32 POCs that were analyzed with p57%*? and from which sufficient materials
were available, for Ki-67 expression by immunohistochemistry. This analysis showed that the
eight POCs that expressed p57X!*? had significantly lower levels of Ki-67 immunoreactivity in the

cytotrophoblast than the fourteen POCs that did not express p57%%? (p=0.0012) (figure 2.5A-C).
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Discussion

To date, approximately 80 molar tissues from patients with two NLRP7 mutations have been

genotyped, but only with one method, and found mostly diploid biparental 2% 38 60; 115-120; 130; 132-

135 Of these, 37 were characterized for p57%'*? expression and were all found to be negative 1%
130: 133: 135 T this study, we performed p57%*? immunohistochemistry on 36 POCs, from patients
with two NLRP7 defective alleles and found that six of them are p57%' positive in all chorionic
villi and seven express variable levels of p5S7X!¥? protein in some chorionic villi. This raised the

question about possible genomic aneuploidies, for instance, triploidy or mosaicism that could

explain positive or mosaic p57X*? expression.

We, therefore, undertook a comprehensive characterization of the 36 POCs using three
DNA-based approaches to determine their parental contribution. We found that all the analyzed
POCs are diploid biparental with a single cellular population with the exception of only one that

was found mosaic. Therefore, our data confirm previous reports 3 38 60; 115-120; 130; 132-135 44

demonstrate that HMs from patients with two mutated copies of NLRP7 are mostly diploid
biparental and exclude the presence of aneuploidies at the origin of positive p57 X2 expression in

some of these tissues.

We next evaluated these tissues independently by two pathologists and found that missense

7KIP2

mutations in NLRP7 were associated with positive p5 expression, the presence of embryonic

tissues of inner cell mass origin, and mild trophoblastic proliferation. However, protein-truncating

mutations in the coding region of NLRP7 were associated with negative p57%IF

expression,
absence of embryonic tissues of inner cell mass origin, and severe trophoblastic proliferation.
Interestingly, in all the analyzed tissues, the trophoblastic proliferation was inversely correlated

with that of p57%'"? expression, which indicates that these two functions, proliferation and
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differentiation, are tightly linked and regulated by the severity of NLRP7 mutations. Among the

7KJP2

four studies that have investigated p5 expression in diploid biparental HMs from patients with

two NLRP7 defective alleles 107 13% 133:135 " one major and important study included 34 HMs and

133

7XIP2 negative 132, We explain the difference between p5

demonstrated that all of them are p5 7KIP2

expression in our study and that of Sebire e al by mainly three factors. First, in our analysis, we
deliberately did not revise the histopathological diagnosis of the different POCs after the analysis
of p57%!"2 staining while Sebire et al. by analogy to the diagnosis of common sporadic
androgenetic and triploid HMs, revised the final diagnosis of the conceptions based on p57XIF?
expression. Second, in our study, we analyzed all available POCs from the patients while Sebire
et al. analyzed only the POCs that were diagnosed as HMs. Third, our analysis included more
POCs from patients with missense mutations than that of Sebire et al. Therefore, our data are not
in contradiction with those of Sebire et al. but simply, the two studies are not comparable because
of their different inclusion criteria and design. Indeed, our study was designed to comprehensively
characterize all the conceptions of patients with two NLRP7-defective alleles to better understand

the effects of the various mutations and the origin of the variability in their reproductive outcomes.

CDKNIC is an imprinted, maternally expressed, gene in several mouse and human tissues.
In humans, maternal loss-of-function mutations in CDKNIC are responsible for Beckwith-
Wiedemann syndrome 'Y, a pediatric overgrowth disorder in which the placenta share some
histopathological features with PHMs 1% 142 In addition, a homozygous frameshift mutation in
NLRP2, the closest NLRP gene to NLRP7, in the mother has been shown to be responsible for
Beckwith-Wiedemann syndrome in her two offspring 4, In mice, maternal p57%'*2 null mutations
lead to perinatal lethality due to altered cellular proliferation and differentiation in several tissues

108: 147: 1% Dyring mouse embryogenesis, positive p57<F? expression is associated with terminally
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differentiated cells in several tissues *2. Our data on molar tissues with the same parental

contribution, diploid biparental, and caused by recessive mutations in the same gene, indicate that
NLRP7 plays, directly or indirectly, a role in the decision to switch between cellular differentiation
and proliferation at a critical time during early development. Severe NLRP7 mutations may prevent
cytotrophoblast cells from exiting the cell-cycle to terminally differentiate and acquire p57%?
expression and consequently these cells continue to proliferate. However, mild mutations may
allow some cytotrophoblast cells to exit the cell-cycle to terminally differentiate, acquire p57<!F?
expression, and consequently these cells stop to proliferate. Similar inverse correlations between
p57%"2 and Ki-67 expression, tissue differentiation and proliferation have been observed in other

cellular types, such as muscles, neurons, hepatocellular and pancreatic cancers 5133,

The most striking findings of our analyses are the similarities between partial diploid
biparental moles, caused by mild NLRP7 defective alleles, and common partial triploid dispermic
moles. The same similarities are observed between complete diploid biparental moles caused by
severe NLRP7 defective alleles and common complete androgenetic moles (figure 2.6). Despite
their different genotypes, both sporadic triploid dispermic moles and some diploid biparental
moles caused by mild NLRP7 mutations are p57%¥2 positive, express low levels of Ki-67, have
mild trophoblastic proliferation, and may have some embryonic tissues. However, sporadic
androgenetic moles and most diploid biparental moles caused by NLRP7 protein-truncating

mutations are p57%

negative, express high levels of Ki-67, have important trophoblastic
proliferation, and do not have embryonic tissues (figure 2.6). These data indicate that all

mechanisms leading to HMs, including NLRP7 mutations, act upstream of p57%!*? and Ki-67, and

regulate the balance between tissue differentiation and proliferation.

The time at which NLRP7 affects p57%'"* expression cannot be determined from our study,

70



but the two genes are expressed in all oocytes and preimplantation stages °* * '>*, Furthermore,

7KIP2

previous studies have shown that mouse trophoblast stem cells express p5 upon differentiation

into trophoblast giant cells 23, which are the equivalent of human extra-villous trophoblast. The
fact that p5S7X!*? expression was normal in the extra-villous trophoblast of all molar tissues from
patients with NLRP7 mutations, but abnormal in the cytotrophoblast and the villous stroma
indicates that NLRP7 defects start to manifest after the terminal differentiation of the extra villous
trophoblast and before the terminal differentiation of the cytotrophoblast and villous stroma cells.
Our proposed role of NLRP7 in regulating the balance between tissue differentiation and

proliferation is in line with a recent interesting study demonstrating that reduced NLRP7

expression in human embryonic stem cells alters trophoblast lineage differentiation 131,

In conclusion, we report the most comprehensive and thorough analysis of 36 POCs from
patients with two NLRP7 mutations. Our data suggest that NLRP7 mutations shift the cellular
machinery from differentiation to proliferation at a very critical time during early development, a

role that could not have been revealed by other approaches on somatic cells.
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Figures
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Positive pS7XIF2 in cytotrophoblast and stroma cells
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Figure 2.1. Examples of the variations in the expression of p57%*? in diploid biparental
hydatidiform moles from patients with two NLRP7-defective alleles. (A) In products of
conception (POC) 6526 from patient 655, p57¥F2 is expressed strongly (brown) in all nuclei of
cytotrophoblast (CT) (arrow) and villous stroma cells (arrowhead) (magnification 200x). (B) In
POC 1554 from patient 655, pS7¥'"? is expressed in all nuclei of CT (arrow) but not in villous

stroma cells (arrowhead) (200x). (C) In POC 2777 from patient 655, p57¥2 is expressed in 20%—

Positive p57X!*2 only in cytotrophoblast but not in stroma cells

50% of CT (arrow) but not in villous stroma cells (arrowhead) (200x).
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A B

MoUs99 Microsatellite DNA genotyping
Locus Chr.  Partner POC Patient
656 6526 655
DI18S51 18 314/318 314302 302/306
D21S11 21 222/232  222/232 222232
p[L750VE[L750V] THO1 1.1 165/180 180469 169/180
é é z& D351358 3 134 na 130/134
TPOX 2 271/279 279271 271/283
6526 7246 1554 2777 D8S1179 8 233/237 233 233/237
) vWA 12 143/154 154158 150/158
Gestational stage n.a. Ow 9w 10w Amelogenin ~ X/Y  107/113 107 107
g‘smpﬂthomgy i FHM SA/PHM FHb D165539 16 294/298 298286 286
ow cytometry 2n 2n 2n 2n
p57KIP2 + - i - D75820 7 239 239 231/239
FISH (X,Y,7,11,18) Dip XX Dip XX Dip XX Dip XX DI138317 13 195/203 195191 191
Genotyping BipXX  BipXX Bip XX Bip XX D55818 5 116/124 124141 132/141
Chr., stands for chromosome; POC, for product of conception;
n.a, not available.
C D
Flow cytometry Fluorescent in situ hybridization
|
|
J%
|
i
2n

Figure 2.2. Representative example of our comprehensive analysis of products of
conceptions (POCs) from patients with two defective alleles in NLRP7. (A) Pedigree structure,
reproductive outcomes, and recapitulation of the results of the characterization of 4 POCs from
patient 655 using three DNA-based approaches. (B) DNA genotyping demonstrating the biparental
contribution to POC 6526. Maternal alleles are in pink and paternal alleles in blue. (C) Flow
cytometry results demonstrating the presence of a single diploid DNA peak. (D) FISH with
centromeric probes from chromosomes X, Y, and 18 confirming diploidy and the presence of two
X chromosomes in the POC. . HM, hydatidiform moles; Dip, diploid; Bip, biparental; w, week;

n.a., not available; PHM, partial hydatidiform mole; SA, spontaneous abortion.
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A

Multiplex microsatellite genotyping Amelogenin D3S1358 VWA
Loci Chr Partner POC 6190 Patient 6
107 122 122 139 145 153

D21S11 21 222/232 222 222 1 \ J |

Partner L o TP P 1 L
THO1 11 166/178 178 /170 170/181 l l l
D3S1358 3 122/139 122/135  135/139

= 07| 113 122 145

vWA 12 145/153 145/150 150/158 l '
e 2L POC 6190 adeadhilan A hdidade
Amelogenin X/Y 107/113  107/113 107
DI6S539 16 281 281/294  281/294 107 135 [[139 150 | [158
D75820 7 227/231 227 /235 227/235 J J

Patient 6 I A pu.
D13S317 13 191/199  191/199 199
D5S818 5) 133/137 133/137  133/137 C

Fluorescent in situ hybridization

Chr., stands for chromosome; POC, product of conception.
The X allele with a higher peak at the Amelogenin marker is
underlined.

B

Flow cytometry

stroma

Figure 2.3. Mosaic mole from a patient with two NLRP7-defective alleles. (A)

DNA genotyping demonstrating the biparental contribution to this hydatidiform mole. Maternal
alleles are in pink and paternal alleles in blue. (B) Flow cytometry results demonstrating the
presence of a single diploid DNA peak. (C) FISH with centromeric probes from chromosomes X
and Y showed two cellular populations, diploid XY in the cytotrophoblast and villous stroma and
diploid XX in approximately 10% of cells from the villous stroma. A photo of the whole villous

showing the presence of the XX cells in the villous stroma is provided in Supplementary Figure

S1.
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i i 3 Protein-
PS7KIP2 expression Histopathological evaluation

: A truncating
Positive in 13 POCs Embryonic membranes & NRBC in 6 POCs , mutatml}s m
e 14 9 the coding
¥y Y SNEL 12 )
§ LN o4 A &"b v J 10 1 region
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A% stroma |
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cytotrophoblas.‘o‘. g N
el M e
Absence of embryonic membranes or NRBC in the 19 POCs
E \: "L ...‘. T SIS T
Q310fs
E340fs
E99X
Y872X
E508Dfs

of the hydatidiform moles and NLRP7 mutations in the patients. Inthe upper
panel, from left to right, a representative view from one product of conception (POC)
demonstrating positive p57X!*? staining (brown colour) in both cytotrophoblast (arrow) and
villous stroma (arrowhead) (200x); H&E staining of the same POC showing the presence of
embryonic membranes (100%) and of another POC showing nucleated red blood cells inside
a chorionic villous (200x); and final diagnoses made independently by two pathologists.

Among the 13 POCs with some positive p57<IF

staining, six (blue) had embryonic tissues of
inner cell mass origin (embryonic membranes and/or nucleated red blood cells) and seven
did not have (orange). In the lower panel, from left to right, a representative view from one
POC demonstrating negative p57%'*? staining in both cytotrophoblast (arrow) and villous
stroma (arrowhead) (200%); H&E staining of the same POC showing circumferential
trophoblastic proliferation (arrows) (100x); final diagnoses of the 19 POCs by two
pathologists (red); and protein-truncating mutations in the coding region found in the patients
who had these 19 p57¥!"2-negative POCs. Diagnoses by the two pathologists are separated
by ‘/’. POC, product of conception; CHM, complete hydatidiform mole; PHM, partial

hydatidiform mole; SA, spontaneous abortion; NRBC, nucleated red blood cells.
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Figure 2.5. Ki-67 expression in 22 products of conceptions (POCs) from patients with two
NLRP7-defective alleles. (A) Box plot comparing the expression of Ki-67 in moles that did not

7%P2 and moles that expressed p57¥P2. Fourteen moles that were negative for p57XI?

express pS
expression had significantly higher levels of Ki-67 expression in the nuclei of cytotrophoblast
cells than eight moles with positive p57%F2 expression (p=0.0012). (B) Examples of different
levels of Ki-67 staining. (Left panel) POC 8508 (from patient 725) demonstrating positive Ki-67
staining (brown) in all nuclei of cytotrophoblast (CT) (arrow). This POC did not express p57 X2
and is from a patient with one protein-truncating mutation in the coding region. (Right panel)
POC 1554 (from patient 655) demonstrating positive Ki-67 staining in few CT cells (arrow).
This POC expressed p57%'*?, had embryonic membranes, mild trophoblastic proliferation and is

from a patient with a missense mutation..
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Androgenetic CHM Diploid biparental HM Dispermic triploid PHM

v
NLRP7 mutations
Severe mutations Mild mutations
P57KIP2 negative P57XIP2 positive
Ki-67 T Ki-67 |
% V%
Proliferation Differentiation
CHM PHM

Figure 2.6. A suggested model of NLRP7 action upstream of p5S7¥'*? and Ki-67. Despite
their different genotypes, both sporadic triploid dipsermic moles and some diploid biparental
moles caused by mild NLRP7 mutations acquire p5S7KIP2 expression (positive) have low
levels of Ki-67 expression and are therefore diagnosed as partial hydatidiform moles.
However, sporadic androgenetic moles and most diploid biparental moles caused by NLRP7
protein-truncating mutations do not acquire p5S7KIP2 expression (negative), have higher levels
of Ki-67 expression and are therefore diagnosed as complete hydatidiform moles. CHM,

complete hydatidiform mole; PHM, partial hydatidiform mole.
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Table 2.1. Recapitulation of p57KIP2 and K; 67 expression by immunohistochemistry, presence of embryonic tissues of inner cell mass origin,

Case ID-Patient ID|Block ID (N) GA in p57""* expression Inner cell mass derivatives Ki-67 expression Pathologists NLRP7 mutations or NSVs in the patients
weeks cr M % of positive CT cells 1 2

MoLb1-4 2151 (1) 8 Fa ot No n.a CHM [ CHM p.[G118fs; V3191];[G118fs; V3191]

Molb1-6 4199 (1) 11 e +++  |No 70% CHM | CHM p.[G118fs; V3191);[G118fs; V3191]

MoUs99-655 6526 (6) n.a. +++ +++ Membranes 51% PHM PHM p.[L750V];[L750

MoUs99-657 238 (6) 17 +++ +++ Membranes 13% PHM PHM p.[L750V];[L750

Mous167-712 3932 (1) n.a. +++ +++ No n.a CHM CHM p.[V3191(;)P716A(;)Cys931X]

MoCal79-744 27404 (4) 8 +++ +++ No 69% CHM | eCHM p.[E340QfsX10];[R693W]

MoLb1-6 1524 (1) na +t No na CHM | PHM p.[G118fs; V3191);[G118fs; V3191]

MoLb1-6 6190 (1) n.a +++ - No n.a CHM PHM p.[G118fs; V3191];[G118fs; V3191]

MoUs99-655 1554 (11) 9 +++ - NRBC, membranes 31% SA SA p.[L750V];[L750

MoFr101-662 M251 (1) 9 +++ (45%), ---(55% - Complete fetus with a mole n.a PHM SA p.[L964P];[L964

Moln103-671 G1814 (1) 8 +++ (58%), ---(42% - No 99% PHM PHM p.[R693P];[R693

MoUs99-655 7246 (3) 9 --~(95%),++(5%) --- NRBC 81% PHM PHM p.[L750V];[L750

MoUs99-655 2777 (10) 9 --~(95%),++(5%) --- NRBC 58% PHM PHM p.[L750V];[L750

MolLb1-4 5411 (2) 14 - - No n.a CHM CHM p.[G118fs; V3191];[G118fs; V3191]

MoIn69-480 G1071 (2) 10 - --- No 52% HM CHM p.[N913S];[R693

MoCh76-519 523 (1) 7 - --- No 100% CHM CHM p.[E99X;V3191];[D657V]

MoUs99-657 7814 (3) n.a - --- No 99% CHM CHM p.[L750V];[L750

MoUs99-657 1858 (1) n.a - --- No 96% PHM CHM p.[L750V];[L750

Moln104-674 G574 (2) 10 - --- No n.a PHM PHM p.[R693P];[R693

MoNz 170-725 7759 (1) n.a --- --- No n.a CHM CHM p. [Q310Hfs;A481T];[R693W]

MoNz 170-725 8508 (1) n.a --- --- No 100% CHM CHM p. [Q310Hfs;A481T];[R693W]

MoUs171-733 15636 (5) n.a --- --- No 71% CHM CHM p.[L750V];[L750

MoUs171-733 3005 (2) na No 100% CHM | CHM p.[L750V];[L750

MoCal79-744 21689 (1) 9 --- --- No 100% CHM PHM p-[E3400Qfs];[R693

MoMx341-1074 9449 (6) 8 - --- No 96% CHM CHM p.[Tyr872X];c.[2810+2T>G]

MoCal79-744 100090 (3) n.a - --- No n.a CHM | eCHM p.[E340QfsX10];[R693W]

MoCal79-744 10282 (3) n.a --- --- No 99% CHM | eCHM p.[E340QfsX10];[R693W]

MoUs420-1200 8454 (3) 11.5 --- --- No 94% CHM CHM p.[R693Q(5)¢.2130-2A>G=A/G]

MoUs420-1200 5644 (15) 8 --- --- No 87% PHM PHM p.[R693Q(5)c.2130-2A>G=A/G]

MoCa408-2000 10509 (2) 10.5 --- --- No 95% CHM CHM p.[G487E;Glu508Aspfs*27];[G487E ;Glu508Aspfs*27]

MoCa408-2000 17467 (1) n.a - - No n.a CHM CHM p.[G487E;Glu508Aspfs*27];[G487E ;Glu508Aspfs*27]

MoCa408-2000 3661 (1) 8 --- --- No 100% CHM CHM p.[G487E ;Glu508Aspfs*27];[ G487E ; Glu508 Aspfs*27]

KIP2

The presence or absence of of p57 expression in villous cytotrophoblast (CT) and mesenchyme (VM) are indicated by "+" or "-". ; +++, indicates 100% of cells are positive; ++, 20-50% of cells are positive; --- , all cells are negative]

Different populations of chorionic villi with discordant p57*"* expression are separated by a comma. The percentage of chorionic villi in each population compared to the total number of chorionic villi on the analyzed slide is indicated betwee
parentheses. Family ID is provided in the first column followed by the patient ID. Histopathological diagnosis of products of conception was made independently by two pathologists. N, indicates number of available blocks for each POC; HM|
hydatidiform mole (HM is used when the pathologist did not distinguish between partial and complete HM); CHM, complete HM; PHM, partial HM, SA, spontaneous abortion; NRBC, nucleated red blood cells. Mutations are in bold, rare o

low-frequency non-synonymous variants (NSV) are underlined; common NSVs are in black.
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Table 2.2. Correlations between the severity of the mutations, p57%'*? expression, and the HM features

Embryonic development p57""? expression
Present Absent Positive Negative
Mutation severity
Missense 6 14 11 9
Truncating 0 12 2 10
p =0.04277 p=0.03191
P57%""? expression
Positive 6 7
Negative 0 19
p=0.00189
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Supplementary figure and table

stroma

Supplementary figure S2.1. Whole villous showing the presence of the XX cells in the villous stroma. Two cellular populations,

diploid XY and diploid XX in the villous stroma.
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Supplementary Table 2.1. Recapitulation of the reproductive outcomes, mutation analysis, and
characterization of 36 POCs from patients with 2 NLRP7 defective alleles
Case ID Patient Reproductive outcomes as per the referral NLRP7 sequencing Block ID | GA in Pathologist Flow Karyotype FISH pS7*"? |Genotype & Reference
DNA ID (pathology report or clinician) results weeks Conclusion
1 2
MoLb1 4 LBY® SB END, PHM, 2 HM-PTD, CHM¥, SA, PHM p.[G118fs; V3191];[G118fs;V3191] 5411 14 CHM CHM 2n 46,XX(91)/46,X - Biparental XX Helwani et al, 1999 & this
X(6)U(9%;17) study
Molbl1 4 LB"® SB, END, PHM, 2 HM-PTD, CHM, SA* PHM p.[G118fs;V3191];{G118fs;V3191] 2151 8 CHM CHM 2n Di XX (18X,Y) + Biparental XX this study
Molbl 6 5 SA, SB, 2 HM¥ 3 SA, 2 HM, CHM, PHM p.[G118fs; V3191];[G118fs;V3191] 1584 na CHM PHM inconc. inconc. |Biparental XY this study
Molbl 6 5 SA, SB, 2 HM¥ 3 SA, 2 HM, CHM, PHM p.[G118fs; V3191];[G118fs;V3191] 4406 na HM HM 2n inconc. |Biparental XX this study
MoLb1 6 5'SA, SB, 2 HM, 3 SA, 2 HM*, CHM, PHM p.[G118fs;V3191]{G118fs;V3191] 1524 na CHM PHM 2n Di XY (X,Y,18) +/-  |Biparental XY this study
MoLb1 6 5'SA, SB, 2 HM, 3 SA, 2 HM*, CHM, PHM p.[G118fs;V3191]{G118fs;V3191] 6190 na CHM PHM 2n Di XY+XX (X,Y,18) +/-  |Biparental XY this study
MoLb1 6 5SA, SB, 2 HM, 3 SA, 2 HM, CHM*, PHM p-[G118fs; V3191]{G118f5;V319]] 1631 7.5 CHM | CHM 2n 46,XX+22 incone. | Biparental XX Helwani ot al, 1999 & this
Molb1 6 5 SA, SB, 2 HM, 3 SA, 2 HM, CHM, PHM* p.[G]]8fs;V3]9I];[G]lsfs;v319]] 4199 11 CHM CHM na. 46,XY + Biparental XY Helwani et al., 1999 & this
MoIn69 480 HM-GTN , PHM, PHM-GTN-IM p.[N913S];[R693P G1071 10 HM CHM 2n Di XX (18,X,Y) - Biparental XX this study
MoCh76 519 CHM-GTN, 2 CHM, PHM p[E99X;V3191];[D657V 523 7 CHM CHM 2n - Biparental XY Qian et al., 2007; this study
Mo Us 99 655 PHM*, CHM, SA, PHM p[L7S0V][L750V 6526 na PHM PHM 2n Di XX (18,X,Y) + Biparental XX Deveault et al., 2009; this
MoUs 99 655 PHM, CHM*, SA, PHM p.[L750V];[L750V 7246 9 PHM PHM 2n Di XX (X,Y, 18, 11) +/-  |Biparental XX Deveault et al., 2009; this
MoUs99 655 PHM, CHM, SA* PHM p.[L750V];[L750V 1554 9 SA/PHM SA 2n Di XX (18,X,Y) +/- Biparental XX Deveault et al., 2009; this
MoUs99 655 PHM, CHM, SA, PHM* p[L750V][L750V 2777 9 PHM PHM 2n Di XX (18,X,Y) +/- Biparental XX Deveault et al., 2009; this
MoUs99 657 PHM¥, PHM, CHM p.[L750V][L750V 238 17 PHM PHM 2n Di XX (18X,Y.3,12) + |Biparental XX This study
MoUs99 657 PHM, PHM¥, CHM p.[L750V][L750V 1858 na PHM PHM 2n - Biparental XY This study
MoUs99 657 PHM, PHM, CHM* p.[L750V][L750V 7814 na CHM CHM 2n - Biparental XX This study
MoFr101 662 PHM (+fetus)-GTN, 2 SA, PHM* (+ fetus)-GTN p.[L964P];[LIG4P M251 9 PHM SA na Di XY (X.Y,18) +/- |Biparental XY Candelier et al, 2012; this
Molnl03 671 BO, HM, p.[R693P];[R693P Gl8l4 8 PHM PHM incone. Di XX (18X.,Y) +/-__|Biparental XX This study
Molnl04 674 2 BO, PHM*-GTN p.[R693P];[R693P G574 10 PHM PHM inconc. Di XX (18,X,Y) - Biparental XX This study
MoUs 167 712 SA, PHM*, PHM P-[V3191(;P716A(;)Cys931X] 3932 na CHM CHM 2n + Biparental XX This study
MoNz 170 725 CHM*-GTN, SA, CHM, HM p. [Q310Hfs:A481T]:[R693 W] 7759 na CHM CHM 2n Di XY (X,Y,13,18,21) - Biparental XY** | This study
MoNz 170 725 CHM-GTN, SA, CHM¥, HM p. [Q310Hfs;A481T];[R693W] 8508 na CHM | CHM 2n Di XY (X.Y,18) - Biparental XY This study
MoUs171 733 2 HM, SA, 2 HM, IVF-PGD-HM, HM, HM p.[L750V];[L750V 15636 na CHM | CHM 2n Di XX (18.X,Y.3,12) - Biparental XX This study
MoUs171 733 2 HM, SA, 2 HM, IVF-PGD-HM, HM, HM p.[L750V];[L750V 3005 na CHM | CHM 2n Di XX (I8X.Y.3, 11,12) - [Biparental xx This study
MoCAI179 744 PHM*, BO, 2 SA, HM, SA, CHM p-[E340QfsX10];[R693W 100090 na CHM | eCHM 2n - Biparental XY This study
MoCAI79 744 PHM, BO¥, 2 SA, CHM, SA, CHM p.[E340Qfs X10];[R693W 10282 na CHM | eCHM 2n - Biparental XY This study
MoCA179 744 PHM, BO, 2 SA, CHM*, SA, CHM p-[E340QfsX10];[R693W 27404 8 CHM eCHM 2n + Biparental XY This study
MoCal79 744 PHM, BO, 2 SA, HM, SA, CHM* p.[E340Qfs ;[R693W 21689 9 CHM | CHM 2n Di XY (18.X,Y,11,3) - |Biparental XY This study
MoMx341 1074 SA, PHM-CC, 5 SA, HM, CHM* p.[Tyr872X]c.[2810+2T>G] 9449 8 CHM | CHM na - Biparental XY This study
MoIn381 1142 SA, CHM, PHM* p.[R693P];[R693P G 4721 na CHM PHM 2n Di XY (18X.Y) incone. |Biparental XY This study
MoUs420 1200 CHM¥, CHM p.[R693QJ:c.[2130- 8454 115 CHM | cHM 2n - |Biparental XY This study
MoUs420 1200 CHM , CHM* p.[R693QJ:c.[2130- 5644 8 PHM PHM 2n - |Biparental XY This study
MoCad08 2000 CHM, SA, CHM-GTN, CHM-GTN p.[G48TE:G1uS08 Aspfs*27];[G48TE:GluS08 Aspfs*27] 10509 105 CHM | CHM 2n ~ |Biparental XY This study
MoCad08 2000 CHM, SA, CHM-GTN¥, CHM-GTN p.[G487E:G1uS08 Aspfs*27];[G48TE:GluS08 Aspfs*27] 17467 na CHM | CHM 2n ~ |Biparental XX This study
MoCad08 2000 CHM, SA, CHM-GTN, CHM-GTN* p.[G48TE;G1uS08 Aspfs*27];[G48TE;G1uS08 Aspfs*27] 3661 3 CHM | CHM 2n ~ |Biparental XY This study

Reproductive outcomes are listed in chronological order from left to right. Mutations arc in bold; rare or low-frequency non-synonymous variants (NSVs) arc underlined; common NSVs are in black; NP, indicates normal pregnancy; SB, still birth; END, carly neonatal death; CC, choriocarcinoma; BO, blighted ovums SA, spontancous abortion; HM
hydatidiform mole; PHM, partial HM CHM, complete HM; GTN, gestational trophoblastic ncoplasia; PTD, persistent trophoblastic discase; IVF, in-vitro fertilization; IM, invasive mole; FISH, fluorescent in-situ hybridization; Di XX, diploid biparental XX; Di XY, diploid biparental XY; n.a., not available; inconc., inconslusive. Chromosome]

tested by FISH are given between p

hesis. ¥, indicates the cor di

POC that was analyzed in that specific row.™, amelogenin marker failed to amplify to determine the gender of this POC.
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PREFACE TO CHAPTER 3

The comprehensive characterization of the HMs from patients with RHM helped us to
understand the differences between HMs from patients with and without mutations in the known
genes at that time and helped us identify the 3 new genes. This study, described in Chapter 3,
required tremendous efforts from different lab members, mainly to recruit a high number of
patients and retrieve their archived HM tissues from several laboratories. The results of this
study and the categorization of the patients into appropriate subgroups facilitated our work on the
identification of new genes for this condition and allowed us to demonstrate the mechanism of

their HM.
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CHAPTER 3

The genetics of recurrent hydatidiform moles: new insights and lessons from a

comprehensive analysis of 113 patients
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Abstract

Hydatidiform mole is aberrant human pregnancy characterized by early embryonic arrest and
excessive trophoblastic proliferation. Recurrent hydatidiform moles are defined by the occurrence
of at least two hydatidiform moles in the same patient. Fifty to eighty percent of patients with
recurrent hydatidiform mole have bi-allelic pathogenic variants in NLRP7 or KHDC3L. However,
in the remaining patients, the genotypic types of the moles are unknown. We characterized 80 new
hydatidiform mole tissues, 57 of which were from patients with no mutations in the known genes,
and we reviewed the genotypes of a total of 123 molar tissues. We also reviewed mutation analysis
in 113 patients with recurrent hydatidiform moles. While all hydatidiform moles from patients
with bi-allelic NLRP7 or KHDC3L mutations are diploid biparental, we demonstrate that those
from patients without mutations are highly heterogeneous and only a small minority of them are
diploid biparental (8%). The other mechanisms that were found to recur in patients without
mutations are diploid androgenetic monospermic (24%), and triploid dispermic (32%); the
remaining hydatidiform moles were misdiagnosed as moles due to errors in the analyses and/or
their unusual mechanisms. We compared three parameters of genetic susceptibility in patients with
and without mutations and show that patients without mutations are mostly from non-familial
cases, have fewer reproductive losses, and more live births. Our data demonstrate that patients
with recurrent hydatidiform moles and no mutations in the known genes are, in general, different
from those with mutations; they have a milder genetic susceptibility and/or a multifactorial
etiology underlying their recurrent hydatidiform moles. Categorizing these patients according to
the genotypic types of their recurrent hydatidiform moles may facilitate the identification of novel

genes for this entity.

86



Introduction

Hydatidiform mole is an aberrant human pregnancy characterized by abnormal embryonic
development and excessive proliferation of the trophoblast. It occurs once in every 600-1000
pregnancies in Western countries but at higher frequencies in Latin America, Africa, the Middle
East, and the Far East ¥2. Among women with one hydatidiform mole (sporadic hydatidiform
mole), about 1%-9% develops a second mole (recurrent hydatidiform moles), depending on

populations and studies 313,

At the histopathological level, hydatidiform mole is classified as complete hydatidiform
mole or partial hydatidiform mole. Complete hydatidiform moles have marked circumferential
trophoblastic proliferation and, in general, lack embryonic tissues with the exception of extremely
rare cases where inner cell derivatives were observed ® 7. Partial hydatidiform moles have
moderate focal trophoblastic proliferation and may contain embryonic tissues 138, At the genotypic
level, complete hydatidiform moles are mostly diploid androgenetic (both chromosome
complements are of paternal origin), while partial hydatidiform moles are mostly triploid
dispermic (one maternal chromosome and two paternal chromosome complements). Non-molar
miscarriages lack significant trophoblastic proliferation and are mostly diploid biparental (one
maternal and one paternal chromosome complements) with or without aneuploidies. As
microscopic evaluation of products of conception is mainly descriptive and not always sufficient
to classify subgroups of hydatidiform moles and distinguish them from non-molar miscarriages,
various methods have been developed to determine the parental contribution to such tissues and
establish a more reliable diagnosis based on histopathological examination and parental
contribution to the product of conception. Among these methods, short tandem repeat genotyping

is used to identify the ploidy of the product of conception and the parental contribution to their
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genomes; immunohistochemistry of p5S7X1*? (a paternally imprinted, maternally expressed gene) is
used to distinguish diploid androgenetic hydatidiform mole from most other genotypic types due
to the lack of p57X*? expression in the cytotrophoblast and villous stroma of androgenetic
hydatidiform mole; and flow cytometry is used to determine the ploidy of the tissues. Fluorescent
in situ hybridization (FISH) is also used for determining the ploidy of the tissues, as well as for
investigating the presence of mosaicisms. Previous studies have shown an important improvement

in the diagnosis of hydatidiform mole by using different methods and integrating their results 3%

142

By studying familial cases of recurrent hydatidiform moles, NLRP7 and KHDC3L were
found to be responsible for recurrent hydatidiform moles®” 2%, To date (including this study), ~70
and 6 pathogenic variants, observed in a recessive state, have been described in NLRP7

(http://fmf.igh.cnrs.fi/ISSAID/infevers/) and KHDC3L, respectively Recently, we demonstrated

a high frequency of Alu-mediated deletions and rearrangements in NLRP7 138, All recurrent
hydatidiform moles from patients with mutations in these two genes are diploid biparental with
the exception of three cases, one reported to be triploid dispermic 2 and two reported to be triploid

digynic 122,

In this study, we report ten novel pathogenic variants in NLRP7, two of which mediated by
Alu repeats, and review our mutation analysis in NLRP7 and KHDC3L on 113 unrelated patients
with at least two hydatidiform moles. We used different approaches to comprehensively
characterize the parental contribution to 23 and 57 products of conception from patients with and
without recessive mutations in the known genes, respectively. We show that all products of
conception from patients with NLRP7 or KHDC3L recessive mutations are diploid biparental,

while those from patients without mutations are highly heterogeneous and only a minority of them
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are diploid biparental. We compared various parameters of genetic susceptibility between patients
with and without mutations and found that a family history of moles is very rare among patients
without mutations in the known genes. In addition, these patients have less reproductive losses and
more live births. Our data suggest that patients with recurrent hydatidiform moles and no mutations
in the known genes have a milder genetic susceptibility to reproductive losses and some of them
may have polygenic and/or multifactorial aetiologies underlying their recurrent hydatidiform

moles.

Materials and methods

Patients

The study was approved by the McGill Institutional Review Board (IRB# A01-M07-98 03A).
Patients with at least 2 hydatidiform moles (all forms combined) were referred to our laboratory
between 2002 and 2017 from various collaborators or recruited at the Quebec Trophoblastic

Disease Registry (http://www.rmtq.ca/en/). All patients provided written consents to participate in

our study, gave blood samples for mutation analysis, and agreed for us to retrieve their products

of conception, from various histopathology laboratories, for research purposes.

Mutation analysis

NLRP7 and KHDC3L mutation analyses were performed on genomic DNA by PCR amplification
of all their exons and Sanger sequencing in the two directions as previously described £120, PCR
conditions and the sequences of the primers used to amplify the junction fragments are provided

in Supplementary Table 3.1. Variants nomenclature of NLRP?7 is given according to the following
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references, NM_001127255.1 (cDNA), NG _008056.1 (genomic), and Q8WX94 (protein). Exon

numbering is as in NG_008056.1.

Histopathological review
Morphological evaluation of the products of conception was performed on tissue sections stained
with hematoxylin and eosin independently by at least two experts in the histology of molar

pregnancies (JA, RK, and RS) according to standard criteria 132,

Parental contribution to the molar tissues

p578%2 immunohistochemistry. P57%"? immunohistochemistry was performed on 4-um sections
of formalin-fixed paraffin-embedded tissues as previously described 122. For each product of

conception, the p57XIF?

immunostaining result was interpreted as negative when maternal decidua
and/or extravillous trophoblastic cells, which serve as internal positive control, exhibited nuclear
p57%!P2 staining but villous stromal and cytotrophoblast cells did not exhibit staining. The result

was interpreted as positive when villous stromal and cytotrophoblast cells showed nuclear staining

of p57XIP2,

Flow cytometry. Flow cytometry was performed on formalin fixed paraffin embedded tissues that
were prepared according to standard methods. Cellular preparation for flow cytometry was

1152 as previously described 1%, Briefly, two sections

performed according to a Hedley’s protoco
of 60 um were cut from each formalin fixed paraffin embedded block, deparaffinized with xylene,

and gradually rehydrated. The proteins were digested in 1 ml of 5 mg/ml pepsin (Sigma-Aldrich,

St Louis, USA) in 0.9% NaCl (adjusted to pH 1.5 with HCI). The cellular suspension was then
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suspended in propidium iodide solution (0.1 mg/ul, Sigma-Aldrich) and 50 pl RNase (1 mg/ml)
and incubated at 37°C for 30 min. Finally, they were filtered through a 48 pm mesh nylon filter
and analyzed using a BD FACS Canto II at the Immunophenotyping Core Facility of the McGill
University Health Centre Research Institute. Data files were analyzed using FCSalyzer (Wien,

Austria).

Microsatellite DNA genotyping. On the basis of the quantity of chorionic villi in the formalin fixed
paraffin embedded blocks, 5-12 serial 10 pm sections were prepared from the blocks with the
largest amount of chorionic villi that are separated from maternal tissues. The sections were
mounted on slides and stained with hematoxylin and eosin (H&E). Under a stereomicroscope,
chorionic villi were collected from the slides using Kimwipes and forceps and used for DNA
extraction using the QlAamp DNA formalin fixed paraffin embedded Tissue Kit (Qiagen, Hilden,
Germany). Extracted DNA was quantified using a Nanodrop and loaded on an agarose gel to
evaluate its quality and the required amount for multiplex fluorescent microsatellite genotyping
with the PowerPlex 16 HS System (Promega, Corporation, Fitchburg, Wisconsin, USA). The
reaction consists of short tandem repeat multiplex PCR assay that amplifies DNA at 15 different
short tandem repeat loci and a fragment from the Amelogenin gene. DNA from the products of
conception and their available parents was amplified, and the PCR products were resolved by
capillary electrophoresis using an Applied Biosystems 3730x] DNA Analyzer (Applied
Biosystems, Foster City, CA, USA) at the Centre for Applied Genomics (http://www.tcag.ca). The
data were analyzed with PeakScanner, version 1.0 (Applied Biosystems, Foster City, CA, USA)
and the product of conception alleles were compared to the parental alleles to determine their

origin.

91



Fluorescent in situ hybridization. Fluorescent in situ hybridisation (FISH) was performed on 4 um
sections, which were hybridised systematically with centromeric probes from chromosomes, X, Y
and 18, as previously described L. On some tissues, other probes were also used. At least 100 cells

for each product of conception, from different microscopic fields, were scored with each probe.

Microarray analysis. Microarray analysis was performed on blood DNA from patients with no
identified mutations in either NLRP7 or KHDC3L to search for large deletions or rearrangements
using Cytoscan HD (Affymetrix, Santa Carla, CA, USA). We note that the Cytoscan HD
microarray contains 32 markers in the genomic sequence of NLRP7, of which 6 are single
nucleotide polymorphisms (SNP); most of these markers are located in the region spanning from
intron 4 to exon 11. Consequently, this microarray is not sensitive to detect NLRP7 deletion
upstream of intron 4. For KHDC3L, because of its small genomic size (1495-bp, from the first
nucleotide of exon 1 to the last nucleotide of exon 3), there are only two markers from its genomic
sequence on the Cytoscan HD microarray and only one of them is a SNP marker. Consequently,
the Cytoscan HD does not allow reaching a conclusion on the presence of deletions or
rearrangements in KHDC3L. Another SNP microarray platform was performed at Combimatrix to
search for aneuploidies in formalin fixed paraffin embedded tissues from one product of

conception as previously described!®!,

Search for deletions by quantitative real time PCR (qPCR) and multiplex ligation-dependent probe

amplification. gPCR on genomic DNA from patient 1566 was performed using Quantifast SYBR-
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green PCR kit (Qiagen, Toronto, ON, Canada). Each sample was checked in duplicates using the
Bio-Rad Miniopticon Real Time PCR system (Bio-Rad Laboratories, Mississauga, ON, Canada)
and analyzed by the Opticon Monitor software (Bio-Rad Laboratories). The comparative CT
method (AACT method) was used for relative quantification, and data was normalized against an
endogenous control primer that amplifies exon 11 of NLRP7, for which the two alleles are
amplified based on the presence of a heterozygous SNP. For the other samples, patient 1 and her
family members and patient 6, multiplex ligation-dependent probe amplification was performed,

as previously described 12,
Results

Ten novel pathogenic variants in NLRP7

To date, our laboratory has performed NLRP7 mutation analysis on a total of 113 unrelated patients
with at least 2 hydatidiform moles. This analysis revealed NLRP7 pathogenic variants observed in
a recessive state in 62 out of 113 unrelated patients (55%). Many of these variants were previously

57-59;115;137;158; 163

reported by our group 373% 1S 3T 158163 ap( gthers 00 132 164

and ten are novel. The novel variants
are a missense, three stop codon gain, four small deletions, an insertion of Alu Yb element, and an
Alu-mediated large deletion removing 9287-bp from the promoter region. All these variants are
listed in Table 3.1 and their chromatograms are shown in Figure 3.1 and Supplementary Figures
S3.1A and S3.1B. The missense variant affects a conserved amino acid and is predicted to be
pathogenic (polyphen score=0.998); eight variants lead to protein truncations and one removes
part of the promoter region and is predicted to affect NLRP7 transcription. Consequently, these ten

mutations are most likely pathogenic.
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Mutation analysis of patient 1590 was initially performed by Whole Exome Sequencing by
the referring laboratory and revealed only a previously reported missense pathogenic variant,
c.2077C>T, p.(Arg693Trp), in a heterozygous state. Exome sequencing analysis had shown a
significant low coverage in exon 4 with high number of recurrent soft-clipped reads (sequences
that did not align with the reference sequence) that displayed significant similarities with Alu
sequences when compared to databases. Because the patient had three recurrent hydatidiform
moles and such phenotype is considered to be severe in our judgment and is associated with
recessive mutations, we then repeated the search for NLRP7 mutations by PCR amplification of
genomic DNA followed by Sanger sequencing. Analysis of the amplified fragments by gel
electrophoresis revealed an abnormal amplicon with primers located in exon 4 that is
approximately 350-bp larger than the normal fragment in the patient and in her father (Figure 3.1).
Gel extraction and sequencing of the abnormal fragment showed that it contains an Alu Yb8
element inserted in exon 4 at position ¢.1548 and identified a duplication of 18-bp at the site of the
Alu YbS8 insertion, c. [1548 1566dup;1566 1567insAF15169.2: g.106_419] (Figure 3.1).

In patient 1566, only a stop gain variant ¢.2227G>T, p.(Glu743*), was found in a
heterozygous state in exon 6. Because the patient had five recurrent hydatidiform moles and again
such phenotype is in our judgment severe, we suspected the presence of a deletion on the other
allele. Cytoscan HD microarray did not reveal any deletion (Supplementary Figure S3.2) but since
this microarray does not cover the region upstream of intron 4 of NLRP7, we performed
quantitative PCR (qPCR) with three amplicons located in the region of the suspected deletion. The
result of this analysis with two amplicons suggested the presence of hemizygosity (Supplementary
Figure S3.3). We next sequenced NLRP7 amplicons containing common SNP, intronic, and

promoter regions not covered by our standard NLRP7 mutation analysis in this patient and in her
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mother and grandmother. We also used long range PCR to amplify various large fragments
covering the suspected deleted region. The results of these analyses led to the identification of a
large deletion of 9287-bp that starts 6950-bp upstream of exon 1 and ends 2300-bp downstream of
exon 1, that we define at the nucleotide level to c.-7026 -40+2300del (Figure 3.1 and
Supplementary table 3.1). This deletion removes the entire NLRP7 promoter that is predicted by

the Eukaryote Promoter Database ( http://epd.vital-it.ch/), which spans from 499-bp upstream of

exon 1 to 63-bp downstream of exon 1. This variant is therefore most likely pathogenic and is the
first regulatory mutation to be described in NLRP?7.

From the aforementioned analysis, 51 patients were found negative for recessive NLRP7
pathogenic variants and were then screened for KHDC3L mutations. This analysis revealed
recessive KHDC3L pathogenic variants in six out of the 51 patients (12%), all of which were
previously reported % 13 In conclusion, among the 113 unrelated patients with at least 2
hydatidiform moles, recessive KHDC3L pathogenic variants accounted for 5% of patients with at

least 2 hydatidiform moles, which is in agreement with previous findings 3% 13¢

Comprehensive analysis of the parental contribution to the molar tissues

Strategy of the analysis

To better understand the pathology of recurrent hydatidiform moles in patients with no mutations
in the known genes, we made extensive efforts to retrieve archived formalin fixed paraffin
embedded tissues from their products of conception from various hospitals. From most products
of conception, formalin fixed paraffin embedded blocks were retrieved, which gave us the
possibility to use various methods to determine the parental contribution to their genomes. From

others, only sections on microscopic slides were available, which limited our investigation. All
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products of conception referred to us as molar pregnancies were systematically assessed by
morphology by two experts in the histopathology of hydatidiform mole, and by flow cytometry,

7XP2 immunohistochemistry, and microsatellite DNA genotyping. The results of the various

pS
methods were compared and in cases of discrepancies, the experiments were repeated and/or FISH
was used to clarify discrepancies. On several triploid dispermic partial hydatidiform moles, FISH
was also used to investigate the presence of mosaicisms. On most tissues, probes that detect
chromosomes X, Y, and 18 were used. Additional probes from other chromosomes were also used
on some products of conception to clarify discrepancies between our results and those sent to us

from the referring laboratories or to clarify distortions between the heights of alleles observed with

the microsatellite genotyping.

Hydatidiform moles from patients with recessive pathogenic variants in NLRP7 or KHDC3L
are all diploid biparental

We previously reported the parental contribution to the genotypes of 41 molar tissues, 36 from
patients with recessive pathogenic variants in NLRP7 1 and 5 from patients with recessive
pathogenic variants in KHDC3L 8! and found them all diploid biparental. Other groups obtained
similar results on most of their patients with only three exceptions reported to date 2% 134 In an
effort to better understand the mechanisms leading to mole formation in patients with mutations
in either gene and better understand the functions of these genes, we extended our genotypic
analysis to 23 additional hydatidiform mole tissues, 22 from patients with recessive pathogenic
variants in NLRP7 and one from a patient with a recessive pathogenic variant in KHDC3L. Our

analysis demonstrated that all the 23 products of conception are diploid biparental.
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In conclusion, all 64 products of conception from patients with recessive mutations in the

two known genes analyzed by our laboratory to date were found diploid biparental.

Hydatidiform moles from patients with no recessive mutations in NLRP7 or KHDC3L are
highly heterogeneous and a minority of them are diploid biparental

From the aforementioned analysis, a total of 45 unrelated patients did not have any variant
in a recessive state in NLRP7 or KHDC3L that are believed to be pathogenic. To better understand
the aetiologies of their recurrent hydatidiform moles, extensive efforts were done and allowed
retrieving 57 “hydatidiform mole” tissues from 25 patients that we comprehensively genotyped
using various approaches. A summary of the results is recapitulated in Figure 3.2 and the detailed
results with the various approaches are provided in Supplementary table 3.2. To our surprise, only
a minority of patients (8%) were found to have diploid biparental hydatidiform moles. Six other
patients (24%) had recurrent diploid androgenetic monospermic complete hydatidiform moles, 8
patients (32%) had recurrent triploid dispermic partial hydatidiform moles, and 3 patients had,
each, only one hydatidiform mole available for analysis. The remaining 6 patients did not have
recurrent hydatidiform moles because one or two of their “hydatidiform mole” were revised to

non-molar miscarriages. Below a summary of our analyses and results.

Patients with recurrent hydatidiform moles

Two unrelated patients with diploid biparental complete hydatidiform moles. Patient 1 has
a half-sister, who also had recurrent hydatidiform moles. Six products of conceptions from these
two sisters were re-examined by us and five fulfilled the morphological criteria of complete

hydatidiform mole; all were evaluated for p57*'*? expression, two were found positive, two
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negative, and two with negative and positive cells; three complete hydatidiform moles, from
patient 1’s sister, were genotyped and found diploid biparental. The full description and the
characterization of these tissues are described by Scurry et al. (in preparation). From patient 2,
three products of conception were analyzed, all fulfilled the criteria of complete hydatidiform
mole; two were evaluated for p57%"? expression, one was found positive and one was found
negative; and two were genotyped and found diploid biparental. These are the only patients out of
25 (without mutations in the two known genes) and with recurrent diploid biparental hydatidiform

moles (8%).

Because 1) these patients were found to have diploid biparental complete hydatidiform
moles, 2) most patients with diploid biparental complete hydatidiform moles are found to have
NLRP?7 recessive mutations, and 3) NLRP?7 has a high frequency of Alu-mediated deletions 1%, we
performed microarray analysis using Cytoscan HD (Supplementary Figure 3.2) and multiplex
ligation-dependent probe amplification for NLRP7 (Supplementary Figure S3.3) on blood DNA
from patient 1, her half-sister and father, and on patient 2. However, we did not detect any deletion
or rearrangement in NLRP7 or KHDC3L. These three patients are the only ones in our cohort of
113 patients with recurrent hydatidiform moles, for which we found evidence for diploid biparental
complete hydatidiform moles but without mutations in the known genes. Another atypical finding
7KIP2

in these two patients is that both of them had complete hydatidiform moles that expressed p5

in cytotrophoblast and villous stroma cells, which we have never seen in any other sample.

Six patients with diploid androgenetic complete hydatidiform moles. Six patients, 3-8, each

had 2-4 available hydatidiform mole tissues and their analysis revealed their diploid androgenetic
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monospermic origin. The morphological evaluation of all these tissues fulfilled the criteria of

complete hydatidiform mole and all analyzed tissues were negative for p57%F?

expression.

Eight patients with triploid dispermic partial hydatidiform moles. Eight patients, 9 -16,
each had two triploid dispermic conceptions. Morphological evaluation confirmed the diagnosis
of partial hydatidiform mole with the exception of one product of conception (from patient 15)
that did not fulfill the morphological criteria of partial hydatidiform mole and was diagnosed as
non-molar miscarriage. Indeed, the triploidy of this case was discovered incidentally by flow
cytometry while analyzing the partial hydatidiform mole from this patient. Patient 10 had, in
addition to her two partial hydatidiform moles, one complete hydatidiform mole that was
confirmed by microscopic morphological evaluation and found to be diploid androgenetic

monospermic by microsatellite DNA genotyping.

Three patients with various genotypes and only one available tissue. Patients 17-19 each
had 2 hydatidiform moles but we were able to have access or reach a conclusive result on only one
of the two hydatidiform moles. This group consisted of patient 17 with 1 triploid dispermic partial
hydatidiform mole and 1 complete hydatidiform mole that is diploid by karyotype analysis but no

7KIP2

tissues were available for p5 and genotyping from the complete hydatidiform mole; patient

18 had 1 diploid dispermic complete hydatidiform mole, and patient 19 with 1 androgenetic

monospermic complete hydatidiform mole.

Patients with “hydatidiform mole” revised to non-molar miscarriages

Four patients with diploid biparental non-molar miscarriages. Patients 20-23 were each

referred with a history of two hydatidiform mole conceptions; however, after morphological
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evaluation, the hydatidiform moles from these patients were revised to non-molar miscarriage
(Figure 3.2). These products of conception did have some, but not all the morphological features
of hydatidiform mole and mainly lacked significant trophoblastic proliferation. p57%PF?
immunohistochemistry on these products of conception revealed that three of them are positive for
p57%P2 expression, which is in agreement with their diagnosis as miscarriage; two products of

7 KIP2

conception were not available for p5 expression analysis; one product of conception was

7KIP2

inconclusive, and 2 products of conception from patient 23 were negative for p5 expression.

The absence of p57X!P? expression in two products of conception from patient 23 was in
contradiction with their histopathological diagnosis as non-molar miscarriage mainly due to the
lack of trophoblastic proliferation (Figure 3.3a-d). Microsatellite genotyping on the first product
of conception showed the presence of a non-maternal, 173-bp, and the lack of the maternal allele,
176-bp, at marker THO1 located on 11p15. However, this product of conception had the maternal
allele, 232-bp, on a proximal marker, D11S1983, located on 11q12-13 suggesting a partial deletion
of chromosome 11 (Figure 3.3c). Microarray analysis at Combimatrix on DNA from formalin
fixed paraffin embedded tissues from this product of conception revealed a terminal
microduplication of 3.9-Mb on 4p16.3 and a microdeletion of 3.6-Mb on 11p15.5-p15.4 (NCBI
build GRCh37/hg, Feb. 2009) (Figure 3.3f) that removes CDKNIC, the gene coding for p57X2.
The microarray data in combination with those of microsatellite genotyping demonstrate that the
3.6-Mb deletion is on the maternal chromosome 11 and explains the lack of p57¥!*? expression in
this product of conception. The second product of conception from this patient, which was also
diploid biparental by microsatellite genotyping, was uninformative for marker THO1, which
showed a single allele of 176-bp that could be in a hemi- or homozygous state. Since the partner

DNA was not available, no conclusion could be reached on marker THO1 in the second product of
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conception and there were not enough tissues from this product of conception for microarray
analysis. Consequently, we could not further investigate why this product of conception is negative

for p5S7%P? expression.

Two patients with tetraploid non-molar miscarriages. Two patients, 24 and 25, were
referred to us because they each had 2 hydatidiform moles, but after comprehensive analysis, only
one product of conception from each patient was found triploid dispermic and fulfilled
morphological criteria of partial hydatidiform mole. The two other products of conception did not
fulfill morphological criteria of hydatidiform mole and were therefore diagnosed as non-molar
miscarriage. In patient 24, the tetraploid genome was not detected by microsatellite genotyping
since the tissues had two identical maternal and two identical paternal genomes (XXYY) and
displayed a normal diploid biparental genotype. Because the microsatellite genotyping result was
in contradiction with a medical report indicating a trisomy for chromosome 17, obtained by FISH
on tissue sections by the referring laboratory, we performed FISH on tissue sections with probes
from chromosomes X, Y, 10, 11, and 17. Our results showed a tetraploid genotype with XXYY in
more than 100 analyzed cells. In patient 25, microsatellite genotyping did not lead to a conclusive
result on her first product of conception because of the presence of several non-maternal alleles
and the absence of DNA from the first partner of the patient with whom she had the tetraploid
conception. FISH on this tissue failed to reach a conclusion because of a technical reason (the
provided slides by the referring laboratory were not positively charged). However, karyotype
analysis from the referring laboratory documented a tetraploid karyotype, 92, XXXY, which most
likely does not originate from contamination with maternal cells and therefore we concluded that

this tissue is tetraploid.
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Comparison of the genetic susceptibility for recurrent hydatidiform moles between patients

with and without recessive mutations in NLRP7 or KHDC3L

Less familial cases of recurrent hydatidiform moles among patients without recessive mutations
in the known genes. Our laboratory has been analyzing patients for mutations in NLRP7 and
KHDC3L genes since their identification in 2006 3L and 2011 £, respectively. Our consistent
observation over these years has always been that most patients from familial cases of recurrent
hydatidiform moles are found to have to have recessive mutations mostly in NLRP7 and the
remaining in KHDC3L. Among the 113 unrelated patients with recurrent hydatidiform moles that
we analyzed, 68 had recessive mutations in either gene and of these, 19 patients were from familial
cases and had other relatives with recurrent hydatidiform moles. However, among a total of 45
unrelated patients with no recessive mutations in either gene, only one patient has a half-sister with
recurrent hydatidiform moles. The difference in the number of familial cases between patients with
and without mutations is statistically significant p=0.00027 (Fisher exact test, 95% confidence)

(Figure 3.4a).

Less reproductive losses and more live births among patients without recessive mutations in the
known genes. Another consistent observation is that most patients with high number of recurrent
hydatidiform moles, even those who are not from familial cases, turn out to have recessive
mutations mainly in NLRP7 or in KHDC3L. To investigate the relevance of this observation, we
compared the number of pregnancy losses in patients with (mutations positive) and without
recessive pathogenic variants (mutations negative) (Figure 3.4b). In this analysis, we included the
patients and their affected relatives (a total of 137 patients) and counted all their reproductive
losses. We also combined all reproductive losses (hydatidiform moles and miscarriages) to avoid

variations due to histopathological misdiagnosis of hydatidiform mole since not all the

102



reproductive losses were available to us for re-evaluation. The numbers of pregnancy losses were
divided into three groups, at least 7 (>7) pregnancy losses, 4 to 6 (4-6) pregnancy losses, and less
or equal to 3 (<3) pregnancy losses and their analysis showed that the highest numbers of
pregnancy losses, >7 and 4-6, are more frequent in patients with recessive pathogenic variants in
either NLRP7 or KHDC3L while the lowest number of pregnancy losses (<3) was more frequent
among patients with no mutations in either gene and this difference was statistically significant
(p=0.01088). In addition, patients with identified recessive pathogenic variants had less live births
than patients with no recessive pathogenic variants (8 live births out of a total of 429 pregnancies
in patients with mutations versus 28 live births out of 196 in patients with no mutations,

respectively) (p-value=0).

Discussion

In this study, we report the identification of seven novel variants in NLRP7, two of which are
mediated by Alu elements, an insertion in exon 4 and a deletion in the promoter regulatory region.
Both Alu-mediated variants, the insertion in the coding region and the deletion that affects only
the regulatory non-coding region, are described here for the first time in NLRP?7. Our data confirm
our previous observation on the high frequency of Alu-mediated deletions and rearrangements in
NLRP7 138 Among the 113 unrelated patients referred with at least two hydatidiform moles
analyzed to date by our laboratory, 68 had pathogenic variants in a recessive state, 62 (55%) in
NLRP7 and 6 in KHDC3L (5%); the remaining 45 patients did not have any detectable pathogenic

variants in a recessive state by the used methods (Figure 3.5).

We previously reported a comprehensive analysis of the parental contribution to 41
products of conceptions from patients with two defective alleles in NLRP7 1% or KHDC3L 8! and
demonstrated that they are all diploid biparental. In this study, we extended our comprehensive
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analysis to 23 additional products of conception and found all of them again diploid biparental.
Other groups have also reported that molar tissues from such patients are mostly diploid biparental

133 Deviation from this genotype has thus been reported only in three hydatidiform mole tissues

130: 34 "However, these three tissues were not comprehensively analyzed with various methods.
Based on our data and our extensive experience in genotyping formalin fixed paraffin embedded
archived tissues, we believe that no single genotyping method is perfect and all methods have their
own limitations, especially when working with formalin fixed paraffin embedded tissues. It was
the integration and reconciliation of the results from various methods that revealed several
mistakes and inaccuracies of results obtained by some methods. We therefore recommend that any
deviation from the diploid biparental genotype, in patients with recessive pathogenic variants in
NLRP7 or KHDC3L, be investigated and documented by various methods. This will improve our

understanding of the consequences of mutations in the two genes on oogenesis and normal

fertilization.

Because recurrent hydatidiform moles may have different genotypes, in an effort to
homogenize the category of patients with no mutations and facilitate the identification of novel
genes responsible for this entity, we retrieved 57 hydatidiform mole conceptions (as per referral)
from 25 patients without recessive pathogenic variants in the known genes. Genotypic analysis of
these 57 hydatidiform moles using various approaches demonstrated that recurrent hydatidiform
moles from these patients are highly heterogeneous. The three mechanisms that were found to
recur in our cohort of 25 patients are diploid biparental in 8%, diploid androgenetic monospermic
in 24%, and triploid dispermic in 32%. In 6 patients, one or two of their tissues were misdiagnosed
as hydatidiform mole because of two main reasons, (i) errors in the analyses (at the level of

histopathology and/or genotyping) and (ii) the presence of very rare mechanisms such as the 3.6-
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Mb deletion on 11p15 and the tetraploid non-molar miscarriages. In such unusual cases, the use of
additional characterization methods helped reaching a correct diagnosis. Interestingly, the
breakpoint on 11pl5 in our patient is very close to a previously reported deletion in two patients
with a molar like-phenotype and deletions of 3.2-Mb and 3.6-Mb from the short arm telomere of

chromosome 11 183

, which suggests the presence of repetitive elements in this region that could be
mediating these different deletions that remain to be investigated in the future. The presence of a
small deletion on 11p15 and duplication on 4p16.3 suggests that the patient may be a carrier for a

cryptic balanced reciprocal translocation involving 11p15 and 4p16.3 that may be responsible for

her four miscarriages.

In our cohort, the number of triploid dispermic partial hydatidiform moles did not exceed
two in any of the eight patients, which is in agreement with a previous observation ¢ and suggests
a mild genetic susceptibility underlying the genotypic entity of triploid dispermic partial
hydatidiform mole. However, androgenetic monospermic complete hydatidiform mole recurred 3-
4 times in three out of six patients. In general, recurrent hydatidiform moles in the same patients
tended to have the same genotypes with only three exceptions. One patient had 2 triploid dispermic
partial hydatidiform moles and 1 complete hydatidiform mole by histopathology and two others

had each one tetraploid and one triploid dispermic product of conception.

We compared various parameters and indicators of genetic susceptibility between patients
with and without recessive mutations in the two known genes. Our analysis demonstrated that a
family history of recurrent hydatidiform moles is very rare among patients without pathogenic
variants in the two genes and is significantly associated with the presence of pathogenic variants

in NLRP7 or KHDC3L (p=0.00027). In addition, low numbers of pregnancy losses (hydatidiform
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moles or miscarriages) and high numbers of live births were significantly associated with patients

without recessive pathogenic variants in the known genes (p=0.01088 and p=0.0000, respectively).

Altogether, our data demonstrate that recurrent hydatidiform moles from patients without
mutations in the known genes are highly heterogeneous and a minority of them (8%) have diploid
biparental genomes. Moreover, our data suggest that patients without recessive pathogenic variants
in the known genes have a milder genetic susceptibility for recurrent hydatidiform moles.
Consequently, a genetic defect segregating in their families may not always manifest as molar
pregnancies. One explanation for this observation is that recurrent hydatidiform moles in some of
these patients may have polygenic and/or multifactorial aetiologies that may decrease their
manifestation in other siblings since only those who inherited variants in several genes may

manifest the defect.

In conclusion, patients with no recessive mutations in the known genes are different from
those with mutations and have other mechanisms and molecular bases at the origin of their

recurrent hydatidiform moles that remain to be elucidated in future studies.
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Figure 3.1. Location of the Alu insertion in exon 4 of NLPR7. (a) PCR

amplification of genomic DNA from exon 4 followed by gel electrophoresis analysis revealed
a second larger fragment by approximately 350-bp in patient 1590 and her father but not in her
mother who carries a missense variant p.(Arg693Trp) in a heterozygous state. (b) A
schematic of the region of exon 4 where the Alu Yb8 element is inserted between nucleotides
c.1548 and c.1565 and results in a 18-bp duplication (blue box) at the site of the insertion.
The red arrow indicates the 5 to 3 orientation of the inserted Alu Yb8 element that begins at
genomic position g.106 and ends at 2.419 in the poly (A) tract (poly(T) in the reverse
complementary strand) of reference sequence AF15169.2. (¢) Chromatograms showing the
5" and 3’ junctions of the 18-bp duplication flanking the inserted Alu Yb8 element. (d)
Long- range PCR amplification showing the amplification of an abnormal genomic DNA
fragment of 7135-bp overlapping the deletion in patient 1566, her mother, and maternal

grandmother, but not in three control subjects. The promoter region predicted by the
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“Eukaryotic Promoter Database” (http://epd.vital-it.ch/) is indicated above exon 1 and starts
499-bp upstream of exon 1 and ends 63-bp downstream of exon 1. “GM” stands for
Grandmother. e. Schematic of the deletion that is mediated by recombination between two

Alu'Y elements and a microhomology of 23-bp shown in capital letters
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Figure 3.2. Summary of the comprehensive characterization of 57 hydatidiform mole tissues from 25 patients with no
recessive pathogenic variants in NLRP7 or KHDC3L. Recapitulation of the characterization of the referred hydatidiform mole

tissues with the various results obtained by morphological analysis, flow cytometry, karyotype analysis, and fluorescent in situ

hybridization, 1957KIP2 immunohistochemistry, microsatellite genotyping, and the conclusion of the analyses. Unrelated patients are
numbered from 1 to 25, and only one of them has a half-sister with recurrent hydatidiform moles. The number of analyzed
tissues for each patient is provided under the “Histopathology” column. More than one tissue of the same type are indicated by
their numbers; lack of a number indicates one such tissue or item. In the other columns, results on the different tissues are listed by
their chronological order. POC stands for product of conception; NM, for non-molar; MC, miscarriage; CHM, complete
hydatidiform mole; PHM, partial hydatidiform mole; n.a., indicates result not available and is used to indicate an inconclusive result

or not available samples; Dip, diploid; Bip, biparental; Dis, dispermic; Tri, triploid.
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Figure 3.3. Histopathology and genotyping data of the two non-molar miscarriages from
patient 4. Microphotograhs of hematoxilin and eosin-stained sections of the 1st (a) and 2nd (b)

product of conception (POC) showing that chorionic villi (some of which are indicated by

“CV?”) lack trophoblastic proliferation. ¢ and d Microphotographs of p5 7KIP2 Immunostaining
on the 1st (¢) and 2nd (d) product of conception showing negative staining of the
cytotrophoblast (arrows) and villous mesenchyme (asterisks) nuclei, in contrast to the positive
staining of the endometrial nuclei (arrowheads), which serve as an internal positive control.
(e) Deletion of the distal end of chromosome 11 is shown by the loss of the maternal allele
(176-bp) in the 1st product of conception at THO1 marker located on 11pl5. Marker
D11S1983, located on 11q12.1, shows the presence of one maternal (232-bp) and one non-
maternal (225-bp) alleles, demonstrating the diploid biparental origin of alleles at this locus
in the 1st product of conception. (f) Combimatrix microarray results on the Ist product of
conception demonstrating a duplication of 3.9-Mb on chromosome 4p16.3 and a deletion of

3.6-Mb on 11p15.5-p15.4
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Figure 3.4. Comparison of the genetic susceptibility for recurrent hydatidiform moles

between patients with and without recessive mutations in NLRP7 or KHDC3L. (a) A

significantly lower number of familial cases was found in patients without NLRP7 or KHDC3L

mutations (p = 0.00029). (b) A history of <3 pregnancy losses was more frequent in patients

without mutations in either gene while a history of 4—6 pregnancy losses or at least 7 pregnancy

losses was more frequent in patients with NLRP7 or KHDC3L mutations. (c) Patients without

mutations in either gene had a significantly higher number of live births than patients with

mutations (p =0).

114



Patients with RHM 25 patients with no mutations
H Diploid biparental CHM (57 POCs)

s

M Diploid androgenetic
monospermic CHM

e e . 62 patients with NLRP7 mutations
M Triploid dispermic PHM

(60 POC)

H Various genotypes

113 patients with RHM

Patients with NM MC

Diploid biparental

ud Diploid biparental NM
100%

@ Tetraploidy NM & triploid
dispermic PHM

6 patients with KHDC3L
mutations (6 POC)
KHDC3L +

5%
Diploid
biparental
100%

Figure 3.5. A recapitulation of the mutation screening in 113 patients and

comprehensive characterization of their hydatidiform mole tissues. Among 113

patients, 55% (62 patients) have NLRP7 and 5% have KHDC3L pathogenic variants in
recessive state; the remaining 40% do not have mutations in either gene. In patients with NLRP7
and KHDC3L recessive mutations, all analyzed products of conception (60 and 6, respectively)
were found diploid biparental. In patients without mutations in these two genes, the genotypes
were highly heterogeneous and diploid biparental moles were found in only a minority of cases
(8%). The sizes of the pies are proportional to the number of patients. HM stands for
hydatidiform mole; CHM, complete HM; PHM, partial HM; RHM, recurrent hydatidiform

mole; NM MC, non- molar miscarriages; POC, product of conception.
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Table 3.1 Recapitulation of the ten novel protein-truncating variants in NLRP?7 with the ethnicities and reproductive histories of the patients

1D Origin/ Exon Variants Reproductive history and relevant medical
Ethnicity information
Family Patient cDNA Predicted protein
MoTu59%4 1505 Turkey/Kurdish 4 c.[1557del];[1557del] p.(His520Thrfs*46);(His520Thrfs*46) 11 HM
sister, 1506 c.[1557del];[1557del] p.(His520Thrfs*46);(His520Thrfs*46) 13 HMs
MoIn649 1566 Indian Before exon 1 ¢.[-7026_-40+230del];[2227G>T] p.(2);(Glu743%) SA, 5 HM
& exon 6
MoTu650 1570 Turkey 4 c.[418C>T];[418C>T] p-(GIn140*);(GIn140%) 7 HM, HM-GTN (L:5)
sister, 1573 ¢.[418C>T];[418C>T] p-(GIn140*);(GIn140%) 6 HM
MoTu682 1615 Turkey 4&7 ¢.[1516G>T];[2327_2333del] p.(Gly506*);(Glu776Glyfs*14) HM, MC, MC/HM, MC/HM, 2 PHM
sister (not tested) not tested RHM
MOoEs675 1590 Estonia 4&5 ¢.[1548_1566dup;1566_1567insAF15169.2:2.106_419];[2 p.(?);,(Arg693Trp) 3 HM, hysterectomy
077C>T]
MoMx628 1546 Mexican 4 c.[1168del];[1168del] p-(Arg390Alafs*26);(Arg390Alafs*26) CHM, PHM
Other family members (not tested) RHM
MOoEg720 1693 Egyptian 4 ¢.[394_395del];[394_395del] p.-(Leul32Glyfs*12);(Leul32Glyfs*12) 3 CHM, SA
Moln688 1630 Indian 5 ¢.[2002T>C];[2002T>C] p-(Cys668Arg);(Cys668Arg) 7 HM

Novel variants are in bold font. HM, stands for hydatidiform mole and is used when no tissues were available to re-evaluate the diagnosis and available pathology report or provided information did not distinguish between partial
and complete HM; PHM, for partial HM; RHM, for recurrent hydatidiform moles; MC, for miscarriage. The positions of different mutations in exons or introns are separated by "&"; Variants nomenclature is given according to
the following references, NM_001127255.1 (¢cDNA), NG_008056.1 (genomic), and Q8WX94 (protein). Exon numbering is according to NG_008056.1
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Supplementary Figures and Tables
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Supplementary Figure 3.1B
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Supplementary Figure 3.2
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Supplementary Figure S3.3

NLRP7 gene dosage by qPCR for patient 1566
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Supplementary Table 3.1: Table showing the sequences of the primers used to amplify the junction fragments and the sizes of the PCR-amplified fragments with

PatientID Primer name Primer sequence (5'-3') Expected size for WT allele Size of PCR-amplified frag Causation Condition
Ex43F TGCTGAAGAGGAAGATGTTACCC 6ul (10ng/ul) of genomic DNA with Taq polymerase and Q
1590 720bp 1100bp AluYbS insertion solution (Qiangen) (der?atured a.t.95 C for 5min, followed by 35
cycles under the following condition: 94°C for 45 sec, 58°C for 45
Ex43R CGAGGCCGAATAAGAAGTGTCCTAC

secand 72°C for 1 min, and final extension of 72°C for 10min

LRPCR-1566F1
1566
LRPCR-1566R3

CTTTCTCCCTACTTCTCCTAAGTGTCAATG
16422bp 7135bp

CAAAGACTGAATTAAGAGACTGAAAATCTGG

Alu-mediated deletion

Sul (500ng/ul) of genomic DNA with TaKaRa LA PCR kit (TaKaRa
BIO INC) (denatured at 94°C for 15 sec, followed by 2 rounds of
15 cycles under the following condition: 94°C for 10 sec, 68°C for
14 min and 94°Cfor 10 sec, 68°C for 16 min

121




Supplementary table 3.2. Comprehensive genotypic analyses of the POC of the 25 patients with various methods as welll as their full reproductive histories

Patient Reproductive history as referred BlockID(t POC analyzed  Revised histopathology Flow FISH Karyotype o Microsatellites Our Conclusion

Patients with RHM

Two unrelated patients with diploid biparental CHM

1 CHM-GTN, CHM, MC; 6 MC, CHM 2n = na CHM

CHM, MC, CHM 9973 3rd CHM half-siter of 1 3 CHM; 2 CHM 2n + na CHM
05-55 2nd CHM CHM 2n -+ na CHM
05-62 3rd CHM CHM 2n I+ Diploid biparental XY Diploid biparental CHM
09-17 4th CHM CHM na + Diploid biparental Diploid biparental CHM
12-74 4th MC MC na -+ na
14-66 6th CHM CHM 2n = Diploid biparental XX Diploid biparental CHM

2 PHM, LB, 5 HM 92-13 2nd HM 94-86 CHM 3rd HM na. - na
04-16 6th HM CHM na na Diploid biparental XX Diploid biparental CHM

Six patients with diploid androgenetic monospermic CHM CHM 2n + Diploid biparental XX Diploid biparental CHM

3 2 CHM, 2 LB 4108 Ist CHM CHM na = Androgenetic monospermic XX AN, MOV,
41-09 2nd CHM CHM 2n na. Androgenetic monospermic XX Androgenetic monospermic CHM

4 2 ET, CHM, CHM, LB Ist CHM CHM na na Androgenetic monospermic XX Androgenetic monospermic CHM

2nd CHM CHM na na Androgenetic monospermic XX Androgenetic monospermic CHM

g LB, ET, HM, 2 MC, CHM 05-14 1st CHM CHM 2n - Androgenetic monospermic XX Androgenetic monospermic CHM
10-09 2nd CHM CHM 2n Diploid XX (13, 21, 18, X, Y) - Androgenetic monospermic XX Androgenetic monospermic CHM

6 2 MC, LB, MC, CHM, HM, MC, HM, BO, LB 07-90 CHM CHM na - Androgenetic monospermic XX Androgenetic monospermic CHM
09-57 Ist HM CHM na - Androgenetic monospermic XX Androgenetic monospermic CHM
09-94 2nd MC MC 2n Dpploid XX (X, Y, 18) + Triploid dispermic XXX Diploid biparental MC (with high maternal contamination)
12-49 2nd HM CHM na Androgenetic monospermic XX Androgenetic monospermic CHM

7 LB, PHM, 2 CHM, 2 LB 836 PHM CHM on Diploid XX (X, Y, 18) = Androgenetic monospermic XX Androgenetic monospermic CHM
522 Ist CHM CHM 2n o Androgenetic monospermic XX Androgenetic monospermic CHM
368 2nd CHM CHM n g Androgenetic monospermic XX Androgenetic monospermic CHM

8 4MC, 2 CHM, PHM, CHM 12-94 1st CHM CHM 2n - Androgenetic monospermic XX Androgenetic monospermic CHM
1421 2nd CHM CHM 2n - Androgenetic monospermic XX Androgenetic monospermic CHM
07-69 PHM CHM 2n - Androgenetic monospermic XX Androgenetic monospermic CHM
04-07 3rd CHM CHM na - Androgenetic monospermic XX Androgenetic monospermic CHM

Eight patients with triploid dispermic PHM

9 EFL, LB, CHM, EFL, PHM, EFL, LB 06-79 CHM PHM 3n Tripboid XYY + 5% XX (X, Y, 18, 8, 11) L few - Tripbid dispermic XYY Tripboid dispermic PHM with mosaicism
07-46 PHM 3n Triploid XXX (X, Y, 18) 46, XX + Triphoid dispermic XXY Tripboid dispermic PHM

10 3HM, LB 104 Ist HM PHM 3n Triploid XXY (X,Y,18 8, 11) + Triploid dispermic XXY Triploid dispermic PHM
605 2nd HM CHM 2n Diploid XX (X, Y, 18, 13, 21, 8) 46, XX - Androgenetic monospermic XX Androgenetic monospermic CHM
07-95 3rd HM PHM 3n Trploid XXX (X, Y, 18, 8) } Triphoid dispermic XXX Tripboid dispermic PHM

1 LB, 2 PHM, LB 08-30 1st PHM PHM 3n + Triploid dispermic XXY Triploid dispermic PHM
09-55 2nd PHM PHM 3n Triploid XXY (X, Y, 18) + Tripbid dispermic XXY Triploid dispermic PHM

12 LB, MC, EP, CP, 2 PHM 10-69 1st PHM PHM 3n Triploid XXY (X, Y, 18, 16)* 70, XXY +16 + Triploid dispermic XXY Triploid dispermic PHM
11-99 2nd PHM PHM 3n Triploid XXY (X, Y, 18) 69, XXY + Triploid dispermic XXY Triploid dispermic PHM

13 ET, 2 PHM 11-17 PHM PHM na na Triploid dispermic XXY Triploid dispermic PHM

14 PHM, MC, LB, MC, PHM, LB 07-14 1st PHM PHM 3n Triploid XXX (X, Y, 18) + Triploid dispermic XXX Triploid dispermic PHM
10-64 2nd PHM PHM 3n Tripbid XXX (X, Y, 18) + Tripbid dispermic XXX Triploid dispermic PHM

15 2 MC, PHM, LB 13-41 2nd MC MC 3n + Triploid dispermic XXY Triploid dispermic PHM
1335 PHM PHM 3n + Tripbid dispermic XXY Triploid dispermic PHM

16 2 PHM Ist PHM 69.XXY Triploid PHM

2nd PHM 69.XXY Triplid PHM

Three patients with various genotypes on a single HM

17 PHM, CHM, died from Adenocarcinome 73 PHM PHM 3n Triploid XXX (X, Y, 18, 8) + Triploid dispermic XXX Triploid dispermic PHM
25 CHM CHM na 46, XX na na Androgenetic CHM

18 LB, HM, CHM 91-57 2nd CHM CHM na Androgenetic monospermic XX Androgenctic monospermic CHM

19 2HM 9131 2nd HM CHM na na Androgenetic dispermic XY Androgenetic dispermic CHM

Patients with "HM" revised to nonmolar miscarriages

Four patients with diploid biparental nonmolar miscarriages
01-68 Ist HM MC na na. na
0522 2nd HM MC n + Diploid biparental Diploid biparental MC

21 PHM, 2 MC, PHM 7 Ist PHM MC 2n Diploid XX (X, Y) + Diploid biparental XX Diploid biparental MC
M264-2 2nd PHM MC Diploid XY (X,Y) + Diploid biparental XY Diploid biparental MC

2 CHM, CHM-GTN, IVF_PGS_failed ET 09-02 Ist CHM MC na na Diploid biparental XY Diploid biparental MC
09-14 2nd CHM MC na na Diploid biparental XX Diploid biparental MC

23 CHM, 2 MC, CHM 13-89 CHM MC 2n - Diploid biparental XY, loss of maternal THO1 allele Diploid biparental MC
15-75 CHM MC on - Diploid biparental XX Dpploid biparental MC

Two patients with 1 tetraploid MC and 1 triploid PHM

24 MC, PHM, 3 MC, PHM 08-93 Ist PHM PHM 3n Triploid XXX (X, Y, 18) + Triploid dispermic XXX Triploid dispermic PHM
13-72 2nd PHM MC 2n Tetraploid XXYY (17, 10, 11) + Diploid biparental XY Tetraploid MC

25 PHM, MC, PHM 10-59 1st PHM MC na na 92, XXXY +-* na Tetraploid MC
13-21 2nd PHM PHM 3n Triploid XXX (X, Y, 18) + Triploid dispermic XXY Triploid dispermic PHM

*. FISH on tissue sections revealed 20-25% of cells with four conies of Chromosome 16
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PREFACE TO CHAPTER 4

When I started my PhD project, a previous lab colleague had sent and analyzed exome
sequencing data of 20 patients who were negative for mutations in both genes; however, we were
not able to identify recessive mutations in the same genes in at least two patients. The main
factors that hinder the work of gene identification can be 1- the great variability in the patients’
reproductive outcomes, which can range from complete HM and partial HM to miscarriages and
live births (as demonstrated from Chapter 3), 2- the high genetic heterogeneity in the causation
of RHM, and the fact that some of them were misdiagnosed with RHM. Genetic heterogeneity in
breast cancer can serve as a model for complex disorders. Breast cancer can result from
mutations in any one of different genes, all implicated in the same or related pathways 1. RHM
can be similar to breast cancer in this aspect. In Chapter 4, we describe the work on gene
identification in patients with recurrent androgenetic HM and reveal 3 causative genes with

known roles in the same pathway.
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Abstract

Androgenetic complete hydatidiform moles are human pregnancies with no embryos and affect 1
in every 1400 pregnancies. They have mostly androgenetic monospermic genomes with all the
chromosomes originating from a haploid sperm and no maternal chromosomes. Androgenetic
complete hydatidiform moles were described in 1977, but how they occur has remained an open
question. We identified bi-allelic deleterious mutations in MEI1, TOP6BL/C110rf80,and RECI 14,
with roles in meiotic double-strand breaks formation in women with recurrent androgenetic
complete hydatidiform moles. We investigated the occurrence of androgenesis in Meil-deficient
female mice and discovered that 8% of their oocytes lose all their chromosomes by extruding them
with the spindles into the first polar body. We demonstrate that Meil” oocytes are capable of
fertilization and 5% produce androgenetic zygotes. Thus, we uncover a meiotic abnormality in
mammals and a mechanism for the genesis of androgenetic zygotes that is the extrusion of all

maternal chromosomes and their spindles into the first polar body.
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Introduction

Hydatidiform mole (HM) (MIM: 231090) is a human pregnancy with abnormal embryonic
development and excessive trophoblastic proliferation. The common form of HM is sporadic, non-
recurrent, and affects 1 in every 600 pregnancies.? Based on microscopic morphological evaluation,
half of common HMs belong to the histological type of partial HMs (PHMs) and have a triploid
dispermic genome with two sets of paternal chromosomes and one set of maternal chromosomes.
The second half belongs to the histological type of complete HMs (CHMs) and has a diploid
androgenetic genome with all the chromosomes originating from one (monospermic) or two sperms
(dispermic) and no maternal chromosomes. CHM affects approximately 1 in every 1400
pregnancies.> Among androgenetic CHMs (AnCHMs), monospermic ones account for 85% of the
cases and dispermic ones for 15% of the cases.?> Androgenetic monospermic CHMs were first
described in 1977 26, but the proposed mechanisms of their occurrence remained hypothetical. It is
believed that after fertilization between a haploid sperm and an oocyte that has lost its nuclear DNA
(for simplicity referred hereafter as empty oocyte), the paternal genome endoduplicates to
reconstitute diploidy. Then, because the paternal and maternal genomes have different roles in
cellular proliferation and embryonic differentiation, the androgenetic genome that results from such
a zygote leads to the molar phenotype. However, in decades of in vitro fertilization, no one has
seen or reported individuals who produced systematically empty oocytes. A new mechanism for
the origin of AnCHMs was suggested: that dispermic fertilization of a haploid oocyte followed by
postzygotic diploidization is more likely to be at the origin of the different genotypic types of
sporadic HMs as well as of their association with mosaicisms and twin pregnancies consisting of

one fetus with a normal placenta and a HM.2
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Recurrent HMs (RHM)s affect 1.5-9% of women with a prior HM.®13 There are two genes,
NLRP7 (MIM: 609661) 2 and KHDC3L (MIM: 611687) £, responsible for RHMs. Bi-allelic
mutations in these two genes explain the etiology of RHMs in 60% of affected women.
Recurrent molar tissues from women with bi-allelic mutations in the two known genes are all
diploid biparental while those from women without mutations are heterogeneous. Among women
with no recessive mutations in the known genes, a minority of women have diploid biparental
RHMSs, half of the remaining women have triploid dispermic PHMs, and the second half have
androgenetic monospermic CHMs.1%® Available data on women with diploid androgenetic
monospermic RHMs indicate that 17-37% of them fail to have live births suggesting that these

women may have a strong genetic defect underlying their RHMs, 168 162

To identify mutations responsible for RHMs, we performed whole exome sequencing
(WES) on a total of 65 women with RHM (including all histopathological and genotypic types),
miscarriages, and infertility, who were negative for mutations in NLRP7 and KHDC3L. We
identified bi-allelic deleterious mutations in meiotic double-stranded break formation protein 1
(MEII) (MIM: 608797), type 2 DNA topoisomerase 6 subunit B-like (TOP6BL/C110rf80) (MIM:
616109), and REC114 meiotic recombination (REC14) genes in five unrelated women, of which
two had other family members with recurrent miscarriages and infertility. We demonstrated that
their HMs have the histopathological features of CHMs and have androgenetic monospermic
genomes. All three genes are conserved during evolution and known to play roles during early
homologous chromosome pairing and recombination in the mouse oocyte. %72 [n vyitro
maturation of oocytes from Meil-deficient female mice has previously been reported, but the
number of obtained mature oocytes was very small and consequently, mature oocytes were not

further examined.1”? In the current study, we focused on the segregation of chromosomes at the
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first meiotic division and the possibility of androgenetic embryonic development. We confirm that
most Meil”" oocytes have abnormal spindle morphology, misaligned chromosomes on the
spindles, and 63% of them fail to extrude the first polar body (PB). However, 20% of oocytes
extruded morphologically abnormal first PB and some extruded all their chromosomes together
with the spindle microtubules into the PB and were empty with no chromosomes. We demonstrate
that Meil™ oocytes are capable of fertilization and that 5% lead to androgenetic zygotes. We
finally show that the zygotes derived from Meil-deficient oocytes are capable of initiating

embryonic development but mostly arrest at the 2- to 4-cell stage.

Material and Methods

Subjects

Written informed consents were obtained from all participants and the study was performed
accordance to the McGill University Research Ethics guidelines (Institutional Review Board #
A01-M07-98 03A). Blood or saliva from affected women and their family members were
collected. Genomic DNA was isolated from whole blood cells using Flexigene DNA Kit
(Qiagen, Toronto, ON, Canada). The products of conception from different Pathology
laboratories were retrieved for genotype analysis.

Mutation analyses

Mutation analyses of NLRP7 and KHDC3L were performed to exclude the presence of mutations
in these two genes before sending for whole-exome sequencing. PCR conditions and the
sequences of primers were previously described and samples were sent for Sanger sequencing in

both directions.
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Whole-exome sequencing

Whole exome library preparation, capturing, sequencing and bioinformatics analyses were
carried out at the McGill University and Genome Quebec Innovation Center, Montreal, Canada
as previously described.!”2> Whole exome was captured using either SureSelect Human All Exon
Kit version 5 (Agilent Technologies, Inc., Santa Clara, CA) or the Roche Nimblegen SeqCap EZ
Human Exome capture kit on 3ug or 500ng gnomic DNA, respectively, and sequenced on an
[llumina HiSeq 2000 sequencer with paired-end 100-base pair reads. The paired-end sequences
were trimmed and aligned to the human reference genome hg19 using BWA (v.0.5.9) 1 The
Genome Analysis Toolkit (GATK)!2 was used to perform local realignment around small
insertions and deletions (indels) and assess capture efficiency and coverage for all samples.
The latter was calculated after marking duplicate reads by Picard. Variants were called

177

)76 and annotated by AnnovarZ.

individually for each individual using Samtools (v.0.1.17
Subsequently, several filtering criteria were applied to prioritize the potential causal variants from
non-pathogenic polymorphisms and sequence errors. The variants were excluded when they were
seen at a minor allele frequency (MAF) greater than 0.01 in public databases (ExAC, 1000
Genome, NHLBI exome databases) or in-house exomes database (>1000 exomes). Finally, only
the most likely damaging variants (nonsense, canonical splice-site, conserved missense, and
coding indels) were considered and manually examined in IGV1Z if they were predicted to be
deleterious by at least 2 bioinformatics algorithms (PolyPhen, SIFT, MutationTaster, CADD-
Combined Annotation Dependent Depletion).

Sanger sequencing validation of identified mutations

Sanger sequencing was used to validate the mutations identified by exome sequencing and to

check the segregation of the mutations in other family members. Primers were designed using
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Primer Blast. PCR conditions and sequences of the primers are provided in Table S4.1. Variant
nomenclature is provided according to GeneBank references for MEII (GenBank:
NM 152513.3, NP_689726.3), TOP6BL/C110rf80 (GenBank: NM 024650.3, NP_078926.3),
RECI14 (GenBank: NM_001042367.1, NP_001035826.1).

Targeted sequencing

The candidate genes were screened in additional affected women with milder phenotypes (Table
S4.3). MEII and REC114 were screened in 99 affected women (of which 53 had at least 1| HM
and the remaining had >3 miscarriages). TOP6BL/C110orf80 was screened in 246 affected
women (46 women with at least 1 HM and the remaining had >3 miscarriages).

RT-PCR on lymphoblastoid cell line and human oocytes

RNA was extracted from EBV-transformed lymphoblastoid cell line (LCL) from affected
women and controls using Trizol (Invitrogen, Carlsbad, CA, USA). Human oocytes at different
stages (total 4-8 oocytes each stage) were obtained from women undergoing IVF/ICSI and were
collected by removing the zona pellucida with acidified Tyrode’s solution and washed in 1X

PBS before putting them in lysis buffer as previously described.!”? cDNA synthesis was
performed using a reverse transcription kit (Life Technologies, Thermo Scientific, Carlsbad, CA,

USA). PCR conditions and primers for RT-PCR are provided in table S4.1.

H&E staining, p5S7¥'*? immunohistochemistry, flow cytometry, microsatellite

genotyping, and SNP microarray analysis.

Sections of formalin-fixed, paraffin-embedded (FFPE) tissues were prepared for H&E
staining, p57 immunohistochemistry, flow cytometry, microsatellite genotyping as previously
described.1®® Microarray analysis search for aneuploidies in products of conception of

affected women was performed at Invitae as previously described.16!
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Mice

Meil heterozygous mice (B6.129S1-MeilmlJes/Mmnc)® were purchased from the MMRRC
(Mutant Mouse Resource & Research Centers Supported by NIH, USA) (MMRRC#31721),
maintained on the C57BL/6J background (Jackson Laboratory, Main), and crossed to produce
homozygous null Meil. Genotyping was done according to the MMRRC protocol. The mice were
fed in a temperature- and light-controlled room at the Animal Resource Division of the McGill
University Health Centre Research Institute. All the procedures and Ethics were approved by the
McGill University Animal Care Committee in accordance with the Canadian Council on Animal

Care. Food and water were provided ad libitum.
RT-PCR on mouse tissues

Ovaries, germinal vesicle-stage (GV) oocytes, and metaphase II (MII) oocytes (Total of 70-100
oocytes) were collected from 12.5dpc (days postcoitum), 17.5dpc, new born, 5 dpp (days
postpartum), and adult wild-type females. Total RNA was extracted using the RNeasy plus Micro
and Mini Kit (Qiagen) according to the manufacturer’s instructions. cDNA was synthesized
(Invitrogen, Canada) and used as template for RT-PCR. B-actin was used as a control. The primers
and conditions used for RT-PCR are provided in Table S4.2. The transcript levels of genes were

checked using 2% agarose gel.
Mouse oocyte maturation in vitro and in vivo

For in vitro oocyte maturation, female mice at 25-27dpp were intraperitoneally injected with 10
IU eCG (equine Chorionic Gonadotropin) per mouse. The mice were killed by cervical dislocation
46-48h later and the ovaries collected to retrieve cumulus cell-oocyte complexes (COCs). COCs

were cultured in a-MEM medium containing 5IU/ml FSH (follicle-stimulating hormone, Sigma),
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5% HI-FBS (Heat Inactivated Fetal Bovine Serum), 7.5ul/ml 100X penicillin/streptomycin, and
0.25mM sodium pyruvate (GIBCO, Thermo-Fisher Sci, MA) for17 to 19h for all experiments'&
except for the experiment to assess meiotic progression and delay. For this experiment, maturation
was extended to 24 hours of in vitro of culture. For in vivo oocyte maturation, females at 25-27dpp
were intraperitoneally injected with 10IU eCG, and 46-48h later, with 7.5IU hCG (Human
Chorionic Gonadotropin (Sigma) per mouse. 15h later, oocytes were collected from oviduct

ampullae.

Mouse embryo culture in vitro

Hormonal treatment with dCG followed by hCG was done as described above at 25-27dpp and the
females were left with DBA/2 males (Charles River Laboratories, Canada) overnight. 20h after
hCG injection, zygotes were collected from oviduct ampullae and cumulus cells were removed
using 1% hyaluronidase. Washed zygotes were used for immunofluorescence staining or cultured
in KSOM (Millipore) for 5 days under 5% CO2 with humidity at 37 °C. Embryo development was

recorded daily.
Immunofluorescence

Immunofluorescence staining was carried out as previously described 22, Briefly, oocytes were
fixed in 4% paraformaldehyde (PFA) in PBS for 30 min and then transferred to membrane
permeabilization solution (0.5% Triton X-100) in water for 20 min. Thereafter, oocytes were
blocked in 1% BSA (bovine serum albumin) in PBS for 1h. The oocytes were then incubated with
primary antibodies diluted with 1% BSA overnight at 4°C. After incubation with secondary
antibodies at room temperature for 1h, oocytes were placed in mounting medium with DAPI

(Vector, Canada). Fluorescence was visualized using Zeiss LSM780 Scanning Confocal
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Microscope at the Molecular Imaging Facility of the Research Institute of the McGill University

Health Centre.

Antibodies

The following antibodies were used; mouse-anti-H3K9me?2 (1:50, Abcam), mouse-anti-a-tubulin

(1:100, Santa Cruz), and donkey-anti-mouse IgG-Alexa fluor 488 (1:500, Invitrogen).

Live imaging

COCs were cultured for maturation in a-MEM as previous described for 12h, and then cumulus
cells were removed using 1% hyaluronidase. The denuded oocytes were incubated with 5 ng/ml
Hoechst 33342 in a-MEM supplemented as above without FSH for 30 min. Thereafter, the oocytes
were transferred to Zeiss LSM780 Scanning Confocal Microscope to monitor the first polar body

extrusion, by scanning every 20 min, for 7h.

Results

Identification of bi-allelic mutations in MEIl1, TOP6BL/C110rf80, and REC114

We performed WES on 65 women with RHM (including all histopathological and genotypic types)
and without mutations in NLRP7 or KHDC3L and 18 of their relatives. After aligning the WES
reads to the reference genome, variants-calling and filtering for rare variants with minor-allele
frequency <0.01, we analyzed the data under the recessive mode of inheritance because of its
compatibility with the inheritance of the disease in all reported cases of RHM (with or without
mutations in the two known genes). We identified rare bi-allelic deleterious mutations (nonsense,
canonical splice-site, evolutionary conserved missense, and coding indel) in seven important

candidate genes. We next performed targeted sequencing of the seven candidate genes on 99 to
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246 women with milder defects (2 HM or > 3 miscarriages with or without one HM) (from all
genotypic types) (Table S4.3). The two approaches led to the identification of bi-allelic potentially
deleterious mutations in three genes in five unrelated affected women, including two from familial

cascs.

In MEI1, exome sequencing revealed a novel homozygous protein-truncating mutation in
exon 28, ¢.3452G>A, p.Trp1151%*, in proband 1333 (Figure 4.1A, Table S4.4) with a history of
four miscarriages followed by four HM, all from spontaneous conceptions. In addition, she had
one failed cycle of in vitro fertilization by intra-cytoplasmic sperm injection (Table S4.5).
Analyzing additional samples from other family members identified the same mutation in a
homozygous state in two sisters who had one and three miscarriages, respectively, and both
underwent total abdominal hysterectomy because of several uterine fibroids. The mother of the
three sisters was found to be a heterozygous carrier of their mutation (Figure 4.1A). Using RT-
PCR on total RNA from a lymphoblastoid cell line (LCL) from the proband 1333, we found that
the mutation leads to, in addition to the normal splicing isoform, two abnormal splicing isoforms:
a larger cDNA fragment caused by the insertion of intron 27 between exons 27 and 28, and a
smaller cDNA fragment due to the skipping of exon 28 (Figure 4.1B). This aberrant splicing was
seen only in the affected woman and not in control subjects and is most likely mediated by the

nonsense-mediated decay.!83: 184

The second family consists of a woman (proband 880) with six miscarriages and one CHM
and her brother, who is infertile, with non-obstructive azoospermia and no Y-chromosome
deletions. Both were found compound heterozygous for an invariant splice site mutation,
c.1196+1G>A, affecting the splice donor of exon 10, and a 1-bp deletion, c.2206del,

p.Val736Serfs*31, in exon 19 (Figure 4.1C, Table S4.4). The two mutations segregated in the
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family, one from each parent. Using RT-PCR on total RNA from a LCL from the proband 880, we
found that the invariant splice site mutation, c.1196+1G>A, leads to a smaller cDNA fragment that
corresponds to the skipping of exon 11 (Figure 4.1D) located in one of the two predicted
Armadillo-type fold domains (Figure 4.1E). These two mutations were identified in proband 880

by targeted sequencing and then in her other family members by Sanger sequencing.

In TOP6BL/C110rf80, we found in one woman (ID 1031), with one miscarriage and two
HMs, a 1-bp insertion, ¢.783dup (p. Glu262*) in a homozygous state (Figure 4.2A, Table S4.4).
The mutation segregated from both parents who were found to be heterozygous carriers. In a
second woman with RHM (ID HM74, previously reported as the affected woman 21%), we found
a homozygous missense variant c.1501T>C, p.Ser501Pro that affects a highly conserved amino
acid (Polyphen=0.9, CADD=22.5) (Figure 4.2B, Table S4.4). The c.783dup mutation leads to the
truncation of the protein before the transducer domain. The second mutation, c.1501T>C
(p.Ser501Pro), affects a conserved amino acid residue also involved in the interaction of TOP6BL
transducer domain with SPO11, a component of topoisomerase 6 complex required for the
formation of double-strand breaks in mice.!”t These two mutations in TOP6BL were identified by
exome sequencing.

In REC114, using exome sequencing, we found in one woman (ID 978) with a miscarriage
and three CHMs, a novel splice acceptor mutation, ¢.334-1G>A, in a homozygous state (Figure
4.2C, Table S4.4). Of note that the last CHM of this woman was conceived with the help of
intrauterine insemination because of her infertility. We did not detect REC/ /4 transcripts in LCL
and consequently could not check the effect of this mutation on gene splicing. The mutation

segregated in the family and the two parents were found to be heterozygous carriers (Figure 4.2C).

MEII, TOP6BL/Cl1orf80, and RECI14 are conserved from yeast to human and their
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functions have been examined in several organisms including yeast'3% 182 plants!®8 worms'®, and

mice?%172 It was striking to see that all three genes play a key role in the formation of double-
strand breaks, which is essential for homologous chromosome synapsis and recombination during
meiosis I. Mutations in these three genes have never been reported in any human disease with the
exception of a recent case of two infertile brothers with a homozygous bi-allelic MEII mutation.122
Therefore, the presence of bi-allelic mutations in five unrelated women and three affected siblings
establishes their causal role in recurrent HMs and miscarriages, and in male and female infertility

in humans.

Affected women with bi-allelic MEII mutations have AnCHMs

We next retrieved all HM tissues from affected women 1333 and 880 with ME/] mutations and
comprehensively analyzed them. By morphological evaluation, all tissues fulfilled the
histopathological criteria of CHMs did not express p57%!*? in the nuclei of the cytotrophoblast and
villous mesenchyme cells, were diploid by flow cytometry, androgenetic monospermic by
microsatellite DNA markers genotyping, and did not have aneuploidies by SNP microarrays
(Figure S4.1-S4.4). Two CHM tissues from affected woman 978, with bi-allelic RECI14
mutations, were genotyped by the referring laboratory and found androgenetic monospermic. The
tissues from affected woman HM74, with bi-allelic mutations in TOP6BL/C110rf80, were reported
to be most likely androgenetic CHM.18 Therefore, HMs from affected women with mutations in
the three genes are androgenetic and have a different mechanism at their origin than HM from

women with bi-allelic mutations in NLRP7 or KHDC3L.

A complete hCG follow up after HM evacuation was available for affected women 880

and 1031 and both had low risk persistent trophoblastic diseases after the last conception. The non-
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molar miscarriages of all affected women with mutations in the three genes did not require

dilatation and curettage and therefore are not available for evaluation.

Taken together, these data indicate that the bi-allelic mutations in three genes we identified
may not be responsible only for recurrent androgenetic CHM, but also for recurrent miscarriages

and female and male infertility.

Expression of Meil, Top6bl /C110rf80, and Recl14

In humans, the three genes are transcribed in ovaries and some other somatic tissues (Figure 4.1B,
Figure S4.5A), but were not detected in oocytes (4-8 oocytes per sample). In mice, the three genes
were detected in ovaries from embryonic day 12 to 5 days postpartum (dpp) (Figure S4.5B), and
these data are in agreement with a previous report.t¢ While Top6b! and Recll4 were found
expressed in germinal vesicles (GV) and metaphase 11 (MII) oocytes from 25dpp mice, Meil

expression was not detectable in GV or MII mouse oocytes (70-100 oocytes per sample).

Evidence of empty oocytes from null Meil females

In humans, it is unknown how an androgenetic monospermic CHM forms and such an entity has
never been reported in animals. To elucidate the mechanism(s) leading to androgenetic
monospermic CHM and possibly model some of its features in mice, we used a mouse knockout
for Meil that was available when we identified the mutations in the affected women.'”® The
mutation in the Meil knockout (c.984-2A>T) is very close to one of the mutations,
p.Val736Serfs*31, found in proband 880 (Figure 4.1E), and results in 2 abnormal splice isoforms

which are predicted to lead to premature stop codons. Meil”" males and females are infertile, but
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otherwise healthy.lZ® While the males have no spermatozoa in their testes, the females have oocytes

in all follicular stages at young ages, albeit in reduced numbers. The development of oocytes
during in vitro maturation has been reported for Meil”~ and it was found that 94% of the oocytes
arrest at metaphase I and have abnormal spindles with misaligned chromosomes scattered on the
spindles; only 6% of Meil”" oocytes progress to metaphase II and extrude the first PB (. To better
understand the mechanism of AnCHM formation, we compared the development of oocytes from
Meil” with those of wild-type after in vitro maturation. Under our experimental conditions of in
vitro maturation for 17-24 h, we found that oocytes from Meil”~ have delayed meiotic progression
(Figure 4.3A). We found that 96% of oocytes from the wild-type and only 8% of oocytes from
Meil”" extruded the first PB of normal size and shape. However, 63% of oocytes from Meil”" failed
to extrude the first PB, 20% extruded abnormal PB, either one PB of normal size and with a rough
surface, one large PB, or two PBs (despite not being fertilized); the remaining 6% of oocytes
appeared to be 2-4-cell-like or degenerating (Figure 4.3B-D). These PB abnormalities were also
observed in in vivo matured Meil”" oocytes (Figure 4.3D) with the exception that more oocytes
were seen without PB in both mutant and wild-type, probably because the first PB had degenerated,

a well-documented phenomenon of in vivo maturation.’!

We next examined the spindle morphology and chromosome congregation in the in vitro
matured oocytes using immunofluorescence localization of a-tubulin and DAPI staining of the
chromosomes. We found that all oocytes without PB had chromosomes, but the chromosomes
were misaligned on the spindles of abnormal shapes (Figure 4.4B). Of the oocytes that extruded
PB, approximately 70% appeared at telophase, i.e., the spindles were seen between the two sets of
chromosomes without clear separation between the oocytes and the PB. Some oocytes with two

PB had tripolar spindles with chromosomes at each pole and two of them forming two first PB
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(Figure 4.4, C and D). Other oocytes had bipolar spindles with chromosomes at both ends, but
both the spindles and the chromosomes at their poles were altogether extruded into the first PB
leaving the oocytes with few chromosomes (Figure S4.6) or empty with no chromosomes (Figure
4.4, D-F). Empty oocytes were also observed in in vivo matured oocytes (Figure S4.7). Such empty
oocytes were observed only among those that extruded abnormal PB and accounted for
approximately 8% of oocytes with >1 PB matured in vitro or in vivo. Empty oocytes were not
observed in wild-type or Meil ™ mice after either in vitro or in vivo maturation. In addition, we
did not see spindles or chromosomes congregation abnormalities in oocytes from Meil ™, which
behaved like those from wild-type mice. Using live imaging, we monitored in vifro maturation of
oocytes from Meil”" and confirmed the extrusion of all the chromosomes into the PB in some

oocytes (Video S4.1).

Evidence of androgenetic zygotes from null Meil oocytes

We next asked whether oocytes from null Meil”" are capable of fertilization. Because the rate of
fertilization and embryonic development in vitro is lower than in vivo, we used superovulation and
natural mating in all subsequent experiments of embryonic development. To distinguish maternal
from paternal chromosomes in the zygotes, we used immunofluorescence with an antibody against
dimethylated histone 3 at lysine 9 (H3K9me2). H3K9me?2 is an epigenetic marker that is acquired
during oogenesis, but not during spermatogenesis; consequently, it distinguishes maternal from
paternal chromosomes up to pronuclear fusion in late zygotes.’2 We first confirmed similar
immunofluorescence staining of H3K9me2 between wild-type and Meil”" oocytes at GV to MII
stages (Figure 4.5A). We next examined the oocytes after fertilization and confirmed that

H3K9me?2 stains only the maternal but not paternal chromosomes in control zygote (Figure S4.8).
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Among the 113 oocytes from Meil”" females analyzed, 68 (60%) had evidence of fertilization and
contained paternal DNA. Some zygotes were penetrated by cumulus cells (Figure S4.9 & S4.10)
and such zygotes were fertilized by two or three spermatozoids. Among all the zygotes,
approximately 5% were androgenetic and did not contain maternal chromosomes. Figure 5B shows
a zygote that had lost all maternal DNA into the PB (positive for anti-H3K9me2) and started the
first mitotic division of the male pronucleus. All z axis stack sections of this zygote are shown in
Video S2. We also observed zygotes that had retained very few maternal chromosomes and others
that had undergone asymmetrical cleavage into 2-cell-like, with one cell containing paternal

pronucleus or sperm head and the other containing maternal pronucleus (Figure S4.11).

Zygotes from null Meil oocytes can initiate embryonic development

We next investigated whether the zygotes derived from Meil”" oocytes can initiate embryonic
development. We crossed Meil”" females with wild-type males overnight, collected oocytes, and
monitored their daily development in culture for up to 5 days using phase contrast microscopy
(Figure 4.6). Our analysis demonstrated that 72% of embryos (n=200) derived from Meil”" females
underwent cleavage, but most were arrested at the 2-cell or 4-cell stage, only 2% reached the
blastocyst stage after 120h post-fertilization, and none hatched (Figure 4.6). For comparison, 78%
of oocytes from wild-type mice reached the blastocyst stage 96h post-fertilization and all hatched.
In conclusion, oocytes from Meil” females can be fertilized and undergo embryonic development,
but their chance to reach the stage for implantation is limited. Their development in uterus or on

the genetic background other than C57/B6 remains an open question.
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Discussion

Here we provide evidence implicating bi-allelic mutations in three genes, MEII, TOP6BL, and
RECI14, in the causation of recurrent androgenetic monospermic hydatidiform moles,
miscarriages, and infertility in humans. This evidence is based on the identification of bi-allelic
mutations in MEI] in two familial cases, in TOP6BL in two unrelated women, and in RECI14 in
one woman. The implication of REC/14 is also based on the known interaction of its protein with
MEI4, an interactor of MEI1 in yeast and mice %187 These three genes have been studied in
various organisms and model systems and all are required for double-strand breaks formation in
the early phase of meiosis in oocytes. Analyzing five HM from two unrelated women with MEI]
mutations demonstrated that the five tissues fulfill the histopathological criteria of CHM, lack
p57%IP2 expression, and have diploid androgenetic monospermic genomes. Tissues from proband
978 with mutations in REC1 14 were referred to us as androgenetic monospermic CHM and those
from woman HM74, with mutations in TOP6BL, are believed to be androgenetic CHM. Taken
together, these data establish the role of MEI1, and possibly the two other genes, in the genesis of
androgenetic CHM.

Among the three identified genes, Meil is the most studied and its functional role has been
investigated in several species 1% 186: 188189 " f which mouse is the closest, evolutionarily, to
human. Null mouse mutants fail to complete the first meiotic division due to defective double-
strand breaks formation. MEII was the first of the three genes, in which we found mutations in
two unrelated families, and we were able to access the HM tissues and demonstrate their
androgenetic monospermic genomes, we therefore set out to investigate whether androgenetic
pregnancies or conceptions occur in Meil-null mice. Because Meil-null female mice were

documented to be infertile, we hypothesized that perhaps androgenesis occurs in them but such
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conceptions do not implant and lead to detectable pregnancies. We asked three main questions: (i)
Do Meil-deficient females produce empty oocytes with no maternal chromosomes? (ii) When do
Meil-deficient oocytes lose their chromosomes, before or after fertilization? (iii) By which
mechanism do Meil-deficient oocytes lose their chromosomes? To answer these questions, we
followed the development of oocytes from null Meil in in vitro maturation. We found that 8% of
Meil”" extruded all their chromosomes together with the spindles into the first PB. Our results are
in agreement with some observations made on null meil in C. elegans, which either fail to produce
PB, produce PB with variable numbers of maternal chromosomes, or produce large PB appearing
to contain all maternal chromosomes.!8 193 Fyrthermore, we showed that the oocytes from Meil-
null females can be fertilized and 5% of the zygotes had lost all their maternal chromosomes into
the PB, and were therefore androgenetic. In addition, some of the zygotes retained very few
maternal chromosomes, which may be unable to fuse with the paternal pronucleus and result also
in androgenetic embryos. From our analysis, another potential mechanism that would lead to
androgenesis may occur during postzygotic cleavage of a fertilized nucleated oocyte, resulting in
the separation of paternal DNA into one cell and maternal DNA into another (Figure S4.11). Such
aberrant cells with different genomes may have different growth rates, be subject to some selection,
and lead to mosaic conceptions including AnCHMs. However, based on our observations, such
events are unlikely to be at the origin of RHM in women with MEI] mutations because they were
not recurrent in Meil-deficient females. Some of the androgenetic zygotes we observed had
cumulus cells under the zona pellucida, which indicates its abnormal permeability; indeed, some
of these eggs were fertilized by two or three spermatozoa. This suggests that androgenetic
dispermic CHMs, known to account for approximately 15% of sporadic androgenetic CHMZ, may

involve the same mechanism and occur also in conceptions from women with bi-allelic MEI]
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mutations.

The earliest defect that has been demonstrated in the oocytes from Meil” and Top6bl”~ is
the impaired double-strand breaks formation, which is essential for homologous chromosome
synapsis and recombination. The absence of synapsis renders the meiotic silencing of unsynapsed
chromatin regions, named MSUC, and affects subsequent meiotic processes depending on the
silenced gene repertoire.**7 Consequently, Meil”" oocytes may have accumulated several
defects including deficiency in cytoplasmic components in addition to chromosomes segregation
errors. In humans, the MSUC can also be triggered by abnormal homologous chromosome
synapsis in carriers of reciprocal translocations, which are well-documented to be associated with
infertility and recurrent miscarriages in male and female carriers.?82% With respect to HMs, two
of the original reports about androgenetic monospermic CHM found that 4-6% of affected women
had balanced chromosomal translocations, which is higher than the frequency of reciprocal
translocation in the general population (0.6%). 252% Miscarriages are a well-known risk factor for
sporadic HM2% and sporadic HM are more frequent in women with recurrent miscarriages than in
women from the general population?” 22, However, only weak associations have been reported
between infertility problems, difficulties in conception, and irregular menstrual cycles and CHMs
204: 205 " wwhich may need to be revisited in the light of our findings. In Meil null oocytes, the
spectrum of abnormalities ranged from oocytes with normal appearing chromosome complement
(that would lead to euploid conceptions or aneuploid conceptions involving few chromosomes) to
oocytes with few chromosomes (that would lead to severely aneuploid conceptions that may not
survive implantation and lead to infertility) and empty oocytes (that would lead to androgenetic
HM), which support the commonalties between HM, miscarriages, and infertility observed in our

affected women. In addition to the role of normal Meil in double-strand breaks formation, in C.
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elegans, meil has been shown to have a role in microtubule-severing activity similar to katanin?%
207: consequently, its bi-allelic mutations may have prevented the disassembly of microtubules and
the separation of the two sets of chromosomes at the spindle poles and favored their extrusion
altogether into the PB. Investigating the possible occurrence of empty oocytes in null mice for
Top6b! and Recl14, with no known roles in microtubule-disassembly, will help clarifying which

Meil function is most likely at the origin of the extrusion of the oocyte chromosomes and spindles

into the PB.

In conclusion, we unravel a mechanism, i.g. the extrusion of all the oocytes chromosomes
with their spindles into the first PB, for the genesis of androgenetic zygotes in mammals and

therefore a plausible mechanism for the genesis of AnCHM in humans.
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Accession Numbers

The patient accession numbers for MEI] variant s are LOVD: 00181110, 00181111, for

C11orf80 variants are LOVD: 00181112, 00181113, for REC114 variants is LOVD: 00181114

Supplemental Data

Supplemental Data include eleven figures, five tables, and two videos.
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Movie titles and legends

Video S4.1. Empty oocyte observed during in vitro maturation by live imaging. Video showing

the extrusion of maternal chromosomes into the first polar body.

https://drive.google.com/file/d/117g13¢Y AzDcQOgDBNVuxJI5S_qG9i2_ol/view?usp=sharing

Video S4.2. Androgenetic zygote observed after in vivo fertilization. All Z-Axis stack positions
of the androgenetic zygote that had lost all maternal chromosomes into the polar body using

confocal immunofluorescence.

https://drive.google.com/file/d/IN1HcormjwSFc7DQIEfDTFrOCaO8vHKTW/view ?2usp=sharin

g
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Figure 4.1. Pedigree structure, reproductive outcomes, and mutation analysis of two families with bi-allelic

MEII mutations

(A) Sanger sequencing and segregation of the mutation identified in MEI! in the family of proband 1333

(indicated by an arrow).

(B) RT-PCR demonstrating abnormal splicing caused by the nonsense mutation (c.3452G>A) and the generation

of three cDNA fragments, the normal fragment indicated by a black arrow and two abnormal fragments

indicated by dashed red lines (a larger fragment that includes intron 27 and a smaller fragment that skips exon

28).

(C) Sanger sequencing and segregation of the mutations identified in MEI] in the family of proband 880

(indicated by an arrow).

(D) Abnormal splicing in affected individual 880 showing the amplification of a smaller cDNA fragment that

corresponds to the skipping of exon 11 (red arrow) and another cDNA fragment corresponding to the normal

splicing isoform (black arrow). RNA was from lymphoblastoid cell lines (LCL) of the affected women.

(E) Schematic presentation of the domains of human and mouse MEI1. The positions of the mutations are
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indicated by arrows. The mutations identified in this study are shown in red. In black is a recently reported
mutation in two infertile brothers with non-obstructive azoospermia. The mutation in the Meil/ knockout is

shown on the mouse protein.

150



A TOP6BL/C110rf80

1033
0. 1034 Reference G A A C T C C A T
c.[783dupl:[=] |c.[783dup];[=] M \ ,’ \i \ /\/\ c.15£1T>C
Father G G G N A A T G A& A C ¢.[1501T>C];[1501T>C]
Reference G A G A A T - G A & C
c.[783dup];[783dup] | c.[783dup];[=] c783dup r\ &

CHM CHM  CHM Patient HM74 G K & B & E E & T

)[\/ Human QKLOASLSVAVNSEMSILTGSTRSSFR

SA HM Patient1031 G A G A A T T G A A C Chimpanzee QKLQASLSVAVNSEMSILTGSTRSSFR
Rhesus Monkey 0xLoASLSVAVNSEMSILTGSTRSSER

\M\/ Wolf QKLOASLSVAVNSEMSIVTGSTSSSFR

B/ Cow QKLQASLSVAVISEMSIMTGSTNSTFR

Mofer-i o 16 1 NPl 6 B Mouse QRLOASLSVAVNSEMSVLTGSTRSSER

Zebrafish QRLNSTIPIVLYSYNSIIAGSSNGEER

Cc REC114 Intron 3 Exon 4
Reference t g t ¢ a a a ¢ a g'G A C A A 6 A GTCG6 CCTGTTT
€.334-1G>A
sdenafina s \nahaan

¢.[334-1G>A];[=] Patient 978 TGTCAAACAAGACAAGAGTCGCCTGTTT

/ Wi WAV

| Father T TC K K K& kG GA&C %4 G K T C ¥ e TR

ST AL

T C A A AC A GG ACAAMGAGTT CGC CCTG

c.[334-1G>A];[=]

Figure42. Pedigree structure, reproductive outcomes, and mutation analyses OF TOP6BL/ C110RF80 and

RECI114 in three affected women with bi-allelic mutations

(A) Pedigree of proband 1031 showing the segregation of TOP6BL/C110rf80 mutations and the

chromatograms.

(B) Pedigree of proband HM74 showing the chromatogram of her mutation in TOP6BL/C110rf80 and the
conservation of the changed amino acid in different species by multiple alignment from NCBI.

(C) Pedigree of proband 978 with REC/ 14 mutation and the chromatograms.
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Figure 4.3 Meiosis I abnormalities in oocytes from wild-type, heterozygous, and homozygous mice

(A) Fully grown oocytes from Meil P/ and Mei 1~ mice were cultured in vitro and the frequency of various
stagesatdifferenttime point were recorded by phase contrast microscopy. The absence of polar body (PB) 17—
19 hr after germinal vesicle (GV) breakdown was our criterion for arrest before metaphase I stage (MI) and
the presence of at least one PB was our criterion for progression to metaphase I arrest (MII).

(B) Percentages of oocytes with or without abnormalities observed after in vitro maturation.

(C) Numbers (N) of oocytes with various PB abnormalities observed after in vitro maturation.

(D) Examples of oocytes with abnormal polar bodies after in vitro or in vivo maturation.
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a-tubulin + DAPI a-tubulin + DAPI + DIC

Figure 4.4. Various spindle and chromosome congression abnormalities after in vitro maturation

(A)  Oocyte from wild-type at MII displaying two normal spindles, one in the oocyte with aligned chromosomes
and another in the polar body (PB).

(B)  An oocyte from Meil-/- with tripolar spindles within the oocyte and misaligned chromosomes.

(C)  An oocyte from Meil-/- with tripolar spindles that had extruded DNA at two poles into the PB (arrows).
(D)  An empty oocyte from Meil-/- that had extruded the spindles and the chromosomes at their two poles into
two PB (arrows).

(E)  Another empty oocyte from Meil-/- that had extruded all its DNA with the spindles into the PB (arrows).

(F)  An oocyte that extruded one large (large arrow) and two normal-size PB (small arrows).

153



H3K9me2

DAPI

G\

H3K9me2 Merge

DAPI

vl

Merge

Figure 4.5 H3K9me2 staining of maternal chromosomes in oocytes and zygotes from wild-type and Meil-/-

/- females, demonstrating

(A) H3K9me2 immunofluorescence of GV and MII oocytes from wild-type and Meil
that H3 methylase is not impaired in Meil-deficient oocytes.
B) H3K9me2 immunofluorescence on zygotes showing the staining of maternal but not paternal

-/~ females. GV stands for germinal vesicle; MII, metaphase I1; PB,

chromosomes in a zygote from Meil
polar body; ZP, zona pellucida; 9, maternal chromosomes; &, paternal chromosomes; and DIC, differential

interference contrast.
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Figure 4.6 Preimplantation Development of Meil-/- Oocytes in Culture

Zygotes were collected from wild-type or Mei! -/~ females 20 hr after hCG injection and mating with wild-
type males and cultured in vitro. Embryonic development was analyzed daily using phase contrast

microscopy. The embryos that failed to develop by the next day were removed for further analysis.

Embryos derived from Meil /- oocytes were arrested mainly at the 2- to 4-cell stage. A few reached the

morula or blastocyst stages but appeared disorganized and none hatched.
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Supplementary figures and tables

156



g s ; f .. % ) 8 g .. @
i = >, o] = = ~ -] x /| e
o _ ii-l g M > B MH i len M“ 8 ,.ilﬂ.,m# it
m. Illam "B ] : * B H m 3 0 lu_m
m u‘ g f. 2 2 M <l [z | s
o 3 i ||w: PINGE & g — -2 ..|vh :
2 : = b 3 |¢ I QR | o |
g 2 2 . T 8 2 :
" 3 — 2 L = Py s |_ . 2 j B )
m ﬂ g m 3 T e A m ﬂ“ w !ﬁJm 5 I.rﬂAiill_m
cEElpusqold J0d Jeuled geglpueqold JO0d Jeuded geglpueqold D04 Jeuded ¢EElLpuvqold DJ0d JeuMed
- o' : » ; s 078 N Em "5
I YRR * AL .,
' - E ) ” -7 t' 4!. t ,,,..Z -. ' ‘ b
\ - .l, . ~ » o .‘ \ " - 3 e - .
T R R SO T AT
T R % xS - SaENe .
el o SR T e SO0 e v g N
e s 4 SNt .....,.“.._:ﬂ.ﬂw.. " o ¥20%. 3%
..ﬂ a... - : I 'y x..,ﬂo uo-. o' P {O,“~Oﬁ .
¢ oxw o by ,su:..‘ﬂ.l.‘ - d o e” \’4@ p ‘ = . .l.ﬂl ‘
" *8 -‘ - _ ,.._n.,wts*t - L g Y e % 2 g ¢

{757 SRR (SOl

1040 :0d ECSHPUBQOld 69-L0 :D0d CECIPUBQOld  ¥EZ) :0d CCHPUBGOMd  LZ-EL100d £ELl PuBqold

157



Figure S4.1. Characterization of four HM tissues from proband 1333 with bi-allelic MEI1 mutations. Left
panel shows haematoxylin and eosin staining demonstrating excessive trophoblastic
proliferation in the different conceptions (black arrows). Middle panel shows p57%F2
immunohistochemistry showing negative staining in the cytotrophoblast (red arrows) while the
internal control, the nuclei of the extravillous trophoblast cells are positive (asterisks). Right
panel shows examples of HM tissue genotypes at 3 microsatellite markers demonstrating the
androgenetic monospermic contribution to the molar genome with one paternal allele at each

marker. POC stands for product of conception.

158



Hematoxylin and eosin  p57¥/"2 immunohistochemistyy ~ Microsatellite genotyping
> PP ®
=
5 “ |
< Lol
= PE. 1 I | I 4
226 187 219
8 e
v
E 226 1?5’ 187 215) | 219
£ |
{ J,L.. - -M—-
D851179 D138317 D21511

Figure S4.2. Characterization of one HM tissue from proband 880 with bi-allelic MEI1 mutations. Left panel
shows haematoxylin and eosin staining demonstrating excessive trophoblastic proliferation in the different
conceptions (black arrows). Middle panel shows p57KIP2 immunohistochemistry showing negative staining in the
cytotrophoblast (red arrows) while the internal control, the nuclei of the extravillous trophoblast cells are positive
(asterisks). Right panel shows examples of HM tissue genotypes at 3 microsatellite markers demonstrating the
androgenetic monospermic contribution to the molar genome with one paternal allele at each marker. POC stands

for products of conception.
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Figure S4.3. Microarray and flow cytometry analyses on 4 HM from proband 1333 with bi-allelic mutations in MEII showing their diploid genomes (inidcated by 2n)
and the absence of aneuploidies. The peak on the right of the diploid peak corresponds to 4n and represent cells in G2.
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Figure S4.4. Flow cytometry analysis of the HM from proband 880 with bi-allelic mutations in MEI1 showing its diploid genome.
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Figure S4.5. Transcription of MEII, TOP6BL, and RECI114 in different stages of oocytes and reproductive tissues. (A) Transcription of MEIl, TOP6BL, and RECI114 in
different stages of human oocytes and reproductive tissues. The arrows indicate the isoforms observed in most tissues, which have the expected sizes (340 bp for TOP6BL and 259
bp for REC114). (B) Transcription of Meil, Top6bl, and Recli4 in wild-type mouse ovaries from embryonic day 12 (E12), embryonic day 17 (E17), newborn (NB), day 5
postpartum (D5) and oocytes at two stages from mice at day 25 postpartum (25 dpp). GAPDH and B-actin serve as internal controls. LCL, stands for lymphoblastoid cell line; GV,

for germinal vesicle; MII, for metaphase II; dpp, for day postpartum; NB, for newborn.
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Figure S4.6. Oocyte matured in vitro stained with anti a-tubulin (green) and DAPI (blue). Note that the oocyte had lost most of maternal chromosomes and extruded them

into the polar body (PB).
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Figure S4.7. An empty oocyte matured in vivo and displaying all maternal DNA that had been extruded into the polar body. Z indicates the confocal Z-Axis
position.
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Figure S4.8. H3K9me2 immunofluorescence showing the staining of maternal but not paternal chromosomes in a Meil+/- zygote. PB, polar body; ZP, zona pellucida; 9,

maternal chromosomes; &, paternal chromosomes; and DIC, differential interference contrast.
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Figure S4.9. An in vivo fertilized oocyte stained with anti-H3K9me2 and DAPI. No maternal chromosomes were observed in the oocyte. Maternal chromosomes were
extruded into the polar body (PB). The asterisks indicate cumulus cells (CC) that had penetrated under the zona pellucida. The oocyte displays paternal chromosomes that had

started the first mitotic division and another spermatozoid (arrows) that isl%%ll condensed.
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Figure S4.11. An in vivo fertilized oocyte from Meil-deficient female stained with anti-H3K9me?2 (green) and DAPI. Maternal chromosomes appear in green/blue in the

oocyte and a spermhead in a protruding smaller cell. Z indicates the confocal Z-Axis position.
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Table S4.1: Primers used to amplify human genomic and complementary DNA

Gene | Proband | Mutation in cDNA and Protein

Primer name

Primer (5' to 3')

Application

PCR for Sanger Sequencing

MEI 1333 ¢.3452G>A, p.Trpl151* MEIl _ex28_ WI1151X f CTTACTGCCTGCCTTCCACA PCR for Sanger Sequencing
MEIl _ex28 WI1151X r GTCCCCTGGAGTGAGGAGAT
MEI 880 c.1196+1G>A MEIIl _ex11_A438S f GAGCCTGTCACCTCTTCTGG PCR for Sanger Sequencing
MEIl _ex11_A438S f CACAATTATGAAGGGCCAACT
MEI 880 ¢.2206del, p. Val736Serfs*31 MEIl _V736Sfs Ex19F CCTTGCACAAGGCACAGAAC PCR for Sanger Sequencing
MEIl_V736Sfs Ex19R CCTCCCAGGAAGGCTGAGAT
C110rf80/TOP6BL 1031 ¢.783dup, p. Glu262* Cllorf80 ex11F TTTTGCAGGTCAGATTTCATTTCA PCR for Sanger Sequencing
Cl1orf80 _ex11R AAGCTGACACCTGGCACTTACAAA
C110rf80/TOP6BL HM74 ¢.1501T>C, p. Ser501Pro Cl1orf80 Ex13F2 CCCTCTGGGATTCTCTAAACC PCR for Sanger Sequencing
Cl1orf80 Ex13F2 TCCCCAATCCCAATCTCCTACTA
REC114 978 c.334-1G>A REC114 ex4 splice F ATACCTCTTCCTCCGCCAAG PCR for Sanger Sequencing
RECI114 _ex4 splice R CAAACTCCACTGTCATTTTGG
RT-PCR
MEI RT_MEIl _ex26F CATCTTATGCTTCCTGCGGAC splicing effect of ¢.3452G>A (patient 1333)
RT_MEIl _ex29R TGGTGTTCGAGAGGGTAGACA
MEII RT_MEIl _Splicing Ex10F CAGTGAAGTGCTCGTCTGGT Splicing effect of ¢.1196+1G>A (patient 880)
RT_MEIl _Splicing_Ex13R CGCACATCGGTTTAGCATGG
MEI RT MEIl ExI8F CTGAAAGCCTTGCCTTCCTGT Expression of MEI] in different tissues
RT_MEIl _Ex20R AACCAAAGTTCCAGGACACGG
C110rf80/TOP6BL Cllorf8 0_N262ter F GGACTTCAGAGGAAGGCAGC Expression of C/1orf80/TOP6BL in different tissues
Cllorf80 N262ter R GGATGTCCTAGCACAGGGTG
RECI114 RT _RECI114_ new F GCAGGTGCCTGATGGAAACA Expression of Rec/14 in different tissues
RT_RECI14 _new_R TTCTGCACCCCATGCAGATT
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Table S4.2: Primers used in RT-PCR to amplify mouse genes

Annealing
Gene Primer (5' to 3') temperature Length (bp)
CO
Meil-Forward TTATCTCAAGCCTGTATT 50 285
Meil-Reverse CTGGAGTGTATCGTTTGA
Recl14-Forward GTGTTCTACAGGAAAGGA 58 274
Recl 14-Reverse AAGGTGCTTGGAATAATAC
Gm960-Forward ATCAGTCTCAGAATATGAACGCACAG 50 101
Gm960-Reverse TCCCCAGATTTTCGCTTGTTGTA
Actin-Forward TATTGGCAACGAGCGGTTCC 50 139

Actin-Reverse

GGCATAGAGGTCTTTACGGATGTC
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Table S4.3: Subjects screened by targeted sequencing for mutations in the three genes.

MEII C11orf80/TOP6BL RECI14
2 HM 5 14 5
1 HM+ > 3RM 48 32 48
only >3RM 46 200 46
Total number of subjects 99 246 99

HM stands for hydatidiform mole; RM stands for recurrent miscarriages.
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Table S4.4: Summary of data about the mutations found in the 3 genes.

Gene Proband Ethnicity Mutation Predicted consequence State rs ID MAF Polyphen CADD SIFT MutationTaster Run of .
Homozygosity
Meil 1333 Mexican ¢.3452G>A, p.Tipl151* Stopgain Homozygous 1749779829 0.000008 yes
880 French Canadian c.1196+1G>A Aberrant splicing Compound heterozygous Novel n.a
880 ¢.2206del, p.Val736Serfs*31 Frameshift Compound heterozygous 1759915989 0.00003
Cl10rf80 1031 Indian ¢.783dup, p.Glu262* Frameshift Homozygous 779402951 0.0001 yes
Amino acid change.
HM74 Mexican ¢.1501T>C, p. Ser501Pro Conserved missense Homozygous Novel n.a Damaging 22.5% Damaging Splice site might be yes
changed
RECI114 978 Turkish ¢.334-1G>A Aberrant splicing Homozygous rs780169159 0.000025 yes

* CADD score > 20 indicates deleterious variants. Variants nomenclature for MEI is given according to the following references, NM_152513.3, NP_689726.3. For C//0rf80, the references are NM_024650.3, NP_078926.3. For REC114, the references are NM_001042367.1, NP_001035826.1.

MAF stands for minor allele frequency.
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Table S4.5: Summary of oocyte stages at time of collection from proband 1333 (at 36 years) and comments on embryo development after ICSI

Right ovary: There were 5 follicles measuring >16 mm. An oocyte was obtained from each of these follicles. There were also 3 follicles between 11 mm and 16 mm.

Left ovary: There were 2 follicles measuring >16 mm. An oocyte was obtained from each of these follicles. There were also 3 follicles between 11 mm and 16 mm

The quality of the oocytes was reported to be poor as most were dark, grainy, and had sticky cytoplasms. Several oocytes had multiple PB. Fertilization rate was noted to be below average.

No. |Oocyte stage & comments |Fertilization Day 3 Day 5

1 MII Normal normal with minimal fragmentation High qualiy blastocyst. Sent for PGD and found to be digynic triploid.
2 MII Normal normal with minimal fragmentation In progress. Rechecked on day 6 and did not develop to high quality blastocyst.
3 MII Normal asymetrical cells with minimal fragmentation  |Arrested

4 MII Normal asymetrical cells with minimal fragmentation  |Arrested

5 MII Normal asymetrical cells with minimal fragmentation  |Arrested

6 MII Atretic n.a n.a

7 MII Atretic n.a n.a

8 MII Abnormal with uneven pronuclei n.a na

9 MII Abnormal with uneven pronuclei n.a n.a

10 (MII n.a. n.a n.a

11 (MII n.a. n.a n.a

12 |Fractured zona n.a n.a n.a

13 |Fractured zona n.a n.a n.a

14 |Fractured zona n.a n.a n.a

15  |Fractured zona n.a n.a n.a

16 |atretic n.a n.a n.a

17  |atretic n.a n.a n.a

18 |atretic n.a n.a n.a

19  |2-cell n.a n.a n.a

n.a., stands for data not available; PB for polar body; PGD, for preimplantation genetic diagnosis; MII, for metaphase II; ICSI, for intra-cytoplamsic sperm injection.
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CHAPTER 6: GENERAL DISCUSSION

As an MSc student who fast-tracked to the PhD program, I had the opportunity to
investigate the pathogenesis of diploid biparental RHM caused by recessive mutations in NLRP7
or KHDC3L mutations and diploid androgenetic RHM caused by recessive mutations in MEI1,
TOP6BL, and RECI14. Despite their genotypic, and perhaps many other, differences between
these conceptions, all lead to the same phenotype, hydropic chorionic villi, excessive
trophoblastic proliferation and no, or abnormal, embryonic development. In this discussion, |
will review our findings and compare the two mechanisms that my work has revealed from
studies on NLRP7 (which represents a model for diploid biparental HM formation) and MEI]
(which represents a model for androgenetic HM formation). Understanding the differences,
similarities, and the effects caused by these genes provides us with profound insights into the

genetics of RHM specifically and HM in general.
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1- NLRP7 and recurrent diploid biparental HM:

Our study in Chapter 2 was the first to report the positive expression of p57¥!¥ in diploid

biparental RHM caused by NLRP7 mutations. However, it is possible that prior reported cases

7XIP2 since its expression is limited. Cells require

overlooked the positive expression of p5
sophisticated molecular machinery to determine the cells’ fates toward proliferation, arrest,

differentiation, quiescent, or apoptosis. p57%'¥2 is a cell cycle regulator which was reported to
induce the cell cycle exit and promote cell differentiation, while opposite effects occur in p57-

108; 147; 148

deficient cells 128 147148 T addition, the level of p57XIF?

expression was reported to peak at key
stages of differentiation of several organs, highlighting its role in tissue differentiation 2%,
Therefore, silencing of p57%!"? may indicate that the cytotrophoblast cells do not exit the cell
cycle to differentiate normally, but rather continue cell division, leading to the high proliferation
of trophoblast. The correlation between p57¥*? expression, embryonic development, and mild
trophoblastic proliferation (which result in a “less severe” phenotype) indicates some factors are
regulated downstream of NLRP7 to determine the cell fate between proliferation and
differentiation in this pathway, allowing the tissues to develop into a severe form (CHM) or a

milder form (PHM). Within the androgenic types of HM, the severe form with excessive

trophoblastic proliferation and absence of embryonic development are consistently observed.

For patients with mutations in NLRP7 or KHDC3L, it should be noted that their HMs are
diploid biparental with a normal number of chromosomes, indicating appropriate chromosomal
segregation. The fact that we were not able to detect mosaicism in these tissues may be due to
the following: 1) DNA extracted from FFPE tissues is too degraded and requires more sensitive
methods, or 2) HM tissues were collected at a later stage of the pregnancy, when the 2n diploid

biparental derivatives outgrow other cell populations due to selective advantage, or 3) HM
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tissues are diploid biparental after fertilization because there are no spindle defects in such
conceptions, however, other defects in the oocytes before and after fertilization contributed to the

HM morphology.

As NLRP7 does not have a mouse orthologue and there are ethical restrictions on the use
of human oocytes; consequently, the functional roles of NLRP7 were characterized only using
various cellular models such as human hematopoietic cells, embryonic stem cells, or in tissues
of the HM and other conceptions of these patients (Introduction 1.2.1 NLRP7). Based on these
data and on our work in chapter 2, we proposed a model that recapitulates the different aspects of
the pathology of recurrent diploid biparental HM (Figure 6.1). In this model, the primary defect
is in the oocytes, which includes the abnormal methylation of imprinted genes, the earliest defect
demonstrated in diploid biparental HM tissues, and perhaps many other abnormalities that have
not yet been studied. This defect does not affect fertilization but impairs early preimplantation
development 2 and the resulting molar tissues display a shift from normal tissue differentiation
toward excessive trophoblastic proliferation (Chapter 2). The second defect comes from the
inability of patients’ cells to secrete sufficient amounts of cytokines and mount an appropriate

inflammatory response to reject their arrested pregnancies.
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Figure 6.1. A suggested model that recapitulates the various roles of NLRP7 in the
pathology of recurrent hydatidiform mole (RHM). (Figure 27.4 from Chapter 27 “Textbook

of Autoinflammation™)
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2- MEI and recurrent diploid androgenetic HM

The earliest defect that was observed in oocytes from mice KO for Meil, Top6 [, Recl 14
is the defective double-strand break formation in prophase I 7% 17L:180:209 Dyring prophase I,
homologous chromosomes pair with each other, undergo synapsis and initiate recombination.
The process of matching, locking and moving chromosomes in meiosis is very crucial for
gametes to obtain the right number of chromosomes. In meiosis, programmed DSB formation is
essential to initiate meiotic recombination, which allows for the exchange of genetic information
between homologous chromosomes and promotes accurate chromosomal segregation. In
humans, approximately 30% of all miscarriages are aneuploid due to chromosome mis-

segregation events 2.2,

It should be noted that Meil has a restricted expression to prophase I (Meil is highly
expressed in embryonic day 17 ovaries and becomes undetectable in adult ovaries, indicating its
specific role at this earliest stage of meiosis. Meanwhile, NLRP7 and KHDC3L have ubiquitous
expression in all stages of human oocytes (GV, MI, MII) and preimplantation embryos 2% 8% 85,
However, it is worth mentioning that the transcription of these two genes, NLRP7 and KHDC3L,

was investigated in oocytes after birth (from patients with IVF/ICSI), and whether NLRP7 and

KHDC3L are also expressed in the early stage of prophase I (before birth) is still unknown.

As the defects in Meil-null mice occur at the earliest stage of meiosis (prophase 1),
multiple downstream events are consequently affected and are expected to result in severe
phenotype. Another critical aspect is the delayed progression of oocytes from Meil null mice,
with only about 8% reaching the MII stage. Oocytes from Meil null mice could be fertilized in
vivo but most arrested during in vitro culture at the 2-cell or 4-cell stage; only 2% reached the

blastocyst stage. Indeed, all mouse knockout models for genes known to be involved in meiotic
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DNA double-strand breaks formation were reported to be infertile and most of the resulting

embryos arrest at the 2-4 cell stage 170-172:20%: 211213 'O the other hand, Khdc3 null mice showed

less catastrophic phenotype, with reduced fecundity due to the delay in embryonic development,

rather than a complete arrest 3,

In line with these observations in mice, it is worth highlighting some differences in the
developmental rate of oocytes after assisted reproductive technologies in two patients, one with
bi-allelic mutations in NLRP7 and another in MEI]. For the patient with bi-allelic NLRP7
mutations, in the study of Sills et al. 73% (11/15) of the oocytes reached MII, 66% (10/15) were
fertilized with a single sperm, and all had a biparental contribution with some ploidy errors. In
the patient with MEII mutations (Table S5, chapter 4), 58% (11/19) of oocytes reached MII, only
26% (5/19) were fertilized (noted as below fertilization rate by the patient’s physician), and one
of them developed to the blastocyst stage and was triploid digynic. It could be speculated that
MEII defects reduces the fertilization rate, while NLRP7 defects are compatible with normal
fertilization but lead to the impaired establishment of methylation marks on imprinted genes (in
the female germ cells as well as after fertilization). However, more data is needed to support this
suggestion since it is only based on a small number of oocytes from only 2 patients. Such results

may also vary between different [IVF laboratories, stimulation protocols, and patients.

Figure 6.2 and 6.3 illustrates proposed mechanisms for pathogenesis of diploid biparental

and androgenetic HMs.
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Figure 6.2. Schematic representation of proposed mechanisms of recurrent diploid

biparental and androgenetic HMs.

Mutations in NLRP7 (and KHDC3L) disrupted whole-genome maternal imprinting in the
female germline, silencing the expression of maternally imprinted genes. However, chromosome
segregation is not affected. Depending on the severity of the defects, the conceptions can develop

into the severe form (CHM) or milder form (PHM).

The figure also illustrates the expression profile of NLRP7, with the peak is at GV stage.
GV stands for germinal vesical oocytes; MI, Metaphase oocyte, MII, metaphase 1I; HM,
hydatidiform mole; TP, trophoblastic proliferation.
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Figure 6.3. Schematic representation of proposed mechanisms of recurrent androgenetic

HMs.

Mutations in MEIl (and TOP6BL, REC114) lead to defects in the earliest stage of
meiosis (prophase I), resulting in multiple downstream abnormalities. Completion of meiosis I
causes the extrusion of the first polar body (PB). At this stage, two scenarios may occur: i) all
maternal chromosomes are extruded to the first PB, resulting in empty oocytes. Such empty
oocytes can be fertilized and form androgenetic embryos; or ii) maternal chromosomes stay in
the oocytes after meiosis I (nucleated oocytes), but fertilization triggers the extrusion of all
maternal chromosomes into the PB, resulting in androgenetic embryos. Androgenetic embryos
with the lack of maternal haploid genome (and therefore imprinting abnormalities) will result in
the severe form of HM (CHM) with excessive trophoblastic proliferation and lack of embryonic

tissues.

The figure also illustrates the expression profile of MEI1, with the peak expression of
MEII is at leptotene in prophase I. GV stands for germinal vesical oocytes; MI, Metaphase
oocyte, MII, metaphase II; HM, hydatidiform mole; TP, trophoblastic proliferation.
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3- Crossovers and the maternal age effect:

Meiotic recombination begins with DNA double-strand breaks introduced into the
genome and is subsequently followed by DNA repair and the generation of crossovers.
Crossovers are important to hold homologous chromosomes together and ensure accurate
segregation of chromosomes. For example, three abnormal crossover configurations were
reported to be associated with human trisomies: lack of crossovers (achiasmata bivalents), distal-
only crossovers and proximal crossovers (reviews in Nagaoka 2012 214). It was reported that at
least one chiasma (formed by crossover events) is required per chromosome pairs 2. The failure
to form DNA double-strand breaks in Meil null mice, and probably in patients with MEI]
mutations, might lead to the failure of crossovers and therefore the misalignment of
chromosomes, resulting in aneuploidies. It is also known that aneuploidy in human pregnancy
increases with maternal age. This “maternal age effect” is often attributed to the age-related loss
of cohesion 214, It was suggested that the loss of cohesion in older women can lead to loss of
chiasmata from crossover-containing bivalents or reduced mechanical linkage between
chiasmata and kinetochores, and therefore an increased chance of mis-segregation 2. In four out
of five patients with mutations in the 3 new causative genes, a similar pattern of reproductive
outcomes was observed: several miscarriages were followed by androgenetic HM(s). The fact
that androgenetic HM(s) were observed at a later time in the reproductive life of the patients
suggests that maternal age may have exacerbated the genetic defects influencing crossovers and
consequently led to a spectrum of chromosomal abnormalities, ranging from miscarriages
(aneuploids for few chromosomes) at younger ages to androgenetic HM (loss of all maternal
chromosomes) at later ages. This observation is consistent with the fact that advanced maternal

age is the strongest risk factor for sporadic CHM (which are androgenetic) (see Introduction
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1.1.2. Epidemiology). In light of this, exploring the mechanism of RHM will help understand the
causes and risk factors of sporadic CHM, which affect 1 in every 1200 pregnancies in western

countries.

4- Clinical benefits to patients with RHM

For patients with NLRP7 mutations, ovum donation was successful in 3 patients,
indicating that the defects come solely from the quality of the patients’ oocytes. For patients with
MEII mutations, IVF might not be a good option since the oocytes of these patients are
defective. While ovum donation can be recommended based on the oocyte defect, it is not yet
known if it allows the patients to achieve successful pregnancies. Patient 1333’s two sisters (who
also carry biallelic MEII mutations and had only miscarriages) underwent, at young ages, total
abdominal hysterectomies due to several uterine fibroids, which are benign tumors that arise
from the smooth-muscle cells of the uterus. Consequently, it is not known whether the uterus of
such patients are healthy and can accommodate normal embryo development and whether

replacing solely the oocytes can rescue the defects caused by MEII mutations.
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS

RHM is, overall, a complex genetic trait. The current state of knowledge indicates that
RHM is clearly not a single entity, but rather represents a large variety of subgroups, some that
follow Mendelian trait (Recurrent Diploid Biparental, Recurrent Androgenetic), while others
with possible multifactorial etiologies (a spectrum of reproductive losses including RHM,

miscarriages, and live births).

The work published in Modern Pathology (Chapter 3) revealed the genetic heterogeneity
of patients without mutations in NLRP7 and KHD(C3L, and in fact, we were able to identify
mutations in only 5 patients with the most severe phenotype (Chapter 4). Finding genes in the
remaining patients can be challenging, with the underlying causes can be monogenetic trait with
incomplete penetrance and variable expressivity, or complex polygenic trait influenced by
genetic and environmental factors. Considering such a rare disease as well as its high
heterogeneity, it is highly challenging to identify mutations in the same gene in multiple patients.
Rather, gene identification work should focus on different genes involved in the same

mechanism.

Since the first report of androgenetic HM was described in 1977, an “empty” oocyte
mechanism was suggested. However, with the lack of evidence for empty oocyte, another
hypothesis at the origin of androgenetic HM was postulated, which is the loss or degeneration of
maternal chromosomes after fertilization due to abnormal cleavages (Introduction 1.1.5). In our
study, we provided evidence of empty oocytes as well as androgenetic zygotes. Whether these
zygotes are derived from the empty oocytes is still an unanswered question. The mechanism

demonstrated in our study can be applied to sporadic androgenetic HM, when such abnormalities
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due to the spindles and abnormal cleavage can be caused by other factors (e.g. maternal age,

ethnicity) in only one pregnancy and lead to androgenetic HM
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