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ABSTRACT 
 

A molar pregnancy or hydatidiform mole (HM) is a human pregnancy with no embryo, 

but cystic degeneration of chorionic villi and excessive proliferation of the trophoblast. 

Mutations in NLRP7, a member of the nucleotide-binding domain and leucine-rich repeat-

containing receptors family of proteins with roles in inflammation and apoptosis, are responsible 

for recurrent hydatidiform moles (RHMs). In previous studies, we demonstrated that ex vivo 

stimulated peripheral blood mononuclear cells (PBMCs) from patients with NLRP7 mutations 

secrete lower levels of interleukin 1 beta (IL1B) and tumor necrosis factor (TNF) than control 

cells despite the fact that patients’ cells have normal to slightly higher intracellular levels of 

IL1B. We hypothesized that NLRP7 mutations do not alter IL1B synthesis or processing 

but affect the microtubules and consequently intracellular cytokines trafficking. To address 

this hypothesis, I first characterized the expression and subcellular localization of NLRP7 in 

PBMCs. Using immunofluorescence, I showed that NLRP7 is expressed in all PBMC 

subpopulations before and after LPS stimulation including monocytes, which are the main cells 

that express and secrete IL1B and TNF in response to LPS stimulation. Additionally, I found that 

NLRP7 localizes to the microtubule organizing center (MTOC) and the Golgi apparatus in 

various hematopoietic cell lines. The localization of NLRP7 to the MTOC and Golgi drew our 

attention to check for any possible dependence of NLRP7 signal on microtubules at these two 

locations. Toward this goal, I treated Epstein Barr Virus transformed B-lymphocytes (EBV) cells 

from control subjects with nocodazole, a microtubule disrupting agent, and found that this 

treatment disrupts the NLRP7 signal, which became more diffuse and fragmented around the 

nucleus. These results suggest that NLRP7 mutations impair cytokine secretion by affecting 

microtubules. The identification of KHDC3L as the second gene for RHMs prompted us to 

investigate the expression and subcellular localization of its protein in hematopoietic cells. Using 

immunofluorescence, I found that KHDC3L co-localizes with NLRP7 to the MTOC and Golgi 

apparatus in control EBV cells (data not shown). The similarities in the subcellular localization 

of NLRP7 and KHDC3L suggested that they may share a common function in IL1B and TNF 

secretion. To understand the role of NLRP7 and KHDC3L in RHMs, I sought to determine their 

subcellular localization in control human oocytes and early cleavage embryos, stages at which 

the disease starts. Using confocal immunofluorescence and electron microscopies, I found that 

NLRP7 co-localized with KHDC3L mainly to the cortical region in oocytes from the germinal 
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vesicle (GV) until the formation of the zygote. Within the cortex, electron and high resolution 

confocal microscopies confirmed the co-localization of NLRP7 and KHDC3L between cortical 

granules, mitochondria, and other organelles on oocyte cytoskeletal structures subsequently 

identified as the human subcortical maternal complex (SCMC). Additionally, we found that 

NLRP7 co-localizes with OOEP, another member of the SCMC and depends on alpha tubulin 

microtubules and filamentous actin networks. Between 2-cell and morula stages, both NLRP7 

and KHDC3L signals were restricted to the outer cortical regions and absent from the cell-to-cell 

contact region. At the blastocyst stage, NLRP7 and KHDC3L relocate to the cytoplasm and 

nucleus, respectively, of the inner cell mass (ICM) and the trophectoderm. Collectively, our data 

implicate roles for NLRP7 and KHDC3L directly or indirectly in the cytoskeleton and open up 

new areas of research to investigate the role of these two maternal-effect proteins in the 

manifestation of HM. 
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RÉSUMÉ 

La grossesse molaire ou môle hydatiforme (HM) est une pathologie de la grossesse 

humaine caractérisée par l’absence du développement embryonnaire, la dégénérescence kystique 

des villosités choriales et la prolifération excessive du trophoblaste. Des mutations du gène 

NLRP7, membre de la famille NLRP jouant un rôle dans l'inflammation et l'apoptose, sont 

responsables de môles récurrentes (RHMs). Nous avons auparavant démontré que les cellules 

mononucléées du sang périphérique (PBMCs), isolées de patientes ayant des mutations de 

NLRP7, sécrètent des interleukines 1 bêta (IL1B) et des facteurs de nécrose tumorale (TNF) à un 

taux inférieur à celui des cellules contrôles alors même que le taux intracellulaire d’IL1B est 

normal ou légèrement augmenté dans les cellules de patientes. Suite à ces observations, nous 

avons émis l'hypothèse que les mutations de NLRP7 ne modifient pas la synthèse ou le 

processus de maturité d’IL1B mais affectent les microtubules et par conséquence le trafic 

intracellulaire des cytokines. Pour vérifier cette hypothèse, j’ai d'abord caractérisé l’expression 

et la localisation cellulaire de NLRP7 dans les PBMCs par immunomarquage. NLRP7 est 

exprimée dans toutes les sous-populations de PBMCs avant et après la stimulation par LPS, y 

compris les monocytes, les principales cellules sécrétant IL1B et TNF après stimulation. En 

outre, j’ai trouvé que NLRP7 se localise au niveau du centrosome et de l’appareil de Golgi dans 

plusieurs lignées hématopoïétiques. Cette localisation nous a incités à vérifier une éventuelle 

dépendance du signal de NLRP7 sur les microtubules à ces deux endroits. Dans ce but, j’ai traité 

des cellules EBV contrôles avec du nocodazole, un agent de dépolymérisation microtubulaire, et 

constaté que ce traitement perturbe le signal de NLRP7, qui devient 

plus diffus et fragmenté autour du noyau. Ces résultats suggèrent que les mutations du NLRP7 

altèrent la sécrétion de cytokines en affectant les microtubules. J’ai également caractérisé 

l’expression et la localisation de KHDC3L, la protéine du second gène responsable de RHM, 

dans les cellules hématopoïétiques. J’ai montré la co-localisation de KHDC3L et de NLRP7 au 

centrosome et l'appareil de Golgi dans des cellules EBV contrôles (résultats non montrés). La 

similitude dans la localisation cellulaire de NLRP7 et KHDC3L suggère que ces deux protéines 

peuvent partager une fonction commune dans la sécrétion d’IL1B et de TNF. Pour comprendre le 

rôle de NLRP7 et KHDC3L dans les RHMs, j’ai caractérisé leurs localisations cellulaires dans 

des ovocytes et des embryons humains contrôles, les stades de développement au cours 

desquels la maladie commence. En utilisant l’immunomarquage et le microscope confocal, j’ai 
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trouvé que NLRP7 co-localise avec KHDC3L principalement à la région corticale dans les 

ovocytes au stade de vésicule germinale (GV) jusqu'à celui de la formation du zygote. En 

utilisant la microscopie électronique et le confocal à haute résolution, j’ai confirmé la 

localisation de NLRP7 et de KHDC3L au niveau du cortex entre les granules corticaux, les 

mitochondries et différents organites. J’ai également constaté que NLRP7 s’attache sur des 

structures ovocytaires identifiées par la suite comme le complexe maternel sous-cortical 

(SCMC), co-localise avec OOEP, un autre membre de la SCMC et dépend des microtubules et 

des filaments d’actine. Au stade embryonnaire de deux cellules et morula, NLRP7 et de 

KHDC3L étaient présentes à la région corticale externe et exclues des zones de contact entre 

blastomères. Au stade du blastocyste, NLRP7 et KHDC3L se déplacent dans le cytoplasme et le 

noyau, respectivement, du bouton embryonnaire et du trophectoderme. Au total, nos données 

impliquent NLRP7 et KHDC3L directement ou indirectement dans le cytosquelette et ouvrent de 

nouveaux horizons de recherche pour étudier le rôle de ces deux protéines à effet maternel dans 

la physiopathologie des grossesses molaires. 
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CHAPTER 1 
 
LITERATURE REVIEW 
 

 

1.1. Hydatidiform mole 
 
1.1.1. Overview on the history of hydatidiform mole 

 
Hydatidiform mole (HM) is one of the gestational trophoblastic diseases (GTD) that 

implicate abnormal development of trophoblastic cells, which form the trophectoderm layer of 

the blastocyst. GTD also includes invasive moles, choriocarcinomas, placental-site trophoblastic 

tumors and epitheloid trophoblastic tumors. The etymology of HM emerged from the word 

Hydatisia (Greek ”a drop of water”) pointing to the watery contents of the cysts and the word 

mole (Latin “mola”) which means millstone and indicates a mass in a woman’s womb 

(Sebastian, 1999). Hydatidiform mole is an ancient human disease that has puzzled mankind 

from the earliest times. In one of the modern medical books entitled “Outlines of Greek and 

Roman Medicine”, the author, James Elliott, indicates that this condition was initially 

documented in Hippocrates’ treatise (470-410 BC) on “Airs, Water and Places” as dropsy of the 

uterus resulting from drinking impure water (Elliott, 1971). Almost 1000 years after Hippocrates, 

Aetius of Amida, a Byzantine Greek physician and medical writer (502-575 AD), described this 

disease using the expression “mola hydatidosa” in his writings on Greeko-Roman traditions of 

medicine (Ricci, 1950). According to Aetius, HM may result from an inflammation or local 

ulcer. A thousand years later, Christophe of Vega, in 1564 in his book "Ars Medendi" indicated 

the expulsion of “a twelve pound hydatid mole” (Taussig, 1907). At around the same period of 

time, Schenk of Grafenberg in 1565 and Valleriola in 1573 described spontaneously expelled 

vesicles from patients and suggested that this phenomenon originates from unfertilized ova, not 

impregnated by male semen (Taussig, 1907). The descriptions of HM became even more 

accurate in the book of Lamzweerde from Amsterdam “The Historia Naturalis Molarum Uteri” 

(Lamzweerde, 1686). This physician described moles as having the same composition of normal 

embryos and forming after impregnation. According to Lamzweerde, this entity encompasses 

three principles: a germinal, a milky and a bloody one and is directly caused following either the 
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absence, lack of complete, or misplacement of elements that are indispensable for the 

construction of the heart along with some external factors preventing the development.  

Towards the latter half of the eighteenth century, many documented observations on this 

condition including Mauriceau in his “Maladie des femmes” in 1712 (Taussig, 1907). He 

described moles as a fleshy mass with irregular shape that arose after coitus and was deprived of 

bones, joints and limbs. According to Mauriceau, moles are formed because of increased 

frequency of intercourse which results in weakened seeds and consequently an organism with 

incomplete development. Almost a decade later, Friedrich Ruysch of Amestrdam in 1721 

explained that moles can persist in women’s womb for months without causing injuries (Taussig, 

1907). Thirty years later, Smellie (1752) ascribed molar structures as “bunch of grapes of 

different sizes” (Brews, 1939). The abnormal accumulation of fluids in the dilated chorionic villi 

(the grapes) was perceived by Velpeau and Boivin in the first half of the nineteen century in 

1827 (Sebastian, 1999). At the end of the nineteenth century, Marchand and shortly afterwards 

Langhans uncovered the cellular nature constituting moles and explained that the proliferation of 

the trophoblast is at the origin of the molar manifestation (Langhans, 1901; Marchand, 1895). In 

the twentieth century, Zondeck (1929), Aschheim (1930) and Meyer (1930) demonstrated that 

these abnormal entities produce high levels of gonadotropin, a pregnancy hormone, in the urine 

of patients experiencing moles (Aschheim, 1930; Meyer, 1930; Zondek, 1929). 

 

 

1.1.2. Clinical presentation 
 
The most common clinical manifestation of HM is the irregular vaginal bleeding which 

manifests in 80-90% of patients during the second trimester of gestation (Berkowitz and 

Goldstein, 1996). This sign is often accompanied by the passage of grape like tissues through the 

vagina. Upon physical examination, clinicians detect an excessive uterine enlargement in nearly 

half of the patients (Goldstein and Berkowitz, 1994). The other classic clinical signs and 

symptoms may comprise hyperemesis (severe vomiting), toxemia (high blood 

pressure, albuminuria, edema), hyperthyroidism, pulmonary embolism (Berkowitz and 

Goldstein, 2009a) and preeclampsia (pregnancy-induced hypertension). Additionally, ovarian 

bilateral enlargement of theca lutein cysts (Figure 1.1A-C) may also occur in approximately 30% 

of the cases (Szulman, 1984; Szulman and Surti, 1978b).  
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In modern clinical practice (over the last two decades), clinicians started to rely more on 

ultrasonography and serum Beta human chorionic gonadotropin (BhCG) tests which made 

important initial inroads in the early detection and diagnosis of HMs. Patients presenting with 

severe bleeding or severe vomiting during early pregnancy are first subjected to ultrasound 

examination which, in cases of moles, detects mixed echogenic patterns (vesicles) and absence 

of a fetal heart beat and fetal development. Thereafter, these patients undergo a hormonal test 

which, reveals a markedly elevated levels of serum BhCG overstepping 100,000 mIU/ml 

(Berkowitz et al., 1989) in cases of typical molar pregnancies.  

 

 

1.1.3. Clinical management and follow-up  
 

After suspecting the presence of a non-viable pregnancy with molar changes, the 

clinician interrupts and evacuates the abnormal conception by dilatation suction and curettage 

(D&C) (Berkowitz and Goldstein, 2009b). Uterine evacuation is an important procedure that 

allows almost eighty percent of women with HM to be cured (Elias et al., 2010). Clinicians may 

also indicate hysterectomy for women who are almost close to getting past the childbearing 

period or suffering from a life-threatening hemorrhage (Elias et al., 2010). After evacuation of 

the molar tissue, the patients are followed-up and monitored on a regular basis to ensure that the 

levels of BhCG in blood keep decreasing until they reach normal, non-pregnant values. 

According to the International Federation of Gynecology and Obstetrics (FIGO) and the World 

Health Organization (WHO) guidelines, a plateaued BhCG after four consecutive values over 3 

weeks, or a rise of BhCG levels of ≥10% for three consecutive values over 2 weeks or a 

persistently raised BhCG at 6 months after molar evacuation indicate that the patient has a 

persistent trophoblastic disease or a gestational trophoblastic neoplasia (GTN) (Khoo et al., 

2010; Lurain, 2011; Seckl et al., 2010). The term GTN is also used for a trophoblast that persists 

in cases of invasive HM, a choriocarcinoma, a placental site trophoblastic tumour and an 

epithelioid trophoblastic tumour. Additional tests, including imaging and histopathology of a 

biopsy are therefore conducted to distinguish between the four entities. Based on the 

classification of GTN according to the FIGO and WHO scoring system, each patient developing 

a GTN is subject to a specific chemotherapy regimen that consists of either a single or a 

combination of the following agents, methotrexate, actinomycin D and 

https://en.wikipedia.org/wiki/Placental_site_trophoblastic_tumour
https://en.wikipedia.org/w/index.php?title=Epithelioid_trophoblastic_tumour&action=edit&redlink=1
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cyclophosphamide. Adjuvant radiation therapy may also be used to control GTN that 

metastasizes either to the central nervous system, the liver, or rarely, to other sites (Lurain, 

2011). 

 

 

1.1.4. Gross morphology  
 

Two types of HMs exist: complete HM (CHM) and partial HM (PHM), both of which 

may be in some cases macroscopically distinguishable (Figure 1.2). The evacuated product of 

conception (POC) of a well-developed CHM consists of an enlarged bloody tissue associated 

with grossly traceable and abnormal edematous villi but lacks detectable fetal parts. The 

hydropic changes affect most chorionic villi, which appear as transparent vesicles of variable 

sizes resembling grape- like clusters (Figure 1.2A). Grossly, a PHM consists of a bloody tissue 

that is usually smaller than complete moles and often displays some chorionic villi of normal 

appearance. Occasionally, villi with hydropic patterns may also be observed. Depending on the 

gestational age of the POC, a PHM may contain a gestational sac, fetal parts, or even a fetus with 

mild to moderate symmetrical intrauterine growth restriction and/or malformations. After 

evacuation dilatation suction and curettage, the POC specimen is then submitted for histological 

evaluation. 

 

 

1.1.5. Histopathology 
 
Histopathological analysis provides a more accurate but not final classification of CHM 

and PHM, and is based on the presence of morphological features that are exclusive for each 

entity (Stone and Bagshawe, 1976; Vassilakos and Kajii, 1976; Vassilakos et al., 1977). 

Microscopically, CHMs have massive and hydropic villi that appear to be budding, and have 

circumferential trophoblastic proliferation involving a significant percentage of chorionic villi. 

CHMs do not contain fetal nucleated red blood cells, fetal parts or extraembryonic membranes 

such as an amnion, yolk sac and chorion (Table 1.1 and Figure 1.3B). PHMs have mild hydropic 

and irregular chorionic villi intermixed with small, normal appearing or fibrous villi (Figure 

1.3C). Some of the villi show scalloped edges and demonstrate focal trophoblastic proliferation. 
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These villi are generally vascularized unlike those in CHM. PHM may also contain a normal or 

abnormal fetus or embryonic tissues and structures (cartilage, bones, amnion, cord, fetal 

nucleated red blood cells inside the chorionic villi) (Table 1.1 and Figure 1.3D and E).  

The classical histopathological examination of moles is a qualitative descriptive approach 

that lacks quantitative measurements. Hence distinguishing between both HM entities has been 

challenging due to some continuous variation in the molar degeneration (Vassilakos et al., 1977) 

and the current early diagnosis and evacuation of moles which occurs before the full 

manifestation of their distinguishable histopathological features. A misdiagnosis can also occur 

between a PHM and a miscarriage (Fukunaga et al., 2005; Gupta et al., 2012; Howat et al., 

1993), which is a non-molar arrested pregnancy that may contain embryonic or extra embryonic 

tissues but do not have circumferential trophoblastic proliferation. Therefore, to establish an 

accurate diagnosis, pathologists nowadays rely not only on histopathological examination but 

also on additional tests, such as karyotype, flow cytometry, immunohistochemistry for p57KIP2, 

fluorescent in situ hybridization, and DNA genotyping, that contribute to a more reliable 

classification of the three entities of spontaneously arrested pregnancies. 

 

 

1.2. Mechanisms of hydatidiform mole formation      
    
1.2.1. Diploid androgenetic hydatidiform mole 
 

In the late seventies, the advancement of molecular and genetic studies allowed 

researchers to gain more insight about the etiology of HMs (Kajii and Ohama, 1977; Szulman, 

1984; Vassilakos et al., 1977). Using karyotype and banding analysis, Kajii and Ohama were the 

first to demonstrate that chorionic villi of most complete moles have diploid genomes, 

predominantly 46,XX, that inherited only the paternal chromosomes, each in a duplicate fashion 

and are therefore of androgenetic nature (Kajii and Ohama, 1977). Their observation was based 

on the fact that in the paternal karyotype, the homologue chromosomes were heterozygous for 

banding polymorphisms whereas those of the moles were homozygous. The androgenetic 

phenomenon was subsequently validated using the same or different approaches (Hoshina et al., 

1984; Jacobs et al., 1980; Kajii, 1986; Lawler et al., 1982; Yamashita et al., 1979). Further 

investigations provided more insights on the molecular content of the genome of complete moles 
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and showed that these tissues, similar to normal pregnancies, also carry maternal mitochondrial 

DNA (Azuma et al., 1991; Edwards et al., 1984; Wallace et al., 1982). Among diploid 

androgenetic moles, around 80% are monospermic and 20% dispermic (Baasanjav et al., 2010; 

Furtado et al., 2013; Kovacs et al., 1991; Lai et al., 2004; Lipata et al., 2010). The suggested 

mechanism underlying the formation of complete moles at this period of time involved the 

fertilization of an egg in which the maternal genome is inactivated or lost (Kajii and Ohama, 

1977; Wake et al., 1978) with either a) one spermatozoon followed by the duplication of its 

genome for those with 46,XX (46,YY are non-viable) (Jacobs et al., 1980; Kajii, 1986; Lipata et 

al., 2010; Ohama et al., 1981; Szulman, 1984) or b) a diploid spermatozoon resulting from 

failure of the second meiotic division (46,XX) (Jacobs et al., 1980), or c) two spermatozoa for 

those with 46,XX or 46,XY (46,YY are non-viable) (Sebire et al., 2003b).  

All the above suggested mechanisms for androgenetic moles remain under debate 

between investigators since empty oocytes have never been proven to exist or observed as a 

regular feature of oogenesis. A more plausible and interesting mechanism was proposed by 

Golubovsky (Golubovsky, 2003) to explain not only the formation of complete moles but also 

the occurrence of other conceptions with various chromosomal abnormalities including 

mixoploidies, trisomies and aneuploidies. This mechanism implies a dispermic fertilization 

followed by postzygotic diploidization. 

 

 

1.2.2. Triploid diandric hydatidiform mole 
 

Complete androgenetic moles are not the only genotypic entities of this condition. Partial 

moles, a milder form of the disease, also exist mostly with a triploid diandric monogynic 

genome. Of these, the majority are dispermic with 70% being 69,XXY, 27% 69,XXX and 3% 

69,XYY (Jacobs et al., 1982b; Lawler et al., 1991; Redline et al., 1998; Szulman and Surti, 

1978a). The mechanism governing the formation of these dispermic moles implies the 

fertilization of a haploid egg with two haploid spermatozoa (69,XXX, 69,XXY and 69,XYY). 

Only a few cases of triploid monospermic moles have been reported with two possible 

karyotypes 69,XXX and 69,XYY (Jacobs et al., 1982b; Kajii and Niikawa, 1977; Lawler et al., 

1982). The mechanism leading to the formation of these monospermic moles would be the 
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fertilization of a haploid egg with one spermatozoon followed by the duplication of its genome 

(69,XXX, 69,XYY). 

1.2.3. Diploid biparental hydatidiform mole 
 

In addition to the above major genotypic types of moles, there are some which are found 

to carry a diploid biparental genome (46,XX or 46,XY) containing a single haploid genome from 

each parent (monogynic and monoandric) (Jacobs et al., 1982a; Ko et al., 1991; Kovacs et al., 

1991; Sunde et al., 1993; Vejerslev et al., 1991). These HMs were found to be 

histopathologically either complete or partial. Some of these biparental moles may occur 

repeatedly in the same patients and are therefore known as biparental recurrent hydatidiform 

moles. Among these, few are familial since they occur in sisters or related women from the same 

family. Such a biparental diploid genomic constitution suggests the presence of a common 

mechanism underlying the etiology of these molar pregnancies in the family (Helwani et al., 

1999), and which is transmitted according to the autosomal recessive mode of inheritance with 

the recessive mutations being in the patients who have the recurrent hydatidiform moles (RHMs) 

and hence recessive mutations in a maternal-effect gene. 

 

 

1.3. The genomic imprinting defect in hydatidiform mole 
 

Diploid androgenetic and triploid diandric are, respectively, the two major genotypes that 

constitute most sporadic non-recurrent complete and partial moles. Although these two entities 

share common histopathological features, they differ in the severity of trophoblastic 

proliferation, the presence of embryonic tissues, and the extent of hydropic degeneration of the 

chorionic villi. In an attempt to understand the nature of the defect leading to the manifestation 

of complete and partial moles, investigations were initiated in the eighties based on the theory 

that implicates an abnormal genomic imprinting. The theory proposes that the absence of 

imprinted, maternally expressed genes in diploid androgenetic HM underlies the absence of 

embryonic tissues in the androgenetic moles whereas the expression of two doses of imprinted, 

paternally expressed genes is responsible for the excessive proliferation of the trophoblast. This 

hypothesis was in agreement with observations made from pronuclear transfer studies. Two 

groups looked at the development of mouse embryos that were derived from reconstituted 
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fertilized mouse eggs with two male (androgenetic) or two female (gynogenetic) pronuclei 

(Barton et al., 1984; Solter, 1988). While both reconstituted embryos did not develop to term, 

gynogenetic embryos displayed underdeveloped extraembryonic tissues (trophoblast and yolk 

sac) and androgenetic ones had excessive trophoblast proliferation mimicking the features seen 

in diploid androgenetic moles (Barton et al., 1984). In addition, studies on chimeric embryos 

resulting from the aggregation of androgenetic and parthenogenetic embryos demonstrated, by 

mid-gestation, the restriction of androgenetic cells to the trophoblast and primitive endoderm 

lineages and the presence of parthenogenetic cells preferentially in the embryo and yolk sac 

mesoderm (Solter, 1988; Surani et al., 1988). Collectively, these observations demonstrated the 

differential roles of parental genomes in mammalian development and lineage specifications. 

These observations also suggested that an imbalance between the two parental genomes 

underlies the manifestation of the distinct phenotypical features of diploid androgenetic and 

triploid moles. While plausible for androgenetic and triploid moles, the above hypothesis is also 

applicable for the subset of rare identified moles with diploid biparental genomes, containing one 

haploid genome from each parent and whose histopathological features are indiscernible from 

their androgenetic and triploid dispermic counterparts. Because both genomes are present in the 

diploid biparental moles, a derivative hypothesis suggesting the involvement of abnormal 

expression of imprinted genes in the pathogenesis of moles is more plausible and could explain 

part of a common mechanism leading to all entities of moles (diploid androgenetic, biparental 

and triploid dispermic).  

 

 

1.4. Epidemiology 
 

Epidemiological studies have mainly evaluated CHM rather than PHM, due to an 

underdiagnosis of the latter in routine histopathological evaluation (Berkowitz and Goldstein, 

2009a; Genest, 2001). The incidence of molar pregnancy varies between continents across the 

globe. For instance, estimates from studies conducted in North America (Atrash et al., 1986; 

Douglas, 1957; Hayashi et al., 1982; Hertig and Sheldon, 1947; Slocumb and Lund, 1969), 

Western Europe (Bagshawe et al., 1986; Flam et al., 1992; Franke et al., 1983; Mazzanti et al., 

1986; Ringertz, 1970; Stevenson et al., 1959; Womack and Elston, 1985), New Zealand and 

Australia (Duff, 1989; Olesnicky et al., 1985; Paksoy and Reich, 1989; Steigrad, 1969) have 
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shown that the incidence of HM ranges from 0.5 to 1.84/1000 pregnancies whereas in South 

America the incidence of HM varies between 0.23 to 0.9 per 1000 pregnancies (Aguero et al., 

1973; Rolon and de Lopez, 1977; Rolon et al., 1990). Available reports in Pubmed indicate an 

incidence averaged at 5/1000 pregnancies in Central Africa, mainly in Nigeria and Uganda 

(Agboola, 1979; Ayangade, 1979; Diejomaoh et al., 1984; Egwuatu and Ozumba, 1989; 

Ogunbode, 1978). In Southeast Asia, the incidence of HM per 1000 pregnancies is much higher 

than the previously described continents with rates ranging from 3.8 in Japan, 5 in Philippines 

and China, 8 in Taiwan and reaching 13 in Indonesia (Acosta-Sison, 1959; Buckley, 1984; 

Honda et al., 1982; Nakano et al., 1980; Shang, 1982; Song and Wu, 1987; Takeuchi, 1987; Wei 

and Ouyang, 1963). The above reported frequencies do not reflect the exact numbers of HM in 

all countries. Such inaccuracies occurred because some studies documented epidemiological data 

based only on the number of live births while others took into consideration the total number of 

pregnancies including live births, stillbirths, ectopic pregnancies, induced abortions and 

miscarriages. Additionally, some accurate information with respect to the number of spontaneous 

and induced abortions may not be recorded in all countries and may have led to variations in the 

frequencies in different studies and countries. Despite all these factors, these epidemiological 

studies demonstrated a global trend for the incidence of HM being the lowest in North America 

and the highest in South-East Asia. 

 

 

1.5. Risk Factors for HM 
 
The risk factors for HMs have been essentially described for complete hydatidiform moles.  
 

1.5.1. Maternal and paternal ages  
 

Maternal age is an established risk factor for the development of HM in different ethnic 

groups and regions across the globe. Women over the age of 35 and teenagers are at significantly 

higher risks of having HM than women in other age groups. The risk is 1.5-2 fold higher in 

women under the age of 20 years (Reyes, 1993), 2.5 fold higher in women over the age of 35 

years, (Hayashi et al., 1982; La Vecchia et al., 1985) and 5-10 fold higher in women over 40 

years (Bagshawe et al., 1986; Bandy et al., 1984; Yen and MacMahon, 1968). Few hypotheses 

have been suggested to explain the high incidences of HM. Among these, the quality of women’s 



30 
 

ova (Smith and Kim, 2003) described as premature or postmature at the extremes of woman’s 

reproductive lifespan as well as hormonal fluctuations during menarche or menopause (Teoh et 

al., 1971). 

Paternal age was also investigated but all studies failed to demonstrate its association 

with the development of HM (Brinton et al., 1989; Matsuura et al., 1984; Yen and MacMahon, 

1968) with the exception of one study that demonstrated an increased risk for HM estimated at 

2.4, in women whose partners were between 40 to 44 years old. This risk was even higher and 

reached 4.2 for those whose partners were above 45 years (La Vecchia et al., 1985). However, to 

date, no additional studies replicated these observations. Thus, considering the paternal age as a 

risk for HM remains far from being established and further studies are needed to clarify this 

point.  

 

 

1.5.2. Previous pregnancies 
 

Past obstetric history is an important risk factor for the development of hydatidiform 

moles. HMs are usually sporadic not recurrent. Patients who experienced a previous HM are 

more prone to develop another one (MacGregor et al., 1969; Matalon and Modan, 1972; Sand et 

al., 1984; Yen and MacMahon, 1968) with estimated risks between 5 and 40 times compared to 

that of the general population (Bagshawe et al., 1986; Berkowitz et al., 1998; Eagles et al., 2015; 

Lorigan et al., 2000; Matalon and Modan, 1972; Matsui et al., 2001; Savage et al., 2013; Sebire 

et al., 2003a). 

This risk increases significantly in women with more than one molar pregnancy (Bagshawe et 

al., 1986; Berkowitz et al., 1998; Lorigan et al., 2000; Matsui et al., 2001; Savage et al., 2013; 

Sebire et al., 2003a; Vargas et al., 2014). For instance, an independent study in the United 

Kingdom documented an estimated risk of 1/76 for developing a second HM in women with a 

prior mole. This risk increases to 1/6.5 (=12 fold) after two HMs (Bagshawe et al., 1986). 

However, this risk disappears in women who have had one or more normal pregnancies 

following a prior HM (Bagshawe et al., 1986).  

A previous HM is not the only risk for a woman to develop a HM, a history of repeated 

miscarriages is also a well-established risk factor. One study reported an estimated risk of 1.9 to 

3.1 times higher for developing a partial and complete HM respectively in women with a history 



31 
 

of two or more miscarriages compared to women from the general population (Parazzini et al., 

1991). Other investigations even reported higher risks of having a HM estimated at 6 (Coulam, 

1991) and 32.1 (Acaia et al., 1988) for women with a history of two or more miscarriages.  

 

 

1.5.3. Ethnicity  
 

The role of maternal or paternal ethnicities has been proposed as a potential risk factor 

for the development of moles and for the wide variations in their global incidences. To address 

this proposal, epidemiological studies followed two approaches. The first one was to investigate 

whether women originating from countries with high incidences of HM keep the same 

incidences of HM in the new hosting country located in a different geographical region. This 

study was possible in Hawaii with large multi-ethnic groups (Matsuura et al., 1984; Natoli and 

Rashad, 1972). Japanese and Filipino women, both from countries with well-documented high 

incidences of HM, kept the same high frequencies of moles, 1.75 and 1.65/1000 pregnancies, 

after living in Hawaii for several years. However, their compatriots, whites and native 

Hawaiians, of different genetic background and studied at the same period of time had low 

incidence of HMs, 0.80/1000. The role of ethnicity was confirmed in a second study showing 

that Hawaiians of Filipino origin have a five times higher risk of developing HM compared to 

Hawaiians of Caucasians origin (Jacobs et al., 1982a). The same applies for Hawaiians of 

oriental origin, another group with well-documented high incidence of HM. These women were 

shown to have higher rates of HM than Caucasians living in Hawaii during  the same period of 

time (McCorriston, 1968). 

 The second approach was to check the rates of HM in various ethnic groups living 

together in the same geographical region and sharing the same environment. A report from 

Malaysia, a multiethnic country, documented the occurrence of molar pregnancies per 1000 

pregnancies at an incidence of 2.43 for Malays, 2.66 for Chinese and 3.29 for Indians (Cheah et 

al., 1993). Also, a report from Singapore, another multiethnic country, revealed that the risks of 

having molar pregnancy in Malaysians, Chinese, and Indians were much higher than those found 

in Caucasians or Whites (Teoh et al., 1971). Up North in China, the Han population had lower 

rates of HM than those in the Zhang and in Inner Mongolian populations (Song H, 1981). In 
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Alaska, the frequency of HM in native Alaskans was found to be 3 to 4 times higher than the 

frequency of HM in Caucasian Americans living in the same area (Martin, 1978).  

The above epidemiological data clearly demonstrate the involvement of genetic factors in 

the predisposition to HM within some ethnic groups but do not describe the level at which such 

susceptibility occurs and functions in these women with high rates of HM. However, Steigrad 

proposed an interesting explanation and postulated a genetic basis either for a high incidence of 

abnormal fertilization and/or an increased capacity to allow implantation of a genetically 

aberrant pregnancy (Steigrad, 2003).  

 

 

1.5.4. Diet 
 

Dietary deficiency as a probable risk factor for HM has been evoked initially at a time 

when the population in South East Asia, known to be at high risk for this condition was poor 

with limited nutritional resources. This brought up the idea postulating that nutritional 

deficiencies may increase the risk or predispose to developing HM. Early studies in the seventies 

went on investigating protein deficiency in the blood of patients prior to HM evacuation and 

focused on analyzing proteins that are obtained from animal sources and which are known as the 

first class category of proteins (such as meat, eggs, milk and cheese) (Pour-Reza et al., 1974). 

These investigations demonstrated significant low amounts of total protein and serum albumin 

but increased levels of serum creatinine and urea in patients with HMs as compared to normal 

matched subjects (Pour-Reza et al., 1974). These observations were formerly suggestive of an 

increased catabolism of body protein reserves due to malnutrition consequently favouring the 

occurrence of HM. The implication of protein deficiencies with the formation of HM was 

addressed in additional studies, of which some found associations (Berkowitz et al., 1985; 

Pascasio et al., 1970) and others did not (Martin, 1978). In addition, several investigators looked 

at other nutritional deficiencies such as vitamin A (Andrijono and Muhilal, 2010; Berkowitz et 

al., 1985; Craighill and Cramer, 1984; Parazzini et al., 1988), folate (vitamin B9) (Kokanali et 

al., 2008; Reynolds, 1976) and fat consumption and found them to be associated with high 

incidence of developing molar pregnancy (Berkowitz et al., 1985; Parazzini et al., 1988). Other 

studies have also tried to check for associations between diet or nutritional status (measured in 

very general terms) and the occurrence of HM but did not find any significant association 
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(Llewellyn-Jones, 1965; MacGregor et al., 1969; McCorriston, 1968; Shang, 1982; Yen and 

MacMahon, 1968). Although some of these findings are established as risk factors for HMs, the 

above-described dietary associations are not causative for moles but rather considered as 

contributing external factors. This is specifically true for sporadic complete moles of 

androgenetic origin, as demonstrated in a recent study by Coullin et al. on Senegalese and 

Moroccan population (Coullin et al., 2015). This study showed a high incidence of CHM in 

women whose mothers, during their first three months of pregnancy, received limited nutritional 

resources. Additionally, the authors suggested that the lack of necessary nutritional elements in 

the mother entails inappropriate DNA and protein synthesis and/or methylation, therefore 

affecting oocyte development of the female embryo (the future mother=patient) who will 

experience CHM in her future pregnancies. According to Coullin et al. a defective oocyte could 

lead to a) a damaged maternal pronucleus and consequently its loss and b) an abnormal cortical 

reaction favouring dispermic fertilization. The absence of the maternal pronucleus 

(inactivated/lost) and the fertilization by two spermatozoa are two key events that are needed to 

meet the description of one of a threefold mechanism previously proposed for CHMs. 

 

 

1.5.5. Contraception  
 
Oral contraceptives are hormones-based drugs that interfere with the natural cyclical 

hormones in a woman to prevent ovulation and consequently pregnancy. Such exogenous 

hormonal interference is believed to increase the risk for developing HM. Two studies looked for 

association between the use of oral contraception and the development of HMs. The reported risk 

was estimated at 1.9 (Palmer et al., 1999) to 2.6 (Brinton et al., 1989) in women who were on 

long-term use of oral contraceptives before conception and at 2 for women who used oral 

contraceptives during the menstrual cycle that preceded the HM (Palmer et al., 1999). The use of 

non-hormonal contraceptive methods has also been investigated as these were also hypothesized 

to cause HM as a result of enhanced inflammation in the endometrium. Three studies tried to 

look for association with antecedent use of an intrauterine device and HMs but gave inconsistent 

data with some finding associations and others not (Berkowitz et al., 1985; Brinton et al., 1989; 

Matsuura et al., 1984).   
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1.5.6. Various additional risk factors  
 
          Several additional factors have been examined for their possible association with HM. 

Data with regard to gravidity, parity and viral infection, presence of parasites, blood types and 

low socio-economic level showed no association; however, investigations on herbicides and 

smoking were conflicting, demonstrating either significant or no association with the 

development of HMs (Bracken et al., 1984; Matalon et al., 1972; Palmer, 1994; Parazzini et al., 

1991; Yen and MacMahon, 1968). The data on smoking and viral infection are worth 

investigating for validation in additional series of case-control studies as both factors were 

previously studied and established as increasing the likelihood for spontaneous 

abortions/miscarriages during the first semester (Chatenoud et al., 1998; Giakoumelou et al., 

2015; Ness et al., 1999). 

 

 

1.6. Genes responsible for RHMs 
 
1.6.1. Identification of NLRP7: the first causative gene responsible for RHMs 

 
In 1999, the group of Dr. Slim initiated a linkage analysis on two families with RHMs 

and mapped a locus on chromosome 19 to q13.3-13.4 (Moglabey et al., 1999). Thereafter, 

Hodges et al. refined the locus to 1.1 Mb (Hodges et al., 2003). On the basis of these data, Dr. 

Slim’s lab screened candidate genes from the candidate region and identified NLRP7, a 

nucleotide oligomerization domain-like receptor protein 7, as the first causative gene for this 

condition (Murdoch et al., 2006). Soon after, studies from various groups were conducted and 

demonstrated that NLRP7 is a major gene for this rare condition since its mutations underlie 

about 48-80% of the cases (Estrada et al., 2013; Hayward et al., 2009; Qian et al., 2011; Slim et 

al., 2009). Different mutations in NLRP7 were identified in women with RHMs. The identified 

mutations affected mostly both alleles either in a homozygous or a compound heterozygous state. 

To date, reported biallelic NLRP7 mutations have reached a total of 50 of which 17 missenses 

and 33 that result in premature protein truncations (nonsense, splicing, small or gross deletion or 

insertion and complex rearrangement) (Akoury et al., 2015a; Milhavet et al., 2008). Several 

mutations were found in unrelated patients from the same population and were shown to be due 

to a founder effect (Kou et al., 2008; Slim et al., 2009). Most of the missense mutations were 
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reported to cluster within the leucine-rich repeat of the NLRP7 protein (Messaed et al., 2011b; 

Wang et al., 2009b). Additionally, reports described the presence of single heterozygous  

missenses (Deveault et al., 2009; Dixon et al., 2012; Landolsi et al., 2012; Messaed et al., 2011b) 

and protein-truncating mutations (Qian et al., 2011) in patients experiencing sporadic or low 

number of recurrent moles (2 to 3). Single heterozygous NLRP7 mutations or rare variants were 

also found in some women with recurrent miscarriages (Qian et al., 2007). Women with one 

NLRP7 defective allele manifested a less severe abnormal reproductive history with more live 

births and miscarriages but fewer HMs compared to those bearing two defective alleles, who 

were more prone to recurrent molar pregnancies but can exceptionally have live births in 

approximately 1% of their pregnancies (Akoury et al., 2015a; Messaed et al., 2011b). 

Interestingly, two males with normal reproductive history were found to carry biallelic NLRP7 

mutations (Court et al., 2013; Qian et al., 2007; Wang et al., 2009b). Albeit the small number of 

cases, these observations suggest that NLRP7 mutations do not affect male reproduction. 

 

 

1.6.1.1. NLRP7 expression 
 
NLRP7 does not have a murine orthologue and is thought to have arisen through a 

duplication of the ancestral gene NLRP2/7 in primates (Duenez-Guzman and Haig, 2014; Tian et 

al., 2009). NLRP7 consists of 11 exons and is spliced into 6 isoforms (Okada et al., 2004) 

(http://www.genecards.org/). At least one of these transcripts is detected by polymerase chain 

reaction after reverse transcription (RT-PCR) in several human tissues, including endometrium, 

placenta, hematopoietic cells, all stages of oocytes and preimplantation embryos (Murdoch et al., 

2006). In these stages, NLRP7 shows two main transcriptional time points. The first one is when 

NLRP7 transcripts decline to reach their lowest levels at day 3 post-fertilization. The second one 

is when the amount of its transcripts increases strongly from day 3 to day 5, which concurs with 

the process of transcriptional activation of the embryonic genome (Zhang et al., 2008). 

Furthermore, NLRP7 was reported to be highly expressed in testicular (Okada et al., 2004) and 

endometrial (Ohno et al., 2008) cancers. At the protein level, NLRP7 was also shown to be 

expressed in human oocytes during folliculogenesis by immunohistochemistry (Wang et al., 

2009a). My work on the localisation of NLRP7 in human oocytes and early embryos is described 

in Chapter 3. 
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1.6.1.2. NLRP7 protein structure 
 

NLRP7 encodes 1037 amino acids including all coding exons of all splice isoforms. 

NLRP7 is one of the 14 NLRP proteins, a family of proteins that is principally involved in the 

regulation of autoinflammation, apoptosis and pathogen-induced inflammation (Tschopp et al., 

2003). NLRP7 consists of three main domains (Figure 1.4A): 1) an amino-terminal Pyrin (PYD); 

2) a central NACHT [i.e. found in the neuronal apoptosis inhibitor protein (NAIP), class II, 

major histocompatibility complex, transactivator (CIITA), incompatibility locus protein from 

Podospora anserina (HET-E), and mammalian telomerase-associated proteins (TP1) family 

proteins]; and 3) a carboxy-terminal region of 10 leucine-rich repeats (LRR). The Pyrin domain 

which is an adaptor domain interacts with other domains including the death domain (DD), the 

death effector domain (DED) and the caspase activation and recruitment domain (CAD) and 

subsequently triggers a cascade of signals implicated in cell death pathways (Aravind et al., 

1999). The NACHT domain is found in proteins with apoptotic and anti-apoptotic functions. 

This domain encompasses three small domains: a conserved adenosine/guanidine 5′-triphosphate 

binding motif ATP/GTPase-specific P-loop domain, a NACHT-associated domain (NAD) and a 

nuclear localization signal (NLS). The ATP/GTPase-specific P-loop domain of the NACHT was 

originally described in prokaryotes, plants and eukaryotes. This domain initiates oligomerization 

by binding ATP and triggering ATPase activity (Radian et al., 2015). It controls programmed 

cell death mediated via cytochrome c mitochondrial outflow and consequently promotes 

apoptosome assembly (Koonin and Galperin, 2003; Tschopp et al., 2003). The NAD that resides 

also within the NACHT was recently described to act as a mediator for the oligomeric assembly 

of the NLRP7 protein (Singer et al., 2014). The LRR is present in proteins with versatile 

functions including Ran GTPase activating proteins, RNase inhibitor proteins and toll-like 

receptors. The Ran GTPases modulate the nucleo-cytoplasmic transport of RNAs and proteins 

across the nuclear envelope and are also crucial for mitotic spindle assembly and post-mitotic 

nuclear envelope assembly (Gruss and Vernos, 2004; Harel and Forbes, 2004; Hetzer et al., 

2002; Macara, 2001). The RNase inhibitors are ribonuclease proteins that inhibit RNase A, an 

endonuclease (Blackburn and Gavilanes, 1982), eosinophil-derived neurotoxin, a protein found 

in eosinophil granulocytes (Hofsteenge et al., 1989; Shapiro and Vallee, 1991) and angiogenin 

also known as ribonuclease 5 (Fett et al., 1985) in order to control RNA degradation, RNA 

activity and neovascularization (Kobe and Deisenhofer, 1996). Toll-like receptors are key-
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molecules of the innate immune system that recognize pathogen-derived molecules, sense the 

extent of tissue damage and determine the class of immune response (innate immune 

system versus the adaptive immune system) (Dembic, 2005). 

 

 

1.6.1.3. NLRP7 subcellular localization 
 
NLRP7 was initially described to localize homogeneously to the cytoplasmic 

compartment of human embryonal carcinoma cells, Tera-1 (Okada et al., 2004). My work on the 

localization of NLRP7 is detailed in Chapter 2. During my PhD, other studies have also looked at 

the localization of overexpressed wtNLRP7 in Human Embryonic Kidney 293 cells (HEK293) 

and found that this protein mainly localizes to the cytoplasm with occasional accumulation as an 

aggregate near the nucleus (Khare et al., 2012; Singer et al., 2015; Singer et al., 2014). 

 

 

1.6.2. Identification of KHDC3L: a second causative gene responsible for RHMs 
 
In 2011, a British group identified KHDC3L, KH domain containing 3-like, as a second 

gene responsible for RHMs (Parry et al., 2011). This gene consists of three exons and maps to 

chromosome 6q13. KHDC3L is a minor gene for RHMs because its mutations account for 10–

14% of patients with RHMs who are negative for NLRP7 mutations (Fallahian et al., 2013; Parry 

et al., 2011; Reddy et al., 2013). To date, available reports documented four mutations in 

KHDC3L in patients with two defective alleles (Parry et al., 2011; Reddy et al., 2013). KHDC3L 

codes for 217 amino acids (Figure 1.4B) and is a component of KHDC1 (KH homology domain 

containing 1) family of structurally related proteins that includes DPPA5 and FLOPPED (OOEP) 

(Pierre et al., 2007) characterized by the presence of a KH domain that interacts with RNA 

(Garcia-Mayoral et al., 2007). KHDC3L is transcribed in various human tissues and cell lines 

including hematopoietic cells (http://biogps.org/) (Parry et al., 2011; Reddy et al., 2013). 

Additionally, KHDC3L was reported to be also expressed at the RNA level in human oocytes at 

the germinal vesicle (GV) and to a lesser extent at metaphase II stages but not at the morula or 

the blastocyst stages (Parry et al., 2011). However, my investigations at the protein level showed 

https://en.wikipedia.org/wiki/Adaptive_immune_system
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that KHDC3L is expressed in all oocyte and early cleavage-stages embryos and the data are 

described in Chapter 3. 

 

 

1.6.3. Functional Roles of NLRP7 
  
1.6.3.1. Role of NLRP7 in IL1B secretion in in vitro models 
  

Over the course of the last 10 years after the identification of NLRP7, two studies 

investigated the effect of its overexpression in transient transfections on the intracellular level of 

interleukin 1 beta (IL1B), an important mediator of the inflammatory response. The study of 

Kinoshita et al. was the first to establish a relationship between NLRP7 and IL1B, and 

demonstrated that NLRP7 interacts with pro-caspase-1 and pro-IL1B, inhibits their processing 

and consequently downregulates IL1B secretion in transiently transfected HEK293 (Kinoshita et 

al., 2005). A few years later, the work from our laboratory by Messaed et al. concurred with the 

inhibitory function of NLRP7 on IL1B secretion. However, in this study, we unveiled that this 

inhibition is due to the downregulation of pro-IL1B synthesis in transiently transfected HEK293 

and implicates concomitantly the three domains of NLRP7, albeit to a different extent (Messaed 

et al., 2011a). Recently, the study of Khare et al. (Khare et al., 2012) also implicated  NLRP7 in 

IL1B release; however, this study indicated that NLRP7 and to a greater extent three of its HM-

linked mutations (R693W, R693P and D657V) enhanced IL1B secretion in transiently 

transfected HEK293 cells after stimulation with mycoplasma derived lipopeptides. Additionally, 

the authors demonstrated a physical interaction between NLRP7 and ASC, an adapter protein 

that activates caspase 1 in a multiprotein complex of the innate immune response known as the 

inflammasome. In summary, available data concur on the requirement of wtNLRP7 for normal 

levels of IL1B secretion by HEK293 cells, but it remains unclear whether NLRP7 regulates the 

intracellular synthesis or processing of IL1B and further investigation is needed to clarify this 

point. 
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1.6.3.2. Role of NLRP7 in IL1B secretion in ex vivo models 
 
 The involvement of NLRP7 in IL1B secretion was also investigated in ex vivo cellular 

models by our group. We investigated the effect of some NLRP7 mutations or variants on IL1B 

secretion in peripheral blood mononuclear cells (PBMCs) from patients with two NLRP7 

mutations or rare or low frequency NLRP7 variant (Messaed et al., 2011a). This study showed 

that lipopolysaccharides (LPS)-stimulated PBMCs from these patients secrete lower levels of 

IL1B than PBMCs from control subjects despite the fact that the same stimulated cells have 

normal to slightly higher intracellular levels of pro- and mature-IL1B (Messaed et al., 2011a). 

This suggested that normal NLRP7 in these cells is required for IL1B release into the 

extracellular milieu. This role was further supported in a second study showing that silencing the 

expression of NLRP7 after transfection with small interfering RNA (siRNA) in acylated-

lipopeptides-stimulated human monocytic cell line (THP1) inhibits IL1B secretion (Khare et al., 

2012). These observations on ex vivo models are in line with those obtained from the in vitro 

model and confirm that wtNLRP7 is indeed indispensable for normal IL1B secretion. 

 

 

1.6.3.3. NLRP7 is implicated in cellular growth 
 
Two studies revealed another interesting role for this protein in cellular growth. While 

Okada et al. (Okada et al., 2004) demonstrated that knocking down NLRP7 with siRNA 

suppresses the growth of Tera-1 cells, Khare et al. (Khare et al., 2012) demonstrated that the 

same process prompted intracellular growth of Staphylococcus aureus and Listeria 

monocytogenes, in infected human primary macrophages. In conclusion, the role of NLRP7 in 

cellular growth is not clear but it is surprising to see that its knockdown inhibits cellular growth 

because the opposite is seen in molar tissues from patients with NLRP7 mutations, which are 

characterized by hyperproliferation of the trophoblast. Thus, further investigations are required 

to address the exact role of NLRP7 in cellular proliferation. 

 

 

 

 

http://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB4QFjAAahUKEwiOmeyXpejIAhXFFR4KHcfECSI&url=http%3A%2F%2Fjem.rupress.org%2Fcontent%2F185%2F9%2F1661&usg=AFQjCNFeGCdAHgbMg8IQBWpGejjwuwQMTw
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1.6.3.4. NLRP7 is implicated in cellular differentiation 
 

To the above described roles for NLRP7, two interesting ones were recently added by 

Mahadevan et al. (Mahadevan et al., 2014). The authors of this study examined the consequence 

of NLRP7 inactivation in transduced human embryonic stem cells (ESC) and found that its 

knockdown accelerates trophoblast lineage differentiation and increases the amount of secreted 

BhCG. The latter observation is interesting because HMs are associated with an enhanced 

production of BhCG in the patients’ blood.  

 

 

1.6.3.5. NLRP7 and KHDC3L are involved in DNA methylation at imprinted genes 
 

Genomic imprinting mainly through DNA methylation is a reversible epigenetic 

phenomenon independent of the classical Mendelian inheritance which leads to the exclusive 

expression of specific genes from only one parent. In other words, only one of the two parental 

alleles will be expressed and the other one will be imprinted or silenced. The methylation process 

adds a methyl group via DNA methyltransferase at the cytosine followed by guanine of the CpG 

dinucleotides (Illingworth and Bird, 2009). These imprinted loci are partially regulated by 

differentially methylated regions (DMR) (Prickett and Oakey, 2012). Genomic DNA methylation 

patterns are primarily established during either spermatogenesis or oogenesis designated as 

primary imprint or later during embryogenesis termed as secondary imprint reviewed in (Delaval 

and Feil, 2004). After the identification of recurrent moles containing diploid biparental genomes 

and which are transmitted following Mendelian modes of inheritance, researchers postulated that 

the causative genes for these RHMs would regulate the expression of imprinted, maternally 

expressed genes in recurrent diploid biparental moles. To address this hypothesis, six studies 

investigated DNA methylation in diploid biparental moles from patients with either KHDC3L or 

NLRP7 biallelic mutations. Judson et al. was the first to demonstrate methylation defects at 

DMRs of imprinted genes in one diploid biparental CHM from a familial case with two 

KHDC3L mutations (Judson et al., 2002). In this study, the authors described that the 

methylation marks were lost at the following analyzed DMRs: KCNQ1OT1, SNRPN, PEG1, 

PEG3, GNAS-1A, GNAS-AS, with the exception of GNAS-XLαS, all known to be maternally 

methylated either during gametogenesis or embryogenesis. Additionally, two normally paternally 
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methylated DMRs were examined and showed contrasting behavior: while GNAS-NESP55, 

whose methylation is normally established at the blastocyst stage, acquired additional 

methylation marks, H19 DMR, whose methylation is normally acquired during male 

gametogenesis, appeared unaffected. Later, the study of Hayward et al. corroborated the 

existence of such methylation defects on two analyzed DMRs, KCNQ1OT1 and GNAS-NESP55, 

in two additional molar tissues from the same above mentioned patient with KHDC3L mutations 

(Hayward et al., 2009). The same study also demonstrated that ZAC and PEG10 DMRs, which 

are normally maternally methylated during gametogenesis, display loss of and normal 

methylation, respectively.  

To the list of familial biparental HMs from patients with two KHDC3L defective alleles, 

a total of five from patients with two NLRP7 mutations have also been assessed in three studies 

for DNA methylation at the same aforementioned well-characterized imprinted genes (El-Maarri 

et al., 2003; Hayward et al., 2009; Kou et al., 2008). These studies demonstrated an aberrant loss 

of methylation marks on DMRs (KCNQ1OT1, SNRPN, PEG3, GNAS-1A and ZAC) of the 

imprinted genes, when tested, with the exception of the GNAS-NESP55 DMR, which displayed a 

gain of methylation in all analyzed tissues.  

Another study previously conducted by our laboratory analyzed diploid biparental tissues 

from patients with recessive NLRP7 mutations in order to assess the extent of DNA methylation 

at CpG regions (Djuric et al., 2006) in major repetitive DNA and long interspersed nuclear 

elements (LINES), around PEG3 DMR, as well as in the promoters of three genes at the inactive 

X chromosome (AR, ZNF261 and PGK1) and three cancer related genes (CDKN2A, CDH1 and 

HIC-1). In all four categories, the methylation is known to occur between fertilization and 

implantation or after implantation during early embryogenesis (Bird, 1986; Mann and 

Bartolomei, 2002; Reik and Walter, 2001; Yoder et al., 1997). Although performed on a small 

number of genes, the analysis demonstrated normal postzygotic DNA methylation patterns and 

therefore excluded the possibility of DNA demethylation or de novo methylation occurring at the 

described CpG sites in biparental HMs.  

Recently, Delgado et al. analyzed five additional molar tissues from four patients with 

biallelic NLRP7 mutations. This study demonstrated again a lack of methylation at several 

additional imprinted DMRs including NAP1L5 and L3MBTL1 both of which methylation is 

normally established in the female germline. However, paternally methylated DMRs which 
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normally acquire their methylation pattern in the male germline H19, IG and MEG3 or during 

early development ZNF597/NAA60, ZBDF2 maintained their normal methylation marks. The 

same molar tissues presented also with loss of methylation at many placenta specific imprinted 

DMR including MCCC1, LIN28B, GLIS3, DNMT1 and AGBL3, all of which are normally 

maternally methylated. Methylation analysis on LINE-1 alpha-satellites and Alu-Yb8 sequences 

demonstrated an unaffected methylation profile in the diploid biparental HMs from patients with 

recessive NLRP7 mutations. Additionally, the authors pointed out the presence of methylation 

differences between different RHMs from the same patient or from two sisters carrying the same 

mutation (Sanchez-Delgado et al., 2015). 

All these observations demonstrate an abnormal lack of methylation that occurs only at 

imprinted genes in diploid biparental moles from patients carrying either NLRP7 or KHDC3L 

recessive mutations and thus implicate both genes in this process. Additionally, while the above-

described data do not establish nor deny a causative relationship between abnormal methylation 

and molar manifestation, they raise another possibility that such a defective methylation pattern 

might be the consequence of an upstream event caused by NLRP7 and KHDC3L mutations 

occurring in the oocyte or during early zygotic cleavages and lineage specification.  

 

 

1.6.3.6. NLRP7 is involved in DNA methylation at non-imprinted genes 
 

Recently, Mahadevan et al. investigated the potential implication of NLRP7 in setting up 

DNA methylation at imprinted DMRs (Mahadevan et al., 2014). The authors demonstrated that 

silencing NLRP7 in differentiated human ESCs did not affect DNA methylation at the analyzed 

imprinted DMRs, including those previously described to be aberrantly methylated in diploid 

biparental molar tissues. According to Mahadevan et al., this observation could be due to the 

high degree of epigenetic stability and resistance to perturbation at imprinted loci in human ESC. 

In the same NLRP7-knockdown cells, the authors depicted, however, a new picture of aberrant 

DNA methylation at many non-imprinted genes, including FBXO4, SUCGL2 and ZFP42, with 

all three genes being hypermethylated. Additionally, few non-imprinted genes were 

hypomethylated. Furthermore, the authors showed that overexpressed NLRP7 interacts, via its 

LRR and PYD domains, with overexpressed Yin Yang 1 (YY1), a ubiquitous transcription factor 

that can bind imprinted DMRs and affect imprinted gene expression (Kim, 2008) in transfected 
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HEK293T cells. In the same year, another study by Beygo et al. performed a high-throughput 

methylation analysis of blood DNA from an affected live-born offspring with multiple anomalies 

and whose mother carries a single heterozygous missense NLRP7 mutation (Beygo et al., 2013). 

The analysis detected methylation changes at 85 non-imprinted loci, different from those 

described earlier by Mahadevan et al. and found that half of these aberrantly-methylated loci 

were hypomethylated while the other half were hypermethylated. In the same analyzed DNA, 

Beygo et al. also demonstrated the presence of aberrant methylation at 13 loci of known 

imprinted genes including PEG10, H19 and GNAS. The latest investigation was from Singer et 

al. who looked at the methylation pattern at two paternally (H19, NESP55) and two maternally 

(SNRPN, PEG3) imprinted genes in HEK293 following wtNLRP7 transient transfection (Singer 

et al., 2015). Methylation analysis did not reveal any significant differences in the tested regions 

which remained unaffected even after single transfection of HEK293 cells with constructs 

carrying either of two known HM mutations R693P and R693W. In this study, the authors 

identified ZBTB16, a transcription repressor protein, as an interacting partner of NLRP7 using 

the yeast two-hybrid system on a human ovarian cDNA library. The data of this study suggest 

that neither wtNLRP7 nor its mutants affect the methylation marks at the analyzed imprinted 

genes in transfected HEK293 cells.  

The implication of NLRP7 in regulating the methylation pattern at non-imprinted genes remains 

inconclusive since no additional studies have so far replicated the results described by 

Mahadevan et al. or Beygo et al. Additionally, both studies did not find common non-imprinted 

genes with abnormal DNA methylation pattern, which raises some questions with respect to the 

reliability and significance of these findings. Collectively, these data accumulate more evidence 

of an abnormal DNA methylation pattern occurring only at imprinted genes of diploid biparental 

HMs. This trend of abnormal methylation could also occur at yet uncharacterized imprinted 

genes that are responsible for maintaining normal cellular proliferation and differentiation. Such 

abnormal methylation would allow either the biallellic overexpression upon loss of methylation 

or the silencing in case of acquiring methylation of these key genes and lead consequently to the 

manifestation of HM. Further investigations of the two NLRP7 interacting partners, YY1, and 

ZBTB16 (Mahadevan et al., 2014; Singer et al., 2015), would indeed contribute to provide new 

insight on the role of NLRP7 in regulating the methylation process at imprinted loci.  
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1.6.3.7. NLRP7 regulates the expression of CDKN1C/p57KIP2 in diploid biparental       
  HMs  
 
 The implication of NLRP7 in genomic imprinting was also elucidated in a series of 

experiments looking for the expression of p57KIP2 in diploid biparental HMs from patients with 

recessive NLRP7 mutations. p57KIP2 is a cyclin dependent kinase inhibitor encoded by the 

paternally imprinted, maternally expressed gene CDKN1C in the nuclei of various cells. 

Additionally, this marker is used routinely in the clinical diagnosis of HM to detect the presence 

of the maternal genome and consequently distinguish between partial and complete moles. The 

first study by Fisher et al. demonstrated a lack of p57KIP2 expression in diploid biparental 

complete moles from patients with recessive NLRP7 mutations similar to that seen in 

androgenetic moles (Fisher et al., 2002). Successive studies confirmed these observations in 

additional biparental molar tissues from patients with NLRP7 mutations (Brown et al., 2013; 

Fallahian et al., 2013; Sebire et al., 2013). Recently, our laboratory conducted a large study on a 

total of 36 POCs from patients with biallelic NLRP7 mutations with the goal of investigating a 

possible correlation between the nature of NLRP7 mutations in the patients and the various 

histopathological features of their moles including p57KIP2 immunohistochemistry (Nguyen et al., 

2014). In this study, all the POCs were found to be diploid biparental. Interestingly, some POCs 

showed variable levels of positive p57KIP2 nuclear expression that was statistically associated 

with the presence of embryonic tissues of inner cell mass (ICM) origin, mild trophoblastic 

proliferation and missense mutations in the patients. On the other hand, the absence of 

p57KIP2 nuclear expression was associated with the absence of embryonic tissues, excessive 

trophoblastic proliferation and at least one protein truncating mutation in the coding region of 

NLRP7 in the patients. Additionally, the authors point out the similarities observed between 

partial diploid biparental moles, caused by missense NLRP7 mutations, and common sporadic 

partial triploid dispermic moles. Also, similarities were observed between complete diploid 

biparental moles, caused by severe NLRP7 defective alleles, and common complete androgenetic 

moles. Altogether, these observations implicate NLRP7 in the regulation of p57KIP2 expression, 

the product of paternally imprinted gene, and consequently the balance between tissue 

differentiation and proliferation during early human development.  
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1.7. Role of maternal-effect genes in various processes during the initiation of  
 development 
 
1.7.1. Chromatin remodeling, histone modification and DNA methylation  
 

Chromatin is made up of DNA that loops over the core histone proteins, to constitute 

structures known as nucleosomes, which in turn are bound together by histone linker proteins to 

establish compacted chromatin. In mammals, chromatin and its major components, DNA and 

histones, undergo structural (chromatin remodeling), posttranslational (histone modification) and 

molecular modifications (DNA methylation) in order to allow a successful initiation of 

development. Herein, I describe these modifications that occur from gametogenesis until after 

fertilization. These modifications appear to be partially regulated by the products of maternal-

effect genes in mice. 

During gametogenesis in mammalian species including mouse and human, one of the main 

changes that affect chromatin is termed packaging, and it involves the addition of protamine to 

the male genome and histones to the female genome (Balhorn, 1982; Wouters-Tyrou et al., 1998) 

in order to achieve a remarkable level of compaction that is maintained until after fertilization. 

Also during gametogenesis, histone proteins are subject to two main changes during 

gametogenesis. These core proteins are acetylated in fully grown GV oocytes. However, with the 

resumption of meiosis, histones are subject to deacetylation that continues until the metaphase II 

oocyte stage in some mammals, including mouse (Akiyama et al., 2004; Kageyama et al., 2007; 

Kim et al., 2003; Nagashima et al., 2007; Sarmento et al., 2004). Contrariwise, although it 

occurs, the methylation of histones appears to be relatively stable during oocyte maturation (Hou 

et al., 2008; Kageyama et al., 2007; Ooga et al., 2008; Park et al., 2009; Qiao et al., 2010; 

Racedo et al., 2009; Sarmento et al., 2004; Wang et al., 2008) in mammals, including humans 

and mice. At the DNA level both haploid genomes are also subject to methylation which persists 

until after fertilization (Reik et al., 2001). Finally, gametogenesis culminates in a global 

transcriptional quiescence (Clegg and Piko, 1983; De Leon et al., 1983). At this stage of 

development, DNA methyltransferase 3A, (encoded by Dnmt3a) (Kaneda et al., 2004) with its 

partner DNA methyltransferase 3-like (encoded by Dnmt3l) (Bourc'his et al., 2001), two 

maternal-effect proteins, are crucial for specifically establishing de novo methylation at DMRs of 

imprinted genes. Embryos from homozygous Dnmt3a- or Dnmt3l-null females fail to progress 

beyond 10.5 and 9.5 days post-fertilization, respectively (Bourc'his et al., 2001; Kaneda et al., 



46 
 

2004). After fertilization in mouse, the highly condensed male genome decompacts and is then 

repacked replacing its arginine-rich protamines by oocyte-supplied histones. Such a process 

generates DNA damage that necessitates immediate repair in order to maintain the cell’s ability 

to carry out its normal functions (Derijck et al., 2006). The proteins of two maternal-effect genes, 

of which ubiquitin-conjugating enzyme E2A (encoded by Rad6 homologue, Ube2a, also known 

as Hr6a/Rad6) (Roest et al., 2004) and nucleoplasmin 2 (encoded by Npm2) (Burns et al., 2003) 

have been involved in maintaining appropriate DNA repair and histone modification in mouse 

oocytes. The fertilization of oocytes from Ube2a- or Npm2-null mice led to the embryos’ arrest 

at 1-cell and 2-cell stages, respectively (Burns et al., 2003; Roest et al., 2004). Soon after, the 

paternal and maternal chromatins that are packaged with histones undergo another extensive 

decondensation within distinct pronuclei and proceed through DNA replication. At this level of 

development, histone acetylation takes place again and the histones of the male pronucleus are 

more acetylated than those of the female genome (Adenot et al., 1997). Additionally, while 

absent from the male pronucleus, histone methylation is however observed in the female 

counterpart. This asymmetry in histone methylation carries through to the 2-cell stage (Liu et al., 

2004a). Moreover, the male pronucleus is demethylated through 5-methylcytosine oxidation 

(Iqbal et al., 2011) while the female pronucleus is passively demethylated and this pattern 

remains until the 2-cell embryo (Santos et al., 2002). The transcriptional activity at this stage of 

development becomes detected at low levels in both genomes but is more pronounced in the 

male pronucleus (Adenot et al., 1997). At syngamy, the DNA of both pronuclei fuse after 

degeneration of their nuclear membrane and the mitotic spindle forms preparing the 1-cell 

embryo for the first division (Schatten et al., 1986; Zamboni et al., 1972). Zygote arrest 1 

(encoded by Zar1) (Wu et al., 2003) and transcription intermediary factor 1 alpha (encoded by 

Tif1α also known as Trim24) (Torres-Padilla and Zernicka-Goetz, 2006) are two maternal genes 

described at this point of intracellular modifications to be implicated mainly in safeguarding 

syngamy and early wave of gene activation, respectively, in mouse oocytes. Mice lacking Zar1 

or Tif1α/Trim24 ovulate eggs that can be fertilized normally; however, the derived embryos 

arrest at the 1-cell and 2-4 cell stages, respectively (Torres-Padilla and Zernicka-Goetz, 2006; 

Wu et al., 2003). Following syngamy, minor embryonic activation starts to be detected; however, 

gene expression is not fully activated until after zygotic chromatin remodeling (Clapier and 

Cairns, 2009). These modifications should occur to allow the accessibility of transcription factors 
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and RNA polymerase to DNA and thereby gene transcription (Dillon and Festenstein, 2002). A 

set of ATP dependent chromatin remodeling complexes interferes in this process. Among these, 

the proteins of two maternal genes SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin, subfamily a, member 4 (encoded by Smarca4 also known as Brg1) 

(Bultman et al., 2006) and Bromodomain and WD repeat domain containing 1 (encoded by 

Brwd1) (Philipps et al., 2008) were found to ensure the overall transcription activity and 

chromatin de-condensation respectively in mouse oocytes. The proteins of additional maternal-

effect genes act at more advanced stages of preimplantation development in maintaining DNA 

methylation at imprinted genes. However, at this stage, a global demethylation pattern is still 

dominating. Of these, are the DNA methyltransferase 1 (encoded by Dnmt1) with both its 

isoforms (Hirasawa et al., 2008; Howell et al., 2001) and the developmental pluripotency-

associated 3 (encoded by Dpp3a also known as Stella) (Bortvin et al., 2004; Payer et al., 2003). 

Genetically altered mice that lack Smarca4, Brwd1, Dnmt1o or Dpp3a develop normally and 

give rise to oocytes that fertilize normally with the exception of Brwd1-null oocytes that arrest at 

the 2 pronuclei stage. However, the embryos derived from Smarca4- or Dpp3a-null females 

arrest at the 2-cell stage and those derived from Dnmt1-null females continue to develop but 

arrest between days 14 and 21 post-implantation (Bortvin et al., 2004; Bultman et al., 2006; 

Howell et al., 2001; Payer et al., 2003; Philipps et al., 2008) (Tables 1.2 and 1.3). 

 

 

1.7.2. Degradation of maternal RNA and proteins and embryonic gene activation are 
 regulated by maternal-effect genes  
 

Oogenesis is an important process that occurs in order to prepare the meiotic matured 

oocyte for ovulation and then fertilization prior to the formation of the embryo and its early 

development. Both late oogenesis and early embryogenesis take place with a complete 

transcription quiescence and count exclusively on the maternal RNA and protein stores that 

accumulated during early oogenesis. This dowry that is loaded into the egg by the mother 

gradually degrades during oocyte development. The process of degradation continues until 

almost 30-40% of maternal poly A+ RNA (Baugh et al., 2003; De Renzis et al., 2007; Hamatani 

et al., 2004a) and 50% of the maternal proteins (Clegg and Piko, 1983; De Leon et al., 1983; 

Merz et al., 1981) only remain at the 2-cell mouse embryo. The presence of this maternal store is 
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crucial to support normal oocyte development until the activation of the zygotic genome and 

consequently its transcription and translation. Although crucial for the transition from oocyte to 

embryo, the mechanism underlying the clearance of maternal RNAs and proteins remains not 

fully understood. However, recent investigations on mice found that this mechanism appears to 

be partially regulated by the products of maternal-effect genes at different levels; these are 

described below.  

RNA degradation in oocytes was shown to involve a molecular complex known as the 

RNA-induced silencing complex (RISC) formed by small noncoding RNAs, such as siRNA and 

microRNAs, and proteins (Ghildiyal and Zamore, 2009; Okamura and Lai, 2008; Svoboda and 

Flemr, 2010; Tam et al., 2008; Watanabe et al., 2008). Once formed, this complex recognizes a 

specific complementary messenger RNA (mRNA) transcript and promotes its cleavage or 

represses its translation (Svoboda, 2010; Walser and Lipshitz, 2011). Dicer 1 (Murchison et al., 

2007) and Argonaute subunit 2 (Ago2) (Morita et al., 2007) are two maternal-effect genes whose 

proteins appear to be implicated in this RNA decay process. While Dicer 1 cleaves small 

noncoding RNA precursors into their mature forms to constitute RISC (Murchison and Hannon, 

2004), Argonaute 2 that has an endonucleolytic activity guides RISC to the target mRNA and 

promotes its cleavage (Liu et al., 2004b). Additionally, Dicer 1-null oocytes do not develop 

beyond meiosis I (Murchison et al., 2007) while Ago2 null oocytes develop and fertilize 

normally but generate embryos that arrest at the 2-cell stage during early development (Lykke-

Andersen et al., 2008). Another maternal-effect protein known as Zinc finger protein 36, C3H 

type-like 2 (encoded by Zfp36l2) (Ramos et al., 2004) also seems to be involved in regulating 

maternal RNA clearance through a process independent of the RISC complex. ZFP36L2 binds to 

the target mRNA at the AU-rich element (ARE) and promotes its deadenylation and degradation 

(Lai et al., 2000). The absence of Zfp36l2 in female mice leads to impaired meiosis II in their 

oocytes and the derived embryos arrest at the 2-cell stage of development (Ball et al., 2014; 

Ramos et al., 2004). 

On the other hand, the degradation of maternal proteins in the oocyte involves ubiquitin 

proteasome pathways (Roest et al., 2004; Suzumori et al., 2003; Verlhac et al., 2010) and 

macroautophagy, a process during which intracellular vesicles termed autophagosomes trap 

cellular organelles and proteins and then fuse with lysosomes for subsequent degradation. One 

maternal-effect protein known as Autophagy related 5 (encoded by Atg5), which is an E3 
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ubiquitin ligase, was documented to be essential for the formation of the autophagosome and 

consequently for maintaining autophagy in oocytes (Tsukamoto et al., 2008a; Tsukamoto et al., 

2008b). The embryos whose mothers lack Atg5 stop progression between the 4- and 8-cell stages 

(Tsukamoto et al., 2008a; Tsukamoto et al., 2008b). 

The activation of the embryonic genome occurs in one minor and one major wave. Both 

waves occur at the same time as the overall chromatin remodeling during the first cleavage in 

mammalian embryos, including mouse and human. The minor and major waves occur at 1-cell 

(pronuclear stage) and 2-cell stages, respectively, in mice (Hamatani et al., 2004a) but at the 1-

cell (Xue et al., 2013) and 4- to 8-cell (Braude et al., 1988; Dobson et al., 2004; Vassena et al., 

2011; Zhang et al., 2009) stages, respectively, in humans. Several maternal-effect proteins were 

described to be implicated in the regulation of RNA transcription or embryonic genome 

activation in mouse. Of these, Heat shock factor 1 (encoded by Hsf1) (Christians et al., 2000), a 

DNA-binding protein that specifically binds heat shock promoter elements (HSE) and activates 

transcription (Guertin and Lis, 2010); Basonuclin 1 (encoded by Bnc1) (Ma et al., 2006), a 

regulator for ribosomal RNA transcription (Tian et al., 2001); CCCTC binding factor (encoded 

by Ctcf) (Wan et al., 2008), a transcription factor involved in transcriptional regulation by 

binding to chromatin insulators and preventing interaction between promoters with enhancers 

and silencers that are in close proximity (Cuddapah et al., 2009); and POU domain, class 5, 

transcription factor 1 (encoded by Pou5f1 also known as Oct4) (Foygel et al., 2008), a 

transcription factor that plays a role in the maintenance of pluripotent ESC phenotype (Gifford 

and Meissner, 2012). Ovulated eggs from Hsf1-, Bnc1-, Ctcf- or Pou5f1- null mice can be 

fertilized but display various defects, with the exception of those from Pou5-/- (Foygel et al., 

2008; Ma et al., 2006; Metchat et al., 2009; Wan et al., 2008). However, the derived embryos 

from all these maternal-effect gene-null mice stop developing between the 1-cell and 16-cell 

stages (Christians et al., 2000; Foygel et al., 2008; Ma et al., 2006; Wan et al., 2008) (Tables 1.2 

and 1.3). 
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1.7.3. Cytoskeleton formation, integrity, dynamics, and stability are orchestrated by    
 maternal-effect genes during fertilization 
 

The oocyte cytoskeleton is mainly composed of actin filaments, microtubules and 

intermediate filaments and plays important roles during the process of fertilization. This role 

appears to be orchestrated by some cytoskeleton associated proteins and maternal-effect proteins 

(Tables 1.2 and 1.3). 

 

1.7.3.1. Actin  
 

Actin filaments are one of three major components of the oocyte cytoskeleton. Actin can 

be found either as a soluble monomer, designated as globular or G-actin, or as part of a linear 

polymer filaments termed filamentous or F-actin. Filamentous actin localizes throughout the egg 

cytoplasm and at the cortex. Two maternal-effect genes seem to be implicated in F-actin 

formation/maintenance. The first one is the Heat shock factor (encoded by Hsf1) (Christians et 

al., 2000) whose depletion in mouse oocytes causes less dense and disorganized F-actin proteins 

at the cortex (Bierkamp et al., 2010). The embryos derived from these deficient Hsf1 oocytes 

arrest before the blastocyst stage mainly at the 1-cell embryo stage (Christians et al., 2000). The 

second one is Formin 2, (encoded by Fmn2) (Leader et al., 2002), without which mouse oocytes 

exhibit defects in cytoplasmic actin polymerization (Azoury et al., 2008; Li et al., 2008a; Schuh 

and Ellenberg, 2008). Fertilization of Fmn2-deficient oocytes leads to the formation of polyploid 

embryos and recurrent pregnancy loss in Fmn2-null mice (Leader et al., 2002). 

The primary role of F-actin resides in its ability to surround and position the spindle apparatus 

perpendicularly to the oocyte membrane at the cortex prior to egg activation by the sperm in all 

mammals. However, an exception is made for rodents where the spindle apparatus is initially 

placed parallel to the egg cortex and then rotates 90 degrees before the extrusion of the second 

polar body (Labarrere et al., 1985; Longo and Chen, 1985; Maro et al., 1986; Maro et al., 1984; 

Webster and McGaughey, 1990). This process was recently subject to a thorough investigation in 

mouse oocytes and was demonstrated to be controlled by the following actin regulators a) spire-

type actin nucleation factor 1 and 2 (encoded by Spire 1/2) (Pfender et al., 2011) and actin-

related protein 2 and 3 (encoded by Arp2/3) (Sun et al., 2011), and b) small GTPase of the Rho 
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family such as cell division cycle 42 (encoded by cdc42) (Na and Zernicka-Goetz, 2006) and c) 

MAPKKK kinase protein (Choi et al., 1996; Verlhac et al., 2000; Yu et al., 2007).  

During fertilization in mammals, the actin filaments, which constitute the backbone of the egg 

microvilli, trap the decapitated and incorporated sperm in a mesh-like pattern at the egg cortex 

and ensure normal fertilization (Le Guen et al., 1989; Maro et al., 1984; Webster and 

McGaughey, 1990). After fertilization, actin filaments continue to play an important role in the 

appropriate formation and emission of the second polar body (Le Guen et al., 1989; Longo and 

Chen, 1985; Maro et al., 1986). This role is driven by several signal transduction pathways 

mediated by kinases and actin associated proteins (Gallicano et al., 1997a; Gallicano et al., 1993; 

Gallicano et al., 1997b; Johnson et al., 1998; Longo and Chen, 1985). In addition, transducin-

Like Enhancer of Split 6 (encoded by Tle6) is a third maternal-effect gene that seems to be 

involved in F-actin dynamics after fertilization since zygotes from Tle6-null mice do not form an 

F-actin meshwork and consequently arrest between the morula and blastocyst stages (Yu et al., 

2014).  

 

 

1.7.3.2. Microtubules  
 

Microtubules are the second major element of the oocyte cytoskeleton. These structures 

are composed of the polymerization of alpha and beta tubulin proteins and can be observed either 

as wine-barrel shape structures during cell division, termed spindle apparatus, or as a filamentous 

network scattered all over the cytoplasm (Dutcher, 2001; Palacios et al., 1993). Microtubules are 

involved in two major processes during fertilization in mammalian eggs. The first role is in the 

formation of the spindle apparatus and segregation of half of the homologous chromosomes of 

the oocyte into the first polar body during meiosis I before fertilization. The second role is in the 

segregation of one sister chromatid of each chromosome into the second polar body upon the 

completion of meiosis II, i.e. following fertilization with the spermatozoon. At this stage, the 

resulting fertilized egg encompasses one copy of each maternal and paternal chromosome. This 

process is known to be regulated by intracellular free calcium concentrations, MAP kinases 

(Chesnel and Eppig, 1995; Hatch and Capco, 2001; Moos et al., 1995; Verlhac et al., 1994) and 

CamKinases 2 (Johnson et al., 1998). The second role of microtubules resides in the formation of 

a cytoplasmic network, which facilitates and controls the migration of the male and female 
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pronuclei after fertilization. Ten maternal-effect genes appear to be involved in maintaining the 

integrity of microtubules and the formation of microtubule spindles either before or after 

fertilization: KH domain containing 3 (encoded by Khdc3 (Filia)) (Zheng and Dean, 2009); NLR 

family, pyrin domain containing 5 (encoded by Nlrp5 (Mater)) (Tong et al., 2000); Peptidyl 

arginine deiminase, type VI (encoded by Padi6) (Esposito et al., 2007); Transducin-like 

enhancer of split 6 (encoded by Tle6) (Li et al., 2008b); Heat shock factor 1 (encoded by Hsf1) 

(Christians et al., 2000); Zygote arrest 1 (encoded by Zar1) (Wu et al., 2003); Argonaute RISC 

catalytic subunit 2 (encoded by Ago2) (Kaneda et al., 2009); Dicer 1 (encoded by Dicer1) 

(Murchison et al., 2007); Bromodomain and WD repeat domain containing 1 (encoded by 

Brwd1) (Philipps et al., 2008); and Formin 2 (encoded by Fmn2) (Leader et al., 2002). Oocytes 

derived from null females display defects in the levels of synthetized tubulins, stability of 

microtubules, spindle assembly, migration and dynamics, and also kinetochore-microtubule 

attachment and consequently leads to impaired chromosome segregation (Dumont et al., 2007; 

Kan et al., 2011; Kaneda et al., 2009; Kim et al., 2014; Leader et al., 2002; Metchat et al., 2009; 

Murchison et al., 2007; Pattabiraman et al., 2015; Wu et al., 2003; Yu et al., 2014; Zheng and 

Dean, 2009). For instance, Dicer 1 or Fmn2 deficient oocytes arrest at meiosis I (Leader et al., 

2002; Murchison et al., 2007); however, all the other maternal-effect-gene-deficient oocytes can 

be fertilized but lead to embryo arrest between the 1-cell and blastocyst stages (Christians et al., 

2000; Esposito et al., 2007; Kaneda et al., 2009; Philipps et al., 2008; Tong et al., 2000; Wu et 

al., 2003; Yu et al., 2014; Zheng and Dean, 2009). Once cytoplasmic microtubules are nucleated, 

they come into contact with the newly formed female and male pronuclei and orient them side by 

side, awaiting the trigger of the first zygotic division. During this process, the nuclear envelope 

dissolves and both haploid genomes fuse (syngamy) with one another. The intracellular signal 

that is found to be implicated to some extent in this second role of microtubules is protein kinase 

C (PKC) and its cytosolic counterpart protein kinase M (PKM) (Boveri, 1901; Gallicano et al., 

1993; Poueymirou and Schultz, 1987).  
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1.7.3.3. Intermediate filaments  
 

Intermediate filaments are the third major component of the cytoskeleton. These 

structures constitute a highly cross-linked network covered with a layer of one or more proteins 

resembling sheets-like clusters, also termed cytoskeletal sheets or cytoplasmic lattices (CPLs) in 

mammalian eggs (Capco and McGaughey, 1986; Carson et al., 2000; Gallicano et al., 1994b; 

McGaughey and Capco, 1989). Recently, it has been shown that Padi6 (Esposito et al., 2007) 

and Nlrp5 (Tong et al., 2000), two maternal-effect genes, are indispensable for the formation of 

these lattices in mouse oocytes (Esposito et al., 2007). These sheets are mainly composed of 

keratins (Jackson et al., 1981) and are found in two types of configurations, fibrous and planar 

(Gallicano et al., 1992, 1994b; McGaughey and Capco, 1989). The fibrous sheets are detected in 

humans, bovines, canines, porcines and mice while the planar ones are found in rats and 

hamsters (Gallicano et al., 1992). Intermediate filaments undergo spatiotemporal changes in the 

mammalian egg cytoplasm (Gallicano et al., 1994a; Gallicano et al., 1991, 1995; McGaughey 

and Capco, 1989; Philipps et al., 2008). For instance, before fertilization, fibrous sheets are not 

detected at the cortical region; however, after fertilization, sheets of intermediate filaments 

redistribute to the cortex and are trapped in the cortical cytoskeleton. The planar sheets behave as 

the fibrous ones but appear to be organized in a coiled configuration prior to fertilization until the 

oocyte is activated, during which they become linearized. Restructuring of the sheets is found to 

be controlled by the PKC/PKM signaling pathway (Gallicano et al., 1995). There is no direct role 

attributed so far for these structures in the fertilization process (prior, during or after). However, 

recent investigations revealed that these sheets were found to constitute a storage site for 

ribosomes and to ensure appropriate de novo protein synthesis and therefore play a role in 

murine embryonic genome activation (Yurttas et al., 2008). 
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1.7.4. The role of the cytoskeleton in embryo compaction 
 

The cytoskeleton also has major roles during embryo compaction mainly at the cell-to-

cell junctions in the 8- to 16-cell stage embryos. These stages are characterized by two main 

changes in the embryo. The first one drives the blastomeres from a spherical to a flattened 

morphological pattern. The second one is the drastic modification of the shape of the embryo 

itself as a consequence of blastomeres flattening, and this leads to the formation of morula 

embryos. These changes seem to be controlled by some molecular signals and cytoskeleton-

associated proteins. However, there are no described maternal-effect genes in the literature 

known to be implicated in regulating the cytoskeleton during embryo compaction.  

 

 

1.7.4.1. Actin  
 

During early development, actin functions primarily in cell adhesion where it associates 

with adherens junctions and protein complexes at cell-to-cell junctions, via alpha-catenin, which 

in turn binds to E-cadherin and beta-catenin. Once the association is established, actin filaments 

maintain the blastomeres of the embryos in a compacted configuration (Vasioukhin and Fuchs, 

2001). Additionally, the actin cytoskeleton allows blastomeres to go through cytocortical 

microfilament polarization (Clayton et al., 1999) that is crucial for the establishment of 

trophoblast and inner cell mass lineages and subsequent development. This process occurs once 

the adherens junctions, along with tight junctions other junctional complexes of cell-cell 

adhesion, are formed. Although adhesion and polarization are both actin-based processes, the 

underlying regulatory mechanisms are different. The former is believed to be mediated by PKC 

signaling (Goval et al., 2000; Pey et al., 1998) while the latter is controlled by Rho GTPase 

(Clayton et al., 1999) and cofilin 1, which binds and depolymerizes actin filaments (Ma et al., 

2009). 
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1.7.4.2. Microtubules  
 
Microtubules are believed to be implicated in embryo compaction however their roles are 

poorly understood. Nonetheless, Eg5 (encoded by KIF11) which is a plus end directed kinesin 

related motor protein that associates with spindle microtubules, may partially regulate this 

process in mammalian embryos. Investigations uncovered that genetic ablation of Eg5 in mouse 

resulted in improper spindle assembly and early arrested embryos with reduced cell numbers as 

well as failure of compaction and progression to the blastocyst stage (Castillo and Justice, 2007). 

Microtubules were shown to undergo posttranslational modifications and protein distribution in 

compacted blastomeres (Houliston and Maro, 1989). At compaction, alpha tubulins are either 

tyrosinated and located at the apical part of the blastomeres, or acetylated and detected at the 

basal part of the blastomeres. The acetylated form is also primarily found in blastomeres that are 

localized in the middle of the compacted embryo.  

 

 

1.7.4.3. Intermediate filaments 
 
Intermediate filaments or cytoskeletal sheets during embryo compaction undergo a 

significant morphological change (Capco et al., 1993; Gallicano et al., 1994a; Gallicano et al., 

1991, 1994b; McGaughey and Capco, 1989) resulting in clear detectable filaments. During 

compaction, it appears that these sheets also bind to junctional complexes resembling 

desmosomes in order to maintain the structural integrity of the cell (Chan et al., 1994; Hesse et 

al., 2000; McGowan and Coulombe, 1998). These sheets were also found to associate with the 

nucleus of blastomeres (Albers and Fuchs, 1989; Capco et al., 1984; Georgatos and Blobel, 

1987; Robson, 1989; Skalli and Goldman, 1991) and cooperate with actin and microtubules in 

order to regulate nuclear positioning in somatic cells (Dupin and Etienne-Manneville, 2011). 

Therefore, by analogy to somatic cells, it is plausible to suggest that these sheets may also be 

implicated, during embryonic compaction, in the positioning of the nuclei within the blastomeres 

to mediate cell fate specification of the preimplantation mammalian embryo, acting as an 

indicator of the outer /inner cell.  
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1.8. Maternal-effect genes and reproduction 
 
1.8.1. Padi6 
 

Padi6, Peptidylarginine deiminase 6, belongs to the PAD family (Chavanas et al., 2004; 

Wright et al., 2003) of calcium-dependent sulfhydryl enzyme proteins (Senshu, 1990) with role 

in citrullination also known as deimination, a post-translational modification converting arginine 

residues to citrulline (Rothnagel and Rogers, 1984). This modification is shown to affect the 

stability and degradation of the target protein and to play a cardinal role during development and 

cell differentiation (Akiyama and Senshu, 1999; Gyorgy et al., 2006). Padi6 maps to 

chromosome 4 in mice, while its homologue in humans localizes to chromosome 1. PADI6 

expression is primarily confined to the oocyte and early cleavage embryos with its protein being 

first detected in primordial follicles where it remains until at least the blastocyst stage (Wright et 

al., 2003). PADI6 localizes to the cytoplasm of the oocyte and is enriched at the cortex and 

absent from the cell-to-cell contact region in the early embryo stages (Morency et al., 2011). 

PADI6 is part of a specialized oocyte cytoskeletal structure called fibrous structure or CPLs 

(Wright et al., 2003). These structures are known to undergo reorganization at critical stages of 

development (Capco and McGaughey, 1986). To gain insight into the function of PADI6 in 

development, Esposito et al. generated and studied the reproduction of Padi6-null female mice. 

The authors found that these null females ovulated and their oocytes fertilized normally but 

lacked citrullination activity and displayed diffused cytoskeletal lattices (Esposito et al., 2007). 

Using the same system, Yurtas et al. demonstrated the requirement of PADI6 for the earliest 

stages of lattice formation in GV oocytes before maturation and fertilization. The authors showed 

that CPL-depleted Padi6-/- 2-cell embryos exhibited various defects that include low ribosomal 

storage, a global decrease of de novo protein synthesis and dysregulation of the translational 

program (Yurttas et al., 2008). Such defects were suggested to lead to partial activation of the 

embryonic genome and, subsequently, arrest at the 2-cell stage embryos (Esposito et al., 2007). 

Yet, Kan et al. revealed that the absence of PADI6-CPL structure in a Padi6-null GV oocyte 

affects the stability of cytoplasmic microtubules and consequently leads to altered mitochondria 

and endoplasmic reticulum positioning and redistribution during oocyte maturation. This study 

suggested that PADI6 and CPLs are involved in microtubule-mediated organelles redistribution 

(Kan et al., 2011). Altogether, these data point towards the fact that the defect leading to the 
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arrest of 2-cell embryos from Padi6-null mice actually starts from the GV stage and continues 

during oocyte growth. 

 

 

1.8.2. Tle6 
 
 Tle6, Transducin-like enhancer of split 6, is a member of the Groucho/TLE 

transcriptional co-repressor family that lacks DNA-binding activity and plays roles in 

developmental signalling pathways (Notch, Wnt, Hedgehog and Dpp/BMP), and Drosophila 

neurogenesis and segmentation (Paroush et al., 1994). Additionally, members of this family were 

identified as targets of E2A-hepatic Leukaemia factor (Yeung et al., 2004). Tle6 maps to 

chromosome 10 in mouse and its human homologue is found on chromosome 19. Tle6 

transcripts are abundantly found in growing murine oocytes but promptly degrade after oocyte 

maturation until almost no RNA is detected in 2-cell embryos. TLE6 protein expression begins 

during oocyte growth and remains until the blastocyst stage (Li et al., 2008b). TLE6 was 

originally described to physically interact with brain factor 1 (BF-1), a DNA binding protein in 

neural progenitors, and inhibit BF-1-mediated transcriptional repression (Marcal et al., 2005). 

TLE6 localizes exclusively to the cortex of oocytes and early cleavage stages and associates with 

MATER/NLRP5, OOEP/FLOPED and FILIA/KHDC3L to constitute a subcortical maternal 

complex (SCMC) in human and mouse oocytes (Li et al., 2008b; Zhu et al., 2015). To elucidate 

the role of Tle6 in development, Yu et al. established Tle6-null mice and found that the number 

and morphology of oocytes from these mice not only were comparable to those of their wild type 

counterparts but that they can also be fertilized. However, these Tle6-/- oocytes clearly displayed 

diffused localization of all SCMC components (Yu et al., 2014). Additionally, the embryos 

derived from null females showed abnormal spindle formation and positioning due to altered F-

actin dynamics. This defective actin cytoskeleton was attributed to the decreased levels of 

phosphorylated cofilin, a key regulator of F-actin assembly (Yu et al., 2014). These 

abnormalities lead to high incidence of asymmetrical divisions with the cytoplasm being 

fragmented into blebs and the embryos arrest between the morula and blastocyst stages (Yu et 

al., 2014). Recently, a new function for Tle6 was established in mouse during oocyte maturation 

(Duncan et al., 2014). This study demonstrated that while co-localizing to the cortex at the 

germinal vesicle breakdown (GVBD) stage, TLE6 becomes phosphorylated by protein kinase A 
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(PKA), a critical physiological inhibitor of meiotic resumption in mammalian oocytes (Duncan 

et al., 2014). The implication of phosphorylation was speculated to be linked to the roles of 

Nlrp5 and Filia in spindle assembly and migration during oocyte maturation (Zheng et al., 

2013a). Altogether, these data uncover an important role of Tle6 in regulating the oocytes 

cytoskeleton. 

 

 

1.8.3. Filia            
  

Filia, official name, Khdc3, KH domain containing 3, is a member of a family of proteins 

that contain a KH domain, which is known for its RNA binding ability (Dejgaard and Leffers, 

1996; Krecic and Swanson, 1999; Musco et al., 1996; Ostareck-Lederer et al., 1998; Zhu and 

Chen, 2000). The KH domain binds preferentially to short pyrimidine-rich sequences (cytosine 

and uracil, CUU) in its target RNA (Amarasinghe et al., 2001). This family of KH-containing 

proteins is implicated in various physiological processes including early embryonic development 

(Herr et al., 2008), neuron degeneration (Buckanovich et al., 1996; Lewis et al., 2000), apoptosis 

(Krecic and Swanson, 1999; Shain et al., 2002) and cancer development (Mueller-Pillasch et al., 

1997). Filia maps to chromosome 9 in mice (Ohsugi et al., 2008) and is the homologue of the 

human KHDC3L that maps to chromosome 6. Filia is a member of the oocyte/embryo expressed 

gene family in eutherian mammals along with khdc1, dppa5, and floped (Ooep) (Pierre et al., 

2007), which are characterized by their atypical KH domain. This gene is transcribed into two 

isoforms of 1.6 kb and 1.2 kb. The former encodes a protein of 70 KDa and is mainly expressed 

in undifferentiated mouse ESCs (Mitsui et al., 2003) whereas the latter that encodes a protein of 

50 KDa, is predominantly present in growing oocytes (Ohsugi et al., 2008). FILIA proteins (50 

KDa) were found during oocyte growth and embryogenesis with levels falling off at the 

blastocyst stage. In the same cells, FILIA localizes within the SCMC and directly interacts with 

MATER but not with FLOPED or TLE6 (Li et al., 2008b). Filia-/- female mice are not 

completely sterile and their derived embryos progress to morula and blastocyst stages but display 

significant delays in their development. Additionally, depletion of maternal Filia promotes 

severe aneuploidy in cleavage-stage embryos due to a defect in the spindle assembly and the 

allocation of its key regulators to the centrosome, chromosome misalignment, and spindle 

assembly checkpoint (SAC) inactivation (Zheng and Dean, 2009). These abnormalities were also 
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reproducibly observed in mouse ESC lines (Zhao et al., 2015) where Filia was genetically 

ablated (Zhao et al., 2015). Consequently, these defects lead to cell transformation and 

tumorigenesis in Filia-deprived cells. Taken together, these data emphasize the role of FILIA as 

a safeguard for the cytoskeleton integrity. 

 

 

1.8.4. Floped            
  

Floped, Factor located in oocytes permitting embryonic development, also known as 

Ooep or Moep19, like Filia belongs to the oocyte/embryo expressed gene family (Pierre et al., 

2007) and maps to chromosome 9 in mice and 6 in humans. Floped mRNAs are abundantly 

detected in undifferentiated ESCs (Miura et al., 2010), growing mouse oocytes (Li et al., 2008b) 

and unfertilized eggs with levels dropping off after fertilization (Tashiro et al., 2011). FLOPED 

localizes to the oocytes mainly to the cortex and is part of the SCMC where it interacts with 

MATER, TLE6, but not with FILIA (Li et al., 2008b). Ooep-null female mice formed well 

developed meiotically matured oocytes and mate successfully with wild type males; however, 

their oocytes lack the SCMC and display perturbed subcortical localization of MATER, FILIA 

and TLE6 (Li et al., 2008b). Additionally Ooep-null females are infertile as a result of early 

embryonic arrest at the 2- to 4-cell stages (Tashiro et al., 2011). Another novel role of Floped is 

that its loss by targeted mutation strategy does not affect ESC self-renewal under 

undifferentiated conditions but accelerates the differentiation pace of the induced ESCs (Miura et 

al., 2010) indicating that normal Floped is a negative regulator of ESC differentiation. In parallel, 

an investigation from Tang et al. was able to implicate Floped in the reprogramming process of 

ESCs since high mRNA expression of this gene at the resolution of single cells was detected 

during the conversion of ICM to ESCs (Tang et al., 2010). 

 

 

1.8.5. Nlrp2             
 

Nlrp2, NLR family, pyrin domain containing 2, is also a member of the NLRP family and 

maps to chromosome 7. It has a human orthologue on chromosome 19 that is considered to be 

the closest gene to NLRP7, with 64% amino acid identity at the protein level (Meyer et al., 
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2009). NLRP2 is also an inhibitor of the NF-kappaB signaling pathway (Bruey et al., 2004) and 

its transcription was demonstrated to be regulated by NF-kappaB in various cellular models 

(Fontalba et al., 2007). A frameshift mutation in human NLRP2 was identified in two siblings, 

with of Beckwith-Wiedemann syndrome (BWS), a rare genetic overgrowth and imprinting 

disorder (Meyer et al., 2009). The mutation was in a homozygous state in one child and in a 

heterozygous state in the other. Additionally, human NLRP2 mRNA was shown to have a similar 

expression pattern as NLRP7 during oocyte growth and embryogenesis (Zhang et al., 2008) 

suggesting a similar role in early development and imprinting establishment. Nlrp2 is expressed 

at the RNA level in mouse oocytes and granulosa cells from the primary follicle and onwards; 

however, these transcripts are not present after 2-cell embryos (Peng et al., 2012). NLRP2 

proteins were detected in the same cells at various follicular stages and persist until the 

blastocyst stages. NLRP2 was described to localize to the cytoplasm, nucleus, and to the nuclear 

pores in immature oocytes (Peng et al., 2012). Knocking down Nlrp2 at the GV stage with 

siRNA did not affect the development or the maturation of murine oocytes. However, the 

embryos derived from these oocytes underwent a developmental arrest at the 2-cell stage (Peng 

et al., 2012). These data indicate that NLRP2 is dispensable for oocyte maturation and 

development but is indeed required for early embryonic development. 

 

 

1.8.6. Nlrp5  
 

Nlrp5 also called Mater, Maternal antigen that embryos require, is the first-described 

maternal-effect gene in mice (Tong et al., 2000) and also a member of the NLRP family. Nlrp5 

maps to chromosome 7 in mice and its orthologue to chromosome 19 in humans. Recently, 

variants in NLRP5 were found to be associated with cases of reproductive loss and multilocus 

imprinting disorders in humans (Docherty et al., 2015). In humans, NLRP5 transcripts and 

proteins are detected in oocytes from the GV until blastocyst stages (Zhang et al., 2008). Nlrp5 

murine transcripts accumulate during oogenesis, reach their highest levels at the GV stage, and 

then disappear in all stages of preimplantation embryos. Nlrp5 protein was first detected in the 

cytoplasm of growing oocytes and persisted through late blastocyst stage (Tong et al., 2004). 

NLRP5 localizes to mitochondria, nucleoli, nuclear envelope, and the cortex in oocytes (Tong et 

al., 2004). Similar to PADI6, NLRP5 binds to CPLs and is required for their formation (Kim et 
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al., 2010). Kim et al. also went on to investigate the loss of Nlrp5 in female mice and found that 

null-Nlrp5 females are phenotypically normal and have normal folliculogenesis, ovulation, and 

fertilization. However oocytes from Nlrp5-/- oocytes lack CPLs (Kim et al., 2010) and exhibit 

abnormal mitochondrial localization and increased mitochondrial activity that lead to the 

accumulation of reactive oxygen species and consequently mitochondrial damage (Fernandes et 

al., 2012). Upon in vitro fertilization, the same oocytes had reduced amount of non-microtubule 

tubulin and displayed abnormal endoplasmic reticulum distribution and Ca2+ homeostasis, 

suggesting that NLRP5 regulates microtubules dynamics or stability and that its loss affects 

organelles positioning in oocytes (Kim et al., 2014). Furthermore, all embryos from Nlrp5-/- 

females do not progress beyond the 2-cell stage (Tong et al., 2000). 

 

 

1.8.7. Nlrp14            
  

Nlrp14, NLR Family, pyrin domain containing 14, is another member of the NLRPs, 

which maps to chromosome 7 in mice and 11 in humans. It is exclusively expressed in testes in 

humans (Westerveld et al., 2006) but is found in testes and ovaries in mice (Horikawa et al., 

2005). A single study reported five male patients with spermatogenic failure; these patients each 

carried either a stop codon or one of four described missense mutations in NlRP14 in a 

heterozygous state. The significance of these findings is not clear. Thus, identifying more 

mutations of NLRP14 in additional cases with spermatogenic failure is needed in order to 

associate NLRP14 with this condition. Interestingly, Nlrp14 seems to affect female fertility since 

its inactivation using siRNA in murine fertilized oocytes led to early developmental arrest 

between the 2- to 4-cell stages in half of the embryos, while the other half continued to develop 

and arrested at the blastocyst stage (Hamatani et al., 2004b). 

 

 

1.8.8. Nlrp4e 
 
Nlrp4e is one of seven copies of Nlrp4 with roles in the reproductive system in mice. 

Nlrp4e maps to chromosome 7 and has no orthologue in humans. Inactivating Nlrp4e in mouse 
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oocytes using siRNA did not affect their maturation or fertilization; however, the resulting 

embryos arrested their development between the 2- and 8-cell stages (Chang et al., 2013). 

 

 

1.8.9. Npm2 
 

Npm2, Nucleoplasmin 2 is a member of the nucleoplasmin (NPM) family of proteins 

implicated in ribosomal biogeneis, centrosome and DNA duplication, histone chaperoning, and 

chromatin assembly (Frehlick et al., 2007). Npm2 maps to chromosome 14 in mice while its 

human orthologue maps to chromosome 8. In mice, Npm2 transcripts and proteins are found in 

all stages of growing oocytes with the mRNA levels declining after fertilization and persisting to 

the 32-cell stage (Burns et al., 2003; Vitale et al., 2007). NPM2 protein localizes to the nuclei but 

not the nucleolei of GV oocytes until metaphase II, where it is solely cytoplasmic, with 

enrichment at the cortex of the oocyte (Burns et al., 2003; Vitale et al., 2007). Following 

metaphase II, the protein translocates back to the nucleus where it remains until the blastocyt 

stage. At metaphase II, NPM2 is phosphorylated and remains in the phosphorylated state until 

after fertilization, and then the protein is dephosphorylated and persists in this state throughout 

early developmental stages (Vitale et al., 2007). While Npm2-/- males are fertile, the females are 

subfertile with a 70% decrease in litter sizes as compared to wildtype. Oocytes from Npm2-/- 

females are apparently normal in terms of oogenesis, folliculogenesis, in vitro maturation, and 

fertilization. However, the DNA in Npm2-/- oocytes is amorphous and diffuse with disrupted 

nucleolar structure. Such abnormalities are also observed in Npm2-/- embryos along with 

defective transcriptional regulation and result in the development of only few embryos to 

blastocysts (Burns et al., 2003). In conclusion, NPM2 is required for nuclear and nucleolar 

organization and consequently compaction of chromatin from the oocyte till the early cleavage-

stages. However, the mechanism(s) connecting NPM2 phosphorylation to its role in chromatin 

formation is/are not clear yet.   
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1.8.10. Dnmt1o 
 

Dnmt1, DNA methyl transferase (cytosine-5) 1, is an enzyme that mainly methylates 

hemimethylated CpG residues of DNA in order to maintain epigenetic inheritance. Dnmt1 maps 

to chromosome 9 in mice and 19 in humans. Homozygous mutations in Dnmt1 were shown to be 

responsible for global genomic demethylation, X inactivation in mice (Li et al., 1993a; Li et al., 

1993b; Panning and Jaenisch, 1996) and lethality around mid-gestation in embryos (Li et al., 

1992). In mice, Dnmt1 gives rise to three isoforms characterized by different 5’ exons. The 

Dnmt1o isoform is expressed only in oocytes and early cleavage embryos; Dnmt1s is expressed 

in somatic cells and Dnmt1p is expressed only in spermatocytes at the pachytene stage (Mertineit 

et al., 1998). At the protein level, DNMT1o starts to appear in growing oocytes where it localizes 

both to the nucleus and to the cytoplasm. As the oocyte develops, the protein restricts its 

presence exclusively to the cytoplasm of GV and metaphase II. This cytoplasmic pattern with 

absence of signal at the cell-to-cell contact region remains until the 8-cell stage where the protein 

translocates from the cytoplasm to the nucleus and reappears only in the cytoplam at the morula 

and blastocyst stages (Howell et al., 2001). Dnmt1o null females were almost completely 

infertile, however, null males were fertile. Absence of maternal Dnmt1o did not affect oogenesis 

or preimplantation progress but led to embryos that all died between days 14 and 21 (Howell et 

al., 2001) except for a few pups that reached term and were successfully born. Of these few, 

some died later from severe abnormalities. Investigating the methylation pattern at 8-cell 

embryo, a stage during which DNMT1o translocates to the nucleus and comes into contact with 

the genome, revealed loss of methylation marks on normally imprinted, differentially methylated 

domains of several genes. This suggested that Dnmt1o is required to maintain appropriate DNA 

imprints at the fourth S phase of embryogenesis (Cirio et al., 2008; Howell et al., 2001). 
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RATIONALE AND OBJECTIVES OF THE PHD THESIS 
 

In 2006, the identification of mutations within NLRP7 in patients with RHMs led our 

group to conduct investigations that could provide insights on the role of NLRP7 in this rare 

condition. NLRP7 belongs to the NLRP family, members of which are known to mediate the 

activation of the innate immune response following various stimuli, which include pathogen- 

associated molecular patterns (PAMPs), such as bacterial lipopolysaccharides and fungal 

zymosan, as well as molecules associated with stress or danger such as crystals of uric 

acid and calcium pyrophosphatedihydrate (Tschopp et al., 2003). The activation of NLRPs leads 

to the formation of a multiprotein complex known as an inflammasome, which in turn promotes 

the maturation and secretion of the pro-inflammatory cytokine IL1B. Once secreted, the mature 

IL1B induces a complex network of other proinflammatory cytokines which in turn engage 

endothelial cells to capture leukocytes from the blood and recruit them to the site of infection or 

injury. In 2006, only one study by Kinoshita et al. about the functional role of this protein was 

reported and showed that NLRP7 inhibits caspase-1-dependent IL1B secretion in NLRP7-

transfected THP1 cells in response to LPS stimulation (Kinoshita et al., 2005). Another study by 

Agostini et al. on NLRP3, another member of the NLRP family, had shown that this protein 

induces caspase-1-dependent IL1B processing and secretion in macrophages from PBMCs of a 

patient with Muckle-Wells Syndrome carrying a mutation in NLRP3 (Agostini et al., 2004). In 

this patient, IL1B secretion was abnormally high in the supernatant of cells prior to stimulation 

and increased to a higher level after stimulation with LPS. Based on these two studies and before 

I joined the lab, our group went on investigating IL1B secretion by PBMCs isolated from 

patients with RHMs carrying either one or two NLRP7 mutations or rare and low frequency 

variants. In collaboration with Dr. Salman Qureshi and using Enzyme-linked immunosorbent 

assay (ELISA), our group demonstrated that LPS-stimulated ex vivo PBMCs from patients with 

RHMs secrete lower levels of IL1B and tumor necrosis factor (TNF) than those of control 

subjects. Western blot analysis on the same stimulated cells revealed normal to slightly higher 

amounts of intracellular pro-IL1B synthesis and normal IL1B processing (Messaed et al., 2011a). 

 

 

  

http://www.invivogen.com/zymosan
http://www.invivogen.com/zymosan
http://www.invivogen.com/msu-crystals
http://www.invivogen.com/msu-crystals
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Hypothesis: We therefore hypothesized that NLRP7 mutations do not alter IL1B synthesis 

or processing but affect the microtubules and consequently the trafficking of IL1B and 

other cytokines to the extra-cellular milieu. 

 

The objectives described below reflect particularly the work I have done to answer our 

hypothesis 

 

 

Objectives 
 
1- Confirm the lower secretion of IL1B and of TNF, another cytokine, in PBMCs from 

additional patients with one or two NLRP7 mutations and/or rare and low frequency variants 

(Chapter 2). 

2- Check the expression and characterize the subcellular localization of NLRP7 in hematopoietic 

cells and particularly in monocytes, which are the main cells that secrete IL1B (Chapter2).  

3- Characterize the expression and localization of KHDC3L, a second gene responsible for the 

same condition in hematopoietic cells (data not shown) (Reddy et al., 2013). 

The above work led to the conclusion that both NLRP7 and KHDC3L co-localize to the 

microtubule organizing center (MTOC) suggesting their involvement in microtubule formation 

in hematopoietic cells. This raised the question whether these two proteins also co-localize in the 

oocytes, the cells that manifest the primary defect of this pathology, and whether NLRP7 and 

KHDC3L are implicated in the formation of the oocyte cytoskeleton and set the subsequent 

objectives of my thesis. 

4- Investigate the subcellular localization of NLRP7 and KHDC3L in human oocytes and early 

cleavage embryos. This work led to the conclusion that NLRP7 and KHDC3L co-localize to a 

particular type of cytoskeleton in human oocytes. Also my extensive work on human oocytes and 

early embryos allowed me to learn how to preserve the integrity of the oocyte cytoskeleton and 

obtain high definition photos of its structure that have never been obtained before on human 

materials (Chapter 3). 

5- Expand this analysis to other maternal-effect proteins known to bind to similar cytoskeletal 

structures in mice (Chapter 4).  
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6- Characterize the nature of the cytoskeleton to which NLRP7 and its possible connection to 

other oocyte cytoskeletal proteins (Chapter 4).  

7- Review the reproductive history of patients with RHMs with the goal of investigating a 

possible correlation between the nature of NLRP7 mutations in the patients and the exceptional 

occurrence of live births (Chapter 5). 
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FIGURES 
 

 

 

 

 

 

 
 
 
 
 
Figure 1.1. Images of theca lutein cysts in an ovary 
(A) Gross appearance of one ovary showing multiple theca lutein cysts (black arrows). (B-C) 
Transabdominal scan of bilateral enlarged ovaries with multiple small theca lutein cysts, the left 
(B) measuring 6 cm and the right (C) measuring 9 cm in a 19-year old woman who is in her 11 
weeks of molar pregnancy. 
The Photo A is from from (https://quizlet.com/60102001/reproductive-flash-cards). Photos B and 
C are from Gloria Chiang and Deborah Levine. Imaging of Adnexal Masses in Pregnancy. The 
American Institute of Ultrasound in Medicine • J Ultrasound Med 2004; 23:805–819. 
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Figure 1.2. Gross morphology (A) and ultrasound (B) photos of a complete hydatidiform  
mole  
(A) The chorionic villi are distinctly enlarged and hydropic (black arrows) and some covered 
with blood (Photo credit book of Pei Hu. Gestational trophoblastic disease: Diagnostic and 
molecular genetic pathology 2012). (B) The fetus is absent and the uterus is filled with mixed 
echogenic structures (asterisks). Credit to Dr. John Soper from the website: 
http://bestpractice.bmj.com/best-practice/monograph/1136/resources/image/bp/1.html. 
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Figure 1.3. Histopathological appearance of a normal placenta (A), a complete 
hydatidiform mole (B) and a partial hydatidiform mole (C) 
(A) The chorionic villus (CV) of a normal placenta displays two layers of cytotrophoblast and 
syncytiotrophoblast cells without abnormal proliferation. Note the presence of fetal blood vessels 
inside the CV (arrows). (B) The CV of a CHM displays enlarged hydropic villi with 
circumferential non-polar trophoblastic proliferation (arrows) and the presence of a cistern. (C) 
The CV of a PHM exhibits two populations of chorionic villi, large and small ones, with mild 
and focal trophoblastic proliferation (arrows). Inset in (C) shows a magnification of fetal 
nucleated red blood cells inside the CV of a PHM (red arrows). (D) A microscopic view of a 
fetal bone (arrows) in a PHM. (E) A microscopic view of fetal membranes (arrows) in a PHM. 
(Pictures were taken in Dr. Rima Slim’s lab).  
 
 
 
 
  



70 
 

 
 

 

 

 

Figure 1.4. Schematic representation of NLRP7 (A) and KHDC3L (B) protein domains 
PYD = pyrin domain; NACHT = the domain found in NAIP, CIITA, HET-E, and TP1 family of 
proteins; ATP = adenosine 5′-triphosphate binding motif; NAD, NACHT-associated domain; 
NLS, nuclear localization signal; LRR = leucine-rich repeats; KH = K homology domain 
(http://www.uniprot.org/). 
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TABLES 
 
 

Table 1.1. Histopathological features of complete and partial hydatidiform moles 
 
 
  CHM PHM 
Chorionic Villi Diffuse with hydropic 

changes 
Dismorphous: normal and 
hydropic with scalloped pattern 

Cistern formation Present Present with maze-like pattern 
Trophoblastic inclusions Absent Pseudo 
Trophoblast proliferation Severe; multifocal and 

circumferential 
Mild to moderate and focal 

Trophoblast nuclear and 
cytoplasmic enlargement 
known as cytological 
atypia 

Present Absent 

Vasculature Absent May be present 
Red blood cells and 
embryonic structures 
and tissues of inner cell 
mass origin 

Absent Present 

 
 
 



 

 

Table 1.2. Maternal-effect genes in oocytes and early cleavage-stage embryos 
 
 
A. Group I maternal-effect genes 

 

MEG Female/ 
Male 

Abnormalities in Wild type protein localization in     References 

    Null oocytes Null embryos  Oocytes Early cleavage 
embryos 

  

Bnc1 Subfertile/
N/D 

Abnormal 
oogeneis  

Nuclear structural 
abnormalities  

Nucleus and 
nucleolus in GV 
and Met II  

Nucleus only in 
1-cell but not 
detected 
afterwards 

(Ma et al., 2006; 
Tian et al., 2001) 

   Abnormal oocyte 
morphology  

Reduction or block in DNA 
replication 

      

    Impaired rate of  
RNA polymerase 
I-and II-mediated 
transcription 

Embryo arrest at 2-cell with 
delayed progress 

      

Brwd1 Sterile/ 
Sterile 

Impaired meiosis 
progression 

Embryo arrest at 2 pronuclei 
stage 

N/D  N/D  (Pattabiraman et 
al., 2015; Philipps 
et al., 2008) 

   Microtubules' 
defect 

        

   Chromosomal 
congression 
defect 
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Ctcf Subfertile/
N/D 

Transcriptional 
misregulation 

Reduced zygotic genome 
activation  

Nucleus but not 
nucleolus 

Nucleus but 
nucleolus until 
blastocyst 

(Wan et al., 2008) 

   Nucleolar 
abnormalities 

Presence of apoptotic cells       

   Delayed meiotic 
maturation 

Embryo arrest 8- to 16-cell 
with delayed progress  

      

    Absence of polar 
body extrusion 

        

Dppa3 
(Stella, 
Pgc7) 

Subfertile/
Fertile 

Nuclear and 
nucleolar 
structural defects 

Loss of methylation on 
maternal genome  

Cytoplasm  Cytoplasm  (Liu et al., 2012; 
Nakamura et al., 
2007; Payer et al., 
2003; Sato et al., 
2002) 
 

   Incomplete 
global 
transcription 
repression 

Loss of methylation on 
paternal genome  

Nucleus Nucleus    

     Embryo arrest at 2- to 4-cell    Trophectoderm   
  Fertile/ 

Fertile 
N/A Embryo arrest at 4-cell  N/D N/D  

  Bovine, 
N/A*/ 
N/A 

  Increased intensity of 5hmC 
staining in the maternal 
pronucleus  

    (Bakhtari and Ross, 
2014) 

     Decreased in embryo 
developmental rates 
 

      

      Fewer inner cell mass cells        
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Dnmt1o Sterile/ 
Fertile 

N/D  Loss of methylation during 
8-cell  

Nucleus at GV Cortex  (Hirasawa et al., 
2008; Howell et al., 
2001; Petrussa et 
al., 2014) 

     Embryo arrest between day 
14 and 21 post-implantation 

Cytoplasm at Met II No cell-to-cell 
contact 

 

         Nucleus 8-cell   
         Cytoplasm at 

blastocyst 
 

          Nucleus from  
1-cell until 
blastocyst 
(independent 
study) 

 

Dnmt3l Sterile/ 
Sterile 

Loss of 
methylation on 
maternal 
imprinted loci 

Loss of methylation on 
maternal imprinted loci 

Nucleus at GV  Cytoplasm at 
morula and 
blastocyst 

(Bourc'his et al., 
2001; Petrussa et 
al., 2014), 
 

     Pericardial edema, 
exencephaly and other neural 
tube defects 

      

      Embryo arrest at 9.5 days 
post-implantation 

      

Hsf1 Sterile/ 
Fertile 

Impaired meiosis 
progression 

Nuclear structural 
abnormalities 

Cytoplasm Cytoplasm (Bierkamp et al., 
2010; Christians et 
al., 2000; Kang et 
al., 2014; Metchat 
et al., 2009) 

   Low MAPK 
pathway activity  

Impaired exocytosis  Nucleus Nucleus   
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   Microtubules' 
and F-actin 
defects  

Impaired pronuclei formation       

   Abnormal 
organelles 
positioning 

Activation of apoptotic 
pathway 

      

    Activation of 
apoptotic 
pathway  

Embryo arrest at 1-cell       

KHDC3 
(Filia) 

Subfertile/
Fertile 

N/D  Aneuploidy Cortex Cortex  (Zheng and Dean, 
2009) 

   Microtubules' defect   SCMC No cell-to-cell 
contact 

  

   Chromosome misalignment   SCMC   

    Embryo progress to morula 
and blastocyst with delays in 
development 

      

Mlh1 Sterile/ 
Sterile 

N/D  Absence of second polar 
body formation 

N/D  N/D  (Edelmann et al., 
1996) 

      Embryo arrest mainly at      
1-cell  

      

Nlrp2 N/A*/ 
N/A 

N/A  Embryo arrest at 2- to 8-cell  Cytoplasm Cytoplasm (Peng et al., 2012) 

       Nucleus Nucleus   
        Close to nuclear 

pores  
Close to nuclear 
pores  
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Nlrp4e N/A*/ 
N/A 

N/D  Embryo arrest at 2- to 8-cell N/D  N/D  (Chang et al., 2013) 

Nlrp5 
(Mater) 

Sterile/ 
Fertile 

Reduced levels of 
ribosomal RNA 
transcription 

Reduced embryonic 
transcription  

Cortex Cortex  (Fernandes et al., 
2012; Kim et al., 
2010; Kim et al., 
2014; Tong et al., 
2004; Tong et al., 
2000) 

   Microtubules' 
defect 

Reduced embryonic 
translation 

Mitochondria No cell-to-cell 
contact 

  

   Abnormal 
organelles 
positioning  

Embryo arrest at 2-cell  Nucleolus CPL /SCMC   

   Abnormal Ca2+ 
homeostasis 
 
Absence of CPL 

  Nuclear envelope     

        CPL /SCMC     
  Pig, 

N/A*/ 
N/A 

N/D  Embryo arrest 2- to 8-cell  Cortex Cortex (Peng et al., 2015) 

       Cytoplasm Cytoplasm   

          No cell-to-cell 
contact 

  

  Monkey, 
N/A*/ 
N/A 

N/D  Embryo arrest at 8- to 16-cell  N/D  N/D  (Wu, 2009) 

Nlrp14 N/A*/ 
N/A 

N/D  50% Embryo arrest at 2- to 
4-cell and 50% at blastocyst 

Cytoplasm N/D  (Hamatani et al., 
2004b) 
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Npm2 Subfertile/
Fertile 

Nuclear and 
nucleolar 
structural 
abnormalities in 
GV 

Nuclear and nucleolar 
structural abnormalities 

Nucleus but not 
nucleolus at GV 

Nucleus but not 
nucleoli 

(Burns et al., 2003; 
Vitale et al., 2007) 

     Defective transcriptional 
regulation 

Cytoplasm at Met II     

     Embryo arrest at 1-cell Cortex at Met II     
  Zebrafish, 

N/A*/ 
N/A 

  Low expression of first-wave 
zygotic genes 

Nucleus and weak 
signal in cytoplasm 

Nucleus and 
weak signal in 
cytoplasm 

(Bouleau et al., 
2014) 

      Embryo arrest before 
gastrulation 

      

Oas1a Subfertile/
Fertile 

Defects in 
ovarian follicle 
development and 
decreased  
ovulation 
efficiency  

Embryo arrest at 8-cell  Cytoplasm and 
enriched at the 
Cortex 

Not detected in 
2-cell or later 
stages  

(Yan et al., 2005) 

          N/D in 1-cell    
Ooep 
(Floped, 
Moep19) 

Sterile/ 
N/D 

Diffused SCMC  Embryo arrest at the 1- to 2-
cell  

Cortex Cortex  (Li et al., 2008b; 
Tashiro et al., 
2011) 

       SCMC No cell-to-cell 
contact 

  

          SCMC   
Padi6 Sterile/            

Fertile 
Absence of 
citrullination 

Reduced ribosomal RNA Cytoplasm  Cortex (Esposito et al., 
2007; Kan et al., 
2011; Morency et 
al., 2011; Wright et 
al., 2003; Yurttas et 
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al., 2008) 
   Absence of CPL Dysregulation of translation Cortex No cell-to-cell 

contact 
  

   Microtubules 
defect 

Incomplete activation of 
embryonic genome 

CPL/SCMC CPL/SCMC   

    Abnormal 
organelles 
positioning 

Embryo arrest at 2-cell        

Pms2 Fertile/ 
Sterile 

N/D  Microsatellite instability  N/D  N/D  (Gurtu et al., 2002) 

     Deficiency in DNA 
mismatch repair activity in  
1-cell  

      

      Arrest at later stages of 
preimplantation 

      

Sebox N/A*/ 
N/A 

N/D Embryo arrest at 2-cell  N/D N/D (Kim et al., 2008) 

  N/A*/ 
N/A 

Decrease number 
of GV 

N/D N/D N/D (Moreno et al., 
2014) 

  N/A*/ 
N/A 

Upregulation of 
some maternal- 
effect genes 

Impaired maternal mRNAs 
degradation  

N/D N/D (Park et al., 2015) 

     Incomplete expression of 
zygotic genome activation 
(ZGA)  

      

      Diminished transcriptional 
activity 
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  Pig,    
N/A*/ 
N/A 

  Upregulation of maternally 
expressed genes  

N/D N/D (Zheng et al., 
2013b) 

     Upregulation of pluripotency 
genes 

      

      Impaired early embryonic 
development 

      

Tcl1a Subfertile/
Fertile 

N/D  Embryo arrest at 4- to 8-cell 
with delays in development   

Cortex at Met II  Shuttles 
between 
pronuclei and 
cortex during 
the first three 
embryonic 
divisions 

(Narducci et al., 
2002) 

          No cell-to-cell 
contact 

  

Trim24 
(Tif1a) 

N/A*/   
N/A 

N/D  Mislocalization of RNA pol 
II and also of BRG-1, 
SNF2H, two chromatin 
remodelling proteins in the 
zygote 

Cytoplasm at GV Cytoplasm from 
zygote until     
4-cell 

(Torres-Padilla and 
Zernicka-Goetz, 
2006) 

     Downregulation of specific 
gene 

  Nucleolar-like 
bodies from 
zygote until     
4-cell 

  

     Embryo arrest 2- to 4-cell       
Tle6 Sterile/                              

Fertile 
Diffused SCMC 
with Abs against 
NLRP5, FILIA, 
OOEP 

Microtubules and F-actin 
defects 

Cortex Cortex (Li et al., 2008b; 
Yu et al., 2014; 
Zhu et al., 2015),  
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      Embryo arrest at morula to 
blastocyst 

SCMC No cell-to-cell 
contact 

  

      Abnormal spindle formation 
and positioning  

  SCMC   

Ube2a 
(Hr6a) 

Sterile/ 
Fertile 

N/D  Embryo arrest at 2-cell  N/D  N/D  (Roest et al., 2004) 

Zar1 Sterile/ 
Fertile 

N/D  Incomplete fertilization Cytoplasm Cytoplasm  (Wu et al., 2003) 

     Microtubules defect   Diminishes by 
2-cell embryo 

  

     Reduction in the synthesis of 
the proteins of the 
transcription requiring 
complex  

      

     Delayed cell cycle 
progression 

      

      Embryo arrest primarily at  
1-cell 

      

Uchl1 Subfertile/
N/D 

Polyspermy in 
vitro 

Embryo arrest at Zygote Cortex  Cortex  (Sekiguchi et al., 
2006) 

   Low 
monoubiquitin 
levels 

Polyploidy   No cell-to-cell 
contact 

  

          Trophectoderm   
  Bovine, 

N/A*/ 
N/A 

Increased 
abundance of 
K63-linked 
polyubiquitin 
chains  

High rate of polyspermy N/D Cortex (Susor et al., 2010) 
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    Impaired 
migration of 
CGs toward the 
cortex during 
oocyte 
maturation and 
fertilization- 
induced extrusion 
of CGs 

Decreased levels in the 
monomeric ubiquitin and 
polyubiquitin pool 

  Nucleus   

Zfp36l2 Sterile/ 
Fertile 

Reduced oocyte 
number 

Embryo arrest at 2-cell  N/D  N/D  (Ramos et al., 
2004) 

  Sterile/ 
N/D 

Impaired meiosis 
II progression 

N/D N/D  N/D  (Ball et al., 2014) 

    Excessive PKA 
activation  

        

    Increase cAMP 
levels 

        

    Increase of 
adenyl cyclase 
activity 
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B. Group II maternal-effect genes  

  MEG Female/ 
Male 

    Abnormalities in Wild type protein localization in      References 
 

    Null mice Null oocytes Null embryos  Oocytes Early cleavage 
embryos 

  

Ago2 
(Eif2c2) 

Lethal/ 
Lethal 

N/D N/A N/A N/D  N/D  (Morita et al., 
2007) 

  N/A*/    
N/A 

N/A N/D  Stabilization of 
some maternal 
mRNAs of a 
group of gene  

N/D  RNA 
degradation 
polar bodies in 
2-cell 

(Lykke-Andersen 
et al., 2008) 

        Reduction of 
zygotic transcripts 
of other genes 

      

        Embryo arrest at 
2-cell 

      

  Sterile/ 
N/D 

N/D Microtubules' 
defect 

Embryo arrest at 
zygote 

N/D  N/D  (Kaneda et al., 
2009) 

      Chromosome 
organization 
defect  

        

      Reduced 
expression 
levels of 
microRNA 

        

      Deregulation of 
expression for 
some genes 
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Atg5 Lethal/ 
Lethal 

N/D N/A N/A N/D  N/D  (Kuma et al., 2004) 

                

  Sterile/ 
N/D 

N/D Defective 
autophagy 

Reduced overall 
protein synthesis 

N/D  N/D  (Tsukamoto et al., 
2008a; Tsukamoto 
et al., 2008b) 

        Embryo arrest at 
4- to 8-cell  

      

Cdh1     
(E-cad) 

Lethal/ 
Lethal 

N/D N/A Failure to form 
intact 
trophectoderm 
layer 

N/D  N/D  (Larue et al., 1994) 

  Fertile/ 
N/D 

N/D N/D Absence of 
blastomeres 
adherence until 
late morula  
 
Delayed cell 
division 
 
Progressed 
compaction of 
individual 
blastomeres 

N/D  Cortex  (De Vries et al., 
2004) 

            Cell-to-cell 
contact  

  

Dicer 1 Sterile/ N/D Microtubules' 
defect 

N/A N/D  N/D  (Murchison et al., 
2007) 
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  N/D  Chromosomal 
congression 
defect 

        

     Cohesion defect         

     Affected 
transcriptome 

        

      
Arrest in 
meiosis I 

        

Dnmt3a Lethal/ 
Lethal 

N/D N/A N/A N/D  N/D  (Okano et al., 
1999) 

  Sterile/ 
Sterile 

N/D N/D  Developmental 
defect  

Cytoplasm  Cytoplasm  (Hirasawa et al., 
2008; Kaneda et 
al., 2004; Petrussa 
et al., 2014) 

        Lack of 
methylation at all 
maternally 
imprinted loci 

  Nucleus from 
one cell to 8-cell 
(Independent 
study) 

  

        Embryo arrest at 
E10.5 post-
implantation  

      

Ezh2  Lethal/ 
Lethal 

Impaired 
histone 
methylation 
in the 
female  

N/A N/A The ovary 
(cytoplasm and 
nucleus)  

Both pronuclei  (O'Carroll et al., 
2001) 

            Nuclear in all 
early embryonic 
stages 

  

            Trophectoderm   
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  Fertile/ 
N/D 

N/D N/D N/D N/D N/D (Erhardt et al., 
2003) 

  N/A*/ 
N/A 

N/A N/D Reduced histone 
modification 

Nucleus Nucleus all early 
embryonic 
stages  

(Huang et al., 2014) 

 

        Increased 
apoptotic cells in 
blastocysts 

Cytoplasm     

        Upregulated 
expression of 
genes related to 
the differentiation 
of germ layers 

  Inner cell mass   

        Severe growth 
retardation and 
reduced 
blastocyst 
formation 

      

Fmn2 Subfertile/
Fertile 

N/D Impaired 
meiosis 
progression  

Polyploidy in     
2-cell and 
blastocysts 

Cytoplasm  Cytoplasm of   
2-cell 

(Azoury et al., 
2008; Dumont et 
al., 2007; Kwon et 
al., 2011; Leader et 
al., 2002; Li et al., 
2008a; Schuh and 
Ellenberg, 2008), 

     Microtubule and 
F-actin defects 

  Meoitic 
spindle  

    

     Polyploidy         
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     Inability to 
extrude the first 
polar body 

        

     Defective 
chromosomal 
migration and 
cytokinesis 
during meiosis I 

        

     Arrest at Met I         
Gas6 N/A*/ 

N/A 
 N/A Change in MPF 

activity 
N/A N/D  N/D  (Kim et al., 2011) 

      Reduced Ca2+ 
oscillation  

        

      Absence of 
pronucleus 
formation  

        

      Exocytosis at 
cortical granules 

        

       
Arrest at Met II 

        

Pla2g4c N/A*/ 
N/A 

N/A N/D  N/A Cortex Cortex (Vitale et al., 2005) 

          Nucleus  No cell-to-cell 
contact 

  

          MVA at GV     
           

Spindle poles 
in Met II 
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Pou5f1 
(Oct-4) 

N/A*/ 
N/A 

N/A N/D  Deregulation of  
genes encoding 
post-
transcriptional 
regulators 

N/D N/D (Foygel et al., 
2008) 

         
Embryo arrest    
1-cell to morula 

      

  Lethal/ 
Lethal 

Giant 
trophoblast 
cells and no 
ICM  

N/A N/A Cytoplasm Cytoplasm (Nichols et al., 
1998; Palmieri et 
al., 1994) 

            Nucleus of all 
cleavage-stages  

  

             
Inner cell mass 

  

Spin1 Lethal/ 
grafted 
oocytes/ 
N/A 

N/A Impaired 
meiosis 
progression and 
maternal 
transcript 
stability  

N/D Cytoplasm  N/D  (Chew et al., 2013; 
Oh et al., 1997) 

          Meiotic 
spindle 

    

Sox2 Lethal/ 
Lethal 

Outgrowth 
and 
defective 
ICM  

N/A N/A Cytoplasm Cytoplasm  (Avilion et al., 
2003; Keramari et 
al., 2010) 

            Nucleus   
             

Trophectoderm  
  

Smarca4 
(Brg1) 

Lethal/ 
Lethal 

N/D N/A  N/A  N/A  N/A  (Bultman et al., 
2000) 
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The abnormalities in the oocytes and embryos derived from null organisms are described in mice unless otherwise indicated. MEG, stands 
for maternal-effect gene; N/A, not applicable; N/A*, not Applicable + the knockdown was done immediately on oocytes or zygotes using 
siRNA or morpholino antisense or protein inhibitor or an antibody/; N/D, not described; L, lethality; CL, cytoplasmic lattices; GV, germinal 
vesicle; Met I, metaphase I; Met II, metaphase II; ICM, inner cell mass; CG, cortical granules; MVA, multivesicular aggregates; MPF, 
maturation promoting factor, Abs, antibodies. The table of Group I MEG indicates the genes that upon genetic ablation or knockdown show 
various defects in oocytes and embryos and eventually lead to early embryonic arrest. The table of Group II MEG indicates the genes that 
upon genetic ablation or knockdown show either maternal lethality associated sometimes with abnormalities in the female mice and/or 
various defects in the derived oocytes and embryos.   

  Subfertile/
N/D 

 N/D N/D  Decreased levels 
of histone 
methylation 

Cytoplasm   Cytoplasm   (Bultman et al., 
2006; Kang et al., 
2014) 

         
Reduced overall 
transcription 
activity 

Nucleus Nucleus   

         
Embryo arrest at 
2-cell  
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Table1.3. Full names of maternal-effect genes, their HUGO symbols and aliases 
 
 
Maternal-effect proteins Gene 

symbol 
Aliases 

Argonaute RISC catalytic subunit 2 Ago2 1110029L17Rik, 2310051F07Rik, AI225898, AL022874, AW546247, 
ENSMUSG00000072493, Eif2c2, Gerp95, Gm10365, mKIAA4215 

Autophagy related 5 Atg5 2010107M05Rik, 3110067M24Rik, AW319544, Apg5ll, C88337, Paddy 
Basonuclin 1 Bnc1 AI047752, AW546376, Bnc 
Bromodomain and WD repeat domain 
containing 1 

Brwd1 5330419I02Rik, D530019K20Rik, G1-403-16, Wdr9, repro5 

Cadherin 1 Cdh1 AA960649, ARC-1, E-cad, L-CAM, UVO, Um, E-cadherin  
CCCTC-binding factor Ctcf AW108038 
Developmental pluripotency-associated 3  Dppa3 2410075G02Rik, PCG7, PGC7, Stella 
Dicer 1, ribonuclease type III  Dicer 1 1110006F08Rik, D12Ertd7e, mKIAA0928 
DNA methyltransferase (cytosine-5) 1 
oocyte 

Dnmt1o Cxxc9, Dnmto, MCMT, MTase, Met-1, Met1, MommeD2, m.MmuI, 
Dnmt1 

DNA methyltransferase 3A Dnmt3a MmuIIIA 
DNA methyltransferase (cytosine-5) 3-like Dnmt3l D6Ertd14e, ecat7 
Enhancer of zeste 2 polycomb repressive 
complex 2 subunit  

Ezh2 Enx-1, Enx1h, KMT6, mKIAA4065 

Formin 2  Fmn2 AU024104 
Growth arrest specific 6 Gas6 Gas-6 
Heat shock factor 1  Hsf1 AA960185alpha, Hsf1beta 
KH domain containing 3 Khdc3 2410004A20Rik, AI467128, OEEP48, Filia, ECAT1 
MutL homologue 1 Mlh1 1110035C23Rik, AI317206, AI325952, AI561766 
NLR family, pyrin domain containing 2 Nlrp2 E330007A02Rik, NBS1, Nalp2, PAN1, PYPAF2 
NLR family, pyrin domain containing 4E  Nlrp4e 4930406H16Rik, Nalp-epsilon, Nalp4e, Nlrp4 
NLR family, pyrin domain containing 5  Nlrp5 Mater, Nalp5, Op1, PAN11 
NLR family, pyrin domain containing 14 Nlrp14 4921520L01Rik, GC-LRR, Nalp-iota, Nalp14, Nalp14l 
Nucleoplasmin 2  Npm2 No aliases 

http://www.ncbi.nlm.nih.gov/gene/12550


90 
 

2'-5' oligoadenylate synthetase 1A Oas1a L3 
Oocyte expressed protein Ooep 2410146L05Rik, Floped, Moep19, Sddr 
Peptidyl arginine deiminase, type VI  Padi6 Pad6, Padi5, ePAD 
Phospholipase A2, group IVC Pla2g4c D7Ertd445e  
Postmeiotic segregation increased 2 Pms2 AW555130, Pmsl2 
POU domain, class 5, transcription factor 1 Pou5f1 NF-A3, Oct-3, Oct-3/4, Oct-4, Oct3, Oct3/4, Oct4, Otf-3, Otf-4, Otf3, Otf3-

rs7, Otf3g, Otf4 
SEBOX homeobox Sebox OG9, Og9x 
Spindlin 1 Spin1 Spin 
SRY (sex determining region Y)-box 2 Sox2 Sox-2, lcc, ysb 
SWI/SNF related, matrix associated, actin 
dependent regulator of chromatin, subfamily 
a, member 4 

Smarca4 Brg1, HP1-BP72, SNF2beta, SW1/SNF, b2b508.1Clo, b2b692Clo  

T-cell leukemia/lymphoma 1A Tcl1a No aliases 
Transcription intermediary factor 1 alpha Tif1α  A130082H20Rik, AI447469, D430004I05Rik, TIF1, TIF1-alpha, 

TIF1alpha, Tif1a,Trim24  
Transducin-like enhancer of split 6 Tle6 1810057E06Rik, Grg6 
Ubiquitin carboxy-terminal hydrolase L1 Uchl1 AW822034, C88048, PGP 9.5, PGP9.5, R75593, UCH-L1, UCHL-1, gad 
Ubiquitin-conjugating enzyme E2A Ube2a HR6A; HHR6A; Mhr6a 
Zinc finger protein 36, C3H type-like 2 Zfp36l2 Brf2, ERF2, Tis11d 
Zygote arrest 1 Zar1 No aliases 

 
 
 
 

http://www.ncbi.nlm.nih.gov/gene/232889


 

 

CHAPTER 2 

 

 

 

NLRP7, A NUCLEOTIDE OLIGOMERIZATION DOMAIN-LIKE 
RECEPTOR PROTEIN, IS REQUIRED FOR NORMAL CYTOKINE 
SECRETION AND CO-LOCALIZES WITH THE GOLGI AND THE 
MICROTUBULE-ORGANIZING CENTER 
 

 

 

Christiane Messaed1,2#, Elie Akoury1,2#,Ugljesa Djuric1,2, Jibin Zeng1,2, Maya Saleh3, Lucy 
Gilbert1,2, Muhieddine Seoud4, Salman Qureshi3, and Rima Slim1,2 

 
#Both authors contributed equally to this work. 

 

 

 
1Departments of Human Genetics; 2Obstetrics and Gynecology, McGill University Health Centre, 
Montreal H3G 1A4, Canada; 3Department of Medicine and the Centre for the Study of Host 
Resistance, McGill University Health Centre, Montreal H3G 1A4, Canada; 4Department of 
Obstetrics and Gynecology, American University of Beirut, Beirut, Lebanon. 
 
 
Manuscript published in the Journal of Biological Chemistry December 16, 2011 volume 286 
number 50 (PMID: 2202561). 
  



92 
 

2.1 ABSTRACT 
 

A Hydatidiform mole is a human pregnancy with hyperproliferative placenta and 

abnormal embryonic development. Mutations in NLRP7, a member of the nucleotide 

oligomerization domain-like receptor family of proteins with roles in inflammation and 

apoptosis, are responsible for recurrent HMs. However, little is known about the functional role 

of NLRP7. Here, we demonstrate that PBMCs from patients with NLRP7 mutations and rare 

variants secrete low levels of IL1B and TNF in response to LPS. We show that cells from 

patients, carrying mutations or rare variants, have variable levels of increased intracellular pro-

IL1B indicating that normal NLRP7 downregulates pro-IL1B synthesis in response to LPS. 

Using transient transfections, we confirm the role of normal NLRP7 in inhibiting pro-IL1B and 

demonstrate that this inhibitory function is abolished by protein truncating mutations after the 

Pyrin domain. Within PBMCs, NLRP7 co-localizes with the Golgi and the microtubule-

organizing center and is associated with microtubules. This suggests that NLRP7 mutations may 

affect cytokine secretion by interfering, directly or indirectly, with their trafficking. We propose 

that the impaired cytokine trafficking and secretion caused by NLRP7 defects makes the patients 

tolerant to the growth of these earlier arrested conceptions with no fetal vessels and that the 

retention of these conceptions until the end of the first trimester contributes to the molar 

phenotype. Our data will impact our understanding of postmolar choriocarcinomas, the only 

allograft non-self-tumors that are able to invade maternal tissues. 
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2.2 INTRODUCTION 
 
 Hydatidiform moles are abnormal human pregnancies with excessive proliferation of 

trophoblast cells and abnormal embryonic development. The common form of HMs is sporadic, 

not recurrent, and occurs in 1 in every 250 pregnancies in Western countries (Seckl et al., 2010). 

Molar pregnancies are usually benign but may degenerate into gestational choriocarcinomas and 

invade maternal tissues outside the uterus (Altieri et al., 2003). Using linkage analysis and 

positional cloning on rare familial cases of recurrent moles in which the disease segregates as an 

autosomal recessive condition, our group identified a maternal gene, NLRP7, responsible for 

recurrent HMs and associated with reproductive wastage (Murdoch et al., 2006). To date, 60 

NLRP7 mutations have been reported by several groups in patients from different populations 

and are listed on Infevers (Deveault et al., 2009; Hayward et al., 2009; Kou et al., 2008; Milhavet 

et al., 2008; Puechberty et al., 2009; Qian et al., 2007; Wang et al., 2009a). Patients with 

recurrent HMs have usually two defective alleles. However, to date 14 patients with a single 

defective allele each have been reported and these patients have better reproductive outcomes, i.e. 

less recurrent moles, more spontaneous abortions, and more live births than patients with two 

defective alleles (Deveault et al., 2009; Hayward et al., 2009; Messaed et al., 2011b; Muhlstein et 

al., 2011). Moreover, we have shown that rare nonsynonymous (NSVs) NLRP7 variants found in 

the general European population are associated with recurrent reproductive wastage in European 

patients (Deveault et al., 2009; Hayward et al., 2009).  

NLRP7 is a member of the nucleotide oligomerization domain-like family, a series of 

cytoplasmic proteins characterized by an N-terminal PYD domain, followed by a NACHT 

domain, and a C-terminal LRR region. Although the Pyrin and the LRR domains are involved in 

protein-protein interactions, the NACHT is a NTPase domain found in apoptosis proteins as well 

as in proteins involved in the transactivation of the major histocompatibility complex (MHC) 

class II (Tschopp et al., 2003). Recent studies have shown increased NLRP7 expression in 

testicular (Okada et al., 2004) and endometrial (Ohno et al., 2008) cancers. One in vitro study has 

shown that overexpressing wild-type NLRP7 inhibits caspase-1-dependent IL1B processing and 

secretion (Kinoshita et al., 2005). 

In this study, we demonstrate that patients with NLRP7 mutations and variants secrete 

significantly lower amounts of IL1B and TNF than control cells in response to LPS despite their 

higher intracellular pro-IL1B synthesis and normal pro-IL1B processing. Using transient 

transfections, we demonstrate that overexpression of wild-type NLRP7 inhibits primarily pro-
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IL1B synthesis and consequently decreases the amount of intracellular mature IL1B. We then 

tested the functional consequences of different mutations and found that only protein-truncating 

mutations after the N-terminal Pyrin domain significantly increased pro-IL1B synthesis. Using 

constructs carrying the different NLRP7 domains, we demonstrate that the three domains are 

required to confer the full inhibitory activity of the protein with the LRR and the NACHT playing 

the major role. Within PBMCs, NLRP7 co-localizes with the Golgi apparatus and the MTOC, 

which indicates that mutations in this gene may impair cytokine trafficking and secretion. 

Altogether, our ex vivo and in vitro data demonstrate, first, that NLRP7 mutations and variants 

impair cytokine secretion potentially by affecting their trafficking and, second, that mutations in 

NLRP7 impair its capacity to down regulate pro-IL1B synthesis in response to LPS. 
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2.3 MATERIALS AND METHODS 
 

Patients and mutation analysis 
Mutations in patients 4, 723, 428, II.3, and 636, have been previously described (Deveault et al., 

2009; Messaed et al., 2011b; Murdoch et al., 2006) and their NLRP7 mutations and NSVs are 

shown in Figure 2.1 and Supplemental Table 2.1 Additional new patients were analyzed as 

described previously, and their reproductive history is shown in Supplemental Table 2.1. We use 

the term mutations to indicate DNA changes leading to protein truncating mutations or missense 

mutations that were not found in at least 100 controls of matching ethnicities to those of the 

patients. We use NSVs to indicate changes in amino acids that were also found in controls from 

the general population. This study was approved by the Institutional review Board of the McGill 

University. All patients provided written consent to provide blood samples and participate in the 

study. 

 

Cytokine assay 
Blood (on K3EDTA) from patients 4, II-3, 428, 636 , 723 and 890 with mutations and patients 

896, 747, 882, and 993 with rare variants were analyzed in parallel to one sample from a control 

subject (control 1) within 24 hours (h) from withdrawal. Blood from 15 additional controls from 

unrelated subjects (between 20 and 45 years) from various ethnic groups were later collected and 

analyzed with control 1. All the controls did not have family histories of immunological or 

inflammatory condition and had no family history of recurrent fetal losses. All patients and 

controls were not pregnant (except for patient 890) or under any type of treatment at the time of 

blood withdrawal. In addition, a complete white blood cell profile and count was performed on 

control and patient samples the day of the experiments to exclude any acquired temporary 

inflammation. PBMCs were isolated using Ficoll-Paque PLUS and 1.5x106 cells were plated in 

24-well plates and stimulated with LPS (100ng/ml) (Sigma, L6529, from Escherichia coli 

055:B5) or ultrapure LPS (1 µg/ml (Cedarlane 423(LB) from E. coli 0552:B5). 

 

Cloning and site-directed mutagenesis of human NLRP7 or plasmid constructs 
Human wtNLRP7 cDNA was cloned into pCR-Blunt-II-TOPO vector (IMAGE ID: 40036028, 

Accession number BC109125; Open Biosystems). The NLRP7 cDNA in the IMAGE clone 

contained three NSVs, Q310R, L311I, and A481T that were corrected by site directed 

mutagenesis and the corrected vector was considered as our wild-type for this study. The NLRP7 

cDNA was FLAG-tagged using the primer 
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5’:GCGGCTTAAGCCACCATGGACTACAAAGACGACGATGACAAGGGTACCATGACAT

CGCCCCAG and Primer 3’:GCGGCTCGAGTCAGCAAAAAAAGTCACAGCACGGA. 

FLAG-NLRP7 was inserted into a pcDNA 3.1 (+) vector (Invitrogen) using restriction sites AflII 

and Xho1. Missense mutations and base pair deletions in the NLRP7 gene were generated by site-

directed mutagenesis using PfuUltra High-fidelity DNA polymerase AD (Agilent Technologies) 

the QuikChange™ site-directed mutagenesis (Stratagene). The integrity of all clones was 

confirmed by direct sequencing of the whole insert. 

 

Cell culture and transfection 
One day prior to transfection HEK293 cells were seeded at a density of 1×105 cells per well using 

24-well plates in 500µl of Dulbeco’s modified Eagle’s medium (DMEM) (Invitrogen) 

supplemented with 10% of fetal bovine serum (FBS) (Invitrogen). The cells were transfected 

with 400ng of total plasmid DNA, pre-complexed with the Plus Reagent, and diluted in 

Lipofectamine reagent according to manufacturer’s instructions (Invitrogen). In co-transfection 

experiments, the pcDNA 3.1(+)-pro-IL1B vector encoding the human IL1B protein and the 

pcDNA 3.1(+)-FLAG-caspase-1 vector encoding the human caspace-1 protein (NM_033292.21) 

were co-transfected with pcDNA 3.1 (+)-FLAG-NLRP7. 

 

Western blotting 
Twenty-four hours post-transfection or stimulation, cells were lyzed, and proteins separated on 

10% SDS–PAGE, transferred into PVDF membranes and immunodetected using a monoclonal 

antibody directed against FLAG (1:2000) (F3165 Sigma), monoclonal antibodies directed against 

human IL1B (2022, Cell Signaling technology) (1:1000), α-tubulin (2144, Cell Signaling 

Technology) (1:1000), and β-actin (MAB1501, Chemicon Intl.) (1:1000). Protein bands were 

revealed using the Hyperfilm ECL Western blotting detection reagents (GE Healthcare) and 

quantified by NIH ImageJ software (http://rsb.info.nih.gov/ij/). 

 

Nocodazole treatment 
EBV cells (1.5x106) from one control were plated in Four-well chamber slides (Ultident), 

stimulated or not with ultrapure LPS (1µg/ml) (Cedarlane 423(LB) from E. coli 0552:B5) for 24 

h, and treated the next day with nocodazole 10µM (Sigma, M1404, dissolved in dimethyl 

sulfoxide (DMSO)), DMSO alone, or without nocodazole or DMSO. All treatments were at 37°C 

for 30 min in 5% CO2 humidified atmosphere. 
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Immunofluorescence staining 
Four-well chamber slides (Ultident) were pre-treated with poly-L-lysine (0.1 mg/ml) (Invitrogen) 

for 2 h at room temperature and 7.5×105 cells were seeded per well and incubated for 15 min at 

4°C. PBMCs were then fixed with 95% alcohol 5% glacial acetic acid for 15 min at 4°C, 

permeabilized with 0.2% Triton X-100 (Sigma) in phosphate-buffered saline (PBS 1x) for 15 min 

at room temperature, blocked with 3% BSA in PBS 1x for 1 h, and then incubated with each of 

the primary antibodies: goat anti-NLRP7 (1:100) (sc-50642, Santa Cruz Biotechnology), mouse 

anti-IL1B  (1:100) (MAB201, R&D systems), rabbit anti-giantin (1:100) (sc-67168, Santa Cruz 

Biotechnology), mouse anti-protein disulfide isomerase (PDI) (1:100; MA3-019, Thermo 

Scientific), mouse anti-γ-tubulin (1:100) (MA1-850, Thermo Scientific) overnight at 4°C, 

followed by incubation for 1 h at room temperature with their respective secondary antibodies: 

Alexa-Fluor-conjugated donkey anti-goat (1:500) (A11055, Invitrogen), donkey anti-mouse 

(1:500) (A10037, Invitrogen) and donkey anti-rabbit (1:500) (A10042, Invitrogen). Finally, the 

slides were mounted using Vectashield hard-set mounting medium with 4–6 diamidino-2-

phenylindol-2-HCl (DAPI) (Vector Laboratories). The specificity of the NLRP7 primary 

antibody was tested after blocking with the NLRP7 peptide (sc-50642 P) according to the 

manufacturer’s instructions. Fluorescence images were captured on an Axioskop 2 plus 

microscope. Cells were also examined and images were captured using a laser-scanning confocal 

microscope (Olympus FluoViewTM FV1000) with an oil immersion objective (UPLSAP, ×100).  

 

Statistical analyses 
Statistical analyses of ELISA measurements were performed using single factor analysis of 

variance (ANOVA). The frequencies of NLRP7 polar signals were calculated using two-by-two 

table on the Simple Interactive Statistical Analysis (SISA) website. P value <0.05 were 

considered as statistically significant.  
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2.4 RESULTS 
 
Cells from patients with NLRP7 mutations and variants secrete low levels of IL1B and TNF 
 
           Mutations in NLRP3, another member of the nucleotide oligomerization domain-like 

receptor proteins, have been shown to be associated with increased IL1B and TNF secretion from 

PBMCs of patients with Muckle-Wells and related autoinflammatory disorders (Agostini et al., 

2004; Hoffman et al., 2001; Loock et al., 2010). To investigate the role of NLRP7 in the 

regulation of cytokine production in an ex vivo cellular model, PBMCs from six patients with 

previously reported mutations that are not present in the general population (Figure 2.1A) and 15 

controls (c1 to c15) were stimulated with LPS for 24 h and the levels of IL1B and TNF released 

into the culture supernatants were measured by ELISA. This analysis revealed that the cells of the 

patients secrete lower amounts of both cytokines than control cells (p values ≤ 0.0004) (Figure 

2.1B). Patients with NLRP7 mutations are rare and most of the patients are referred to our 

laboratory from international collaborators. Consequently, it is difficult to have access to fresh 

blood cells from additional patients with mutations. We therefore assessed IL1B and TNF 

secretion by PBMCs from nine patients with rare NSVs in NLRP7 that were found at higher 

frequencies in patients than in controls of European ancestry and are therefore associated with 

recurrent reproductive wastage in the European population (Messaed et al., 2011b). Data on four 

patients (754, 819, 821, and 830) have been reported previously and show statistically lower 

amounts of secreted IL1B and TNF. In the current study, we analyzed five additional European 

patients, 747, 840, 882, 896, and 993, three with variant G487E and two with variant K511R. 

Again, we found that cells from these patients secrete lower levels of IL1B and TNF than cells 

from controls without these variants (Figure 2.1C). 

PBMCs from patient 636 with one mutation and one control were maintained in the presence of 

LPS for 48 h and then assayed for IL1B and TNF secretion. This analysis showed higher 

concentrations of IL1B accumulated after 48 h in the supernatants of both patient and control 

cells but the ratios of secreted IL1B by patient and control cells were almost the same (Figure 

2.1D). For TNF, lower levels were noted after 48 h of stimulation in both patient and control cells 

and may be due to its degradation in the culture supernatants. Altogether, our data demonstrate 

that patients with NLRP7 mutations and variants secrete statistically lower levels of IL1B and 

TNF than controls and are therefore hyporesponsive to LPS.  
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Normal IL1B processing in ex vivo stimulated patient’s PBMCs 
 
           To investigate the causes of the reduced amounts of secreted IL1B by patients relative to 

controls cells, we measured the ratios of intracellular pro, mature, and secreted IL1B in two 

patients, 723 and 890, with NLRP7 mutations (Figure 2.2A) and four patients, 747, 896 (Figure 

2.2B), 882, and 993, with rare NLRP7 variants versus controls without the mutations or the rare 

variants. We found variable amounts of synthesized pro-IL1B in the patients, with four of them 

having slightly higher amounts of intracellular pro-IL1B than controls (Figure 2.2C). Two 

patients with rare variants, 896 and 993, had lower and higher amounts of pro-IL1B than 

controls, respectively. In five of the six patients, the levels of mature IL1B mirrored those of pro-

IL1B and none of the patients had defective pro-IL1B processing. In addition, all the analysed 

patients had lower levels of secreted IL1B than controls with the exception of patient, 890, who 

was pregnant at the time of blood drawing for LPS stimulation. These data lead us to two 

conclusions: first, NLRP7 mutations do not affect IL1B processing but interfere, directly or 

indirectly, with its secretion in the extracellular milieu; second, NLRP7 mutations and variants 

increase the levels of intracellular pro-IL1B synthesis in response to LPS stimulation, which 

indicates that normal NLRP7 inhibits pro-IL1B synthesis, and mutations and variants in this gene 

impair this function. We note that the decrease in cytokine secretion was relatively more 

important than the increase in pro-IL1B synthesis and seems to be the major defect of PBMCs 

from patients carrying NLRP7 mutations and rare variants. 

 
NLRP7 co-localizes with the Golgi and MTOC in ex vivo stimulated PBMCs with LPS 
 
           The fact that cells from patients with NLRP7 mutations secrete lower amounts of IL1B 

and TNF implies that NLRP7 interferes, directly or indirectly, with the secretion of these 

cytokines and must be therefore expressed in cells that secrete these cytokines. In PBMCs, IL1B 

and TNF are mainly secreted by stimulated monocytes. Using immunofluorescence on PBMCs, 

we confirmed that IL1B and TNF expression is restricted to LPS-stimulated monocytes and 

showed NLRP7 expression in monocytes expressing IL1B (Figure 2.3A-C). NLRP7 expression 

was also detected in all the other PBMCs subpopulations, and in seven hematopoietic cell lines, 

EBV, BJAB, Raji and Ramos (all of B-cell origin), Jurkat (of T-cell origin), THP1 (Figure 2.3D 

and Supplemental Figure 2.1) and U937 (THP1 and U937 are of monocytic origin). In all LPS-

stimulated PBMCs subpopulations, NLRP7 was not distributed homogeneously in the cytoplasm 

as reported previously in transiently transfected cells overexpressing wild-type NLRP7 cDNA in 
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human embryonal carcinoma cell lines (Okada et al., 2004). The strongest NLRP7 signal was 

detected around the nucleus, restricted to a quarter of the cell circumference suggesting its 

presence in cellular organelles (Figure 2.3E-G). The polarity of the NLRP7 signal was more 

prominent after LPS stimulation, being observed in 73% of the cells compared to 42% of 

unstimulated cells (Figure 2.4). (Chi2=52.98, p<0.0001). Using regular immunofluorescence 

microscopy and antibodies against protein disulphide isomerase, an endoplasmic reticulum 

resident protein; giantin, a cis-Golgi resident protein; and γ-tubulin, a marker of the MTOC, after 

LPS stimulation, NLRP7 was found to overlap partially with protein disulphide isomerase 

(Figure 2.3H-J), but co-localized exactly with giantin (Figure 3K-M) and γ-tubulin (Figure 2.3N-

P). The co-localization of NLRP7 with giantin and γ-tubulin was also observed after sequential 

laser confocal microscopy scans (data not shown). 

To further investigate the potential association of NLRP7 with cytoskeleton proteins, we 

looked at the NLRP7 signal in EBV cells from a control subject treated with nocodazole, a 

microtubule depolymerizing agent, for 30 minutes before fixation and immunofluorescence. We 

found that nocodazole treatment in the presence or the absence of LPS fragmented the NLRP7 

signal and decreased significantly its polarity (Chi2=86.34, p <0.0001) (Figure 2.4). 

 

NLRP7 inhibits pro-IL1B synthesis in vitro and nonsense mutations impair this inhibitory 
function 
 
           To further characterize the second role of normal NLRP7 in inhibiting pro-IL1B synthesis, 

HEK293 cells were co-transfected with vectors expressing pro-IL1B, procaspase-1, and FLAG-

tagged wild-type NLRP7 (FLAG-wtNLRP7) or FLAG-tagged NLRP7 mutants to induce 

inflammasome formation and IL1B processing. This analysis demonstrated that in vitro 

wtNLRP7 also inhibits primarily pro-IL1B synthesis and decreases the level of mature IL1B in a 

dose-dependent manner and only in the presence of caspase-1 (Figure 2.5A and B). We also 

found that an increased amount of caspase-1 counteracted the inhibitory effect of NLRP7 on pro-

IL1B synthesis (Figure 2.5C and D) and completely abolished it at higher concentrations. 

We then tested the effects of fourteen mutations and variants (Figure 2.1A), of which eight were 

analyzed in the ex vivo assay. Our data demonstrate that premature stop codons, mainly after the 

Pyrin domain, compromise significantly the inhibitory function of NLRP7 and lead to a 

significant increase in the amount of intracellular pro-IL1B synthesis and consequently the 

amount of mature IL1B (p<0.01) (Figure 2.6A and B). In contrast to nonsense mutations, all the 
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tested missense mutations in the three domains did not alter significantly the inhibitory activity of 

NLRP7 on pro-IL1B synthesis in this in vitro system (Figure 2.6C and D) (Supplemental Figure 

2.2). We also looked at the NLRP7 subcellular localization in transfected HEK293 cells with 

FLAG-wtNLRP7 and anti-FLAG antibody. However, in these cells, the level of NLRP7 

expression varied between cells and was very high in most of transfected cells, which masked 

somehow the polarity of the signal (Supplemental Figure 2.3).  

 

NLRP7 domains act concomitantly to inhibit pro-IL1B synthesis 
 
            To determine which domain is responsible for inhibiting pro-IL1B synthesis, we 

generated constructs containing only the Pyrin, the NACHT or the LRR domain of NLRP7 and 

constructs with a deleted Pyrin, NACHT or LRR domain. We co-transfected each of these 

constructs with plasmids expressing pro-IL1B and pro-caspase-1 and assessed their effects. We 

show that the Pyrin, the NACHT, and the LRR domains act concomitantly to reduce the 

intracellular level of synthesized pro-IL1B and consequently the intracellular level of mature 

IL1B. We found that both the LRR and the NACHT contribute equally to the NLRP7 inhibitory 

function of pro-IL1B synthesis (Figure 2.7A and B). 
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2.5 DISCUSSION 
 
 Our knowledge about autoinflammatory diseases has expanded significantly in the last 

decade with the identification of several genes responsible for inflammatory conditions. Among 

NLRP genes, the most studied one is NLRP3 responsible for three related autoinflammatory 

diseases. Patients with NLRP3 mutations have constitutive inflammation and their PBMCs 

secrete higher amounts of IL1B and TNF than controls upon LPS stimulation (Agostini et al., 

2004; Jeru et al., 2010; Kastner et al., 2010; Loock et al., 2010). 

Here we demonstrate that PBMCs from patients with NLRP7 mutations sense and respond to 

LPS, but secrete lower amounts of IL1B and TNF than PBMCs from controls. These results are 

not entirely unexpected because patients with recurrent HMs other than their reproductive 

problem are in good health and do not manifest inflammatory attacks, fever or any other clinical 

sign of inflammation as do patients with NLRP3 mutations. Our cytokine secretion data on 

patients with NLRP7 mutations and variants are in agreement with previous reports on women 

with sporadic moles showing their weak cellular mediated immunity in response to 

Phytohemagglutinin and Concanavalin A, and delayed skin hypersensitivity to 

dinitrochlorobenzene, purified protein derivatives and recall Candida antigens (Ho et al., 1980; 

Khanna et al., 1985; Tomoda et al., 1976). 

In addition, we show that the impaired cytokine secretion is not due to an abnormal IL1B 

processing since none of the 11 patients with mutations or variants that we have analyzed to date, 

including those previously reported (Messaed et al., 2011b), has an abnormal pro-IL1B 

processing. On the contrary, our ex vivo data showed that cells of patients have normal to higher 

amounts of intracellular pro-IL1B ranging from 1.1 to 5.6 fold those of controls. This suggests 

that normal NLRP7, in addition to its role in cytokine secretion, has also another role in 

downregulating the intracellular level of pro-IL1B in response to toll-like receptor-4 signaling 

and that mutations and variants in this gene impair this function and consequently lead to higher 

amounts of pro-IL1B production. Among the patients analyzed in this study, one with a rare 

variant in NLRP7, K511R (patient 896), had a lower level of pro-IL1B. Similarly, among 

previously analyzed patients with rare NLRP7 variants, one out of five patients (patient 754) 

(Messaed et al., 2011b) displayed lower amount of intracellular pro-IL1B as compared to control. 

This indicates that patients with rare NLRP7 variants have mutations or variants in other genes 

affecting pro-IL1B synthesis and contributing to their disease phenotype. 
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The fact that the abnormal low secreted levels of IL-1Β mirrored those of TNF suggested that the 

export pathways of these two cytokines overlap, or at least share common trafficking proteins 

that are affected, directly or indirectly, by NLRP7 mutations and variants. We therefore looked at 

NLRP7 subcellular localization in ex vivo stimulated PBMCs from normal subjects or in THP1 

cell line and found that NLRP7 co-localizes with the Golgi apparatus and with the MTOC. This 

localization was affected by nocodazole treatment, which fragmented the NLRP7 signal and 

decreased its polarization (Figure 2.4). This suggests that mutations and variants in NLRP7 

impair cytokine secretion by affecting their trafficking either through the classical secretory 

pathway via the Golgi apparatus or by disrupting the microtubule network known to play a role in 

the non-classical pathway of IL1B secretion. Our data are in line with a previous report showing 

reduced IL1B and TNF secretion by normal monocytes stimulated with LPS and treated with 

histone deacetylase inhibitors, which disrupt microtubules and impair vesicle transportation 

(Carta et al., 2006). Also, a defect in factors regulating microtubule and actin filaments 

organization has been suggested, a long time ago by Edwards et al. (Edwards et al., 1990) to 

underlie postzygotic abnormalities during in vitro culture of embryos from a patient with 

recurrent moles. This suggestion is in line with the postzygotic aneuploidies and mosaicisms that 

occur in patients with NLRP7 mutations (Deveault et al., 2009) and the association of another 

gene from the NLRP family, NLRP5, with abnormal spindle assembly, chromosome 

misalignment, aneuploidies and mosaicisms (Tong et al., 2000; Zheng and Dean, 2009). 

To confirm the role of NLRP7 in downregulating pro-IL1B synthesis, we developed an in vitro 

assay and assessed first the effect of wtNLRP7. Again, in this in vitro system, we found that 

wtNLRP7 downregulates the intracellular level of pro-IL1B in a dose-dependent manner, which 

is in agreement with our ex vivo data and previously reported data by Kinoshita et al. (Kinoshita 

et al., 2005). However, under our experimental in vitro conditions, wtNLRP7 reduced primarily 

the amount of pro-IL1B and subsequently the amount of mature IL1B. We then tested the effects 

of constructs containing 13 mutations and rare variants observed in patients, eight of which were 

analysed in the ex vivo assay. We found, in vitro, that only the two analysed nonsense mutations 

after the Pyrin domain alter significantly the NLRP7 inhibitory function and lead to higher 

amounts of pro-and mature IL1B whereas all analysed missense mutations and variants in the 

three domains did not affect significantly the intracellular level of pro-IL1B. The lack of impact 

of missense mutations on pro- IL1B production, in vitro, may be due to domain redundancy that 

acts as a compensation mechanism since both the NACHT and the LRR are able to individually 
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mediate an important inhibition of pro-IL1B synthesis (Figure 2.7). Also, it is possible that our in 

vitro system is not sensitive enough to detect milder defects caused by missense mutations and 

rare variants. The exact mechanism by which NLRP7 downregulates pro-IL1B synthesis in 

transiently transfected cells with vectors without regulatory promoter regions is not clear, but 

definitely must involve a number of cellular changes affecting the expression of several 

endogenous genes that altogether, with the transfected ones, contribute to the downregulation of 

pro-IL1B at the transcriptional or/and translational levels. 

We have previously shown the occurrence of all genetic types of moles, diploid biparental 

(Helwani et al., 1999; Qian et al., 2007), diploid androgenetic monospermic (Deveault et al., 

2009), and triploid dispermic (Slim et al., 2011), in patients with NLRP7 mutations. We proposed 

a two-hit mechanism underlying mole occurrence (Deveault et al., 2009). The first hit is the 

occurring of various complex abnormalities around the time of fertilization or/and very early in 

the zygote. The second hit is the retention of these aberrant pregnancies to later gestational 

stages. Among the analyzed patients in the ex vivo cytokine secretion assay, patient 636 had had 

triploid dispermic moles (Slim et al., 2011), patient 428 had had a diploid androgenetic 

monospermic mole (Deveault et al., 2009), and patient 4 had had diploid biparental moles 

(Helwani et al., 1999). All genotypic types of moles are basically non-viable conceptions that had 

arrested earlier than the time of their clinical diagnosis before the differentiation of fetal vessels 

inside the chorionic villi and the establishment of fetal blood circulation. Despite these 

abnormalities, these conceptions are retained by the patients until the end of the first trimester of 

pregnancy. The abnormal retention of such pregnancies is an important feature of this pathology 

and is by itself an indication of the compromised immune response of the patients. Our data 

demonstrating the inability of the cells of the patients to secrete cytokines and consequently 

mount appropriate inflammatory response provide an explanation for their abnormal tolerance of 

moles, conceptions with no embryos. Our findings will impact our understanding of several 

forms of reproductive wastage and will also open new avenues of research to better understand 

the causes of gestational choriocarcinomas, aggressive and malignant tumors that originate 

generally from the placenta of androgenetic moles. In humans, gestational androgenetic 

choriocarcinomas are the only tumors of non-self origin that are able to grow for several months 

and invade several maternal tissues (lung, brain, liver, etc.) without being rejected by the 

maternal immune system. Our findings about the impaired cytokine secretion by cells from 

patients with NLRP7 mutations and consequently their delayed rejection of abnormal conceptions 
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will open new avenues of therapeutic research aiming at enhancing the immune response of 

patients and helping them in rejecting these non-self tumors. 
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2.7 FIGURES 
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Figure 2.1. Cytokine secretion by PBMCs from patients with NLRP7 mutations and 
variants 
(A) Schematic representation of the NLRP7 protein with the various mutations and rare variants 
analyzed in this study. NLRP7 protein shares three functional domains with several members of 
the Nod-like receptor (NLR) family, the PYD, the NACHT and the LRR. (B) PBMCs from 
patients with NLRP7 mutations have an impaired IL1B and TNF secretion. Freshly isolated 
PBMCs (1.5x106cells) were stimulated with LPS for 24 h. The cells were centrifuged and 
supernatants were collected to measure the amount of IL1B and TNF released in the media by 
ELISA. Relative amounts of each cytokine refer to the secreted amounts by patients cells divided 
by those secreted by control cells. The averages and standard errors were calculated on two to 
three different ELISA assays on supernatants from the same LPS stimulation. (C) PBMCs from 
two patients with rare NLRP7 variants show also lower IL1B and TNF secretion than controls. 
(D) IL1B and TNF secretion by PBMCs from patient 636 stimulated with LPS for 48 h. C1 after 
24 h of stimulation was adopted as 1-fold. After 48 h of stimulation, the amount of IL1B was 2.2 
times higher than the level after 24 h and was kept at 2.2 to highlight the accumulation of IL1B 
in both control and patient cells. aa, amino acids; NSV, nonsynonymous variants. 
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Figure 2.2. Cells from patients with NLRP7 mutations and rare variants display normal to 
higher pro-IL1B synthesis and normal processing 
Freshly isolated PBMCs (1.5x106cells) were stimulated with LPS for 24 h. Immunoblots of 
whole cell lysates show the expression of intracellular pro, mature IL1B relative to β-actin in 
patients with NLRP7 mutations (A) and rare variants (B). (C) Recapitulation of the ratios of pro, 
mature and secreted IL1B by the cells of patients divided by control cells (patient pro-IL1B 
/control pro-IL1B) after signal quantification using Image J software. When sufficient amount of 
cells from patients were available, the averages and standard deviations were calculated on two 
to three different western blots on cellular lysates from the same LPS stimulation. 
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Figure 2.3. Subcellular localization of NLRP7 and co-localizations 
(A-C) Expression of NLRP7 and IL1B in a monocyte after LPS stimulation. DNA was 
counterstained with DAPI (blue). (D) NLRP7 is distributed homogeneously in the cytoplasm of 
unstimulated THP1 cells, whereas it has predominantly a polar signal in stimulated PBMCs (E-
G). In E, note the faint microtubule-like network staining emerging from the NLRP7 polar 
signal. Stimulated PBMCs show overlap between the localization of NLRP7 protein and PDI, a 
marker of the endoplasmic reticulum (H-J). Co-localization of NLRP7 protein in LPS-stimulated 
THP1 cells with giantin, a marker of the cis-Golgi (K-M). Co-localization in PBMCs of NLRP7 
protein with γ-Tubulin, a marker of the MTOC (N-P). 
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Figure 2.4. Effect of LPS and nocodazole on NLRP7 polarization in EBV cells from 
a control subject  
(A) NLRP7 signal was polar in untreated cells; however, upon nocodazole treatment for 30 min 
NLRP7 signal was disrupted and became more diffuse and fragmented around the nucleus and 
less sequestered to one pole of the cells. (B) The results represent the percentage of EBV cells 
with polarized NLRP7 signal after each treatment. The averages and standard deviations in these 
histograms represent cell counts performed by two observers on 50 to 150 cells per condition. 
The indicated results are representative of data from three different experiments. 
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Figure 2.5. Wild-type NLRP7 inhibits caspase-1 dependent IL1B production  
(A) Immunoblot of whole cell lysates of HEK293 cells that were transfected simultaneously with 
expression vectors encoding IL1B (150 ng), FLAG-caspase-1 (15 ng) and different amounts (25, 
50, 100 ng) of FLAG-wtNLRP7. (B) Representation of the quantification of signals in panel A 
using Image J. This analysis shows that the level of pro-IL1B inversely correlates with the level 
of NLRP7 (lanes 3-6). (C) Immunoblot of whole cell lysates of HEK293 cells that were 
transfected simultaneously with expression vectors encoding IL1B (150 ng), different amount of 
FLAG-caspase-1 (15, 38, 50, 100 ng) and FLAG-wtNLRP7 (100 ng). (D) Representation of the 
quantification of signals in panel C using Image J software. This analysis revealed that a dose-
dependent increase of caspase-1 mitigates the inhibitory function of NLRP7 and correlates with 
an increase of pro-IL1B synthesis (lanes 6-8). In B and D, the averages and standard deviations 
were calculated on two different western blots on cellular lysates from different transfection 
experiments. 
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Figure 2.6. Nonsense mutations in NLRP7 abolish its inhibitory function  
(A and C) Immunoblots of whole cell lysates of HEK293 cells that were transfected 
simultaneously with expression vectors encoding IL1B (150 ng), FLAG-caspase-1 (15 ng) and 
FLAG-wtNLRP7 (115KDa) or mutant NLRP7 (100 ng) expression vectors. (B and D) 
Representations of the quantification of signals in panels A and C respectively using Image J 
software. This analysis showed that missense mutations in the Pyrin and the LRR domains do not 
alter significantly IL1B processing. However, nonsense mutations after the Pyrin domain, E99X 
(9KDa) and G118X (11KDa), and in the LRR domain, L825X, compromise significantly the 
inhibitory effect of NLRP7. In D, the averages and standard deviations were calculated on two 
different western blots on cellular lysates from different transfection experiments.  
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Figure 2.7. NLRP7 domains work concomitantly to regulate caspase-1 dependent 
IL1B production 
(A) Schematic diagram of protein domain structures. (B) Immunoblot of whole cell lysates of 
HEK293 cells that were transfected simultaneously with expression vectors encoding IL1B (150 
ng), FLAG-caspase-1 (15 ng), FLAG-wtNLRP7 (100ng), FLAG-tagged NLRP7 domains 
constructs (100ng) and FLAG-tagged NLRP7 domain deletion constructs (100ng). Below the 
immunoblot is the representation of the quantification of signals using Image J software. This 
analysis revealed that the three NLRP7 domains contribute to the inhibition of IL1B processing, 
albeit to different extents. The strongest inhibitory effect is mediated by the NACHT and the 
LRR domains (lanes 7-9). In B, the averages and standard deviations were calculated on two 
different western blots on cellular lysates from different transfection experiments. aa, amino 
acids. 
  

aa 
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2.8 TABLES 

Table 2.1. Mutation analysis and reproductive outcomes of patients with NLRP7 mutations 

 
 

 
 
Amino acid numbering of mutations and variants uses cDNA numbering with +1 corresponding 
to the A of the ATG translation initiation codon in the reference sequence, NM_001127255.1. 
NP, stands for normal pregnancy; LB, for live birth; IUGR, for intra-uterine growth restriction; 
SB, for stillbirth; END, for early neonatal death; PHM, for partial hydatidiform mole (HM); 
CHM, for complete HM; SA, for spontaneous abortion; BO, for blighted ovum; EP, ectopic 
pregnancy; EFL, for early fetal loss before a pregnancy test was performed; w, for weeks. 
Mutations that are not present in the general population are in red and rare variants found at 
lower frequencies in the general population and are associated with reproductive wastage are in 
blue. Common variants are in black. 
 

Family ID Patient 
ID 

NLRP7 Reproductive 
Outcomes 

Reference 

Patients 
with 

Mutations 
 

 
 

 
 
MoLb1 

 
4 p.[G118X;V319I];[G118X;V319I] 

LBIUGR, SB, END, PHM, 
2 HM, CHM, SA, PHM 

(Murdoch et al., 
2006) 

 
MoGe2 

 
II-3 p.[R693W];[R693W] 

CHM, CHM, CHM, HM (Murdoch et al., 
2006) 

 
 
MoCa57 

 
 

428 p.[V319I;G487E];[V319I;C399Y] 

SB (21w), BO, twin 
(fetus+CHM), SA, SA, 

LB (28w) with 
malformations 

(Deveault et al., 
2009) 

 
MoCa94 

 
636 

 
p.[A719V];[=] 

EFL, NP, EFL, SA, EFL, 
PHM, NP 

(Deveault et al., 
2009) 

 
MoBa169 

 
723 

 
p.[G380R];[=] 

 
SA, SB (28w), HM 

(Messaed et al., 
2011b) 

 
MoCa245 

 
890 p.[A481T; A719V] 

twin (EP+tubal), BO, SA, 
SA, Pregnant 

(Messaed et al., 
2011b) 

Patients 
with Rare 
Variants 

    

 
 
MoCa247 

 
 

896 p.[V319I(;)K511R] 

TA (fetus with 
malformations), NP, 

CHM 
This study 

 
MoCa305 

 
993 p.[G487E];[G487E] SA, HM-GTD, SA 

 
This study 
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2.9 APPENDIX 

 

 

 
 
 
 
 
Supplemental Figure 2.1. NLRP7 expression in different hematopoietic cell lines 
(A) Immunofluorescence photos showing NLRP7 expression in BJAB and THP1 cells. DNA 
was counterstained with DAPI (blue). (B) Different cell lines were seeded in supplemented 
RPMI 1640, collected, centrifuged, and the pellets were lyzed. Immunoblots of whole cell 
lysates showing NLRP7 expression in hematopoietic cell lines of different origins.   
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Supplemental Figure 2.2. Missense mutations in the NLRP7 NACHT domain do not alter  
significantly the inhibitory function of the protein 
HEK293 cells were transfected simultaneously with expression vectors encoding IL1B (150 ng), 
FLAG-caspase-1 (15 ng) and FLAG-wtNLRP7 or mutant NLRP7 (100 ng) expression vectors. 
Left panel, immunoblots of whole cell lysates show that missense mutations in the NACHT 
domain do not affect the inhibitory function of NLRP7. Right panel, representation of the 
quantification of signals using Image J software showing that all NLRP7 mutants decrease IL1B 
production to the same extent as the wild-type protein. 
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Supplemental Figure 2.3. NLRP7 expression in HEK293 cells transfected with vector 
carrying wild type FLAG-NLRP7 and revealed with FLAG antibody 
Note the presence of the NLRP7 signal in one pole of the cells in three of the five shown cells. 
 
 
 
 
 
Supplemental Table 2.1  

N/A 
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PREFACE TO CHAPTER 3 
 

The results described in Chapter 2 suggested that NLRP7 may impair IL1B secretion by 

affecting the microtubules and consequently the trafficking of IL1B-containing vesicles to the 

extra-cellular milieu. After the identification of KHDC3L, the second gene for HM, we decided 

to look at the subcellular localization of its protein in EBV cells. Within these cells, I found that 

KHDC3L co-localizes with NLRP7 to the MTOC and the Golgi apparatus (data not shown) 

(Reddy et al., 2013). This observation raised the question whether these two proteins also co-

localize in the oocytes, the cells that manifest the primary defect of this pathology. Towards 

addressing this question and in collaboration with Dr. Asangla Ao, I carried out in Chapter 3 co-

localization experiments of NLRP7 and KHDC3L on spare materials collected from patients 

undergoing reproductive assisted technologies. 
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CHAPTER 3 
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3.1 ABSTRACT 
 

Hydatidiform mole (HM) is an aberrant human pregnancy with abnormal embryonic 

development and excessive trophoblastic proliferation. Recessive mutations in the maternal-

effect genes, NLRP7 or KHDC3L, are responsible for recurrent HMs (RHMs). However, the 

exact roles of NLRP7 and KHDC3L in this condition are not fully understood. To gain insights 

into their functions, we characterized their subcellular localizations in human oocytes and early 

embryos using regular and confocal immunofluorescence and electron microscopies. We found 

that in oocytes, from the germinal vesicle until the formation of the zygote, NLRP7 co-localized 

with KHDC3L mainly to the cortical region. Within this region, electron and high resolution 

confocal microscopies confirmed the co-localization of NLRP7 and KHDC3L between cortical 

granules, mitochondria, and other organelles on cytoskeletal structures that did not overlap 

exactly with the α-tubulin microtubule network or display similar pattern by 

immunofluorescence. As the embryo completed its first division, NLRP7 and KHDC3L became 

excluded from the cell-to-cell contact region, restricted to the outer cortical regions, and were 

part of some structural complexes that are not E-cadherin dependent. During early cleavage 

stages, the two proteins displayed different localization patterns. While NLRP7 maintained its 

polarity until the blastocyst stage where it became homogeneously distributed in the cytoplasm 

of cells from the inner cell mass and trophectoderm, KHDC3L translocated to the nuclei of cells 

from both the inner cell mass and trophectoderm at the morula stage. These data suggest that 

NLRP7 and KHDC3L could be involved in the integrity and organization of the oocyte cortical 

region. 
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3.2 INTRODUCTION 

 

  A hydatidiform mole is an abnormal human pregnancy characterized by absence of, or 

abnormal embryonic development, excessive trophoblastic proliferation, and hydropic 

degeneration of chorionic villi. The common form of this condition is sporadic, not recurrent, 

and occurs in 1 in every 600-1000 pregnancies in Western countries (Savage et al., 2010). Moles 

recur in 1-6% of patients with a prior mole and these cases are termed singleton cases of RHMs. 

Occasionally, patients with RHMs have relatives with HMs and these cases are designated as 

familial RHMs.  

Owing to the fact that women with RHMs usually fail to have normal pregnancies and 

continue to have recurrent moles even after changing partners, we suggested that a maternal 

defective gene is responsible for this condition (Helwani et al., 1999). Maternal-effect genes 

encode mRNA and proteins that accumulate during oogenesis and govern the transition from 

oocyte to embryo (Dean, 2002). Such genes are not supposed to affect ovulation and fertilization 

but their absence would lead to early embryonic arrest. By studying rare familial cases of RHMs, 

two maternal-effect genes, NLRP7 and KHDC3L, responsible for this condition have been 

identified (Murdoch et al., 2006; Parry et al., 2011). NLRP7 is a major gene for RHMs and is 

mutated in 48-80% of patients depending on patients’ ascertainment criteria (singleton or 

familial cases) and populations (Estrada et al., 2013; Qian et al., 2011; Sebire et al., 2013; Slim 

et al., 2009). KHDC3L is a minor gene for RHMs and is mutated in only 10-14% of patients with 

no NLRP7 mutations (Fallahian et al., 2013; Parry et al., 2011; Reddy et al., 2013). 

NLRP7 transcripts have been documented in all oocyte and preimplantation embryo 

stages (Murdoch et al., 2006) with levels decreasing from the GV to Day 3 embryos (Zhang et 

al., 2008). At the protein level, NLRP7 expression in human oocytes has been documented in all 

follicular stages by immunohistochemistry (Wang et al., 2009a). NLRP7 codes for a nucleotide 

oligomerization domain-like receptor protein and is a member of the NLRP family with roles in 

autoinflammation, apoptosis, and pathogen-induced inflammation (Tschopp et al., 2003). Three 

studies have tried to address the functional role of NLRP7 in inflammation and agree on the fact 

that NLRP7 downregulates inflammation in various cellular models (Khare et al., 2012; 

Kinoshita et al., 2005; Messaed et al., 2011a). Two of these studies also showed that NLRP7 

mutations and knockdown reduce the levels of secreted IL1B in peripheral mononuclear blood 
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cells from patients (Messaed et al., 2011a) and macrophages (Khare et al., 2012), respectively. In 

these cells, NLRP7 localizes to the MTOC, the Golgi apparatus, and associates with 

microtubules suggesting that it may impair IL1B secretion by affecting the microtubules and 

consequently the trafficking of IL1B-containing vesicles to the extra-cellular milieu (Messaed et 

al., 2011a). The role of NLRP7 in downregulating the inflammatory response is believed to play 

a secondary role in the pathology of RHMs that underlies the prolonged retention of these 

pregnancies, in which embryonic development had arrested earlier. However, the primary role of 

NLRP7 in the pathology of RHMs is believed to be in the oocyte by analogy to other maternal-

effect genes and based on the fact that ovum donation has rescued the defect of three patients 

with recessive mutations in NLRP7 (Fisher et al., 2011; Nguyen and Slim, 2014). NLRP7 does 

not have an orthologue in mouse, but a paralogue, Nlrp2, from which NLRP7 is believed to have 

emerged by gene duplication (Duenez-Guzman and Haig, 2014; Tian et al., 2009). 

KHDC3L expression was documented at the RNA level in GV and metaphase II human 

oocytes and also at the protein level by immunohistochemistry during early folliculogenesis 

(Parry et al., 2011). KHDC3L is a member of the KH protein family characterized by the 

presence of an N-terminal KH domain, known to bind RNA (Garcia-Mayoral et al., 2007). 

Recently, we showed that KHDC3L co-localizes with NLRP7 in human hematopoietic cells 

(Reddy et al., 2013). In addition, Filia, the closest mouse gene to KHDC3L, has been reported to 

be part of a maternal protein complex confined to the oocyte cortex (Ohsugi et al., 2008). 

Molar tissues from patients with two NLRP7 or KHDC3L mutations are diploid 

biparental. Despite the normal biparental contribution to their genomes, these tissues lack 

maternal methylation marks on several maternally imprinted, paternally expressed genes. This 

has led to the suggestion that NLRP7 and KHDC3L play roles in establishing or maintaining 

maternal epigenetic marks during oogenesis or post-zygotic development (El-Maarri et al., 2003; 

Hayward et al., 2009; Judson et al., 2002; Kou et al., 2008). In line with these data, a recent 

study demonstrated the implication of NLRP7 in trophoblast lineage differentiation, chromatin 

reprogramming, and DNA methylation (Mahadevan et al., 2014). 

Part of our understanding of the functions of NLRP7 and KHDC3L in the cells where 

these proteins play their primary roles is in the characterization of their exact subcellular 

localizations in human oocytes and early embryos. Towards this goal, we used a total of 164 

spare human oocytes and embryos to characterize fully the expression of these two proteins. We 
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describe their localization to the oocyte cytoskeleton and show that both proteins redistribute at 

the 2-cell stage and become polar, restricted to the outer cortical region. Our full characterization 

of the subcellular localization of NLRP7 and KHDC3L will contribute to a better understanding 

of the roles of these proteins in the pathophysiology of RHMs. 
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3.3 MATERIALS AND METHODS 
 
Collection of oocytes and early cleavage embryos 
This study was approved by the Institutional Review Board of the McGill University. Patients 

undergoing IVF, intracytoplasmic sperm injection (ICSI), and/or pre-implantation genetic 

diagnosis (PGD) were treated with GnRH agonist or antagonists and FSH or hMG in a long- or 

short-treatment protocols. A single dose of 10,000 IU hCG was administered when two or more 

follicles reached a diameter above 18 mm. Oocytes were retrieved transvaginally 35 hours after 

hCG injection and were inseminated by either conventional IVF or ICSI. Oocytes and zygotes 

were cultured in cleavage medium (Cook Medical Inc., USA) in an atmosphere containing 6% 

CO2, 5% O2, and 89% N2. Fertilization was assessed 17–19 h after insemination by examining 

the presence and number of pronuclei. Spare oocytes and embryos or those that were not of good 

quality were donated for research on days 1-3 from consenting patients. A total of 164 oocytes 

and embryos were used in this study and the detailed description of their stages is listed in 

Supplemental Table 3.1. 

 

Disaggregation of cleavage-stage embryos  
In some experiments, cleavage-stage embryos were disaggregated before immunofluorescence. 

In these experiments, the embryos were incubated for 20-30 seconds in Acidic Tyrode's Solution 

(T1788) (Sigma-Aldrich Inc., Saint Louis, MO, USA) in order to remove the zona pellucidae. 

Zona-free embryos were then incubated for 2 hours in Sydney IVF Cleavage Medium (G20720) 

(Cook Medical Inc., USA) and then 15-30 minutes in Sydney IVF Biopsy medium (Ca2+/Mg2+-

free medium) (G26120) (Cook Medical Inc., USA) with 0.3% (w/v) polyvinylpyrrolidone (PVP) 

at 37°C. Embryos were disaggregated individually by gentle pipetting through an 80 µm tip in 50 

µl drops of 0.5% (w/v) albumin in PBS 1x, transferred to glycine buffer (0.15M glycine in PBS  

1x) and stored at 4°C until further processing.
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Immunofluorescence and confocal microscopy  
After collection, the oocytes and preimplantation embryos were fixed in 4% (v/v) para 

formaldehyde (catalogue number 15710) [Electron Microscopy Sciences (EMS), Hatfield, PA, 

USA] in PBS 1x for 30 min at room temperature, transferred to the glycine buffer, and stored at 

4°C until further processing. The oocytes and embryos were then washed in immunofluorescence 

(IF) buffer [1% (w/v) bovine serum albumin (BSA), 0.5% (v/v) normal goat serum in PBS 1x], 

permeabilized with 0.5% (v/v) Triton X-100 in PBS 1x for 30 min, followed by three washes 

with IF buffer and blocked in 3% BSA (w/v) in PBS 1x for 1 h. In some experiments, a 

microtubule-stabilizing buffer was used to preserve microtubules structures. In these 

experiments, after collection the oocytes were fixed for 1 h at room temperature in the following 

microtubule-stabilizing buffer (0.1M Pipes, pH 6.9, 5 mM MgCl2, 2.5mM EGTA) containing 

2.0% (v/v) paraformaldehyde (PFA), 0.5% (v/v) Triton X-100, 1 µm taxol, 10 units/ml aprotinin 

and 50% (v/v) deuterium oxide (Messinger and Albertini, 1991), washed three times in IF buffer, 

and blocked in 5% (v/v) FBS, 1% (v/v) Triton X-100 in PBS 1x for 1 h.  

The samples that were either fixed with 4% (v/v) PFA or with the microtubule-stabilizing buffer 

were incubated for an overnight at 4°C with one or two of the following primary antibodies: goat 

anti-NLRP7 (sc-50642, 1:100) (Santa Cruz Biotechnology, Inc., Dallas, Tx, USA); rabbit anti-

NLRP7 (IMG- 6357A, 1:100) (Novus Biologicals, Littleton, CO, USA); rabbit anti-NLRP7 

(GXT120931, 1:100) (GeneTex Inc., Irvine, CA, USA); rabbit anti-KHDC3L (AP11238a, 1:100) 

(Abgent Inc., San Diego, CA, USA); rabbit anti-KHDC3L (HPA043699, 1:100) (Sigma); mouse 

anti-α-tubulin that recognizes the protein coded by TUBA4A (T6074, 1:1000) (Sigma); mouse 

anti-E-cadherin (CDH1) (13-1700, 1:100) (Invitrogen Inc., Carlsbad, CA, USA) to visualize the 

transmembrane adhesion proteins at the cell-to-cell contact region; mouse anti-NANOG (4893, 

1:100) (Cell signaling technology, Boston, MA, USA) to visualize the ICM cells. NLRP7 and/or 

KHDC3L antibodies used in most of the immunofluorescence experiments were sc-50642 and 

AP11238a, respectively, and in these cases, the catalog numbers and names of the suppliers are 

not indicated. Occasionally, when other antibodies to reveal NLRP7 and KHDC3L were used, 

the names of the suppliers or references are specified. 

After an overnight incubation with the primary antibodies, the samples were washed with IF 

buffer and incubated with the following secondary antibodies, Alexa 488- or Alexa 568-

conjugated secondary antibodies (1:500) (Invitrogen, Carlsbad, CA, USA) for 1 h at room 
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temperature and was followed by three washes in IF buffer. Finally, the oocytes or embryos were 

transferred onto slides, coverslipped and mounted using Vectashield hard-set mounting medium 

containing DAPI (H-1200) (Vector Laboratories, Burlingame, CA, USA) to visualize the nuclei. 

The specificity and validation of the main antibodies used to reveal NLRP7 and KHDC3L were 

reported previously (Messaed et al., 2011a; Reddy et al., 2013). Fluorescence images were 

captured using a laser scanning confocal microscope either Olympus FluoViewTM FV1000 or 

Leica SP8 (for Figure 3.3A). Optical sections of 1 μm were obtained and the imaging parameters 

were set using the greyscale function in the Olympus FluoViewTM FV1000 software. Figure 

3.3A was generated using Volocity software (http://www.perkinelmer.co.uk). In order to ensure 

the highest possible quality images without saturation, confocal settings were adapted and the 

images were then exported as TIFF files and processed for final figure formatting.  

 

Electron microscopy 
Immunolabeling was performed before the embedding of the oocytes. After collection, oocytes 

were incubated with goat anti-NLRP7 (1:100) (sc-50642) followed by incubation with rabbit 

anti-Goat IgG (1:20) conjugated to 10 nm gold particles (G5402) (Sigma) for 30 minutes at room 

temperature and then fixed with 2.5% (v/v) glutaraldehyde [Electron Microscopy Sciences 

(EMS), Hatfield, PA, USA], in 0.1 M sodium cacodylate buffer (pH 7.3) for an overnight at 4°C. 

The oocytes were then post-fixed with 1% (v/v) osmium tetroxide (EMS), 1.5% (w/v) aqueous 

potassium ferrocyanide in 0.1 M sodium cacodylate buffer (EMS) for 2 h at 4°C, dehydrated 

through a graded series of ethanol baths, and then embedded in Epon (EMS). Ultrathin sections 

(80–95 nm) were cut with a diamond knife (Diatome) (EMS) on a Leica Microsystems UCT 

ultramicrotome (Vienna, Austria) and transferred onto Cu 200 mesh TEM grids with Formvar 

support film (EMS). Sections on the grids were contrast stained with 2% (w/v) uranyl acetate and 

Reynold’s lead (EMS). Samples were imaged in a FEI Tecnai 12 TEM (FEI, Hillsboro, OR, 

USA) at an accelerating voltage of 120 kV and images were collected with an AMT XR80C 

CCD camera (Advanced Microscopy Techniques Corp, Woburn, MA, USA). 
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Statistical analysis 
For the statistical analysis of immunofluorescence images, three different sections (at z=50 µm, 

section thickness=1µm) of either metaphase II oocytes or 2-cell embryos from three independent 

experiments were analyzed to measure NLRP7 signal intensities using AutoQuantX software 

(Media Cybernetics, Inc, USA; http://www.mediacy.com). Measurements were performed on 

three regions indicated in Figure 3.1F as the cortical (I and III) or central (II) regions for the 

metaphase II oocyte and in Figure 3.4B as the cortical (I and III) or the cell-to-cell contact region 

(II) for the 2-cell embryos. All the data points generated by the software in each region were 

averaged. Then the averages of NLRP7 signal in each region between all three images were 

calculated. Standard deviations were calculated for the averages generated for the three images. 

Statistical significance was performed using two-tailed t-test by comparing the average values 

obtained in regions I, II, and III in the oocytes and the 2-cell embryos. P-values <0.05 were 

considered statistically significant.  

For the TEM image analysis, four different sections of a metaphase II oocyte (section 

thickness=95 nm) were used to count the number of immunogold particles from the cortex 

towards the center of the oocyte using Image J software (National Institutes of Health, USA; 

http://imagej.nih.gov/ij). The three regions in which the counts were performed are shown in 

Figure 3.2B where interval 1 represents the region between 1 nm and 1000 nm from the oocyte 

membrane, region 2 represents the interval between 1000 nm and 2000 nm, and region 3 

represents the interval that goes beyond 2000 nm from the oocyte membrane. The total number 

of immunogold particles in each region was calculated for each image. Then the averages and 

standard errors of the means (SEM) in each region between all four images were calculated and 

represented in the histograms. Statistical significance was performed using two-tailed t-test by 

comparing the values obtained in each region for the four images. P-values <0.05 were 

considered statistically significant. 
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3.4 RESULTS 
 
NLRP7 and KHDC3L localize to the oocyte cortical region 
 

So far NLRP7 expression in oocytes has been documented only by 

immunohistochemistry, which does not provide information about its precise subcellular 

localization. To gain further information about NLRP7 protein localization in the cells where it 

plays its primary role, we performed an extensive analysis on spare oocytes that were collected 

from patients undergoing assisted reproductive technologies. Using immunofluorescence, 

NLRP7 was found to localize to the cortical region in the GV stage oocytes (Figure 3.1A), 

metaphase II oocytes (Figure 3.1B), and fertilized eggs (Figure 3.1C). In addition, NLRP7 was 

also detected in the polar bodies (Figure 3.1C). The specificity of NLRP7 signal was checked 

after neutralizing the primary antibody with the peptide used to raise it, according to the 

manufacturer’s instructions, and subsequent revelation by immunofluorescence. We found that 

the peptide blocked completely NLRP7 signal (Supplemental Figure 3.1A-C), which 

demonstrates the specificity of the signal. In all oocyte stages, NLRP7’s signal displayed a 

gradient of decreasing intensities from the cortical region toward the center of the oocytes. 

Measuring the intensity of the NLRP7 signal on three metaphase II oocytes from different 

experiments revealed that the intensity of the signal in the cortical region is ~ 3-fold higher than 

that observed in the center (P<0.03; Figure 3.1E and F).  

We then checked whether NLRP7 intense cortical signal is caused by a technical artefact 

due to the incubation time and temperature with the primary antibody; the composition of the 

fixation buffer as previously shown for some proteins by Morency et al. (Morency et al., 2011); 

or the antibody itself by testing two additional ones. However, the NLRP7 cortical signal did not 

change significantly with all the tested conditions (Supplemental Figure 3.2 and 3.3). We note 

that NLRP7’s signal in the zona pellucida was not revealed with the two additional antibodies, 

which indicates that the zona pellucida signal obtained with the main antibody (sc-50642) is 

most likely an artefact. We then extracted the oocytes with 0.1% (v/v) Triton X-100 1% (v/v) 

DMSO in PBS 1x for 5 minutes before fixation with PFA 4% (v/v) and performed double 

labeling experiments with NLRP7 and α-tubulin antibodies. We found that NLRP7 protein 

distribution was not affected by the treatment and remained mainly at the cortical region while 

α-tubulin antibody gave a clear filamentous network that was uniformly distributed throughout 
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the cytoplasm (Figure 3.2A-C), which demonstrate appropriate protein extraction before fixation. 

Altogether, our data demonstrate that NLRP7 intense cortical signal is unlikely to be due to an 

experimental artifact, but reflects the higher concentration of the protein at the cortical region.  

We next investigated the localization of KHDC3L in human oocytes at the metaphase II 

stage using two commercially available antibodies. KHDC3L was found expressed at this stage, 

mainly in the cortical region (Figure 3.2D-F and Supplemental Figure 3.4) similar to NLRP7 

(Figure 3.2B). KHDC3L was also expressed in the polar bodies (Supplemental Figure 3.5), and 

was completely absent from the zona pellucida with the two analyzed antibodies (Figure 3.2D-F 

and Supplemental Figure 3.4 and 3.5). The specificity of the KHDC3L primary antibody 

(AP11238a) was also tested after blocking with the KHDC3L peptide according to the 

manufacturer’s instructions, which abolished completely its signal (Supplemental Figure 3.1D-

F). 

 

NLRP7 is part of the oocyte cytoskeleton structure 
 

To gain further knowledge about NLRP7 localization in the oocytes, we fixed some 

oocytes with microtubule-stabilizing buffer, performed immunofluorescence, and analyzed the 

oocytes with high magnification confocal microscopy. This treatment preserved the microtubules 

and revealed a very nice cytoskeleton staining with NLRP7 antibody that was again more intense 

at the cortical region and was localized between some round structures that were not stained with 

NLRP7 antibody (Figure 3.3A). To identify these round structures and further refine the 

localization of NLRP7 at the cortical region, we performed ultrastructure analysis of metaphase 

II oocytes by transmission electron microscopy (Figure 3.3B-D) and first looked at the 

morphology of the oocyte with a particular interest to identify the different components and 

structures that are present in the cortical region. As previously reported (Van Blerkom and 

Henry, 1988), we found that this region is highly rich in cortical granules, mitochondria, smooth 

endoplasmic reticulum, and vacuoles (Figure 3.3B), which are embedded into some cytoskeletal 

structures. Immunostaining with NLRP7 antibody followed by electron microscopy revealed 

immunogold particles that were located between cortical granules, mitochondria, and other 

organelles (Figure 3.3C and D), on some structures that were not well preserved. These 

immunogold particles displayed a gradient of decreasing numbers from the membrane toward the 

center of the oocytes (P<0.04; Figure 3.3E). To reveal the nature of the structures on which 
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immunogold particles were bound, we fixed additional oocytes with the microtubule-stabilizing 

buffer, which allows simultaneous extraction and fixation and performed confocal microscopy 

using either NLRP7 or KHDC3L and α-tubulin antibodies (Figure 3.3F-K). This treatment 

preserved the structure of the oocyte microtubules and cytoskeleton and revealed with α-tubulin 

antibody a microtubule filamentous network that was evenly distributed in the cytoplasm (Figure 

3.3G and H; J and K) while NLRP7 and KHDC3L antibodies stained some cytoskeletal 

structures that were again more intense at the cortical region (Figure 3.3F-K; L-N). In 

conclusion, these data suggest that NLRP7 and KHDC3L are part of the oocyte cytoskeleton and 

are more abundant at the cortical region. 

 

NLRP7 is polar during early embryogenesis 
 

Next, we investigated the distribution of NLRP7 in preimplantation embryos from 2-cell 

to blastocyst stages. In humans, the thickness of the 2-cell embryo is ~100 μm. In the middle 

section of 2-cell stage embryos (at 50 μm), NLRP7 signal was found polar with a gradient of 

decreasing intensities from the outer cortical region to the cell-to-cell contact region, where 

NLRP7 was completely absent (P<0.006) (Figure 3.4A and B). To investigate NLRP7 polarity 

throughout the three dimensional structure of the 2-cell embryo, we measured the intensities of 

its signal from the slide level (0 μm) to the top level (100 μm) using the z stack confocal option. 

At 40 μm and 60 μm, NLRP7 signal was present in the inner part of the cells but was less intense 

than in the cortical region (Figure 3.4C and D). At 30 μm and 70 μm, NLRP7 signal in the inner 

part was higher than at 40 μm and 60 μm, respectively (data not shown). This pattern was 

reproduced in three different experiments and on three different 2-cell embryos (Figure 3.4B), 

which demonstrates the three-dimensional polarity of NLRP7 in 2-cell embryos with a 

predominant location to the outer cortical part of the cells.  

We next performed double labeling experiments with NLRP7 and E-cadherin, a 

transmembrane adhesion protein that attaches blastomeres one to another after the completion of 

the first cell division via calcium-dependent homotypic interactions (De Vries et al., 2004) 

(Figure 3.4E-G). This analysis showed the presence of E-cadherin at the cell-to-cell contact 

region demonstrating therefore that the absence of NLRP7 at the cell-to-cell contact is not due to 

incomplete permeabilization of the cells, inaccessibility of the antibody, or technical issues 

affecting the transmission and detection of fluorescence. Dissociation of blastomeres from 2- to 
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8-cell embryos using calcium-free culture media resulted in a quick re-distribution of NLRP7 to 

the same uniform, cortical localization observed in oocytes (Figure 3.4H-J). The same uniform 

and cortical distribution of NLRP7 was also observed in decompacted blastomeres of two 

degenerated embryos that were processed for immunofluorescence (Figure 3.4K and L). This 

indicates that NLRP7 protein is not soluble and free in the oocytes, but is part of some 

cytoskeletal structures that are maintained in good-quality embryos but lost upon embryo 

degeneration. We note that in several embryos, blastomeres undergoing apoptosis expressed 

higher amount of NLRP7. Three of these embryos are shown in Figures. 3.4H, 3.5F and I. The 

polarity of NLRP7 was maintained until the morula stage (Figure 3.5) but disappeared at the 

blastocyst stage where NLRP7 was homogenously distributed in the cytoplasm of cells from 

both the trophectoderm and the ICM (Figure 3.6). In this experiment, NANOG was used to 

identify ICM cells. 

KHDC3L polarity was maintained until the morula stage where it started to become 

nuclear in some blastomeres but excluded from the nucleoli (Figure 3.5J-O). At the blastocyst 

stage, KHDC3L remained nuclear and was expressed in both the ICM and the trophoblast layer 

(Figure 3.6F-M). Our data on early embryos demonstrate that NLRP7 and KHDC3L are both 

polar localized to the outer part of the cortical region during early cleavage-stages.  
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3.5 DISCUSSION 
 

To date, several maternal-effect genes have been identified in mice and the subcellular 

localization of some of their proteins, OOEP, NLRP5, TLE6, FILIA, PADI6, DNMT1O, and 

cPLA2γ, in the oocytes and early embryo cleavage-stages has been described (Howell et al., 

2001; Kim et al., 2010; Li et al., 2008b; Morency et al., 2011; Ohsugi et al., 2008; Tashiro et al., 

2011; Vitale et al., 2005; Yurttas et al., 2010; Yurttas et al., 2008). These studies have revealed 

that one of the main characteristics of these proteins is their cortical localization in the oocytes 

and their polar distribution toward the outer part of the cortical region from 2-cell to morula 

stages. 

To gain insight about the subcellular localization of the proteins of the only two known 

maternal-effect genes in humans, NLRP7 and KHDC3L, we performed extensive analysis on a 

total of 164 human oocytes and preimplantation embryos using confocal immunofluorescence 

and electron microscopies. We found that in oocytes, from the GV until the formation of the 

zygote, NLRP7 localized mainly to the cortical region along with KHDC3L. Modifying a range 

of experimental parameters did not significantly alter NLRP7 signal and validated its higher 

concentration at the cortical region of the oocytes. Within the cortical region, electron and high-

resolution confocal microscopies confirmed the localization of NLRP7 between cortical 

granules, mitochondria, and other organelles on some cytoskeletal structures that did not overlap 

exactly with the α-tubulin microtubule network or display similar pattern by 

immunofluorescence. Similar cytoskeletal structures, called CPLs, were identified in mouse 

oocytes and consist of bundled fibers (Capco et al., 1993) to which five maternal-effect proteins, 

OOEP, FILIA, NLRP5, PADI6, TLE6, have been shown to localize (Li et al., 2008b; Wright et 

al., 2003). The exact roles of CPLs is not fully understood, but embryos from NLRP5, PADI6, 

OOEP (FLOPPED), TLE6, or FILIA null females arrest during preimplantation development 

due to various defects that include impaired embryonic transcription (Tong et al., 2000), 

dysregulation of de novo protein synthesis (Yurttas et al., 2008), mitotic spindle abnormalities 

(Zheng and Dean, 2009), asymmetric first-cell division (Zheng and Dean, 2009), delayed 1- to 2-

cell division (Zheng and Dean, 2009). In addition, these CPLs were demonstrated to remain 

insoluble following treatment of oocytes with Triton X-100 (Capco et al., 1993; McGaughey and 

Capco, 1989), which is in agreement with our data on NLRP7 signal that persisted to be 

predominant at the cortical region even after extraction of the oocytes with Triton X-100. These 
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data suggest that NLRP7 is indeed part of these detergent-resistant cytoskeletal structures that 

are abundant at the oocyte cortical region. 

As the embryo completed its first division, NLRP7 and KHDC3L became excluded from 

the cell-to-cell contact region, were asymmetrically restricted, to the outer cortical regions and 

were part of some structural complexes that are not E-cadherin dependent. During early 

cleavage-stages, NLRP7 was polar until the blastocyst stage where it lost its polarity and became 

homogeneously distributed in the cytoplasm of the ICM and the trophectoderm. KHDC3L was 

polar until the morula stage where it entered and remained in the nuclei of both the ICM and the 

trophectoderm layer. The fact that both NLRP7 and KHDC3L are maternal-effect genes that 

cause the same disease suggests that stages displaying their identical subcellular localization, 

oocytes to morula, are the most critical ones for the development of RHMs. This suggestion is 

corroborated by the preimplantation abnormalities observed in patients with mutations in 

KHDC3L (Reddy et al., 2013) and rare variants in NLRP7 (Deveault et al., 2009; Qian et al., 

2011), and is further supported by data on other maternal-effect genes such as (i) Nlrp2, the 

closest gene to NLRP7, whose knockdown in mice leads to embryonic arrest between 2- and 8-

cell stages (Peng et al., 2012); (ii) Nlrp5, whose knockout in mice leads to embryonic arrest at 

the 2-cell stage (Tong et al., 2000); and (iii) Filia, whose knockout leads to arrest of 50% of the 

embryos by the morula stage (Ohsugi et al., 2008). Because molar tissues from patients with 

NLRP7 and KHDC3L mutations lack DNA methylation at several imprinted, maternally 

expressed genes (El-Maarri et al., 2003; Hayward et al., 2009; Judson et al., 2002; Kou et al., 

2008), it was suggested that both NLRP7 and KHDC3L play a role in establishing or maintaining 

maternal methylation during oogenesis and/or early embryogenesis. The fact that KHDC3L 

translocates to the nuclei at the 8-cell stage similar to another maternal-effect protein in mice, 

DNMT1O (Howell et al., 2001), suggest some shared roles between the two proteins, perhaps in 

maintaining DNA methylation patterns at the 8-cell embryo stage and before lineage 

differentiation. 

In conclusion, our study provides the first detailed and high resolution localization of the 

only two known maternal-effect proteins, NLRP7 and KHDC3L, in human oocytes and 

preimplantation embryos. We demonstrate their cytoskeletal localization in the oocytes and 

polarity throughout post-zygotic division. Our data suggest that NLRP7 and KHDC3L could be 

involved in the integrity and organization of the oocyte cortical region. In addition, their ability 
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to redistribute during early cleavage-stages indicate their possible involvement in sequestering 

macromolecules that may trigger, either directly or indirectly, the commitment of outer and inner 

cells to become, respectively, trophoblast and embryos, a process that was also suggested for 

FILIA and NLRP5 complex (Ohsugi et al., 2008). 
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3.7  FIGURES 

 
 
 
 

 

 
 
 
 
Figure 3.1. NLRP7 localizes to the cortical region in human oocytes 
NLRP7 is expressed in the cortical region of GV (A) and metaphase II (B) oocytes. (C) NLRP7 
expression in the cortical region and the polar bodies of a fertilized egg. (D) One section (at 
Z=50µm) of a different metaphase II oocyte visualized with differential interference contrast. (E) 
The same section of metaphase II oocyte shown in (D) is visualized with NLRP7 antibody and 
was used to measure the intensity of its signal in the cortical (I and III) or central (II) regions. (F) 
Intensity profile of NLRP7 signal showing averages and ± standard deviations of all the data 
points in the cortical (I and III) or central (II) regions of three different oocyte sections (at 
Z=50µm and thickness=1µm) from three different experiments. The values of the Y-axis are in 
arbitrary units. DAPI (blue) stains the nuclei of the oocyte and the polar bodies. Bars, 50 μm. 
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Figure 3.2. NLRP7 and KHDC3L proteins localize to the oocyte cortical region 
(A-C) Double labeling of NLRP7 (green) and α-tubulin (red) of a fertilized egg after extraction 
with 0.1% (v/v) Triton 1% (v/v) DMSO in PBS 1x. α-tubulin antibody displays an evenly 
distributed filamentous network in the cytoplasm. (D-F) Single labeling of KHDC3L (magenta) 
showing its localization to the cortical region of a metaphase II oocyte. Note the absence of 
KHDC3L signal in the zona pellucida visualized with differential interference contrast. DAPI 
(blue) stains the nuclei of the oocyte. Bars, 50 μm. 
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Figure 3.3: Localization of NLRP7 within the human oocyte using confocal and electron 
microscopies 
(A) High resolution confocal microscopy image (1 µm thickness) showing NLRP7 expression in 
the cortical region of a denuded metaphase II oocyte at high magnification. Note the staining of a 
cytoskeletal-like network that is brighter at the cortical region. Bar, 50 μm. (B) Electron 
microscopy photo of an oocyte cortical region showing different organelles, cortical granules 
(CG), smooth endoplasmic reticulum (SER), mitochondria (M), and vacuoles (V) at low 
magnification. Bar, 2 μm. (C and D) Electron microscopy analysis with NLRP7 antibody 
showing immunogold signals (black dots) outside cortical granules (black asterisks) and 
organelles and on small grey filaments of the oocyte cytoskeleton (black arrows). Bars, 10 nm. 
(E) Histogram representing the number of immunogold particles in each of the three different 
regions shown in B. Each region is delimited by a double arrow curve. Interval 1 indicates the 
region from 1 nm to 1000 nm from the oocyte membrane, 2 indicates the region from 1000 nm to 
2000 nm from the oocyte membrane, and 3 the region of more than 2000 nm from the membrane 
and toward the center of the oocyte. (F-K) Expression of NLRP7 (green) and KHDC3L (Sigma) 
(magenta) at the cortical region with α-tubulin in the cytoplasm of two different denuded 
metaphase II oocytes treated with a microtubule-stabilizing buffer. Bars, 50 μm. (L-N) Co-
localization of NLRP7 (green) and KHDC3L (Sigma) (magenta) at the cortical region in a 
different denuded metaphase II oocyte treated with a microtubule-stabilizing buffer. DAPI (blue) 
stains the nuclei of the oocytes. Bar, 50 μm.  
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Figure 3.4. NLRP7 is polar in 2-cell embryos 
(A) NLRP7 is expressed in the cortical zone (I and III) of a 2-cell embryo but not in the cell-to-
cell contact region (II) at 50 μm. (B) Intensity profile of NLRP7 signal showing the averages and 
± standard deviations of all the data points in the cortical (I and III) or cell-to-cell contact regions 
(II) of three different 2-cell embryo sections (at Z=50 µm and thickness=1 µm) from three 
different experiments. The values of the Y-axis are in arbitrary units. (C and D) NRLP7 signal 
reappears in the cell-to-cell contact region (II) of a 2-cell embryo at 60 μm. (E-G) Presence of E-
cadherin (CDH1) (red) but absence of NLRP7 (green) from the cell-to-cell contact region. (H-J) 
Dissociated blastomeres from zona-free morulae embryo after incubation in a Ca2+-free medium 
showing the redistribution of NLRP7 in disaggregated blastomeres. The photos of several 
blastomeres represented in this section were taken from different fields in the same experiment 
and gathered into a single image. White arrow in (H) indicates the presence of high NLRP7 
signal in an apoptotic blastomere. (K and L) NLRP7 expression in two degenerated embryos that 
were processed for immunofluorescence. Bars, 50 μm.  
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Figure 3.5. NLRP7 and KHDC3L polarity in preimplantation embryos  
NLRP7 polarity is maintained in 4-cell (A-C), 8-cell (D-F) and morula (G-I) embryos. NLRP7 
(green) co-localizes with KHDC3L (magenta) in 3-cell (J-L) and 4-cell embryos (M-O). DIC 
indicates differential interference contrast images and 2D indicates two-dimensional 
reconstruction images from z stacks. Red arrows in (D), (F) and (I) indicate the presence of high 
NLRP7 signal in apoptotic blastomeres. White arrows in (N) and (O) indicate the presence of 
KHDC3L in the nucleus but not in the nucleoli of a 4-cell embryo. DAPI (blue) stains the nuclei 
of the blastomeres and the heads of the spermatozoa. Bars, 50 μm.  
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Figure 3.6. NLRP7 and KHDC3L lose their polarity at the blastocyst stage 
(A-M) NLRP7 (green) and KHDC3L (magenta) are expressed in the ICM, where NANOG (red) 
is expressed too, and in the trophoblast layer. At the blastocyst stage, NLRP7 (green) is 
homogeneously distributed in the cytoplasm while KHDC3L (magenta) showed only nuclear 
staining. 2D indicates the two-dimensional reconstruction of the blastocyst image from z stacks. 
DAPI (blue) stains the nuclei of the embryos. Bars, 50 μm.  
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3.8 TABLES 

N-A 

 
 
3.9 APPENDIX 
 
 

 
 
 
 
 
Supplemental Figure 3.1. NLRP7 (A-C, green) and KHDC3L (D-F, magenta) expressions  
are abolished in the metaphase II oocytes after incubating the primary antibodies of 
NLRP7 and KHDC3L with their respective blocking peptides  
DAPI (blue) stains the heads of the spermatozoa and the nuclei of the oocyte and the polar 
bodies. Bars, 50 μm.  
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Supplemental Figure 3.2. (A-E) NLRP7 signal (green) at the cortex of metaphase II oocytes 
was not significantly affected by testing a range of experimental parameters, incubation 
time and temperature with the primary antibody, fixation buffers and permeabilization 
conditions 
Permeabilization conditions are indicated at the top of the photos and incubation time at the 
bottom. All photos were obtained with the Santa Cruz primary NLRP7 antibody (sc-50642). RT, 
stands for room temperature; ON, for overnight; PFA 4%, for paraformaldehyde 4%; Tri, for 
triton; Form 10%, for formalin at 10%. DAPI (blue) stains the heads of the spermatozoa. Bars, 
50 μm.  
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Supplemental Figure 3.3. (A and B) NLRP7 (red) expression at the cortex in metaphase II  
oocytes with two additional antibodies Imgenex (IMG- 6357A) (A) and Genetex 
(GXT120931) (B)  
In these experiments, the main conditions described in the Materials and Methods were used. 
DAPI (blue) stains the nuclei of the oocytes and the polar bodies. Bars, 50 μm. 
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Supplemental Figure 3.4. KHDC3L (HPA043699) expression at the cortex in a metaphase  
II oocyte. In these experiments, the main conditions described in the Materials and 
Methods were used  
DAPI (blue) stains the nuclei of the oocyte and the polar bodies. Bar, 50 μm.  
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Supplemental Figure 3.5. (A-C) KHDC3L(Abgent) is expressed in the polar bodies (PB) of  
a metaphase II oocyte (white arrows)  
Note the absence of KHDC3L expression in the zona pellucida (ZP). In these experiments, the 
main conditions described in the Materials and Methods were used. DAPI (blue) stains the 
nucleus of the polar bodies. Bar, 50 μm.  
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Supplemental Table 3.1. Detailed description of the number of oocytes and embryos on which conclusive results were obtained 
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Fertilized egg 
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4-Cell embryo 7 

  
     

  
  1 

   
  

   
8 

8-Cell embryo 2 
     

  
    

  
   

2 
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More than 10-cell embryo and Morula 4 
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17 
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In transmission electron microscopy 
      

  
    

  
   

  
Germinal vesicle  to Metaphase II oocytes 7    

 
            7 

2- to 4-cell embryos 1    
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Total                               164 
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PREFACE TO CHAPTER 4 
 

In Chapter 3, I showed that NLRP7 and KHDC3L localize to the oocyte cytoskeleton 

structures and are predominant at the cortical region in fully grown oocytes. After the first 

cellular division, these two maternal-effect proteins become asymmetrically confined to the outer 

cortical region and excluded from the cell-to-cell contact region until the blastocyst stage where 

NLRP7 and KHDC3L homogeneously redistribute to the cytoplasm and the nucleus, 

respectively. In Chapter 4, we sought to further investigate the nature of the structures to which 

NLRP7 localizes in human oocytes and early cleavage stage embryos and expand the 

localization analysis to KHDC3L and other maternal-effect proteins known to bind to similar 

cytoskeletal structures in mice  
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CHAPTER 4 
 

 

 

NLRP7, RESPONSIBLE FOR RECURRENT HYDATIDIFORM MOLES, IS A 
POSSIBLE REGULATOR OF THE MICROTUBULES AND FILAMENTOUS ACTIN 
NETWORKS IN HUMAN OOCYTES 
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4.1 ABSTRACT 
 

Hydatidiform mole (HM) is an abnormal human pregnancy with excessive trophoblastic 

proliferation, hydropic chorionic villi, and abnormal embryonic development. NLRP7 and 

KHDC3L are associated recurrent HM (RHM). Using immunofluorescence and high resolution 

confocal microscopy, we showed that NLRP7 co-localizes with OOEP and TLE6, two 

components of the subcortical maternal complex (SCMC) in the mouse and human oocytes. 

Double labeling transmission electron microscopy confirmed the localization of NLRP7 with 

KHDC3L and OOEP to the same oocyte cytoskeletal structures. We also showed that the SCMC 

overlaps with alpha tubulin and F-actin cytoskeletons. In addition, treating oocytes with 

microtubule and filamentous actin depolymerizing agents, nocodazole and cytochalasin D, 

disrupts NLRP7 signal indicating therefore the dependence of the SCMC on alpha tubulin and F-

actin networks. Our study is the first to characterize the nature of the human maternal complex in 

oocytes.  
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4.2 INTRODUCTION 
 

Hydatidiform mole is an abnormal human conceptus characterized by an excessive 

trophoblastic proliferation, oedematous chorionic villi, and aberrant embryonic development. 

HMs are usually sporadic; however, in rare cases, HMs may be recurrent (RHM). Occasionally, 

HMs can also be recurrent and manifest in several related women of the same family; hence 

named familial recurrent HMs. Two genes, NLRP7 and KHDC3L, have been reported to be 

associated with for RHMs (Murdoch et al., 2006; Parry et al., 2011). Homozygous or compound 

heterozygous mutations in either gene are associated with the HM phenotype through a maternal-

effect mechanism (Helwani et al., 1999). NLRP7 mutations are predominant in patients with 

RHMs and therefore NLRP7 is considered the major gene for RHMs (Estrada et al., 2013; Qian 

et al., 2011; Sebire et al., 2013; Slim et al., 2009). NLRP7 and KHDC3L are expressed in human 

oocytes and embryos (Murdoch et al., 2006; Parry et al., 2011; Wang et al., 2009b; Zhang et al., 

2008). At these stages, both proteins co-localize mainly at the cortex and are excluded from the 

cell-to-cell contact region from 2-cell embryos up to morula stages (Akoury et al., 2015b). At the 

blastocyst stage, NLRP7 and KHDC3L redistribute and occupy respectively the cytoplasm and 

the nucleus of both the inner cell mass and the trophectoderm  layer (Akoury et al., 2015b). 

Using immunoelectron microscopy, we refined the localization of NLRP7 to the oocyte 

cytoskeletal structures (Akoury et al., 2015b). Subsequently, three maternal-effect proteins 

NLRP5, OOEP and TLE6 were reported to form a complex with KHDC3L and to localize to the 

human oocyte subcortical maternal complex (SCMC) (Zhu et al., 2015). These oocyte 

cytoskeletal structures exist also in mice and are also known as cytoplasmic lattices/sheets. 

SCMC are rich in keratins and are the storage site for RNAs and ribosomes (Capco et al., 1993; 

McGaughey and Capco, 1989; Yurttas et al., 2008). Another important characteristic of these 

structures is that they are resistant to extraction with Triton X-100-detergent in mouse oocytes 

(Capco et al., 1993; McGaughey and Capco, 1989). SCMC also constitutes the residence site of 

proteins of at least five maternal-effect genes in mice Filia (orthologue of the human KHDC3L), 

Nlrp5, Flope/Ooep, Padi6, and Tle6 (Kim et al., 2010; Li et al., 2008b; Wright et al., 2003). 

Genetic ablation of any of these five genes in female mice leads to various defects in their null 

oocytes and in the embryos that include microtubules and/or actin abnormalities, reduced 

transcription and translation of the embryonic genome, and altered organelles positioning 

(Fernandes et al., 2012; Kan et al., 2011; Kim et al., 2014; Tong et al., 2000; Yu et al., 2014; 
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Zheng and Dean, 2009), and consequently restricted developmental capacity and embryonic 

arrest at the 2-cell stage (Esposito et al., 2007; Tashiro et al., 2011; Tong et al., 2000). However, 

few embryos derived from Filia- and Tle6-null mice progress to the morula and blastocyst with 

delays in the development of embryos from Filia knockout null mice (Yu et al., 2014; Zheng and 

Dean, 2009). Here, we report the co-localization of NLRP7, KHDC3L, OOEP and TLE6 to the 

same cytoskeletal structures and the dependence of NLRP7 on microtubules and filamentous 

actin in human oocytes.  
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4.3 MATERIALS AND METHODS 
 
Collection of oocytes 
This study was approved by the Institutional Review Board of the McGill University. A detailed 

description of this procedure is found in Chapter 3. Briefly, patients undergoing IVF, 

intracytoplasmic sperm injection (ICSI), and/or pre-implantation genetic diagnosis (PGD) were 

stimulated with hormones in a long- or short-treatment protocols. Oocytes were retrieved, 

inseminated by either conventional IVF or ICSI and cultured. Fertilization was assessed 17–19 h 

after insemination by examining the presence and number of pronuclei. Spare oocytes and 

embryos or those that were not of good quality or not fertilized were donated for research on 

days 1-3 from consenting patients. 

 
Immunofluorescence and confocal microscopy  
After collection, the oocytes were fixed with the microtubule-stabilizing and protein preserving 

buffer as previously described in Chapter 3 (Akoury et al., 2015b) and processed for 

immunofluorescence. The following primary antibodies were used for overnight at 4°C: goat 

anti-NLRP7 (sc-50642, 1:100) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA); rabbit anti-

NLRP7 (IMG- 6357A, 1:100) (Novus Biologicals, Littleton, CO, USA); rabbit anti-KHDC3L 

(HPA043699, 1:500) (Sigma); mouse anti-α-tubulin that recognizes the protein encoded by 

TUBA4A (T6074, 1:1000) (Sigma); goat anti-Ooep (sc-241586, 1:100) (Santa 

Cruz Biotechnology, Inc., Dallas, TX, USA); mouse anti-TLE6 (ab76858, 1:500) (Abcam, 

Toronto, On, Canada). The following secondary antibodies are used: Alexa 488- or Alexa 568-

conjugated secondary antibodies (1:500) (Invitrogen, Carlsbad, CA, USA). Alexa Fluor® 568 

phalloidin (A12380, 1:50) (Thermo Fisher scientific) was used to visualize filamentous actin (F-

actin) and was applied on fixed oocytes for 1 hour at room temperature. For some experiments, 

the oocytes were treated for 1 hour at 37°C with either nocodazole (20 µM) (M1404, Sigma) to 

disrupt microtubules, or cytochalasin D (20 µM) (C8273, Sigma Aldrich) to inhibit/disrupt actin 

polymerization, before fixation with the microtubule-stabilizing buffer and processing for 

immunofluorescence. Fluorescence images were captured using a laser scanning confocal 

microscope ZEISS LSM880 of the Molecular Imaging Facility of the McGill University Health 

Centre. Optical sections of 1 μm were obtained and the imaging parameters were set using the 

greyscale function in the LSM software. In order to ensure the highest possible quality images 

without saturation, confocal settings were adapted and the images were then processed using the 
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LSM software for final figure formatting. Co-localization analysis (Pearson coefficient methods) 

was done using Coloc 2 option in Fiji software. A Pearson coefficient ≥ 0.8 indicates a strong 

correlation between the two studied channels (green and red) and therefore a strong co-

localization between the two analyzed proteins. 

 

Electron microscopy 
Electron microscopy experiments are carried out as described in Chapter 3 with some exceptions. 

In this study, we performed a double labeling instead of a simple labeling and used the following 

primary antibodies: goat anti-NLRP7 (sc-50642, 1:100); rabbit anti-NLRP7 (IMG- 6357A, 

1:100); rabbit anti-KHDC3L (HPA043699, 1:500); mouse anti-α-tubulin (T6074, 1:1000); goat 

anti-OOEP (sc-241586, 1:100). We also used the following secondary antibodies: donkey anti 

mouse (715-195-150, 1:50), donkey anti rabbit (711-205-152 or 711-195-152, 1:50), donkey anti 

goat (705-205-147, 1:50) (Jackson Immunoresearch, Baltimore, PA, USA).  

 
Statistical analysis 
The statistical tests used in this Chapter are two-tailed t-test as described in Chapter 3 and single 

factor Anova. P value of <0.05, is considered statistically significant in all experiments  
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4.4 RESULTS 
 
High resolution confocal and electron microscopies: co-localization of four maternal-effect 
proteins in human oocytes 
 

Previous work by Zhu et al. demonstrated the localization of KHDC3L, OOEP, NLRP5 

and TLE6 to the human subcortical maternal complex (SCMC) by confocal microscopy (Zhu et 

al., 2015). However, in this study, these proteins displayed a ring-shape pattern at the cortex of 

the oocytes that was not connected to the center of the oocyte and the nucleus. Consequently, it 

was not clear from this study how these proteins are maintained at the cortical region. In 

addition, such staining may be obtained on oocytes with antibodies against various proteins and 

may result from fragmented non-preserved polymers of microtubules and actin fibers 

(Supplemental Figure 4.1). Therefore available data from this study were not optimal to 

demonstrate co-localization. To gain better knowledge about the real structure of the human 

SCMC complex and the relative localization of its four members, we used microtubule- and 

protein-preserving buffer before the fixation of the oocytes and incubation with antibodies and 

carried out using high resolution confocal microscopy. Immunostaining of NLRP7 and each of 

the following proteins, OOEP or TLE6, revealed that all these proteins co-localize at the cortex 

with a Pearson correlation coefficient reaching ~ 0.92 to 0.98. The measurements covered the 

area that starts from the oocyte membrane to 1 µm deep inward (Figure 4.1A-C and D-F). The 

same observation applies for any combination of two from the following proteins KHDC3L, 

OOEP, and TLE6 (Figure 4.2A-F and data not shown). We also detected NLRP7, KHDC3L, 

OOEP and TLE6 around the oocytes’ nuclei after increasing the intensity of the signals at these 

regions (Figure 4.1A-B, 4.2.A-B and D-E, 4.7B and E). To validate our observations, we then 

performed ultrastructure analysis by transmission electron microscopy using the Tecnai 12 TEM, 

which provides a resolution significantly higher than that of the LSM 880 confocal microscopy. 

Immunostaining with KHDC3L antibody alone demonstrated the presence of KHDC3L 

immunogold particles to the oocyte cytoskeletal structures (Figure 4.3A-C) and which were more 

abundant at the cortex than the center of the oocyte (p=0.043). Double labeling using a 

combination of antibodies targeting NLRP7, KHDC3L or OOEP confirmed the co-localization 

of the three proteins NLRP7, KHDC3L, and OOEP to the same cytoskeletal structures (Figure 

4.4A-C). Altogether our data demonstrate that NLRP7, KHDC3L, OOEP, and TLE6 are part of 

the same human maternal complex revealed by confocal and/or electron microscopies.  
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NLRP7 distribution depends on alpha tubulin network in the oocyte  

 
We previously showed that NLRP7 and KHDC3L do not overlap exactly with alpha 

tubulin network or display similar localization pattern by confocal microscopy (Akoury et al., 

2015b). Ultrastructure analysis by transmission electron microscopy after immunolabeling using 

NLRP7 or KHDC3L with alpha tubulin revealed that both proteins indeed do not co-localize, 

although they appear to be very close at the cortical region (Figure 4.5A and B). To investigate 

whether NLRP7 distribution depends on alpha tubulin network, we incubated human oocytes 

with nocodazole 20 µm, a microtubule disrupting drug, for 1 hour at 37°C before fixation and 

immunofluorescence. This treatment drastically altered the microtubule network which became 

disorganized and dispersed both at the cortex and in the center of the oocytes and also affected 

NLRP7 signal which became more diluted at the cortex and infiltrated towards the cytoplasm of 

the oocytes (Figure 4.6A-F). We then measured the intensity of the NLRP7 signal in oocytes 

(z=50 µm ±5 µm) in the region covering the area that starts from the oocyte membrane to 1 µm 

deep inward, from three different experiments. We found that the intensity of NLRP7 signal in 

the cortical region is decreased by 30% in the treated as compared to the untreated oocytes 

(p=0.009) (Figure 4.6G). This observation demonstrates that NLRP7 distribution in oocytes 

depends on alpha tubulin cytoskeleton.  

 

 

NLRP7 distribution depends on filamentous actin network in the oocyte  

 
 We then checked whether NLRP7 co-localizes with filamentous actin, another major 

component of the oocyte cytoskeleton. Towards this goal, we incubated human oocytes with 

NLRP7 and Alexa Fluor® 568-phalloidin. Phalloidin is a product isolated from the death cap 

mushroom (Amanita phalloides) that binds and stabilizes F-actin. When phalloidin is conjugated 

to fluorophores, it serves to visualize F-actin. Following immunofluorescence, we found that 

NLRP7 and F-actin overlapped all over the oocyte and at the cortex; however, both proteins did 

not reveal similar patterns. While NLRP7 stained some cytoskeletal structures that were more 

abundant at the cortex, F-actin was evenly distributed in the cytoplasm and displayed a 

filamentous network that was not observed with NLRP7 (Figure 4.7A-C). The same observation 

was obtained following double labeling of F-actin with KHDC3L, OOEP, or TLE6 
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(Supplemental Figure 4.2A-F and data not shown). In order to check whether NLRP7 

distribution depends on F-actin network, we incubated human oocytes with cytochalasin D, a 

potent inhibitor of actin polymerization for 1 hour at 37°C before fixation and 

immunofluorescence. Upon treatment, both F-actin and NLRP7 signals were affected. While F-

actin detached from the cortex and aggregated towards the middle of the oocyte, NLRP7 became 

more diffused at the cortex and extended toward the cytoplasm (Figure 4.7D-F). We then 

measured the intensity of the NLRP7 signal on oocytes (z=50 µm ±5 µm) in the region covering 

the area that starts from the oocyte membrane to 1 µm deep inward, from three different 

experiments, before and after treatment. The analysis revealed that the intensity of NLRP7 signal 

in the cortical region is decreased by 23% in the treated oocytes compared to untreated oocytes 

p=0.0045 (Figure 4.7G). Altogether, these observations demonstrate that NLRP7 distribution in 

oocytes depends on the F-actin cytoskeleton.  

https://en.wikipedia.org/wiki/Actin
https://en.wikipedia.org/wiki/Polymerization
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4.5 DISCUSSION 
 
In this study, using high resolution confocal and electron microscopies, we report the co-

localization of NLRP7 with KHDC3L, OOEP, and TLE6 to the cytoskeletal structures also 

termed cytoplasmic lattices or the human subcortical maternal complex that are similar to the one 

characterized in mouse oocytes. These observations indicate that the human SCMC consists of at 

least NLRP7, KHDC3L, NLRP5, OOEP and TLE6, but do not demonstrate an interaction 

between NLRP7 and any founding member of the human SCMC. One could envision that 

NLRP7 and the other SCMC members play an important role in these structures perhaps in their 

organization or assembly in human oocytes. This hypothesis is corroborated by the fact that 

Nlrp5 and Padi6 are required for CPLs formation in mouse oocytes (Esposito et al., 2007; Kim et 

al., 2010). We previously documented that NLRP7 does not show a similar localization pattern 

or overlap exactly with alpha tubulin in human oocytes by confocal microscopy (Akoury et al., 

2015b). Electron microscopy confirmed this observation but revealed that NLRP7 particles are 

relatively close to alpha tubulin at the oocyte cortex suggesting that the distribution of this 

maternal-effect protein could depend on alpha tubulin networks. Treating oocytes with 

nocodazole affected not only alpha tubulin but also NLRP7 whose signal decreased significantly 

at the cortex. In order to further characterize the nature of the structures to which NLRP7 binds, 

we performed double labeling of NLRP7 with F-actin/phalloidin in human oocytes. Our 

investigation revealed that these structures overlapped with F-actin network all over the oocyte. 

Treating oocytes with cytochalasin D disrupted both F-actin network and NLRP7 all over the 

oocyte. We could not check whether the same observations apply for KHDC3L or other 

members of the SCMC following any treatment due to unavailability of the materials. 

Nonetheless, altogether these observations indicate that NLRP7 distribution in the oocytes 

depends on the cytoskeleton of alpha tubulin and F-actin. This suggests that NLRP7 may play a 

role perhaps in the integrity of the microtubules and actin cytoskeletons in human oocytes and 

embryos. This suggestion is in line with data on other maternal-effect genes such as a) Filia, 

whose depletion in mice results in a defective spindle assembly and leads to higher rate of 

aneuploidy in cleavage-stage embryos (Zheng and Dean, 2009), b) Padi6 whose knockout in GV 

oocytes affects the stability of cytoplasmic microtubules and consequently leads to altered 

mitochondria and endoplasmic reticulum positioning and redistribution during oocyte maturation 

(Kan et al., 2011), c) Tle6, whose absence in mouse leads to the formation of embryos with 
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abnormal spindle formation and positioning due to altered F-actin dynamics (Yu et al., 2014), 

and d) Nlrp5 whose knockout in mice reduces the amount of non-microtubule tubulin and 

consequently affects organelles positioning in oocytes (Kim et al., 2014). In conclusion, our 

study is the first to provide a high resolution characterization of the four SCMC proteins, 

NLRP7, KHDC3L, OOEP and TLE6 in human oocytes and explore their association with the 

alpha tubulin and F-actin networks of human oocytes. 
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4.7 FIGURES  
 
 

 
 
 
 
 
Figure 4.1. NLRP7 co-localizes with OOEP and TLE6 at the cortex of human oocytes using 
confocal microscopy  
High resolution confocal microscopy images (section thickness=1 µm) showing the co-
localization at the cortical region of NLRP7 (Imgenex, red) with OOEP (green) in a metaphase II 
oocyte (A-C) and NLRP7 (Santa Cruz, green) with TLE6 (red) in a metaphase I oocyte (D-F). 
DAPI (blue) stains the nucleus of the oocyte. Insets represent high magnification of the dashed 
squares. DNA localization (marked by arrows) in insets of A and B are stained by DAPI and 
surrounded by the analyzed protein. Bars, 50 μm.   
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Figure 4.2. OOEP co-localizes with KHDC3L and TLE6 at the cortex of human oocytes 
using confocal microscopy  
High resolution confocal microscopy image (section thickness=1 µm) showing the co-
localization at the cortical region of OOEP (red) with TLE6 (green) in a metaphase I oocyte (A-
C) and OOEP (green) with KHDC3L (red) in a metaphase II oocyte (D-F). DAPI (blue) stains 
the nuclei of oocytes. Insets represent high magnification of the dashed squares. DNA 
localization (marked by arrows) in insets of A, B, D, and E are stained by DAPI and surrounded 
by the analyzed protein. Bars, 50 μm.   
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Figure 4.3. KHDC3L subcellular localization by electron microscopy in a metaphase II 
human oocyte  
(A) Electron microscopy photo showing the morphology of a human oocyte and its different 
organelles, cortical granules (CG), smooth endoplasmic reticulum (SER), mitochondria (M), and 
vacuoles (V) at low magnification. Bar, 2 μm. (B) KHDC3L immunogold particles (12 nm black 
dots) are found outside cortical granules (black asterisks) and organelles and are bound to the 
oocyte cytoskeletal structures (black arrows). Bar, 100 nm. (C) Histogram representing the 
averages and standard errors of the means (SEM) of the number of immunogold particles in each 
of the three different regions (indicated by double-headed arrows in A) from three different 
sections (section thickness=95 nm) of a metaphase II oocyte.   
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Figure 4.4. NLRP7, KHDC3L and OOEP co-localize to the same cytoskeletal structures at 
the cortex of metaphase II oocyte by electron microscopy 
Co-localization of (A) NLRP7 12 nm (Santa Cruz) and KHDC3L 6 nm, (B) NLRP7 6 nm 
(Imgenex) and OOEP 12 nm, and (C) KHDC3L 6 nm and OOEP 12 nm. Bars, 100 nm. 
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Figure 4.5. NLRP7 12 nm (Santa Cruz, green arrow) and KHDC3L 12 nm (magenta 
arrows) do not overlap exactly with α-Tubulin 6 nm (red arrows) at the cortex of a 
metaphase II oocyte by electron microscopy. Bars, 100 nm.  
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Figure 4.6. Nocodazole treatment changes NLRP7 distribution in metaphase II oocytes 
(A-F) NLRP7 is in green (Santa Cruz) and alpha tubulin in red. DAPI (blue) stains the nuclei and 
the polar body of oocytes. Bars, 50 μm. (G) Histogram representing NLRP7 intensity which 
refers to the ratio of NLRP7 signal at the cortex in nocodazole-treated over untreated oocytes. 
The averages and standard deviations were calculated on at least two oocytes for each condition 
from three independent experiments. In each experiment, the oocytes were from the same patient 
and at the same stage.  
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Figure 4.7. Cytochalasin D treatment changes NLRP7 distribution in metaphase II oocytes  
(A-F) NLRP7 (Santa Cruz, green) and Phalloidin (F-actin, red). Bars, 50 μm. (G) Histogram 
representing NLRP7 intensity which refers to the ratio of NLRP7 signal at the cortex in 
cytochalasin D-treated over untreated oocytes. The averages and standard deviations were 
calculated on at least two oocytes for each condition from three independent experiments. In 
each experiment, the oocytes were from the same patient and at the same stage.  
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Supplemental Figure 4.1. α-Tubulin (red) distribution in a 2-cell embryo without (A) and 
with (B) the preservation of microtubules and proteins using confocal microscopy     
(section thickness=1 µm). Bars, 50 μm.  
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Supplemental Figure 4.2. Distribution of Phalloidin (F-actin) with OOEP (green, A-C) and 
TLE6 (green, D-F) in metaphase II oocytes 
DAPI (blue) stains the nuclei of oocytes. Insets represent high magnification of the dashed 
squares. DNA localization (marked by arrows) in insets of A and E are stained by DAPI and 
surrounded by the analyzed protein. Bars, 50 μm. 
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PREFACE TO CHAPTER 5 
 

In Chapter 4, I showed that NLRP7 co-localizes with KHDC3L, OOEP and TLE6, three 

components of the mouse and the human subcortical maternal cytoskeleton complex (SCMC), to 

the oocyte cytoskeletal structures. Additionally, I demonstrated that the SCMC depends, directly 

or indirectly, on alpha tubulin and F-actin cytoskeletal networks in human oocytes. These data 

suggest that NLRP7 mutations could affect the microtubules and actin cytoskeleton and result in 

a defective oocyte and consequently lead to the manifestation of HM. The hypothesis of a 

defective oocyte is in line with a previous report documenting that the primary role of NLRP7 

lies within the oocyte and that ovum donation from unaffected women rescues the defects in 

patients with RHMs and allows the occurrence of successful pregnancies. In Chapter 5, we 

support this previous observation by reporting the occurrence of three additional live births from 

donated ova to two patients with two NLRP7 mutations. Additionally, we reviewed the 

reproductive outcome and mutations of all reported patients with two NLRP7 mutations either in 

homozygous or compound heterozygous state with the goal of investigating a possible 

correlation between the nature of NLRP7 mutations in the patients and the exceptional 

occurrence of live births. 

 

 

.  
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5.1 ABSTRACT 
 

Hydatidiform mole (HM) is an aberrant human pregnancy with abnormal embryonic 

development and excessive proliferation of the trophoblast. Recessive mutations in NLRP7 are 

responsible for recurrent HMs (RHMs). Women with recessive NLRP7 mutations fail to have 

normal pregnancies from spontaneous conceptions with the exception of three out of 131 

reported patients. Because there is no treatment for RHMs and maternal-effect genes are needed 

in the oocytes to sustain normal embryonic development until the activation of the embryonic 

genome, one patient with recessive NLRP7 mutations tried ovum donation and achieved a 

successful pregnancy. This study reports three additional live births from donated ova to two 

patients with recessive NLRP7 mutations. The occurrence of two live births from spontaneous 

conceptions to two other patients is also reported. The reproductive outcomes and mutations of 

all reported patients were reviewed and it was found that live births are associated with some 

missense mutations expected to have mild functional consequences on the protein. The data 

support a previous observation that ovum donation appears as the best management option for 

these patients to achieve normal pregnancies and provide an explanation for the rare occurrence 

of live births from natural spontaneous conceptions in patients with two NLRP7 mutations.  
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5.2 INTRODUCTION 
 

Hydatidiform mole (HM) is an aberrant human pregnancy characterized by abnormal 

embryonic development and hyperproliferation of the trophoblast. HM affects 1 in every 600 to 

1000 pregnancies in western countries and most of them are not recurrent (Grimes, 1984; Savage 

et al., 2010). Recurrence of moles affects 1 to 9% of patients with a prior mole (Berkowitz et al., 

1998; Boufettal et al., 2011; Horn et al., 2006; Kim et al., 1998; Kronfol et al., 1969; Sebire et 

al., 2003a) and few of these patients have a family history of moles [For reviews see (Fisher et 

al., 2004; Slim and Mehio, 2007)]. Two maternal-effect genes responsible for recurrent 

hydatidiform moles (RHMs), NLRP7 and KHDC3L, have been identified (Murdoch et al., 2006; 

Parry et al., 2011). NLRP7 encodes for a nucleotide oligomerization domain-like receptor pyrin 

containing protein 7 and is mutated in 48 to 80% of patients with RHMs (Estrada et al., 2013; 

Hayward et al., 2009; Qian et al., 2011; Sebire et al., 2013; Slim et al., 2009). KHDC3L encodes 

for a KH domain containing 3-like, a member of the subcortical maternal protein complex and is 

mutated in 10 to 14% of NLRP7-negative patients (Parry et al., 2011; Reddy et al., 2013). 

To date, all reported women with RHMs and two defective alleles in either of the two 

known genes failed to have live births from spontaneous conceptions, with the exception of three 

patients with NLRP7 mutations, two cousins from one family (MoLb1) (Moglabey et al., 1999) 

with a homozygous splice mutation, c.352+1G>A, p.G118Dfs*2 that leads to the inclusion of 4-

bp of intron 3 in the mRNA and consequently creates a premature stop codon two amino acids 

after exon 3 (Murdoch et al., 2006), and a recently reported patient with a homozygous missense 

mutation, c.2248C>G, p.Leu750Val (Mahadevan et al., 2013). Three patients with two defective 

alleles in NLRP7 have so far tried ovum donation (Deveault et al., 2009; Sensi et al., 2000) and 

only one successful pregnancy leading to a live birth has been reported (Fisher et al., 2011). 

The study reports the occurrence of five live births, three from donated ova and two from 

spontaneous conceptions, in four patients with two NLRP7 defective alleles.  
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5.3 MATERIALS AND METHODS 
 
NLRP7 mutation analysis 
This study was approved by the Institutional Review Board of the McGill University, (reference: 

A01-M07-03A) on 24 January 2003 and is renewed every year. Mutation analysis was performed 

as previously described by polymerase chain reaction (PCR) amplification of genomic DNA of 

the 11 exons of NLRP7 followed by DNA sequencing in the two directions (Murdoch et al., 

2006). Sequences were analyzed using DNASTAR. DNA mutations are numbered according to 

cDNA sequence reference NM_001127255 and UniProt reference sequences Q8WX94 for 

NLRP7 (Murdoch et al., 2006). 

 
DNA cloning and phase establishment 
For patients with compound heterozygous mutations, the phase was established based on the 

analysis of other family members with the exception of patient 678 with one live birth and for 

whom no other family members were available for analysis. For this patient, the following PCR 

primers, N7Ex5-9ChF1: 5’-GAACTGGGCTCGGCAGGATCTTCGCTCTC and N7Ex5-

9ChR1: 5’-AAACCAGCCCGGGAAAGATGACAAGACCTC, were designed to amplify a 

7955-bp genomic DNA fragment that encompasses her two mutations, R693P and N913S. The 

7955-bp PCR fragment was cloned into the pCR4-TOPO vector and DNA from five insert-

containing vectors were sequenced and analyzed.  
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5.4 RESULTS 
 
Three live births from donated ova in two patients with recessive NLRP7 mutations 
 

Patient 628 is of Indian origin. She presented at the age of 26 years with a history of four 

hydatidiform moles, of which one gave a gestational trophoblastic neoplasia (GTN). Because she 

had RHMs, this patient was referred to our laboratory for mutation analysis in NLRP7, which 

revealed that she is compound heterozygous for two founder mutations c.2078G>C, 

p.Arg693Pro, and c.2738A>G, p.Asn913Ser, in the Indian population (Slim et al., 2009). After 

genetic counselling and based on her own desire to have children, the patient sought assisted 

reproductive technologies, received a donated ovum from an unrelated woman, and had a normal 

singleton pregnancy that led to a normal live birth of a boy delivered by Caesarean section. The 

boy is now 5.2 years old and in good health. 

 

Patient 748 is also of Indian origin. She presented at the age of 27 years with a history of 

three HMs. NLRP7 mutation analysis revealed that she is homozygous for a missense mutation, 

c.2078G>C, p.Arg693Pro. After genetic counselling, the patient decided to attempt assisted 

reproductive technologies with donated ova and in vitro fertilization in the hope of achieving a 

normal pregnancy. Three embryos were transferred and resulted originally in a triplet pregnancy, 

of which one was spontaneously lost in the first trimester, and the pregnancy continued with two 

male embryos. The patient delivered two healthy boys at term by Caesarean section. The twins 

are now about 4 years old and in good health. 

 

Two live births from spontaneous conceptions in two patients with recessive NLRP7 
mutations 
 

Patient 1077 is a 24-year-old woman of European and Afro-Caribbean origin. She had a 

history of three pregnancy losses that consisted of one complete mole which developed into 

GTN, one partial mole with an embryo and fetal crown rump length compatible with a 

gestational age of 7 weeks, and another molar pregnancy with a non-viable embryo. The patient 

was referred to our laboratory for NLRP7 mutation analysis and was found to carry a previously 

described missense mutation, c.2738A>G, p.Asn913Ser (N913S), in a homozygous state and this 

patient was previously described (Brown et al., 2013). Eight months later, the patient had a 
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spontaneous natural conception. At 39.5 weeks of gestation, she delivered a healthy boy 

(APGAR score 9/9) weighing at birth 3487 grams, who is now 1 year old and in good health. 

Histopathological evaluation of the placenta did not reveal any abnormalities. 

 

Patient 678 is of Indian origin. She presented at the age of 30 years with a history of three 

pregnancy losses that consisted of a blighted ovum followed by two HMs that developed into 

GTNs. NLRP7 mutation analysis revealed that the patient has two mutations, c.2078G>C, 

p.Arg693Pro, and c.2738A>G, p.Asn913Ser, and this patient was previously described (Slim et 

al., 2009). Three years later, the patient had a live birth from a spontaneous conception.  

During the pregnancy that led to the live birth, the patient was on anti-epileptic medication, but 

the pregnancy was uncomplicated. At 37.5 weeks of gestation, the patient had pre-labour rupture 

of membranes and the foetus was in transverse position. She underwent an emergency Caesarean 

section and delivered a baby boy, who is currently healthy, attends nursery school, and has 

normal growth and development. The placenta of the live birth was normal with no 

histopathological abnormalities. Because her two mutations have been shown to be frequent in 

the Indian population (Slim et al., 2009) and to exclude their coincidental presence by chance on 

the same parental chromosome, a large genomic DNA fragment from the patient’s DNA 

encompassing her two mutations was PCR-amplified, cloned and sequenced. Sequence analysis 

of five clones demonstrated the presence of N913S in all of them and none had the other 

mutation, R693P. Also, comparing the polymorphic variations observed in DNA in this patient, 

after direct PCR amplification of genomic DNA, and those observed in the clones showed the 

transmission of p.N913S, c.2738A>G, on the reference haplotype, 

NM_001127255.1:c.[2682T>C (rs269951); 2738A>G (rs104895503); 2775A>G (rs269950); 

2810+98C>T (rs269949); 2810+123G>A (rs647845); 2810+126T>C (rs647844)] with the 

following alleles [T;G;A;C;G;T], which is identical to the previously reported haplotype carrying 

N913S (Slim et al., 2009). Therefore, these data demonstrate the presence of the two mutations 

in patient 678 on different parental chromosomes.  
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5.5 DISCUSSION 
 
To date and including this report, three patients with two NLRP7 defective alleles had a 

total of four live births from donated ova. The first case was previously described (Fisher et al., 

2011) and three are included in this report. The occurrence of three live births from donated ova 

in two additional patients confirms the idea that the primary role of NLRP7 in the pathology of 

RHM lies in the oocyte and that ovum donation from unaffected individuals rescued the defects 

of these patients and allowed them to have successful pregnancies. Because, it is not known how 

many patients with two NLRP7 defective alleles have tried ovum donation, it is impossible to 

provide the frequency of live births with donated ova. However, given the complexity and high 

cost of such procedure, we believe that few patients with two defective alleles in NLRP7 have 

tried donated ova.  

So far, including the patients described in this report, there have been 48 distinct 

mutations reported (Figure 5.1), of which 17 missense and 31 leading to premature protein 

truncation (nonsense, splicing, small/gross deletion or insertion and complexe rearrangement) in 

a total of 131 patients with two defective alleles in NLRP7 (Milhavet et al., 2008). Among these 

patients, five (3.8%) had six live births from spontaneous conceptions (Figure 5.1, Table 5.1) in a 

total of 612 pregnancies (Helwani et al., 1999; Mahadevan et al., 2013; Sunde et al., 1993). 

Therefore, patients with two defective alleles in NLRP7 may have live births from spontaneous 

conceptions from their own oocytes in 1% of their pregnancies. Two of the patients with live 

births have a homozygous invariant splice mutation, c.352+1G>A, that affects the splicing of the 

main NLRP7 isoform and results in the insertion of four bases between exons 3 and 4 and is 

expected to lead to a frameshift and premature protein truncation two amino acids after exon 3 

(p.Gly118Aspfs*2). However, this mutation leaves another minor isoform without exon 3 intact 

(Figure 5.1) (Murdoch et al., 2006). The remaining three patients have one or two of the 

following missense mutations, p.Leu750Val (Mahadevan et al., 2013), p.Arg693Pro, and 

p.Asn913Ser, either in homozygous (Brown et al., 2013) or compound heterozygous state (Slim 

et al., 2009) (Figure 5.1). 

The exact role of NLRP7 in the pathology of molar pregnancies is not fully understood, 

but available data implicate its protein in inflammatory response (Khare et al., 2012; Kinoshita et 

al., 2005; Messaed et al., 2011a) and trophoblastic lineage differentiation (Mahadevan et al., 

2014). This latter role is in agreement with a recent study from our laboratory demonstrating that 
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protein-truncating mutations, which are expected to have severe functional consequences on the 

protein, are associated with the absence of embryonic tissues in the conceptions of these patients 

while missense mutations, which are expected to have milder functional consequences on the 

protein, are associated with the differentiation of some embryonic tissues (Nguyen et al., 2014). 

Similarly, three of the six live births observed in patients with two NLRP7 defective 

alleles occurred in patients with missense mutations and the remaining three in patients with the 

splice mutation, c.352+1G>A, that leaves a minor isoform intact, which may have compensated 

for the loss of the other isoforms and attenuated the functional impact of the mutation. The same 

applies to one early neonatal death, six stillbirths, and five molar pregnancies with well-formed 

fetuses that occurred either in the same patients who had the live births or in other patients with 

only missense mutations (Figure 5.1).  

In summary, the data corroborate a previous observation on the benefit of ovum donation 

to overcome the defects of these patients and provide an explanation of the possible, but very 

rare, occurrence of live births from spontaneous conceptions in patients with two NLRP7 

defective alleles. Based on this study’s observations and data described by various groups that 

are recapitulated in this report, we believe that perhaps a more optimistic genetic counselling can 

be provided to patients with two defective alleles in NLRP7 by explaining to them the following: 

first, ovum donation is the best management option for patients with two defective alleles in 

NLRP7 who desire to have children based on three patients, of which two are included in this 

report; second, exceptionally, some of these patients may have live births from their own oocytes 

and this seems to be associated with some missense mutations. The most important advice to 

patients is the necessity of close follow-up and monitoring in the event of future pregnancies to 

prevent eventual complications of moles and the occurrence of stillbirths among their rare 

conceptions that may rarely reach term.  
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5.7 FIGURES  

  
 
 
 
 

Figure 5.1. A schematic representation showing the distribution of all recessive NLRP7 
mutations observed in patients with RHMs and highlighting those that are associated with 
live births from spontaneous natural conceptions  
Only mutations reported in PubMed are shown. Missense mutations are in blue and mutations 
(nonsense, splicing, small/gross deletion or insertion and complex rearrangement) leading to 
premature protein truncation are in red. Mutations in patients who had live births are underlined. 
Each line corresponds to one normal live birth and the dashed line corresponds to a live birth 
with several abnormalities. #, refers to one still-birth that occurred in a patient who is compound 
heterozygous for the two indicated mutations. ATP = 5′-triphosphate binding motif; END = early 
neonatal death; LRR = leucine-rich repeats; NACHT = the domain found in NAIP, CIITA, HET-
E, and TP1 family of proteins; PYD = pyrin domain; SB = stillbirth. The superscript number 
before the reproductive outcome (e.g. fetus, SB, etc.) indicates the number of pregnancies with 
such entity. For instance, “2 fetus” refers to two pregnancies each with a fetus. 
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5.8 TABLES 

 

Table 5.1. Summary of the reproductive outcomes of patients with two NLRP7 defective alleles and the nature of their 
mutations 

 
 

 Mutation type Live birth END Stillbirth HM+fetus RL (HM+SA) Total Pregnancies 

       Missense on both alleles 3 0 4 3 313 323 

       G118Dfs*2 on both alleles 3 1 2 2 24 32 

       At least one protein truncatinga 0 0 0 0 257 257 

       Total 6 1 6 5 594 612 
END = early neonatal death; HM = hydatidiform mole; RL = reproductive loss; SA = spontaneous abortion. aindicates 
protein truncating mutations with the exception of G118Dfs*2. 
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CHAPTER 6 
 

 

GENERAL DISCUSSION OF THE THESIS  
 

Hydatidiform mole (HM) is a decidedly mystifying disease of ancient recognition that 

has fascinated and puzzled mankind from the earliest times. Although scientists from all around 

the world have been studying the pathology of HM for centuries, our knowledge about its 

formation is not yet fully understood. This thesis describes studies designed to further our 

understanding on the role of NLRP7, a maternal-effect gene, in the pathology of recurrent HM 

(RHM). Through a series of experiments described herein, we were able to provide more pieces 

to the puzzle of HM formation and enhance its understanding. 

 

6.1 Defective immune response in patients with NLRP7 mutations 
 

The defective IL1B and TNF secretion observed in PBMCs from patients carrying 

NLRP7 mutations in response to stimulation with LPS underscores the importance of NLRP7 in 

the inflammatory response of women suffering from RHMs. This impaired cytokine secretion 

was not expected in patients with NLRP7 mutations because PBMCs from patients with Muckle- 

Wells syndrome carrying mutations in NLRP3, another member of the NLRP family, were 

shown to have an abnormal cytokine secretion but in the opposite direction to that observed in 

cells from patients with NLRP7 mutations (Agostini et al., 2004; Jeru et al., 2010; Kastner et al., 

2010; Loock et al., 2010). Indeed PBMCs, from patients with NLRP3 mutations secrete higher 

amounts of IL1B and TNF in response to LPS stimulation when compared to controls. However, 

patients with NLRP7 mutations suffering from RHMs are in good health (except that they are 

unable to conceive) and do not reveal any clinical signs of inflammation (fever, rash…) as 

opposed to patients with NLRP3 mutations. 

 

To understand the role of NLRP7 in cytokine secretion, specifically IL1B, in patients 

with RHMs, another member in the laboratory assessed the intracellular protein levels of pro- 

and mature IL1B in the same PBMCs from patients with NLRP7 mutations or rare/low frequency 

variants that were shown to have low IL1B secretion. We sought to conduct such an 
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investigation because the same approach was used on macrophages isolated from patients with 

Muckle-Wells syndrome and demonstrated increased intracellular IL1B processing (Agostini et 

al., 2004)..Interestingly, we found that PBMCs from patients with NLRP7 mutations have normal 

to slightly higher amounts of intracellular pro-IL1B and normal mature IL1B suggesting that the 

synthesis and processing of IL1B are normal. However, we were unable to detect intracellular 

levels of TNF by western blot analysis due to low amounts of TNF present in hematopoietic 

cells. We believe that this defective cytokine secretion could be at the origin of the abnormal 

retention of HMs in patients with NLRP7 mutations and which may reflect 

impaired/compromised innate immunity in these patients. This is indeed in line with what is 

observed in patients suffering from the common sporadic non-recurrent HMs, which are not 

associated with recessive NLRP7 mutations. Several reports have documented that these patients 

have defective cellular mediated immunity in response to phytohemagglutinin and concanavalin 

A and display delayed skin hypersensistivity to dinitrochlorobenzene, purified protein 

derivatives and Candida antigens (Ho et al., 1980; Khanna et al., 1985; Tomoda et al., 1976). 

Altogether, these observations concur with the fact that a defective immune response is a crucial 

factor that contributes to the manifestation of not only RHMs, but also of common, non-recurrent 

HMs. Therefore, characterizing the mechanism by which NLRP7 mutations lead to an impaired 

cytokine secretion and consequently an altered immune response in patients with RHMs would 

clarify the mechanisms responsible not only for the formation of RHMs but also those 

responsible for the common form of HM. 
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6.2 Microtubules’ defect could be leading to low cytokines’ secretion  
 

To better understand the mechanism underlying the defective IL1B secretion, we first 

sought to characterize the subcellular localization of NLRP7 in control PBMCs and found that 

this protein localizes mainly to the MTOC and Golgi apparatus. It is well established that TNF 

and IL1B have different release mechanisms. The former follows the conventional endoplasmic 

reticulum-Golgi route of secretion (Halban and Irminger, 1994), whereas the latter is secreted 

through five different unconventional secretory pathways, of which one mechanism involves the 

lysosomes in the secretion of IL1B through exocytosis, a process primarily dependent on 

microtubules (Holt et al., 2006). This suggestion is in line with previous data indicating the 

requirement of a functional microtubule network for IL1B secretion in human monocytes (Carta 

et al., 2006). We therefore hypothesized that an altered microtubules structure affects the 

trafficking and consequently secretion of IL1B-containing vesicles to the extracellular milieu. 

We then disrupted microtubules by treating control EBV cells with nocodazole before 

immunofluorescence and labeling with NLRP7. Upon treatment, we found that the NLRP7 

signal was fragmented and dispersed within the cytoplasm. This suggested that NLRP7 signal 

distribution depends on microtubules. We also tried to look for any possible defect in the 

structure of microtubules in EBV-transformed lymphoblastoid cells from patients with NLRP7 

mutations using immunofluorescence and confocal microscopy but did not notice any significant 

difference between cells from patients and controls. We attributed this failure to two main points: 

first, lymphoblastoid cells have a small cytoplasm which makes it hard to visualize the 

cytoskeleton well; second, these cells grow in suspension and are then adhered to poly-lysine-

treated microscopic slides before immunofluorescence, which affects the shape of the cells and 

preclude the visualization of well-preserved microtubules structure, making it difficult to detect 

differences in structure between patients with NLRP7 mutations and control cells. 
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6.3 NLRP7 and KHDC3L share the same localization to MTOC and Golgi apparatus 
 

After the identification of KHDC3L, the second gene responsible for RHMs, we checked 

the subcellular localization of its protein in hematopoietic cells. KHDC3L and NLRP7 are two 

proteins that belong to two different families with different roles (Amarasinghe et al., 2001; 

Tschopp et al., 2003). My investigation in Reddy et al. demonstrated that KHDC3L localizes 

with NLRP7 to the MTOC and the Golgi apparatus in EBV cells from control subjects (Reddy et 

al., 2013). These observations indicate that KHDC3L may also have a role in the intracellular 

trafficking and secretion of cytokines, similarly to NLRP7 in PBMCs from patients with RHMs. 

To address this point, we organized an experiment in Tunisia, the country of origin of one patient 

with a homozygous mutation in KHDC3L and I went there for three days, performed the 

stimulation on freshly isolated PBMCs from the patient, collected the supernatants and brought 

them back to our laboratory where I assessed IL1B and TNF. Unfortunately, the results were not 

conclusive due to a high amount of secreted IL1B before stimulation. We believe this is due to 

the quality of the reagents used in the cell culture. Collectively, these data emphasize the 

similarities between NLRP7 and KHDC3L in their subcellular localization and indicate that both 

genes may be responsible for the same mechanism leading to molar formation.  

 

 

6.4 NLRP7 and KHDC3L localizes to the oocyte cytoskeletal structures 
 

The presence of maternal-effect genes in mice has proven indispensable for early 

embryonic development. These genes are not supposed to affect ovulation or fertilization but 

their absence would lead to embryonic arrest mostly between 2-cell and morulae stages (Kim and 

Lee, 2014). While almost 40 maternal-effect genes have been characterized in mice, NLRP7 and 

KHDC3L were the first two maternal-effect genes to be identified in humans. Recently, variants 

in NLRP5, a maternal-effect gene, were found to be associated with reproduction loss and 

multilocus imprinting disorders in humans (Docherty et al., 2015) (Tables 1.2 and 1.3). The 

proteins of some of these murine genes are characterized by a particular subcellular localization 

pattern such that they are confined to the oocyte cortex and are absent from the cell-to-cell 

contact region in 2-cell until up the morulae stage embryos (Howell et al., 2001; Kim et al., 

2010; Li et al., 2008b; Morency et al., 2011; Narducci et al., 2002; Ohsugi et al., 2008; Sekiguchi 
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et al., 2006; Tong et al., 2004; Vitale et al., 2005). Furthermore, some of these proteins FILIA, 

PADI6, FLOPED, NLRP5 and TLE6 were shown to associate to specific structures termed 

cytoplasmic lattices or subcortical maternal complex. Since NLRP7 and KHDC3L are expressed 

at the RNA level in human oocytes, we decided to look at their subcellular localization in human 

oocytes and early cleavage embryos. We therefore collected spare oocytes and embryos from 

women undergoing assisted reproductive technologies and who most likely do not carry NLRP7 

and KHDC3L mutations since they do not suffer from RHMs. Using immunofluorescence and 

confocal microscopy, we demonstrated that NLRP7 and KHDC3L co-localize and are 

sequestered mainly to the cortex but are absent from the cell-to-cell contact region during early 

cleavage-stages (Akoury et al., 2015b). This particular localization suggested that NLRP7 and 

KHDC3L are part of the cortical complex or the human CPLs/SCMC similar to that found in 

murine oocytes (Kim et al., 2010; Morency et al., 2011). To our knowledge, there were no 

reports in the literature describing the CPLs/SCMC in humans. To investigate whether these 

structures exist in human oocytes, we performed high resolution and electron microscopies after 

immunolabeling with NLRP7 and found that NLRP7 binds to cytoskeletal structures that are 

similar to those characterized in murine oocytes. Soon after we published the Human 

Reproduction study, Zhu et al. reported the characterization of the subcortical maternal complex 

in human oocytes and which consisted of KHDC3L, OOEP, NLRP5 and TLE6, all of which 

physically co-interacted. However, Zhu’s study lacked clear high-resolution structures of the 

SCMC and evidence of good preservation of the oocyte cytoskeleton (Zhu et al., 2015). The four 

described maternal-effect proteins exhibited a ring-shape pattern at the cortex of the oocyte that 

was not connected to the center of the oocyte and the nucleus. In order to gain more insights on 

the real structure of the human SCMC complex and the localization of its members, we used 

proteins- and microtubules-preserving buffer and performed immunofluorescence and high 

resolution confocal microscopy on oocytes. We chose to conduct these experiments on three 

founding members of the human cortical complex, KHDC3L, OOEP and TLE6. Immunostaining 

analysis revealed nice high-resolution structures of the three analyzed SCMC proteins at the 

cortex similar to that obtained previously for NLRP7. This observation prompted us to check for 

co-localization between NLRP7 and either of the three SCMC members. Confocal and electron 

microscopy analysis demonstrated that NLRP7 co-localizes with KHDC3L, OOEP and TLE6 to 

the same cytoskeletal structures. Based on our co-localization study and that of Zhu et al., we 
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therefore suggest that the human SCMC consists of at least NLRP7, KHDC3L, NLRP5, OOEP 

and TLE6. We thus do not know whether NLRP7 interacts with KHDC3L or any other member 

of the SCMC and further studies are required to address this point. We then sought to 

characterize the nature of the structures to which NLRP7 binds. Towards this goal, we performed 

double labeling of NLRP7 with alpha tubulin or F-actin/phalloidin. Our investigation revealed 

that although NLRP7 does not show a similar localization pattern or overlap exactly with alpha 

tubulin or F-actin by immunofluorescence, this maternal-effect protein depends directly or 

indirectly with alpha tubulin and F-actin in human oocytes. Our observation is in line with 

previous data demonstrating the disruption of NLRP7 signal in hematopoietic cells upon 

nocodazole treatment (Messaed et al., 2011a). 

Murine oocytes or embryos of Filia (orthologue of human KHDC3L), Nlrp5, Padi6 and Tle6 null 

females display various defects including abnormalities at the level of microtubules and F-actin 

networks (Kan et al., 2011; Kim et al., 2014; Yu et al., 2014; Zheng and Dean, 2009). 

Additionally, embryos derived from all these null-maternal gene mice arrest mainly between the 

2-cell and morula stages with the exception of those derived from Filia-null mice, some of which 

continue to progress to the morula and blastocyst with delays in their development (Esposito et 

al., 2007; Tashiro et al., 2011; Tong et al., 2000; Yu et al., 2014; Zheng and Dean, 2009). One 

could envision that NLRP7 and KHDC3L are also involved in maintaining the integrity of the 

microtubules and actin cytoskeletons in human oocytes and embryos. Furthermore, NLRP7 

contains a conserved ATP/GTPase binding site within its NACHT domain. It is therefore 

plausible to further suggest that NLRP7 regulates the cytoskeleton by interacting at the oocyte 

cortex with RhoA, a member of the Rho family GTPases, which is known to act in various 

cellular activities including actin filament organization (Hall, 1998; Ridley, 2001; Van Aelst and 

D'Souza-Schorey, 1997) and spindle assembly at mitosis (Bakal et al., 2005). Though the 

subcellular localization of RhoA has not been investigated in human oocytes, it could be that the 

human RhoA adopts a similar localization pattern to the spindle microtubules and the cortex as 

described in porcine oocytes (Zhang et al., 2014). KHDC3L does not contain a binding site for 

GTPases; however, this does not prevent KHDC3L from interacting indirectly with or 

intervening in the signaling pathway of RhoA. This explanation seems to be conceivable since 

Filia, the mouse orthologue of KHDC3L, has been shown to ensure proper spindle assembly 

partially through RhoA signaling in early cleavage mouse embryos (Zheng and Dean, 2009). 
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Alternatively, one could also suggest that NLRP7 and KHDC3L regulate the cytoskeleton by 

binding to or interfering with Ran, a small GTPase of the Ras superfamily, that is known to 

control the nucleo-cytoplasmic transport of mRNA and proteins, mitotic spindle assembly, and 

nuclear envelope formation (Dasso, 2001; Gorlich and Kutay, 1999; Heald and Weis, 2000; 

Hetzer et al., 2000; Zhang and Clarke, 2000). The subcellular localization of Ran GTPase is 

described to be at the cytoplasm and the spindle apparatus of murine oocytes (Cao et al., 2005). 

Regardless of the underlying mechanism that implicates NLRP7 and KHDC3L in the regulation 

of the oocyte cytoskeleton, we demonstrate that NLRP7 and by analogy KHDC3L depend on 

alpha tubulin and F-actin networks in human oocytes. 

 

 

6.5 Ovum donation is the best reproductive management option for patients with 
RHMs  
 

To date, there is no treatment that allows patients with NLRP7 recessive mutations and 

RHMs to achieve successful pregnancies. However, ovum donation can be an effective fertility 

treatment for patients with RHMs. This suggestion has been proven few years back in a case 

report that established for the first time the occurrence of a normal live born in a patient after 

ovum donation (Fisher et al., 2011). Recently, we confirmed this observation by reporting three 

additional live births from donated ova to two patients with recessive NLRP7 mutations. 

Although only four live births from donated ova have been so far reported, these data support the 

idea that the primary role of NLRP7 and by analogy KHDC3L reside in the oocyte and that ovum 

donation from healthy women salvages the defects in patients with RHMs and give them the 

opportunity to achieve successful pregnancies. Patients with two NLRP7 mutations can 

exceptionally achieve normal pregnancies from their own ova in 1% of their pregnancies (six 

live births occurred from a total of 612 pregnancies). We came up with this conclusion after we 

reviewed the reproductive outcomes of all reported patients in Pubmed. In an attempt to 

understand the occurrence of these spontaneous conceptions, we looked at the nature of the 

mutations carried by the patients with normal pregnancies. Our investigation showed that these 

live births are associated with one splice or some missense mutations in a recessive state. These 

observations indicate that some mild mutations have mild functional consequences on the protein 

and allow normal cellular differentiation and embryo development and consequently the 
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occurrence of successful pregnancies. This conclusion is in accordance with previous data from 

our group demonstrating that protein-truncating mutations, presumably resulting in severe 

functional consequences on the protein, are associated with the absence of embryonic tissues of 

ICM origin and excessive trophoblastic proliferation in the conceptions of these patients while 

missense mutations, supposedly entailing milder functional consequences on the protein, are 

associated with the differentiation of some embryonic tissues of ICM origin and mild 

trophoblastic proliferation (Nguyen et al., 2014).  

 

 

6.6 Final conclusions 
 

It is well established that hydatidiform mole can have three main genotypes, diploid 

androgenetic, triploid diandric and diploid biparental, all of which lead to somehow the same 

disease phenotype characterized by oedematous chorionic villi, excessive trophoblastic 

proliferation and abnormal embryonic development. Therefore, the underlying mechanism 

leading to HM appears to be independent of the genotype of the conceptions. Our series of 

experiments described in this thesis have provided key-pieces to complete part of the puzzle of 

RHMs (associated with NLRP7 or KHDC3L mutations). We believe that the underlying 

mechanism for RHM is manifested at two levels and is based on a defective cytoskeleton 

mediated by NLRP7 or KHDC3L mutations (Figure 6.1). An impaired cytoskeleton could also be 

at work for the common, sporadic HM (not associated with NLRP7 or KHDC3L mutations) but 

through an uncharacterized upstream event without the presence of mutations in NLRP7 or 

KHDC3L. Nonetheless, we believe that the primary defect is in the oocytes of patients with 

RHM. The oocyte defect could be at the level of establishment or maintenance of DNA 

methylation or at the level of the cytoskeleton. Such perturbations would disrupt several 

downstream processes including abnormal trophoblastic cellular proliferation and incomplete 

tissue differentiation and probably, an incomplete activation of the embryonic genome. 

Consequently, all these events would lead to early embryonic arrest. The same cytoskeletal 

defect has also an impact on the hematopoietic inflammatory cells present in the endometrium of 

the patient. These cells have impaired cytokine secretion and consequently mediate an altered 

maternal immune response. Such disruption may prevent patients with RHMs from 
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spontaneously eliminating these unviable pregnancies in which the fetal vascular system has not 

developed and leads to hydropic changes of chorionic villi and molar manifestation. 

 

 

6.7 Limitations of the study and future directions and perspectives 
 

In addition to providing novel information on the roles of NLRP7 and KHDC3L in the 

manifestation of RHMs, the data presented in this thesis introduced a number of points that 

warrant further investigation and that could be pursued in future studies. 

 Using ELISA, we have demonstrated an impaired IL1B and TNF secretion in PBMCs 

from patients with NLRP7 mutations. In collaboration with a laboratory in Denmark, we also 

checked the levels of other secreted cytokines in PBMCs from patients with RHMs and controls 

using a multiplex ELISA assay. However, these experiments did not yield conclusive results and 

we attributed this failure to the degradation of the analyzed cytokines in the supernatants 

following several freeze-thaw cycles. It would be worth repeating these experiments on new 

blood samples collected from either previous or new patients, and assessing cytokine secretion 

after LPS stimulation. This would generate a new list of cytokines that are abnormally secreted 

and allow us to better understand the role of NLRP7 in the immune response and consequently in 

the pathology of RHMs. Since NLRP7 and KHDC3L co-localize in hematopoietic cells and at 

the cortex of human oocytes and early cleavage embryos, it would be worthwhile to demonstrate 

whether these two proteins physically interact in the described models using co-

immunoprecipitation followed by western blotting.  

 We have speculated that NLRP7 and KHDC3L could be involved in trafficking of RNA 

and proteins. Therefore, it will be interesting to check whether these proteins bind, directly or 

indirectly, to RNA at the cortex of human oocytes. To this purpose, we could treat spare oocytes 

with RNAses and check if NLRP7 or KHDC3L signals are disrupted following the treatment.  

Our work described in this thesis was mainly performed on hematopoietic cells from 

patients with NLRP7 mutations and also on spare oocytes and embryos from women undergoing 

assisted reproductive technologies and who are most likely negative for NLRP7 since they do not 

have RHMs. Although both models generated decent data, they presented some limitations. 

Fresh hematopoietic cells are not easy to get from patients with this rare condition because most 

of the patients are referred to Dr. Slim’s laboratory from international collaborators and 
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hematopoietic cells cannot be maintained as primary cells for a long time in culture without viral 

transformation. Additionally, these cells have small cytoplasm which hampered their use in 

identifying cytoskeletal defects mediated by NLRP7 or KHDC3L mutations. Human oocytes and 

mostly embryos are difficult to obtain for research purposes and are subject to stringent ethical 

regulations. For instance, embryos cannot be drug-treated before immunofluorescence; however, 

oocytes can be drug-treated, but not in vitro fertilized, and processed for immunofluorescence. 

Additionally, it is impossible to collect spare oocytes from patients with RHMs and investigate 

the effect of NLRP7 or KHDC3L mutations on the cytoskeleton. An alternative would be the use 

of primary cells from patients with RHMs such as fibroblast cells isolated from skin biopsies. 

Although fibroblasts are not easy to request from patients, these cells are considered as the best 

alternative and Dr. Slim’s lab was able to establish two primary fibroblast cells with the help of 

international collaborators from two patients with recessive NLRP7 or KHDC3L mutations. 

Fibroblasts are known to express NLRP7 and KHDC3L transcripts (http://biogps.org/). 

Additionally, I performed RT-PCR on RNA samples from these two cell lines and found that 

they express NLRP7. Using whole genome expression profiling, I analysed the transcriptome of 

primary fibroblasts of the patients with NLRP7 mutations and two healthy individuals. I found 70 

genes that were statistically differentially expressed, 23 up-regulated and 47 downregulated. 

(data not shown). Of these genes, some are involved in the cytoskeleton. Using real time 

quantitative PCR after reverse transcription, I validated the differential expression of a set of 

genes on the same RNA samples used in the microarrays and on four additional controls (data 

not shown). We recently collected two additional skin biopsies from two patients with NLRP7 

mutations. I used these biopsies to isolate fibroblasts and establish two primary cell lines in the 

lab. Our plan is to validate the transcriptome data by RT-PCR on these additional samples. It will 

be also worth to identify common pathways in which these genes are implicated using publicly 

available websites (STRING, IPA, DAVID, KEGG, etc.). One would also be interested in 

validating the expression of the identified genes at the protein level in the lysates prepared from 

fibroblasts of patients and controls.  

I characterized the subcellular localization of NLRP7 and KHDC3L in fibroblasts from 

controls using immunofluorescence and confocal microscopy, assessed the impact of NLRP7 

mutations on the cytoskeleton, cell mobility and proliferation from patients and controls using 

mobility and proliferation assays. I already started this work and found differences between 
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fibroblasts from controls and patients (data not shown). Some of these data are still preliminary 

and require further validation.  

Another alternative would also be the use of iPS cells generated from fibroblasts with 

NLRP7 mutations and which can be induced to generate oocyte-like cells. The latter could be 

used to study the cytoskeletal defects mediated by NLRP7 mutations and characterize the 

signalling pathways implicated downstream of NLRP7. One could also investigate possible role 

of NLRP7 in DNA remodelling and epigenetic changes that could also contribute to a defective 

oocyte and consequently the manifestation of moles.  

NLRP7 does not have an orthologue in mouse; however, using mouse oocytes can still be 

beneficial to study the role of NLRP7. One could transfect these oocytes with NLRP7 mRNA and 

assess the effect of overexpressing NLRP7 at many levels such as the oocyte cytoplasmic lattices 

and cytoskeleton (microtubules and actin), the localization of NLRP7 and other maternal-effect 

proteins, oocyte global transcriptional activity, DNA and histone methylation, etc. On the other 

hand, the second gene responsible for HM, KHDC3L, has an orthologue in mice, Filia. In order 

to study the function of KHDC3L, one could generate Filia-null oocytes in mice and apply the 

same experimental approaches described for NLRP7.   
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Figure.6.1. Two-hit mechanism for molar pregnancy formation  
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INTRODUCTION

Usher syndrome (USH) is an autosomal recessive 
disorder combining sensorineural hearing loss and 
retinitis pigmentosa (RP). It is the leading cause of 
deaf-blindness in humans with a prevalence estimated 
to range from 2–6.2 per 100,000 (for reviews see1,2). 
Three distinct clinical subtypes have been described. 
USH type 1 (USH1) represents the most severe form 
and is characterized by a profound hearing loss, a 
vestibular dysfunction and a prepubertal onset of RP. 
USH type II (USH2) is characterized by a milder hear-
ing loss with no vestibular function impairment and 
RP. Usher type III (USH3) is defined by the association 
of a postlingual progressive hearing loss, occasional 
vestibular dysfunction, and RP (for reviews see 3,4). 
To date, mutations in nine genes are known to be 
responsible for Usher syndrome, of which five genes, 
MYO7A, harmonin, CDH23, PCDH15, and USH1G, are 

responsible for USH1 and one gene, CLRN1, is respon-
sible for USH35. Several CLRN1 splice isoforms have 
been described with the main one being formed by 
three exons, named 0, 2, and 3, encoding a 232 amino 
acid protein.6–8 CLRN1 belongs to a large family of 
transmembrane proteins including both the tetraspa-
nin and the claudin families. Members of this family 
have several roles including regulating cell morphol-
ogy, motility, invasion, fusion, and signaling.9–11 Here 
we describe a new family with USH in which a novel 
homozygous 5-bp deletion in CLRN1 was found.

maTeRIals aND meThODs

Family data

Patient recruitment was done at the American 
University of Beirut, had the approval of its Ethics 
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CASE REPORT

a novel 5-bp deletion in Clarin 1 in a family with  
Usher syndrome

Elie Akoury1, Elie El Zir2, Ahmad Mansour3, André Mégarbané4, Jacek Majewski5, and  
Rima Slim1

1Departments of Human Genetics and Obstetrics-Gynecology, McGill University Health Centre, Montreal, Canada, 
2Department of Otorhinolaryngology, Hôpital Sacré-Coeur, Baabda, Lebanon, 3Department of Ophthalmology, American 

University of Beirut, Lebanon, 4Unité de génétique médicale, Faculté de médecine, Université Saint Joseph, Beirut, 
Lebanon, and 5McGill University and Genome Quebec Innovation Centre and Department of Human Genetics, McGill 

University Health Centre, Montreal, Canada

aBsTRaCT

Background: To identify the genetic defect in a Lebanese family with two sibs diagnosed with Usher 
Syndrome.

Materials and Methods: Exome capture and sequencing were performed on DNA from one affected member 
using Agilent in solution bead capture, followed by Illumina sequencing.

Results: This analysis revealed the presence of a novel homozygous 5-bp deletion, in Clarin 1 (CLRN1), a known 
gene responsible for Usher syndrome type III. The deletion is inherited from both parents and segregates with 
the disease phenotype in the family. The 5-bp deletion, c.301_305delGTCAT, p.Val101SerfsX27, is predicted 
to result in a frameshift and protein truncation after 27 amino acids. Sequencing all the coding regions of the 
CLRN1 gene in the proband did not reveal any other mutation or variant.

Conclusion: Here we describe a novel deletion in CLRN1. Our data support previously reported intra familial 
variability in the clinical features of Usher syndrome type I and III.

Keywords: clarin 1, mutation, Usher syndrome, exome sequencing, deletion
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Committee, and conformed to the Declaration of 
Helsinki. Audiometric examination of the two patients 
included air conduction, bone conduction and dis-
crimination thresholds. Electronystagmography was 
used to assess spontaneous and positional nystag-
mus. A standard caloric test (30°C and 44°C) was 
performed using an ICS caloric irrigation system and 
observation of the nystagmus using Frenzel’s glasses. 
Ocular examinations included measurement of visual 
acuity, funduscopy, visual field examination, color 
vision testing, and retinoscopy. Blood samples were 
taken from all members of this family, USHLB3,12 
and DNA was extracted according to standard  
methods.

exome capture and sequencing

The strategy employed here was similar to that 
described earlier.13 Briefly, exome capture was per-
formed using the Agilent in solution bead capture, 
all-exon v1 kits, on genomic DNA from one affected 
member, III-5. Sequencing was carried out using 
one lane, single end 76 base reads, on the Illumina 
GAIIx sequencer. This resulted in an approximately 
30X average genome-wide coverage of the targeted 
coding exons. The reads were aligned to the refer-
ence genome (hg19) using BWA.14 Variants were 
called using the SAMTools15 software. The list of 
variants was filtered against more than 30 of indi-
vidual exomes previously sequenced by the McGill 
University and Genome Quebec Innovation Centre. 
All variants that have previously appeared in two or 
more samples were discarded. This procedure removes 
systematic false positives, as well as common poly-
morphisms. The remaining variants were annotated 
using ANNOVAR,16 and visualized using Integrative 
Genomics Viewer.17Additional analyses− such as the 
identification of regions of homozygosity were per-
formed using custom PERL scripts.

mutation analysis

The three exons of the main splice isoform of the CLRN1 
gene were PCR amplified on genomic DNA from the 
proband using previously described primers18 and 
sequenced in one direction. Sequence analysis was per-
formed using DNASTAR and compared with Reference 
Sequence. Mutation nomenclature is according to the 
Human Genome Variation Society guidelines and uses 
the A of the ATG translation initiating methionine as 
number 1. Reference sequences NM_174878.2 and 
NP_777367 are used for nucleotide and protein num-
berings, respectively (https://research.cchmc.org/
LOVD/). A 144-bp PCR fragment spanning the 5-bp 
deletion was amplified with another pair of primers, 

forward, 5′-AAGCAATCCCAGTGAGCATCCAC and 
reverse, 5′-GGTACAGCCCTAGGGGACCATG and 
used to investigate the familial segregation of the dele-
tion and its presence in control subjects on 4 % NuSieve: 
agarose (3:1) gels.

ResUlTs

Clinical assessment

At the time of the clinical evaluation, the two affected 
children were 12 and 17 years old.

Retinitis pigmentosa was diagnosed in both of them 
based on the presence of mid peripheral bone spicule-
like pigmentary degeneration, peripheral pigment 
epithelial atrophy, cellophane epiretinal membrane, 
and macular pigmentary abnormalities. Both patients 
reported pre-pubertal signs of RP.

Patients were subjected to a pure tone audiom-
etry with aerial and bone conduction analysis, which 
revealed severe to profound bilateral neurosensory hear-
ing loss (Figure 1). Hearing loss was slightly milder in 
the younger sib. An earlier audiogram for the older sib, 
performed at the age of 6 years, was also available and 
showed similar hearing impairment (80–85dB), which 
excluded the progressive nature of the hearing loss. 
Family history revealed that the older sib pronounced 
his first words at the age of 3.5 years, which is indica-
tive of a congenital hearing loss. At the time of clinical 
examination, both patients had had hearing aids since 
the age of 5–6 years. While the older patient did not 
benefit much from hearing aids and did not have intel-
ligible speech, his younger brother wore hearing aids 
all the time, had intelligible speech, and had attended 
regular school since the age of 5 years. The 17-year-old 
boy had complete bilateral vestibular areflexia upon 
caloric stimulation while his younger brother had a mild 
response in the right ear (17%) and severe hyporeflexia 
in the left ear (7%).

Based on vestibular abnormalities, Usher type II was 
excluded in this family, but we could not determine 
whether the patients have USH1 or USH3. The congeni-
tal occurrence of the hearing loss and the absence of its 
progression in the older patient (III-7) were in favor of 
Usher type I while the postlingual hearing impairment 
in the younger sib (III-5) was in favor of USH3, but the 
absence of a second audiological evaluation for this 
sib (III-5) prevented us from assessing the progressive 
nature of the hearing loss. Also, at the time of clinical 
assessment, in 1995, USH3 was believed to be very rare 
and restricted to the Finish population. In addition, 
the clinical overlap between USH1 and USH3 was not 
documented.

Patient III-7 had an isolated postaxial polydactyly 
of the upper limbs that were removed by surgery at 
birth.
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exclusion of linkage to four Ush loci

Linkage analysis with microsatellite markers around 
four loci or genes responsible for Usher syndrome 
type 1, MYO7A (locus USH1B on 11q13.5), harmonin 
(locus USH1C on 11p14.3), CDH23 (locus USH1D on 
10q22), and USH1E (21q) were previously reported and 
excluded the involvement of these four USH1 loci in the 
disease phenotype in this family.19

exome capture, sequencing, and mutation 
analysis

To identify the mutated gene in this family, exome 
sequencing was performed on DNA from only the 
proband, III-5. This analysis excluded the causal involve-
ment of two other USH1 genes, PCDH15 and USH1G 
that were not excluded by linkage analysis based (i) on 
the absence of homozygosity spanning them, and (ii) the 
absence of non-synonymous changes, in homozygous 
or heterozygous states, that are not present in controls. 
In addition, Exome sequencing revealed the presence of 
a 5-bp deletion, c.301_305delGTCAT, p.Val101SerfsX27, 
in exon 2 of the CLRN1 gene. This deletion was found 
within a region of 10.3 Mb of homozygosity on chromo-
some 3 and is predicted to lead to a frameshift and pro-
tein truncation after 27 amino acids. The mutation was 
then confirmed by PCR amplification and direct DNA 
sequencing of exon 2 in the proband, III-5 (Figure 2). 
A smaller PCR fragment spanning the deletion was 
also amplified in all family members, separated by 
 electrophoresis, and used to trace the segregation of the 
deletion in the family (Figure 2). Sequencing of the two 

other CLRN1 exons, 0 and 3, did not reveal any other 
DNA change in the proband confirming therefore that 
this 5-bp deletion is responsible for the Usher pheno-
type in this family. The 5-bp deletion was not found in 
93 Lebanese subjects from the general population.

DIsCUssION

To date, only 14 different mutations or variants in CLRN1 
have been identified in a total of 156 patients (http://
www.umd.be/USH3A/). Half of these mutations lead 
to premature termination codons and are likely to 
result in nonfunctional proteins.20 Here we describe a 
novel 5-bp deletion in CLRN1, c.301_305delGTCAT, 
p.Val101SerfsX27, in a Lebanese family with Usher 
syndrome. The novel mutation is predicted to lead to 
a frameshift in the second transmembrane domain and 
result in protein truncation after 27 amino acids.

The differential diagnosis of USH3 and its distinc-
tion from the two other types relies mainly on the 
postlingual occurrence of the hearing loss and its pro-
gressive nature. However, patient III-7 pronounced his 
first words at the age of 3.5 years which is indicative 
of a prelingual profound hearing loss preventing lan-
guage development. Moreover, his hearing impair-
ment was stable between the age of 6 and 17 years. The 
second affected sib, III-5, had intelligible speech which 
indicates a postlingual hearing loss. Based on these fea-
tures, the diagnosis of the older sib, III-7, was compat-
ible with USH1 while the diagnosis of the younger sib, 
III-5, was more compatible with USH3. Therefore, the 
family could not be classified into USH1 or USH3. Our 
data are in agreement with a previous report describing 

FIGURE 1 Audiograms of the two patients III-5 and III-7 showing degree of hearing loss at the age of 12 and 17 years, respectively.
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a homozygous protein-truncating mutation in CLRN1, 
Y63X, in three patients who had been diagnosed with 
USH121 and suggest that severe CLRN1 mutations are 
sometimes associated with severe clinical presenta-
tion and can be misdiagnosed as USH1. Also, intra 
familial and intersubjects (between subjects carrying 
the same mutation) variability in patients with CLRN1 
mutations has been previously reported22–24 and may 
explain differences in the clinical features observed in 
the two sibs.

USH3 is a rare form of Usher syndrome affecting 
about 2% of Usher cases in several populations with the 
exception of the Finnish population and the Ashkenazi 
Jewish populations where USH3 accounts for 40% of all 
Usher cases.23,25 Previous studies from our group and 
collaborators have described several Lebanese families 
with linkage to USH2A12 and one family with mutation 
in harmonin (USH1C).26 While the former is a common 
cause of Usher syndrome in several populations, USH1C 
is a relatively rare form underlying approximately 7% 
of all USH1 cases in the US (http://www.ncbi.nlm.nih.
gov/books/NBK1265/). Now, we report another rare 
form of Usher syndrome, caused by defect in CLRN1, in 
a Lebanese family. The presence of the same mutation 
in the two unrelated parents indicates its inheritance 
from a common ancestor, which was not completely 
unexpected since the two parents originate from a small 
village and the Lebanese population is known to have 
a high rate of consanguinity, 21%.27 This 5-bp deletion 
was absent in 93 Lebanese controls indicating that this 

mutation is a recent event and is unlikely to be caused 
by an ancestral widespread founder mutation in this 
population. Our data highlight the mosaic structure of 
the Lebanese population and the diversity of the genetic 
causes underlying its patients with Usher syndrome.

Usher syndrome is a genetically heterogeneous con-
dition with 9 different causative genes, most of which, 
such as Usherin, CDH23, and MYO7A, are large and 
have many exons. Consequently, microarrays have been 
developed to facilitate mutation screening and reduce its 
cost, but still this approach allows the detection of less 
than 40% of mutations depending on the clinical types.28 
In cases with no detected mutations on the microarray, 
other approaches are needed such us linkage analysis 
followed by sequencing of all coding exons, which is not 
possible in small uninformative families. Nowadays the 
cost of exome sequencing in Canada is approximately 
$1600 and is expected to go down in the near future. 
The identification of this novel mutation using exome 
capture and sequencing of DNA from only the proband 
illustrates the importance of this new approach as the 
easiest and fastest approach that may become soon the 
less expensive one for molecular diagnosis of heteroge-
neous conditions caused by mutations in large genes.
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c.301_305delGTCAT, p.Val101SerfsX27, on the positive strand of exon 2 of the proband. (C) Pedigree of the family showing the segregation 
of the mutated (139 bp) and normal (144 bp) alleles. Heterozygous subjects display a third band due to heteroduplex formation between 
PCR fragments containing wild type and mutated alleles.
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