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Abstract

Objective: To evaluate the mutational spectrum of NLRP7 and KHDC3L (C60rf221) in women
with sporadic and recurrent androgenetic complete hydatidiform moles (AnCHM) and biparental
hydatidiform moles (BiHM) to address the hypothesis that autosomal recessive mutations in these
genes are only or primarily associated with biparental hydatidiform moles.

Method: We recruited 16 women with suspected recurrent and sporadic AnCHM and 5 women
with suspected BiHM in addition to their reproductive partners into our study. We then sequenced
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What'’s already known about this topic?

. Mutations in NLRP7 and KHDC3L are causative of biparental hydatidiform moles (BiHM).

. This suggests that NLRP7 and KHDC3L may play critical roles in imprint acquisition and maintenance of DNA
methylation.

What does this study add?

. Some current literature suggests a role for NLRP7 and KHDC3L in the etiology of androgenetic HM and other adverse
reproductive outcomes.

. We challenged these observations and in the present study demonstrate a lack of evidence for mutations in NLRP7 and
KHDC3L in androgenetic HM and only show association of mutations in these genes with BiIHM.
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the coding exons of NLRP7 and KHDC3L from DNA isolated from either blood or saliva from the
study subjects.

Results: Sequence analysis of NLRP7 and KHDC3L revealed previously described SNPs in
patients with AnCHM. However in patients with BiHM, we identified a novel homozygous
mutation and a previously described intragenic duplication of exon 2-5 in NLRP7, both of which
are likely to be disease causing. We did not identify mutations in KHDC3L in patients with the
either forms of HM.

Conclusions: The absence of mutations in the women with AnCHM supports a role of NLRP7
or KHDC3L in BiHM only. The absence of mutations in KHDC3L in women with BiHM is
consistent with its minor role in this disease compared to NLRP7, the major BiHM gene.

Introduction

Gestational trophoblastic diseases (GTD) are a group of disorders which originate from the
trophoblast with a wide phenotypic range. Among them are hydatidiform moles (HM),
which are characterized by hyperproliferative trophoblast. Patients with HM can present
with vaginal bleeding and increased serum B-HCG levels. HM are often first detected by
their characteristic appearance on first-trimester ultrasonography. Pathologically and
karyotypically, HMs can be classified into complete hydatidiform moles (CHM) and partial
hydatidiform moles (PHM). CHM are typically not accompanied by a live fetus and are
androgenetic diploid (AnCHM) with both genomes being paternally derived. They result
from either monospermic fertilization of an oocyte without a functional maternal pronucleus
and duplication of the paternal pronucleus, or from dispermic fertilization of such an oocyte.
Partial HM are more focal, are usually associated with fetal development, and are diandric
triploid with two paternally inherited and one maternally inherited haploid set of
chromosomes. The unequal distribution of parental genomes in CHM and PHM suggests
that abnormal expression of imprinted genes plays a role in their phenotype.

A third and extremely rare subset of HM are biparentally inherited (BiHM), usually
recurrent and often familial (OMIM 231090). The phenotypic similarity of these BiHM to
ANnCHM indicates that imbalanced regulation of imprinted genes contributes to their
pathogenesis. This was confirmed when loss of DNA methylation was found at imprinting
control regions of maternally imprinted loci such as PEG3, SNRPN, KCNQ1OT1, together
with abnormal expression patterns of p57KIP2 (1-3).

Genome wide linkage first established that chromosome 19¢13.42 harbored a gene
responsible for BiHM (4, 5). Subsequently, the NACHT, LRR and PYD domains-containing
protein 7 gene (NLRP7) (OMIM 609661) became the first identified gene mutated in women
with BiHM (6), establishing it as a true human maternal effect gene. NLRP7 belongs to the
NLR family of proteins, defined by their roles in the innate immune system as intracellular
sensors for Pathogen Associated Molecular Patterns (PAMPs). Several members of the NLR
family are expressed in the germline and early embryos, suggesting their involvement in
early developmental process (7, 8). Recently, C6orf221, also known as KH domain
containing 3-like, subcortical maternal complex member (KHDC3L); an oocyte enriched
gene was identified as a cause of BiHM in a few of the families that did not have mutations
in NLRP7(9, 10). Whether mutations in NLRP7 and KHDC3L are the only causes of BiHM
remains to be determined.

Since the recognition of mutations in NLRP7 as a cause of BiHM, studies have been
conducted in diverse ethnic groups to examine if mutations in NLRP7 may also be
responsible for other forms of hydatidiform moles (2, 6, 11-14) and reproductive loss.
Although a few recent reports have proposed that sequence variants in NLRP7 are also
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responsible for some cases of recurrent androgenetic HM as well as other adverse
reproductive outcomes(11, 12, 15), this data is controversial and has not been confirmed by
others. Hence, the motivation for this study was to further explore this observation, because
it is difficult to reconcile with the characteristic loss of methylation phenotype in BiHM
tissues, which is uniquely observed at imprinted differentially methylated regions, and not in
other tested methylated sequences, such as at endogenous repeats and at genes undergoing
X-chromosome inactivation.

We studied the mutational spectrum of NLRP7 and KHDC3L in twenty-one women with
suspected recurrent and sporadic AhnCHM and BiHM. We found mutations in NLRP7 only
in women with BiHM and did not find mutations in KHDC3L in any tested samples in this
cohort. However, the majority of analyzed subjects carry benign sequence variations in both
genes at frequencies comparable to those in the normal population. Although our series is
small, our data are not consistent with a proposed role for these genes in androgenetic
complete hydatidiform molar pregnancy.

Material and Methods

Study participants and samples

All patients and controls in this study were recruited under a protocol approved by the
Baylor College of Medicine Institutional Review Board. Twenty-one women with recurrent
and sporadic molar pregnancies were consented and recruited into this study between
January 2008 and July 2012. Of these 21 women, 9 had a history of recurrent HM and 12
had a history of sporadic CHM. Of the 9 women with recurrent HM, 4 were suspected to
have AnCHM and 5 were suspected to have BiHM. A description of patients with recurrent
CHM is provided in Table I. Eleven reproductive partners were also recruited and sequenced
for completeness of study and to rule out any incidental findings. Peripheral blood or saliva
was collected from the women and from their spouses whenever available. Genomic DNA
was isolated from peripheral blood using the QiagenGentraPuregene Blood Kit (Valencia,
CA, USA) and from saliva using the DNA GenotekOragene Saliva Collection kit (Ontario,
Canada).

Control subjects

To validate a previously undescribed mutation in an Asian patient, de-identified control
specimens were obtained from our institutional obstetrical biobank (Peribank) following full
and informed subject consent under a protocol approved by the Baylor College of Medicine
Institutional Review Board for human subject research. We searched the database for
samples from women with at least one live birth, no prior obstetric complications, no history
of intrauterine growth restriction or of congenital anomalies in previous pregnancies. With
these criteria, we were able to extract DNA samples from Peribank of eight controls who
were ethnically matched with the patient in whom the novel mutation was found and of
ninety-two controls of mixed ethnic background. Genomic DNA was isolated from whole
blood using the QiagenGentraPuregene Blood Kit (Valencia, CA, USA).

NLRP7 and KHDC3L Sequencing

The genomic sequence of NLRP7 was obtained from the National Center for Biotechnology
Information (NCBI) Gene ID 199713. Primers for sequencing of NLRP7 were as previously
described (2). Due to family history of the NLRP7 intragenic duplication, patient #14 and
her spouse were first screened for presence of this duplication and therefore did not have
NLRP7 or KHDC3L sequenced. A patient with sporadic HM had been sequenced for NLRP7
previously and therefore only had KHDC3L sequenced. Therefore, of the 32 study
participants (21 subjects and 11 partners), sequencing of NLRP7 was carried out on 29
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participants (nineteen women and ten partners). The genomic sequence of KHDC3L was
obtained from the National Center for Biotechnology Information (NCBI) Gene ID 154288.
This gene contains 3 coding exons which were amplified using the following primers —
Exon 1 Forward 5 CTCTAAGAGCAGCCCAGGAA 3’, Reverse 5’
GTGAGGATCGCCCTGGAAC 3’; Exon 2 Forward 5> ACCAGTAGCCAATGCCCTCT 3’,
Reverse 5° GACTGGGAGGGCGAGACT 3’; Exon 3 Forward 5’
GATCCAGAAGGCCAAATTGA 3’, Reverse 5° GCGCGGTTAAGGAGTACAAG 3'.
KHDC3L was sequenced in fifteen women and seven partners who did not carry sequence
variations in NLRP7. PCR was performed on 50 ng of genomic DNA using the amfiSure
PCR Premix from GenDEPOT (Barker, TX, USA) under standard conditions. Sequencing of
the purified PCR products was carried out in the forward orientation at Beckman Coulter
Genomics (Danver, MA, USA). Confirmation of mutations was carried out in both
orientations on repeated PCR reactions. Sequence electropherograms were analyzed using
Sequencher v5.0 analysis software. Sequence variants were compared with those in the 1000
Genomes, dbSNP and HapMap databases. The predicted functional effects of novel non-
synonymous SNPs were evaluated using PolyPhen-2 and SIFT.

Identification of the tandem intragenic duplication of exons 2-5 of NLRP7 was carried out
using primers designed to span the junction fragment across the duplicated exons. These
primers have been used by us previously and serve as an alternative to analysis by Southern
Blotting and gPCR (2).

Sequencing the coding exons and exon-intron boundaries of NLRP7 and KHDC3L revealed
several SNPs at frequencies comparable with the minor allele frequencies (MAFS) reported
in the 1000 Genomes Project as outlined in Table 2. We did not identify mutations in
NLRP7 and KHDC3L in women with recurrent or sporadic CHM that are likely to be
ANCHM based on history

Three patients with recurrent HM for whom products of conception were unavailable were
suspected to have biparental HM due to their ethnicity and a history of consanguinity in the
family, suggesting autosomal recessive inheritance of their disease. Two of these patients,
#14 and #12 were of East African ancestry. Both these patients carried a tandem intragenic
duplication of exons 2-5 in NLRP7 which we previously extensively characterized and
reported in patients with similar ethnic origins. Patient #14 belongs to the family in which
the duplication was first described (2) and has had four HM pregnancies. Briefly, a 32bp
region of homology between intron 1 and intron 5 mediates a recombination event resulting
in the tandem duplication (Figure 1A). PCR primers placed in intron 4 (forward) and intron
2 (reverse) amplify a 1,221bp product from genomic DNA of patients #14 and #12 and a
previously characterized positive control (#8) with this duplication (2), but not from control
female DNA (Figure 1B). The presence of this duplication in these patients, together with
our prior data, suggests an East African founder effect for this mutation.

The third subject, #16, of Southeast Asian origin had a reproductive history of one complete
HM, two partial HMs and two early spontaneous uncharacterized abortions. Whether these
uncharacterized abortions also presented with molar degeneration is not known. Sequencing
revealed that this patient carried a novel, homozygous mutation, ¢.1981C>T in exon 5 of
NLRP7 (Figure 2A and 2B). This transition results in an amino acid change of leucine to
phenylalanine (p.L661F in NCBI Reference Sequence NM_001127255.13) which is in the
linker region between the NAD and LRR domains of NLRP7 (Figure 2E). A phylogenetic
comparison of NLRP7 across various primates and its ancestral gene NLRP2 gene reveals
that the leucine at this position is 100% conserved (Figure 2F). This change is not
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documented in dbSNP build 135 and has not been seen in the Phase 1 release of the 1000
Genomes Project of 1094 worldwide individuals. Polyphen-2 predicted that this change is
“probably damaging” with a score of 1.00, while SIFT predicted it is “damaging’ with a
score of 0.04. Furthermore, we sequenced 100 control DNA samples from subjects with no
prior obstetric complications, of whom 8% were matched for ethnicity, and did not identify
this mutation in the sequenced 200 control chromosomes (Figure 2C and 2D).

An additional two patients, #3 and #4 of Hispanic origin with recurrent unspecified CHM
carried a homozygous p.Leu750Val mutation previously shown by us to be associated with
BiHM (2). While we were not able to confirm, we suspect that those were also BiHM.

Discussion

We studied women with sporadic CHM and recurrent CHM and in this cohort found that
mutations in NLRP7 are causative of only the biparentally inherited, recurrent forms of HM
(BiHM). We did not find mutations in KHDC3L, which is known to be a minor gene for
BiHM.

It has recently been suggested that mutations in NLRP7 and KHDC3L are causative of
androgenetic and triploid forms of HM in addition to recurrent BiHM and may be present in
women with recurrent early spontaneous miscarriages without molar degeneration (11).
However, we propose that it is more likely that androgenetic and diandric triploid HM have
a different origin because the mechanisms by which pregnancies may acquire these
abnormal chromosomal complements, with uniquely or excess paternally inherited
chromosomes are difficult to explain by maternal mutations in NLRP7 or KHDC3L.
Furthermore, loss of function of these maternal effect genes has been shown to specifically
affect methylation of maternally imprinted DMRs in BiHM tissues, which is a specialized
developmental defect that is not observed in either androgenetic diploid or diandric triploid
moles (1, 2).

NLRP7 has evolved from the primate-specific NLRP7/NLRP2 cluster (7). Interestingly,
mutations in NLRP2 have been associated with trans-imprinting defects as reported in a
familial case of Beckwith-Wiedemann Syndrome (BWS), wherein the mother carried a
homozygous loss of function mutation in NLRP2 which resulted in an epimutation at the
BWS locus in her affected children (16). One of the two affected children also exhibited a
loss of methylation at the PEG1 DMR. In addition, recent literature showing that maternal
mutations in KHDC3L also impact methylation at maternally imprinted loci (9), together
with the enriched expression of NLRP2, NLRP7 and KHDC3L in the female germline and
early embryos, supports that they may function in the same or similar processes related to
imprinting.

The search for evidence that NLRP7 and KHDC3L are associated with other forms of
pregnancy loss likely originates from a proposed hypothesis for the pathogenesis of BiHM
derived from known roles of NLRP proteins in the immune system. According to this
hypothesis, maternal loss of function of NLRP7 results in a failure to reject defective
embryos or early embryonic cleavage defects themselves in the uterine tract. This would
imply that the defects in DNA methylation seen in BiHM tissues are secondary to a more
generalized immune deficit caused by loss of NLRP7. In contrast, the discovery that BiHM
concepti specifically lack DNA methylation marks at maternally imprinted differentially
methylated regions DMRs together with the absence of DNA methylation defects at other
(non-imprinted) regions (1, 2) supports an alternate hypothesis that loss of NLRP7, and
perhaps KHDC3L, in the maternal germline has a more direct negative impact on the
acquisition of imprinting marks in the maternal germline or their maintenance in the
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developing conceptus. This is supported by a recent report of a woman with BiHM who
successfully reproduced after in vitro fertilization with donor oocytes (17), while to our
knowledge attempts to overcome the recurrent pregnancy losses in women with
hydatidiform moles with assisted reproductive measures using their own oocytes were
unsuccessful (18-20). While the immune-driven hypothesis and the imprinting hypothesis
are not mutually exclusive, the former cannot easily explain the specialized imprinting
defects observed in BiHM. Consequently, we speculate that in addition to its participation in
regulating the innate immune response, NLRP7 also participates directly or indirectly in the
process of germline imprint acquisition and/or maintenance, consistent with its expression in
both the female germ line and early embryos. Delineating this function is critical not only
from the perspective of furthering our understanding of the biological mechanisms
underlying BiHM but also to gain insight into the enigmatic processes by which mammalian
germ cells reset imprints and establish parent-of-origin specific functions.

To date, KHDC3L has no documented roles in the immune system but is responsible for the
same phenotype as that caused by a loss of NLRP7, further strengthening the evidence in
favor of the imprinting hypothesis. KHDC3L belongs to a rapidly evolving gene family
comprised of the following 4 members: KHDC1, DPPA5, KHDC3L and OOEP. These
genes are all highly expressed in oocytes and embryos. Given that the maturing oocyte is the
major site for imprint acquisition, a direct association of KHDC3L with this process is
plausible.

Other studies have also not been able to confirm the previously suggested association
between mutations in NLRP7 and androgenetic or diandric triploid forms of HM, providing
additional indication that BiHM have different origins than AnCHM and diandric triploid
PHM (14, 21). The evolving lack of support for the involvement of these genes in adverse
reproductive outcomes other than BiHM has important implications for clinical diagnostic
testing for mutations in these genes, which may only be indicated in the presence of proven
BiHM or highly recurrent HM (more than two) of unknown inheritance and genotype. Since
most of these studies were carried out in relatively small cohorts, larger multicenter
collaborative studies may be required to conclusively demonstrate that mutations in NLRP7
or KHDC3L in women are uniquely responsible for recurrent rare BiIHM.

In conclusion, we have studied the various forms of HM for mutations in NLRP7 and
KHDC3L and have found no evidence that mutations in these genes are causative
androgenetic forms of HM.
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Figure 1. Tandem intragenic duplication of exons 2-5 of NLRP7 in women with recurrent BiIHM
(A) A 32bp region of homology between intron 5 and intron 1 mediates recombination
resulting in tandem duplication. (B) A PCR based strategy to detect the presence of the
tandem duplication. A forward primer placed in intron 4 and reverse primer in intron 2
amplified a 1,221bp product in #8 (Lane 1), #14 (Lane 2) and #12 (Lane 3) but not in a
control female (Lane 4).
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Homo sapiens NLRP7 QDLRSLRLWTDFCSLFSSNSNLKFLEVEQSFLSDSSVRILCDEVIRSTCHLQ
Pan troglodytes NLRP7 QDLESLRLWTDFCSLFSSKSNLEFLEVEQSFLSDSSVRILCDEVTRSTCELQ
© ¥ L o T o O e o Nomascus leucogenys NLRP? QDLRSLRLRTDECSLFSSKSNLEFLEVKQSFLSDFSVRILCDEVTRSTCHLY

Pongo abelli NLRP? QDLRSLCLWTDFCSLFSSNSNLEFLEVEQSFLEDSSVRILCDEITRSTCHLD
Macaca malatie NLRP7 QDLRSLRLWIDFCSLFSSNSNLEFLEVEQSFLSDSSVRILCDRITRSTCHLQ

Canis iupus famifiaris NLRP2 NDQHVLEFWIDFCSMFDSNKNLIFLDISQSFLSASSVRILCEKI TSATHNLO

Eguus caballus NLRP2 NDEHVLPFWMGLCSIFGSNKNLIFLDISQSFLETSSVKILCEKIASATCNLY
Rartus norvegicus NLRP2 DKECMLTLRTDFCDTFHSKEKLAFLEIHESFLNSSSLEILCEKLSSAPCHLD
Homa sapiens NLRP2? DDQHMLPFWIDLCSIFGSNKDLMGLAINDSFLEASLVRILCEQIASDTCHLD

Figure 2. A novel, damaging mutation in patient #14

A homozygous mutation in exon 5 of a patient (A, forward orientation) and (B, reverse
orientation) with recurrent HM resulting in a C>T transition. This change was not seen in
200 control chromosomes (C and D). The ¢.1981C>T mutation changes a leucine to
phenylalanine at amino acid position 661 in the NLRP7 transcript variant 3 which links the
NAD and LRR domains (E). The leucine at this position in NLRP7 is conserved across
primates and in the ancestral NLRP2 as well (F).
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Table 1
Description of study subjects with recurrent HM.
Molecular testing
ID Ethnicity Consanguinity Family history Obstetric history NLRPL
NLRP7 | KHDC3L Duplication

1 Hispanic Unknown Unknown RHM + + -

2 Hispanic Negative Uterine cancer in maternal aunt 3CHM + + -

% . . Yes, affected sister (4 CHM) and
3 Hispanic Yes Maternal (3 ((ZHM) ) 3 CHM + - -
4 Hispanic Negative Negative 8 CHt'J\g}nl live + - -

. Yes, extensive history of CHM
14 Est Afi Y 4 CHM - - +
st Alrican e and NLRP7 duplication2 ¢
16 | South East Asian Unknown Unknown 1 CHM, 2 PHM, + - -
1SAB

12 East African Yes Negative 2 CHM + - +

5 Caucasian Unknown Unknown RHM + + -

6 Hispanic Unknown Unknown 4 CHM + + -

Unknown: Information unavailable; Negative: None reported; RHM: Recurrent Hydatidiform Mole; CHM: Complete Hydatidiform Mole; (+):
Sequencing done; (-): Sequencing not done.

Patients with the p.L750V change.

2Kou et al, 2008; Study in which NLRP7 duplication was first described.
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Summary of NLRP7 and KHDC3L sequencing results.

Table 2

Present study (n=29; 58

Nucleotide Protein chromosomes)
Gene Exon change change dbsNP 1D MAF Score
Hmz | Htz MAF
2 c.251 G>A p. Cys84Tyr | rs104895509 | Unavailable 0 1 A=0.017/1
4 c.390G>A | p. GIn130GIn rs775883 G=0.285/344 6 6 A=0.31/18
4 €.955G>A p.Val319lle rs775882 A=0.273/344 4 7 A=0.258/15
4 €.1137G>C p.Lys379Asn rs10418277 T=0.168/211 3 7 C=0.224/13
4 c.1441G>A | p.Alad481Thr rs61747414 | T=0.101/220 0 3 A=0.051/3
4 c.1460G>A | p.Gly487Glu rs775881 A=0.114/250 2 0 A=0.068/4
4 €.1532A>G | p.Lys511Arg | rs61743949 C=0.021/45 0 1 G=0.017/1
NLRRP7
5 ¢.1981 C>T | p.Lys661Phe Unavailable Unavailable 1 0 T=0.034/2
5 €.2095G>A p.Val699lle rs77072552 T=0.005/5 0 1 A=0.017/1
6 €.2148T>C p.Pro716Pro Unavailable Unavailable 0 1 C=0.017/1
6 €.2157G>A | p. Ala719Ala | Unavailable Unavailable 0 1 C=0.017/1
6 €.2248C>G | p.Leu750Val | rs104895512 | Unavailable 2 1 G=0.086/5
9 €.2682T>C p. Tyr894Y rs269951 A=0.434/546 12 12 A=0.62/36
9 c.2775A>G | p.Ala925Ala rs269950 A=0.434/546 12 12 A=0.62/36
Present study (n=22; 44
Nucleotide Protein chromosomes)
Gene Exon change change dbSNP MAF Score
Hmz | HTz MAF
2 €.289G>C p.Glu97GIn rs564533 C=0.071/155 0 3 C=0.068/3
KHDC3L
3 €.602C>G p.Ala201Gly rs561930 G=0.49/1072 4 7 G=0.341/15
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