fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

Genetic Considerations in Recurrent
Pregnancy Loss

Kassie J. Hyde' and Danny J. Schust?

1University of Missouri School of Medicine, Columbia, Missouri 65201

“Department of Obstetrics, Gynecology and Women’s Health, University of Missouri School of Medicine,

Columbia, Missouri 65201

Correspondence: schustd@health.missouri.edu

Human reproduction is remarkably inefficient; nearly 70% of human conceptions do not
survive to live birth. Spontaneous fetal aneuploidy is the most common cause for sponta-
neous loss, particularly in the first trimester of pregnancy. Although losses owing to de novo
fetal aneuploidy occur at similar frequencies among women with sporadic and recurrent
losses, some couples with recurrent pregnancy loss have additional associated genetic
factors and some have nongenetic etiologies. Genetic testing of the products of conception
from couples experiencing two or more losses may aid in defining the underlying etiology
and in counseling patients about prognosis in a subsequent pregnancy. Parental karyotyping
of couples who have experienced recurrent pregnancy loss (RPL) will detect some couples
with an increased likelihood of recurrent fetal aneuploidy; this may direct interventions. The
utility of preimplantation genetic analysis in couples with RPL is unproven, but new ap-

proaches to this testing show great promise.

pontaneous pregnancy loss is the most com-
Smon complication of pregnancy. Approx-
imately 70% of human conceptions fail to
achieve viability, with almost 50% of all preg-
nancies ending in miscarriage before the clinical
recognition of a missed period or the presence of
embryonal heart activity (Edmonds et al. 1982;
Wilcox et al. 1988). Recurrent pregnancy loss
(RPL), or recurrent abortion, is less common,
occurring in about one in 100 pregnant women
(Alberman 1988).

RPL was previously defined as three or more
consecutive clinically recognized spontaneous
pregnancy losses before 20 wk of gestation. By

this definition, one in 300 women experience
RPL (Wilcox et al. 1988). Recent recommenda-
tions supporting clinical intervention after only
two consecutive spontaneous abortions when
other features of pregnancy loss are present de-
fine a higher prevalence of one in 100 women.
These additional features include: detectible
fetal heart activity preloss; normal fetal chro-
mosomal content; advanced maternal age; or
couple subfertility (Practice Committee of the
American Society for Reproductive Medicine
2008a). Uterine anatomic abnormalities, en-
docrine abnormalities, infections, immunolog-
ic factors, environmental factors, metabolic or

Editors: Diana W. Bianchi and Errol R. Norwitz

Additional Perspectives on Molecular Approaches to Reproductive and Newborn Medicine available

at www.perspectivesinmedicine.org

Copyright © 2015 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a023119

Cite this article as Cold Spring Harb Perspect Med 2015;5:a023119


mailto:schustd@health.missouri.edu
mailto:schustd@health.missouri.edu
mailto:schustd@health.missouri.edu
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org

fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

K.J. Hyde and D.J. Schust

hormonal disorders, sperm quality, and mater-
nal and paternal age have each been linked to
RPL. The standard RPL evaluation presently
incorporates testing for chromosomal trans-
locations in each parent as well as maternal
testing for endocrine (thyroid), autoimmune
(lupus anticoagulant and antiphospholipid
antibodies), anatomic (endometrial or uterine
abnormalities), and, in some cases, single gene
disorders (such as inherited thrombophilias)
(Sierra and Stephenson 2006; Practice Com-
mittee of American Society for Reproductive
Medicine 2012). Despite the number of pro-
posed etiologies, parental chromosomal abnor-
malities and complications resulting from the
antiphospholipid antibody syndrome continue
to be the only undisputed causes of RPL. RPL
remains unexplained in ~45%-50% of pa-
tients (Stephenson 1996; Stephenson and Kut-
teh 2007). In most cases of RPL, the prognosis
is far from bleak; researchers have shown that
the overall probability of live birth subsequent
to RPL is ~70%—75%, even in women with
advanced maternal age (Clifford et al. 1997;
Brigham et al. 1999).

FETAL ANEUPLOIDY IN SPORADIC AND
RECURRENT PREGNANCY LOSS

The remarkable inefficiency of human repro-
duction is largely the result of spontaneous fetal
aneuploidy. Overall, 50%—-70% of specimens
from sporadic spontaneous losses show some
type of cytogenetic abnormality, with the most
common karyotypic defects being autosomal
trisomies (60%), monosomy X (20%), and poly-
ploidy (20%) (Silver and Branch 2007). Most
result from random errors in germ cell develop-
ment that, by definition, affect pregnancies in
couples with and without a history of RPL
equally. Typically, numerical aneuploidy results
from meiotic nondisjunction in the germ cells
of couples with normal parental karyotypes,
and the recurrence of a particular abnormality
in future pregnancies is rare in patients pre-
senting with RPL and in the general popula-
tion (Warren and Silver 2008; Suzumori and
Sugiura-Ogasawara 2010). Supporting the con-
cept that many losses among RPL patients are

the result of random, nonrecurring events is the
fact that the prognosis for subsequent pregnan-
cies in RPL couples is better after an aneuploid
miscarriage than after an euploid miscarriage
(Warburton et al. 1987; Ogasawara et al. 2000;
Carp et al. 2001).

The frequencies and specific types of chro-
mosomal abnormalities found in tissues ob-
tained from sporadic spontaneous pregnancy
losses vary with the gestational age of the fetus
at the time of demise and with maternal age.
Losses occurring early in pregnancy appear to
display a wide range of fairly unusual aneuploi-
dies, whereas deaths that appear later in gesta-
tion show those aneuploidies more typically de-
tected in live births, such as trisomies 21, 18,
and 13 (Wapner and Lewis 2002). Fetal aneu-
ploidy is present at a frequency of up to 90% in
specimens obtained from losses aged 0—6 wk of
gestation, ~50% in sporadic losses occurring
at 8—11 wk gestation, and 30% in tissues from
losses at 16—19 wk gestation (Geraedts 1996).
Six to 12% of miscarriage specimens obtained
from demises that occur after 20 wk of gestation-
al display chromosomal abnormalities (Wapner
and Lewis 2002; Benkhalifa et al. 2005). Once
a fetal heart rate is evident on ultrasound, the
risk of aneuploidy is <5%.

Rates of sporadic pregnancy loss and of
overall fetal chromosomal aberrations increase
with maternal age (Angell 1994; Munné et al.
1995), although maternal age has a preferential
effect on certain aneuploidies. There are no sig-
nificant associations between advanced mater-
nal age and rates of sex chromosome monoso-
my or polyploidy, but strong correlations can be
seen with rates of autosomal trisomy (Hassold
et al. 1984; Hassold and Chiu 1985; Eiben et al.
1990). The degree of the correlation differs sig-
nificantly among specific types of trisomies. For
example, the largest effect of advanced maternal
age is seen in trisomies involving small chromo-
somes (8, 9, 10, 13, 14, 15, 18, 20, 21, and 22),
whereas trisomy 16 is less closely correlated
(Hassold et al. 1980).

There are several lines of evidence that
suggest nonrandom genetic aberrations among
couples with RPL. First, the frequency of pa-
rental karyotypic abnormalities, including ba-
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lanced translocations, is higher among couples
with a history of RPL (2%—5%) than in the
general population (0.2%) (Royal College of
Obstetricians and Gynaecologists 2011). Sec-
ond, the prevalence of RPL among first degree
relatives of women with RPL is increased ap-
proximately sixfold compared with controls
(Christiansen et al. 1990). Third, preimplanta-
tion genetic screening (PGS) in age matched
populations shows that embryos from women
with RPL have a higher incidence of aneuploidy
than those from women undergoing screening
for reasons not related to pregnancy loss (Has-
sold 1980; Simon et al. 1998; Vidal et al. 1998).
Although only a portion of aneuploid embryos
are predicted to result in a clinically detectable
loss, some preimplantation genetic studies of
women with RPL have detected aneuploidy in
all embryos at rates approaching 50% (Hassold
1980; Stern et al. 1996; Daniely et al. 1998; Oga-
sawara et al. 2000; Carp et al. 2001; Stephenson
etal. 2002; Sullivan et al. 2004; Carp 2008). Both
of the latter findings are frequently used to ra-
tionalize preimplantation genetic testing in RPL
couples (discussed below). Although aneuploi-
dy rates are higher in embryos from women with
RPL than in controls, the frequency of cytoge-
netic abnormalities in miscarriage tissues ob-
tained from women with RPL is lower than
that in women experiencing sporadic loss, oc-
curring in only 25%—50% of cases (Stephenson
et al. 2002; Carp 2008). This suggests that non-
cytogenetic etiologies also occur more frequent-
ly in women experiencing RPL than in those
with sporadic losses. In fact, a case control study
comparing 420 karyotyped products of concep-
tion (POCs) specimens from 275 couples with
RPL to two data sets from patients with sporadic
losses detected more euploid specimens in
women <36 yr with RPL than in women <36
yr with sporadic losses (Stephenson et al. 2002).
No differences in the number of euploid speci-
mens were seen between the two groups in
women 36 yr or older, likely reflecting the fact
that fetal chromosomal abnormalities are found
in the POCs of >70% of loses among women
older than 35 who experience RPL (Marquard
etal. 2010). The detection of fewer chromosom-
al abnormalities in POCs from women with RPL

Genetic Considerations in Recurrent Pregnancy Loss

strongly suggests that noncytogenetic etiologies
also occur more frequently in women experi-
encing RPL than in those with sporadic losses
and indicates a need for further evaluation in
patients with two or more documented euploid
losses.

The effects of paternal, as opposed to ma-
ternal, meiotic errors and paternal age on re-
productive outcome are less clearly defined.
Although errors of nondisjunction occur to a
lesser extent in sperm than in oocytes, paternal
errors are responsible for the majority of cases of
the sex chromosome trisomies XXY and XYY
(Chamley et al. 1993; Hawley et al. 1994). Sperm
from couples with a history of recurrent miscar-
riage display an increase in sex chromosome
disomy (an extra chromosome in the haploid
state of the gamete) compared with control
groups. Oligoasthenoteratozoospermic patients
(patients with abnormalities in sperm number
[low], motility [low], and morphology [too few
normal forms]) have the highest rates of sex
chromosome disomy as well as high rates of diso-
my of chromosomes 18 and 21 when compared
with normozoospermic patients (Rubio et al.
2001). A 2003 case control study that examined
the presence of sperm chromosomal aneuploidy
and apoptosis in couples with unexplained RPL
also showed a significantly increased mean an-
euploidy rate in this group compared with the
control groups (Carrell et al. 2003).

Several studies have linked increasing pater-
nal age to decreased fecundity, increased sperm
DNA damage, and rates of adverse reproductive
outcomes, but the exact mechanisms have not
been delineated (Ford et al. 2000; Vagnini et al.
2007). Only recently have studies begun to show
possible connections between increased pater-
nal age and both sporadic and recurrent preg-
nancy loss (Slama et al. 2005; de La Rochebro-
chard et al. 2006; Kleinhaus et al. 2006; Puscheck
and Jeyendran 2007). Data addressing paternal
age and fetal aneuploidy, however, is extremely
varied and conflicting. A review in 2004 conclud-
ed that the literature on the effects of paternal age
onautosomal aneuploidy is inconclusive, but an
association between increased paternal age and
the frequency of sex chromosome aneuploidies
in live births has been more consistently shown
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(Sloter et al. 2004). To further investigate a po-
tential link between paternal age and fetal aneu-
ploidy, a 2010 study examined the karyotypes
of the tissues collected from 50 sporadic first
trimester pregnancy losses while controlling for
maternal and gestational age, but found no as-
sociation between fetal aneuploidy rates and pa-
ternal age (Kushnir et al. 2010).

GENETIC TESTING AS A DIAGNOSTIC
TOOL IN RPL

When assessing a new patient with two or more
spontaneous losses, it is important to obtain
POC karyotype results from past losses, if avail-
able, or to obtain the tissues from those losses
for subsequent genetic analysis. This allows the
practitioner to determine more precisely wheth-
er a diagnostic work-up for RPL is indicated.
Prior aneuploid losses likely reflect the high
baseline rate of aneuploidy noted in all sponta-
neous miscarriages. If the fetal karyotype(s) of
one or more of the reported losses is unknown,
assuming euploidy may result in an unnecessary
set of diagnostic tests in a patient who may not
have experienced repeated unexplained losses
and would be unlikely to benefit from fur-
ther diagnostic testing (Stephenson and Kutteh
2007). Genetic analysis of POCs from new losses
helps to detect baseline spontaneous aneuploi-
dy that will occur in an RPL patient at the same
rate as in an age-matched patient who has not
been diagnosed with RPL (Stephenson et al.
2002). Post demise, genetic analysis of POCs
for spontaneous karyotypic abnormalities of-
fers a fiscally and emotionally responsible ap-
proach to the management of couples present-
ing with repeated losses. The detection of fetal
aneuploidy in the index loss can be immensely
reassuring to a woman experiencing RPL, par-
ticularly when therapeutic interventions have
been instituted before or during the index preg-
nancy and appear to have failed. This informa-
tion also aids the caregiver in future discussions
with the patient and her partner about progno-
sis and/or additional testing.

Routine cytogenetic testing of POCs in
couples experiencing RPL has been shown to
be cost-effective (Wolf and Horger 1995) and

to direct management decisions (Hogge et al.
2003), even at a time when analytical methods
were based on karyotyping of cultured tropho-
blast cells and hindered by the occurrence of
culture failure and maternal cell contamination.
Genetic testing of POCs using nonculture-
based techniques such as array comparative
genomic hybridization with or without reflex
microsatellite single nucleotide polymorphism
(SNP) analysis (Rajcan-Separovic et al. 2010;
Viaggi etal. 2013; Mathur et al. 2014) (discussed
below) is more precise, more detailed, and
more reliable than culture-based methods and
should add to cost-efficiency and overall utility.
Nonculture-based techniques have been used
successfully in fresh and in preserved tissues
(Kudesia et al. 2014; Mathur et al. 2014).

Fetal Aneuploidy Testing
Molecular Diagnostic Testing on POCs

Historically, the cytogenetic analysis of POCs
in RPL most often used cell culture, Giemsa
staining of cells arrested in metaphase, and anal-
ysis of banding patterns for both numeric and
structural errors. This continues to be the meth-
od used for peripheral blood karyotyping of
couples experiencing RPL. Despite its wide-
spread utilization, the method has many inher-
ent limitations, the most problematic of which
is culture failure. In the analysis of POCs, fur-
ther limitations include maternal cell contam-
ination, difficulties in timely collection of viable
placental cells, and an inability to use tissue
samples stored in formalin (Bell et al. 1999;
Mathur et al. 2014). Lack of adequate washing
and separation of maternal decidua from mis-
carriage tissue, robust decidual cell overgrowth
in cell culture, and absence of miscarriage tis-
sue are the most common causes of maternal
contamination (Bell et al. 1999; Lathi and Milki
2002). Recent improvements in testing method-
ologies have circumvented some of these prob-
lems. To assess whether maternal cell contam-
ination is responsible for a 46,XX karyotype
result from miscarriage tissues, some facilities
now provide reflex microsatellite testing to com-
pare miscarriage DNA to maternal DNA at sev-
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eral highly polymorphic DNA loci. Micro-
satellites are small sequences of dinucleotide,
trinucleotide, or tetranucleotide repeats that
are widely distributed throughout the human
genome. Because of their high rates of poly-
morphism, fragment analysis of microsatellite
sequences can be used to compare POC speci-
mens with maternal blood samples. If a high
rate of identical loci is detected, maternal con-
tamination is confirmed (Jarrett et al. 2001).

An increasingly popular alternative method
for cytogenetic analysis is comparative genomic
hybridization (CGH). In CGH, reference con-
trol DNA and DNA extracted from miscarriage
tissues are labeled with fluorescent molecules
(fluorophores) of different colors and then
hybridized in a 1:1 ratio to a set of normal meta-
phase chromosomes. A computer analysis of
microscopic images of the hybridization com-
pares relative fluorescence intensities of the
sample and control across the metaphase spread
to identify areas of imbalance. These areas cor-
respond to chromosomal copy number variants
such as trisomies and monosomies in the pa-
tient sample. Original studies of CGH revealed
that the technique can be used when conven-
tional cytogenetic analysis fails (Daniely et al.
1998; Barrett et al. 2001; Hu et al. 2006), cell
culture fails, prominent maternal contamina-
tion is present (Bell et al. 1999; Lomax et al.
2000), or when miscarriage tissue has been pre-
served in formalin or embedded in paraffin (Bell
et al. 2001). When compared with cytogenetic
analysis by conventional Giemsa banding, CGH
was found to have a higher overall success rate,
improved accuracy, and fewer problems with
maternal contamination (Lomax et al. 2000).
CGH is not without limitations. Balanced struc-
tural chromosome rearrangements cannot be
identified with this technique and flow cytom-
etry is required to detect polyploidy.

Advances in CGH analyses combined the
technique with rapidly emerging microarray
technologies. Array CGH (aCGH) testing (Thie-
sen 2008) of POCs mimics the standard meta-
phase spread CGH, except that the mixed and
labeled reference and subject DNA samples are
applied to a microarray (Fig. 1). The individual
samples on the microarray determine the cover-
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age and resolution of the test. For aCGH, the
entire genome is represented on the array and
resolution depends on the size of the specific
DNA fragments that have been immobilized
on the array chip. One great advantage of ar-
ray-based approaches over those that use a meta-
phase spread is that there is no need for live cells,
cell culture, or cell division. Array-based tech-
niques can be performed much more rapidly
than standard metaphase spread-based tech-
niques. Perhaps the greatest power of array-
based technology is its flexibility. Arrays can be
produced that hone in on potential abnormali-
ties in specific regions of specific chromosomes
with very high resolution. Arrays based on SNP
genotypes have recently been leveraged in POC
molecular testing. In addition to what can be
accomplished in standard whole genome micro-
arrays, SNP chromosomal microarray analysis
can detect the overall distribution of microdele-
tions and microduplications across a genome. In
one study, the use of SNP chromosomal micro-
array analysis enabled the simultaneous detec-
tion of maternal cell contamination, triploidy,
and uniparental disomy in miscarriage speci-
mens (Levy et al. 2014). SNP arrays can also be
used with CGH to detect aneuploidies and sin-
gle gene disorders through linkage analysis (Bre-
zina et al. 2011).

Parental Genetic Testing
Peripheral Blood Karyotyping

Parental numeric and structural cytogenetic ab-
normalities are perhaps the most thoroughly
investigated genetic causes of RPL. Robertso-
nian translocations and balanced reciprocal
translocations are detected in 2%—5% of cou-
ples with RPL. This should be followed by ge-
netic counseling (Regan et al. 2011). Both the
specific chromosome(s) affected and the types
of rearrangement influence the probability of a
future live birth. Genetic counselors can discuss
with the affected couple their chances for trans-
mission of the identified abnormality, their
chances of future pregnancy loss, and the pos-
sibility of delivering a live affected child should
they choose to continue to attempt pregnancy
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Figure 1. Analysis of blastomere DNA using array comparative genomic hybridization (aCGH). DNA microar-
rays allow comparison of the amounts of specific segments of DNA within a test sample to that from a control
sample. The portion of the genome tested by a given microarray depends on the specific pieces of DNA
contained in the spots on the array. For complete genomic hybridization, these spots represent the entire
genome, from the beginning of the short arm of chromosome 1 (1p) to the end of the long arm of chromosome
22 plus the X and Y chromosomes. In aCGH, DNAs from a single test cell (e.g., a blastomere) and from a control
cell are amplified and labeled with colored fluorescent probes (each DNA source with its own color). Equal
amounts of DNA from each source are hybridized to the array chip displaying the specific segments of DNA
being tested. A computer then reads the chip and plots out the colors seen in each dot of the array. When one
sample is labeled red and the other green, spots at which the DNA from each source is present in equal amounts
will fluoresce yellow. Imbalances in the amounts of DNA will be seen as red or green. For example, in this
diagram, red fluorescence indicates a less patient DNA than in the control. Areas of balance and imbalance can be
mapped across the complete genome.
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without intervention. Known carriers of struc-
tural chromosome abnormalities and some
with single gene defects may also choose to pro-
ceed with assisted reproduction in combination
with genetic analysis of any resulting embryos
via preimplantation genetic diagnosis (PGD) to
a select against affected embryos for transfer to
the uterus.

Parental karyotypic abnormalities appear to
be transmitted to the abortus at a frequency less
than that predicted by simple Mendelian genet-
ics. In one cohort study, known parental karyo-
type aberrations were detected in only 10% of
abortus specimens, whereas 43.5% of abortuses
were euploid (Carp et al. 2006). Some of this
discrepancy is likely a reflection of preclinical
loss of some affected embryos; still, the data
support the concept that positive findings on
parental karyotyping might not be directly pre-
dictive of subsequent embryonic karyotype ab-
normalities. The vast majority of fetuses with
karyotypic abnormalities will not survive preg-
nancy. Parents with balanced translocations are
less likely to deliver a live—born affected child
than would be predicted by transmission rates.

Single Gene Defects

Single gene defects have been significantly less
studied than karyotypic causes of sporadic mis-
carriage and RPL. Major groups of single gene
defects that have been associated with pregnancy
loss encompass musculoskeletal gene mutations
including trinucleotide repeat disorders, genes
involved in regulation of the immune system and
implantation, thrombophilic gene mutations,
and mutations in specific enzymes, including
angiotensin-converting enzyme, ubiquitin-spe-
cific protease, and human alkaline phosphatase
(Yang et al. 2012a; Asadpor et al. 2013; Wang
et al. 2013; Vatin et al. 2014).

Musculoskeletal gene defects. Myotonic
dystrophy, thanatoporic dysplasia, and type II
osteogenesis imperfecta are among the single
gene musculoskeletal disorders associated with
RPL (Brook et al. 1992; Byrne and Ward 1994;
Suthers 1996). From a genetic standpoint, myo-
tonic dystrophy is particularly instructive as it is
an example of a group of fairly unusual disor-
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ders called trinucleotide repeat diseases. These
disorders are caused by DNA mutations in
which a trinucleotide sequence (CTG for myo-
tonic dystrophy) is repeated multiple times in
a row. If the number of these repeats in a given
segment of DNA is abnormal (i.e., exceeds a
specific threshold), that segment of DNA is
more prone to errors during mitosis. Although
these errors may cause an increase or a decrease
in the number of repeats present in the daughter
cells, when increases occur, this is called a trinu-
cleotide expansion. As expansions occur, more
severe defects are seen in daughter cells and oft-
spring. The principle of anticipation in myoton-
ic dystrophy and related diseases describes the
worsening of symptom severity and earlier age
of onset as the disease is passed to subsequent
generations. For myotonic dystrophy, analysis
of tissues from stillborn babies has shown the
highest number of CTG repeats when compared
with living carriers (Kotzot 1999).
Immunologic gene defects. Because of the
substantial immunologic mechanisms respon-
sible for successful reproduction, studies on
the role of single gene defects in sporadic and
RPL have included the role of genes involved
in immune regulation. The gene encoding the
human leukocyte antigen-G (HLA-G), an im-
portant component of alloimmune recognition
at the maternal—fetal interface, has been exten-
sively studied. The presence of a null allele for
the most common HLA-G isoform as well as
distinct polymorphisms in the HLA-G promot-
er region, have been associated with recurrent
miscarriage, suggesting that a functional pro-
tein is necessary for reproduction (Aldrich
et al. 2001; Pfeiffer et al. 2001). Polymorphisms
in genes including p53, p72, leukemia inhibit-
ing factor (LIF), FAS-L, and the vascular endo-
thelial growth factor (VEGF) gene have also
been linked to increased rates of implantation
failure and are undergoing investigation to de-
termine their potential roles in women with RPL
(Dumont et al. 2003; Steck et al. 2004; Brooks
etal. 2007; Hu et al. 2007; Goodman et al. 2008;
Banzato et al. 2013; Fraga et al. 2014). Despite
evidence linking various polymorphisms in
immune-related genes to pregnancy loss, these
tests are not presently recommended as routine
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screening tests for couples with RPL owing to
their low prevalence. Rather, their present utility
lies in the insights they provide into particular
mechanisms of the disease.

Thrombophilic gene defects. The genetic
defects involved in the ever-expanding group
of inherited thrombophilias are perhaps the
best studied single gene mutations with ref-
erence to RPL. Among these, the majority of
reports have addressed factor V Leiden, pro-
thrombin gene promoter mutations, activated
protein C resistance, and mutations in meth-
ylenetetrahydrofolate reductase, plasminogen
activator inhibitor, thrombomodulin, and an-
nexin A5 genes. Unlike trinucleotide expansion
disorders and immune—related single gene mu-
tations, the gene mutations causing several of
the inherited thrombophilias are seen in rela-
tively high prevalence in select populations.
The data linking these defects to RPL, however,
are conflicting. Mutations in factor V Leiden,
the most common genetic cause of thrombosis,
have a twofold higher prevalence in women ex-
periencing repeated miscarriages compared
with controls (Dizon-Townson et al. 1997;
Grandone et al. 1997; Ridker et al. 1998; Ren
and Wang 2006; Dawood et al. 2007; Mohamed
et al. 2010). Mutations in the gene encoding
Annexin A5, a protein that acts as an anticoag-
ulant in placenta villi, have also been associated
with a twofold increase in RPL risk (Bogdanova
et al. 2007). Other cohort studies, however,
have failed to confirm an association between
RPL and inherited thrombophilias such as fac-
tor V Leiden and prothrombin promoter gene
mutations (Dizon-Townson et al. 2005; Silver
et al. 2010) and carriers and noncarriers of an-
nexin A5 mutations have similar live birth rates,
limiting the clinical significance of this particu-
lar mutation (Hayashi et al. 2013). In fact, there
are data showing that when stratified for gesta-
tional age at the time of fetal demise, maternal
carriage of the FVL mutation protects against
pregnancy loss occurring before 10 wk of gesta-
tion (Roque etal. 2004). This finding aligns with
earlier data showing increased implantation
rates in carriers of FVL who become pregnant
through in vitro fertilization (Gopel et al. 2001).
Together these studies support the concept that

FVL increases implantation of compromised
embryos that would not typically implant and
are ultimately lost.

Despite the growing evidence that throm-
bophilias caused by single gene defects may be
associated with adverse pregnancy outcomes,
the absolute risk of adverse outcomes remains
low. Thus, current recommendations do not sup-
port universal screening for inherited thrombo-
philias in women with a history of pregnancy
loss (Robertson et al. 2006; de Jong et al. 2011;
Middeldorp 2011). Both the specific thrombo-
philia and the type of pregnancy loss (isolated
vs. recurrent; early vs. late) contribute to the
vast spectrum of documented associations and
the underlying pathophysiologic mechanisms
used to support these associations (de Jong et
al. 2013). Despite the present recommenda-
tions, however, many practitioners will screen
for prevalent inherited thrombophilias (factor
V Leiden, prothrombin gene mutations and
methylenetetrahydrofolate reductase in Cauca-
sian patients; protein C, protein S and anti-
thrombin deficiencies in some patients of east-
ern Asian descent) in RPL patients who have a
first-degree relative with a known or suspected
thrombophilia or who report a personal history
of venous thromboembolism (Practice Com-
mittee of the American Society for Reproduc-
tive Medicine 2012). That said, data supporting
treatment of a diagnosed gene defect associated
with an inherited thrombophilia in the absence
of a personal thrombotic history are weak. Al-
though observational studies have shown a de-
crease in pregnancy complications in women
with the Factor V Leiden mutation or mutation
in the prothrombin promoter region that are
prophylactically treated with low molecular
weight heparin (Bouvier et al. 2014), there is a
lack of randomized control studies that confirm
these same findings. Recently, two randomized
controlled trials investigated the empiric use of
aspirin alone or a combination of aspirin with
low molecular weight heparin in women with
RPL and found no improvement in live birth
rate when compared with placebo (Clark et al.
2010; Kaandorp et al. 2010). Based on current
evidence, therefore, the empiric use of anti-
thrombotic agents in women with unexplained
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RPLis not recommended. (Royal College of Ob-
stetricians and Gynaecologists 2011; Kaandorp
et al. 2014). More randomized placebo-control
trials are needed to show both a mechanistic
association between inherited thrombophilias
and RPL and successful treatment options to
improve live birth rates in couples suffering
from recurrent miscarriage.

GENETIC TESTING AS THERAPY IN RPL

Preimplantation Genetic Diagnosis and
Preimplantation Genetic Screening

Because chromosomal errors, some recurrent,
may be responsible for a significant number of
RPL losses, increasing attention is being paid to
the possible utility of assisted reproductive tech-
nologies (ART) with or without PGD or PGS in
the management of RPL. There are two related
approaches to genetic analysis of embryos cre-
ated through assisted reproduction. PGD tests
for specific genetic abnormalities known to be
heritable and present in one or both of the par-
ents. PGS uses more global genetic assessment
of the embryo to detect a wide variety of genetic
abnormalities; when used, PGS is more com-
monly used in couples with “idiopathic” recur-
rent pregnancy loss. Both allow for selection of
embryos for transfer based on genetic criteria;
affected embryos are generally not transferred
back into the uterus.

PGD was first used in humans in 1990, when
single cells (blastomeres) were biopsied from six
to eight cell cleavage stage embryos to determine
the gender of those at risk for specific X-linked
disorders (Handyside et al. 1990), an indication
not typical in an RPL population. The use of
PGD has subsequently expanded to include the
diagnosis of autosomal dominant, autosomal
recessive, and X-linked single gene disorders
and unbalanced chromosome translocations
that would negatively affect a child at birth or
in early childhood. Diagnosable heritable disor-
dersare numerous, and include autosomal dom-
inant Huntington’s disease, myotonic dystrophy,
neurofibromatosis, and Charcot—Marie—Tooth
disease, autosomal recessive beta thalassemia,
sickle cell disease, spinal muscular atrophy, cystic

Genetic Considerations in Recurrent Pregnancy Loss

fibrosis, and X-linked disorders such as fragile X
and muscular dystrophy (Harper et al. 1994;
Harper2010). PGD is most commonly exploited
in carrier couples without infertility or RPL. Its
use in RPL couples is mainly limited to translo-
cation carriers, because most single gene disor-
ders do not result in sporadic or recurrent preg-
nancy loss.

The use of PGS in couples with RPL is more
controversial than the use of PGD to detect
transmission of diagnosed parental karyotype
abnormalities. Some of this controversy is like-
ly secondary to the introduction of PGS into
the management of RPL at a time when ge-
netic analytic tools were fairly rudimentary.
Most reports on the utility of PGS in infertility
and in RPL have used fluorescence in situ hy-
bridization (FISH) for diagnosis of aneuploidy
(Fig. 2). Like other cytogenetic approaches,
FISH assays against metaphase spread prepara-
tions and requires live dividing cells. In FISH,
fluorescently labeled probes are used to hybrid-
ize to the metaphase spread. The most frequent-
ly used probes identify specific chromosomes
and readily show the presence of additional
chromosomes or the absence of a chromosome,
as seen in unbalanced translocations, trisomies,
and monosomies. FISH can also be used to de-
tect structural chromosome abnormalities, such
as deletions (Fridstrom et al. 2001). When used
for PGS rather than PGD, FISH technology
is limited by the number of probes that can
be differentially labeled and discriminated at
one time. Although the technique itself is quite
specific, only a subgroup of chromosomes can
be analyzed simultaneously using this screening
technique. False negative results with multi-
chromosome FISH can therefore be unaccept-
ably high, particularly when the result of misdi-
agnosis could be the transfer of an aneuploid
embryo and subsequent failed implantation,
miscarriage or even an affected live—born child.
Some studies have shown that when compared
with newer techniques, the results of multichro-
mosome FISH may falsely diagnose up to 25%
of aneuploid embryos as normal because the
particular chromosome pair or pairs showing
the abnormality were not among those tested
using the chosen probes (Wilton et al. 2003).

Cite this article as Cold Spring Harb Perspect Med 2015;5:a023119 9



fgﬁ% Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

K.J. Hyde and D.J. Schust

Blastomere biopsy

Fluorescently
labeled probe

Probes hybridize
to denatured DNA

Figure 2. Cytogenetic analysis of blastomere DNA using fluorescence in situ hybridization (FISH). DNA from a
single cell (e.g., a blastomere) is collected at metaphase and the chromosomes are affixed to a surface for labeling
and microscopic examination. Fluorescently labeled probes specific to known segments of a given chromosome
are used to label the prepared chromosomes. Multicolor FISH uses between three and 11 differently colored
probes to distinguish specific chromosomes. Gain or loss of the segment of a given chromosome labeled by a
probe can be determined by simply counting the number of times a given color labels the DNA within the

metaphase spread.

In 2008, the American Society of Assisted Re-
productive Medicine (ASRM), the European
Society for Human Reproduction and Embry-
ology (ESHRE), and the British Fertility Society
ruled that the routine implementation of PGS
was ineffective in improving IVF pregnancy
rates and in reducing miscarriage rates (Practice
Committee of ASRM 2008b). Leading up to this
ruling, most PGS studies used day 3 blastomere
(see below) and FISH analysis. The most com-
mon subgroup of probes used in multicolor
FISH labeled of chromosomes X, Y, 13, 15, 16,
17, 18, 21, and 22; and most studies reported
on assisted reproductive technology outcomes.
Two studies investigated the utility of PGS
methodology in unexplained RPL (Munné et
al. 2005; Platteau et al. 2005). When compared
with a control group of patients with idiopathic
recurrent miscarriage undergoing conservative
therapy, live-birth rates were similar among the
PGS and control groups; however, pregnancy

rates were significantly lower among patients
undergoing genetic testing (Brigham et al.
1999; Munné et al. 2005; Platteau et al. 2005).
PGS was found to decrease take-home baby
rates while subjecting patients and couples to
invasive and costly therapy. Instead, a conserva-
tive approach focusing on supportive care and
early pregnancy monitoring by ultrasound ev-
ery two weeks was encouraged (Practice Com-
mittee of ASRM 2012).

Biopsy Methods

Improvements in biopsy and genetic screen-
ing techniques (discussed below) have replaced
FISH-based approaches with methods that per-
mit aneuploidy analysis of all 24 chromosomal
pairs. Obtaining appropriate genetic material
for testing by PGD or PGS presently uses one
of three well-established procedures: polar body
biopsy of the oocyte; blastomere biopsy at the
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eight cell stage of development (typically day 3
postfertilization, pf), or trophectoderm biopsy
of ablastocyst on day 5 or 6 pf (Fig. 3). Although
these biopsy procedures differ significantly from
each other, all involve risk of loss of the embryo.
A fourth method, blastocentesis of day 5 or 6 pf
blastocysts, is currently being investigated as
a less invasive method of gathering genetic
material for analysis of the preimplantation em-
bryo (Gianaroli et al. 2014). Access to embryo-
derived DNA in the blastocoele cavity using this
method might allow diagnosis without the re-
moval of a blastomere or trophectoderm.

Polar body biopsy. Biopsy of the oocyte near
the time of polar body extrusion gives the ear-
liest access to material for genetic testing. One
benefit of polar body biopsy is the ability to
detect meiotic errors in the oocyte, which pri-
marily occur in meiosis I and are specifically
associated with advanced maternal age. As er-
rors can also occur during meiosis II, biopsy of
the second polar body should be performed to
prevent misdiagnosis. Because the polar body
will not become a part of the fetus or placenta,
polar body biopsy limits risk. The most signifi-

Polar body biopsy

Blastomere biopsy

Zona pellucida _——
p 7 o

Genetic Considerations in Recurrent Pregnancy Loss

cant limitation to polar body biopsy is its inabil-
ity to detect paternally derived mutations and
errors occurring after fertilization. Therefore,
polar body biopsy is only useful when the risk
of transmission of monogenetic diseases or an-
euploidy is strictly of maternal origin (Montag
et al. 2009).

Blastomere biopsy. Until very recently, the
most frequently used method to access the ge-
nome of the developing embryo was blastomere
biopsy. This technique is typically performed
at or near the 8 cell stage of embryonic growth.
During the course of early embryo develop-
ment, the blastomeres transition from fairly
weak to fairly robust intercellular connections,
so biopsy at a significantly earlier stage dramat-
ically increases the risk for embryo destruction,
whereas biopsy at a later stage becomes techni-
cally more difficult. Blastomere biopsy requires
dissolution of or excision through the zona pel-
lucida surrounding the blastocyst at the 8 cell
stage to allow removal of one or two cells from
the embryo. Unlike polar body biopsy, sam-
pling of the embryo at this stage enables analysis
of both parental genetic contributions (Coco

Trophectoderm biopsy

Blastocele

y Inner cell mass

Herniating
trophectoderm

Figure 3. Biopsy methods for preimplantation genetic analysis. There are several stages at which material can be
collected for preimplantation genetic analysis. Collection at the earliest stage involves removal of a polar body
after the completion of meiosis I or meiosis II. Depicted is collection after fertilization (two pronuclei) and
extrusion of the second polar body. Blastomere biopsy at the cleavage stage is typically performed when the
embryo contains six to eight blastomeres; one to two blastomeres are retrieved from a single embryo. Trophec-
toderm biopsy is most frequently performed just before spontaneous embryo hatching from the zona pellucida
on day 5 postfertilization (pf) and retrieves several trophectoderm cells. All biopsy methods involve manipu-
lation of the zona pellucida. Using mechanical, chemical or laser-assisted techniques, a breach in the zona
pellucida is made at the time of collection in polar body and cleavage stage blastomere biopsies. With trophec-
toderm biopsy, the zona pellucida is thinned on approximately day 3 pf, creating an area for preferential
herniation of the trophectoderm on day 5 pf, just before spontaneous hatching. Trophectoderm cells are
typically retrieved using laser-assisted techniques.
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2014). Unfortunately, a high rate of mosaicism
(>25%; possibly as high as 50%, Delhanty
1997) is present among the blastomeres at this
stage of embryonic development, thereby limit-
ing the reliability of blastomere biopsy. Because
the chromosomal content of the blastomeres
that were not sampled is inferred from the chro-
mosomal content of the single cell that was, false
positive and false negative results are frequent.
Although removing a second blastomere at the
time of sampling may improve accuracy, this
comes at the cost of decreases in embryo sur-
vival (Harper et al. 1995; Delhanty 1997; Munné
et al. 1999; De Vos et al. 2009; Harton et al.
2011). A significant disadvantage of cleavage
stage blastomere biopsy is the associated de-
crease in implantation rates for biopsied embry-
os (Coco 2014). A final drawback of both polar
body and blastomere biopsies is the paucity of
collected materials, typically only a single cell or
its equivalent. This necessitates that some form
of whole genome amplification be used to make
use of several of the existing and evolving genet-
ic diagnostic approaches (Macauley and Voet
2014).

Trophectoderm biopsy. In contrast to the
cleavage stage embryo, the day 5 blastocyst con-
tains more than 100 cells and consists of three
distinct components: an inner cell mass con-
taining the totipotent stem cells of the fetus;
an outer cell layer or trophectoderm; and a blas-
tocele. Most of the cells in the blastocyst will go
on to form the placenta and other extraembry-
onic structures, whereas only a small number
of cells comprise the inner cell mass that will
develop into the embryonic components after
implantation. Although the blastocyst will not
usually emerge from the zona pellucida until
days 6-7 pf, the outer trophectoderm layer
will preferentially herniate on day 5 pf through
an area that has been chemically or mechanically
thinned on day 3 pf, making it readily accessible
to biopsy. Trophectoderm biopsy at the blasto-
cyst stage is rapidly becoming the most common
sampling modality for PGD and PGS. One ad-
vantage of trophectoderm biopsy over cleavage
stage biopsy is its ability to improve genetic
screening accuracy by safely sampling a greater
number of cells per biopsy (Yang et al. 2012b;

Coco 2014). Because only extraembryonic ma-
terial is sampled (similar to sampling of a cho-
rionic villus later in the first trimester of preg-
nancy), a further advantage is a reduced risk of
harm to the future fetus. Recent studies have
shown that trophectoderm biopsy, unlike blas-
tomere biopsy, does not affect implantation
rates (Scott et al. 2013a,b; Yang et al. 2013).
Like cleavage stage biopsy, mosaicism can also
yield misleading results when using trophecto-
derm biopsy for sampling. This problem is par-
tially mitigated by the developmental stage of
the embryo (some abnormal embryos may not
survive 5 d in culture, Adler et al. 2014) and the
ability to access and analyze several trophecto-
derm cells (Fragouli et al. 2011; Capalbo et al.
2013).

Until recently, the use of trophectoderm
biopsy was hampered by time-sensitive param-
eters; sampling is performed on day 5 of culture
and transfer of fresh embryos needs to occur
by day 6 pf. Time-consuming (>24 h) genetic
analytics preclude the ability to transfer fresh
embryos because testing results are not avail-
able to direct selection of embryos for transfer.
Advances in embryo cryopreservation and the
resultant switch from less efficient slow-freeze
methods to ultrafast vitrification have dramati-
cally improved embryo survival rates and clin-
ical post-thaw pregnancy rates (Zheng et al.
2005; Keskintepe et al. 2009). Embryo cryopres-
ervation now allows a nearly unlimited window
for genetic testing to occur without concomi-
tant decreases in clinical pregnancy and implan-
tation rates (Keskintepe et al. 2009). Efficient
and effective new molecular diagnostic tools
continue to be developed at a very rapid pace.
As these techniques become clinically available,
they will be embraced by the ART community
and their introduction into standard IVF prac-
tice should allow for fresh transfer of embryos
that have been genetically screened using tro-
phectoderm biopsy to become routine. Note
that, although experts in the field have suggest-
ed that biopsy at the blastocyst stage is currently
the optimal method for PGS of embryos (Scott
et al. 2013a), these recommendations are based
on the infertility literature; no investigations of
adequate size and design nor systematic reviews
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are available to make similar recommendations
for patients with RPL.

FUTURE DIRECTIONS

In the wake of the completion of the human
genome project, future preimplantation genetic
testing is predicted to include affordable se-
quencing of individual embryonic cells for
comprehensive chromosomal and single-gene
disorder analysis (Martin et al. 2013). Two stud-
ies have investigated the use of such next-gen-
eration sequencing (NGS) for preimplantation
embryo assessment. One study investigated the
use of NGS to identify aneuploidy and chro-
mosomal rearrangements, while the other
used NGS in the PGD of monogenic diseases
(Treff et al. 2013; Yin et al. 2013). Both studies
reported similar overall costs and similar or in-
creased diagnostic accuracy when compared
with current methods. Additional studies with
large sample sizes are needed, however, before
NGS-based preimplantation testing can be im-
plemented in routine practice. Further, NGS
offers a level of genetic detail that may identify
genetic abnormalities that, while present, may
not have been assessed for clinical relevance.

INCORPORATION OF GENETIC TESTING
INTO THE CARE OF COUPLES WITH RPL

Asthe field of genetic testing continues to evolve
quickly, recommendations concerning the use
of genetic testing in couples with RPL are con-
founded by the fact that the optimal definition,
diagnostic testing, and therapeutic approaches
to couples experiencing RPL remain controver-
sial. At present, the following approach to the
use of genetic testing in couples experiencing
RPL is prudent.
Diagnosis:

1. To aid in diagnosis and prognostic counsel-
ing, obtain karyotypes from prior losses if
results or tissues are available and karyotype
POCs from the second and subsequent preg-
nancy losses.

Because only 50%—60% of couples with
RPL will have a causative factor identified

Genetic Considerations in Recurrent Pregnancy Loss

after extensive testing, a thorough and cost-
efficient approach should be instituted in
the investigation of RPL. A recent study has
shown that the use of selective RPL evalua-
tion, defined as RPL evaluation if the second
miscarriage is euploid, decreases health care
costs when compared with universal RPL
evaluation, defined as evaluation after the
second miscarriage of <10 weeks’ size (Ber-
nardi et al. 2012). This proved true even in
cases of advanced maternal age. Along with
the benefits of decreased financial expen-
diture, both patients and physicians gain
valuable information regarding the current
miscarriage and subsequent reproductive
potential when genetic testing of POCs is
included. When patients know why a miscar-
riage occurred, it may be easier to overcome
the grief associated with pregnancy loss. This
allows patients to make a more educated de-
cision in pursuing future pregnancies.

2. Karyotype the couple experiencing RPL.
This aids in counseling couples about future
risks and may allow for well-informed con-
sideration of the use of PGD to identify em-
bryos that are affected by the parental genetic
abnormality.

Unfortunately, there is still an absence of
adequate data to support the concept that uti-
lization of new PGS techniques improves out-
comes in recurrent miscarriage (Gleicher et al.
2014). Although the newest PGS methodologies
improve the accuracy of aneuploidy diagnosis
when compared with older methods, investiga-
tions that examine how these new variables af-
fect the target population of patients who would
most benefit from PGS are lacking (Gleicher
and Barad 2012).

CONCLUSIONS

Genetic variables appear to play a complex role
in the efficiency of human reproduction. Clas-
sically, high rates of chromosomal errors have
been among the leading etiologies for fetal loss
and more recent studies have begun to highlight
the important role that specific single gene de-
fects may play in pregnancy maintenance. Over-
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all, the prognosis for a patient with RPL is good
and most women with a history of RPL are less
likely to miscarry in subsequent pregnancy than
to deliver a live—born. It is only after a large
number of sequential losses that this ratio re-
verses. To help aid couples struggling with RPL,
limited and focused genetic testing is recom-
mended as part of the diagnostic approach.
PGD may be indicated in a small proportion
of couples with defined translocations or select
single gene disorders. Although great strides
have been made to increase the accuracy and
practicality of PGS for couples with RPL, such
investigations are not presently indicated out-
side of clinical studies. Still, they hold much
promise for future incorporation into the treat-
ment of couples with RPL.
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