Chapter 5
The Genetics of Pregnancy Failure

Eric J. Forman, Nathan Treff, and Rebekah S. Zimmerman

Having a normal genetic composition is a necessary, but not sufficient, requirement
for an embryo to implant and progress to a healthy delivery. By testing products of
conception, it has been known for decades that whole chromosome aneuploidy,
primarily trisomy, is the leading cause of failure of clinically recognized pregnan-
cies. Clarifying the role of aneuploidy and other genetic abnormalities in the failure
of embryos to implant has been more elusive but was assumed to be an important
factor based on the strong association of advancing reproductive age and infertility.
The development and rapid utilization of assisted reproductive technologies (ART)
have provided invaluable insight into the genetic causes of failed embryonic implan-
tation. The application of robust genetic testing platforms—from microarrays to
real-time polymerase chain reaction (PCR) to next-generation sequencing (NGS)—
to test the genetic status of gametes and preimplantation embryos has improved our
understanding of the genetic contribution to an ongoing conceptus. Recent advances
have focused on the impact of segmental imbalances and mosaicism on implanta-
tion and progression to normal deliveries. Future ART research will focus on other
genetic causes that influence the ability of a euploid embryo to implant.
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The Role of Genetics in Early Pregnancy Failure
Cytogenetic Findings in POCs

Approximately 20% of clinically detected pregnancies result in a loss, with over
50% of losses being attributed to a whole chromosome abnormality. An early study
reported in 1975 used Giemsa staining (G-banding) to analyze the karyotypes of
nearly 1500 miscarriage specimens and found that over 61% of samples had an
abnormal karyotype, which included monosomies, trisomies, double trisomies, trip-
loidy, and tetraploidy [1]. As this study and many subsequent studies showed, triso-
mies are overwhelmingly responsible for first trimester pregnancy loss, most
commonly trisomy 16 and trisomy 22. Monosomies and polyploidy account for the
majority of the remaining abnormalities. Turner syndrome (45,X) is the most com-
mon monosomy finding in first trimester miscarriages. Although Turner syndrome
is a viable aneuploidy, nearly 99% of 45,X fetuses spontaneously abort [2].

While G-banding is able to identify the majority of abnormalities, the method is
not able to detect maternal cell contamination (MCC), which could cause a false-
negative result in the case of an apparently normal female (46,XX) miscarriage.
More recently, several studies have been published examining the utilization of
newer molecular technologies to diagnose products of conception [3-6].
Microarrays using comparative genomic hybridization (CGH) and single nucleo-
tide polymorphisms (SNPs) and NGS generate higher-resolution data, allowing for
increases in reportable results and diagnostic yield. Similar to earlier findings,
across all four studies (Table 5.1), approximately 50% of products of conception
had at least one whole chromosome abnormality detected. Of the remaining sam-
ples, 40-48.4% were left with a normal diagnosis, 2.3-7.5% were triploid, and
<0.5% were tetraploid. Now with the ability to detect partial chromosomal abnor-
malities, the studies reported that 1.3-5.3% had at least one segmental aneuploidy
detected (in the absence of a translocation history in a parent). Mosaicism was
reported at a very low frequency (0.67%) in the 1975 study, but not in the noted
molecular studies.

Chromosome Rearrangement History

Chromosome rearrangements, including balanced translocations, inversions, and
Robertsonian translocations, are often implicated in the etiology of recurrent preg-
nancy loss [7-9]. In the general population, approximately 1 in 500 individuals is
likely to carry an apparently balanced chromosome rearrangement [10, 11]. Carriers
of a balanced rearrangement typically are asymptomatic but present with fertility
issues generally in the form of recurrent pregnancy loss due to the risk of a fetus
inheriting an unbalanced derivative of the rearrangement. Thus, the recurrent
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Table 5.1 Genetic characterization of products of conception

Boue Maslow
(1975) Levy (2014) |(2015) Shen (2016) | Sahoo (2016)
No. of samples 1498 2392 62 436 8118
Platform G-banding | SNP SNP aCGH SNP microarray
microarray microarray (ILMN) and | (81.6%), array
(ILMN) NGS (WGS | CGH (BAC and
on PGM) oligo) (18.4%)
Fresh or paraffin | Fresh Fresh Paraffin Fresh Fresh and FFPE
POC?
Result rate NR 99.9% 71% (44/62) | 100% 91.1%
(2389/2392) (7396/8118)
Resolution of >10 Mb 5 Mb ~4 Mb to >2.4 Mb (BAC
segmental (1-5 Mb 111 Mb aCGH), 112 kb
aneuploidy clinically (oligo aCGH),
relevant) 20 kb (SNP array)
Genetics
Maternal cell NR 22% 24% (15/62) | NR NR
contamination (528/2392)
Normal 38.5% 40.6% 43% (19/44) |48.4% 44.3%
(577/1498) | (755/1861) (211/436) (3272/7396)
Aneuploid 42.5% 50.8% 54.5% 43.1% 42.9%
(636/1498) | (945/1861) | (24/44) (188/436) (3176/7396)
Partial NR 1.3% NR 5.3% 1.7% (127/7396)
aneuploidy (no (24/1861)° (23/436)
hx of
translocation)
Triploid 12.2% 6.1% 2.3% (1/44) 1 3.2% 7.5% (554/7396)°
(183/1498) | (114/1861) (14/436)
Tetraploidy 3.8% 0.2% NR NR 0.03% (2/7396)
(57/1498) | (4/1861)
Uniparental NR 0.16% NR NR 0.5% (37/7396)
disomy (UPD) (3/1861)
Mosaicism 0.67% NR NR NR NR
(10/1498)

NR not reported, /LMN illumina

Includes 99 non-POC samples

*Includes marker and isodicentric chromosomes
°FISH used on fresh, non-SNP array cases

pregnancy loss population likely has a higher incidence of chromosome rearrange-
ments, and a recurrent pregnancy loss work-up usually includes obtaining a karyo-
type on the patient and partner, and if a rearrangement is found, miscarriage can be
avoided by using preimplantation genetic diagnosis to select for balanced or normal
embryos [12]. Robertsonian translocations are the products of the fusion of two
acrocentric chromosomes (13, 14, 15, 21, and 22) and are found at an increased
frequency in patients with recurrent pregnancy loss [13, 14].
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Single Gene Disorders and Recurrent Pregnancy Loss

While relatively rare in comparison to aneuploidy in pregnancy, there are several
single gene disorders (SGD) that are associated with recurrent pregnancy loss or
fetal demise.

Some autosomal recessive disorders that present with multiple congenital anom-
alies can have lethal presentations in utero. Smith-Lemli-Opitz (SLO) is caused by
deficiencyinanimportantcomponentofcholesterolmetabolism, 7-dehydrocholesterol
(7-DHC). Mutations in the DHCR7 gene, which encodes 7-DHC, cause SLO, and
approximately 1 in 30 to 1 in 70 individuals in the general population are thought to
be carriers of a single mutation in DHCR7. Congenital disorder of glycosylation
type Ia (CDG-Ia) is caused by mutations in the PMM2 gene and has a carrier fre-
quency of approximately 1 in 70 European Caucasians.

Interestingly, the reported carrier frequencies of these disorders are much higher
than expected if calculated using the disease incidence. For example, SLO inci-
dence in Canadian and European populations ranges from 1/60,000 to 1/20,000,
which would suggest that the carrier frequency in these populations is approxi-
mately 1/120 to 1/70, respectively. However, laboratories performing carrier screen-
ing for SLO are finding the carrier frequency closer to 1/40 to 1/50 [15]. Keeping in
mind that most labs screen for only common mutations, this suggests that the carrier
frequency could be even higher and that either the disease is significantly variable
and underreported or there is a significant amount of fetal demise associated with
the disorder. The W151X mutation in DHCR7, when homozygous, has been reported
in first trimester miscarriages [16]. The same can apply to CDG—the R141H muta-
tion in PMM?2 is also thought to be lethal when homozygous [17], and to date, no
homozygotes have been reported [18]. Both of these mutations can be screened for
on most expanded carrier screening panels, and this testing could be considered dur-
ing a recurrent pregnancy loss work-up.

There are also genes involved in chromosome segregation that, when mutated,
can be implicated in pregnancy loss. SYCP3 is a gene primarily involved in homolo-
gous chromosome pairing and recombination. Loss of SYCP3 in mice is associated
with male infertility and decreased fertility in females. In humans, the T657C vari-
ant in SYCP3 has been very strongly associated with recurrent pregnancy loss [19].

Complete (CM) and partial (PM) hydatidiform molar pregnancies are typically
isolated events for a patient; however, some patients have been found to have recurrent
molar pregnancies. CM most often arise from the inheritance of all 46 paternal chro-
mosomes and no maternal chromosomes. PM have a different pathology and are typi-
cally due to triploidy (69,XXX or 69,XXY). Mutations in either NLRP7 or KHDC3L
are associated with recessive inheritance of recurrent molar pregnancies [20].

It is well known that some losses can be attributed to mutations or polymorphisms
in coagulation pathway genes, such as Factor V, prothrombin, and Factor II. A recent
meta-analysis was performed and found 37 genes that have strong associations with
pregnancy loss due to hyperactive immune response, thrombophilia, abnormal pla-
cental function, and disruption in the regulation of metabolism [21].
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The Role of Genetics in Implantation

Whereas the genetic contribution to pregnancy failure has been well established by
studying miscarriage specimens, understanding the role of the genetics in the pre-
implantation embryo’s ability to successfully implant has been more elusive.
Though challenged in recent years by animal and preliminary human studies pro-
posing the presence of oogonial stem cells [22], the established dogma of human
oocyte physiology remains that women are born with their lifetime endowment of
approximately 1-2 million follicles and oocytes. While the menopause and the
complete exhaustion of the follicle pool herald an absolute barrier to successful
pregnancy, there is a well-established age-related decline in fertility, likely related
to the decline in oocyte quantity and quality. The gradual decline in oocyte quantity,
which accelerates after age 37, has been documented by studying tissue specimens
at the time of oophorectomy [23].

Although some markers, such as an elevated serum follicle-stimulating hormone
(FSH) levels on day 3 of the menstrual cycle, have been correlated with a reduced
chance for a viable pregnancy, there is no definitive assay for oocyte quality. A
good-quality oocyte can be considered one of the sufficient qualities to complete
meiosis, achieve cytoplasmic and nuclear maturity to allow for normal fertilization
after activation by viable spermatozoa, and then develop into an embryo capable of
implantation and progression to a normal viable neonate. Several lines of evidence
support the proposition that oocyte quality declines with increasing age and that this
decline accelerates in the late 30s and even more rapidly in the early 40s. In histori-
cal populations that predated contraception and family planning, there was a clear
decline in fertility rate with increasing maternal age [24]. While compelling, this
association does not prove that the aging oocyte, and likely chromosomal aneu-
ploidy, fully explains this decline in fecundity. Several other possible explanations
exist, including a decline in sperm quality and function, decreased coital activity,
increased risk of uterine abnormalities such as leiomyomas and synechiae, and
increased risk of other medical comorbidities.

One model that could correct for several of these variables is women seeking to
conceive with timed intrauterine insemination using thawed sperm from fertile
donors. This population includes presumably fertile women requiring the use of
donor sperm because they are single, are lesbian, or have a partner with azoosper-
mia. The CECOS study evaluated 2193 married French women who underwent
donor sperm and timed insemination because their husbands were azoospermic
[25]. This study found a significant decline in the chance for pregnancy, with 73%
of women under age 31 conceiving within 12 cycles, compared with 54% over age
35 (P <0.001). The decline would likely be even sharper if women over age 40 were
analyzed separately. This diminution in live birth rate most likely reflects an increase
in the chance of mature oocytes being released that are not of sufficient quality to
implant and progress to delivery. Other studies suggest that the decline in fecundity
is primarily related to an age-related decline in oocyte quality, independent of quan-
tity. One study from Ottawa found that women using timed donor insemination had
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a similar chance of conceiving whether they had low or high antral follicle counts,
a marker of ovarian reserve [26]. In women attempting to conceive, a low AMH
level—another reliable marker of ovarian reserve—does not appear to be predictive
of natural fertility [27], indicating that the decline in oocyte quality is mostly related
to advanced reproductive age rather than simply depletion of the follicular pool.

While the aging oocyte is less likely to result in a viable offspring, there are sev-
eral potential causes for this including genetic (increased risk of aneuploidy, mosa-
icism, de novo segmental imbalances or mutations, epigenetic changes), cytoplasmic
(increase in mitochondrial dysfunction, perhaps due to accumulation of reactive
oxygen species from dysfunctional recycling of organelles/autophagy), or reduced
ability of the uterus to facilitate implantation of a viable embryo. The advent of ART
and its clinical application has shed light on these factors, confirming the pivotal
role of genetics in embryonic competence.

Even before there was the ability to reliably assess the chromosomal status of
preimplantation embryos, the relationship between increased maternal age and
decreased rates of successful implantation became apparent. The first successful
application of in vitro fertilization performed by the late Sir Robert Edwards (Nobel
Laureate 2010) and Patrick Steptoe was in a 29-year-old woman, at the peak of her
fertility, who had tubal factor infertility. The early practitioners of IVF attempted to
compensate for diminished oocyte and embryo quality by stimulating multiple fol-
licles to mature with the use of exogenous gonadotropins extracted from human
menopausal urine. Since the average embryo was not capable of progressing to
delivery, multiple embryos would routinely be transferred to the uterus. Even still,
pregnancy rates in women of advanced reproductive age remained dismal, and mis-
carriage rates increased with increasing age. Schieve et al. found that miscarriage
rates after IVF increased from 10.1% among women in their 20s to 39.3% for
women older than 43 [28]. Similar to the prior spontaneous abortion literature, the
most common cause of clinical miscarriage after ART appears to be aneuploidy,
accounting for more than half of the losses in most reviews of products of concep-
tion after ART [33, 29-33]. The rate of aneuploid losses after ART does not appear
to differ from natural conceptions, though one review reported a higher risk from
intracytoplasmic sperm injection (ICSI) as compared to conventional insemination
to achieve assisted fertilization [34]. Similar to natural conceptions, autosomal tri-
somy accounts for most of the aneuploid miscarriages after ART [35].

The introduction of donor oocyte programs further proved the primary role of the
aging oocyte’s contribution to the age-related decline in fertility. When transferred
to the uterus of women of advanced reproductive age, even into the late 40s, embryos
created from oocytes donated by women typically in their 20s resulted in successful
implantations at rates commensurate with the oocyte donor rather than the recipient
age [36]. Thus, it appears unlikely that there is an intrinsic decline in uterine recep-
tivity with increasing maternal age, at least through the mid-40s. Unlike the
well-established increase in miscarriage risk with increasing age, pregnancies con-
ceived after oocyte donation had a 13.1% miscarriage risk that did not significantly
vary with the age of the recipient. Similarly, delivery rates from egg donation
remained high independent of paternal age, mitigating the causative role of sperm
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in the age-related decline in fertility [37]. The risk of de novo autosomal dominant
mutations, however, appears to increase with increasing paternal age [38], a finding
thought to relate to exposure of the paternal genome to reactive oxygen species
over time.

Still, while the decline in oocyte quality with age is now well established, the
ability to reliably test the genetics of preimplantation embryos was required to
determine the relative contribution of genetics to implantation failure.

Preimplantation Genetic Screening (PGS): First Generation,
Limited by Suboptimal Biopsy and Testing Methodology

Given the decreased implantation rates from transferred embryos in older women
and the higher risk of aneuploid miscarriages, it seemed reasonable that testing
embryos and selecting against aneuploid embryos would enhance IVF success rates.
The first attempt at this strategy, given the technology available at the time, relied on
biopsy of a single blastomere at the cleavage stage (day 3) of embryo development
with subsequent fixation for fluorescence in situ hybridization (FISH) analysis [39].
While intriguing, there were several limitations of this approach. To facilitate biopsy
of a single blastomere, embryos had to be placed in a magnesium-calcium-free
media that could impact their further development into competent blastocysts. Next
removal of one or two out of an embryo with typically six to ten cells was required,
representing a substantial portion of the embryo that could impact its developmental
competence. Furthermore, the accuracy of FISH, though proven in other clinical
settings such as after chorionic villus sampling, was not reliably validated on single
blastomeres since there is not a gold standard to retest the same blastomere. Finally,
only the chromosomes most often found in clinically recognized abnormal pregnan-
cies (including 13, 16, 18, 21, X,Y) were probed for. It is now known that errors can
occur on any chromosome and, therefore, some embryos may have been misdiag-
nosed as normal. In addition, a reanalysis of embryos predicted to be abnormal by
FISH found that 58% were euploid when analyzed by a more robust microarray
platform at the blastocyst stage [40], indicating a high false-positive rate.
Retrospective, nonrandomized studies of the application of FISH-based preim-
plantation genetic screening (PGS) appeared to show benefit, especially for women
of advanced reproductive age. However, several randomized trials failed to show
benefit, and some even showed a detrimental effect. A meta-analysis reviewed nine
randomized trials, five limited to women of advanced reproductive age, and con-
cluded that FISH-based PGS resulted in a lower chance for delivery after IVF (26%
vs. 18% per cycle) [41]. The most significant trial was led by Mastenbroek et al. and
effectively dealt the death knell to FISH use in clinical ART [42]. In this trial of 408
women who underwent 836 total IVF cycles, those randomized to PGS had a lower
live birth rate (24% vs. 35%). A later trial by the group at Instituto Valenciano de
Infertilidad (IVI) used day three biopsy and nine chromosome FISH (13, 15, 17, 16,
18, 21, 22, X, Y) and found benefit in women of advanced reproductive age, but not
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in those with recurrent implantation failure (>3 IVF failures) [43]. By the time this
trial was published, the field had already advanced to employ a different biopsy
technique and more robust genetic screening technologies.

Preimplantation Genetic Screening: Second Generation,
Improved Biopsy, and Comprehensive Testing Platforms

While FISH-based PGS was unable to improve IVF success, it did not invalidate the
general principle that selecting chromosomally normal embryos could improve the
chance of live birth after IVF. Efforts then focused on using more sophisticated
methodologies including SNP microarrays, array CGH, real-time PCR, and then
NGS, to better diagnose embryos with aneuploidy by using a new method of PGS,
called comprehensive chromosome screening (CCS), to detect the copy number
status of all 22 autosomes and the sex chromosomes.

Many CCS platforms begin with whole genome amplification (WGA), which
can be performed with any number of commercially available kits such as REPLI-g,
GenomiPhi, GenomePlex, SurePlex, or MALBAC. The basic concept is random
amplification of the genome such that the resulting product represents the relative
quantity and genotypes present in the original sample. Of course, none of the meth-
ods of WGA provide a perfect representation, and thus downstream methods of
analysis with highly parallel testing of the genome, such as SNP array or array
CGH, have been applied in order to help overcome WGA inaccuracies. NGS has
also been developed as a downstream analysis method that along with molecular
barcoding has helped reduce the costs associated with CCS.

Preclinical studies showed that these technologies could reliably detect chromo-
some imbalance in samples from cell lines and then from embryos. Given the expe-
rience with FISH, the SNP array platform was validated with a “nonselection” trial
in which embryos were biopsied and transferred with the clinicians not being privy
to the PGS prediction [44]. The biopsies were then analyzed and the result corre-
lated with the clinical outcome of the transferred embryo (using DNA fingerprinting
in the case of multiple embryo transfer). The result clearly demonstrated that euploid
embryos had a higher chance of implanting successfully than unselected and aneu-
ploid embryos (41.4% vs. 28.2% vs. 4%, P < 0.001). The low false-positive rate was
low enough to justify discarding abnormal embryos in an effort to enhance out-
comes with the selective transfer of euploid embryos. The predictive value of
euploid blastocyst implanting was significantly higher than a euploid day 3 cleavage
stage embryo (48.2% vs. 29.2%, P < 0.01).

A paired randomized trial from the same group was performed to assess the
safety of embryo biopsy at the cleavage vs. blastocyst stage. A double embryo trans-
fer was performed in 116 women with one embryo undergoing biopsy and one not
biopsied. The biopsy was used to later perform DNA fingerprinting to confirm
which embryo is implanted in the case of a singleton delivery. The removal of a
single cell on day 3 of development resulted in a significant 39% decrease in implan-
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tation potential, whereas removal of approximately five cells from the outer troph-
ectoderm layer of the blastocyst did not significantly impair the chance of the
embryo implanting and progressing to delivery [45]. Clinical studies of embryo
biopsy for PGD evaluation of a monogenic disorder (beta-thalassemia) found that
significantly more blastomere biopsies did not yield a result (25%) compared with
trophectoderm biopsy (4%) [46] and the embryos undergoing trophectoderm biopsy
were more likely to implant. Polar body biopsy has been proposed as a less invasive
form of biopsy [47] since the polar bodies are naturally extruded during oocyte
maturation and fertilization. When applied to preimplantation screening for aneu-
ploidy using the SNP arrays, however, analysis of both polar bodies was found to
disagree with the subsequent embryo biopsy 30% of the time and was less predic-
tive of implantation potential [48]. Since premature separation of sister chromatids
has been shown to be the predominant cause of meiotic errors in the oocyte, an
embryo originating from an oocyte with reciprocal errors in the polar bodies often
is actually euploid [49, 50]. Thus, it appears that trophectoderm biopsy at the blas-
tocyst stage is the optimal stage for preimplantation analysis [51].

Given the high predictive values of these tests, the next step was to demonstrate
clinical benefit in a randomized controlled trial. A trial comparing transfer of a single
untested blastocyst vs. a biopsied euploid blastocyst by array CGH demonstrated
improved success in a relatively young (<35 years old) patient population [52], with
ongoing pregnancy rates of 41.7% vs. 69.1% (P = 0.009). Another study compared
the transfer of two untested vs. two euploid blastocysts as determined by a validated
real-time PCR assay [53]. This randomized trial also showed significant improvement
in delivery rates with 84.7% of cycles delivering after transfer of euploid embryos
compared with 67.5% of cycles transferring untested embryos [54]. Finally, the
Blastocyst Euploid Selective Transfer (BEST) trial demonstrated that in women with
normal ovarian reserve up to age 42, transferring one euploid blastocyst was not infe-
rior to transferring two untested blastocysts (60.7% vs. 65.1% ongoing pregnancy rate
to 24 weeks gestation) but had a much lower risk of multiples (0% vs. 53.4%) [55]. A
follow-up study determined that those women randomized to transfer of a single
euploid blastocyst had a much lower risk of having a baby with low birth weight and
preterm delivery or requiring NICU admission [56]. A meta-analysis [57] and sys-
tematic review [58] both conclude that trophectoderm biopsy and comprehensive
chromosome screening to select euploid blastocysts for transfer result in improved
outcomes, particularly in good-prognosis patients with normal ovarian reserve.

The increased utilization of PGS clinically has provided a large body of data
providing insight into the origins and prevalence of aneuploidy in preimplantation
embryos. Retrospective analysis of outcomes using array CGH to screen for
aneuploidy found that transferring euploid embryos corrected for the expected age-
related decline in IVF pregnancy rates, at least up until age 42 [59]. An analysis of
247 blastomere biopsies from cleavage stage embryos using microarray and paren-
tal genotyping confirmed that the origin of aneuploidy can mostly be traced to errors
in maternal meiosis [60].

A large clinical experience of the real-time, quantitative PCR CCS platform by
Franasiak et al. evaluated 15,169 consecutive trophectoderm biopsies from blastocysts
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and found that the rate of aneuploidy remained stable in the low 30% range in the early
30s age group, rising rapidly in the late 30s and reaching 75% by age 42 [61]. The
majority of errors in women in their 30s involved a single chromosome error, with the
proportion of monosomies and trisomies being roughly equivalent. However, the inci-
dence of multiple chromosome errors increased with age, and more than two-thirds of
affected embryos in women over age 43 had more than one abnormal chromosome. In
addition, the relative proportion of trisomies increased with advancing maternal age.
Another study using the same dataset found an increase in the incidence of abnormali-
ties involving chromosomes that are known to be found in clinically recognized preg-
nancies resulting in miscarriage [62].

While the array-based and PCR platforms demonstrated benefit in prospective
trials, there are limitations. An analysis of 2354 clinically recognized pregnancies
achieved after the transfer of euploid embryo testing with PCR found that there was
a 0.13% error rate with resulting aneuploid pregnancies [63]. Follow-up testing
revealed some of these pregnancies exhibited mosaicism, which is a known limita-
tion of PGS since a prediction of the whole embryo has to be made from a small
biopsy. A similar evaluation of pregnancies achieved after aCGH PGS found an
error rate of 1.5% in clinical pregnancies [64].

Improvements in massive parallel sequencing technology allowed for the devel-
opment of NGS at lower cost with the ability to barcode embryos and run dozens of
samples on one sequencing chip [65]. A nonselection study of a targeted NGS
approach again demonstrated high predictive values with euploid embryos implant-
ing ~58% of the time and none of the predicted aneuploid embryos implanting. The
development of NGS also led to the identification of segmental aneuploidy and
mosaicism, i.e., a predicted mix of normal and abnormal cells. A nonselection trial
for segmental aneuploidy demonstrated a significantly lower implantation rate for
embryos harboring a >5 Mb deletion or duplication. Clinical studies have also
shown lower chance of ongoing pregnancy from predicted mosaic range embryos
and a higher risk of miscarriage [66].

Clinical CCS studies have also demonstrated reduced miscarriage rates. For
example, Forman et al. found a significant decrease in clinical pregnancies resulting
in a miscarriage when embryos were first screened by CCS (10.5%) compared to
untested embryos (24.8%), Sher et al. found a significant reduction from 12% to 4%
when incorporating CCS [67], and Keltz et al. found an 11% miscarriage rate in
CCS tested embryos compared to 26% in untested embryos [68].

Interestingly, there remains a subset of cases where miscarriage occurred despite
the transfer of a chromosomally normal embryo. While there are many possible
explanations for this observation, there may be additional genetic causes other than
whole chromosome uniform aneuploidy to consider. For example, mosaicism may
contribute to some extent. Mosaicism originates from mitotic nondisjunction errors
resulting in an embryo with cell lines with differing chromosomal makeup. Some
evidence suggests that embryos predicted to be mosaic from a trophectoderm biopsy
may possess reduced reproductive potential.

In addition, segmental aneuploidy may also represent a genetic factor that
reduces reproductive potential. Many CCS methods have demonstrated the ability
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to detect segmental aneuploidy associated with inheritance of unbalanced chromo-
somes from carriers of a balanced translocation. These same methods may be capa-
ble of detecting de novo segmental imbalances. Preliminary data suggests that the
majority of de novo segmental aneuploidies are of mitotic origin, making it impor-
tant to demonstrate the ability to detect mosaic range segmental imbalances in a
trophectoderm biopsy.

While these factors are among the most obvious targets for selection of compe-
tent embryos, there remains an enormous amount of uncharacterized molecular
biology. For example, the preimplantation stage of embryo development represents
the most dynamic period of time with respect to epigenetic modification of the
embryonic genome. Characterizing the methylome during preimplantation develop-
ment will undoubtedly improve our understanding of normal embryogenesis and
potentially lead to new biomarkers of reproductive potential.

Conclusion

The evidence is clear that genetics plays an essential role in the ability of a fertilized
embryo to progress to delivery of a healthy newborn. Decades worth of data study-
ing products of conception from clinical miscarriages proved that chromosomal
aneuploidy is the single largest factor contributing to the failure of established preg-
nancies to progress to delivery. Historical data also demonstrated that the aging
oocyte is the major cause of the age-related decline in fertility, in large part due to
the rapid increase in aneuploidy. The development of ART has provided valuable
insight, conclusively demonstrating that aneuploidy increases dramatically with
age. By using a safe biopsy technique, embryos can be selected for transfer that are
chromosomally normal, resulting in a higher chance of delivery and lower risk of
miscarriage and ongoing aneuploid gestation. Still, these testing platforms are not
perfect, and there are other causes of failed implantation beyond whole chromo-
some aneuploidy. In addition, there are no proven interventions to reduce the preva-
lence of age-related aneuploidy in oocytes and embryos. Future developments will
likely focus on improved methods of embryo selection to optimize the outcomes
with transfer of genetically normal, competent embryos.

References

1. Boue J, Bou A, Lazar P. Retrospective and prospective epidemiological studies of 1500 karyo-
typed spontaneous human abortions. Teratology. 1975;12(1):11-26.

2. Nussbaum RL, McInnes RR, Willard HE, Thompson MW, Hamosh A. Thompson & Thompson
genetics in medicine. 7th ed. Philadelphia: Saunders/Elsevier; 2007. p. xi, 585pp.

3. Shen J, Wu W, Gao C, Ochin H, Qu D, Xie J, et al. Chromosomal copy number analysis on
chorionic villus samples from early spontaneous miscarriages by high throughput genetic tech-
nology. Mol Cytogenet. 2016;9:7.



88

4.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

E.J. Forman et al.

Maslow BS, Budinetz T, Sueldo C, Anspach E, Engmann L, Benadiva C, et al. Single-
nucleotide polymorphism-microarray ploidy analysis of paraffin-embedded products of con-
ception in recurrent pregnancy loss evaluations. Obstet Gynecol. 2015;126(1):175-81.

. Sahoo T, Dzidic N, Strecker MN, Commander S, Travis MK, Doherty C, et al. Comprehensive

genetic analysis of pregnancy loss by chromosomal microarrays: outcomes, benefits, and chal-
lenges. Genet Med. 2017;19:83.

. Levy B, Sigurjonsson S, Pettersen B, Maisenbacher MK, Hall MP, Demko Z, et al. Genomic

imbalance in products of conception: single-nucleotide polymorphism chromosomal microar-
ray analysis. Obstet Gynecol. 2014;124(2 Pt 1):202-9.

. Neri G, Serra A, Campana M, Tedeschi B. Reproductive risks for translocation carriers:

cytogenetic study and analysis of pregnancy outcome in 58 families. Am J Med Genet.
1983;16(4):535-61.

. Campana M, Serra A, Neri G. Role of chromosome aberrations in recurrent abortion: a study

of 269 balanced translocations. Am J Med Genet. 1986;24(2):341-56.

. De Braekeleer M, Dao TN. Cytogenetic studies in couples experiencing repeated pregnancy

losses. Hum Reprod. 1990;5(5):519-28.

Jacobs PA, Browne C, Gregson N, Joyce C, White H. Estimates of the frequency of chromo-
some abnormalities detectable in unselected newborns using moderate levels of banding. J
Med Genet. 1992;29(2):103-8.

Maeda T, Ohno M, Matsunobu A, Yoshihara K, Yabe N. A cytogenetic survey of 14,835 con-
secutive liveborns. Jinrui Idengaku Zasshi. 1991;36(1):117-29.

Treft NR, Northrop LE, Kasabwala K, Su J, Levy B, Scott RT Jr. Single nucleotide polymor-
phism microarray-based concurrent screening of 24 chromosome aneuploidy and unbalanced
translocations in preimplantation human embryos. Fertil Steril. 2010;95(5):1606-12.e1-2.
Therman E, Susman B, Denniston C. The nonrandom participation of human acrocentric chro-
mosomes in Robertsonian translocations. Ann Hum Genet. 1989;53(Pt 1):49-65.

Fryns JP, Van Buggenhout G. Structural chromosome rearrangements in couples with recur-
rent fetal wastage. Eur J Obstet Gynecol Reprod Biol. 1998;81(2):171-6.

. Lazarin GA, Haque I, Evans EA, Goldberg JD. Smith-Lemli-Opitz syndrome carrier fre-

quency and estimates of in utero mortality rates. Prenat Diagn. 2017;37:350.

Loffler J, Trojovsky A, Casati B, Kroisel PM, Utermann G. Homozygosity for the W151X stop
mutation in the delta7-sterol reductase gene (DHCR?7) causing a lethal form of Smith-Lemli-
Opitz syndrome: retrospective molecular diagnosis. Am J Med Genet. 2000;95(2):174-7.
Schollen E, Kjaergaard S, Legius E, Schwartz M, Matthijs G. Lack of Hardy-Weinberg equi-
librium for the most prevalent PMM2 mutation in CDG-Ia (congenital disorders of glycosyl-
ation type la). Eur ] Hum Genet. 2000;8(5):367-71.

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et al. Analysis of
protein-coding genetic variation in 60,706 humans. Nature. 2016;536(7616):285-91.
Sazegari A, Kalantar SM, Pashaiefar H, Mohtaram S, Honarvar N, Feizollahi Z, et al. The
T657C polymorphism on the SYCP3 gene is associated with recurrent pregnancy loss. J Assist
Reprod Genet. 2014;31(10):1377-81.

Eagles N, Sebire NJ, Short D, Savage PM, Seckl MJ, Fisher RA. Risk of recurrent molar preg-
nancies following complete and partial hydatidiform moles. Hum Reprod. 2015;30(9):2055-63.
Shi X, Xie X, JiaY, Li S. Maternal genetic polymorphisms and unexplained recurrent miscar-
riage: a systematic review and meta-analysis. Clin Genet. 2017;91:265.

Woods DC, Tilly JL. Isolation, characterization and propagation of mitotically active germ
cells from adult mouse and human ovaries. Nat Protoc. 2013;8(5):966-88.

Block E. Quantitative morphological investigations of the follicular system in women; varia-
tions at different ages. Acta Anat. 1952;14(1-2):108-23.

Menken J, Trussell J, Larsen U. Age and infertility. Science. 1986;233(4771):1389-94.
Schwartz D, Mayaux MJ. Female fecundity as a function of age: results of artificial insemina-
tion in 2193 nulliparous women with azoospermic husbands. Federation CECOS. N Engl J
Med. 1982;306(7):404-6.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

The Genetics of Pregnancy Failure 89

Ripley M, Lanes A, Leveille MC, Shmorgun D. Does ovarian reserve predict egg quality in
unstimulated therapeutic donor insemination cycles? Fertil Steril. 2015;103(5):1170-5.e2.
Streuli I, de Mouzon J, Paccolat C, Chapron C, Petignat P, Irion OP, et al. AMH concentration
is not related to effective time to pregnancy in women who conceive naturally. Reprod Biomed
Online. 2014;28(2):216-24.

Schieve LA, Tatham L, Peterson HB, Toner J, Jeng G. Spontaneous abortion among pregnan-
cies conceived using assisted reproductive technology in the United States. Obstet Gynecol.
2003;101(5 Pt 1):959-67.

Causio F, Fischetto R, Sarcina E, Geusa S, Tartagni M. Chromosome analysis of spontaneous
abortions after in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI). Eur J
Obstet Gynecol Reprod Biol. 2002;105(1):44-8.

Kim JW, Lee WS, Yoon TK, Seok HH, Cho JH, Kim Y'S, et al. Chromosomal abnormalities in
spontaneous abortion after assisted reproductive treatment. BMC Med Genet. 2010;11:153.
Bingol B, Abike F, Gedikbasi A, Tapisiz OL, Gunenc Z. Comparison of chromosomal abnor-
mality rates in ICSI for non-male factor and spontaneous conception. J Assist Reprod Genet.
2012;29(1):25-30.

Nayak S, Pavone ME, Milad M, Kazer R. Aneuploidy rates in failed pregnancies following
assisted reproductive technology. J Women's Health. 2011;20(8):1239—43.

Werner M, Reh A, Grifo J, Perle MA. Characteristics of chromosomal abnormalities diag-
nosed after spontaneous abortions in an infertile population. J Assist Reprod Genet.
2012;29(8):817-20.

Lathi RB, Milki AA. Rate of aneuploidy in miscarriages following in vitro fertilization and
intracytoplasmic sperm injection. Fertil Steril. 2004;81(5):1270-2.

Nasseri A, Mukherjee T, Grifo JA, Noyes N, Krey L, Copperman AB. Elevated day 3 serum
follicle stimulating hormone and/or estradiol may predict fetal aneuploidy. Fertil Steril.
1999;71(4):715-8.

Navot D, Drews MR, Bergh PA, Guzman I, Karstaedt A, Scott RT Jr, et al. Age-related decline
in female fertility is not due to diminished capacity of the uterus to sustain embryo implanta-
tion. Fertil Steril. 1994;61(1):97-101.

Sagi-Dain L, Sagi S, Dirnfeld M. The effect of paternal age on oocyte donation outcomes.
Obstet Gynecol Surv. 2016;71(5):301-6.

Dubov T, Toledano-Alhadef H, Bokstein F, Constantini S, Ben-Shachar S. The effect of paren-
tal age on the presence of de novo mutations - lessons from neurofibromatosis type 1. Mol
Genet Genomic Med. 2016:4(4):480-6.

Munne S, Lee A, Rosenwaks Z, Grifo J, Cohen J. Diagnosis of major chromosome aneuploi-
dies in human preimplantation embryos. Hum Reprod. 1993;8(12):2185-91.

Northrop LE, Treff NR, Levy B, Scott RT Jr. SNP microarray-based 24 chromosome aneu-
ploidy screening demonstrates that cleavage-stage FISH poorly predicts aneuploidy in embryos
that develop to morphologically normal blastocysts. Mol Hum Reprod. 2010;16(8):590-600.
Mastenbroek S, Twisk M, van der Veen F, Repping S. Preimplantation genetic screening: a
systematic review and meta-analysis of RCTs. Hum Reprod Update. 2011;17(4):454—66.
Mastenbroek S, Twisk M, van Echten-Arends J, Sikkema-Raddatz B, Korevaar JC, Verhoeve
HR, et al. In vitro fertilization with preimplantation genetic screening. N Engl J Med.
2007;357(1):9-17.

Rubio C, Bellver J, Rodrigo L, Bosch E, Mercader A, Vidal C, et al. Preimplantation genetic
screening using fluorescence in situ hybridization in patients with repetitive implantation fail-
ure and advanced maternal age: two randomized trials. Fertil Steril. 2013;99(5):1400-7.
Scott RT Jr, Ferry K, Su J, Tao X, Scott K, Treff NR. Comprehensive chromosome screening
is highly predictive of the reproductive potential of human embryos: a prospective, blinded,
nonselection study. Fertil Steril. 2012;97(4):870-5.

Scott RT Jr, Upham KM, Forman EJ, Zhao T, Treff NR. Cleavage-stage biopsy significantly
impairs human embryonic implantation potential while blastocyst biopsy does not: a random-
ized and paired clinical trial. Fertil Steril. 2013;100(3):624-30.



90

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

E.J. Forman et al.

Kokkali G, Traeger-Synodinos J, Vrettou C, Stavrou D, Jones GM, Cram DS, et al. Blastocyst
biopsy versus cleavage stage biopsy and blastocyst transfer for preimplantation genetic diag-
nosis of beta-thalassaemia: a pilot study. Hum Reprod. 2007;22(5):1443-9.

Handyside AH, Montag M, Magli MC, Repping S, Harper J, Schmutzler A, et al. Multiple
meiotic errors caused by predivision of chromatids in women of advanced maternal age under-
going in vitro fertilisation. Eur J Hum Genet. 2012;20(7):742-7.

Salvaggio CN, Forman EJ, Garnsey HM, Treff NR, Scott RT Jr. Polar body based aneuploidy
screening is poorly predictive of embryo ploidy and reproductive potential. J Assist Reprod
Genet. 2014;31:1221.

Forman EJ, Treff NR, Stevens JM, Garnsey HM, Katz-Jaffe MG, Scott RT Jr, et al. Embryos
whose polar bodies contain isolated reciprocal chromosome aneuploidy are almost always
euploid. Hum Reprod. 2013;28(2):502-8.

Scott RT Jr, Treff NR, Stevens J, Forman EJ, Hong KH, Katz-Jaffe MG, et al. Delivery of a
chromosomally normal child from an oocyte with reciprocal aneuploid polar bodies. J Assist
Reprod Genet. 2012;29(6):533-7.

Scott KL, Hong KH, Scott RT Jr. Selecting the optimal time to perform biopsy for preimplan-
tation genetic testing. Fertil Steril. 2013;100(3):608-14.

Yang Z, Liu J, Collins GS, Salem SA, Liu X, Lyle SS, et al. Selection of single blastocysts for
fresh transfer via standard morphology assessment alone and with array CGH for good prog-
nosis IVF patients: results from a randomized pilot study. Mol Cytogenet. 2012;5(1):24.
Treft NR, Tao X, Ferry KM, Su J, Taylor D, Scott RT Jr. Development and validation of an
accurate quantitative real-time polymerase chain reaction-based assay for human blastocyst
comprehensive chromosomal aneuploidy screening. Fertil Steril. 2012;97(4):819-24.¢2.
Scott RT Jr, Upham KM, Forman EJ, Hong KH, Scott KL, Taylor D, et al. Blastocyst biopsy
with comprehensive chromosome screening and fresh embryo transfer significantly increases
in vitro fertilization implantation and delivery rates: a randomized controlled trial. Fertil Steril.
2013;100(3):697-703.

Forman EJ, Hong KH, Ferry KM, Tao X, Taylor D, Levy B, et al. In vitro fertilization with
single euploid blastocyst transfer: a randomized controlled trial. Fertil Steril. 2013;100(1):
100-7.el.

Forman EJ, Hong KH, Franasiak JM, Scott RT Jr. Obstetrical and neonatal outcomes from the
BEST trial: single embryo transfer with aneuploidy screening improves outcomes after in vitro
fertilization without compromising delivery rates. Am J Obstet Gynecol. 2014;210:157.el.
Dahdouh EM, Balayla J, Garcia-Velasco JA. Comprehensive chromosome screening improves
embryo selection: a meta-analysis. Fertil Steril. 2015;104(6):1503—-12.

Dahdouh EM, Balayla J, Garcia-Velasco JA. Impact of blastocyst biopsy and comprehensive
chromosome screening technology on preimplantation genetic screening: a systematic review
of randomized controlled trials. Reprod Biomed Online. 2015;30(3):281-9.

Harton GL, Munne S, Surrey M, Grifo J, Kaplan B, McCulloh DH, et al. Diminished effect of
maternal age on implantation after preimplantation genetic diagnosis with array comparative
genomic hybridization. Fertil Steril. 2013;100(6):1695-703.

Rabinowitz M, Ryan A, Gemelos G, Hill M, Baner J, Cinnioglu C, et al. Origins and rates of
aneuploidy in human blastomeres. Fertil Steril. 2012;97(2):395-401.

Ledger WL. Measurement of antimullerian hormone: not as straightforward as it seems. Fertil
Steril. 2014;101(2):339.

Franasiak JM, Forman EJ, Hong KH, Werner MD, Upham KM, Treff NR, et al. Aneuploidy
across individual chromosomes at the embryonic level in trophectoderm biopsies: changes
with patient age and chromosome structure. J Assist Reprod Genet. 2014;31(11):1501-9.
Werner MD, Leondires MP, Schoolcraft WB, Miller BT, Copperman AB, Robins ED, et al.
Clinically recognizable error rate after the transfer of comprehensive chromosomal screened
euploid embryos is low. Fertil Steril. 2014;102(6):1613-8.

Tiegs AW, Hodes-Wertz B, McCulloh DH, Munne S, Grifo JA. Discrepant diagnosis rate
of array comparative genomic hybridization in thawed euploid blastocysts. J Assist Reprod
Genet. 2016;33(7):893-7.



65.

66.

67.

68.

The Genetics of Pregnancy Failure 91

Kung A, Munne S, Bankowski B, Coates A, Wells D. Validation of next-generation sequenc-
ing for comprehensive chromosome screening of embryos. Reprod Biomed Online.
2015;31(6):760-9.

Maxwell SM, Colls P, Hodes-Wertz B, McCulloh DH, McCaffrey C, Wells D, et al. Why
do euploid embryos miscarry? A case-control study comparing the rate of aneuploidy within
presumed euploid embryos that resulted in miscarriage or live birth using next-generation
sequencing. Fertil Steril. 2016;106:1414.

Sher G, Keskintepe L, Keskintepe M, Maassarani G, Tortoriello D, Brody S. Genetic analysis
of human embryos by metaphase comparative genomic hybridization (mCGH) improves effi-
ciency of IVF by increasing embryo implantation rate and reducing multiple pregnancies and
spontaneous miscarriages. Fertil Steril. 2009;92(6):1886-94.

Keltz MD, Vega M, Sirota I, Lederman M, Moshier EL, Gonzales E, et al. Preimplantation
genetic screening (PGS) with comparative genomic hybridization (CGH) following day 3
single cell blastomere biopsy markedly improves IVF outcomes while lowering multiple preg-
nancies and miscarriages. J Assist Reprod Genet. 2013;30(10):1333-9.



	Chapter 5: The Genetics of Pregnancy Failure
	The Role of Genetics in Early Pregnancy Failure
	Cytogenetic Findings in POCs
	Chromosome Rearrangement History
	Single Gene Disorders and Recurrent Pregnancy Loss

	The Role of Genetics in Implantation
	Preimplantation Genetic Screening (PGS): First Generation, Limited by Suboptimal Biopsy and Testing Methodology
	Preimplantation Genetic Screening: Second Generation, Improved Biopsy, and Comprehensive Testing Platforms
	Conclusion
	References


