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Abstract

A variety of hypotheses have been proposed to explain the association between trisomy and
increasing maternal age in humans, virtually all of which assume that the underlying mechanisms
involve meiotic errors. However, recently Hultén and colleagues [Hulten et al., 2010b] proposed a
provocative model—the Oocyte Mosaicism Selection Model (OMSM)—that links age-dependent
trisomy 21 to pre-meiotic errors in the ovary. Specifically, they propose that nondisjunctional
events occur in a proportion of germ cells as they mitotically proliferate, resulting in mosaicism
for trisomy 21. Assuming that the presence of an additional chromosome 21 delays
meioticprogression, these cells would be ovulated later in reproductive life, resulting in an age-
dependent increase in aneuploid eggs. Because this model has important clinical implications, we
initiated studies to test it. We first analyzed oocytes from two trisomy 21 fetuses, combining
immunostaining with FISH to determine the likelihood of detecting the additional chromosome 21
at different stages of meiosis. The detection of trisomy was enhanced during the earliest stage of
prophase (leptotene), before homologs synapsed. Accordingly, in subsequent studies we examined
the chromosome content of leptotene oocytes in seven second trimester female fetuses, analyzing
three chromosomes commonly associated with human trisomies (i.e., 13, 16, and 21). In contrast
to the prediction of the OMSM, we found no evidence of trisomy mosaicism for any chromosome.
We conclude that errors in premeiotic germ cells are not a major contributor to human aneuploidy
and do not provide an explanation for the age-related increase in trisomic conceptions.
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INTRODUCTION

Aneuploidy (monosomy or trisomy) occurs with extraordinary frequency in humans,
affecting 10-30% of fertilized eggs and typically resulting in either very early pregnancy
loss, miscarriage, or live-born infants with developmental disabilities [Nagaoka et al., 2012].
Since the vast majority of aneuploidies derive from errors in oogenesis, considerable
attention has been directed at identifying maternal risk factors. Although a number of factors
have been suggested, the most convincingly demonstrated is increasing age of the mother
[Hassold and Hunt, 2001]. The maternal age effect is remarkable, with women in their 20s
having only a 2-3% chance of a clinically recognized trisomic pregnancy, while women in
their forties have a risk exceeding 30% [Hassold and Chiu, 1985]. Recent changes in
reproductive patterns have heightened the importance of this relationship. That is, in
developed countries the mean maternal age at delivery has increased remarkably over the
past 2-3 decades; indeed, in the United States the value in 2010 was 27.7 years, nearly 3
years higher than the 25.0 mean for 1980 [Martin et al., 2012]. This would be expected to
increase the incidence of aneuploidy among clinically recognized pregnancies, and the
increasing prevalence of trisomies 13, 18, and 21 in pregnancies in Europe suggests that this
is the case [Loane et al., 2013].

Although the relationship between age and aneuploidy is well documented, the underlying
basis of the effect remains obscure. Over the years, several different hypotheses have been
proposed, most of which can be placed into one of four broad categories based on the
developmental stage of oogenesis at which the precipitating event is postulated to occur.

The first category invokes events that occur in the fetal ovary when the oocyte enters
meiotic prophase. In humans, oocytes initiate meiosis at about 10-13 weeks gestation.
Homologous chromosomes pair, synapse, and undergo recombination and the cell then
enters a period of dictyate arrest that lasts from late in gestation until just prior to ovulation
in the adult ovary [Johnson, 2013]. Likely the most famous model invoking events at this
developmental stage is the production line model originally proposed by Henderson and
Edwards [1968]. In an analysis of female mice, they noted an increase in the frequency of
univalents in metaphase | oocytes from older females and suggested that age-related
decreases in recombination might be responsible for the elevated level of aneuploidy in
older females. However, since recombination occurs in the fetal ovary in mammals, they
were forced to propose a two-step model, that is, that the first oocytes to enter meiosis are
the first to be ovulated, and oocytes that enter meiosis later form fewer chiasmata
[Henderson and Edwards, 1968]. Consequently, oocytes ovulated at the end of the
reproductive lifespan would have the fewest chiasmata and be most susceptible to
nondisjunction. Subsequent evidence has supported the first tenet of this hypothesis, that is,
that the first oocytes to initiate meiosis are ovulated first [Polani and Crolla, 1991].
However, genetic linkage data from studies of humans provide no evidence of an age-related
decrease in recombination levels [Kong et al., 2004; Coop et al., 2008; Hussin et al., 2011];
thus the relevance of the production line model to age-related human aneuploidy is unclear.

A second category of hypotheses has focused on the long dictyate arrest that lasts from late
in gestation until just prior to ovulation. Some researchers have suggested that, because the
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maternal age curve mimics that of an infectious process, a pathogenic agent may be involved
in the genesis of abnormal oocytes [Hook, 1989]. Others have suggested that the long period
of meiotic arrest allows for the accumulation of DNA damage, which has been shown to
cause aneuploidy in model organisms [Wang and Hoog, 2006]. However, perhaps the most
widely supported of these “meiotic arrest” models proposes that the crucial event is
degradation of cohesin proteins [Hodges et al., 2005; Liu and Keefe, 2008; VVogt et al., 2008;
Chiang et al., 2010; Lister et al., 2010; Tachibana-Konwalski et al., 2010; Jessberger, 2012].
In meiosis, the cohesin complex has dual functions: ensuring cohesion between sister
chromatids, and maintaining inter-homolog associations distal to the sites of crossovers.
Both activities are crucial in orchestrating the segregation of homologs at the first meiotic
division. It is thought that there is little or no turnover of the proteins of the cohesin
complex, and age-related degradation of cohesion established during fetal development has
been postulated to lead to the premature separation of homologs and/or sister chromatids,
resulting in aneuploidy [Chiang et al., 2010; Lister et al., 2010; Tachibana-Konwalski et al.,
2010; Jessberger, 2012].

A third group of hypotheses invoke events that occur at or around the time of the meiotic
cell divisions. For example, age related abnormalities may involve internal factors such as
hormonal variation, including changes in the levels of FSH [Roberts et al., 2005] or LH
[Crowley et al., 1979] or the ability of the oocyte to respond to those signals [Hodges et al.,
2005], or age-related changes in the microcirculation of the ovary that disrupt formation of
the meiotic spindle [Gaulden, 1992]. Other hypotheses relate to the ability of the oocyte to
monitor errors. Cell cycle checkpoint proteins such as MAD2 and BUB1 delay the cell cycle
until bipolar attachment of homologs is complete, and if protein levels decrease with age,
normal functioning of the spindle assembly checkpoint may be impaired [Steuerwald et al.,
2001]. Recent studies have shown that cell cycle control mechanisms differ between
mammalian oocytes and spermatocytes, operating in a less stringent manner in the former
[Nagaoka et al., 2011]. Thus, it may be that errors occur at a similar frequency in male and
female gametes but that the inability to sense and eliminate them in eggs results in a higher
frequency of maternally-derived aneuploidies.

Finally, a fourth category of hypotheses suggest that aneuploidy may be attributable to a
combination of “hits” that occur at different stages in meiosis. For example, Sherman and
colleagues have suggested that abnormalities in meiotic recombination in the fetal stages of
oogenesis render oocytes susceptible to nondisjunction, and that a second “hit” that occurs
in the aging ovary increases the likelihood that such oocytes will, indeed, nondisjoin
[Hassold and Sherman, 2000]. Consistent with this idea, the incidence of cases of trisomy 21
attributable to achiasmate chromosomes 21 appears to increase with maternal age [Lamb et
al., 2005; Oliver et al., 2008].

While the above models differ in the way that they explain the maternal age effect, they are
united by a common assumption, namely, that the age effect is attributable to events
occurring during meiosis. Recently, however, Hultén and colleagues proposed a new type of
model—the Oocyte Mosaicism Selection Model (OMSM)—that casts doubt on the
assumption that the age effect is meiotic in origin [Hulten et al., 2008]. In a study of surface
spread human fetal oocytes from eight female fetuses, they performed FISH for two
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subtelomeric loci on chromosome 21. They found that roughly 1 in 200 cells contained three
chromosome 21 FISH signals, suggesting that pre-meiotic mitotic nondisjunction generates
a surprisingly high proportion of primary oocytes that carry an extra chromosome 21. If
these trisomic oocytes are equally as likely to be ovulated as chromosomally normal
oocytes, these observations suggest that the vast majority of cases of trisomy 21 derive from
mitotic, not meiotic, errors. Further, if as suggested by Hultén and colleagues, the
progression of trisomic oocytes through meiotic prophase is delayed, resulting in their
ovulation later in reproductive life [Hulten et al., 2008], one does not have to invoke meiotic
defects in the genesis of the maternal age effect.

The implications of the OMSM are wide-ranging. Importantly, it suggests that further
analyses of meiosis and meiotic abnormalities are unlikely to provide important insights on
the etiology of maternally-derived human aneuploidy. Further, it implies that therapeutic
strategies to prevent the occurrence of trisomy are doomed to failure, since intervention
would have to occur in the first trimester of pregnancy. Thus, if confirmed, the OMSM
fundamentally changes our understanding of the origin of human aneuploidy, and re-directs
our research efforts.

Unfortunately, only one subsequent study has attempted to repeat the study. In an analysis of
eight samples and 51,146 cells, Morris and colleagues were unable to replicate the original
observations [Morris et al., 2012]. However, neither the original study nor the study of
Morris and colleagues analyzed different stages of meiotic prophase, and Hulten et al.

[2008] did not analyze chromosomes other than 21. Thus, we decided to re-examine the
OMSM, analyzing levels of clinically relevant trisomies 13, 16, and 21 in oocytes at the
earliest stages of prophase. We found no evidence of trisomy mosaicism for any of the three
chromosomes, suggesting that factors other than pre-meiotic nondisjunction are responsible
for the age-related increase in human trisomies.

MATERIALS AND METHODS

Study Population

Material for this study consisted of prophase stage oocytes from ovarian samples of nine
second trimester female fetuses, two with trisomy 21, and the other seven presumed to be
chromosomally normal. Ovaries were collected either at the University of Washington
Medical Center in Seattle, Washington or the San Francisco General Hospital's Women's
Options Center in San Francisco, California from therapeutic, or elective terminations of
pregnancies. Immediately following the surgical procedures, whole ovarian tissue samples
were shipped by overnight delivery to Washington State University (WSU) for processing.
All procedures were approved by the University of California, San Francisco's Human
Research Protection Program or the University of Washington Institutional Review Board,
and by the WSU Institutional Review Board, and informed consent was obtained from all
study participants.
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Upon receipt at WSU, ovaries were processed using a standard surface spreading technique
[Peters et al., 1997]. Briefly, ovaries were cleaned of excess tissue, placed in a watch glass,
covered in hypo-extraction buffer (600 mM TRIS, 500 mM sucrose, 500 mM EDTA, 500
mM DTT, 170 mM sodium citrate, and 100 mM PMSF), incubated at room temperature for
about 45 min, suspended in 100 mM sucrose and macerated with 26 gauge needles.
Following maceration, 10 pl aliquots of cell suspension were spread on slides coated with
2% PFA and placed in a humid chamber overnight. The following morning, slides were air
dried, washed in a 0.04% Photoflo solution for 2 min, and stored at 4°C prior to staining.

Immunofluorescence (IF) and Fluorescence In Situ Hybridization (FISH)

Slides were immunostained using similar methodology to that published previously [Cheng
et al., 2009]. Slides were pre-incubated for 60 min in 1X antibody dilution buffer (ADB)
composed of 10 ml normal donkey serum (Jackson ImmunoResearch), 3 g BSA (Sigma-—
Aldrich), 50 pl Triton X-100 (Alfa Aesar),and 990 ml PBS. Sixty microliter of 1X ADB
containing Kinetochore-associated CREST antisera (1:500 dilution, Fisher, rabbit anti-
human) was applied and the slides were incubated overnight at 37°C. Sixty microliter of 1X
ADB containing an antibody against the synaptonemal complex protein SYCP3 (1:150
dilution; Novus, rabbit anti-human) was then added to the slides and incubated for 2 hr at
37°C. Slides were then washed twice in 1X ADB for 20 min, 60 ul of ADB containing
ADAH (1:100 dilution, Jackson ImmunoResearch) was added, and slides were incubated
overnight at 37°C. The following morning 60 pl of 1x ADB containing RDAR (1:100
dilution, Jackson ImmunoResearch) was added and slides incubated for 45 min at 37°C.
Slides were washed twice in 1X PBS for 30 min, twice more in 1X PBS for 1 min, and
coverslipped with 40 pl Prolong Gold Antifade Reagent (Invitrogen) and stored at 4°C.
Images were captured on a Zeiss fluorescence microscope and coordinates recorded or slides
were scanned using the ASI Scanview Case Data Manager.

After initial examination of IF images, we used chromosomespecific FISH to identify
individual chromosomes. For the two fetuses with trisomy 21, we used a Vysis LS1 21
probe. For the other seven fetuses, we used Cytocell Aquarius Satellite Enumeration point
probes for chromosome 16 (Green) and a probe detecting both chromosomes 13 and 21 (Red
Dual Probe). Previously immunostained slides were dehydrated in an ethanol series (75%,
90%, and 100%) at room temperature. Slides and probe mixtures (6 pl each probe and 8 pl
hybridization solution) were both pre-warmed at 37°C for 5 min and the probe was applied
to the slide and coverslipped. Preparations were denatured at 75°C for 5 min and incubated
overnight at 37°C in a humid chamber. The following morning, slides were washed in 0.4X
SSC at 72°C for 30 sec, washed in 2X SSC/0.5% Tween-20 at room temperature for 2 min,
and then coverslipped with 40 pl prolong Gold Antifade Reagent with DAPI (Invitrogen)
and stored at 4°C until analysis. Slides were evaluated in the same manner as after IF, on
either the Zeiss fluorescence microscope or scanned using the ASI Scanview Case Data
Manager software. Cells from IF were located, captured for FISH signals, and scored.
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Cells were analyzed for the number of FISH signals displayed. To be classified as a signal, a
focus had to be punctuate, round to elliptical in shape, and regular in appearance. For the
two trisomy 21 fetuses, we simply counted the number of chromosome 21 FISH signals. For
the other seven, presumably euploid, fetuses, cells that contained an abnormal number of
FISH signals were overlaid with their corresponding IF images to determine whether the
FISH signals co-localized with centromeres (detected by CREST). FISH signals that
localized to the centromere-specific CREST signal were classified as bona fide, while those
that did not localize to a CREST signal were classified as false positive signals.

RESULTS AND DISCUSSION

Rationale for the Analytic Approach

Conceptually, the use of FISH to detect trisomy in mitotic cells is a simple exercise. A
chromosome-specific probe localizes to each copy of the target chromosome, thereby
enabling detection of the number of chromosomes per nucleus. The reliability of the
approach depends on a number of factors, including the quality of the cytological
preparation, the type of cell being analyzed, and the hybridization efficiency; nevertheless
under optimal conditions the analysis is straightforward. However, the same does not apply
to meiotic cells. Because prophase involves the pairing of homologous chromosomes and,
ultimately, their intimate association, the number of expected signals for a chromosome pair
depends on the developmental stage of the oocyte being examined. For example, in the first
stage of prophase (leptotene) homologs are largely unpaired; thus in a normal meiocyte two
FISH signals per cell should be evident, while the presence of three chromosome-specific
signals would indicate a trisomic cell (Fig. 1A,D). However, as cells progress to zygotene,
the homologous chromosomes begin to synapse and, depending on whether the probe
hybridizes to a synapsed or unsynapsed region, a normal cell could have one or two signals,
and a trisomic cell could have one, two, or three signals. (Fig. 1B,E). Finally, because the
subsequent pachytene stage is characterized by complete synapsis of homologs, both normal
and trisomic cells should exhibit a single large FISH signal, although synaptic defects
associated with trisomy may lead to the presence of two or three signals (Fig. 1C,F).

A Pilot Study: FISH Studies of Oocytes in Trisomy 21 Fetuses

The basic meiotic principles detailed above complicate assessments of the level of trisomy
in prophase stage oocytes. Importantly, the inclusion of cells at zygotene and pachytene
should generate underestimates of the real values of aneuploidy. Thus, in contrast to the
original analyses of Hulten et al. [2008]—in which no attempt was made to discriminate by
stage of prophase—we reasoned that careful staging of oocytes and a focus on the analysis
of leptotene stage cells would generate the most accurate determinations of trisomy
mosaicism. To test this, we conducted a pilot study of prophase stage oocytes in trisomy 21
fetuses, since this situation provides the maximal likelihood of identifying three FISH
signals. We examined 37 prophase cells from two fetal ovarian samples, using an antibody
to SYCP3 to identify the synaptonemal complex and a distal chromosome 21 FISH probe to
determine the number of chromosomes 21 per cell (Fig. 2). We visualized three
chromosome 21 signals in both of two leptotene cells examined, but rarely identified three
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signals in either zygotene or pachytene cells (Fig. 2; Table I). These observations fit our
expectations vis a vis the likelihood of detecting three chromosome 21 signals in trisomic
cells and are consistent with previous cytological studies of meiocytes from trisomy 21 cases
(Table I). Indeed, taken together, the results from four recent studies of trisomy 21 female
fetuses (including the present report) indicate that the majority of leptotene stage cells but
only 29-39% of zygotene and 0-7% of pachytene cells exhibit three chromosome 21 signals
[Cheng et al., 1998; Barlow et al., 2002; Robles et al., 2007].

The implication of these observations is straightforward: accurate estimates of the frequency
of trisomic oocytes cannot be obtained by pooling data from cells at different stages of
prophase. The concern about accuracy would be minimized if leptotene cells were the
predominant cell type identified in fetal oocytes. However, this is not the case, as previous
analyses of late first and second trimester female fetuses indicate that, at least among
conceptuses of 15 weeks gestation or more, the majority of oocytes have completed
leptotene [Roig et al., 2005; Cheng et al., 2009] and progressed to zygotene, pachytene or
beyond.

Analysis of Trisomy Mosaicism in Euploid Fetuses

We concluded that an accurate assessment of trisomy mosaicism would require analysis of
cells at leptotene, as this is the only stage at which a trisomic oocyte would reliably display
three signals. Accordingly, we initiated studies of trisomy mosaicism in leptotene stage cells
of seven female fetuses, with gestational ages ranging from 16 to 23 weeks. We did not
karyotype the samples. However, given the low rate of chromosome abnormality in elective
pregnancy terminations [e.g., Burgoyne et al., 1991], it seems reasonable to assume that all
were karyotypically normal.

For each sample we first immunostained the preparations, using SYCP3 to detect
synaptonemal complexes, and CREST to identify centromeric regions. Subsequently, the
slides were denatured and a FISH probe recognizing the pericentromeric region of chromo-
some 16 and one detecting the pericentromeric regions of chromosomes 13 and 21 were
applied. In total, we examined 1,405 leptotene stage oocytes from the seven samples; of
these 1,034 were informative for the chromosome 16 probe and 1,206 for the probe
detecting both chromosomes 13 and 21 (Table I1). For chromosome 16, approximately two-
thirds of the cells (686/1,034 = 66.3%) contained two signals, with almost all of the
remainder (339/1,034 = 32.8%) exhibiting a single signal. An additional nine cells (9/1,034
= 0.9%) had three signals, consistent with trisomy 16. However, when we merged the
immunostained and FISH images, it was clear that, in each of these nine cells, one of the
three FISH signals did not co-localize with a CREST signal (Fig. 3). Thus, these are clearly
non-specific signals, and when removed from the data set, the results provide no evidence
for any trisomy 16 cells.

Similar results were observed for chromosomes 13 and 21, for which the presence of four
signals would be consistent with euploidy for these chromosomes, five signals with trisomy
for one of the two chromosomes and six signals with trisomy for both chromosomes. In the
majority of cells (758/1,206 = 62.9%) we identified four signals, but in five cells a fifth
signal was observed. However, as with chromosome 16, in each of these cells one of the
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three signals did not co-localize with a CREST signal, indicating a false positive result.
Thus, taken together, our analyses provide no evidence for trisomy mosaicism for either
chromosomes 13, 16, or 21 in fetal ovarian preparations.

Putting it Into Perspective: Is Germ Cell Mosaicism an Important Source of Human
Aneuploidy?

There is a wealth of data linking mosaicism for trisomy 21 to the etiology of Down
syndrome. For example, a number of case studies of recurrent Down syndrome have
identified mosaicism for trisomy 21 in gonadal, skin or blood samples of one of the parents
[Harris et al., 1982; Uchida and Freeman, 1985; Sachs et al., 1990; Pangalos et al., 1992;
Tseng et al., 1994; Bruyere et al., 2000; Frias et al., 2002]. Further, in studies of 374
singleton Down syndrome patients, Uchida and Freeman identified parental mosaicism in
nearly 3% of the families [Uchida and Freeman, 1985], and in a review of 221 cases, Harris
et al. [1982] reported parental mosaicism in 1.6% of the families. Thus, the importance of
parental mosaicism to a small, but non-trivial, proportion of cases of Down syndrome is well
established.

However, the OMSM model proposed by Hultén and colleagues suggests a much more
important role for mosaicism in the genesis of human aneuploidy [Hulten et al., 2008].
Specifically, it suggests that trisomy mosaicism is a major source of trisomy 21 and the
cause of the maternal age effect on trisomy 21, as well as a likely contributor to other human
trisomies [Hulten et al., 2010a,b]. Several aspects of the OMSM are appealing. First, it
provides a unifying model for the genesis of trisomy 21, and unlike many recent reports,
requires only a single “hit” (i.e., pre-meiotic mitotic nondisjunction) to explain the origin of
aneuploidy. Second, by assuming that trisomic oocytes are developmentally delayed and
consequently among the last to be ovulated, the model provides a mechanism for generating
a maternal age-dependent increase in the incidence of disomic oocytes. Finally, by invoking
different segregation modes for the various meiotic configurations that three chromosomes
can adopt in prophase, the OMSM is able to account for the well-known—if complicated—
association between meiotic recombination errors and trisomy 21 [Oliver et al., 2008].

However, the OMSM also has at least two important shortcomings. First, Hultén and
colleagues suggest that it provides a straightforward alternative to more complex models of
maternal age-dependent trisomy that invoke a variety of biological and environmental
factors [Hulten et al., 2010b]. Unfortunately, as appealing as it would be to have only one
major contributor to age-related aneuploidy, mounting evidence indicates that the origin of
the age effect is, indeed, complicated [Nagaoka et al., 2012]. Studies of model organisms
have reported a number of routes to age-related aneuploidy, including abnormalities in
formation of the synaptonemal complex [Yuan et al., 2002; Wang and Hoog, 2006], in
maintenance of the sister chromatid cohesion complex [Chiang et al., 2010; Lister et al.,
2010; Jessherger, 2012] and in the function of cell cycle checkpoint controls [Vogt et al.,
2008; Nagaoka et al., 2011]. Further, analyses of humans also provide evidence of multiple,
chromosome-specific mechanisms of nondisjunction and, presumably, of maternal age-
related trisomy. For example, it is now clear that the parent and meiotic stage of origin
varies depending on the chromosome involved [Hassold et al., 1991; Bugge et al., 1998,

AmJ Med Genet A. Author manuscript; available in PMC 2014 May 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rowsey et al.

Page 9

2007; Hassold and Hunt, 2001; Hall et al., 2007a,b], that there are different maternal age
curves for trisomies involving different chromosomes [Hassold and Chiu, 1985] (and even
for different meiotic origins involving the same chromosome [Yoon et al., 1996]), and that
the effects of abnormal meiotic recombination depend on maternal age and on the
chromosome involved [Lamb et al., 2005; Sherman et al., 2006]. Further, recent direct
analyses of prophase stage fetal oocytes provide compelling evidence that abnormalities in
pairing or recombination—and not the presence of three chromosomes—are common in the
human female, and that they vary depending on the specific chromosome [Cheng et al.,
2009]. Thus, there is now ample evidence that no one mechanism is likely to explain all, or
even a substantial proportion of, cases of human aneuploidy.

Second, and more important, the OMSM has yet to be replicated and, indeed, the available
data contradict the basic tenet of the model; that is, the occurrence of trisomy 21 mosaicism
in fetal oocytes. For example, the results of the present study provide no evidence for the
presence of trisomic oocytes for any of the three chromosomes we analyzed. For
chromosome 21 our results are highly significantly different from the 0.66% level of trisomy
21 mosaicism reported by Hulten et al. [2008] for prophase cells (X2 =7.95; P<0.01) as
well as for the 0.54% value identified for all ovarian cells (X2 =6.51; P =0.01). Further, this
almost certainly underestimates the real difference between the observations of Hulten et al.
[2008] and ours, since their analysis included cells (i.e., zygotene and pachytene) with a low
likelihood of trisomy detection.

Similarly, other analyses have failed to identify appreciable levels of trisomy 21 mosaicism.
For example, Cheng and colleagues analyzed 3008 prophase stage cells (1,195 at leptotene,
511 at zygotene, and 1,302 at pachytene) from eight euploid fetuses and were unable to
identify a single cell with three chromosome 21 signals [Cheng et al., 1998]. More recently,
Robles and colleagues examined seven euploid fetuses and identified trisomy 21 in 1/425
(0.2%) leptotene cells but in none of 985 zygotene or pachytene cells [Robles et al., 2007].
Finally, in the only study conducted after that of Hultén and colleagues [Hulten et al., 2008],
Morris and colleagues analyzed both fetal ovarian and skin samples, and observed extremely
low levels of trisomy 21 mosaicism in each of the two tissue types (2/8,365 = 0.02% in
ovarian cells and 5/8,245 = 0.06% in skin cells) [Morris et al., 2012]. Thus, taken together,
the results of four different analyses suggest that—for reasons that are unclear—the original
report of Hulten et al. [2008] markedly overestimated the incidence of trisomy 21 in fetal
oocytes.

In summary, we and others have failed to replicate the observations of Hulten et al. [2008];
accordingly, we conclude that premeiotic mitotic nondisjunction is unlikely to cause the
maternal age effect and probably only contributes to a small subset of human aneuploidies.
This interpretation is consistent with the growing body of data from studies of aneuploidy in
model organisms and direct analyses of meiosis in human oocytes, which indicate the
existence of multiple sources of human aneuploidy, and multiple causes of the maternal age
effect. Thus, we suggest that future investigations of aneuploidy focus on events occurring
in meiosis, and not those that occur in germ cells before they enter the meiotic pathway.
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FIG. 1.
The expected number of FISH signals per chromosome is dependent on the stage of meiotic prophase. In euploid oocytes (A-C),

homologs may be completely separated at leptotene, allowing for detection of both chromosomes. At zygotene, homologs begin
to synapse, so that either one or two FISH signals may be apparent. At pachytene, homologs are completely synapsed; thus,
typically one signal should be evident. In trisomic oocytes (D—F), three signals should be readily apparent at leptotene but,
depending on the extent of synapsis at zygotene and pachytene, one, two, or three FISH signals may be observed.
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FIG. 2.
Prophase stage oocytes from trisomy 21 fetuses seldom exhibit three chromosome 21 signals. Representative immunostaining

(A) and FISH (B) images of a late zygotene oocyte from a trisomy 21 fetus. Due to partial synapsis between the three homologs,
only two chromosome 21 signals are evident.
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FIG. 3.
Putative trisomic cells may contain an artifactual FISH signal. We identified 14 leptotene cells with an additional FISH signal,

but in each instance one of the three signals failed to co-localize with a CREST signal, indicating a false positive result. Shown
here are FISH (A) and immunostained (B) images of the same cell, in which we identified three chromosome 16 FISH signals
but on immunostaining, CREST signals overlapped the FISH signals in only two of the three instances (i.e., the green arrows
indicate where FISH signals overlap CREST signals, while the white arrow indicates where an artifactual FISH signal is
present).
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Detection of Chromosome 21 Signals by Stage of Prophase in Fetuses With Trisomy 21

TABLE |

Stage

Present Study Leptotene
Zygotene
Pachytene
Cheng et al. [1998] Leptotene
Zygotene
Pachytene

Robles etal. [2007] 2 Leptotene
Zygotene
Pachytene

Barlow etal. [2002] &  Pachytene

No. of cells

2

21

14
3,069
662
2,067

No. of signals
1 2 3
0 (0%) 0 (0%) 2 (100%)
14 (67%) 6 (29%) 1 (5%)
8 (57%) 5 (36%) 1 (7%)
430 (14%) 966 (31%) 1,673 (55%)
316 (48%) 257 (39%) 89 (13%)
1,351 (65%) 616 (30%) 100 (5%)
0 (0%) 0 (0%) 3 (100%)
11 (41%) 9 (33%) 7 (26%)
55 (65%) 28 (33%) 1(1%)
37 (42%) 51 (58%) 0 (0%)

Page 16

a_ . . . . ] . . . . . .
Original scoring was based on pairing configurations and has been converted assuming that cells with 3 univalents = 3 signals; cells with bivalent
+ univalent = 2 signals; and cells with trivalent/partial trivalent = 1 signal.
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TABLE Il

Number of FISH Signals per Chromosome in Leptotene Oocytes from Seven Female Fetuses

No. of signals

b
No. of false posit
Chromosome® No.Cells 1 2 3 4 5 OO @SCPoSives

16 1,034 339 686 0 0 0 9
13/21 1,206 1 222 220 758 0 5

a . - R
For chromosome 16, the presence of three signals would indicate a trisomic cell. The probe used for chromosomes 13 and 21 detects both
chromosomes; thus the presence of five signals would indicate a trisomy for either chromosome 13 or 21.

bCells in which the additional FISH signal failed to co-localize with a CREST signal.
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