bioRxiv preprint doi: https://doi.org/10.1101/182303; this version posted August 29, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

1 Tripolar mitosis drives the association between maternal genotypes of PLK4
2 and aneuploidy in human preimplantation embryos
3 Rajiv C. McCoy''™*, Louise J. Newnham?!, Christian S. Ottolini’, Eva R.
4  Hoffmann®*, Katerina Chatzimeletiou®, Omar E. Cornejo®, Qiansheng Zhan’, Nikica
5 Zaninovic’, Zev Rosenwaks’, Dmitri A. Petrov®, Zachary P. Demko® Styrmir
6  Sigurjonsson®, Alan H. Handyside®'%**
7
8  'Department of Genome Sciences, University of Washington, Seattle, WA 98195, USA
9  °Genome Damage and Stability Centre, University of Sussex, Brighton BN1 9RQ, UK
10 3School of Biosciences, University of Kent, Canterbury CT2 7NJ, UK
11  “DNRF Center for Chromosome Stability, Department of Cellular and Molecular Medicine, University
12 of Copenhagen, 2200 Copenhagen N, Denmark
13 °Section of Reproductive Medicine, First Department of Obstetrics & Gynaecology, Aristotle University
14 Medical School, Papageorgiou General Hospital, Thessaloniki 56403, Greece
15  °School of Biological Sciences, Washington State University, Pullman, WA 99164, USA
16  'Ronald O. Perelman and Claudia Cohen Center for Reproductive Medicine, Weill Cornell Medicine,
17  New York, NY 10065, USA
18  °Department of Biology, Stanford University, Stanford, CA 94305, USA
19  °Natera, Inc., San Carlos, CA 94070, USA
20 10IIIumina, Capital Park CPC4, Fulbourn, Cambridge CB21 5XE, UK
21 "These authors contributed equally to this work
22 * To whom correspondence should be addressed at: Department of Genome Sciences, University of
23 Washington, 3720 15th Ave NE, Box 355065, Seattle, WA 98195, USA. Tel: 206 2217377; Fax: 206
24 6857301; Email: rcmccoy@uw.edu
25  ** Co-corresponding author; Email: ahandyside @illumina.com
26

27  Abstract

28  Aneuploidy is prevalent in human preimplantation embryos and is the leading cause
29 of pregnancy loss. Many aneuploidies arise during oogenesis, increasing in
30 frequency with maternal age. Superimposed on these meiotic aneuploidies are a
31 range of errors occurring during early mitotic divisions of the embryo, contributing to
32 widespread chromosomal mosaicism. Here we reanalyzed a published dataset
33 comprising preimplantation genetic testing for aneuploidy in 24,653 blastomere
34  biopsies from day-3 cleavage-stage embryos, as well as 17,051 trophectoderm
35 biopsies from day-5 blastocysts. We focused on complex abnormalities that affected
36 multiple chromosomes simultaneously, seeking to quantify their incidences and gain
37 insight into their mechanisms of formation. In addition to well-described patterns
38  such as triploidy and haploidy, we identified 4.7% of day-3 blastomeres possessing

39 karyotypes suggestive of tripolar mitosis in normally-fertilized diploid zygotes or
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40 descendant diploid cells. We further supported this hypothesis using time-lapse data
41  from an intersecting set of 77 cleavage-stage embryos. The diploid tripolar signature
42 was rare among day-5 blastocyst biopsies (0.5%), suggesting that complex
43  aneuploidy generated by tripolar mitosis impairs cellular and/or early embryonic
44  survival. Strikingly, we found that the tripolar mitosis mechanism is responsible for
45 the previously described association with common maternal genetic variants
46  spanning PLK4. Our findings are consistent with the role of PLK4 as the master
47  regulator of centriole duplication with a known capacity to induce tripolar mitosis
48  when mutated or mis-expressed. Taken together, we propose that tripolar mitosis is
49  a key mechanism generating karyotype-wide aneuploidy in cleavage-stage embryos
50 and implicate PLK4-mediated centrosome abnormality as a factor influencing its

51  occurrence.
52
53 Introduction

54  Aneuploidy is common in human preimplantation embryos and increases in
55 frequency with maternal age (1). While many aneuploidies originate in meiosis—
56 primarily in females (oogenesis) rather than males (spermatogenesis) (2,3)—a
57  substantial proportion arise after fertilization (postzygotic) due to errant chromosome
58  segregation during early cleavage divisions (4). These mitotic errors produce mosaic
59 embryos with two or more cell lineages possessing distinct chromosomal
60 complements. Because aneuploidy is associated with negative pregnancy outcomes,
61 many patients undergoing in vitro fertilization (IVF) treatment for infertility have their
62 embryos tested by copy number analysis of all 24 chromosomes. Testing is applied
63  to single or small numbers of biopsied cells with the aim of transferring only embryos
64 that are euploid—an approach previously known as preimplantation genetic
65 screening (PGS) or preimplantation genetic diagnosis for aneuploidy (PGD-A) but
66 now termed preimplantation genetic testing for aneuploidy (PGT-A) (5,6).

67

68 Despite substantial improvements in detecting aneuploidy at the single cell level,
69  distinguishing aneuploidies of meiotic and mitotic origin remains challenging because
70  the chromosomal signatures can be similar. In some cases, discrimination may be

71 achieved by incorporating parental genotype information to determine the parental
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72 origin of each embryonic chromosome. Specifically, observation of both maternal (or,
73 rarely, paternal) haplotypes transmitted in a homologous region of an embryonic
74 chromosome—a signature we term ‘both parental homologs’ or ‘BPH—provides
75 strong evidence of the meiotic origin of a trisomy (Fig. 1A). Meanwhile, because
76  aneuploidy is rare in sperm (1-4%) (7) and paternal BPH affects only 1% of
77  preimplantation embryos (8), aneuploidies involving gain or loss of paternal
78 homologs are predominantly mitotic errors. To date, several methods have been
79 developed to infer the transmission of individual parental homologs based on single
80 nucleotide polymorphism (SNP) microarray data, facilitating classification of meiotic
81 and mitotic aneuploidies. These include Parental Support (9,10) and karyomapping
82 (11,12), which have recently been validated for linkage-based preimplantation

83 genetic diagnosis (PGD) of single gene disorders (13,14).
84

85 These technical improvements in PGT-A methodologies have provided substantial
86 insights into the mechanisms of aneuploidy formation. An adapted form of
87  karyomapping, for example, recently revealed a novel mechanism of meiotic error
88 termed ‘reverse segregation’, whereby sister chromatids separate at meiosis I,
89 followed by (occasionally errant) segregation of non-sister chromatids at meiosis |l
90 (12). This adds to premature separation of sister chromatids (PSSC) and meiotic
91 non-disjunction as the predominant known mechanisms of meiotic error (12,15).
92  Mitotic aneuploidies, meanwhile, have traditionally been attributed to mitotic non-
93 disjunction, whereby chromatids fail to separate, as well as anaphase lag, whereby

94  chromatids are lost after delayed migration toward the spindle poles (16).
95

96 A distinct class of severe mitotic aneuploidy, the origins of which have remained
97 poorly understood, was previously referred to as ‘chaotic mosaicism’ due to its
98 seemingly random chromosomal constitution (17). Though prevalent at the cleavage
99 stage, chaotic mosaic embryos rarely achieve blastocyst formation (18). One
100 hypothesized source of chaotic aneuploidy is the formation of multipolar mitotic
101  spindles, which may cause the cell to cleave into three or more daughter cells. This
102  phenomenon was recently confirmed by time-lapse analysis and karyomapping of 32

103  embryos, including cells biopsied from 25 arrested cleavage-stage embryos as well
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104  as cells extruded from seven additional developing embryos at the time of blastocyst
105 formation (19). Strikingly, 90% of these cells exhibited evidence of chromosome loss
106  (19), indicating that multipolar mitosis may constitute the primary mechanism
107 inhibiting in vitro preimplantation development. Recognized since the foundational
108 work of Boveri in the late 19" century (20), multipolar spindles are in turn thought to
109 form due to abnormalities of the centrosome. As the microtubule-organizing center
110 (MTOC) that coordinates chromosome segregation, the centrosome requires tight
111 regulation of its replication to ensure mitotic fidelity. Supernumerary (>2)
112  centrosomes can lead to the formation of a multipolar rather than normal bipolar
113  spindle (21). If proceeding through anaphase, replicated chromosomes may

114  segregate among multiple daughter cells.
115

116 Excess centrosomes and tripolar mitosis are sometimes caused by abnormal
117  fertilization. This includes fertilization with two sperm or retention of the second polar
118  body, producing diandric or digynic tripronuclear (3PN) zygotes, respectively (22,23).
119  However, tripolar spindles have also been observed by laser confocal microscopy
120 both at the cleavage and blastocyst stages in embryos derived from normally-
121 fertilized dipronuclear (2PN) zygotes (18), albeit at a lower rate than for 3PN
122 zygotes. Indeed, tripolar mitosis (also called ‘trichotomic mitosis’ or ‘direct unequal
123 cleavage [DUC]) has recently been documented in a substantial proportion (17%—
124  26%) of cleaving embryos based on time-lapse imaging (24,25,26,27), even after
125 intracytoplasmic sperm injection (ICSI) which virtually eliminates polyspermic
126  fertilization. Rather than abnormal centrosome transmission, these observations

127  suggest possible dysregulation of centrosome duplication.
128

129 Here we leverage a published PGT-A dataset (28,8) to gain further insight into the
130 molecular origins of chaotic aneuploidy. These data comprise 46,439 embryo
131  biopsies genotyped by SNP microarray with aneuploidies inferred using the Parental
132 Support algorithm (9) (Fig. 1B). This approach provides several advantages for the
133 study of aneuploidy. The first advantage is the resolution of the data, which include
134  estimates of copy number across all 24 chromosomes, as well as identification of

135 meiotic chromosome gains. Second, the large sample size facilitates detection and
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136  quantification of rare forms of chromosome abnormality. Finally, by including both
137  cleavage- and blastocyst-stage embryos, the dataset provides valuable information
138  about the early developmental implications of various forms of aneuploidy. Based on
139  our analysis, we provide evidence that tripolar mitosis of normally fertilized 2PN
140 zygotes or their descendant cells is a key mechanism contributing to chaotic
141  aneuploidy in cleavage-stage embryos. Furthermore, we demonstrate that this
142  mechanism drives the association we previously reported (28) between mitotic-origin
143 aneuploidy and common maternal genetic variants spanning PLK4, the master

144  regulator of centrosome duplication.

145

146  Results

147  Mitotic-origin aneuploidy is prevalent in preimplantation human embryos

148  Excluding replicate and uninformative samples (210 chromosomes with low-
149  confidence or nullisomic calls) we quantified various forms of chromosomal
150 abnormality in 41,704 embryo biopsies from a total of 6319 PGT-A cases. Maternal
151  age, including patients and egg donors, ranged from 18 to 48 (median = 37), while
152  paternal age ranged from 21 to 77 (median = 39). Indications for PGT-A were
153 diverse and included advanced maternal age, recurrent pregnancy loss, sex
154  selection, previous IVF failure, male factor infertility, unexplained infertility, previous

155  aneuploidy, and translocation carrier status (8).
156

157  The overall rate of euploidy among day-3 blastomere biopsies was 38.0% compared
158 to 55.5% for day-5 trophectoderm biopsies (Table 1). We note that in light of
159  mosaicism, which is common during preimplantation development (1,4,29) ploidy
160  status of the embryo biopsy may not necessarily reflect the ploidy of the rest of the
161  embryo. Among samples with 1-3 aneuploid chromosomes, a total of 2579 (30.2%)
162 day-3 blastomere samples possessed at least one putative meiotic (BPH)
163 chromosome gain, compared to 1915 (32.7%) day-5 trophectoderm samples.
164  Conversely, a total of 1880 (22.0%) day-3 blastomere samples and 1069 (18.2%)
165 day-5 trophectoderm samples possessed only putative mitotic errors (loss or SPH
166 gain of 21 paternal chromosome with no co-occurring maternal or paternal BPH

167  gains).
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168

169 Karyotype-wide abnormalities are more common in cleavage- than blastocyst-

170 stage embryos

171 In addition to these less severe aneuploidies, we sought to investigate the origin of
172 ‘karyotype-wide’ abnormalities that affect many chromosomes simultaneously. These
173  include so-called ‘chaotic’ aneuploidies, characterized by seemingly random
174  chromosome complements (17). We identified 5008 (12.0%) embryo samples
175  exhibiting patterns of karyotype-wide chromosome abnormalities (arbitrarily defined
176  as 210 aneuploid chromosomes), a subset of which could be classified into distinct
177  categories (Fig. 1C; Table 2). The proportion of these karyotype-wide abnormalities
178 was significantly greater in day-3 blastomere samples (16.7%) than in day-5
179  trophectoderm samples (5.2%; Chi-Squared Test: X°[1, N = 41,704] = 1272, P < 1 x
180 10™9).

181

182  Among the different categories of karyotype-wide aberrations, digynic triploid and
183  near-triploid patterns were relatively prevalent (1061 samples or 2.5%; Table 2).
184  Triploid zygotes are predisposed to form tripolar spindles (23), in which case the
185 resulting embryos may be expected to be approximately or ‘quasi-’ diploid with
186  chaotic chromosome complements. This follows from a model by which the triploid
187 set of chromosomes (23 x 3 = 69) is replicated (69 x 2 = 138), then randomly
188  segregated to three daughter cells (138 / 3 = 46 chromosomes per cell). Samples
189  exhibiting this pattern (see Methods) were rare in the PGT-A dataset (106 samples
190 or 0.25%), potentially indicating that chromosome segregation in triploid cells is not

191  generally random.
192
193  Evidence of frequent tripolar mitosis in cleavage-stage embryos

194  Meanwhile, random tripolar division of normally-fertilized dipronuclear (2PN) zygotes
195  would be predicted to generate hypodiploid complements in the three daughter cells
196 (92 /3 =~31 chromosomes per cell). Under this model, one would expect to observe
197  a mixture of disomies, paternal monosomies, maternal monosomies, and nullisomies
198 in the ratio of 4:2:2:1 (Fig. 2A). Selecting aneuploid samples with at least one

199 disomy, paternal monosomy, maternal monosomy, and nullisomy (and no-co-
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200 occurring trisomy or uniparental disomy), we identified 1230 (2.9%) putative ‘diploid
201 tripolar’ samples with a mean number of 28.0 £ 6.3 (£SD) total chromosomes (mode
202 = 30 chromosomes; Fig. 2B). Performing 10,000 simulations, we confirmed that the
203 observed patterns of chromosome loss were consistent with a model of tripolar
204 segregation of diploid cells (Fig. 2C). We note that the distribution of total
205 chromosomes exhibits modest bimodality, with a secondary peak at 20
206 chromosomes (Fig. 2B). This may reflect an additional round of tripolar mitosis,
207  whereby the diploid tripolar complement is replicated (30.67 x 2 = 61.3) then
208 randomly divided among three daughter cells (61.3 / 3 = 20.4 chromosomes per
209 cell). The high degree of concordance between the observed and simulated data
210 indicates that during tripolar mitosis, chromosomes tend to assort randomly into each
211 of the three daughter cells rather than segregating preferentially to one or two cells.
212 Consistent with the notion that multipolar mitotic divisions are incompatible with
213  development beyond the cleavage stage, more than 90% (1149 samples) of the
214 1230 putative diploid tripolar samples were from day-3 blastomere biopsies, with

215  only a small minority (81 samples) represented among the trophectoderm biopsies.
216
217 Common maternal variants spanning PLK4 are associated with tripolar mitosis

218  We recently reported that a common (~30% global minor allele frequency) haplotype
219  spanning PLK4, tagged by the SNP rs2305957, is associated with mitotic error in
220 human preimplantation embryos (28). In addition to the overall association with
221  mitotic-origin aneuploidy, we noted a particularly strong association with complex
222 errors involving loss of both maternal and paternal homologs (28). As the diploid
223 tripolar signature observed in our current analysis resembled this pattern, we sought
224  to test whether the maternal genotype association at PLK4 was driven by tripolar

225  mitosis of diploid cells.
226

227  Supporting our hypothesis, the per-case frequency of diploid tripolar day-3
228  blastomere samples was positively associated with the minor (A) allele of rs2305957
229  (quasi-binomial GLM: OR = 1.42 [95% CI: 1.29 - 1.57], P = 1.9 x 10™*%) (Fig. 3). The
230 magnitude of this association with tripolar mitosis thus exceeds that of the original
231  association with mitotic error (quasi-binomial GLM: OR = 1.24 [95% CI: 1.18—1.31],
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232 P =6.0 x 10™), despite comprising only approximately one-fifth of all putative mitotic
233 aneuploidies in these samples (1149 vs. 5438). Like the originally described
234  association (28), the effect was additive, with means of 3.5%, 4.7%, and 7.5% diploid
235  tripolar embryos per patient carrying zero, one, and two copies of the risk allele,
236  respectively (Fig. 3). The effect was also constant with maternal age (quasi-binomial
237 GLM: OR = 0.99, [95% CI: 0.98 - 1.01]; Fig. 3C), consistent with previous results
238 (28). Because the distributions of diploid tripolar samples per case exhibited
239 significant inflation of zeros (AlIC-corrected Vuong test: Z = -6.61, P = 1.9 x 10™), we
240 also fit a hurdle model to the data to account separately for the zero and non-zero
241  portions of the distribution. The hurdle model supported the association both for the
242 zero (binomial GLM: OR = 1.41, [95% CI: 1.35 - 1.47], P < 1 x 10™% and non-zero
243 counts (Poisson GLM: OR = 1.31, [95% CI: 1.26 — 1.37], P < 1 x 10™°).

244

245  Upon excluding all putative diploid tripolar samples from the analysis, we re-tested
246  the remaining putative mitotic errors for association with rs2305957 genotype. We
247 observed a modest, but significant association with residual mitotic aneuploidies
248 (quasi-binomial GLM: OR = 1.12, [95% CI: 1.06 — 1.19], P = 1.6 x 10, potentially
249  reflecting our initially strict classification of diploid tripolar samples, which excluded
250  co-occurring trisomies. Supporting this hypothesis, significant associations were
251  observed upon excluding the originally defined set of diploid tripolar samples, but
252 relaxing the criteria to include hypodiploid complements (<42 chromosomes) with co-
253 occurring maternal trisomy (quasi-binomial GLM: OR = 1.16, [95% CI: 1.04 — 1.30], P
254 = 9.5 x 10 or paternal trisomy (quasi-binomial GLM: OR = 1.29, [95% CI: 1.09 —
255  1.53], P = 3.6 x 10%). These results suggest that tripolar mitosis may also occur in
256 embryos already affected by meiotic or mitotic errors or that additional aneuploidies

257  may accumulate downstream of tripolar mitosis.
258
259 Analysis of time-lapse data from a subset of cases

260  Seeking to validate our findings, we took advantage of the fact that embryos from a
261  subset of IVF cases included in the PGT-A dataset had previously undergone time-
262 lapse imaging by the referring laboratory, with published data demonstrating frequent

263  multipolar mitosis [27] (Supplementary Material, Videos S1, S2, and S3). These


https://doi.org/10.1101/182303
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/182303; this version posted August 29, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

264 included 77 day-3 cleavage-stage embryos from 10 IVF cases with single
265 blastomeres analyzed by PGT-A. Consistent with our hypothesis, we observed that
266 the diploid tripolar PGT-A signature was significantly enriched among embryos
267 documented by time-lapse to have undergone one or more tripolar mitoses during
268 the first three cleavage divisions (Fisher's Exact Test: OR = 6.64, [95% CI: 1.34 —
269 37.4], P = 0.0087). The signature was most prevalent among embryos undergoing
270 tripolar cleavage during the first division (DUC-1) or undergoing multiple tripolar
271 cleavages (DUC-Plus; Fig. 4A), indicating that these cleavage phenotypes may

272 confer a wider distribution of abnormal cells at the time of biopsy.
273

274  Time-lapse data were also valuable for direct validation of the association with
275 maternal PLK4 genotype. For this purpose, data from cases undergoing day-5
276  blastocyst biopsy could also be incorporated, as the availability of time-lapse data
277  from these cases does not depend on embryo survival to the blastocyst stage. This
278 extended the analysis to a total of 58 IVF patients, with a total of 742 embryos
279  having undergone time-lapse screening [27]. Despite this small sample size, the
280 minor allele of rs2305957 was significantly associated with time-lapse-based
281 incidence of tripolar mitosis (quasi-binomial GLM: OR = 1.53 [95% CI: 1.01 — 2.31], P
282 =0.047), with directionality consistent with previous results (Fig. 4B).

283
284  Discussion

285 Aneuploidy is the leading known cause of implantation failure, miscarriage, and
286  congenital birth defects. Recent studies have vastly improved our understanding of
287 aneuploidy of maternal meiotic origin and its association with maternal age.
288  Meanwhile, relatively little is known about errors of mitotic origin that occur after
289 fertilization and contribute to widespread chromosomal mosaicism. Establishing the
290 molecular mechanisms and risk factors contributing to mitotic aneuploidy may aid the
291  development of future infertility treatments as well as improve our understanding of

292 natural human fertility.
293

294 One prominent form of mitotic aneuploidy, termed ‘chaotic mosaicism’, has been

295 recognized since early applications of PGT-A (17), but its origins have proven
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296 elusive. Chaotic embryos are characterized by severely aneuploid karyotypes that
297 vary from cell to cell in a pattern reminiscent of cancer cell lines. Intriguingly, the first
298  description of this phenomenon by Delhanty et al. noted that “the occurrence of
299 chaotically dividing embryos was strongly patient-related, i.e. some patients had
300 ‘chaotic’ embryos in repeated cycles, whereas other patients were completely free of
301 this type of anomaly” (17). This observation hints at a patient-specific predisposition
302 to the formation of chaotic embryos, either due to genetic or environmental factors.
303 Technical limitations of the fluorescence in situ hybridization (FISH) platform,
304 however, hindered the ability of early studies to examine chaotic embryos in greater
305 detail or probe their molecular origins. Here we revisited this topic equipped with a
306 high-resolution dataset comprising 24-chromosome PGT-A data from >41,000

307 embryos.
308

309  One hypothesized source of chaotic aneuploidy is the formation of multipolar mitotic
310 spindles, a phenomenon frequently observed among triploid embryos. We found that
311  digynic triploidy was common relative to other forms of karyotype-wide abnormality,
312 affecting 3.0% and 1.9% of day-3 and day-5 embryos, respectively. This is
313  consistent with previous studies showing that digynic 3PN zygotes are relatively
314 prevalent and occasionally undetected following ICSI (30), which was used in 80-
315 90% of cases in this dataset. Digynic triploidy may arise either due to failed meiotic
316 division or failed extrusion of the second polar body (26). While previous studies
317 have demonstrated that triploid embryos are predisposed to multipolar cell division,
318  we identified few samples (106 samples or 0.2%) exhibiting patterns suggestive of
319 random chromosome segregation of a replicated digynic triploid genome. This
320 paucity of random triploid tripolar samples agrees with previous reports that digynic
321 3PN ICSI-derived embryos tend to either remain triploid or self-correct to diploidy
322 (31,32).

323

324  Even more prevalent at the cleavage stage (1162 samples or 4.7%) were samples
325 exhibiting hypodiploid karyotypes involving loss of both maternal and paternal

326 homologs. Based on simulation, we showed that this pattern is consistent with a

327 model of random tripolar division of a normal diploid complement, with a subset of
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328 cells potentially undergoing a second tripolar division. Time-lapse data from an
329 intersecting set of 77 embryos (27) supported our inference of tripolar mitosis, with
330 the hypodiploid PGT-A signature enriched among embryos previously recorded to
331 have undergone one or more tripolar division. Despite this enrichment, we note that
332 the time-lapse data were not perfectly predictive of the diploid tripolar signature. This
333 result is expected given the sampling noise associated with single-cell biopsy of
334 mosaic embryos. Earlier tripolar divisions would be expected confer a wider
335 distribution of aneuploid cells. Somewhat counterintuitively, however, even one
336 embryo recorded as undergoing tripolar mitosis during the first cleavage (DUC-1)
337 produced a euploid biopsy. Assuming the accuracy of time-lapse and PGT-A
338 classification, this indicates that as an alternative to random segregation, embryos
339 undergoing tripolar mitosis may occasionally segregate normal diploid complement
340 to at least one daughter cell. Interestingly, such a phenomenon was recently
341 documented in a mosaic bovine embryo composed of separate androgenetic,
342 gynogenetic, and normal diploid cell lines (33). The authors proposed that this
343 pattern may have arisen via the formation of a tripolar gonomeric spindle, with

344  separate microtubules associated with maternal and paternal genomes (33).
345

346  Notably, we found that diploid tripolar samples were rare at the day-5 blastocyst
347 stage (80 samples or 0.4%). This observation suggests that embryos affected by
348 tripolar mitosis experience reduced viability and/or that aneuploid cell lineages are
349 purged or fail to propagate and thus contribute fewer descendant cells to the
350 blastocyst cell population (34). The former interpretation is consistent with previous
351 studies demonstrating that embryos with complex aneuploidies, including those
352 deriving from normally fertilized zygotes, tend to arrest at cleavage stages, around
353 the time of embryonic genome activation (8,35,36,37). Moreover, previous studies
354 have observed a strong enrichment of abnormal mitotic spindles among arrested
355 cleavage-stage embryos (18), as well as demonstrating that zygotes undergoing
356 tripolar mitosis have poor developmental potential beyond the cleavage stage
357 (24,25,26,27). This hypothesis was recently validated based on combined
358 karyomapping and time-lapse imaging of 25 arrested embryos as well as cells
359 extruded during blastocyst formation of an additional 7 embryos (19). While there is

360 also evidence of tripolar spindle formation in confocal images of fixed human
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361 blastocysts (Supplementary Material, Fig. S1), it is possible that aneuploid daughter
362 cells are eliminated by apoptosis or that the spindle configurations are transient and
363 do not tend to result in tripolar anaphase at this stage. Potentially relevant are
364 previous observations that unlike cleavage-stage embryos, adult somatic cells
365 possessing extra centrosomes rarely undergo multipolar mitosis, but instead
366 experience centrosome clustering leading to the formation of a pseudo-bipolar
367 spindle (38). This may reflect increased stringency of mitotic checkpoints following
368 embryonic genome activation, possibly via upregulation of MAD2 (39). While
369 clustered centrosomes predispose the cell to aberrant microtubule-kinetochore
370 attachments and anaphase lag (40), the resultant aneuploidies are less severe than

371 those induced by multipolar mitosis.
372

373  We recently reported that common maternal genetic variants defining a ~600 Kb
374  haplotype of chromosome 4, tagged by SNP rs2305957, is strongly associated with
375 mitotic aneuploidy in day-3 cleavage-stage embryos. Furthermore, individuals
376  carrying the risk allele had fewer blastocyst-stage embryos available for testing at
377 day 5, suggesting that the aneuploid phenotype impairs embryonic survival. The
378  association we observed was significant with maternal, but not paternal genotypes,
379 reflecting the fact that prior to embryonic genome activation, mitotic divisions are
380 controlled by maternal gene products deposited in the oocyte (28). While the
381 associated haplotype spans seven genes (INTU, SLC25A31, HSPA4L, PLK4,
382 MFSDS8, LARP1B, and PGRMC?2), PLK4 stands out given its well-characterized role
383 as an essential master regulator of centrosome duplication. PLK4 is a tightly
384  regulated kinase that initiates assembly of a daughter procentriole at the base of the
385  existing mother centriole, thereby mediating bipolar spindle formation (41,42).
386  Altered expression of PLK4 is associated with centrosome amplification, generating
387 multipolar spindles in human cell lines—a hallmark of several cancers
388  (41,42,43,44,45). Based on this knowledge, we hypothesized that the tripolar mitosis
389  mechanism operating in cleavage-stage embryos may drive the association between
390 aneuploidy and PLK4 genotype. Consistent with this hypothesis, the diploid tripolar
391 signature was strongly associated with maternal genotype at rs2305957—a finding

392 that we further validated using time-lapse data from 742 embryos and corresponding
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393 genotype data from 58 patients. Together, our results support a causal role of PLK4

394 in the original association.
395

396 Zhang et al. (46) recently replicated a key finding of our initial association study,
397 demonstrating that rates of blastocyst formation are reduced among embryos from
398 patients carrying the high-risk genotypes of rs2305957. Furthermore, patients
399 diagnosed with early recurrent miscarriage were found to possess a higher
400 frequency of the risk allele compared to matched fertile control subjects (46). Our
401  analysis provides evidence of the molecular mechanism underlying these results,
402  suggesting that complex aneuploidies arising from tripolar mitosis are associated
403  with increased rates of embryonic mortality prior to blastocyst formation. Along with
404 methodological considerations, this may explain the lack of association with
405  recurrent (post-implantation) pregnancy losses (47) and other clinical diagnoses (8).
406  Further research will be necessary to determine the relevance of these findings to

407  non-IVF patient populations and in vivo conception.
408

409 Through detailed characterization of karyotype-wide abnormalities, our analysis
410 revealed that tripolar mitosis in embryos originating from normally-fertilized 2PN
411  zygotes is an under-recognized phenomenon contributing to aneuploidy in cleavage-
412  stage embryos. Using simulation, we showed that observed chromosomal patterns
413 are consistent with a model of random segregation of a replicated diploid
414 complement to each of three daughter cells. Finally, we demonstrated that the
415 incidence of these tripolar mitoses is patient-specific and significantly correlated with
416 maternal genetic variants spanning the centrosomal regulator PLK4. This implicates
417  maternal variation in PLK4 as a factor influencing mitotic spindle integrity while
418 shedding light on tripolar mitosis as an important mechanism contributing to
419  aneuploidy in preimplantation embryos. Together our results help illuminate the
420  molecular origins of chaotic aneuploidy, a long-recognized phenomenon contributing

421  to high rates of IVF failure.
422
423  Materials and Methods

424  Human subjects approvals
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425 Based on the retrospective nature of the analysis and use of de-identified data, this
426  work was determined not to constitute human subjects research by the University of
427  Washington Human Subjects Division as well as Ethical & Independent Review

428  Services, who provided their determination to Natera, Inc.
429
430 Sample preparation, genotyping, and aneuploidy detection

431 DNA isolation, whole genome amplification, and SNP genotyping are described in
432 detail in McCoy et al. (8). Briefly, genetic material was obtained from IVF patients or
433  oocyte donors and male partners by buccal swab or peripheral venipuncture.
434  Genetic material was also obtained from single blastomere biopsies of day-3
435 cleavage-stage embryos or ~5-10 cell biopsies of trophectoderm tissue from day-5
436  blastocysts. Embryo DNA was amplified via multiple displacement amplification
437 (MDA see [8]). Amplified embryo DNA and bulk parental tissue were genotyped on
438  the HumanCytoSNP-12 BeadChip (lllumina; San Diego, CA) using the standard
439 Infinium 1l protocol. Genotype calling was performed using the GenomeStudio

440 software package (lllumina; San Diego, CA).
441

442  Aneuploidy detection was performed using the Parental Support algorithm, which
443  leverages informative parental markers (e.g. sites where one parent is homozygous
444  and the other parent is heterozygous) to infer transmission of maternal and paternal
445 homologs along with the copy number of all chromosomes across the embryo
446 genome. In doing so, the method overcomes high rates of allelic dropout that
447  characterize data obtained from whole genome amplified DNA of embryo biopsies.
448  The Parental Support method is described in detail in Johnson et al. (9), who also

449  demonstrated its sensitivity and specificity of 97.9% and 96.1%, respectively.
450
451  Classification criteria

452  Putative diploid tripolar samples were identified as those exhibiting =21 maternal
453 monosomy, 21 paternal monosomy, 21 nullisomy, and 21 disomy with no co-
454  occurring trisomies or uniparental disomies. Other karyotype-wide abnormalities

455  (Table 2) were required to exhibit 210 aneuploid chromosomes. Digynic and diandric
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456  triploid and near-triploid samples were defined as those with 220 maternal trisomic or
457  paternal trisomic chromosomes, respectively. Maternal haploid and paternal haploid
458 or near-haploid samples were similarly defined as those with 220 paternal
459  monosomic or maternal monosomic chromosomes, respectively. Digynic triploid
460 tripolar and diandric triploid tripolar samples were defined using simulation-based
461 expectations of random chromosome segregation of triploid cells. Specifically,
462  digynic triploid tripolar samples were required to exhibit 23 disomic, =23 maternal
463  trisomic, 1-8 maternal uniparental disomic, and 1-8 paternal monosomic
464  chromosomes. Diandric triploid tripolar samples were meanwhile required to exhibit
465 23 disomic, 23 paternal trisomic, 1-8 paternal uniparental disomic, and 1-8 maternal

466  monosomic chromosomes.
467
468 Time-lapse imaging and annotation

469  Time-lapse microscope image capture, annotation, and classification of tripolar
470  mitosis (therein referred to as ‘direct unequal cleavage’ or ‘DUC’), is described in the
471 Materials and Methods section of Zhan et al. (27). In short, images were
472 automatically captured every 10 minutes, with seven focal planes illuminated by 635
473 nm LED light. Several time points were annotated, including: appearance of
474  pronuclei, syngamy, time of division, morula, cavitation, early blastocyst, expanded
475  Dblastocyst, and hatching blastocyst. Only cells with visible nuclei were considered
476  blastomeres. DUC was defined as 1) cleavage of a single blastomere into 3+
477  daughter blastomeres or 2) unusually short interval between mother and daughter
478  cell division of <5 hours, in accordance with established criteria [48,49]. DUC-1 (first
479 cleavage; Supplementary Material, Video S1), DUC-2 (second cleavage;
480  Supplementary Material, Video S2), DUC-3 (third cleavage; Supplementary Material,
481  Video S3), and DUC-Plus (multiple DUCs) were annotated based on the cleavage

482  stage during which DUC was observed.
483
484  Statistical analyses

485  Statistical analyses were performed using the R statistical computing environment
486  (50), with plots generated using the ‘ggplot2’ package (51). Density plots (Fig. 2A
487 and B) were generated using the ggjoy package (https://cran.r-
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488  project.org/package=ggjoy). To test the association between maternal genotype and
489 incidence of embryos with the diploid tripolar PGT-A signature, we limited the
490 analysis to the originally tested set of unrelated IVF patients or egg donors (no
491 repeat cases; less than second degree relatedness) with genotype data meeting
492  quality control thresholds (95% variant call rate; 95% sample genotyping efficiency).
493  We then used a generalized linear regression model to test for association between
494  the per-case counts of samples that did and did not exhibit the diploid tripolar pattern
495 and maternal genotypes at rs2305957, encoded as dosage of the ‘A’ allele. To
496 account for excess zeros, we also fit a hurdle model to the zero and non-zero
497 portions of the distribution using the ‘pscl’ package (52). For the corresponding
498 analysis of time-lapse phenotypes, we sought to maximize statistical power from a
499  small number of cases by combining rather than excluding embryo data from repeat
500 IVF cases. To this end, we used KING (53) to infer cases derived from the same
501 patient based on maternal genotype data. We then summed tripolar and non-tripolar
502 embryo phenotypes for each independent patient, using the resulting data in a quasi-
503 binomial regression, as above. Aneuploidy data were made available with the
504 original publication (28), posted as supplementary materials. Analysis scripts are

505 posted on GitHub https://github.com/rmccoy7541/tripolar_mitosis.
506
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708 Figure 1. Patterns of karyotype-wide chromosome abnormalities observed in
709 the preimplantation human embryos. (A) Schematic describing the signature of
710  meiotic chromosome gain, adapted from Rabinowitz et al. (10) and McCoy et al. (8).
711  The detection of non-identical homologous chromosomes inherited from a single
712 parent (a signature that we term ‘both parental homologs’ or ‘BPH’) indicates a
713 meiosis | (MI) or meiosis Il (MIl) error. Chromosome gains that involve identical
714  chromosomes from a single parent (termed ‘single parental homolog’ or ‘SPH’) can
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715  occur either due to mitotic errors or MIl errors in the absence of recombination. (B)
716  Schematic cross-section showing the sample sizes of cleavage and blastocyst-stage
717  embryo biopsies which underwent genome-wide pre-implantation genetic screening.
718  Both parents were also genotyped using the same single nucleotide polymorphisms
719  (SNP) microarray platform to facilitate inference of chromosome copy number and
720 determine the parental origin of each chromosome. This approach also enables
721  classification of trisomies of meiotic origin. (C) Examples of patterns of whole-
722 chromosome copy number variation observed in the dataset. Most samples were
723 normal (euploid) or contained a few single-chromosome imbalances (aneuploid).
724  However, complex karyotype-wide abnormalities were also relatively prevalent
725  (12.0%; Table 1). Each column represents a chromosome (1-22; left to right along
726  with the sex chromosomes at the far right). Each row represents a distinct embryo
727  biopsy. Four representative biopsies are depicted for each category of chromosome

728 abnormality. M: maternal, P: paternal, BPH: both parental homologs.

729
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730

731  Figure 2. Tripolar mitosis in diploid embryos. (A) Schematic showing all possible
732 outcomes following diploid tripolar mitosis. Only one pair of chromosomes is
733 depicted for clarity (maternal: red; paternal: blue). Spindle attachment configurations
734  are shown on the left with segregation outcomes in the three daughter cells shown in

735 the middle. The table on the right provides the expected ratios of segregation
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736 outcomes for each chromosome following tripolar mitosis. (B) Density histograms
737  showing observed chromosome counts in 1230 samples that are suspected to have
738 undergone tripolar mitosis (see main text) compared to 10,000 samples simulated
739 under a model of random tripolar segregation. Observed peaks at ~30 and ~20
740 chromosomes may reflect one and two rounds of tripolar mitosis, respectively. (C)
741  Density histograms displaying the number of chromosomes in each biopsy
742  displaying each of the four possible outcomes. Simulated data (10,000 simulations)
743  are displayed in the top panel, while observed data (1230 putative diploid tripolar

744  biopsies) are displayed in the bottom panel.
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747  Figure 3. Tripolar mitosis in diploid embryos drives association with common
748 maternal genetic variants spanning PLK4. (A) For cases with 21 diploid tripolar
749  sample, boxplots of proportion of diploid tripolar samples stratified by maternal
750 genotype at rs2305957. The colored boxes extend from the median to the first (Q1)
751 and third (Q3) quartiles. Whiskers extend to 1.5 * interquartile range. Outlier data
752 points beyond this range are plotted individually. Only cases with >2 samples are
753  plotted for clarity. The risk allele (A allele of rs2305957) is associated with increased

754  frequencies of biopsies exhibiting signatures of tripolar mitosis (quasi-binomial GLM:
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755 OR = 1.42 [95% Cl: 1.29 - 1.57], P = 1.9 x 10™). (B) Proportions of cases per
756  genotype with zero diploid tripolar samples. Error bars indicate + standard errors of
757 the mean proportions. (C) Mean proportions of putative diploid tripolar samples
758  stratified by age (rounded to nearest two years) and genotype. Ribbons indicate +

759  standard errors of the mean proportions.
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762  Figure 4. Time-lapse data from a subset of embryos support the PGT-A-based
763  hypothesis of tripolar mitosis and association with PLK4 genotype. (A)
764  Samples recorded to have undergone tripolar mitosis during the first (DUC-1,;
765  Supplementary Material, Video S1), second (DUC-2; Supplementary Material, Video
766  S2), third (DUC-3; Supplementary Material, Video S3) or multiple cleavage divisions
767 are enriched for the diploid tripolar PGT-A signature compared to embryos that
768 underwent normal cleavage (Non-DUC) (Fisher's Exact Test: OR = 6.64, [95% CI:
769 1.34 — 37.4], P = 0.0087). (B) Genotype data from 58 patients whose embryos
770 underwent time-lapse imaging as well as PGT-A analysis of either day-3 or day-5
771 embryo biopsies support a positive association between the minor allele of
772 rs2305957 and incidence of tripolar mitosis (quasi-binomial GLM: OR = 1.53 [95%
773 Cl: 1.01 — 2.31], P = 0.047).
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Table 1. Incidence of aneuploidy and karyotype-wide abnormality in day-3 (d3) blastomere biopsies and day-5 (d5) trophectoderm

biopsies.
Day-3 blastomere biopsies Day-5 trophectoderm biopsies
Cateqor N samples | Meiot. = Mitot. Ambig. glam les Meiot. | Mitot. Ambig. (% d3)/ Selection criteria
P OO @ gyt G ) e (%d5)
All 23
. 8188 8687
Euploid 0.65 chromosomes
P (33.2%) (50.9%) biparental disomic
Biparental disomic
. 1173 774 .
> -
EUPIOIAMA 4 gy (4.5%) HO5 \cl:vcl)t:fiatri?:\gcalls
>
Aneuploid 11,167 3585 3116 4466 6707 2263 1419 3025 1.15 ;ﬁeincfojdlo
P (45.3%) (14.5%)  (12.6%) | (18.1%) | (39.3%) | (13.3%) (8.3%) | (17.7%) = Chronﬁ’osomes
raryoype: 4125 1706 2152 | 267 883 483 299 101 | .. 210aneuploid
o) 0, 0, 0, 0, o) 0, o) )
abnormality (16.7%) (6.9%) | (8.7%) | (1.1%) | (5.2%) (2.8%) | (1.8%) | (0.6%) chromosomes
d 5291 5268 4733 2746 1718 3126
Total 24653 215%) (21.4%)  (19.2%) 171 16.1%) (10.1%) (18.3%)

d3: single blastomere biopsy from day-3 cleavage-stage embryo; d5: multiple cell trophectoderm biopsy from day-5 blastocyst; NA:

missing data, indicating a low-confidence call; *Samples possessing a putative meiotic error, defined as one or more chromosomes
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displaying the BPH signature of meiotic chromosome gain (Fig. 1A; see also McCoy et al. [8]); bSamples possessing only putative
mitotic errors, defined as gain or loss of one or more paternal chromosomes with no co-occurring BPH signatures (Fig. 1A; see also
McCoy et al. [8]); “Aneuploid samples that did not meet either of the aforementioned criteria and are thus ambiguous in
meiotic/mitotic origin; “Total number of samples after 1041 replicate and 3694 uninformative samples with >10 chromosomes with

low-confidence or nullisomic calls were removed
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Table 2. Frequencies of various forms of karyotype-wide abnormality

trophectoderm biopsies.

in day-3 (d3) blastomere biopsies and day-5 (d5)

Type of karyotype-wide abnormality

No. d3 samples (%)

No. d5 samples (%)

Digynic Triploid / Near-Triploid

740 (3.0%)

321 (1.9%)

Diandric Triploid / Near-Triploid 25 (0.1%) 32 (0.2%)
Maternal Haploid / Near-Haploid 288 (1.2%) 84 (0.5%)
Paternal Haploid / Near-Haploid 126 (0.5%) 25 (0.1%)
Multiple Maternal Gains (Non-Triploid) 143 (0.6%) 55 (0.3%)
Multiple Paternal Gains (Non-Triploid) 16 (0.1%) 4 (0.0%)

Both Maternal and Paternal Gains (Non-Triploid) 61 (0.2%) 38 (0.2%)
Multiple Maternal Losses (Non-Haploid) 98 (0.4%) 19 (0.1%)
Multiple Paternal Losses (Non-Haploid) 79 (0.3%) 11 (0.1%)
Both Maternal and Paternal Losses (Non-Haploid) = 137 (0.6%) 5 (0.0%)

Digynic Triploid Tripolar 93 (0.4%) 13 (0.1%)
Diandric Triploid Tripolar 25 (0.1%) 0 (0.0%)

Diploid Tripolar® 1149 (4.7%) 81 (0.5%)

'9sua?l| [euoneulaiu] 0’y AN-ON-AG-00e
Japun a|qejrene apew si 1| ‘Ainadiad ui Juudaid ayy Aejdsip 01 asuadl| B AixHolq pajuelb sey oym ‘1spunyioyine ayl si (mainai 1aad Aq palyined
10U sem yoiym) Juudaid siyy Joy Jepjoy 1ybuAdod syl "/ TOZ ‘62 1snbBny paisod uolsiaA sIy) :c0£28T/TOTT 0T/640"10p//:sdny :10p wudaid AxyHolq


https://doi.org/10.1101/182303
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/182303; this version posted August 29, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

®To avoid influencing distributions of chromosome counts (Fig. 2), diploid tripolar samples were not required to possess 210
aneuploid chromosomes, but are defined by possession 21 disomy, 21 paternal monosomy, 21 maternal monosomy, and 21

nullisomy.
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