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Aneuploidy is the leading cause of human pregnancy loss
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Adapted from Macklon et al. (2002). Hum. Reprod. Update, 8, 333-343.



Crossovers stabilize paired chromosomes during decades-long female meiotic arrest
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Adapted from Charalambous et al. (2023). Nat. Rev. Mol. Cell. Biol., 24, 27-44. and MaclLennan et al. (2015). Semin. Cell Dev. Biol., 45, 68-76.



Crossovers stabilize paired chromosomes during decades-long female meiotic arrest

Crossover

Synaptonemal
complex

Birth  Owvulation

Dictyate arrest

e

I [ \
Prophase First meiotic division Second meiotic division

Adapted from Charalambous et al. (2023). Nat. Rev. Mol. Cell. Biol., 24, 27-44. and MaclLennan et al. (2015). Semin. Cell Dev. Biol., 45, 68-76.



Crossovers stabilize paired chromosomes during decades-long female meiotic arrest
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Preimplantation genetic testing (PGT-A) data from Natera

maternal and paternal
DNA samples

trophectoderm biopsies of day-5
blastocyst-stage embryos

All samples assayed on Illumina HumanCytoSNP-12 Array (293k sites)



Hidden Markov model for inferring crossovers and aneuploidies
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Method inspired by Coop et al. (2008). Science, 319, 1395-1398.
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Aneuploidies are common in blastocyst-stage human embryos
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Number of Embryos

Aneuploidies are common in blastocyst-stage human embryos
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Aneuploidy rates vary across chromosomes
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Aneuploidy rates vary across chromosomes
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Aneuploidies of maternal meiotic origin increase with maternal age
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Aneuploidies of maternal meiotic origin increase with maternal age
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Aneuploidies of maternal meiotic origin increase with maternal age
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Patterns of crossovers replicate known features of sex-specific genetic maps
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Common variation in meiosis genes is associated with crossover rate
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Aneuploid embryos are depleted of crossovers compared to euploid embryos
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Aneuploid embryos are depleted of crossovers compared to euploid embryos
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Genome-wide association study of maternal meiotic aneuploidy
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Genome-wide association study of maternal meiotic aneuploidy

pdiscovery (85%) =2.21 x 10-8
sy = 0.033

pdiscovery (85%) =2.93 x 10-8

preplicaﬁon (15%) = 0.529 preplication (1

N B OO
L1 1

—log1o (p)




The aneuploidy-associated allele is common across populations
and confers a modest additive effect

rs6006737 © /T

The 1000 Genomes Project Consortium (2015). Nature, 526, 68-7 4.
Marcus and Novembre (2017). Bioinform., 33, 594-595.
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The aneuploidy risk haplotype spans the meiotic cohesin SMC1B

GWAS lead SNP
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SMC1B-deficient female mice exhibit premature loss of chromosome cohesion

Meiotic cohesin complex

Wildtype SMCI1B/-
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Hodges et al. (2005). Nat. Genet., 37, 1351-1355.
Brooker & Berkowitz (2014). Methods Mol. Biol., 1170, 229-266.



The aneuploidy risk haplotype is associated with reduced SMC1B expression

p-value Normalized Effect Size (95% CI) Tissue Samples
0.6 Brain - Cerebellum 209
0.9 + @ Skin - Sun Exposed (Lower leg) 605
0.6 B | pa— Nerve - Tibial 532
0.4 Brain - Cerebellar Hemisphere 175
0.2 —— ® Esophagus - Gastroesophageal Junction 330
0.4 i ® Vvagina 141
* 0.05 + @ Skin - Not Sun Exposed (Suprapubic) 517
0.3 Ovary 167
0.3 = @ Minor Salivary Gland 144
* 4.2e-7 - © Testis 322
* 0.006 + @ Adipose - Subcutaneous 581
* 0.02 i ® Artery - Aorta 387
* 173 —— @® Thyroid 574
* 2.0e-3 N Cells - Cultured fibroblasts 483
* 0.03 i ® Spleen 227
* 0.02 Pituitary 237
* 0.006 Prostate 221
* 0.04 L @ Small Intestine - Terminal lleum 174
* 0.02 Artery - Coronary 213
* 5.1e-5 —— ' Adipose - Visceral (Omentum) 469
* 0.05 = @ Cells - EBV-transformed lymphocytes 147
* 1.3e-5 -_—_ Lung 515
* 4.2e-5 —— @ Breast - Mammary Tissue 396
* 0.01 - @ Uterus 129

GTEx Consortium (2020). Science, 369, 1318-1330.



The aneuploidy risk haplotype is associated with reduced SMC1B expression
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Evidence of a non-coding cis-regulatory mechanism
mediating the aneuploidy association
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Evidence of a non-coding cis-regulatory mechanism
mediating the aneuploidy association
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Transcriptome-wide association study (TWAS) of aneuploidy risk

Genetic predictions of gene expression Measured aneuploidy phenotype
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Gamazon et al. (2015). Nat. Genet., 50, 956-967.
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Barbeira et al. (2021). Genome Biol., 22, 1-24.




Predicted expression of other key meiotic components is

further associated with aneuploidy risk
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Predicted expression of other key meiotic components is

further associated with aneuploidy risk
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Predicted expression of other key meiotic components is
further associated with aneuploidy risk
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Predicted expression of other key meiotic components is
further associated with aneuploidy risk
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A shared genetic basis of recombination,
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A shared genetic basis of recombination, aneuploidy, and reproductive aging

\Y
$
9

Idiopathic female infertility by inclusion -
Idiopathic female infertility by exclusion - R
Anatomical female infertility - B<0 B>0

Anovulatory female infertility - . ._ p<5x10%
Female infertility of all causes - . .
Age at menopause-. | +— p=2.06x 104 . .'5)(10 =p<1x10
Age at menarche - +«— p=3.82x10"2 . .-1 x10*=sp<1x10°®

Coefficient of variation in number of crossovers -

-1x10%<p<0.01
Crossover location: GC content -

Crossover location: hotspot occupancy - -p=z0.01
Crossover location: replication timing -
Number of crossovers - «— p=2.37x%x103
Maternal meiotic aneuploidy -. «— p=2.21x108

A

S
©
8]
S
8



A shared genetic basis of recombination, aneuploidy, and reproductive aging
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* Common genetic variation in meiotic machinery is associated with variation in number
and location of crossovers, as well as maternal-origin aneuploidy.
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evidence of a non-coding cis-regulatory mechanism driving the effect.



Common genetic variation in meiotic machinery is associated with variation in number
and location of crossovers, as well as maternal-origin aneuploidy.

These include a haplotype spanning the meiotic cohesin component SMC 1B, with
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Beyond SMC1B, association tests also implicate variation in the synaptonemal complex
component C140orf39 and crossover-regulating ubiquitin ligases CCNBTIP1 and
RNF212 in meiotic aneuploidy risk.



Common genetic variation in meiotic machinery is associated with variation in number
and location of crossovers, as well as maternal-origin aneuploidy.

These include a haplotype spanning the meiotic cohesin component SMC 1B, with
evidence of a non-coding cis-regulatory mechanism driving the effect.

Beyond SMC1B, association tests also implicate variation in the synaptonemal complex
component C140orf39 and crossover-regulating ubiquitin ligases CCNBTIP1 and
RNF212 in meiotic aneuploidy risk.

Our findings highlight the dual role of meiotic recombination in generating genetic
diversity, while ensuring accuracy of chromosome segregation.



Common variation in meiosis genes shapes human recombination
phenotypes and aneuploidy risk
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Genome-wide association study of number of blastocysts tested
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Patients exhibit individual-specific variance in aneuploidy beyond maternal age
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Patients exhibit individual-specific variance in aneuploidy beyond maternal age
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Ancestry of parental samples in the Natera dataset

1000 Genomes Natera Data
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Noisy embryo samples cannot be genotyped directly
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Conditioning on the parental genotypes to model embryo allele intensity

chr2
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Conditioning on the parental genotypes to model embryo allele intensity
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Age distribution of patient and partner population reflects ascertainment
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maternal control
< embryo control

>

~50% of in vitro fertilized embryos arrest between these stages
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Wong et al. (2010). Nature Biotechnology, 28, 1115-1121.



Alternative approaches for mapping crossovers possess unique

strengths and weaknesses
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Common variation in meiosis genes drives variation in crossover phenotypes
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What causes the high rates of IVF embryo loss?

Test embryos regardless of survival or morphological grade

n = 1232 total 2PN embryos

n = 622 blastocysts (50.5%) n =610 arrested (49.5%)

n = 909 tested with PGT-A

n = 843 tested with time-lapse

Alan Handyside
University of Kent

Michael Summers
London Women’s Clinic

Christian Ottolini
Juno Genetics



Arrested embryos are enriched for aneuploidy affecting multiple chromosomes
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McCoy, R. C. et al. (2023). Genome Med., 15: 77.



Estimating the probability of arrest conditional on aneuploidy status
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McCoy, R. C. et al. (2023). Genome Med., 15: 77.



Abnormal cell divisions drive lethal complex mitotic aneuploidies

Incidence Mitotic Aneuploidy Prob. Arrest

Normal

- - 64.0% 37.3% 24.9%
Precocious

— - 24.2% 66.1% 77.2%
Reverse

— — 0.6% 100% 100%
Multipolar

. . 9.4% 80.7% 80.1%
Failed

5.3% 62.5% 77.5%

McCoy, R. C. et al. (2023). Genome Med., 15: 77.



Maternal effect quantitative trait locus is associated with mitotic aneuploidy
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Associated haplotype spans the mitotic regulator PLK4
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Patterns of chromosome loss are suggestive of tripolar mitosis
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Levine et al. (2017).
Dev. Cell, 40, 313-322.



Patterns of chromosome loss are suggestive of tripolar mitosis
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Patterns of chromosome loss are suggestive of tripolar mitosis
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Patterns of chromosome loss are suggestive of tripolar mitosis
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Time-lapse data support tripolar mitosis as mechanism driving the association
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