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ARTICLE

Identifying risk variants for embryo aneuploidy
using ultra-low coverage whole-genome sequencing
from preimplantation genetic testing

Sigi Sun,! Mansour Aboelenain,!” Daniel Ariad,2 Mary E. Haywood,? Charles R. Wageman,?
Marlena Duke,! Aishee Bag,! Manuel Viotti,#> Mandy Katz-Jaffe,> Rajiv C. McCoy,? Karen Schindler,!.¢
and Jinchuan Xing!.6*

Summary

Aneuploidy frequently arises during human meiosis and is the primary cause of early miscarriage and in vitro fertilization (IVF) failure.
Individuals undergoing IVF exhibit significant variability in aneuploidy rates, although the exact genetic causes of the variability in
aneuploid egg production remain unclear. Preimplantation genetic testing for aneuploidy (PGT-A) using next-generation sequencing
is a standard test for identifying and selecting IVF-derived euploid embryos. The wealth of embryo aneuploidy data and ultra-low
coverage whole-genome sequencing (ulc-WGS) data from PGT-A have the potential to discover variants in parental genomes that are
associated with aneuploidy risk in their embryos. Using ulc-WGS data from ~10,000 PGT-A biopsies, we imputed genotype likelihoods
of genetic variants in embryo genomes. We then used the imputed variants and embryo aneuploidy calls to perform a genome-wide as-
sociation study of aneuploidy incidence. Finally, we carried out functional evaluation of the identified candidate gene in a mouse oocyte
system. We identified one locus on chromosome 3 that is significantly associated with meiotic aneuploidy risk. One candidate gene,
CCDC66, encompassed by this locus, is involved in chromosome segregation during meiosis. Using mouse oocytes, we showed that
CCDC66 regulates meiotic progression and chromosome segregation fidelity, especially in older mice. Our work extended the research
utility of PGT-A ulc-WGS data by allowing robust association testing and improved the understanding of the genetic contribution to
maternal meiotic aneuploidy risk. Importantly, we introduce a generalizable method that has potential to be leveraged for similar asso-

ciation studies that use ulc-WGS data.
Introduction

Aneuploidy is the most common genetic abnormality in
human embryos and the leading genetic cause of miscar-
riage and in vitro fertilization (IVF) failure." Maternal age
is well documented as a risk factor for producing aneuploid
gametes. However, the propensity to produce aneuploid
embryos varies substantially even among mothers of a
similar age.' > Recently, variants in several genes related
to control of chromosome segregation have been impli-
cated in contributing to aneuploidy risk.°® However,
many identified variants only contribute to the aneuploidy
risk in a small number of individuals, and most of these
studies have limited sample sizes. Additional efforts are
needed to fully understand the genetic contribution to
the aneuploidy risk in populations.

Currently, the most effective treatment of infertility is
IVE, where eggs are surgically retrieved after controlled
ovarian stimulation and fertilized in a Petri dish with subse-
quent embryo selection and transfer back to the uterus.”'"
Preimplantation genetic testing for aneuploidy (PGT-A) was
developed as an approach to improve IVF outcomes by
prioritizing euploid embryos for transfer based on the in-
ferred genetic constitution of an embryo biopsy.''™*

PGT-A performed on trophectoderm cells isolated from blas-
tocyst-stage embryos has provided a rich resource of
aneuploidy measurements. Next-generation sequencing
(NGS)-based PGT-A facilitates inference of aneuploidy
by comparing the genome sequencing coverage across
the chromosomes. For aneuploidy detection, a shallow
coverage of the genome (e.g.,, <0.01x genome coverage
per embryo biopsy) is sufficient. However, because of the
low sequencing coverage of the NGS-based PGT-A data
(referred to as the ultra-low coverage whole-genome
sequencing [ulc-WGS] in this study), the genotype informa-
tion encoded therein is rarely used for genetic studies.'*"*

Genome-wide association studies (GWASs) have revolu-
tionized the field of complex disease genetics over the
past decade by identifying genotype-phenotype associa-
tions based on testing millions of genetic variants across
the genomes.'®'” For genetic variants showing strong dis-
ease association, further fine-mapping and gene prioritiza-
tion approaches proceed to identify variants that causally
impact the traits.'®'? This approach has identified risk
loci for many diseases and traits, such as susceptibility to
viral infections and type 2 diabetes.’>?! Applying a
GWAS approach to PGT-A data could help identify addi-
tional genetic risk factors to embryo aneuploidy.
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Here, we describe an integrative approach to identify
candidate variants through retrospective analysis of NGS-
based PGT-A data. After combining data from sibling em-
bryos and imputing variant dosages, we conducted a
GWAS to identify candidate genes. Our analysis identified
one genomic region that is associated with embryo aneu-
ploidy risk on chromosome 3. Functional investigation of
the variants suggested that the candidate variants are causal
expression quantitative trait loci (eQTLs) for coiled-coil
domain-containing 66 (CCDC66). Validation experiments
in mouse oocytes showed that CCDC66 depletion was asso-
ciated with higher meiotic aneuploidy rates, likely contrib-
uting to elevated risk of aneuploid conception.

Material and methods

Dataset description
PGT-A data were obtained from individuals undergoing IVF be-
tween 2017 and 2019 at CCRM Fertility. The samples do not
qualify as federally regulated human subjects research, as deter-
mined by the Institutional Review Board of Rutgers University
(Pro2023001490). One IVF cycle with at least three embryos tested
was included for each individual. IVF cycles with maternal age
>43 years were excluded from the analysis because eggs used in
these cycles were from egg donors of unknown age. Embryos un-
derwent trophectoderm biopsy on day 5, 6, or 7 post-fertilization,
followed by PGT-A using the Illumina VeriSeq PGS kit and proto-
col, which entails sequencing on the Illumina MiSeq platform
(36-bp single-end reads) (Illumina, USA). Chromosome copy
numbers from each embryo biopsy were inferred using the Illu-
mina BlueFuse Multi software suite in accordance with the
VeriSeq protocol.?> Each embryo was then noted as “euploid” or
“aneuploid” based on the chromosome copy number.

The aneuploidy rate for each IVF cycle was determined with the
formula described previously”-***:

aneuploidy rate =(no.of aneuploid embryos /total no.of embryos tested)

Sequencing alignment and variant calling

PGT-A sequencing files with <150,000 reads were considered low
quality and excluded. After filtering, sequencing files from each
IVF cycle were combined into a single file for analysis. The
sequencing reads were aligned to the human reference genome
(GRCh38) with bwa-mem (version 0.7.17)** and converted to the
binary alignment/map (BAM) format using samtools (v.1.13).>°
Ancestry inference was performed using LASER (v.2.0), as previously
described.”>*%?” Briefly, principal component (PC) space was
defined based on the 1000 Genomes project reference samples.
Sequencing samples were then projected onto the space using a Pro-
crustes approach implemented in LASER. Samples were assigned to
superpopulations (African [AFR], admixed American [AMR], East
Asian [EAS], European [EUR], and South Asian [SAS]) based on ge-
netic similarity to the 1000 Genomes reference panel.

Genotype likelihoods (GLs) were computed with bcftools
(v.1.13)?® for each sample at all variable positions of the reference
panel (1000 Genomes 30x on GRCh38, https://www.international
genome.org/home). Imputation and phasing in the form of GLs
were performed using GLIMPSE.?” Specifically, GLIMPSE refines
the GLs by iteratively running genotype imputation and haplo-

type phasing with a Gibbs sampling procedure to produce
consensus-based haplotype calls and genotype posteriors at every
variant position.”” With imputed data, each variant site was
filtered based on the following criteria: imputation score > 0.2,
minor allele frequency (MAF) > 5%. After filtering, the imputed
genotype dosages of each individual were calculated and used in
the association test:

genotype dosage of alternative allele = =}GL; x Alt;.

Given the known reference and alternative alleles, GL; of three
possible genotypes (i.e., homozygous reference, homozygous
alternative, and heterozygous) were multiplied by the number of
alternative alleles of each genotype (Alt;).

For MAF correlation analysis, the population MAF for each
variant was extracted from two reference panels: the 1000 Ge-
nomes Projects (http://ftp.1000genomes.ebi.ac.uk/voll/ftp/data_
collections/1000G_2504_high_coverage/working/20201028_
3202_phased/) and the Genome Aggregation Database (gnomAD)
(v.3.1).>° Correlations of MAFs between our imputed data and
reference panels were calculated with Pearson correlation coeffi-
cient (R).

Association test and eQTL analysis

For the association test, a quasibinomial generalized linear regres-
sion model (GLM) was iteratively fit for each variant using the
function glm() in R as follows:

glm(data, formula = cbind(aneuploid_embryos_numbers, eu-
ploid_embryos_numbers) ~ age + ancestry_PCs + single SNP_
dosage, family = "quasibinomial")

At each iteration, a single nucleotide polymorphism (SNP)
dosage was tested. Maternal age and top four ancestry PCs inferred
using LASER were included as covariates. The resulting p values
were visualized using a Manhattan plot and checked using a quan-
tile-quantile (Q-Q) plot with the R package GWASTools
(v.1.44.0).>" The significant variants were determined using a sig-
nificance threshold p value < 2e~® and Benjamini-Hochberg false
discovery rate (FDR) < 0.05. Haplotype structure surrounding sig-
nificant loci was visualized with Locuszoom (http://locuszoom.
org/).??

The Genotype-Tissue Expression (GTEx) project includes geno-
types, gene expression, and histological and clinical data from
54 non-diseased tissue sites across nearly 1,000 individuals.**
The eQTL information from GTEx (https://www.gtexportal.org/
home/eqtlDashboardPage, access date: 06/30/2022) was used to
determine the candidate variants’ potential association with
expression of nearby (i.e., cis) genes.

Mice and oocyte collection and maturation

C57BL/6 mice (6-10 weeks and 9 months of age) (Jackson Labora-
tory, USA) were used. Mice were housed with a constant tempera-
ture and a standard 12-h light/12-h dark cycle in the animal facil-
ity at Rutgers University (NJ, USA). All animal experiments
performed in this study were approved by the Rutgers IACUC (pro-
tocol #201702497) and followed guidelines set by the National In-
stitutes of Health. For oocyte collection, mice were primed with
pregnant mare serum gonadotropin (PMSG; Lee Biosolutions,
#493-10) two days before collection. Prophase I-arrested oocytes
were collected as described before®* in minimum essential me-
dium (MEM) (Sigma, #M0268) with 2.5 pM milrinone (Sigma,
#M4659) to prevent spontaneous meiotic resumption. The oo-
cytes were then incubated in Chatot, Ziomek, and Bavister (CZB)
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media without milrinone in 5% CO,, at 37°C for the desired time
of maturation depending on the meiotic stages to be evaluated
(0 h for prophase I, 5 h for pro-metaphase I, 7 h for metaphase I,
and 16 h for metaphase II).

Knockdown of CCDC66 in mouse oocytes

To deplete CCDC66, we used the Trim-away strategy.”-*>*° Rabbit
anti-CCDC66 antibody (Bethyl Laboratories, #A303-339A) and
control immunoglobulin G (IgG) antibody (Merck Millipore,
#12-370) were purified using Amicon Ultra 0.5-mL Centrifugal Fil-
ter (Merk Millipore, #UFC5003096). pGEMHE-Cherry-TRIM21
(Addgene, #105522) or pGEMHE-mEGFP-mTrim21 (Addgene,
#105519) were linearized with Asc I (New England Biolabs,
#R0558S) and in vitro transcribed using a T7 mMessage mMachine
Kit (Ambion, #AM1340). Prophase I-arrested oocytes were co-mi-
croinjected with the fluorescently tagged Trim21 cRNA and with
either rabbit anti-CCDC66 antibody (0.5 mg/mL) or IgG antibody
(0.5 mg/mL) in the control group. Injections were performed us-
ing a Xenoworks digital microinjector (Sutter Instruments) in
MEM supplemented with 2.5 pM milrinone. The oocytes were
incubated in milrinione-containing CZB media for at least 3 h in
5% CO, at 37°C before starting meiotic maturation by washing
out the milrinone and culturing in CZB medium. Oocytes were
fixed at metaphase I stage (7 h post-milrinone washout) and
immunostained to evaluate CCDC66 knockdown efficiency.

Antibodies and immunofluorescence
The following antibodies were used: rabbit anti-CCDC66 antibody
(1:50, Bethyl Laboratories, A303-339A), mouse anti-a-tubulin ((B-
5-1-2) Alexa Fluor 488) (1:100, Invitrogen, 322588), and human
anti-centromeric antigen (ACA) (1:30, Antibodies Incorporated,
15-234). These secondary antibodies (1:200) were used: donkey-
anti-rabbit Alexa Fluor 568 (Life Technologies, A10042) and goat-
anti-human Alexa Fluor 633 (Life Technologies, A21091).
Immunofluorescence was performed as previously described.®”
Oocytes were fixed with 2% paraformaldehyde (PFA) (Sigma-
Aldrich, P6148) in phosphate-buffered saline (PBS) at room tem-
perature for 20 min. The fixative was then washed out by incu-
bating the oocytes in blocking buffer (0.3% BSA containing
0.01% Tween 20 in PBS) three times for 10 min. Oocytes were
then permeabilized in PBS containing 0.2% Triton X-100 for
20 min and blocked in blocking buffer for 10 min. Primary anti-
body incubation was performed by incubating the oocytes over-
night at 4°C (CCDC66) or 1 h at room temperature (ACA) in a
dark, humidified chamber followed by three washes of 10 min
each in blocking solution. Then oocytes were incubated in second-
ary antibody for 1 h in a dark, humidified chamber followed by
three washes of 10 min each in blocking buffer. Finally, oocytes
were mounted in 10 pL of Vectashield containing 4,
6-diamidino-2-phenylindole, dihydrochloride (DAPI) (Life Tech-
nologies, D1306).

In situ chromosome counting
As described previously,***° the microinjected prophase I-arrested
oocytes from young and old mice were matured in CZB media
without milrinone in a humified incubator (5% CO,, 37°C) for
16 h until they completed meiosis I and arrested at metaphase
of meiosis II. Then, eggs were cultured for at least 2 h in 100 pM
Monastrol (Sigma #M8515) to collapse the spindle and facilitate
the separation of the chromosomes. The eggs were fixed with
2% PFA in PBS for 20 min and permeabilized in PBS containing

0.2% Triton X-100 for 20 min. Eggs were stained with ACA anti-
body to detect centromeres and DAPI to detect DNA. A normally
developing mouse egg at metaphase II has 20 sister chromatids;
any deviation of this number was considered an aneuploid egg.
Chromosome counting was performed with Image] software
(NIH, https://imagej.net/ij/index.html) using cell counter plugins.

Imaging

Images were acquired with Leica SP8 confocal microscopes equip-
ped with a 40x, 1.30 NA oil-immersion objective or a 63%, 1.40
NA oil-immersion objective. For each image, optical z sections
were obtained using 0.5-um step with zoom of 4.5. For comparison
of pixel intensities, the laser power was kept constant for each
oocyte in an experiment. All oocytes in the same experiment
were processed at the same time.

Results

Project overview, sample cohort, variant calling, and
ancestry inference

To identify genomic loci associated with aneuploidy in the
embryos of individuals who underwent IVE, we analyzed
embryo biopsy sequences collected from the PGT-A pro-
cedure (Figure 1). The dataset included 10,011 embryo bi-
opsies from 1,467 IVF cycles. After removing data from
egg donors and low quality (<150,000 reads), 9,357 em-
bryo biopsies from 1,373 cycles remained, with maternal
age ranging from 23 to 42 years (median = 35)
(Figure 2A). To improve the coverage for analysis, we
pooled all sequenced embryos from each IVF cycle.
Because embryos in a cycle are equivalent of full siblings,
this combined file captured both maternal and paternal ge-
nomes. After pooling, the median coverage of each sample
was 0.056x (Figure S1A). As expected, the mean coverage
per sample was linearly associated with the number of
sequenced embryo biopsies (Figure S1B).

We next performed ancestry inference based on the
sequence data using the program LASER. Our analysis re-
vealed a diverse cohort, consistent with the demographic
composition of the local population (Figures 2B and 2C).
Specifically, according to the superpopulation reference
panel defined by the 1000 Genomes Project,*’ 788 samples
(57.4%) have genetic similarity with EUR reference sam-
ples, 223 (16.2%) with AMR reference samples, 168
(12.2%) with AFR reference samples, 143 (10.4%) with
SAS reference samples, and 52 (3.8%) with EAS reference
samples.

Using the program GLIMPSE, we identified variants and
performed GL imputation across the sample cohort (see
material and methods for details). A total of 10,740,080
variants were imputed, among which 4,353,993 variants
had INFO scores >0.2 (Figure S2A). After selecting variants
with >5% MAF, 2,549,983 variants remained (Figure S2B).
After imputation, MAFs of imputed variants in our sample
were highly correlated with large population databases: the
1000 Genomes (R = 0.95, p < 2.2e ¢, Figure S3A) and the
gnomAD (R = 0.97, p < 2.2e"'®, Figure S3B).
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Genome-wide association analysis for aneuploidy

To identify aneuploidy risk loci, we next investigated the
association between aneuploidy rate and genotype dosage
for each variant using a GLM, incorporating four ancestry
PCs and the maternal age as covariates (see material and
methods for details).

Three SNPs on chromosome 3 reached genome-wide sig-
nificance for association with aneuploidy at the level of
p < 2e ® and FDR < 0.05 (Figure 3A; Tables 1 and S1).
The Q-Q plot did not show strong inflation of the test sta-
tistics (Figure 3B), suggesting that confounding factors,
such as population structure, were generally controlled.
The three significant SNPs were located in ELKS/RAB6-
interacting/CAST family member 2 (ERCZ2), which has
not been reported as associated with maternally derived
aneuploidy in OMIM (Figure 3C). Within the locus, the
three significant SNPs are in strong linkage disequilibrium
with each other (Table 1). The top SNP, 1512495172
(chr3:55959628G>A [GRCh38]), is located in intron 12-
13 of ERC2. The mean depth of coverage of the 1-Mbp win-
dow covering the significant variants had a median of
0.066 among all samples, comparable to 0.055 for the
entire chromosome (Figure S3C; Table 1). As indicated by
the positive beta values (e.g., 0.079 for the rs12495172),
the alternative allele of each significant variant in ERC2
is positively associated with aneuploidy rate.

Next, we aimed to identify the candidate genes associ-
ated with the top variants. A previous study showed that
variants discovered by GWASs are more likely to affect
the expression of nearby genes (i.e., as eQTLs), and the
altered expression can ultimately influence the phenotypic
trait.*! Therefore, integrating GWASs with gene expression
data can facilitate candidate gene prioritization.'” To deter-
mine the effect of the top SNPs on nearby gene expression,
we examined eQTL signals using data from the GTEx proj-
ect (GTEx analysis release v.8, dbGaP: phs000424.v.8.p2).
The GTEx data suggested that alternative alleles of the
top variants were associated with reduced expression of a
nearby gene, CCDC66, in two tissues (thyroid and tibial

nerve, see Figure 4A as one example). CCDC66 has a
wide expression profile, and ovary showed the second
highest expression in females (Figure S4A), suggesting its
potential function in female reproduction. Next, we deter-
mined the expression of CCDC66 in ovaries from different
female age groups (20-29, 30-39, and 40-49). Possibly
because of the small sample size and the large variation
among samples, CCDC66 expression is not significantly
different among the three age groups (Figure S4B). Given
that there was no eQTL signal for other genes, including
ERC2, we selected CCDC66 as the candidate aneuploidy
risk gene whose reduction in expression may be associated
with increased aneuploidy rate.

CCDC66 regulates meiotic progression and

chromosome segregation fidelity

CCDC66 encodes a microtubule-associated protein that
regulates microtubule nucleation and organization during
cell division.***? In mitosis, CCDC66 regulates centro-
some maturation via recruitment of core pericentriolar ma-
terial (PCM) proteins and microtubule organization via its
cross-linking activity.**

Because the vast majority of aneuploidies have a
maternal origin (i.e., from oocytes),***> we focused our
experimental analysis on oocyte meiosis. Human oocytes
are challenging to obtain in significant numbers. We there-
fore elected to determine the role of CCDC66 in meiosis
using mouse oocytes, a robust meiotic experimental sys-
tem. First, we evaluated localization of the protein during
meiotic maturation via immunostaining of oocytes fixed
at different meiotic stages (Figure 5A). We detected
CCDC66 in prophase I-staged oocytes with slight enrich-
ment in the nucleus. In pro-metaphase I and metaphase I
oocytes and in metaphase II eggs, CCDC66 was enriched
around the spindle (Figure 5A). This localization pattern
suggested a requirement of CCDC66 during mouse oocyte
meiotic maturation.

To evaluate a requirement for CCDC66 in oocyte meiotic
maturation, we depleted the protein using the Trim-Away
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strategy”> and confirmed ~95% depletion by subsequent
immunocytochemistry (Figures 5B and 5C). To determine
the effect of CCDC66 depletion on meiotic progression
and meiosis I chromosome segregation, we calculated the
percentage of oocytes that extruded polar bodies (PBEs)
and percentage of aneuploid metaphase II eggs, respec-
tively. In reproductively young mice (6-10 weeks of age,
equivalent to ~20 years of human age*®), 73.18% of con-
trol-injected oocytes extruded a polar body. This rate
decreased significantly to 66.16% in the CCDC66 deple-
tion group (p < 0.05) (Figure 5D). In oocytes from young
mice, the average rate of aneuploidy in metaphase II eggs
was 2.56% in the control group and increased significantly
to 13.24% in the depletion group (p < 0.05). Therefore,
decreased levels of CCDC66 increase the chances of chro-
mosome segregation errors during meiosis I in oocytes
from reproductively young mice.

Elevated egg aneuploidy is associated with advanced
maternal age (>35 years), but some women experience
higher egg aneuploidy rate at younger-than-average ages.
To evaluate the interplay between genetics and maternal
age, we also conducted the PBE and aneuploidy rate assess-
ment experiments in reproductively older mice (9 months,
equivalent to ~38 years in humans*®). Control-injected oo-
cytes from older mice had a reduced PBE rate (66.59%)
compared with oocytes in the young control-injected group
(73.18%). Furthermore, depletion of CCDC66 in older oo-
cytes also significantly reduced PBE compared with older
oocyte controls (57.07% versus 66.59%, respectively;
p < 0.05) (Figure 5D). In accordance with having an age-
related reduction in PBE rate, control-injected oocytes from
reproductively old mice had an elevated aneuploidy inci-
dence (8.83%). Depletion of CCDC66 in oocytes from old
mice had a more severe phenotype with a higher incidence
of aneuploidy compared with controls (24.85%, p < 0.01).
Furthermore, oocytes from 9-month-old mice were signifi-
cantly more likely to be aneuploid when CCDC66 was

depleted than oocytes from young mice. Taken together,
these data demonstrate that decreased levels of CCDC66
are associated with increased egg aneuploidy rates, a pheno-
type which becomes more severe with reproductive aging.

Discussion

The key to reproductive success lies in faithful chromo-
some segregation in meiosis to create a euploid zygote
upon fertilization.'*” The error-prone nature of meiosis
often results in low-quality gametes, leading to sponta-
neous abortion of aneuploid embryos.***® Recent studies
suggest oocyte meiotic maturation is susceptible to dysre-
gulation by maternal genetic variants that contribute to
aneuploid concepti, such as variants in CEP120 and
AURKB (reviewed in Biswas et al., Capalbo et al., and Volo-
zonokKa et al.*”**°%), These maternal genetic variants are
strong candidates for clinical validation as predictive bio-
markers of IVF outcomes. Identifying and validating addi-
tional genetic variants will contribute to a complete panel
of infertility biomarkers. This can be used to complement
existing clinical approaches to infertility, and genetic eval-
uations as the prognostic indicator of conception success
could substantially improve pregnancy outcomes.

A major hurdle in identifying aneuploidy biomarkers is
the lack of individual samples with both egg aneuploidy
phenotypes and genome sequencing information. To over-
come this limitation, we developed an integrated method
for analyzing PGT-A data and illustrated the utility of these
data for understanding risk factors of embryo aneuploidy.
Unlike most discoveries focused on maternal genomes for
aneuploidy risk variants,”” our method has the potential
to identify risk factors of both maternal and paternal ori-
gins. Here, we provide one example of how by leveraging
the power of imputation and GLs, even ulc-WGS data are
sufficient to identify common variant associations with
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Figure 3. Association test for aneuploidy

(A) Manhattan plot depicts —log10(p value) of association tests of each SNP versus the aneuploid embryo count. The rs numbers of
the three significant SNPs on chromosome 3 are labeled. The dashed line indicates the genome-wide significance threshold of p

value < 5 x 1078,

(B) Q-Q plot describes the distribution of observed —log10(p value) versus those expected under the null hypothesis.
(C) LocusZoom plot shows lead SNP (rs12495172) and SNPs in the region around ERC2. The lead SNP is shown in purple diamond and
the heatmap shows the linkage disequilibrium (LD) between the lead and nearby SNPs. Recombination rates are plotted as blue lines.

aneuploidy risk, especially when aggregating sibling em-
bryo sequences from the same individual. We discovered
one locus associated with aneuploidy on chromosome 3.
Further eQTL analysis suggests that CCDC66 is the candi-
date gene for embryo aneuploidy risk.

Through functional studies, we found that CCDC66 is
important for the completion of meiotic progression and
the production of euploid eggs. In mouse oocytes, the gene
is expressed at all meiotic stages, and we observed a signifi-
cant reduction of PBE in young and old mice after depleting
endogenous CCDC66. Depletion of the protein in eggs also
increased the incidence of aneuploidy, a phenotype that is
exaggerated in aged mice. When the age and aneuploidy
rate interaction was included as a co-variate in our associa-
tion analysis, it did not show significant association with
the aneuploidy rate variation. However, our limited sample
size might have contributed to the result. In mitotic cells,
CCDC66 function indicates that it is a microtubule-associ-
ated protein that localizes to centrosomes, centriolar satel-

lites, and the primary cilium throughout the cell cycle.****

More importantly, in our OMIM search, we did not find other
studies focusing on the function of CCDC66 in meiosis.
Additional studies are needed to better understand its func-
tion in both mitosis and meijosis.

Our current study has a few limitations. First, in addi-
tion to errors of meiotic origin, aneuploidy detected by
PGT-A could also arise from chromosome mis-segregation
during early embryonic mitotic divisions. These mitotic
errors could cause mosaicism in the embryos and poten-
tially confound the meiotic aneuploidy phenotype of in-
terest.”'* To circumvent this limitation, we recently
developed a haplotype-based approach to isolate the sub-
set of aneuploidies with characteristic signatures of
meiotic error.”” In the future when the sample size is suf-
ficiently large, we can apply this method to disentangle
the genetic underpinnings of mitotic versus meiotic er-
rors. Analysis of these sub-phenotypes will allow us to
evaluate whether certain alleles predispose to meiotic
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Table 1. SNPs associated with embryo aneuploidy

Chr Position Ref/Alt INFO  AF AFgnomAD AF1KG p FDR beta LD Distance rsID

3 55959628  G/A 0.237  33.8%  39.4% 40.8% 5.48E-09 8.67E-03  0.079 - - 1s12495172
3 55952031 C/T 0.244 32.8%  38.9% 39.4% 6.80E-09 8.67E-03 0.084 0.563 7597 rs11130489
3 55959515 A/G 0.234 35.0%  42.3% 44.1% 1.41E-08 1.20E-02 0.085 0.567 113 1s897966

3 55967692  G/C 0.242  34.8% 41.6% 43.0% 6.23E-08 3.10E-02 0.082 0.559 8064 rs9881130
3 55962557  C/T 0.245 34.2% 41.8% 43.1% 6.30E-08 3.10E-02 0.078 0.613 2929 156797130
3 55955490 C/G 0.239  35.0%  42.8% 44.4% 7.29E-08 3.10E-02 0.079  0.621 4138 rs9311590
3 55965325 A/G 0.247  32.8%  38.1% 38.8% 9.96E-08 3.63E-02 0.080 0.559 5697 156770904
3 55962257  T/C 0.235  34.7%  39.8% 41.0% 1.20E-07  3.83E-02 0.083 0.618 2629 156763168

Position: chromosomal position based on the human reference genome (GRCh38).

INFO: IMPUTE info quality score.

AF: alternative allele frequency.

AF gnomAD: alternative allele frequency in the gnomAD project.
AF 1KG: alternative allele frequency in the 1000 Genomes project.
beta: regression coefficient.

LD: linkage disequilibrium (r2) between the SNP and the top SNP (chr3:55959628G>A).
Distance: the distance (bps) between the SNP and the top SNP (chr3:55959628G>A).

errors, mitotic errors, or both. Second, to increase the
sequencing coverage, we combined embryo biopsy se-
quences from the same IVF cycle. Genetically, these em-
bryos are equivalent of full siblings, and the combined se-
quences contain genomic variation from both maternal
and paternal genomes. Therefore, some parts of the
genome could be tetraploid rather than diploid. However,
given the low coverage in the combined samples (median
coverage 0.056x), we expect most of the sites are not
affected, and our analyses based on the diploid assump-
tion are still valid. Third, our functional analysis is based
on a mouse oocyte system. More functional studies in
model organisms, such as knock-in mutations to mimic
the human genetic condition, would help elucidate the
role of the variants in candidate genes in relation to their
parental origin.
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Conclusion

Sufficient large sample size is fundamentally important in
addressing biological questions in population and medi-
cal genetics. Large low-coverage sequencing datasets
have become more accessible for analyses as costs of
sequencing continue to plummet. Given the same
sequencing depth, low-coverage sequencing of many in-
dividuals tends to be more powerful than deep
sequencing of fewer individuals.”>°® Recent studies
have demonstrated the application of low-coverage
sequencing data in GWASs,”°” polygenic risk score
calculation,”® and population genomics.’”*’ In addition,
computational tools that are specialized for low-coverage
sequencing data are also being actively developed.?®!-%
These developments allow for future applications of low-
coverage sequencing data.

Figure 4. Gene prioritization for casual
variants and genes

(A) GTEx eQTLs of the lead significant var-
iants 1512495172 (chr3:55959628G>A) on
CCDC66  expression. The decreased
expression of CCDC66 correlates with
alternative alleles of rs12495172 (number
of individuals is shown below each geno-
type).

(B) The genotype dosages of the alternative
allele of 1s12495172. The alternative allele
genotype dosages in samples were divided
into 3 bins of roughly equal size. The aneu-
ploidy rates among the samples were posi-
tively correlated with the alterative allele
genotype dosages. The whiskers in the
box-whisker plot span a range that is
1.5x the interquartile range (IQR).

alternative allele genotype dosasge
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Recently, alarge number of ulc-WGS data have been gener-
ated from different sources, such as PGT-A,°* cell-free DNA
(cfDNA)**  including non-invasive prenatal testing
(NIPT),”" and off-target sequencing reads from targeted
sequencing experiments.®> These sequences have not been
fully investigated due to the difficulties in interpreting the
sparse genotype observations. Our results show that when
applied to large datasets, global patterns emerge even at the
very low depth of coverage and can provide insight into
the biological origins of aneuploidy. Once fully developed,
we believe that our method, with the consideration of geno-
type uncertainty in a probabilistic framework, would be
applicable to other ulc-WGS datasets and could help improve
the overall utility of the ulc-WGS data in the genetics field.

Data and code availability

The summary statistics of the GWAS variants with p < 1e™*
are available in Table S1, and the summary statistics
of all variants have been submitted to the GWAS
catalog (https://www.ebi.ac.uk/gwas/) (GWAS Catalog:

m

Aneuploidy %

Figure 5. CCDC66 is important for
meiotic progression and production of
euploid eggs

(A) Localization of CCDC66 in different
stages of mouse oocyte meiotic matura-
tion. Oocytes were stained with anti-
CCDC66 antibody (gray) at (0, 5, 7, and
16) hours of maturation corresponding
to prophase I, pro-metaphase I, meta-
phase I, and metaphase II, respectively.
Tubulin and DAPI were used to label
the spindle and DNA (green and blue,
respectively). Scale bars: 15 and 4 um (in-
sets).

(B) Prophase-I arrested oocytes were co-
microinjected with Trim21 cRNA and
either CCDC66 antibody or IgG. Oocytes
were fixed at metaphase I and stained to
detect CCDC66 (gray). Tubulin (green)
and DAPI (blue) were used to label the
spindle and DNA.

(C) Relative CCDC66 intensity from (B),
two-tailed unpaired Student’s t test
(***p < 0.001).

(D) Quantification of percentage of polar
body extrusion (PBE).

(E) Percentage of aneuploid metaphase
II eggs after knockdown of CCDC66

Met Il

\Q,O OQ)GD \QO Obb in young and old mouse oocytes

OQ 00 (one-way ANOVA, *p < 0.05; **p < 0.01,
o O ***p < 0.001). Number of oocytes exam-
Young  Old ined: young IgG, 34; young CCDC66, 37;

old IgG, 29; old CCDC66, 31. These
experiments were repeated 3 times.

GCST90292548). The data used for
the analyses described in Figures 4
and S4 were obtained from the GTEx
Portal on 09/21/23 and GTEx Anal-
ysis Release v.8 (dbGaP: phs000424.v.8.p2) on 09/21/23.
The analysis codes are available at https://github.com/
JXing-Lab/PGTA_aneuploidy.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2023.11.002.
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Figure S1. Pooled sequencing coverage across 1,373 individuals. (A) The mean

sequence coverage of individuals. (B) Individual sequencing coverage correlation with

the number of embryos sequenced.
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Figure S2. Variant QC and distribution across chromosomes. (A) Imputation quality
score distribution of variants before filtering. (B) Minor allele frequency (MAF)

distribution of variants before filtering.
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Figure S3. Variant MAF correlation and sequencing depth distribution on
chromosome 3. The correlation of variant MAF distribution between the PGT-A
samples and the 1000 Genomes (A) and gnomAD (B) samples. (C) The median
sequencing depth on chromosome 3. The sequencing depth was calculated for non-

overlapping one million base-pair regions across the chromosome.
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Figure S4. CCDC66 expression in GTEx samples. (A) CCDC66 expression in different tissues in GTEx samples. Ovary
is labelled with a red box. (B) CCDC66 expression in ovary in different age groups among GTEx samples. The whiskers in
the box-whisker plot span a range that is 1.5 times the interquartile range (IQR). The data used for the analyses described
in the figure were obtained from: the GTEX Portal on 09/21/23 and dbGaP accession number phs000424.v8.p2 on
09/21/23.
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