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Materials and Methods

This research was reviewed by the Stanford University Research Compliance Office as part of the Human

Research Protection Program on 10/27/2014. The research was deemed to not meet the Federal definition

of human subjects research, and thus exempted from IRB review. This determination was based on the

facts that 1) the work involved no intervention or interaction with study subjects, 2) researchers did

not obtain or receive individually identifiable private information, and 3) the data or specimens were

collected for purposes other than the current research, the identifiers for the data or specimens were

replaced with a code, and the research team was prohibited from obtaining the key to the code. Natera,

Inc. also received an IRB exemption for this retrospective examination of the de-identified prenatal

genetic screening data in a review conducted by Ethical & Independent Review Services on 6/14/2013,

who determined that the work did not constitute human subjects research.

With the exception of Figures 1 A, B and 2E, all figures were generated within the R statistical

computing environment. Figure 1B was produced using eulerAPE (27), while Figure 2E was generated

with the qqman (28) package. Figures 1 C, D and Figure 3 were generated with the ggplot2 package (29).

Sampling and Genotyping

After fertilization, single cells were biopsied from separate embryos on day 3, according to the standard

protocols of each IVF clinic. Samples were then shipped overnight to the Natera laboratory for PGS. To

minimize contamination, blastomeres were sequentially washed in three drops of hypotonic buffer (5.6

mg/ml KCl, 6 mg/ml bovine serum albumin). DNA was extracted with PKB (Arcturus PicoPure Lysis

Buffer, 50 mM DTT) at 56�C for 1 hour and 95�C for 10 minutes before amplification using a modified

Multiple Displacement Amplification (MDA) kit (GE Healthcare) at 30�C for 2.5 hours then 65�C for

15 minutes. Parental DNA samples were acquired from blood draws or MasterAmp buccal tissue swabs

(Epicentre) and were extracted using the DNeasy Blood and Tissue kit (Qiagen). Parent and embryo

sample DNA was then genotyped on the Illumina HumanCytoSNP-12 BeadChip. For parent samples,

genotyping calls were performed using the standard Infinium II protocol (www.illumina.com) with

BeadStudio software.
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Screening for Aneuploidy

Ploidy status of each chromosome of each blastomere was inferred using the Parental Support algo-

rithm, which was previously described and extensively validated by Johnson et al. (6), who demonstrated

that both false-positive and false-negative rates were not statistically different than the ‘gold standard’

method of metaphase karyotyping. Briefly, noisy genotype data from blastomeres is overcome by fo-

cusing on informative SNPs (based on parent genotypes) and combining data over large chromosomal

windows. This approach also generates confidence scores which were shown to correlate with rates of

false-detection (6). To improve detection accuracy, we masked all chromosome calls with confidence

scores <80%, as well as removing all blastomeres containing �5 low-confidence calls (779 blastomeres

did not meet this quality standard). We additionally removed the 1,734 detected cases of whole-genome

nullisomy, which are indistinguishable from artifacts of failed amplification.

Discovery Phase

In preparation for association testing, we first used KING (version 1.4) (30) to select a random set of

unrelated individuals (no individuals of first or second degree relatedness), thereby removing duplicate

samples which were otherwise common due to patients undergoing multiple cycles of IVF. We then

used PLINK (version 1.90b1g) (31) to perform a sex check, remove all SNPs with less than 95% call

rate, then remove samples with less than 95% genotyping efficiency in accordance with GWAS quality

control standards (32). As further quality control and to reduce the multiple-testing burden, we removed

SNPs with a frequency of 1% in our sample. Final quality-filtered sample sizes for mothers and fathers

used for subsequent association testing were therefore slightly different. A total of 240,990 SNPs passed

quality-control filtering and were used for genome-wide association tests of aneuploidy risk.

We first distinguished sets of blastomeres with different forms of aneuploidy under the hypothesis

that errors arising during maternal meiosis would have different underlying genetic architecture than

those of post-zygotic mitotic origin. We did not attempt to assign all cases of aneuploidy to these alter-

native error classes, but instead selected subsets of aneuploid blastomeres that could be assigned to one

or the other with high confidence.
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In the case of maternal meiotic error, we designated as cases all maternal trisomies where homologs

from both maternal grandparents were observed at any chromosomal position in the blastomere (Fig.

1A). Such aneuploidies should be unambiguously meiotic in origin, as post-zygotic errors in the absence

of meiotic errors cannot produce this outcome (33). Most maternal meiotic errors are thought to arise

via non-disjunction, the failure of homologous chromosomes or sister chromatids to separate, resulting

in maternal chromosome loss in one daughter cell and corresponding maternal chromosome gain in the

other daughter cell (1). Because errors of meiotic origin increase with maternal age, we included age as

a covariate in this association test.

Because zygotic genome activation does not occur until the 4–8 cell stage (7), we hypothesized

that variation in maternal gene products deposited in oocytes could help explain variation in mitotic

origin aneuploidy in day 3 blastomeres. However, it is conceivable that paternal genotype could also

affect aneuploidy risk, as the centrosome, the microtubule organizing center that controls cell division, is

inherited via the sperm (34). Post-zygotic errors in mitosis are expected to affect maternal and paternal

chromosomes approximately equally. However, as previous studies have demonstrated that errors in

male meiosis are rare ( 5% abnormal sperm (8)), we conservatively identified a set of blastomeres

with putative mitotic error as those with any aneuploidy affecting the paternal copy of any chromosome.

This set of aneuploidies includes paternal monosomy, paternal trisomy, and paternal uniparental disomy,

even when these errors co-occur with other forms of aneuploidy. A large proportion of post-zygotic

errors are thought to arise via a mechanism termed anaphase lag, which refers to the delayed movement

of a chromatid toward the spindle pole (9). This can result in chromosome loss in one daughter cell

without a corresponding chromosome gain in the other daughter cell (35). Anaphase lag can occur when

microtubules emanating from multiple spindle poles attach to a single kinetochore (11). Such ‘merotelic’

attachments are more common in the presence of extra centrosomes and other centrosome abnormalities.

Supporting the accuracy of our classification scheme, no association was observed between the incidence

of putative mitotic origin aneuploidies aneuploidies and maternal age.

For both the maternal meiotic and post-zygotic error classes, we defined the response variable by

assigning all blastomeres in that aneuploid set as cases and all other blastomeres as controls for each IVF
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cycle. We repeated this classification for all 2,362 unrelated mothers in the data set. These case-control

data were then fit in MATLAB (version 7.12.0) using a generalized linear model assuming a binomial

error distribution with a logit link function. Upon observing evidence of over-dispersion, we refit the

model without fixing the dispersion parameter at 1 (i.e., quasi-binomial). To test for any additional peaks

masked by the strongest peak, we refit the model while including genotype at rs2305957 (again encoded

as the number of alternative alleles at this locus) as a linear covariate. No additional variants achieved

genome-wide significance in this second-order analysis.

As mild genomic inflation was observed for the mitotic error association test (� = 1.059), we

adjusted all P -values using the genomic control approach (36), resulting in a corrected P -value of

5.99⇥ 10�15 for rs2305957 (the most significant genotyped SNP). This approach corrects for inflated

P -values on the basis of the distribution of test statistics obtained from putative unassociated loci (36).

In order to estimate the effect size of genotype on overall aneuploidy in units of maternal age, we fit

a line to the plot of proportion of aneuploid blastomeres versus maternal age, for maternal age �35 years

(Fig. S5), weighting the regression by the square root of the total samples per age category to account

for measurement error. We then compared the slope of this line to the difference in the proportion of

aneuploid embryos between the two homozygous maternal genotype classes at SNP rs2305957.

Robustness and Statistical Validation

To exclude population stratification as a possible source of spurious association (and potentially identify

population-specific associations), we used principal components analysis to infer ancestry of patients in

our sample. We first extracted the set of overlapping SNPs between the 11 HapMap population samples

and our sample genotypes. We re-encoded genotypes as 0, 1, or 2 to reflect the number of alternative

alleles carried by each individual at each SNP. We randomly downsampled the data to 20,000 SNPs,

then performed PCA on the HapMap populations to define the principal component axes. For each

patient in our sample, we then calculated principal component scores on these predefined axes. We

grouped patients that fell within the ranges of European or East Asian reference samples on the first

three principal components, performing the previous association test on these subsamples of 1,332 and
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259 patients, respectively. We additionally repeated the test while using the top 10 principle components

of the genotype matrix as linear covariates, finding that this did not affect the mitotic error association.

For the validation step, which was performed using data as of March 2014, we selected all new

cases since the initial database pull in September 2013, compiling both the genotype data and generating

embryonic aneuploidy data using the Parental Support algorithm (6). We then combined the genotype

data of this new set with the genotype data of the unrelated individuals used in the discovery stage,

again using KING (30) to extract a new set of unrelated individuals. The new cases (Npatients = 34,

Nembryos = 283) were then selected from this set to ensure that duplicate or related individuals were not

present across or within the discovery and validation samples.

We used a generalized linear model to test for differences in the number of embryos contributed for

trophectoderm biopsy screening by mothers with different genotypes at the associated locus. We encoded

genotype as the number of alternative alleles at the SNP rs2305957, thereby testing for an additive effect.

As maternal age is also associated with the number of tested trophectoderm biopsies, we controlled for

this effect by including a second-order polynomial effect of maternal age, such that the model had the

form: Y = �0 + �1(Age) + �2(Age)2 + �3(Alt. allele count). The model assumed a Poisson error

distribution, modelling overdispersion by not fixing the dispersion parameter (i.e., quasi-Poisson). We

note that sampling criteria were not standardized across clinics, which likely adds noise to our test, but

should not bias the results.

Annotation

As initial genotyping was performed using the ⇠300K SNP Illumina Cyto-12 chip, genotypes were

relatively sparsely distributed throughout the genome. We therefore refined the association signal by

performing genotype imputation. We first selected the 1,332 unrelated individuals falling within the

range of the first three principal components of HapMap samples from populations of European ancestry.

Using BEAGLE (version 4.r1230) (37), we imputed untyped markers based on a European reference

panel from the 1,000 Genomes Project (14). We then repeated the association tests as before, but using

both genotyped (square plotting symbols in Fig. 2E) and imputed sample genotypes (circular plotting
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symbols in Fig. 2E), thereby allowing us to define the extent of the associated haplotype.

We used the program SNAP (38) to identify variants in strong linkage disequilibrium with the most

significant genotyped SNP (rs2305957), then retrieved functional annotations for this list of SNPs using

SNPnexus (39). SNP effect predictions were performed using SIFT (40) and PolyPhen2 (41), but we

note that these approaches have known biases against SNPs for which the reference genome carries the

derived allele (42).

To better understand the evolutionary history of the associated locus, we evaluated the allelic state of

rs2305957 and the two coding SNPs in PLK4 (rs3811740 and rs17012739) in chimpanzee and ancient

hominin genomes aligned to the human reference genome. In each case, Neanderthal (23, 43, 44) and

Denisovan (45) individuals carried the ancestral (i.e. shared with chimpanzee) allele at the corresponding

orthologous positions.

Supplementary Text

Associations with Alternative Phenotypes

By initially limiting the phenotype to blastomeres with aneuploidies affecting paternal chromosomes,

we identified a subset of aneuploidies that are very likely to have been generated during post-zygotic

cell divisions. As previously mentioned, however, errors affecting paternal chromosomes commonly

co-occur with other forms of aneuploidy, especially in the case of paternal chromosome loss. We were

therefore interested in whether other phenotypes characteristic of post-zygotic errors, namely complex

aneuploidies involving chromosome losses, were also associated with the same genotype. Upon testing

for association with alternative phenotypes (Table S1), we found that the initial association was driven by

aneuploidies that include a paternal chromosome loss (� = 0.237, SE = 0.0285, P = 6.76⇥ 10�17),

but not those including paternal chromosome gains upon excluding co-occurring cases of chromosome

loss (� = 0.0198, SE = 0.0639, P = 0.757). Because mitotic errors are equally likely to affect ma-

ternal chromosomes, we hypothesized that the association might also be observed for these aneuploidies

despite the additional noise due to the prevalence of maternal meiotic error. As the initial association
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was predominantly driven by chromosome losses, we restricted the phenotype to maternal chromosome

loss. Testing for an association of the rs2305957 genotype with maternal chromosome loss for 19,576

blastomeres, after removing all blastomeres with at least one paternal chromosome loss (rather than in-

cluding these as controls), showed a significant association in the same direction as the initial association

(� = 0.0783, SE = 0.0314, P = 0.0128), providing validation of the association result.
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Figure S1: Manhattan and QQ plots depicting P-values of association tests of each genotyped SNP versus the
rate of aneuploidy resulting in putative maternal meiotic error (trisomies where both maternal parental homologs
were determined to be present at a given genomic position). P-values are corrected using the genomic control
method (46). Results for association with maternal genotype are given in panels A-B, while results for association
with paternal genotype (a control set with approximately the same ethnic composition as the set of female patients)
are given in panels C-D. For the Manhattan plots (A & C), the red lines represent a standard genome-wide cut-off
of 5⇥ 10�8, while the grey dotted lines represent a less stringent P-value of 1⇥ 10�6. The QQ plots (B & D)
depict the distributions of P-values observed versus those expected under the null. The grey shaded regions indicate
probability bounds.
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Figure S2: Frequency of alleles at SNP rs2305957 among 1000 Genomes Phase 3 populations. This figure was
generated using the Geography of Genetic Variants Browser v0.2 (http://www.popgen.uchicago.edu/
ggv).
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Figure S3: The first two principal components of the genotype matrix of all unrelated mothers in the sample.
Principal components were first defined using the entire HapMap dataset of eleven worldwide populations (47),
then client principal component scores were computed according to these predefined axes. The red and green sets
of points represent mothers of East Asian and European ancestry, respectively. The ranges used to define these
subsamples were based on the CHB, CHD, and JPT HapMap reference populations in the case of the East Asian
set, and the CEU and TSI HapMap populations in the case of the European set. These ancestry-specific subsamples
were used to correct for potential population structure (Table 1, lower panel).
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Figure S4: Logistic regression coefficient estimates (�) for association of SNP genotype at rs2305957 with ane-
uploidy affecting any paternal chromosome copy (paternal monosomy, paternal trisomy, or paternal uniparental
disomy). Cases were stratified by total number of aneuploid chromosomes (all other blastomeres are considered
as controls). This demonstrates that the previously reported association is mostly driven by complex aneuploidies
affecting � 4 chromosomes.
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Figure S5: The proportion of aneuploid blastomeres, stratified by maternal age. Beginning at age 35, the propor-
tion of aneuploid blastomeres increases approximately linearly, with a 3.4% increase in the rate of aneuploidy per
year. The difference in rates of aneuploidy between the two respective homozygous genotype classes at rs2305957
is therefore equivalent to the average effect of ⇠1.8 years of age during this timespan. Error bars indicate standard
errors of the proportions.
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