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Abstract

In the blood, mosaic somatic aneuploidy (mSA) of all chromosomes has been found to be
associated with adverse health outcomes, including hematological cancer. Sex chromosome mSA
in the blood has been found to occur at a higher rate than autosomal mSA. Mosaic loss of the Y
chromosome is the most common copy number alteration in males, and has been found to be
associated with Alzheimer’s disease (AD) in blood lymphocytes. mSA of the sex chromosomes
has also been identified in the brain; however, little is known about its frequency across
individuals. Using WGS data from 362 males and 719 females from the ROSMAP cohort, we
quantified the relative rate of sex chromosome mSA in the dorsolateral prefrontal cortex (DLPFC),
cerebellum and whole blood. To ascertain the functionality of observed sex chromosome
mosaicism in the DLPFC, we examined its correlation with chromosome X and Y gene expression
as well as neuropathological and clinical characteristics of AD and cognitive ageing. In males, we
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found that mSA of the Y chromosome occurs more frequently in blood than in the DLPFC or
cerebellum. In the DLPFC, the presence of at least one APOE4 allele was associated with a
reduction in read depth of the Y chromosome (p = 1.9e-02). In the female DLPFC, a reduction in
chromosome X read depth was associated with reduced cognition at the last clinical visit and
faster rate of cognitive decline (p = 7.8e-03; p = 1.9e-02 ). mSA of all sex chromosomes in the
DLPFC were associated with aggregate measures of gene expression, implying functional impact.
Our results provide insight into the relative rate of mSA between tissues and suggest that Y and
female X chromosome read depth in the DLPFC is modestly associated with late AD risk factors
and cognitive pathologies.

Introduction

Somatic mutations acquired throughout life represent a new frontier of genomic diversity.
Long thought to only occur in the context of cancer, the genome of somatic cells has been
shown to mutate at a rate twice that of the germline in humans (Milholland et al., 2017).
This phenomenon--in which the genome in a portion of somatic cells differs from other cells
of the same tissue--is termed somatic mosaicism. The functional impact of somatic
mosaicism is highly tissue-specific. In the blood, aberrant clonal expansions of cells with
post-zygotic chromosomal dose changes have been associated with leukemia (Forsberg et
al., 2013; Jacobs et al., 2012; Laurie et al., 2012; MacHiela et al., 2016; Machiela and
Chanock, 2017). In the skin, mitotic recombination of mutated keratin genes KRT10 and
KRT1 in a portion of cells leads to Ichthyosis with confetti, a congenital skin disorder
(Guerra et al., 2015).

Somatic mosaicism has been found to more frequently occur in the sex chromosomes than
the autosomes (Machiela et al., 2016). Furthermore, independent genome-wide analyses of
CNVs have found that mosaic loss of the Y chromosome (mMLOY) is the most common copy
number variation in lymphocytes, with a frequency of between 1.7 and 20% (Forsberg et al.,
2014; Loftfield et al., 2018; Thompson et al., 2019). mLOY in lymphocytes has been
associated with shorter survival, higher risk of cancer and Alzheimer’s disease and increased
risk for Type Il diabetes (Dumanski et al., 2016; Forsberg et al., 2014; Machiela et al., 2016;
Bonnefond et al., 2013). To determine whether cancer causes mLOY or vice-versa, a recent
study examined the association between 156 mLOY-associated autosomal genetic loci in
lymphocytes and cancer outcomes in 100,000 females. Interestingly, these variants were also
associated with increased risk of cancer in women, suggesting that mLOY may occur as a
result of oncogenic processes (Thompson et al., 2019). Despite its relationship to various
disease processes, only one study has investigated the impact of mMLOY on gene expression,
finding through single-cell RNA-seq that mLOY was associated with increased expression
of the oncogene TCL1A (Thompson et al., 2019).

In the past decade, it has become increasingly apparent that somatic mosaicism occurs not
just in tissues with high turnover, such as lymphocytes and sex-specific tissues, but also in
the brain, including neurons in the frontal cortex and cerebellum (Cai et al., 2014; lourov et
al., 2009b, 20093, 2006; Knouse et al., 2014; McConnell et al., 2013; Rehen, 2005; van den
Bos et al., 2016; Yurov et al., 2007, 2005, 2014, 2008). In the brain, somatic mosaicism is
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proposed to contribute to neuronal diversity, allowing clonal populations of neurons to
perform different functions (McConnell et al, 2017). Due to the small number of samples
tested and differing sensitivity of molecular methods, estimates of aneuploidy in the cerebral
cortex have varied widely (Rohrback et al., 2018). Several early characterization efforts used
molecular techniques such as FISH, multicolor banding (MCB) and spectral karyotyping
(SKY) to assay the prevalence of aneuploidy in chromosomes 1, 7, 8, 9, 10, 11, 14, 15-18,
21 and X/Y, estimating that aneuploidy occurs in 13-59% of cells (lourov et al., 2009b,
20093, 2006; Rehen, 2005;Yurov et al., 2014, 2008, 2007, 2005). More recently, single-cell
whole genome sequencing (scWGS) methods have produced much lower estimates of the
prevalence of aneuploidy, ranging from 0.7 to 4.9% across all chromosomes (Cai et al.,
2014; Knouse et al., 2014; McConnell et al., 2013; van den Bos et al., 2016).

Although previous studies have investigated the prevalence of somatic mosaicism within
tissues, little is known about the relative rate of aneuploidy between tissues (McConnell et
al., 2017; Piotrowski et al., 2008). In a study of CNVs across fibroblasts and induced
pluripotent stem cells (iPSC) derived neurons in the same individual, sub-chromosomal
CNVs were found to occur at a lower rate in fibroblasts than in iPSC derived neurons,
suggesting that neuronal cells exhibit greater genomic diversity (McConnell et al., 2017).
Through subsequent single-cell sequencing of 110 neurons in the frontal cortex, they also
found that the majority of these CNVs occurred in a minority of cells with highly aberrant
genomes. These CNVs were unique to each cell, implying that CNVs in the frontal cortex
primarily occur on a single cell level. A separate study of LOY in lymphocytes and bulk
tissue from the DLPFC found that LOY occurs more commonly in the blood than in the
brain. However, this finding was based on the expression of only two chromosome X/Y
homologs in a small number of DLPFC samples (n = 26) (Kimura et al., 2018). Due to the
small number of total aneuploid events measured in these experiments, and the conflicting
evidence at the CNV and chromosomal level, it remains unclear whether aneuploidy occurs
at a higher or lower rate in the brain. Understanding the relative rate of somatic mosaicism
between the blood and brain in a larger sample would help clarify the role of somatic
mosaicism in the disease context.

In this study, we investigate the relative prevalence of mosaic somatic aneuploidy (mSA) in
the sex chromosomes in the blood and brain. Using WGS data from 1081 male and female
individuals profiled through the Rush Religious Order Study and Rush Memory and Aging
Project (ROSMAP), we compare the relative rate of mSA between whole blood, DLPFC and
cerebellum. Further, we utilize RNA-seq and neuropathology data to assess the associations
between mSA, gene expression and neuropathology in the DLPFC. Notably, this is the
largest study comparing mSA in the brain and whole blood to date, with 718 of 1081 WGS
samples generated from either the DLPFC or cerebellum. To quantify aneuploidy from WGS
data in each tissue, we developed an approach that uses median read depth measurements in
highly mappable locations along each chromosome to rank each sample by its relative
chromosomal content. This method shows high correlation with other metrics currently used
to assess mSA. To compare the relative rate of mosaicism between tissues, we developed a
method that adjusts for sample-specific technical variation, facilitating comparison of
chromosomal content between multiple tissue types. Through application of these methods
to a large number of individuals, we are able to circumvent the lack of single-cell resolution
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in bulk sequencing to gain insight into the rate of mSA in the blood, DLPFC and cerebellum.
Taken together, we find that mSA of the Y chromosome occurs more frequently in the blood
than in the brain. In addition, we find that mSA of the Y and female X chromosome is
associated with aggregate gene expression changes in the DLPFC as well as
neuropathological and cognitive indicators of Alzheimer’s disease and cognitive ageing.

2 — Methods
2.1 ROSMAP Cohort

The Rush Religious Order Study (ROS) and Rush Memory and Ageing Project (MAP) are
longitudinal studies that aimed to characterize the clinical and pathological features
underlying ageing, cognitive decline, Alzheimer’s and Parkinson’s disease. Although two
separate studies, clinical follow-up procedures and specimen collection were standardized
and jointly analyzed. At time of enrollment, both studies conducted a clinical evaluation of
each individual and collected blood samples. Upon the individual’s death, autopsy of the
brain was performed, allowing for the collection of an additional tissue sample from the
brain, and for revaluation of neuropathology by board-certified neuropathologists. Clinical
and neuropathological characterization of these cohorts has been reported elsewhere
(Bennett et al., 2018). A summary of all information collected on the ROSMAP cohort is
summarized in De Jager et al., 2018; and is available at www.radc.rush.edu.

2.2 Summary of all data analyzed in this study

Samples in the ROSMAP WGS dataset were sampled from a variety of brain tissues and
whole blood samples. In order to maximum our power to detect mosaicism in each tissue,
only tissues with greater than 50 individuals (i.e. the DLPFC, whole blood and cerebellum)
were analyzed. The data used in this study includes WGS (males = 362, females = 719),
SNP array genotyping (males = 306, females = 974) and RNA-sequencing (males = 175,
females = 407) data from all male and female samples in the ROSMAP cohort. Of all WGS
samples, 363 (males = 129, females = 234) were sampled from whole blood, 460 (males =
155, females = 305) were sampled from the DLPFC and 258 (males = 78, females = 180)
were sampled from cerebellum (Figure 1). SNP array data was sampled from the blood. A
summary of the origin, type and overlap between all data types used in this study is included
in Figure 1.

2.3 Quantifying aneuploidy from SNP array data

Genotype quantification—Processing of SNP genotype data was previously described
(Ng et al, 2017). Briefly, 1261 samples (352 male) were genotyped using the Affymetrix
GeneChip 6.0 platform (Santa Clara, CA) by the Broad Institute’s Center for Genotyping.
The Affymetrix Power Tools bundle (v1.20.0) was used to genotype and call copy humber
variants from provided CEL files. For probe normalization and CN calling the apt-
copynumber-workflow tool (v1.20.0) was used using default settings.

Genotypes were called using the birdseedv2 algorithm using the suggested APT workflow.
Samples with contrast quality control (CQC) values < 0.40, median absolute pairwise
difference (MAPD) values > 0.35, call rate < 0.95, or conflicting sex determination were
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removed, as per manufacturer instruction. Birdseed files which were converted to PLINK
format (http://zzz.bwh.harvard.edu/plink/) for SNP QC. SNP probes with genotype call rates
< 95%, minor allele frequency < 0.01, mishap test < 1e-9, and Hardy-Weinberg P < 0.001
were removed. After quality control, a total of 306 male and 974 female samples, 757,091
SNP probes and 908,043 CN probes were included in the study for further analysis.
Normalized Log R Ratio values were produced using Affymetrix Power Tools.

Chromosome loss quantification—The median Log R Ratio in a given chromosome or
region was used as a marker of chromosomal content. The Affymetrix Power Tools bundle
outputs the Log R Ratio as 1092(Ropserved/Rreference), Where the Rygference 1S the probe
intensity in a reference population of HapMap individuals. All SNP and CN probes across
each chromosome were used as markers of chromosomal content. In the Y chromosome,
8797 probes (Affymetrix Genotyping Array 6.0) located in the male-specific Y region
(MSY), but not the pseudoautosomal regions 1 (Y:10,001-2,649,520; hg19) and 2 (V:
59,034,050-59,363,566; hg19) were used to quantify chromosomal content. In the X
chromosome, 82,387 probes in all regions excluding the PAR 1 and 2 regions were used to
quantify the presence of the X chromosome.

2.4 Quantifying aneuploidy from Whole Genome Sequencing (WGS) data

Libraries of whole blood and DLPFC samples were generated using the KAPA Library
Preparation Kit. Final libraries were evaluated using fluorescent-based assays including
gPCR with the Universal KAPA Library Quantification Kit and Fragment Analyzer
(Advanced Analytics) or BioAnalyzer (Agilent 2100). Libraries were sequenced on an
Illumina HiSeq X sequencer (v2.5 chemistry) using 2 x 150 bp cycles. Sequencing reads
were aligned to GRCH37 using BWAmem (version 0.7.15). Aligned BAM files contain all
reads (passing or failing vendor quality checks), whether or not they aligned. We marked
duplicate reads using Picard’s MarkDuplicates module (version 2.4.1). For variant calling,
local re-alignment was performed around indels to identify putative insertions or deletions in
the region GATK''s (version 3.5) indel realignment tool. To compute read depth, we used the
GATK DepthOfCoverage module and only included reads passing minimum mapping
quality>20 and minimum normalized base quality greater than zero. For regions with excess
coverage, we down sampled to include only 5000 reads in the region.

Read depth values were collected from only high mappability regions for individuals of
European ancestry specified in the high mappability BED file from the Genome In a Bottle
Consortium (sample NA12878, version NISTv3.3.2, build hg37). To improve granularity in
the sex chromosomes, read depth was confined to 998bp length bins. All read depth bins
were subject to additional filtering steps that selected for bins of high mappability
(wgEncodeCrgMapabilityAlign50mer > 0.9), GC content percentage between 45 and 55.
Additionally, bins within known CNVSs observed in greater than 5% of European individuals
(DGV.GS.March2016.50percent.GainLossSep.Final.hg19.gff3; retrieved from http://
dgv.tcag.ca), and ENCODE excludable regions
(wgEncodeDacMapabilityConsensusExcludable.bed) were removed.
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Relative read depth (rRD) values for each chromosome and each individual was computed as
the ratio of the per-chromosome median read depths in pre-defined but irregularly sized high
mappability regions across the chromosome and the median read depth across the whole
genome (note: no difference in results was noted when the mean whole genome read depth
was used). Given the non-uniform distribution of bins in the autosomes, a weighted mean
based on bin length and median read depth was used when calculating chromosomal and
whole genome depth. In order to prevent auto-normalization, the chromosome undergoing
normalization was excluded from the median whole genome read depth calculation.

Because the standard deviation of relative read depth values were found to differ by
extraction kit (Supplemental Figure 1), an additional per-sample metric accounting for the
read depth distribution of each sample was developed to allow for comparison between kits
and tissues (Figure 2). Briefly, 1-3kb bins in each chromosome were z-normalized to a
sample-specific reference distribution composed of all 1-3kb bins in the autosomes.

For bin 7and sample j,

binRDij — 0.5 % mean of autosomal RDj
0.5 * SD of autosomal RDj

zscoreij(ha ploid) =

binRDij — mean of autosomal RDj

SD of autosomal RDi

zscorel.j(diploid) =

In the male haploid sex chromosomes, to account for differences in expected read depth and
variation, z-normalization was performed using 0.5 times the mean and standard deviation of
the reference distribution. For each sex chromosome in each sample, the median of the bin-
level z-scores was considered the z-score for that particular chromosome/sample
combination. As expected, the z-score distribution was approximately centered at 0 for all
chromosomes (Figure 3B). When building the reference distribution, we excluded bins in
chromosomes with an interquartile range larger than three standard deviations above the
mean. This resulted in the exclusion of chromosome 19.

2.5 Concordance between WGS depth and SNP array data

To determine concordance between WGS and SNP array measures of aneuploidy, we
characterized the similarity between all individuals with both SNP array and WGS data
chromosomal content values. For all intersecting SNP array samples, we ranked mLRR
values and rRD values per chromosome, and tested for ordinal association using the Kendall
rank correlation coefficient.

2.6 Measuring skewness

The skewness of the distribution of normalized chromosomal read depths was calculated as
the Pearson’s moment coefficient of skewness:
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u
skewness = 3
; o ’ 3/2

U

Where ug3 is the third cumulant and u, is the second cumulant.

2.7 RNA-Seq

RNA-seq data from 175 males and 407 females was analyzed. Tissue extraction, library
preparation and sequencing have been described extensively elsewhere (De Jager, 2018).
Gene-level expression estimates from RSEM were obtained from the ROSMAP AMPAD
portal in units of Fragment per kilobase per million mapped reads (FPKM) (https://
WWW.Synapse.org/#!Synapse:syn3219045).

2.7.1 Expression ratio—Assuming that all chromosomes are transcribed at similar
rates, a change in the copy number of a sex chromosome in a given sample will affect the
sex chromosome to autosomal expression ratio in that sample, as a greater/smaller
proportion of reads in the that sample’s library will map to the sex chromosome in question.
In this study, we created such an expression ratio to determine whether rRD was correlated
with overall chromosomal gene expression. The expression ratio of each sex chromosome
was defined as the ratio of the median top 20 highly expressed genes on that chromosome to
the median expression of a set of 440 highly expressed autosomal genes (20 from each
autosome). The top 20 highly expressed genes in the X chromosome were defined as the
genes with the highest median expression across the entire dataset (n = 582) (7TMSB4Y,
TMSB4X, PCSK1N, RPL10, RPL36A, GDI1, BEX3, TSPAN7, PLP1, SYP, RTL8C,
PDZD4, GPM6B, RPS4X, TCEALZ, BEX2, BEX4, RPLIP7, TSPYLZ, BCAP3I,
TCEAL4). None of these genes were identified as X inactivation escapees (Berletch et al.,
2011). For the Y chromosome, only 13 Y chromosome genes located in the non-
recombining region of the Y chromosome were quantified by RNA-seq, and therefore only
these 13 were used in the expression ratio (genes: KDM5D, DDX3Y, ZFY, USP9Y,
RPS4Y1, TXLNGY, TMSB4Y, NLG4N4Y, TTY14, UTY, EIFIAY, TTY15 AC010889.1).

2.8 Clinical and neuropathological indicators of Alzheimer’s disease

In this study, we quantified the relationship between rRD and APOEA4 status, rate of change
in global cognition, cognition at last clinical visit and amyloid content. A description of how
this data was collected is summarized elsewhere (Bennett et al., 2018). APOE4 status is a
binary variable that denotes the presence of the E4 allele of the APOE gene. Genotyping was
performed in PBMCs or brain by Agencourt Bioscience Corporation utilizing high-
throughput sequencing of codon 112 (position 3937) and codon 158 (position 4075) of exon
4 of the APOE gene on chromosome 19. The rate of change of global cognition is the
estimated person-specific rate of change in the global cognition variable over time. It is
determined through a linear mixed effects model with annual global cognitive function as
the longitudinal outcome (De Jager et al., 2013). The model controls for age at baseline, sex,
and years of education. Cognition at last visit is the z-score of the individual’s global
cognitive function value at the time of last assessment before death. Amyloid-beta was
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identified by molecularly-specific immunohistochemistry and quantified by image analysis
and is presented as the natural log of the average percent area occupied by amyloid-beta in
eight regions of the brain. Because extraction kit was known to influence the rRD
distribution, we performed two separate analyses: one analysis that included extraction Kit as
a covariate in a linear model (referred to as “combined” model), and another that treated
each extraction kit as a separate dataset (“single” model). A criterion for considering the
correlations identified in the combined analysis as internally valid was that in the single
model, the direction of correlation was concordant between the two extraction kits and
statistical significance was reached in at least one kit. In a series of linear models, each
clinical/neuropathological variable was considered the dependent variable and chr Y/X rRD,
age at death, APOE4 status (for analyses not included APOE4 as independent variable) and
post mortem interval (PMI) and DNA extraction kit (if combined model) were included as
independent variables.

2.9 HMMcopy

Chromosomes X and Y were analyzed for copy number variations using HMMcopy. Raw
read depths in 998bp bins in the MSY of chromosome Y and the non-PAR regions of
chromosome X were adjusted for GC content and mappability using QCDNAseq (Scheinin,
2014; v1.20.0) and provided as input to HMMcopy (Lai et al, 2019; v1.26.0). The output of
HMMcopy was the number of segments identified. In the case of no CNVs, a single segment
(the entire chromosome) would be the output.

2.10 Data availability

WGS z-scores (section 2.4) for each patient are available as supplementary data. Associated
clinical and neuropathological data (section 2.8) are available through the ROSMAP portal
(https://www.synapse.org/#!Synapse:syn3219045).

3 — Results

In this study, we use WGS data from 363 whole blood samples (males = 129, females =
234), 460 DLPFC samples (males = 155, females = 305) and 258 cerebellum samples (males
=78, females = 180) to assess the relative rate of sex chromosome mSA in the blood,
DLPFC and cerebellum (Figure 1). To examine the potential functionality of this mosaicism,
we also assess the correlation between mSA and gene expression and clinical/
neuropathological characteristics of AD. To be able to rank mSA across individuals within
the same tissue, we developed a metric, termed relative read depth (rRD), that measures read
depth across the chromosome in relation to whole genome read depth. To be able to compare
the range of mSA observed between tissues, we developed a processing pipeline that
adjusted for sample-specific technical variation by generating a z-score for each sample
(Figure 2). This pipeline allows for tissue-level variation to be compared across individuals.
We quantified rRD and z-score across all chromosomes. As expected, the average rRD for
chromosomes X and Y was approximately half that of the autosomes and z-score
distributions for each chromosome were centered at O (Figure 3A, B). Reassuringly, a copy
number detection algorithm did not detect CNVs in any sex chromosomes, indicating that
the differences in rRD and z-score observed in this study were not confounded by the
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presence of sub-chromosomal CNVs (Figure 4A-D). Manual inspection revealed a potential
CNV in one sample, which was excluded from all further analyses.

3.1 Correlation between rRD and mLRR

To ensure validity of rRD as a metric for measuring sex chromosome mosaicism within each
tissue, we investigated its relationship to artifacts of sequencing and mLRR, an array-based
metric that has been previously used to assess population-level mosaicism in the Y
chromosome (Forsberg et al, 2016; Dumanski et al, 2015). To ensure that differences in
blood and brain rRD values were not influenced by total read depth per sample, we
compared overall median read depths between samples from blood (n=363), DLPFC
(n=460) and cerebellum (n = 258). No difference in whole genome read depth was observed
between tissues (Kruskal-Wallis, p = 0.63). To further validate that the rRD metrics in
chromosomes X and Y were not affected by technical bias, we utilized the fact that whole
blood samples from 41 male and 102 female individuals had undergone both WGS and SNP
array profiling. For these 143 individuals, we 1) determined the correlation between rRD
values from WGS and median Log R Ratio (mLRR) values from SNP array and 2)
compared the relative ranking of chromosomal content in each individual (see Methods,
section 2.5). mLRR values correlated strongly with rRD values for the Y chromosome, and
female X, but not for the male X (Chr Y: r =0.86, p = 7.7e-13; Male Chr X: r=0.32,p =
0.041; Female Chr X: 0.40, p = 3.6e-05) (Figure 5). Similarly, we found that the order of
individuals was significantly similar in chromosome Y (t=6.0e-01, p=2.22e-16) and female
X (t=2.2e-01, p= 1.1e-03) but not the male X (t=1.5e-01, p=1.7e-01). Notably, restricting
our analysis to Genome In A Bottle (GIAB) high confidence regions (regions that produce
fewer false positive variant calls), highly mappable regions (Crg mappability > 0.9) and
regions with GC content within 45-55% range was critical in improving the correlation
between mLRR and rRD from 0.81 to 0.86 in the Y chromosome, and the correlation
between mLRRX and chr X rRD in females from a baseline of 0.33 to 0.40. Applying these
technical filters additionally decreased the average difference in mean absolute deviation
(MAD) between samples across chromosomes from 9.5e-03 to 5.4e-03 (Supplemental
Figure 2). Low correlation between mLRR and rRD values is also observed in the
autosomes, suggesting that correlation between mLRR and rRD values is a function of the
extent of the range of chromosomal content observed. Indeed, as noted by a recent report,
and confirmed by our findings, the range of blood-based mosaicism observed in the male Y
chromosome is larger than observed in either the male or female X, which is in turn greater
than that observed in the autosomes (Machiela et al, 2016).

3.2 Developing a metric for comparing mosaicism between samples

In order to compare samples across tissues, we needed to develop a robust pipeline to
eliminate technical artifacts such as those arising from DNA extraction Kit. To do this, we
utilized the fact that two kits were used to extract DNA across DLPFC tissue samples,
allowing us to ascertain the effect of technical differences in sample collection and
processing on rRD across different chromosomes. We noticed that the variation observed in
per-chromosome rRD distributions differed by extraction kit across the autosomes in the
DLPFC. This observation was preserved across both male and female samples
(AllPrepUniversal, N = 90, QIA Amp, N = 373; mean fold change (FC) = 4.52, max FC =
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10.98, min FC = 1.37) (Supplemental Figure 1A). To avoid confounding tissue-level changes
in mosaicism with technical artefacts of DNA extraction kit, we concluded that the standard
deviation of rRD could not be used to compare mosaicism between tissues. Recent research
has suggested that DNA extraction kit may induce changes in variance at the bin level (van
Heesch et al., 2013). Therefore, to address this artefact, we devised a novel z-score metric
that adjusts each sample based on variance observed across autosomal bins (see Methods,
section 2.4). This metric is referred to as the z-score throughout our analysis. Fold change in
SD of z-score distributions between extraction Kits used in the same tissue were 3.67-fold
lower than observed in rRD distributions, indicating that this metric effectively reduces
extraction-kit specific variance (Supplemental Figure 1B). FC between extraction kits in the
sex chromosomes also became more comparable (Supplemental Figure 3A). To account for
the small fold change difference that could feasibly be due to technical variation, fold
change in SD between extraction kit-specific z-score distributions were obtained for each
chromosome, forming an expected technical error distribution (Supplemental Figure 3B).
For all comparisons of SD and range between tissues, only FC differences greater than the
maximum FC observed in the technical error distributions (2.34) were performed. For
simplicity, this threshold was called the FC SD threshold. Because any measurable
mosaicism may be confounded by this technical variation, the FC SD threshold was also
used to create a confidence interval for our mosaicism measurements.

3.3 Estimating relative prevalence of mosaic somatic aneuploidy in the sex
chromosomes

The relative prevalence of mosaic somatic aneuploidy (mSA) was determined in each sex
chromosome by comparing the standard deviation of the z-score distributions across tissues
(Figure 6A, B). For all comparisons involving the DLPFC, fold change in SD across both
AllPrepUniversal and QlAamp extraction kits samples are reported and only comparisons
for which the direction of fold change occurred in the same direction in both kits were
considered internally valid. The observed FC in SD was greater than the FC SD threshold
for two comparisons within the Y chromosome: whole blood vs DLPFC and whole blood vs
cerebellum (Figure 6C). The SD in Y chromosomal content in whole blood is 3.40-fold
(plus or minus 2.24) larger than in the DLPFC, and 3.9-fold (plus or minus 2.34) larger than
in the cerebellum. In each tissue, z-score distributions were negatively skewed, implying that
the Y chromosome most commonly undergoes hypoploidy rather than hyperploidy (Figure
6D). Together, these results suggest that the rate of mSA of the Y chromosome occurs at a
higher rate in the blood than in the brain. In contrast, mSA in the male and female X did not
differ at a rate higher than that attributable to technical variation between any tissues,
implying that mosaicism is roughly equal between tissues, or that mosaicism occurs at a rate
below the lower detection limit of mosaicism as measured through bulk sequencing
(Forsberg et al, 2013; Forsberg et al., 2016; Jacobs et al., 2012).

3.4 Determining relationship between somatic mosaicism and gene expression in the

DLPFC

In order to determine whether mSA was associated with gene expression in the DLPFC, we
investigated the correlation between rRD and sex chromosome gene expression. Assuming
equal transcription rates across all chromosomes, differences in chromosomal content in a
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sample would result in a change in the median expression of Y chromosome genes
attributable to that particular sex chromosome. This ratio, termed expression ratio, was
defined as the ratio of the median of highly expressed genes in a sex chromosome to the
median of a set of highly expressed genes in the autosome (see Methods, section 2.7.1). If
variation in rRD reflects variation in chromosomal content, a correlation between mosaicism
and expression ratio would be expected. After correcting for RIN score, PMI and RNA
sequencing batch, correlation between rRD and Y expression ratio and X expression ratio
was observed in the male Y and female X sex chromosomes, but not the male X (Y Chr; r =
0.29, p = 2.42e-02, female X Chr: r = 0.36, p =1.2e-04; male X Chr: r =0.23, p = 6.5e-02)
(Figure 7A-C). This correlation between rRD and expression ratio suggests that mSA may
exert a functional effect on gene expression in the DLPFC.

Since there are reports of both somatic mosaic hypo- and hyperploidy in the frontal cortex,
we sought to determine if the direction of X and Y chromosome mosaicism at the DNA and
MRNA level concurred. At the DNA level, rRD in the DLPFC is slightly negatively skewed,
indicating a mild shift towards hypoploidy (Figure 7D). A corresponding negative skew is
not observed at the mRNA level, suggesting that low Y chromosomal content is one of
several factors dictating gene expression levels (Figure 7D). The significant correlation
between age at death and decreasing Y chromosome rRD in the DLPFC indicates that Y
chromosomal content decreases with age (r = 3.7e-01, p = 3.0e-05, Figure 8A). Notably,
rRD in no other chromosome was associated with age across the DLPFC, meaning that this
loss does not occur as a result of a general reduction in DNA content (Supplemental Figure
4A-B). In the cerebellum, reduced chromosome 9 rRD was weakly associated with age,
suggesting that age-related loss is chromosome and brain-region specific (r = 5.4e-02, p =
2.0e-02) (Supplemental Figure 4C-D).

In the male and female X chromosome, the direction of skew at the DNA and RNA level
concurred, suggesting a mild shift towards hyperploidy. mSA of the X chromosome was not
associated with age at sampling, indicating that mosaicism of the X chromosome in the
DLPFC is not age-dependent (Supplemental Figure 4A-B). Although some evidence exists
that mosaic loss of the female X chromosome preferentially affects the inactive X in blood
lymphocytes, it is unclear whether a similar effect occurs in the DLPFC (Machiela et al,
2016). Because none of the X genes considered highly expressed have been found to escape
X inactivation, the correlation observed here suggests that hyperploidy occurs as variation in
chromosomal content on the active X.

3.5 Association between mosaicism and clinical and neuropathological indicators of
Alzheimer’s disease

Given the evidence for functional mosaicism in the male Y and female X, we wanted to
determine whether rRD of the Y and X chromosome correlated with neuropathological and
clinical indicators of Alzheimer’s disease in the DLPFC (Figure 8B). We focused on the
DLPFC specifically as neuropathological variables, such as amyloid-beta, were derived from
this region. Because extraction kit was known to influence the rRD distribution, we
performed two separate analyses: one analysis that included extraction kit as a covariate in a
linear model (referred to as “combined” model), and another that treated each extraction kit
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as a separate dataset (“single” model). A criterion for considering the correlations identified
in the combined analysis as internally valid was that in the single model, the direction of
correlation was concordant between the two extraction kits and statistical significance was
reached in at least one kit. After controlling for age, PMI and DNA extraction Kit,
chromosome Y rRD in the DLPFC was mildly negatively correlated with the presence of at
least one E4 allele in the APOE gene (combined, p = 1.9e-02) and rate of change of
cognitive functioning over time (combined, p = 4.6e-02).

Female X rRD was also positively correlated with rate of change of cognitive functioning
over time in addition to global cognition at last visit (combined, p = 7.8e-03; p = 1.9e-02).
Interestingly, female chromosome X rRD was not correlated with amyloid-beta levels
(combined, p = 4.2e-03, but direction discordant in single analysis). Additionally, no
associations between mosaic loss of the male X chromosome and cognitive or
neuropathological indicators of Alzheimer’s were identified.

Because we noted a correlation between male chr Y and female chr X rRD and sex
chromosome expression, we sought to determine if X and Y expression ratio was directly
associated with APOE4, slope of random global cognition and cognition at last visit.
Although we did not note a direct correlation between APOE4 and slope of global cognition
in the Y chromosome, we noted a significant correlation between X chromosome and
cognition at last visit in the female X after controlling for PMI, RIN, batch number and the
presence/absence of AD (p = 2.7e-03).

4 — Discussion

In this study, we developed a method that uses per-chromosome read depth values from
WGS to quantify differences in mSA of the sex chromosomes across tissues. We applied this
method to determine the relative rate of mSA of the sex chromosomes in the blood, DLPFC
and cerebellum. On aggregate, we found that mosaic somatic aneuploidy of the Y
chromosome occurs more frequently in whole blood than in the DLPFC or cerebellum. In
the male and female X, fold change in mSA between tissues was within the range
attributable to technical variation, therefore implying that the range of X chromosomal
content is similar across blood, DLPFC and cerebellum, or that mosaicism of these
chromosomes occurs at a rate below bulk sequencing’s limit of detection. Analysis of skew
at the DNA level identified that both hypo- and hyperploidy occur in the DLPFC, echoing
previous findings (McConnell et al., 2017; Rehen, 2005; Rehen et al., 2001; Westra et al.,
2008; Yurov et al., 2007, 2005). In addition, we found that gene expression correlated with
sex chromosome content, suggesting that mSA may have a functional impact at the mRNA
level. Our study confirms in a much larger cohort (n = 1078 vs n = 26) the previously
reported observation that Y chromosomal content varies at a higher rate in the blood than in
the DLPFC. We additionally confirm the correlation between Y chromosome loss and age in
the DLPFC (Kimura et al., 2018). Further, by using the entire MSY region rather than just
two X/Y homologs to measure chromosomal content, our methodology provides a more
robust measure of sex chromosomal content that correlates highly with array-based
mosaicism metrics. We also ascertain the functional impact of this mosaicism in the DLPFC,
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and provide evidence that sex differences in the incidence of neuropathological diseases may
be mediated by differences in sex chromosome content.

There are conflicting reports on the existence of aneuploidy in the Alzheimer’s disease (AD)
brain, with a sizeable body of literature finding that aneuploidy is associated with AD
pathogenesis (Arendt et al., 2010; Arendt et al., 2015; Boeras et al., 2008; Bushman et al.,
2015; Potter, 1991; Geller and Potter, 1999; Chen et al., 2010; lourov et al., 2009; Migliore
et al., 1999; Mosch et al., 2007; Vincent et al., 1996; Yang et al., 2001; Yang et al., 2003b;
Yurov et al., 2014), and a separate body of literature finding no connection between
aneuploidy and AD (Westra et al, 2009; van den Bos et al, 2016). In this study, we found
that, Y, but not female X chromosomal content decreases with age in the DLPFC, indicating
that age-related neurodegeneration may affect the X and Y chromosomes differently. This
correlation was not observed in the cerebellum, indicating that this mosaicism of the sex
chromosomes is brain region-specific. We also found that after correcting age and PMI,
APOEA4 allele status is negatively correlated with male Y, but not X, chromosomal content,
highlighting a possible link between the APOE4 allele and mosaic loss of the Y
chromosome in the DLPFC. We also find that reduced Y chromosomal and female X
chromosomal content is associated with a faster rate of cognitive decline and reduced
cognition at last visit, a hallmark of neurodegeneration and AD. These results indicate that Y
and X chromosomal loss is associated with clinical manifestations of Alzheimer’s disease
and neurodegeneration in a manner independent of age. Recent studies have observed an
increase in hyperploid cortical neurons during preclinical AD, which then decrease to
euploid levels as hyperploid cells enter the cell cycle and undergo cell death (Arendt et al.,
2010, Arendt et al., 2015). Further research is needed to determine whether the female X
chromosome undergoes a similar process in the brain.

All studies that have previously investigated somatic aneuploidy using SNP genotyping
arrays and next generation sequencing have grappled with identifying a threshold value at
which to define an individual as mosaic for a particular chromosome (Dumanski et al., 2016;
Forsberg et al., 2014; Thompson et al., 2019). This threshold value can dramatically alter the
conclusions of an analysis, and can often depend on the data itself (Forsberg et al, 2019;
Zhou et al, 2019). In this study, we developed a measure of chromosomal mosaicism that
does not depend on a specific threshold. Our metric, referred to as z-score, corrects for
sample-specific technical biases, allowing us to directly compare the variation of
chromosomal content across chromosomes and across tissues without the use of a threshold.
This method can be applied to any WGS data set. Skew of this metric within each tissue can
be used to determine whether this mosaicism occurs as hyperploidy or hypoploidy.

The fraction of mosaicism detected in a bulk sequencing sample depends on the sequencing
depth. At the depth to which samples were sequenced in this study (average of 31x),
mosaicism would only be detected if occuring in greater than 10% of cells (Forsberg et al,
2013; Forsberg et al., 2016; Jacobs et al., 2012). To distinguish technical variation from
biologically meaningful variation, we assessed the correlation between rRD and gene
expression in each sex chromosome in the DLPFC, with the assumption that biologically
meaningful mosaicism would be correlated with gene expression. The association between
sex chromosome rRD and expression ratio indicates that the observed variation is in fact
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biologically meaningful. Given the limits of mosaicism detection by bulk sequencing, this
suggests that mosaicism in the sex chromosomes on average occurs at a result equal to or
higher than 10% in the DLPFC, a finding in line with previous estimates of aneuploidy
through FISH and SKY-MCB methods, but not more recent single-cell analyses. However, it
should be noted that recent single-cell analyses had limited coverage of the sex
chromosomes (Cai et al., 2014; Knouse et al., 2014; McConnell et al., 2013; van den Bos et
al., 2016).

In this study, we addressed several technical challenges associated with the comparison of
WGS data between individuals in large cohort studies, namely the non-random association
between rRD and DNA extraction kit. A literature search yielded only one paper reporting a
similar finding, which described a wave-like disruption at the bin level caused by different
DNA extraction kits (van Heesch et al., 2013). To address this technical artefact, we
normalized per-bin rRD to a sample-specific reference distribution built in the autosomes.
This allowed us to compare SD of the z-score distribution between tissues (Supplemental
Figure 1). To determine the range of fold change values that could be attributable to
technical differences, the fold change in SD and range of z-score distributions sampled using
different extraction kits in a single tissue (DLPFC) were calculated for each autosome.
Comparisons were only performed for tissues that surpassed the maximum fold change seen
in this distribution (Supplemental Figure 3B,C). This normalization procedure adjusts for
technical differences and allows the relative rate of somatic mosaic aneuploidy to be
compared.

The origin and timescale of biological mechanisms capable of generating somatic mosaicism
in the blood and brain may help explain observed differences in the rate of mosaic somatic
aneuploidy. In the blood, lymphocytes—the most common cell type among the DNA-
containing white blood cells—replicate on the order of days and are known to undergo
clonal expansion in the context of normal ageing. Therefore, the greater magnitude of skew
observed in the Y chromosome in the blood could be attributed to aberrant clonal expansions
in our relatively elderly population of individuals.

In contrast, in the brain, somatic mitotic events are restricted to neurogenesis, a critical time
in brain development in which mitotic division of neural progenitor cells and the subsequent
generation of differentiated neurons occurs at a fast pace. During this time, like cells in the
blood, mosaic aneuploidies can occur as a result of lagging chromosomes, micronuclei,
supernumerary centrosomes and chromosomal nondisjunction (Rehen, 2005; Rehen et al.,
2001; Westra et al., 2008; Yang et al., 2003; Yurov et al., 2005). Neural progenitor cells
formed during neurogenesis give way to non-dividing differentiated cell types,
approximately 70% of which are post-mitotic neurons, and 30% of which are monocytes,
astrocytes, microglia, oligodendrocytes and pericytes. Subsequent pruning of neurons occurs
over the life course. Given the timescale at which mitotic events can occur in the brain, the
observed reduction in Y chromosome content over the lifespan could emerge as a result of
two possible scenarios:

1. Mitotic aneuploidy events during neurogenesis, resulting in hyperploid Y cells.
Over the lifespan, death of hyperploid cells due to caspase-mediated
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programmed cell death could result in an observed decrease in Y chromosomal
content over time (Peterson et al., 2012). This decrease would bring the Y
chromosome from the hyperploid state to the euploid state.

2. Preferential cell death of euploid Y cells, resulting in an increasing proportion of
hypoploid cells over time.

X/Y chromosome dosage has been found to play a role in the functioning of specific regions
of the cortex, striatum and cerebellum, highlighting its biological utility even in the post-
neurogenesis brain (Raznahan et al., 2016). This implies that scenario 1) is most likely.
However, further research into somatic mutations during neurogenesis and neural pruning
over the life course would be needed to identify the most likely mechanism through which
the observed copy number distributions were formed.

Resolving the rate of mSA between the blood and brain will require a combination of single
cell and bulk sequencing methods. Bulk methods, such as the one used in this study, can
allow for a greater understanding of the relative distribution of chromosome X and Y copy
number in different tissues and across populations. On the other hand, single cell methods
provide utility in establishing the distribution of aneuploid cells within a single individual.
Used together, they would allow researchers to understand not only the relative range of sex
chromosomal content in the brain across individuals, but also the type and number of
individual cells affected within the same individual. Over the coming decade, the Brain
Somaticism Network will utilize both bulk and single-cell approaches to quantify somatic
mosaicism in the brain, helping shed light on the relative landscape of somatic mosaicism in
blood and brain (McConnell et al., 2017).
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Highlights

Somatic mosaic aneuploidy (mSA) of the sex chromosome occurs more
frequently in the blood than in the brain.

mSA of the male Y and female X chromosomes is associated with aggregate
changes in gene expression.

Reduced read depth of the Y chromosome (suggesting mosaic loss) is
modestly associated with a genetic risk factor for Alzheimer’s disease: the
presence of the APOE4 allele.

Reduced read depth of the Y and female X chromosome is associated with a
faster rate of cognitive decline.

Reduced read depth in the female X chromosome is associated with cognitive
characteristics of Alzheimer’s disease, including reduced cognition at the last
clinical visit.
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Figure 1: Overview of ROSMAP study data.
Whole blood samples from males and females were analyzed through WGS (males = 129,

females = 234) and Affymetrix Genotype Array 6.0 (males = 306, females = 974). Data
from both WGS and SNP array was available for 40 males and 102 females. Samples from
the dorsolateral prefrontal cortex (males = 155, females = 305) and cerebellum (males = 78,
females = 180) were analyzed through WGS. RNA sequencing (RNA-seq) was performed
on DLPFC samples from 175 males and 407 females. Joint WGS and RNA-seq profiling
data from the DLPFC was available in 65 males and 110 females.
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Figure 2: Schematic depicting z-normalization procedure for sex chromosomes in a single

sample.

Z-normalization was performed to adjust for technical artifacts due to the use of different
DNA extraction kits in different tissues. 1) First, raw read counts in the autosomes were
binned into irregularly sized, non-contiguous bins defined as high mappability regions by the
Genome In a Bottle (GIAB) consortium. Sex chromosomes were binned into continuous
998bp hins along the non-PAR1 and PAR2 regions. 2) All bins with a mean ENCODE CRG
mappability score less than 0.9 and GC content greater than 45 and less than 55 percent were
removed. 3) All remaining 1-3kbp bins in the autosomes were isolated and 4) used to form a
sample-specific reference distribution of expected count in 1-3kbp bins. 5) In each sex
chromosome, per-bin read depth was z-normalized using the mean and standard deviation of
the reference distribution. For haploid chromosomes, the mean and standard deviation were
multiplied by 0.5. The median per-bin z-score in each chromosome was considered the z-
score for that chromosome (referred to as “z-score”).
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Figure 3: Estimation of chromosomal content in three tissues across 1081 individuals using
WGS.

Each point in the boxplot is a single individual. A) Relative read depth (rRD) in each
chromosome across different tissues. rRD was defined as the ratio of the median read depth
along high mappability regions that passed filtering criteria (see Methods section 2.4) in
each chromosome and the median whole genome read depth. Depicted data includes both
male (n = 363) and female (n = 719) samples that originates from whole blood (males = 129,
females = 234), DLPFC (males = 155, females = 305) and cerebellar (males = 78, females =
180) tissues. As expected, the normalized read depth for diploid chromosomes are
approximately centered at 1, and haploid chromosomes are approximately centered at 0.5.
B) Median bin-level z-score for each chromosome, as calculated by the pipeline depicted in
Figure 2. The same individuals are profiled in A and B. Briefly, bins between 1-3kb in size
along each chromosome were z-normalized to a reference distribution of all 1-3kb bins in
the autosomes. In the male haploid sex chromosomes, to account for differences in expected
read depth and variation, z-normalization was performed using 0.5 times the mean and
standard deviation of the reference distribution. As expected, the z-score distribution is
approximately centered at 0 for all chromosomes.
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Figure 4. Identification of copy number variants (CNVs) across the X and Y chromosome using
HMMcopy.

To ensure that estimates of rRD and z-score for a specific individual were not confounded by
the presence of sub-chromosomal CNVs, we used HMMcopy to identify CNVs in our
sample. No CNVs were detected in any sample. The X and Y chromosome bin-level z-score
and copy number (HMMcopy) profile are provided. The package QCDNAseq was used to
normalize the expression data prior to input to HMMcopy. A) Z-score and QCDNAseq
normalized copy numbers for the sample with the lowest median z-score in the blood in the
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Y chromosome. B) Z-score and QCDNAseq normalized copy numbers for the sample with
the highest median z-score in the blood in the Y chromosome. C) Z-score and QCDNAseq
normalized copy numbers for the sample with the highest median z-score in the blood in the
X chromosome. D) Z-score and QCDNAseq normalized copy numbers (input to HMMcopy)
for the sample with the lowest median z-score in the blood in the X chromosome. Each point
represents the z-score/CN value of a bin. The red line represents the per-sample median of z-
score/CN values across the entire chromosome. The black line demarcates a z-score/CN
value of zero. The red line demarcates the median z-score/CN value in each sample.
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Figure 5: Correlation between median Log R ratios (MLRR) and relative read depth (rRD)
measurements of the X and Y chromosome in males and females.

In order to assess the validity of the rRD metric, we assessed its correlation with HapMap-
normalized mLRR values from the Affymetrix genotyping array 6.0 on the Y chromosome
and X chromosome in 41 male and 102 female individuals. mLRR values for the male X
chromosome are lower than those for the female because males and females were analyzed
in the same Affymetrix workflow and the haploid males will have lower mLRR-X values
than the diploid females.
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Figure 6: Relative rate and direction (hypoploidy vs hyperploidy) of chromosome Y mSA in
whole blood, DLPFC and cerebellar tissues.

A) z-score distribution for the male X, female X and male Y chromosomes as measured in
whole blood, DLPFC and cerebellum. B) SD of z-score distributions in A. These values
were used to compute the fold change differences in C. C) Fold change in SD between
tissues for the Y chromosome (FC = larger SD/smaller SD). Green shading indicates that the
FC in SD between tissues was larger than the maximum SD differences attributable to
extraction kit alone (referred to as FC threshold, Supplemental Figure 4B). Standard
deviation in Y chromosomal content is 3.40-fold (plus or minus 2.34) higher in whole blood
than in DLPFC, and 3.9-fold (plus or minus 2.34) higher than in the cerebellum. D) Skew of
Y chromosome z-score distribution in whole blood, DLPFC and cerebellum. In the Y
chromosome, a greater negative skew is observed in the blood than in the brain. Because
distributions varied by extraction kit, we present the skew of both the AllPrepUniversal and
QIAamp samples separately.
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Figure 7: Relationship between sex chromosome rRD and proportion of gene expression
attributable to that chromosome.

A, B, C) Here, rRD was used instead of z-score because rRD exhibits improved overall
correlation with mLRR. Further, a single DNA extraction kit (QlAamp) was used to extract
both the WGS and RNAseq data, therefore negating the need for kit-specific correction.
Briefly, a measure of the proportion of gene expression attributable to the sex chromosomes
was defined as the ratio of the median of the top 20 highly expressed genes on the sex
chromosome in question (or top 13 on the Y) to the median of the top 440 highly expressed
genes across all autosomes (20 from each autosome, see Methods, section 2.7.1). An
increase in total amount of a sex chromosome in the sample would be expected to lead to an
increase in the proportion of that chromosome’s gene expression relative to the autosomes.
After correcting for RIN score, PMI and RNA sequencing batch, correlation between rRD
and Y expression ratio and X expression ratio was observed in the male Y and female X
chromosomes (Y chr: r =0.29, p = 2.42e-02, female X chr: r = 0.36, p =1.2e-04; male X chr:
r=0.23, p = 6.5e-02). P-values from ANOVA are shown on graphs for ease of visualization.
D) Distribution in skew across all WGS and RNAseq data. “all” signifies the skew in all
available data for each data type, not just those individuals common to WGS and RNA-seq
analyses. “Common” signifies the skew in the data common to both WGS and RNA-seq
analyses. In the female and male X chromosomes, positive skew is observed at both the
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RNA and DNA level. In contrast, in the Y chromosome, conflicting skew is observed at the
DNA and RNA level.
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Figure 8. Associations between neuropathological and clinical markers of ageing and AD and
chromosome Y/female chromosome X mSA.

A) Association between rRD in the Y chromosome with age and PMI (controlling for
extraction kit). Y chromosome rRD was significantly negatively correlated with age (p =
2.92e-05), but not with PMI. B) A linear model was used to assess the relationship between
rRD and APOEA4 status, slope of global cognition, cognition at last visit and amyloid
content, subsetting by extraction kit and controlling for age at death and PMI. Because
extraction kit was known to influence the rRD distribution, we performed two separate
analyses with clinical data: one analysis that included extraction Kit as a covariate in a linear
model (referred to as “combined” model), and another that treated each extraction kit as a
separate dataset (“single” model). A criteria for considering the correlations identified in the
combined analysis as internally valid was that in the single model, the direction of
correlation was concordant between the two extraction kits and statistical significance was
reached in at least one kit. Associations that meet both criteria are shaded red. Asterisks
signify significance at p < 0.05.
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