Supplementary Information

The effect of X-linked dosage compensation on complex trait
variation

Julia Sidorenko!", Irfahan Kassam'*, Kathryn E. Kemper!, Jian Zeng!', Luke R. Lloyd-Jones',
Grant W. Montgomery!, Greg Gibson?, Andres Metspalu®, Tonu Esko®, Jian Yang'#, Allan F.
McRae!f, Peter M. Visscher'#f

nstitute for Molecular Bioscience, The University of Queensland, Brisbane, Australia

2School of Biology and Centre for Integrative Genomics, Georgia Institute of Technology,
Atlanta, United States of America

3Estonian Genome Centre, Institute of Genomics, University of Tartu, Tartu, Estonia
“Queensland Brain Institute, The University of Queensland, Brisbane, Australia
“These authors contributed equally to this work

"These authors jointly supervised this work

Correspondence: peter.visscher@ug.edu.au, j.sidorenko@imb.ug.edu.au




Supplementary Note 1
Comparison of the X chromosome to the autosomes

For complex traits such as educational attainment (EA), height or BMI, the proportion of
genetic variation due to the X chromosome is reported to be lower than expected for an
autosome of similar length!2. The genetic variance contributed by X-chromosome SNPs is
proportional to Y, var(x) * 2, where var(x) is the variance of the SNP allele counts, x, and
p is the per-allele effect size at trait loci. In this study we have established that the SNP-
heritability (h%sxp) attributable to the X chromosome is on average 0.6% in males and 0.3% in
females across 20 complex traits in the UK Biobank (Supplementary Table 2), indicating that
dosage compensation mechanisms on the X chromosome contribute to the difference in the X-
linked genetic variances between males and females. Therefore, the dosage compensation in
females is one factor that may downwardly bias the overall X-linked heritability estimates
across sexes. We chose height and BMI, two traits with significant X-linked heritability, to
evaluate the relationship between the autosomes and the X chromosome in males. When
compared to the autosomal per-chromosome estimates of hsyp, the X-specific h’syp estimates
were close to the those of the chromosomes with length <100Mb (Supplementary Figure 1A).
To further disentangle whether the lower than expected amount of X-linked variance is
attributable to the haploidy in males or on average smaller per-allele effect of the associated
loci, we evaluated the number of trait-associated loci. To achieve similar power of detecting
trait-associated variants, we performed autosomal association analysis in the set of males
down-sampled by a factor of two, and selected independently associated SNPs using GCTA-
COJO 3 algorithm.

As expected in the case of similar effect size between autosomes and the X-chromosome, we
did not detect fewer X-linked SNPs for height and BMI, but rather the number of identified
loci was close to the largest autosomes (Supplementary Figure 1B). We observed no significant
difference in means between the absolute values of the autosomal and the X-chromosomal
effect sizes of the trait-associated loci for both traits (P=0.56 and P=0.58 for height and BMI,
respectively) (Supplementary Figure 1C). Therefore, our results indicate that the smaller
number of X-linked loci identifiable in a GWAS for a given sample size and the smaller X-
linked h%sxp, are attributable to haploidy in males and random X-chromosome inactivation in
females.

Supplementary Note 2

Evidence for hormonally influenced sex-specific genetic control in the four regions of
heterogeneity on the X chromosome

We observed a highly significant trait association in males and lack of association in females
in the heterogeneity region 1 (Xp22.31) for 5 traits: body fat percentage (Fat%), haemoglobin
concentration (Hgb), haematocrit percentage (Hcrit), red blood cell count (RBC) and heel bone



mineral density (hBMD) (Figure 2). Notably, this region near the FAM9A/FAM9B genes, has
been shown to be significantly associated with male-specific traits such as testosterone levels
4, male pattern baldness >¢ and age at voice drop 6. Moreover, the FAM9A/FAM9B genes have
been shown to be expressed exclusively in testis in hybridization experiments 7. Indeed, in the
GTEXx data (see URLs), we found that FAM9A is highly expressed in testis only, with lower
levels of expression of FAM9B in both uterus and testis, supporting the male-specific
architecture for this locus and suggesting the androgenic pathway. Androgens play essential
erythropoiesis promoting- 8, fat-reducing- ° and anti-osteoporotic- '° roles. Thus, we presume
that a pleiotropic effect of the heterogeneity region 1 on erythropoiesis associated traits (Hgb,
Hcrit and RBC), Fat% and hBMD, may be mediated by androgen levels.

The NROBI gene in the heterogeneity region 2 (Xp21.2), which encodes the DAX1 protein,
was a candidate gene for male-specific genetic control for height in this region (Figure 2).
DAXI is essential for regulation of hormone production and loss of DAX1 function leads to
adrenal insufficiency and hypogonadotropic hypogonadism ''. Moreover, Xp21.2 region in
known as a dosage-sensitive sex reversal region, where its duplication or deletion is associated
with male-female or female-male sex reversal 2714,

The top signal in the heterogeneity region 4 was located in another well-known androgen-
associated locus (Xql2) near the androgen receptor (AR) gene (Figure 2). The significant
heterogeneity in this region between males and females for Fat% supports the male-specific
fat-reducing effect of androgens. Notably, we observed the sex-specific heterogeneity in
regions 1 and 4 for Fat% but not for BMI, suggesting that, although highly correlated, these
traits differ in aetiology.

For Hgb and Hcrit, the main heterogeneity signal was identified in Xp11.21 (heterogeneity
region 3) (Figure 2). This region is shown to be associated with blood zinc concentrations (near
KLF8,ZXDA and ZXDB encoding Zn-finger proteins !°) and male-pattern baldness °. Zinc has
been shown to modulate serum testosterone levels in men !¢ and is associated with haemoglobin
concentrations in epidemiological studies '”. However, we find that the 5’ end of the region 3
is adjacent to the ALAS2 gene, encoding a protein involved in heme synthesis and thus
erythropoiesis (OMIM *301300). Mutations in this gene cause sideroblastic anaemia with X-
linked recessive inheritance (OMIM #300751). Thus, the evidence for the androgen-dependent
effect of this region remains inconclusive.

To further support the male-specific architecture for the heterogeneity regions, we sought to
determine if genes in these regions may be androgen-responsive. None of these genes were
shown to be androgen-regulated '®. However, the KLF4, KLF5, KLF10 and KLF 13 genes from
the Kriippel-like factor (KLF) family are reported to be androgen-dependent '*. Notably, KLFS,
a gene located in the Xp11.21 region is shown to repress the KLF4 transcription °, where the
KLF4 and AR genes appear to be reciprocally upregulated . Additionally, a burden of rare
mutations in the KLFI, encoding a transcriptional activator of the KLF8?!, is also significantly
associated with blood related traits, such as red blood cell distribution width and mean



corpuscular haemoglobin 2. This suggests that the KLF8 could be implicated in the male-
specific architecture of the heterogeneity region 3 for Hgb and Hcrit.

Supplementary Note 3

ITM2A gene-trait association results support the ITM2A being the subject to inactivation

Variants near ITM2A were shown to be associated with height in a previous study 2* and with
height, BMR, Grip, WHR and FEV1 in the current XWAS analysis. In the combined male-
female SMR 2 analysis we also observed evidence for pleiotropic association (Psyr<3.0x10)
of the ITM2A expression (tagged by probe ILMN_2076600) with 6 traits: height, BMR, Grip,
WHR, FEV1 and RBC (genetic instrument SNP rs10126553, Supplementary data 12).
However, only associations corresponding to RBC pass the test for heterogeneity (Pugin>0.05),
which aims to distinguish pleiotropy/causality from linkage. For the remaining traits, Pygip
varied from 6.5x103 for WHR to 8.0x10'® for height, indicating heterogeneity in gene
expression effect on the trait estimated at different eSNPs that are in LD with the top-associated
eSNP. That is, we cannot reject the null hypothesis that the gene-trait association is due to a
single genetic variant. SMR analysis in frans regions on the X chromosome identified
additional associations between the expression of the ITM2A gene and height and BMR, which
was mediated by a trans-eQTL located 2.2Mb upstream the ITM2A (SNP rs112933714,
Supplementary data 13). The mean male-female effect size ratio for the genetic instrument,
SNP 1510126553 (P.orL combinea=1.5x107%),, across these 7 traits (not filtered on Py value) was
1.83 (SD=0.25) (Supplementary data 12), and 2.30 (SD=0.65) for the trans acting variant
rs112933714 across two traits with significant frans-eQTLs (Supplementary data 13), in
agreement with the reported Inactive status of the ITM2A gene.
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Supplementary Figure 1. Comparison of the X chromosome to the autosomes. (A) The
per-chromosome SNP-heritability and (B) the number of lead SNPs (male discovery, minor
allele frequency >1%) for height and body mass index (BMI) are compared to the physical
length of the chromosome. We used GCTA-GREML 2 to estimate the per-chromosome SNP-



heritability in a sample of 50,000 unrelated males in the autosomal analysis and 100,000
unrelated males and females in the X-chromosome analysis. The lead SNPs were identified
using GCTA-COJO 3, using the summary statistics from the autosomal association analyses
conducted in a sample of ~104,000 males and the X-chromosomal analysis in ~208,000 males.
The distribution of the per-allele effect estimates of these autosomal and X-chromosomal lead
SNPs are compared in panel (C).
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Supplementary Figure 2. Dosage compensation (DC) ratio estimates from summary
statistics and GCTA-GREML. The male-female SNP-heritability ratios were compared for
18 traits with significant X-linked SNP-heritability estimates in both sexes (from GREML-
analysis). The red dashed line indicates the expected correlation of 1. The bars represent the
standard error. Traits: standing height (Height), forced expiratory volume in 1-second (FEV1),
smoking status (Smoking), hand grip strength, right (Grip), body mass index (BMI), body fat
percentage (Fat%), basal metabolic rate (BMR), waist to hip ratio (WHR), diastolic blood
pressure (DBP), heel bone mineral density T-score (hBMD), fluid intelligence score (FI),
neuroticism score (Neuroticism), educational attainment (EA), white blood cell (leukocyte)
count (WBC), platelet count (Platelet), red blood cell (erythrocyte) count (RBC), haemoglobin
concentration (Hgb), Haematocrit percentage (Hcrit).
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Supplementary Figure 3. Sex-specific variance explained on the X chromosome. The
male-specific estimates are presented on the top of each plot and female-specific estimates are
on the bottom, with the variance of the lead SNPs (selected in the combined COJO-GCTA
analysis) highlighted by larger blue circles (males) and red circles (females). Genetic variance
contributed by the SNP in each sex was calculated as var,, = p(1 — p)Bz, and vary = 2p(1 —
p) ﬁ]? in the non-PAR region for males and females, respectively,and 2p(1 — p)S? in the PAR
region for either sex. B,,, B and f are the male-, female-, and either male- or female-specific
per-allele effect estimates from our sex-stratified XWAS analysis; p is the minor allele
frequency. For better scalability and to ease visualisation, the scale on the y-axis is truncated
either at the value of 0.05 or 0.025. The diamonds represent the truncated loci and the maximum
estimates for those loci are presented. The base pair positions are coloured according to the
reported inactivation status . Traits: standing height (Height), forced expiratory volume in 1-
second (FEV1), smoking status (Smoking), hand grip strength, right (Grip), body mass index
(BMI), body fat percentage (Fat%), basal metabolic rate (BMR), waist to hip ratio (WHR),
diastolic blood pressure (DBP), heel bone mineral density T-score (hBMD), fluid intelligence
score (FI), neuroticism score (Neuroticism), educational attainment (EA), skin colour (Skin),
hair colour (Hair), white blood cell (leukocyte) count (WBC), platelet count (Platelet), red
blood cell (erythrocyte) count (RBC), haemoglobin concentration (Hgb), Haematocrit
percentage (Hcrit).
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A) Male discovery B) Female discovery
DCC=2.13 (SE=0.08) DCC=1.47 (SE=0.07)

o 0.1 0.1
© i

=

o)

2

()

2 00 0.0
=

¢

N

w

B 0.1 -0.1
e

UJ ’

0.1

Effect size, female (per allele)

Supplementary Figure 4. Dosage compensation coeffieicent (DCC) in complex traits
analysis, non-pseudoautosomal region (non-PAR). Comparison of the male- and female-
specific per-allele effect estimates (+/- SE) for the lead SNPs identified in the A) male
discovery set (M=143 SNPs) or B) female discovery set (M=61 SNPs). The SNPs located in
the regions of heterogeneity are excluded. The green and red dashed lines indicate the
expectations under full DC and escape from X-inactivation, respectively. The black line
represents DCC. SE, standard error.
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A) Combined discovery B) Male discovery
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Supplementary Figure 5. Dosage compensation coeffieicent (DCC) in complex traits
analysis, pseudoautosomal region (PAR). Comparison of per-allele effects from sex-specific
analyses (+/- SE) of lead SNPs in as identified in a A) combined discovery set (M=16 SNPs),
B) male discovery set (M=2 SNPs) or C) female discovery set (M=8 SNPs). The green and red
dashed lines indicate the expectations under full DC and escape from X-inactivation,
respectively. DCC was not estimated due to low number of lead SNPs in PAR.
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Supplementary Figure 6. Effects size ratios in complex traits analysis, non-
pseudoautosomal region (non-PAR). Effects size ratios for the lead SNPs across the analysed
complex traits are compared between Escape/Variable and Inactive groups, which include
SNPs physically located within a gene region with previously reported XCI status®®. We
exclude variants in the regions of heterogeneity as well as 2 variants with the absolute ratio

values > 10 (male discovery sample). M, number of SNPs. Center line represents median; box
limits represent upper and lower quartiles; whiskers represent 1.5x interquartile range;

individual points are outliers.
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A) Male discovery B) Female discovery

DCC=2.07 (SE=0.04) DCC=1.95 (SE=0.04)
2 - 2
o
o 1 1
©
g
= 0 0
o
(]
£
o -1 -1
N
w
82 2.
|
-3 P -3
2 -1 0 1 -2

Effect size, female (per allele)

Supplementary Figure 7. Dosage compensation coeffieicent (DCC) in CAGE whole blood,
non-pseudoautosomal region (non-PAR). Comparison of per-allele effects from sex-specific
analyses (+/- SE) for X-chromosome cis-eQTLs in CAGE whole blood. DCC of 1.95
(SE=0.04) is observed for 51 eQTLs (P.or<1.6x101°) in the female discovery analysis, and
DCC of 2.07 (SE=0.04) for 74 eQTLs (Peor.<1.6x10'°) in the male discovery analysis. The
green and red dashed lines indicate the expectations under full DC and escape from X-
inactivation, respectively. The black line represents DCC. SE, standard error
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Supplementary Figure 8. Sex differences in X-chromosome gene expression may not be
due to escape from XCI. A total of 6 eQTLs identified in the male discovery cis-eQTL
analysis in CAGE whole blood are annotated to escape XCI. These genes show higher
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expression in females compared to males (Pyx airr<3.1x1073, i.e. 0.05/16), as expected for genes
that escape from XCI, but also significant differences between the effect estimate of the top
associated SNP on gene expression after correction for mean differences in expression between
the sexes (genotype-by-sex interaction Pg,s<3.1x107%), which is consistent with FDC. This
suggests that sex differences in the expression of these genes may not be due to escape from
XCI. Orange corresponds to females. Blue corresponds to males. Center line represents
median; box limits represent upper and lower quartiles; whiskers represent 1.5x interquartile
range; individual points are outliers.
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A) Male discovery B) Female discovery
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Supplementary Figure 9. Dosage compensation coeffieicent (DCC) across 22 tissues in
GTEXx, non-pseudoautosomal region (non-PAR). The per-allele effect estimates of top
eQTLs across all 22 tissues in GTEX in the discovery sex is compared to the corresponding
eQTL in the other sex from the matching tissue. DCC of 1.96 (SE=0.05) is observed for 175
eQTLs in the male discovery analysis, and 1.51 (SE=0.05) for 23 eQTLs in the female
discovery analysis. The green and red dashed lines indicate the expectations under full DC and
escape from X-inactivation, respectively. The black line represents DCC. SE, standard error.
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Supplementary Figure 10: Dosage compensation coeffieicent (DCC) for eQTLs from an
interaction eQTL analysis across tissues. An eQTL interaction analysis of males and females
combined identified a mean of 41 eQTLs (SD=20) that satisfied a within tissue Bonferroni
significance threshold across the 22 tissues. This gave a mean DCC of 1.75 (SD=0.14) across
the 22 tissue. The green dashed line indicates the expectation under full dosage compensation
model. The bars represent the standard error. SD, standard deviation.
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A) Male discovery B) Female discovery
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Supplementary Figure 11. Autosomal dosage compensation coefficient (DCC) in CAGE
whole blood. Comparison of per-allele effects from sex-specific analyses (+/- SE) for
autosomal cis-eQTLs identified in CAGE whole blood. DCC is expected to be equal in males
and females. DCC of 1.00 (SE=2.3x10") is observed for 3,116 eQTLs with P.or.<10!° in the
male discovery analysis, and 0.94 (SE=2.3x10?) for 3,165 eQTLs with P.or.<10'? in the female
discovery analysis. The green dashed line represents the y=2x line. The black line represents
DCC. SE, standard error
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A) Combined discovery B) Male discovery
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Supplementary Figure 12. Dosage compensation coeffieicent (DCC) for SMR hits, non-
pseudoautosomal region (non-PAR). Comparison of per-allele effects from sex-specific
analyses (+/- SE) of the SNPs associated with complex traits through gene expression, as
identified in a A) combined male-female SMR analysis (M=36 SNPs), and sex-stratified SMR
analyses (B, M=23 SNPs; C, M=4 SNPs). The SNPs are coloured according to the reported
inactivation status of the genes that showed evidence of pleiotropic association with the
phenotypic traits (SMR genes, red = Escape/Variable, black = Inactive, grey = Unknown). The
SMR results are presented in the Supplementary data 9-11. The green and red dashed lines
indicate the expectations under full DC and escape from X-inactivation, respectively. The black
line represents DCC. SE, standard error.
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Supplementary Tables 1-6

Supplementary Table 1. A) The UK Biobank trait information

Male Female Total

Trait Abbreviation UKB identifier Covariates* N Min. Mean Max. SD# N Min. Mean Max. SD# N

Standing height (cm) Height 50-0.0-50-2.0 Age, age”2 207920 13900 175.84 20900 6.64 246,694 12600 162.63 19900 6.10 454614
Forced expiratory volume in 1-second, Best measure (litres) | FEV1 20150-0.0 Age, age’2 158,692 0.23 3.35 7.67 0.66 183,353 0.09 243 5.57 0.46 342,045
Smoking status Smoking 20116-0.0 YOB (as factor) 207,536 0.00 0.52 1.00 0.49 246,155  0.00 041 1.00 0.49 453,691
Hand grip strength (right, kg) Grip 47-00-47-20 Age, age”2 207,696  0.00 40.42 90.00 8.82 246,112 0.00 24.34 58.00 6.17 453,808
Body mass index (kg m?) BMI 21001-0.0 - 21001-2.0 Age, age”2 207,649  12.81 27.84 53.28 421 246387  12.12 27.01 57.85 5.10 454036
Body fat percentage (%) Fat% 23099-0.0 - 23099-1.0 Age, age”2 204362  5.00 25.29 54.70 5.70 243302  6.00 36.53 69.80 6.78 447,664
Basal metabolic rate (kJ) BMR 23105-0.0 - 23105-1.0 Age, age”2 204,584 3883 7795.67 13975 1006 243226 3531 5648.26 9644 65196 | 447810
Waist to hip ratio WHR NAA Age, age”2 207,878  0.55 0.94 142 0.06 246,671 045 0.82 1.56 0.07 454549
Diastolic blood pressure, automated reading (mmHg) DBP 4079-0.0 - 4079-2.1% Age, age’2 145363 42.00 83.98 145 9.81 188,110 32.00 80.03 1385 9.77 333473
?:\ZLZ‘;T;ES”I density T-score, automated (standard hBMD 78-0.0 Age, ager2 119681 -563 008 842 133 | 142107 562  -059 5.81 103 261,788
Fluid intelligence score FI 20016-0.0 - 20016-2.0 Age, age”2 76,360 0.00 6.31 13.00 2.17 89,084 0.00 6.07 13.00 2.02 165444
Neuroticism score Neuroticism 20127-0.0 Age, age’2 171,734 0.00 3.60 12.00 3.18 197,139 0.00 4.57 12.00 3.23 368,873
Qualifications (converted to years of education as in 27) EA 6138-0.0 - 6138-2.5 YOB (as factor) 206377 7.00 15.30 20.00 5.02 244987 7.00 14.59 20.00 4.89 451364
Skin colour Skin 1717-0.0 - 203,556  1.00 2.15 4.00 0.55 244086  1.00 2.12 4.00 0.56 447,642
Hair colour (natural, before greying) Hair 1747-0.0 - 195967 1.00 246 4.00 0.79 232,085 1.00 2.31 1.00 0.72 428,052
White blood cell (Ieukocyte) count (10° cells per litre) WBC 30000-0.0 - 30000-2.0 Age, age”2 203018  0.00 691 19.96 1.76 239,783  0.00 6.85 18.37 1.73 442801
Platelet count (10° cells per litre) Platelet 30080-0.0 - 30080-2.0 Age, age”2 203042 24 23749 57350 53.88 | 239,793 04 26540 62490 5891 442 835
Red blood cell (erythrocyte) count (102 cells per litre) RBC 30010-0.0 - 30010-2.0 Age, age”2 203,120 252 4.73 6.87 0.36 239835 234 432 6.30 0.33 442955
Haemoglobin concentration (grams per decilitre) Hg 30020-0.0 - 30020-2.0 Age, age”2 203,129  8.90 15.00 20.52 1.00 239,840  7.82 13.52 19.20 0.93 442969
Haematocrit percentage (%) Herit 30030-0.0 - 30030-2.0 Age, age”2 203,122 255 43.30 60.7 295 239832 227 39.28 55.72 2.73 442954

A WHR =Waist circumference [48-0.0 - 48-2.0 ] / Hip circumference [49-0.0 - 49-2.0]

$ Individuals taking medications with blood pressure lowering effect were excluded from the analysis

*Age = Age of attending assessment centre [21003.0.0-21003.2.0], YOB = Year of birth [34-0.0]

#SD=standard deviation of the phenotype after adjusting for covariates, before scaling




Supplementary Table 1. B) The UK Biobank trait information. N, sample size

Trait N male N female
Smoking

Cases (previous/current) 107,083 101,905
Controls (never) 100,453 144,250

Skin colour
1=Very fair 13,678 23,065
2=Fair 149,805 171,329
3=Light olive 35,707 47,001
4=Dark olive 4,366 2,691

NA=Brown, Black, Do not know, Prefer not to answer

Hair colour (natural, before greying)

1=Blonde 20,374 30,978
2=Light brown 81,395 103,338
3=Dark brown 77,747 93,583

4=Black 16,451 4,186

NA=Red, Other, Do not know, Prefer not to answer
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Supplementary Table 2. The X-chromosome-wide (non-PAR) SNP-heritability (/4%snp)
estimates and dosage compensation ratios (DCR) estimates obtained with GREML analysis

and estimated from GWAS summary statistics.

Trait GREML N GREML Summary
statistics
hZSNP, M hZSNP, F hZSNP, M/hZSNP, F

Male Female (SE, %) (SE, %) (SE) DCR (SE)

Height 99,762 99,796 | 1.55(0.12) 0.88 (0.09) 1.76 (0.23) 1.59 (0.07)
FEVI 91,543 89326 | 0.57(0.10) 0.36 (0.09) 1.60 (0.47) 1.35(0.16)
Smoking 99,566 99,584 | 0.48 (0.09) 0.18 (0.07) 2.67 (1.19) 1.98 (0.42)
Grip 99,651 99,551 | 0.42(0.08) 0.28 (0.07) 1.52(0.51) 1.78 (0.21)
BMI 99,634 99,663 | 0.97(0.11) 0.42 (0.08) 2.28(0.52) 2.13(0.21)
Fat% 98070 98362 | 0.97(0.11) 0.38 (0.08) 2.53(0.62) 2.85(0.32)
BMR 98,162 98321 1.22(0.12) 0.58 (0.09) 2.12 (0.40) 2.54(0.19)
WHR 99,727 99,798 | 0.53 (0.09) 0.16 (0.07) 3.30 (1.48) 1.84 (0.25)
DBP 93,673 93414 | 0.38(0.09) 0.27 (0.08) 1.45 (0.55) 1.11 (0.26)
hBMD 90,779 90,800 | 0.52(0.09) 0.27 (0.07) 1.95 (0.64) 2.13(0.33)
FI 59641 59,650 | 0.57(0.13) 0.45 (0.12) 1.25 (0.45) 1.13 (0.27)
Neuroticism | 98,925 95,683 | 0.38 (0.08) 0.17 (0.07) 2.19 (1.00) 1.51 (0.34)
EA 99,023 99,147 | 0.33(0.08) 0.45 (0.09) 0.72 (0.22) 0.82 (0.13)
Skin 97,746 98,743 | 0.2(0.07) 0.03 (0.06) 5.82 (9.46) 1.95 (0.74)
Hair 94080 93,995 | 0.23(0.07) 0.02 (0.05) 10.02 (23.45) 2.05 (0.76)
WBC 97422 96,987 | 0.52(0.09) 0.17 (0.07) 3.07 (1.36) 2.53 (0.46)
Platelet 97426 96,991 | 0.55(0.09) 0.19 (0.07) 2.90 (1.10) 2.55(0.38)
RBC 97460 97,009 | 0.61(0.10) 0.26 (0.07) 2.36(0.77) 2.46 (0.34)
Hgb 97474 97,006 | 0.77(0.11) 0.26 (0.08) 2.91(0.92) 5.22(0.77)
Herit 97466 97,007 | 0.74(0.11) 0.16 (0.07) 451 (2.00) 5.07 (0.83)
Mean (SD) 95,361 95,042 0.63 (0.33) 0.30 (0.20) 2.85 (2.04) 223 (1.13)

N, sample size; SE, standard error. Traits: standing height (Height), forced expiratory volume

in 1-second (FEV1), smoking status (Smoking), hand grip strength, right (Grip), body mass
index (BMI), body fat percentage (Fat%), basal metabolic rate (BMR), waist to hip ratio
(WHR), diastolic blood pressure (DBP), heel bone mineral density T-score (hBMD), fluid
intelligence score (FI), neuroticism score (Neuroticism), educational attainment (EA), skin
colour (Skin), hair colour (Hair), white blood cell (leukocyte) count (WBC), platelet count

(Platelet), red blood cell (erythrocyte) count (RBC), haemoglobin concentration (Hgb),

Haematocrit percentage (Hcrit).
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Supplementary Table 3. Estimated dosage compensation ratios (DCR) and genetic
correlations (r,) on the X chromosome and autosomes.

Trait X chromosome Autosomes
DCR (SE) re (SE) DCR (SE) re (SE)

Height 1.59 (0.07) 0.96 (0.009) 0.98 (0.01) 0.96 (0.001)
FEV1 1.35(0.16) 0.93 (0.030) 1.01 (0.02) 0.96 (0.003)
Smoking 1.98 (0.42) 0.95 (0.059) 1.04 (0.03) 0.85 (0.005)
Grip 1.78 (0.21) 0.82 (0.031) 1.17 (0.03) 0.86 (0.004)
BMI 2.13(0.21) 0.80 (0.030) 1.02 (0.02) 0.94 (0.002)
Fat% 2.85(0.32) 0.57 (0.053) 1.00 (0.02) 0.89 (0.002)
BMR 2.54(0.19) 0.92 (0.018) 1.13(0.01) 0.94 (0.002)
WHR 1.84 (0.25) 0.75 (0.039) 0.83 (0.02) 0.72 (0.004)
DBP 1.11 (0.26) 0.88 (0.067) 0.80 (0.02) 0.91 (0.005)
hBMD 2.13(0.33) 0.97 (0.043) 0.66 (0.01) 0.91 (0.004)
FI 1.13(0.27) 0.81 (0.069) 0.96 (0.03) 1.00 (0.006)
Neuroticism 1.51(0.34) 0.94 (0.067) 0.94 (0.03) 0.90 (0.006)
EA 0.82 (0.13) 0.94 (0.040) 0.94 (0.02) 0.93 (0.004)
Skin 1.95 (0.74) 0.81 (0.120) 0.84 (0.02) 0.98 (0.003)
Hair 2.05 (0.76) 0.72 (0.129) 0.92 (0.01) 0.99 (0.002)
WBC 2.53(0.46) 0.76 (0.053) 0.90 (0.01) 0.96 (0.003)
Platelet 2.55(0.38) 0.78 (0.040) 091 (0.01) 0.96 (0.002)
RBC 2.46 (0.34) 0.64 (0.068) 0.94 (0.01) 0.93 (0.003)
Hgb 5.22(0.77) 0.65 (0.044) 1.03 (0.02) 0.91 (0.004)
Hecrit 5.07 (0.83) 0.51 (0.050) 1.03 (0.02) 0.91 (0.004)
Mean (SD) 223 (1.13) 0.81 (0.14) 0.95 (0.12) 0.92 (0.06)

SE, standard error. Traits: standing height (Height), forced expiratory volume in 1-second
(FEV1), smoking status (Smoking), hand grip strength, right (Grip), body mass index (BMI),
body fat percentage (Fat%), basal metabolic rate (BMR), waist to hip ratio (WHR), diastolic
blood pressure (DBP), heel bone mineral density T-score (hBMD), fluid intelligence score (FI),
neuroticism score (Neuroticism), educational attainment (EA), skin colour (Skin), hair colour
(Hair), white blood cell (leukocyte) count (WBC), platelet count (Platelet), red blood cell
(erythrocyte) count (RBC), haemoglobin concentration (Hgb), Haematocrit percentage (Hcrit).
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Supplementary Table 4. Regions of heterogeneity.

Region Top SNP Top-SNP Heterogeneity  Left Right Span Trait
bp P-value Bound (bp) Bound(bp) (kb)

Region1 rs17307280 8,916,646 4.34E-12 8,635,709 8,929,104 293 hBMD
Region1  rs112265145 8,906,893 2.10E-44 8,635,709 8,929,104 293 Hgb
Region1  rs56066690 8,912,070 8.45E-46 8,635,709 8,929,104 293 Herit
Region1  rs56066690 8,912,070 1.83E-27 8,635,709 8,929,104 293 RBC
Region1  rs745535498 8,912,871 6.62E-09 8,635,709 8,929,104 293 Fat%
Region 2  rs12556728 30,402,866  2.61E-08 30,320,507 30,572,217 251 Height
Region3  rs56908677 56,958,534  4.97E-09 55,058,361 65,331,684 10,273  Hgb
Region3  rs56908677 56,958,534  6.93E-09 55,058,361 65,331,684 10,273 Herit
Region4  rs113121621 66,389,189  4.00E-08 56,197,395 67,837,267 11,639 Fat%

Traits: heel bone mineral density T-score (hBMD), haemoglobin concentration (Hgb),
haematocrit percentage (Hcrit), red blood cell (erythrocyte) count (RBC), body fat percentage
(Fat%), standing height (Height).

Supplementary Table 5. Estimates of dosage compensation ratios (DCR) and genetic
correlation (r,) after excluding the SNPs in the regions of heterogeneity.

Trait DCRO r,0 DCRl r1 DCR2 r2 DCR3 r3 DCR4 rd4 DCRI3 r13 DCRI4 rl4
2.13 0.97 208 0.98

BBMD 033 03 ©033) 002

fats | 25 057 2381 057 221 074 2.16 074

A% 032 0053 (032  (0.03) 026)  (0.02) 0.26) 0.02)

b 52 0.65 487 0.68 254 0.68 2.15 074

8 077 (0044 (073  (0.02) 042  (0.02) 037) 0.02)

it 57 051 466 053 253 0.62 2.12 0.68

“t 083 005 (076 (002 043)  (0.03) 038) 0.03)

. 1.59 0.96 1.58 0.97

Height 007y (0.009) 007)  (0.003)

I 0.64 227 0.67

(0.34)

(0.068)

0.32)

(0.04)

Numbers in parentheses indicate standard error. The DCR and r, are marked as follows: O -
including all SNPs, 1- excluding the SNPs in the region 1; 2- excluding the SNPs in the region
2; 3- excluding the SNPs in the region 3; 4- excluding the SNPs in the region 4; 13- excluding

the SNPs in the region 1 and region 3; 14- excluding the SNPs in the region 1 and region 4.
Traits: heel bone mineral density T-score (hBMD), body fat percentage (Fat%), haemoglobin
concentration (Hgb), haematocrit percentage (Hcrit), standing height (Height), red blood cell
(erythrocyte) count (RBC).
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Supplementary Table 6. Number of lead SNPs identified in sex-stratified and combined
analyses (GCTA-COJO ?).

Male discovery Female discovery Combined discovery

Non-PAR PAR Non-PAR PAR Non-PAR PAR

BMI 10 -- 2 -- 19 1
BMR 23 -- 4 - 37 1
DBP 0 -- 0 -- 1 -
EA 1 -- 0 -- 5 -
Fat% 10 (7) -- 2 -- 16 (13) 1
FEV1 5 -- 3 -- 14 -
Grip 6 -- 1 - 10 -
Hair 1 -- 1 - 5 -
Hecrit 8 (6) -- 4 -- 15 (13) --
hBMD 4 (3) -- 2 -- 54) 1
Height 46 (45) 2 24 7 64 (63) 11
Hgb 6 (4) -- 3 -- 13 (11) --
Neuroticism 0 - 0 - 3 -
Platelet 13 -- 8 - 15 -
RBC 9(8) -- 3 1 16 (15) 1
Skin 1 -- 0 -- 1 -
Smoking 3 - 1 - 3 -
WBC 5 -- 1 - 9 -
WHR 2 -- 2 -- 10 -
Total 153 (143) 2 61 8 261 (251) 16

The number of SNPs retained after exclusion of markers located in the regions of male-female
heterogeneity for six traits is indicated parentheses. Non-PAR, non-pseudoautosomal region;
PAR, pseudoautosomal region. Traits: standing height (Height), forced expiratory volume in
I-second (FEV1), smoking status (Smoking), hand grip strength, right (Grip), body mass index
(BMI), body fat percentage (Fat%), basal metabolic rate (BMR), waist to hip ratio (WHR),
diastolic blood pressure (DBP), heel bone mineral density T-score (hBMD), fluid intelligence
score (FI), neuroticism score (Neuroticism), educational attainment (EA), skin colour (Skin),
hair colour (Hair), white blood cell (leukocyte) count (WBC), platelet count (Platelet), red
blood cell (erythrocyte) count (RBC), haemoglobin concentration (Hgb), Haematocrit
percentage (Hcrit).
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Supplementary Methods

Theoretical framework

Following 28, the genetic variance contributed by an X-chromosome SNP, under the assumption
of Hardy-Weinberg equilibrium (HWE), in females is,

var(BsX) = Bfvar(Xy) = 2p(1 — )} (D

where, B¢ is the per-allele effect estimate from a regression of SNP, X¢, on phenotype, y, with
Xr € {0,1,2}; and p, the minor allele frequency. Similarly, in males,

var(BmXm) = Pavar(Xy,) = p(1 — p)Ba 2

where, [3,, is the per-allele effect estimate from a regression of SNP, X,,,, on phenotype, ¥,
with X;,, € {0,1}. Dosage compensation can be parameterised as f,, = dfs, where 1 < d < 2.
In general,

var(,Bme) = ,Brznvar(Xm) = p(l - p)ﬁrzn = dzp(l - p):B]% 3)

Under a full dosage compensation model (d = 2), B, = 2[5y and,

var(BnXm) = frvar(Xm) = p(1 = p)ph = 4p(1 — p)ff @

That is, the variance contributed by a X-linked SNP in males is twice that of females. Under a
no dosage compensation model (d = 1), B, = Bf and,

var(BnXm) = frvar(Xm) = p(1 —p)h = p(1 — p)Bf ®)

That is, the variance contributed by a X-linked SNP in males is half that of females. Further,
we can estimate d (i.e. dosage compensation ratio) by exploiting the following relationship,

N;h?
E[x}]=1+ ﬁ (6)

fori € {m, f} , where, E[x?] is the expected mean y? statistic; N; is the sample size; h? is the

proportion of variance explained by X-chromosome SNPs; and M, is the effective number

2
of X-chromosome SNPs. Rearranging for h? and taking the ratio 7 = ’;l—}:‘, we get,

_ hiL (A -DN
p=—m=rm 7 (7)
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where y ranges between 0.5 (i.e. no dosage compensation) and 2 (i.e. full dosage
compensation). Finally, the expectation of the cross-product of the z-statistics from the male
and female analyses, )(,an is,

Tyhmhy Ny Ny

2 —
Ebens| =" ®)

where 1 is the genetic correlation between males and females. Rearranging,
2

N;h;
E[y?|=1+-—- 9

for h? and substituting, we get,
~2
me

fy =
Joz,%l—l)oz,%—l)

(10)

UK Biobank Data

Sample selection. The complex trait analysis was conducted utilizing the UK Biobank (UKB)
data (available to researchers upon application; see URLs). We inferred ancestries of 488,377
genotyped participants of the UKB as described in ?°, and a dataset of European-ancestry
individuals that met our sample quality inclusion criteria (N=455,605) was taken forward for
the analysis. The samples were excluded according to UKB provided information if: (i) the
genetically inferred sex was inconsistent with the submitted gender, (i1) there was evidence for
putative sex chromosome aneuploidy, (iii) samples were reported as heterozygosity and
missingness outliers, (iv) were excluded from kinship inference, or if participants have
withdrawn their consent for use of their the data.

Genotype data. The imputed genotypes for both autosomes and X-chromosome pseudo-
autosomal (PAR, coded as chromosome 25) and non-PAR (coded as chromosome 23) regions
are available as a part of the UKB Version 3 release of the genotype data. Individuals were
genotyped on either Affymetrix UK BiLEVE Axiom (N=50,000) or the Affymetrix UK
Biobank Axiom® array (N=450,000). The genotypes were imputed to UK10K+1000GP3 and
HRC reference panels and include both SNPs and small indels *. We further hard-called the
provided genotype probabilities (chromosomes 1-22, 23 and 25) of non-multiallelic markers
with info-score >0.3, treating the calls with uncertainty >0.1 as missing, and keeping the
markers which meet our quality control criteria in the set of unrelated European individuals
(HWE test P<10° and missing call rate <5%). The heterozygous calls in non-PAR region of
the X chromosome male genotypes were set to missing. To avoid deflation of heritability
estimates on the X chromosome, we only analyse the markers with minor allele frequency
(MAF) >0.01 in our full sample of European participants. We estimates allele frequencies (AF)
of the X-chromosome markers for both sexes and retained the common set of 6,871 PAR and
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253,842 non-PAR SNPs. Similarly, for the comparison of the X-chromosomal and autosomal
results for height and BMI, we conducted autosomal association analyses with a two-fold
reduced sample size and using 8,546,066 markers on chromosomes 1-22 with MAF>0.01.

Phenotype selection. A total of 20 complex traits were selected for analysis in the UKB. All
analyses, as well as phenotype adjustment, were performed on a sex-specific basis. The
phenotypes were adjusted for covariates and the residuals were transformed to sex-specific Z-
scores (mean=0, variance=1) with the measured phenotypic values over 6 standard deviations
(SD) away from the mean previously removed from the analysis. For individuals with repeated
measures of the phenotype, we estimated the mean value of the observed measures after outlier
removal procedure for each assessment visit, and used mean age across the visits as a covariate.
For each trait, the UK Biobank variable identifiers, available sample sizes and covariates are
presented in Supplementary Table 1A, as well as the minimum, maximum and mean values of
the raw phenotype measures and the standard deviations of the phenotype after adjustment for
trait-specific covariates. The discrete phenotypes (educational attainment, smoking status, skin
and hair colours) were treated as quantitative (see Supplementary Table 1B for description of
the categories) in our association analysis.

Consortium for the Architecture of Gene Expression (CAGE) data

Gene expression and X-chromosome genotype data. Gene expression and X-chromosome
genotype data were available in a subset of N=2,130 individuals (N=1,084 males, N=1,046
females) from the Consortium for the Architecture of Gene Expression (CAGE), a study
examining the genetic architecture of gene expression in a mixture of pedigree and unrelated
individuals 3!. This subset of individuals comes from three cohorts with genotype data on the
X chromosome **73%, and are of European ancestry, as identified by principal component
analysis with the HapMap3 populations. Further details are provided in 3'.

Quality control of gene expression data. RNA was collected from whole blood samples in
each cohort and gene expression levels quantified using the Illumina Whole-Genome
Expression BeadChips (HT12 v.3 and HT12 v4). A total of 38,624 gene expression probes
were common to all cohorts. Gene expression quality control and normalisation was performed
in each cohort separately before concatenation. This included variance stabilisation and
quantile normalisation to standardise the distribution of expression levels across samples. To
remove hidden and known experimental confounders, gene expression levels were then
adjusted for a mean of 39/50 probabilistic estimation of expression residuals (PEER) factors
3637 across the three cohorts that were not associated with sex (Pg, 4i=>0.05) in order to preserve
the effect of sex on expression, and where available, measured covariates such as age, cell
counts, and batch effects. Residuals for each cohort were then standardised to Z-scores and
concatenated across cohorts. The concatenated gene expression dataset was further adjusted
for 18/50 PEER factors that were not associated with sex (P 4i>0.05) and standardised to Z-
scores. A total of 36,267 autosomal and 1,639 X-chromosome gene expression probes
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(corresponding to 26,384 and 1,138 unique genes, respectively) that unambiguously mapped
to the genome formed our final gene expression dataset. This included a total of 28 PAR X-
chromosome gene expression probes.

Quality control and imputation of genotype data. Genotype data was acquired using
different genotyping platforms for each cohort, with quality control performed within each
cohort before concatenation. Details for autosomal quality control and imputation are provided
in 3. Briefly, autosomal SNPs were imputed to the 1000 Genomes Phase 1 Version 3 reference
panel * within each cohort and concatenated resulting in 7,763,174 SNPs passing quality
control, which included filtering SNPs for MAF<0.01, HWE test P<10-°, and imputation info
score <0.3. This set of imputed autosomal SNPs was further filtered to 1,066,905 HapMap3
SNPs that were common to all three cohorts. This set of imputed autosomal SNPs formed our
final dataset. For each cohort, we used the Sanger Imputation Server (see URLSs) to impute
SNPs on the non-PAR of the X chromosome to the Haplotype Reference Consortium (HRC,
release 1.1) 3°, using the EAGLE2+PBWT pre-phasing and imputation pipeline “’#!. Pre-
imputation checks included ensuring all alleles are on the forward strand, and coordinates and
reference alleles are on the GRCh37 assembly. Pre-imputation quality control included filtering
X-chromosome genotyped SNPs for MAF<0.01, HWE test P<10° within females, SNP
missingness call rate >2%, and genotyped SNPs that are not in the HRC reference panel. A
total of 1,228,034 X-chromosome SNPs were available following imputation in each cohort.
Post-imputation quality control within cohort included filtering imputed X-chromosome SNPs
for MAF<0.01, HWE test P<10-¢ within females, imputation info score <0.3, and multiallelic
SNPs. A total of 306,589 imputed X-chromosome SNPs were common to all cohorts and
formed the concatenated dataset. We performed further quality control of the concatenated
dataset by filtering imputed X-chromosome SNPs for missingness call rate >2%. A total of
190,506 imputed X-chromosome SNPs remained. Additional post-imputation quality control
on the concatenated dataset included a comparison of allele frequencies between males and
females, which led to the exclusion of 261 SNPs with MAF differences of >0.05 between sexes.
A total of 190,245 imputed X-chromosome SNPs formed our final dataset.

Genotype Tissue Expression (GTEx) data

We used the Genotype Tissue Expression project (GTEx v6p release) dataset, comprised of
RNA-seq data from 39 non-diseased tissue-types for which a sex covariate was available in
N=449 deceased human donors, as an external validation of our X-chromosome cis-eQTL
results across multiple tissue-types. The fully-processed, normalised and filtered RNA-seq
GTEx vébp data were downloaded from the GTEx Portal
(https://www .gtexportal .org/home/datasets) along with corresponding covariate files. X-
chromosome imputed SNP data was obtained from dbGap (Accession phs000424.v6.pl).
Briefly, gene expression normalisation included filtering for transcripts with at least 10 samples
with RPKM >0.1 and raw read counts greater than 6, quantile normalisation within tissue, and
inverse quantile normalisation for each transcript. Sample outliers were identified and excluded
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using a correlation-based statistic described in 2, and samples with less than 10 million mapped
reads were excluded. Further details can be found in . Quality control of the X-chromosome
imputed SNP data included filtering for MAF<0.05, HWE test P<10-° within females,
imputation info score <0.4, and multiallelic SNPs. A total of 127,808 imputed SNPs in the non-
PAR of the X chromosome were included in our analysis. We restricted our analyses to 22
tissue samples for which within tissue sample size was greater than N=50 in both males and
females (Supplementary data 6). Sample sizes per tissue ranged from N=124 in colon (sigmoid)
to N=361 in muscle (skeletal) with a mean of N=226 across the 22 tissues. The proportion of
males and females within each tissue ranged from 34% females in heart (atrial appendage) to
44% females in adrenal gland, with a mean of 38% females across all 22 tissues. A total of
1,121 X-linked transcripts (including 31 PAR transcripts) were expressed in at least one of the
22 tissues. The number of X-linked transcripts identified as expressed in each tissue ranged
from 726 in pancreas to 916 in thyroid, with a mean of 808 across all 22 tissues (Supplementary
data 6).

Statistical Analysis

GWAS. To determine the dosage compensation (DC) ratios across 20 complex traits and to
compare effect sizes of genome-wide significant X-chromosome markers on those phenotypes,
we analyse the results of X-chromosome wide analysis (XWAS) (both PAR and non-PAR)
performed on a sex-specific basis using BOLT-LMM v2.3 4 in the full set of UKB European
males (N,=208,419) and females (N; =247,186). We include a set of HapMap3 SNPs
(MAF>0.01 and pairwise R?><0.9 in the window of 1000 SNPs) in the mixed model to correct
for the population stratification and to account for relatedness. This set of model SNPs
(M=561,572) includes autosomal markers, 12,508 non-PAR and 205 PAR SNPs on the X
chromosome. All other X-chromosome SNPs are fixed effects and tested for association using
linear regression. For the comparison of the X-chromosomal and autosomal results for height
and BMI, the autosomal association analyses were performed in a sample of ~104,000 males
(N= 103,983 for height, N=103847 for BMI). The above described set of 548,860 autosomal
HapMap3 markers were used as model SNPs and 7,997,206 additional non-GRM SNPs were
included for association testing.

Combined analyses. The choice of the optimum meta- and combined male-female analyses
depends on the assumptions of dosage compensation and the genotype coding in males 2.
While the true extent of dosage compensation is not known, its effect can be parameterised as
Pm = df, with d being a dosage compensation parameter (d = 1 for no dosage and d = 2
for full dosage compensation). In the sex-stratified analysis, we regress a phenotype on a
genotype variable, where X¢ € {0,1,2} for females and X;,, € {0, ¢} in males, with ¢ = 1 in the
no DC analysis or ¢ = 2 in the full DC analysis (i.e. assuming full random X-inactivation).
When ¢ = 1, we estimate per-allele effects in males. From the Eq. 4.6 and 4.7 in 28, it follows
that an optimum meta-analysis of the estimates from the sex-stratified analysis is only unbiased
when d = c. That is, under a no DC model, the meta- and combined male-female analyses will
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be unbiased when using per-allele effect estimates in males (¢ = 1), while under a full DC
model, they are unbiased when the effect estimates in males are from an association analysis
where the male genotypes coded as diploid (¢ = 2). Since the results from our sex-stratified
analysis are largely consistent with expectations from full dosage compensation, we perform
an inverse variance weighted meta-analysis for complex traits using the male effect size
estimates from the diploid analysis to obtain the joint estimates of the SNP effects, and in the
combined analyses of gene expression traits we code males as diploids.

Sex differences in gene expression. Sex differences in gene expression were examined with
a mixed linear regression model implemented in the GCTA software package ?°. Here, we
tested for sex differences in gene expression for 1,639 X-linked gene expression probes. Gene
expression was modelled as,

y=n+Xp+gc+gxt+e (11

where y is a N x 1 vector of gene expression intensity levels; p is the mean expression levels;
p is the regression coefficient for the fixed sex covariate, X, with males coded as 1 and females
coded as 2; gg is an N x 1 vector of the total genetic effects of the individuals with
g86~N(0,Ag0%), where Ag is interpreted as the autosomal GRM between individuals
calculated from 1,066,905 HapMap3 SNPs; gx is an N x 1 vector of X-linked genetic effects
with gx~N (0, Axa#), where Ay is a GRM calculated from 190,506 imputed X-chromosome
SNPs; and e~N(0,1c2) is the residual. We used the Wald statistic to assess significance, and
calculated a P-value by comparing the test statistic to a y?-distribution with one degree of
freedom.

X-chromosome cis-eQTL analysis. To investigate the X-chromosome genetic control of gene
expression, we modelled gene expression levels as a linear function of the number of reference
alleles in a linear mixed regression model, in males and females separately and in a combined
male-female analysis, using the GCTA software package ?°. The model for each gene
expression probe can be written as,

y=n+Xp+gcte (12)

where, y is a N x 1 vector of gene expression intensity levels, with sample size N; B is a vector
of fixed effect estimates for the indicator variable for the genotype, X; g¢ is an N x 1 vector of
the total genetic effects of the individuals with gg~N (0, Ago#), where Ag is interpreted as the
autosomal genetic relationship matrix (GRM) between individuals calculated from the
1,066,905 HapMap3 SNPs; and e~N (0, Iaez) is the residual. Since our interest is in testing for
the association between X-chromosome SNPs and gene expression, this is equivalent to a
leave-one-chromosome-out analysis +°. To assess significance, we calculated a Wald test
statistic and calculated a P-value (P.qr.) by comparing the test statistic to a y2-distribution with
one degree of freedom. We accounted for multiple testing for both the number of X-
chromosome SNPs and the number of gene expression probes tested using the Bonferroni
method. For each gene expression probe, eQTLs were defined as the top associated X-
chromosome SNP that satisfies the Bonferroni significance threshold of P.qm.<1.6x1071° (i.e.
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0.05/(1,639x190,245) in the discovery sex. The XCI status (Escape/Variable or Inactive) for
the identified eQTLs were assigned by mapping gene expression probes to XCI status using
the gene name from 26.

Autosomal cis-eQTL analysis. We compared results from our sex stratified X-chromosome
cis-eQTL analysis to the autosome by performing an autosomal cis-eQTL analysis in males
and females, separately. Here, we model autosomal gene expression levels as a linear function
of the number of reference alleles for autosomal SNPs on the same chromosome using the
GCTA software package 2°. Each autosomal gene expression probe is modelled in the same
way as described in Eq. 12. We identified eQTLs as probe-SNP pairs with P.qr <101 in the
discovery sex.

X-chromosome cis-eQTL analysis in GTEx. We modelled gene expression as a linear
function of the number of reference alleles in a linear regression model for males and females
separately using PLINK “¢. The model for each X-chromosome transcript can be written as,

y=p+XB+e¢ (13)

where, y is a N x 1 vector of gene expression intensity levels, with sample size N; B is a vector
of fixed effect estimates for the for the indicator variable for the genotype, X; and e~N (0, 162)
is the residual. The model was adjusted for three genotyping principal components (PCs) and
PEER factors, which captures batch effects and latent experimental confounders in the gene
expression data. Following 4, a total of 15 PEER factors were included in the model for total
sample sizes N<150, 30 PEER factors for total sample sizes 150<N<250, and 35 PEER factors
for total sample sizes N=250. To assess significance, we calculated a t-statistic and calculated
a P-value by comparing the test statistic to the t-distribution. We identified eQTLs as transcript-
SNP pairs that satisfied the within tissue Bonferroni significance threshold, which accounts for
both the number of X-linked transcripts and X-chromosome SNPs tested in each tissue in the
discovery sex (Supplementary data 6). DCC was estimated in each of the 22 tissue-types as
described in the main methods. The XCI status (Escape/Variable or Inactive) for the identified
eQTLs in each tissue was assigned by mapping transcript gene identifiers from 2. We tested
for enrichment of Escape/Variable status in each tissue using a hypergeometric test. As the
proportion of males and females within each tissue is highly skewed towards males, sensitivity
analysis included randomly removing male samples from the analysis so that the proportions
match that of females within each of the tissues. This is repeated 100 times, with DCC
calculated across the 100 replicates. We also identified the top eQTLs among all tissues in the
discovery sex, and extracted the corresponding eQTL from the same tissue in the other sex.
DCC is calculated as described in the main methods.

Finally, we performed a 2 degree-of-freedom eQTL interaction analysis with males and
females combined. We modelled gene expression as a linear function of SNP, sex, and SNP-
by-sex interaction, adjusting for genotyping PCs and PEER factors (as described above). To
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assess significance, we compared the interaction model to a null model without the SNP and
SNP-by-sex interaction effects using the anova function in R. Similar to our main analysis, we
identified eQTLs as transcript-SNP pairs that satisfied the within tissue Bonferroni significance
threshold. The regression coefficients for these transcript-SNP pairs were then extracted in the
male- and female-only analyses, and DCC was estimated in each of the 22 tissue-types as
described in the main methods.

URLs

GTEX, see https://www.gtexportal .org/home/
UK Biobank, see http://www.ukbiobank.ac.uk/
Sanger Imputation Server, see https://imputation.sanger.ac.uk/
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