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Materials and Methods

Selection of human (GTEXx) samples

We considered the following tissues as described in GTEX terminology: skin (not sun-exposed),
heart — left ventricle, muscle — skeletal, brain — cortex, spleen, adipose — visceral (omentum),
thyroid, colon — transverse, lung, liver, pituitary, and adrenal gland. RNA-seq samples from each
of these tissues were first subjected to a series of filters based on sample-level quality metrics
and individual-level medical history and cause of death. At the sample level, we excluded
samples if they met any of the following criteria: flagged by GTEX (SMTORMVE =
FLAGGED), RNA integrity number (SMRIN) less than 6.0, or autolysis score (SMATSSCR)
greater than 2. At the individual level, all samples from an individual were excluded if the
individual met any of the following criteria: Hardy scale death classification (DTHHRDY) of 4
(slow death), died of metabolic acidosis or shock (DTHCAT), greater than 72 hours on a
ventilator prior to death (DTHVNTD), medical history of any of the following: ascites
(MHASCITES), lupus (MHLUPUS), Reyes Syndrome (MHREYES), scleroderma
(MHSCLRDRM), or sarcoidosis (MHSRCDSS). For a number of additional medical histories
and causes of death, samples from specific subsets of tissues from an individual were excluded.
The details of this filtering are provided in the provided supplementary code.

We next evaluated notes on sample histology provided by GTEX in order to eliminate
samples with grossly skewed cell-type proportions or other significant pathologies. The
exclusionary criteria for each tissue as well as the list of GTEx samples passing all of the above-

described filtering steps are provided in Table S1.



Detailed histological evaluation of GTEx samples

For a subset of tissues, we performed detailed additional histological evaluation of all GTEX
samples that passed the filters described above, with the goal of ensuring that male and female
samples were histologically comparable. Samples were evaluated by a single pathologist (RM),
without knowledge of age or sex. Evaluations were based on low- to high-power scans of
hematoxylin and eosin-stained tissues as downloaded from the GTEXx website and performed in
one or two sittings. Adipose tissue (visceral omentum) was evaluated for the percentage of the
sample that was either connective tissue or vasculature, as opposed to pure adipocytes. Adrenal
gland was assessed for general preservation (degree of autolysis), content of fibrosis, whether
there was medulla present or not, and the extent of any associated mononuclear cell infiltrate.
Liver was evaluated on a qualitative scale of 0-3 for the degree of vascular congestion, 0-3 for
the extent of periportal mononuclear cell infiltrate, the percentage of fibrosis in the sample
(relative to hepatocytes), the presence of the capsule, and the extent of steatosis. Muscle
(skeletal) was assessed on a qualitative scale of 0-3 for the extent of fibrosis and adipose tissue,
and whether there was myocyte atrophy present (none/focal/multifocal). Spleen was evaluated
for the percentage of connective tissue, the amount of white pulp (low, average, increased), and
the presence of extramedullary hematopoiesis (none/focal/multifocal). Thyroid was evaluated on
a qualitative scale of 0-3 for the extent of interstitial fibrosis and 0-3 for mononuclear cell
infiltrate. In general, there were no significant differences between male and female samples
with respect to these histological evaluations (Table S2). Exceptions were the percentage of
connective tissue/vasculature in adipose tissue and the degree of interstitial fibrosis in thyroid;

we adjusted for these differences in downstream analyses.



Sample collection for non-human mammals

Cynomolgus macaque samples were collected from a breeding colony in Mauritius (Noveprim).
Dog samples were collected from a beagle breeding facility in Wisconsin (Rigdlan Farms).
Mouse and rat samples were collected from the C57/BL6J (Jackson Labs; stock 000664) and
Brown Norway (Charles River; strain code 091) strains, respectively. All animal work was
approved by the Animal Care and Use Committee at the Massachusetts Institute of Technology
(protocol #0617-059-20). Age ranges for each species were as follows: cyno, 72-107 months;
dog, 19-37 months; mouse, 8 weeks; rat, 9 weeks. Female macaques and dogs in estrus phase
were excluded based on visual inspection prior to tissue isolation. VVaginal swabs were performed
on female mice and rats at the time of tissue collection, and estrous phase was assessed post-
mortem by Diff-Quick Stain Kit (Thermo Fisher). Enough females were collected such that
tissues from three non-estrus females were available after post-mortem assessment of estrous
phase. All tissues were isolated from freshly sacrificed animals (< 1 hour from time of death to
tissue fixation). In order to render data from the non-human mammals maximally comparable to
RNA-seq from human tissues from GTEX, we adapted the GTEXx Tissue Harvesting Work
Instruction (PR-0004-W1, available at
https://biospecimens.cancer.gov/resources/sops/library.asp) to each species, sampling the same
part of the tissue as GTEX (the specific list of GTEX tissues for which the protocol was adapted is
provided in the “Selection of human (GTEx) samples” section). Tissues were washed in cold

PBS and stored in RNALater (Ambion) per the manufacturer’s instructions.

Library construction and sequencing




RNAs were extracted and sequencing libraries prepared in independent batches, with batch
assignments randomized with respect to tissue, sex, and species. Technical replicates from each
species were included in each library preparation and sequencing batch. Testis samples were
used for technical replicates as the testis is among the most transcriptionally complex organs,
allowing us to assess the impact of batch on the expression of the greatest number of genes.
Sequencing libraries were prepared using the TruSeq mRNA library kit (Illumina) according to
manufacturer’s instructions with the following modifications: After prep, libraries were size-
selected using 2% agarose gels on the PippinHT system (Sage Science) with a capture window
of 300-600 bases. The size-selected material was then subjected to one additional cycle of PCR
with fresh reagents and P5/P7 primers (Illumina) to ensure all library fragments were fully
double-stranded. This step significantly reduced the percentage of smaller fragments co-
purifying in the final gel size-selection. After PCR, libraries were size-selected a second time on
the PippinHT with the same settings, and the resulting libraries were sequenced for either
100x100 or 75x75 cycles on an Illumina HiSeq 2500 sequencer. We sequenced a subset of
samples with high coverage and longer reads (>108 paired-end reads, 100 bp x100 bp), and the

remainder with moderate coverage and shorter reads (>3 x 107 paired-end reads, 75 bp x75 bp).

Read mapping and analysis

RNA-seq libraries from the non-human mammals were mapped to their respective reference
genomes (cyno, macFas5; dog, canFam3; mouse, mm10; rat, rn6) using STAR (82) v2.5.0 with
the following parameters: --outFilterMultimapNmax 50 --outFilterMismatchNmax 999 --
outFilterMismatchNoverReadLmax 0.15. For cynomolgus macaque, we generated a custom

assembly of the Y chromosome by aligning whole-genome sequencing data (study SRP045278;



runs SRR1564773, SRR1564774, SRR1564776, SRR1564777) to our published assembly of the
Y chromosome of the closely related rhesus macaque (83) using bowtie (84) v1.1.1 with default
parameters, and manually verifying and correcting substitutions using Consed (85). StringTie
(86) v1.3.3b with the --rf parameter was run on each resulting .bam file to assemble novel
isoforms relative to the reference transcriptome annotation (Ensembl 91 for cyno; Ensembl 84
for dog, mouse, and rat). The sets of novel and existing transcript annotations from each library
were then compiled into a single set of annotations for each species using the --merge option in
StringTie. Abundances for these sets of transcripts for each species were then quantified using
salmon (87) v0.9.1 with the following parameters/flags: --seqBias, --gcBias, --use\VVBOpt. For
human samples from GTEX, transcript abundances for GENCODE v26 annotations were

quantified using salmon with the same parameters.

Removal of samples identified as expression outliers

To remove expression outliers in the human GTEX dataset, we calculated, for each tissue, the
pairwise Pearson correlation rij between samples i and j, on log-transformed TPM values for all
genes. The typical relatedness of sample i to other samples in that tissue is 7; = median;(7;;).
We then express this relatedness in median absolute deviations as

D, = |7, - 7I/ median([5; — )
]

where 7 is the grand correlation median. Across the 12 tissues, 53 samples with D > 6 were
marked as outliers and removed from subsequent analyses. To remove expression outliers in the
non-human mammals, we performed hierarchical clustering of all samples within each species
based on pairwise Pearson correlations of log-transformed TPM values. Samples that did not

cluster clearly with all other samples of the same tissue and were verified to not be label swaps



were marked as expression outliers. Across the 12 tissues and four non-human mammals, 15 out

of 292 samples were marked as outliers and removed from subsequent analyses.

Gene expression calculation and clustering

The tximport R package (88) (with countsFromAbundance = “lengthScaledTPM”) was used to
sum transcript-level counts and transcripts per million (TPM) values from salmon to the gene
level. Jensen-Shannon divergence between counts per million (CPM) values was used as a
measure of sample distance, and average-linkage hierarchical clustering was used to cluster
samples. First, samples within each species were clustered. Next, gene counts from all five
species (all non-human mammal samples, as well as six random human samples per tissue) were
collected into a single matrix on the basis of one-to-one orthologs. We relied upon orthology
information from Ensembl 91, manually adding orthology information from X- and Y-linked
genes DDX3X/DDX3Y, ZFX/ZFY, KDM6A/UTY, KDM5C/D, and USP9X/USP9Y. Gene-level
counts across all samples were normalized using the TMM method implemented in the edgeR

(89) package, and normalized resulting CPM values were used for clustering as in Figure 1b.

Principal components analysis to adjust for hidden confounders

For human samples, principal components (PCs) analysis within each tissue was performed on
the gene x sample matrix of residual CPM values after first subtracting the mean effect of sex.
We chose the number of PCs to adjust for by picking the smallest number of PCs after which the
marginal gain in percent variance explained began to decrease. The chosen number of PCs

ranged between two and four for all 12 tissues. Within each tissue, a limma/voom linear model



consisting of the selected PCs was then constructed, and the residuals of this model were used as
adjusted expression values. These adjusted expression values were then combined with data from

the additional species for downstream clustering and differential expression analyses.

Estimation of relative cell-type proportions in bulk tissue samples

We used CIBERSORT version 1.04 (https://cibersort.stanford.edu) to estimate relative cell-type

proportions in human brain, skin, and adipose, three tissues where reference datasets of pure
tissue-resident cell populations were readily accessible. For each tissue, we input the (unadjusted
by PCA) gene x sample TPM matrices. To estimate relative cell-type proportions from these
samples, CIBERSORT requires gene expression profiles of reference cell-types expected to
make up the tissue, from which it derives a “signature matrix” consisting of genes that most
accurately differentiate the cell-types. For brain, we used FPKM estimates in five adult cell-types
(astrocytes, oligodendrocytes, neurons, microglia, endothelial cells) from Zhang et al (

http://web.stanford.edu/group/barres lab/brainseg2/TableS4-

HumanMouseMasterFPKML.ist.xIsx) (90). For skin, we used FPKM estimates in three cell types

(keratinocytes, fibroblasts, melanocytes) from Reemann et al (91). For adipose, we constructed

the signature matrix as described in Glastonbury et al (92).

Linear modeling and differential expression

Linear modeling was performed using the limma R package, with the voom functionality for
analyzing RNA-seq read counts (78). Within each tissue, we assessed one-to-one orthologs with
mean TPM greater than 1 in at least four of the five species. This resulted in a range of 8,166

(muscle) to 10,449 (pituitary) orthologs assessed in each tissue (across all species), with 12,013
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orthologs assessed in at least one of the 12 tissues. To detect sex bias conserved across the
majority of species, we modeled expression (TMM-normalized CPM values) within each tissue
as a linear function of species and sex. A challenge in modeling sex across multiple species is
that the species differ in both sample size and variability, with a greater number of human
samples that also exhibit greater variability. To control for between-species differences in sample
size and variability, we applied a linear mixed model (LMM) approach, in which species was
specified as the random effect, using the limma’s duplicateCorrelation function, specifying
species as the block variable. We used the voomWithQualityWeights (93) function to estimate
group-specific variances. P-values from all assessed gene-tissue pairs were adjusted using the
gvalue method (94). To empirically estimate the false discovery rate for the LMM approach, we
permuted the male/female sample labels within each tissue/species combination and used the
gvalue method to obtain 1-mo, or the proportion of “true” p-values across all gene-tissue pairs. In
order for a gene-tissue pair to be ultimately classified as showing conserved sex bias, we
required that the LMM for that gene-tissue pair yielded a gvalue < 0.1, and that the gene-tissue
pair also show a > 1.05 fold-change magnitude, as determined by linear regression in each
species separately, in the same direction in at least four of the five species. To validate the results
of the LMM, we performed linear regressions for sex within each of the 60 tissue-species
combinations using limma/voom, and ranked all expressed genes within each tissue-species
combination by —log10(p-value) from the linear regression, signed by the direction of sex bias
(male-biased as positive, female-biased as negative). Within each tissue, we then computed the
median of this rank statistic across the five species. In this way, genes in a given tissue showing

relatively low p-values and male-biased expression consistently across species would have high



rankings, while genes with consistently low p-values and female-biased expression would have
low rankings.

To assess lineage-specific sex bias, we performed linear regressions for sex within each
of the 60 tissue-species combinations using limma/voom. The effect size estimates for sex and
the corresponding standard errors from each tissue-species combination were then combined into
a 12,013 x 60 matrix. Missing values (i.e., orthologs not expressed in a particular gene-tissue
combination) were set to an effect size of 0 and a standard error of 1000. Mashr (46) performs
Empirical Bayes-based shrinkage on effect size estimates while learning patterns from the data,
and works optimally when provided with broad trends in effect sizes, upon which it performs
additional refinements. To this end, we performed sparse factor analysis (SFA) (95) on the
12,013 x 60 matrix of ortholog Z-scores (effect size divided by standard error) with default
parameters. The learned sparse factors were then converted into 60x60 covariance matrices,
combined with canonical covariance matrices and covariance matrices learned using PCA, and
input to the main mash function along with the effect size and standard error estimates. Within
each of the 60 tissue-species combinations, we called sex-biased genes with mashr local false
sign rate < 5%, and estimated posterior mean fold-change > 1.05. Within each tissue, we
assigned the lineage of gain or loss of sex bias based on parsimony when considering the five
species. Genes sex-biased in only one of the five species were assigned as species-specific gains.
Genes sex-biased in the same direction in both human and cyno or in both mouse and rat were
assigned as gains in the primate or rodent lineages, respectively. Genes sex-biased in the same
direction in human, cyno, and dog were assigned as losses in the rodent lineages, while those
sex-biased in mouse, rat, and dog were assigned as losses in the primate lineage. The most

parsimonious explanation for genes sex-biased in the same direction in one primate species



(human or cyno) and one rodent species (mouse or rat) is two independent gains of sex bias in
each lineage. Similarly, genes sex-biased in the same direction in exactly one primate, exactly
one rodent, and in dog are most consistent with two independent losses of sex bias. The
remainder of cases were assigned as “complex”. In order to obtain empirical estimates of false
discovery rates for each of the 10 evolutionary classes of sex bias, we permuted the sample
labels for sex within each tissue and repeated the above analyses. We used the results of this
analysis with permuted sample labels to calculate the FDR at two levels: 1) for all sex-biased
gene-tissue pairs of a given evolutionary class, regardless of tissue (i.e. Fig. 3), and 2) for each
tissue separately, an estimate of the number of genes belonging to each evolutionary class of sex
bias and an FDR for the number of genes in each class, which are provided in Table S4 and

which we used when performing the motif enrichment analyses described below.

Estimates of sex bias in independent datasets

Transcript counts and abundances were quantified using RNA-seq reads from Liang et al (27)
(human skin, GSE63980), Lindholm et al (40) (human muscle, GSE58387 and GSE59608), Li et
al (44) (mouse liver, muscle, heart, lung, spleen, adrenal, PRINA375882), Marin et al (43)
(mouse liver, heart, GSE97367), and Seo et al (61) (cattle pituitary gland, GSE65125). Raw read
(fastq) files were input to salmon, supplying either the human or mouse transcriptome
annotations described above or cattle transcriptome annotations from Ensembl v91. Sex bias in
each dataset was estimated by linear regression in limma/voom. Since Lindholm et al sampled
multiple muscle regions from the same individual, limma’s linear mixed model approach was
used to specify individual as a random effect and sex as a fixed effect. For mouse liver and heart,

data from both Li et al and Marin et al were combined, and the effect of sex was estimated while
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specifying the study as a covariate. Sex bias in microarray data from Yang et al (19) and Franco
et al (45) (mouse muscle, GSE3088, and lung, GSE16510, respectively) was analyzed using
NCBI’s GEO2R tool. Genes with FDR < 0.1 (as determined by the qvalue method) in these
studies were considered significant; for these genes, the male/female fold-changes between the
published study and our study were compared. When raw data were not publicly available,
estimates for significantly sex-biased genes calculated in each study were used (Werling et al
(39), human brain; Newman et al (41), human heart; Viguerie et al (42), human adipose; Zhang

et al (96), human liver).

Expression breadth, expression constraint, and sequence conservation

To calculate expression breadth in humans, we first estimated the expression level of each gene
in each of the 12 tissues as its median TPM value among the samples from that tissue. For each
gene, we then normalized its TPM values across tissues to its maximum TPM value, and took the
average of these normalized values across tissues. To calculate expression breadth in chicken, we
used the same strategy, except with RNA-seq data from nine male tissues (37). Rather than
comparing expression breadth (or any other gene-level trait) between genes with or without sex
bias in any of the 12 tissues, we performed comparisons within each of the 12 tissues separately.
This avoids artificial skewing due to detection bias; for example, broadly expressed genes, by
simple virtue of their broad expression, could be more likely to be detected as sex-biased in at
least one of the 12 tissues. To estimate evolutionary constraint on gene expression in mammals,
we used genome-wide percentiles of evolutionary constraint from Chen et al (47). We measured
sequence conservation by calculating the mean phyloP score for all coding bases of the longest

annotated transcript of each gene.
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Transcriptome-wide association study (TWAS) data

TWAS uses an eQTL study as a reference panel to impute the relative expression of a given
gene, based on multiple SNPs, for individuals assessed in the GWAS. TWAS relies exclusively
on eQTLs presumed to act in cis (i.e. within a fixed window around a gene). This procedure
allows for association of imputed gene expression levels with the trait of interest and yields
directional expression-trait associations: genes with trait-increasing effects have a positive
association (Z-score) between imputed expression and the trait, while genes with trait-decreasing
effects have a negative association.

We generated TWAS Z-scores using FUSION (54) with default parameters. We used
three sources of height GWAS summary statistics: 1) the UK Biobank (56)

(https://data.broadinstitute.org/alkesgroup/UKBB/body HEIGHTz.sumstats.gz), 2) the GIANT

consortium (57)

(https://portals.broadinstitute.org/collaboration/giant/images/0/01/GIANT HEIGHT Wood et a

|_2014 publicrelease_HapMapCeuFreq.txt.gz), or 3) a meta-analysis of the two studies (48)

(https://portals.broadinstitute.org/collaboration/giant/images/6/63/Meta-

analysis Wood et al%2BUKBiobank 2018.txt.qz)

For eQTL data, we used preprocessed reference panels for 48 tissues from the GTEx Consortium

(v7) (35) downloaded from: http://gusevlab.org/projects/fusion/. For all downstream analyses,

we only used Z-scores from TWAS models that were significantly predictive of expression
levels, as determined by model cross-validation (Benjamini-Hochberg FDR 5%). We combined

TWAS Z-scores for the same gene across tissue reference panels under a fixed-effects model,
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summing all Z-scores for a gene and dividing by the square root of the number of Z-scores for

that gene.

Estimating the contribution of conserved sex bias to sex differences in mean height

For each of 560 gene-tissue pairs, we have a direction of conserved sex bias (male- or female-
biased) as well as a TWAS Z-score (positive means increased expression is height-increasing,
negative means that increased expression is height-decreasing). In the first approach, for each
gene, we used the SNP that is the best eQTL (in the same tissue as sex bias) as a proxy. We
assume that all of this SNP’s per-allele effect on height is mediated through cis effects on gene
expression. While this assumption likely does not hold for all SNPs, we found the magnitude of a
gene’s sex bias to be approximately two-fold greater than the per-allele effect size of the best
eQTL (fig. S5), meaning that even if only ~50% of a SNP’s per-allele effect on height were
mediated through cis-effects on gene expression, using the SNP as a proxy for sex bias of a gene
is still reasonable. Next, we signed the height effect of the SNP based on the agreement between
sex bias and the TWAS Z-score. For example, if a gene shows conserved male (female) bias and
the TWAS Z-score is positive (negative), the sex bias of this gene is expected to contribute to the
sex difference in height, and therefore the associated SNP effect size for this analysis should be
positive. In contrast, if a gene shows conserved male (female) bias and the TWAS Z-score is
negative (positive), the sex bias of this gene should reduce the sex difference in height, and
therefore the associated SNP effect size should be negative. Making the common assumption of
an additive contribution of each SNP to height, we sum up all such signed effect sizes to obtain
an estimate of the contribution of conserved sex bias in gene expression to sex differences in

height. Finally, since height effect sizes are reported in terms of sex-specific standard deviations
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(6.2 cm in UK Biobank females, 6.6 cm in UK Biobank males), we multiplied the summed effect
sizes by 6.4, the mean of the male and female standard deviations.
In the second approach, we computed height fold-changes directly from TWAS Z-scores.

Under the assumption that standard errors of TWAS effect sizes are proportional to GWAS

VA

samplesize N, 8 = Nk

Here, 5 represents the correlation between imputed expression and

height. However, the imputation of expression can only be as good as the overall cis-heritability
of gene’s expression levels, hZ;;, which is measured in the reference eQTL panel. Assuming that
inaccuracies in imputation are randomly distributed, lower heritability (closer to 0) would mean a
lower true correlation between expression and height, thus the correlation between true
expression and height can then be defined as B qq; = £ * h?;.. This number represents the
percentage change in height as a result of a 100% increase (i.e. doubling) of expression. For all
of the gene-tissue pairs under consideration, the magnitude of sex bias is smaller than a 100%
change — we therefore defined B s sex aaj = Peis aaj * Psex» Where ps,, is the percentage
increase in either sex. B.;s sex aaj r€Presents the percentage change in height as a result of sex
bias of a given gene-tissue pair. As in the first approach, we signed f;s sex aa; Dased on the
agreement between the direction of sex bias and the direction of the TWAS Z-score for each

gene-tissue pair and summed all B sex aq; t0 Obtain an estimate of the total percentage change

in height explained by conserved sex bias.

Cis-eQTL effect sizes

To quantify cis-eQTL effect sizes, we relied on logz allelic fold change (aFC) estimates, which
are provided for significant eGene associations
(https://storage.googleapis.com/gtex_analysis_v7/single_tissue_eqtl data/GTEX_Analysis_v7_e
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QTL.tar.gz). aFC represents the expected logz fold-change in expression between individuals
homozygous for either the reference or alternative allele (i.e. 0 vs 2 copies of the alternative
allele) (97); however, in this study we focus on the per-allele effects of the best eQTL on height

as reported in GWAS. Therefore, we converted aFC estimates to a per-allele estimate using the

20FC4q
2

formula aFCye: = log,( ), where aFC is the original estimate and aF Cj.; is the new

estimate which represents the expected logz fold-change in expression between individuals

homozygous for the reference allele and heterozygous for the reference and alternative alleles.

Motif analysis

We identified motifs enriched in the promoters (+ 1 kb around the most distal transcription start
site as annotated in human GENCODE v26, or in each of our improved non-human mammalian
transcriptomes) of genes with lineage-specific sex bias using a two-step procedure adapted from
a recent study of epigenetic poising in the mammalian germline (98). In the first step, we used
DREME (79) with default settings to identify motifs enriched in the promoters (+ 1 kb around
the most distal transcription start site) of each set of lineage-specific sex-biased genes within
each tissue. For any given type of lineage-specific bias, we only analyzed tissues with FDR <
0.30 as assessed by permutation. In the second step, we used AME (80) to scan 100 random,
equally sized sets of orthologous promoters for enrichment of the motifs detected in the first step.
The fraction of random promoter sets showing motif enrichment with a lower p-value than that
of the motif in the true promoter sets (which was re-estimated using AME) constituted a raw p-
value. This second step ensures that the DREME motif enrichment is specific to the genes in
question and not the result of an overall enrichment of the motif in the species or lineage in

question. P-values from all tissues for a given type of lineage-specific sex bias (e.g., primate loss
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or rodent gain) were then adjusted by the Benjamini-Hochberg method. We matched motifs with
FDR < 0.10 to binding sites for known transcription factors from the JASPAR (99) Core
vertebrates database using TOMTOM (100) with parameters —thresh 10 -evalue -dist ed.

We devised a simple metric to estimate the fraction of lineage-specific sex biases which
are accounted for by gains or losses of motifs for sex-biased TFs. For each of the 83 instances
where the gained or lost motif corresponded to a sex-biased TF in the same tissue (e.g., matches
for PKNOX1 motif in genes with a primate loss of sex bias in muscle), we computed the
difference between the number of sex-biased orthologs with a motif match (the “observed”
number) and the number expected in the promoters of non-sex-biased orthologs, as calculated by
DREME in the initial discovery step. This calculation was done at the level of orthologs in
individual species (i.e., for genes with a primate gain of sex bias, human and cyno orthologs are
considered independently); to avoid such double counting, we divided this number by two if the
sex bias gain/loss in that tissue involved two species in the phylogeny in this study. We then
multiplied this calculated excess by the estimated true positive rate (1 - FDR) for that specific
lineage/tissue combination. These estimates for each of the 83 instances, provided in Table S9,
were then summed up to obtain the total estimated number of sex-biased gene-tissue pairs which

could be accounted for by motifs for sex-biased TFs.

Validation of TF binding with ChlP-seq data

For sex-biased TFs with publicly available data, ChlP-seq peaks (.bed files) were downloaded
from the source indicated in Table S9. Each set of TF peaks was then intersected with the set of
all promoters (+ 1 kb around the most distal transcription start site) for all genes using bedtools

(101); a gene was classified as TF-bound if it contained at least one ChlP-seq peak. Motif-
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containing genes (human or mouse, as all analyzed ChlP-seq data were from these two species)
were identified by running FIMO (102) on the same promoter sequences using the motif
discovered in the above-described DREME step. The TF-bound fraction of motif-containing,
sex-biased genes of the relevant evolutionary class (i.e. rodent gain in muscle) was compared to
the TF-bound fraction of all expressed one-to-one orthologs without a motif by Fisher’s exact

test.
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Fig. S1: Comparison of read mapping rates between existing transcriptome annotations

and those generated as part of this study. For each species, RNA-seq reads from an

independent study (cyno, M5 Spleen from https://doi.org/10.6084/m9.figshare.4697539.v2; dog,

SRR388736; mouse, SRR594408; rat, SRR594435) were pseudomapped to either Ensembl 91

transcript annotations or annotations from this study using salmon.
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Fig. S2: Correlation between sample loadings on top principal components with estimated
cell-type fractions. For each tissue (A, skin; B, brain; C, adipose), sample loadings (x-axis) for
the top principal components were estimated as described in Methods. The y-axis represents the
proportion of the indicated cell-type estimated as estimated by CIBERSORT (see Methods).

Each plot is annotated with a Pearson correlation coefficient.
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Fig. S4: Correlation between published estimates of sex bias and estimates of sex bias in

this study (human). For each tissue, significantly sex-biased genes from published studies were

defined as described in Methods. The x-axis represents sex bias from the independent study, and

the y-axis represents sex bias from our re-analysis of GTEX. Each plot is annotated with a

Pearson correlation coefficient.
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Fig. S5: Correlation between published estimates of sex bias and estimates of sex bias in

this study (mouse). For each tissue, significantly sex-biased genes from published studies were
defined as described in Methods. The x-axis represents sex bias from the independent study, and
the y-axis represents sex bias from data newly generated as part of this study. Note that for lung,
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Fig. S6: Non-parametric validation of conserved sex bias as detected using a linear mixed

model approach. Rank-based statistic for conserved sex bias (see Materials and Methods for
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Fig. S7: Magnitude of male/female difference in expression of genes with conserved sex
bias. Cumulative distribution plots of the magnitude of sex bias (estimated by simple linear

regression in each species), for all gene-tissue pairs with a conserved sex bias.
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Fig. S9: No correlation between extent of conserved sex bias and sample size or expression
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Fig. S11: Enrichment of genes with conserved female or male bias with respect to
autosomes, sex chromosomes, and classes of sex-linked genes. Colors represent the fraction of
analyzed one-to-one orthologs on the indicated chromosome(s) with conserved male (A) or
female (B) bias. For female bias, all X-linked genes (left) are further subdivided into those
previously annotated as escaping or subject to X-inactivation in females by a recent meta-
analysis of three studies (middle). X escape genes are further subdivided into those with or
without a surviving Y-linked homolog (right). *, Benjamini-Hochberg-adjusted p-value < 0.05,

two-sided Fisher’s exact test comparing to autosomes.
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Fig. S14: Increased detection of rodent gains of sex bias using mashr. Number of genes
detected as having a rodent-specific sex bias (male or female) in each tissue when using standard
separate tests for each species (grey, limma/voom FDR < 0.1 and same direction of bias in

mouse and rat only) versus when using mashr (red) as described in Methods.
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Fig. S15: Fraction of total sex bias found to be ancestral when applying a range of fold-
change cutoffs to define both ancestral and acquired sex bias, using the linear mixed model
approach (black) or mashr (red). The ancestral fraction of sex bias at each fold-change cutoff
was calculated as in Fig. 3B, using the empirically calculated FDRs to estimate the number of

true-positive gene-tissue pairs with ancestral or acquired sex bias.
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Fig. S16: Differences in chicken expression breadth between genes with or without sex-
biased gene expression. Chicken expression breadth was calculated using RNA-seq data from
nine male tissues from Merkin et al. (2012). In the heatmap, the group median of expression
breadth is plotted, and asterisks indicate a Benjamini-Hochberg adjusted p-value < 0.05 for a
two-sided Wilcoxon rank-sum test, placed on the group (“No bias” or “Sex-biased”) with the

lower median expression breadth.
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Fig. S18. Cross-tissue agreement of genic TWAS Z-scores. For each gene (left, all genes;
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right, all genome-wide significant height genes from the GWAS catalog), the number of tissues

with positive (x-axis) or negative (y-axis) Z-scores is plotted.
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Fig. S21: Comparison of effect sizes for conserved sex bias and eQTLs. For sex bias, the
effect size (y-axis) is the log2(M/F) expression ratio of the gene in the tissue in which it is sex-
biased. For the best eQTL, we used the log: allelic fold-change (aFC) in the same tissue as sex

bias, when it was available, scaled to a per-allele estimate (see Materials and Methods).
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Fig. S24: Comparison of fold-changes between genes with conserved (yellow) and acquired

(red) genes in independent human and mouse datasets. Unadjusted p-values (two-sided

Wilcoxon rank-sum test) are provided, but note that no comparisons were significant after

Benjamini-Hochberg adjustment for multiple testing.
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Fig. S25: Number of TFs with enriched motifs in multiple tissues expected by randomly

choosing a tissue for TF sex bias, compared to the true such number of TFs.
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Fig. S26: Conserved sex bias of PKNOX1 (A) and representative PKNOX1 motif-

containing genes with primate loss of sex bias (B, C).
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Table S1.
Metadata for non-human RNA-seq libraries.

<Excel file >

Table S2.
Metadata for analyzed human GTEx RNA-seq libraries.

<Excel file >
Tissue Male Female
Adipose 23 48
Adrenal 20 25
Brain 11 33
Colon 25 28
Heart 13 24
Liver 9 17
Lung 11 38
Muscle 35 70
Pituitary 12 36
Skin 36 83
Spleen 16 17
Thyroid 33 77

Table S3: Number of human GTEx samples analyzed by sex and tissue.

Table S4.

Information on tissue-specific sex-biased expression, orthology assignment, and additional gene-
level attributes as well as empirically estimated false discovery rates for each evolutionary class
of sex bias in each tissue.

<Excel file >

Table S5.
Height TWAS Z-scores and sex bias assignments for all gene-tissue pairs.

<attached .txt file>
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Table S6.

Within-tissue Gene Ontology enrichments for genes with either conserved or acquired sex bias
relative to those without. Output from PANTHER statistical overrepresentation test with genes
with conserved or acquired male or female bias as foreground and all genes expressed in the
tissue as background. Enrichments for genes with conserved sex bias and calculated TWAS Z-
score in the same tissue are also provided.

<Excel file >

Table S7.
Sex bias estimates in the cattle pituitary gland, from Seo et al, (2016).

<attached .txt file >
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Species with

height/body size Conserved sex-biased  Cross-tissue
Gene association expression TWAS Z-score
LCORL Humans, cattle, dogs Female, pituitary gland  -28.7
PLAG1 Humans, cattle Female, colon -1.06
CCND2 Humans, cattle Male, heart 4.43
TTNI21 Humans, cattle
HMGA?2 Humans, cattle, dogs
TCP11 Humans, cattle
IGF1 Humans, cattle, dogs
IGF1R Humans, dogs
IGF2BP2 Humans, dogs
GHR Humans, dogs
PLEKHA1 Humans, cattle
STC2 Humans, cattle, dogs
INSR Humans, cattle
GNA12 Humans, cattle Female, skin -120
FBN1 Humans, cattle
ADAMTS17 Humans, cattle
DIS3L2 Humans, cattle
DNMT3A Humans, cattle
NOV Humans, cattle
FGFR2 Humans, cattle
FNDC3B Humans, cattle
LCOR Humans, cattle

LIN28B Humans, cattle

PAPPA2 Humans, cattle

IGF2BP3 Humans, cattle

SYN3 Humans, cattle

Table S8: Individual loci with genome-wide significant associations with height in multiple

species. Conserved sex bias in expression in specific tissues, as well as cross-tissue TWAS Z-

scores calculated as described, are also provided. References for height associations in each

species: humans (57); cattle (59); dogs (58).
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Table S9.

Information on motifs for sex-biased transcription factors correlated with gains or losses of sex
bias.

<Excel file >
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