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Abstract: Dosage compensation in humans — ensuring the viability and fitness of females, with
two X chromosomes, and males, with one — is thought to be achieved chromosome-wide by
heterochromatinization of one X chromosome during female development. We reassessed this
through quantitative gene-by-gene analyses of expression in individuals with one to four X
chromosomes, tolerance for loss-of-function mutations, regulation by miRNAs, allele-specific
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expression, and the presence of homologous genes on the Y chromosome. We found a mosaic of
dosage compensation strategies on the human X chromosome reflecting gene-by-gene
differences in multiple dimensions, including sensitivity to under- or over-expression. These
insights enrich our understanding of Turner, Klinefelter, and other sex chromosome aneuploidy
syndromes, and of sex-chromosome-mediated effects on health and disease in euploid males and
females.

One-Sentence Summary: The human X chromosome displays several modes of dosage
compensation, tailored to the qualities of individual genes.


https://doi.org/10.1101/2021.08.09.455676
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.09.455676; this version posted August 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Main Text: Sex chromosomes evolved from ordinary autosomes independently in many
metazoan lineages as a special solution to the problem of sex determination, i.e., how it is
decided that an embryo will develop as a male or female. However, differentiating a pair of
autosomes into X and Y chromosomes, and the accompanying decay or neofunctionalization of
Y-linked genes, creates potentially lethal imbalances in X-linked gene expression. Preventing
these imbalances by maintaining the ancestral expression levels of dosage-sensitive genes
ensures the viability and fitness of both sexes. This is accomplished through dosage
compensation, studied most intensely in Drosophila melanogaster, Caenorhabditis elegans, Mus
musculus, and humans.

Studies in D. melanogaster and C. elegans support the operation in these species of
uniform, X-chromosome-wide mechanisms of dosage compensation. In D. melanogaster, dosage
compensation is accomplished by developmentally up-regulating genes on the single X Chr in
males to match the output of the two X Chrs in females (/). In C. elegans, dosage compensation
is achieved by developmentally down-regulating genes on the two X Chrs of XX hermaphrodites
to match the output of the single X Chr in XO males (2). In mammals, dosage compensation is
also assumed to operate on a chromosome-wide (as opposed to a gene-by-gene) basis, through
heterochromatinization and transcriptional silencing (“inactivation”) of one X Chr in XX
females, mediated by the long-noncoding RNA XIST (3). However, we identified four reasons to
question whether in humans a single chromosome-wide mechanism, in this case X chromosome
inactivation (XCI), secures the viability and fitness of both sexes.

First, if XCI alone accomplishes dosage compensation on the human X chromosome, we
would expect that individuals with only one X chromosome (45,X) would be viable, as in D.

melanogaster, C. elegans, and M. musculus (4-6). However, a second sex chromosome — either
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X or Y —is essential for in utero viability in humans, where 99% of 45,X fetuses abort
spontaneously. The rare survivors likely have a mixture of 45,X cells and cells with a second sex
chromosome as a result of mitotic nondisjunction in early development (7, §). These rare
survivors display a constellation of anatomic features known as Turner syndrome (9, 10).

Second, molecular analyses have revealed that up to one quarter of all human X-linked
genes are transcribed from heterochromatinized (“inactive’) X Chrs (/7). These genes have been
interpreted as roguish outliers that “escape” or “partially escape” XCI, but they could also be
viewed as critical evidence that a one-size-fits-all mechanism cannot explain dosage
compensation in humans.

Third, special circumstances in D. melanogaster and C. elegans may have favored the
evolution of single, chromosome-wide mechanisms in those species. In D. melanogaster, the
absence of recombination during male meiosis (/2) may have provided an opportunity for
evolutionarily nascent X and Y chromosomes to differentiate precipitously (/3); Y-chromosome
genes are expressed only in spermatogenic cells (/4). In C. elegans, males (XO) possess no Y
chromosome at all. In mammals, by contrast, persistent X-Y crossing-over preserves a
“pseudoautosomal” region of identity between Chr X and Y (/5). These ongoing connections
between the X and Y Chrs during human evolution may have been incompatible with the
acquisition of a single, chromosome-wide mechanism of dosage compensation.

Fourth, while XCI operates in both mice and humans, it provides a more effective and
thorough solution to the problem of dosage compensation in mice than it does in humans.
Specifically, XO mice are fully viable and do not exhibit the Turner syndrome phenotype
observed in 45,X (“X0O”) humans (35). By comparison with the human X Chr, few genes are

transcribed from heterochromatinized X Chrs in mice (i.e., few genes “escape” XCI (/6)).
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Similarly, by comparison with the human Y Chr, which contains a dozen genes that are widely
expressed in somatic tissues (/7) and are postulated to contribute to male viability (/8), fewer
mouse Y Chr genes are expressed in somatic tissues (/9). In sum, in both male and female mice,
the sex chromosomes’ somatic roles are delegated and restricted to the “active” X Chr to a
degree not seen in humans.

These considerations suggest that in contrast with C. elegans, D. melanogaster, and M.
musculus, multiple solutions to the problem of dosage compensation might be operative in
humans. Fortunately, there is an abundance of recent genetic and epigenetic data and tools with
which to examine this question on a gene-by-gene basis in humans. We combined this growing
body of gene-by-gene analytics with newly-derived metrics arising from quantitative
examination of X- (and Y-) linked gene expression in cells derived from individuals with one to

four X chromosomes and zero to four Y chromosomes.

Results and Discussion:

Dosage sensitivity differs widely among human X chromosome genes

We reasoned that gene-by-gene differences in organismal sensitivities to gene dosage might
drive the human X Chr to evolve several distinct dosage compensation strategies. To test this, we
investigated gene-by-gene metrics of natural selection against under- or over-expression. To
assess sensitivity to under-expression, we used a measure of the observed frequency of loss-of-
function (LoF) variants in human populations (the LoF observed/expected upper fraction
(LOEUF) score, (20)). Natural selection should cull LoF variants in genes whose precise dosage
is important for organismal fitness, resulting in fewer LoF variants than expected, while such

variants should accumulate in genes whose under-expression has little or no effect on fitness. To
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measure sensitivity to over-expression, we examined the probability of conserved targeting by
microRNAs (miRNAs; Pct score (21)), which repress expression by binding to a gene’s 3’
untranslated region (22). Genes whose over-expression is deleterious should maintain their
miRNA binding sites via natural selection, while genes whose over-expression is inconsequential
to fitness should show less conservation of these sites.

We compared dosage sensitivities for genes in different regions of the sex chromosomes
(Fig. 1A). The X and Y chromosomes originated as a pair of ordinary autosomes, differentiating
over a period of ~300 million years, and they remain identical at the pseudoautosomal region
(PAR) on their distal short arms (75, 23, 24). (A small second PAR with four genes exists at the
tips of the long arms, but rather than being preserved through evolution and retaining autosome-
like features, it was acquired recently in humans (25), and is addressed in Supplemental Text.)
The non-pseudoautosomal regions of the X (NPX) and Y (NPY) have diverged in structure and
gene content and no longer exchange genetic material (26, 27). Despite this lack of crossing-
over, NPX and NPY have retained 17 ancestral genes as homologous “NPX-NPY pairs” that
have diverged in sequence and function to various degrees. (An additional two genes were
acquired during a transposition event from Chr X to Y in humans (78, 26)).

We find that, as a group, PAR genes readily accumulate LoF variants and display less
conservation of miRNA targeting than other sex chromosome genes and autosomal genes (Fig.
1B, S1; Table S1). This indicates that the expression levels of PAR genes are not under strong
selection. Indeed, homozygous LoF mutations have been reported for 3 of 15 PAR genes,
suggesting that they are dispensable (20). The one exception is SHOX, whose copy-number has

been linked to height in individuals with sex chromosome aneuploidy (28-30).
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On average, single-copy NPY genes have LOEUF scores and Pcr distributions similar to
those of autosomal genes (Fig. 1B, S1, Table S2). On the other hand, NPY’s “ampliconic”
genes, characterized by many nearly-identical copies and testis-specific expression (26), display
more LoF variants and less miRNA conservation (Fig. S1).

By contrast with PAR and NPY genes, NPX genes have significantly fewer LoF variants
than autosomal genes, likely due to hemizygous selection in males (Fig. 1B, S1, Table S1). (As
with the NPY, multicopy and ampliconic genes on NPX show more LoF variants and less
miRNA conservation than autosomal genes [Fig. S1].) Compared to NPX genes withouta Y
homolog, NPX genes with NPY homologs have lower LOEUF and higher Pcr distributions, are
more broadly expressed across the body (as surveyed across tissues in the GTEx project (37),
Fig. 1C), and are more likely to be required for cell viability (defined as a “common essential”
gene across cancer cell lines in the Broad Dependency Map (32); Fig. 1D).

In sum, our gene-by-gene analyses of dosage sensitivities across the sex chromosomes
reveal heterogeneities that could drive distinct dosage compensation strategies. If distinct
strategies exist on the human X Chr, we expect that they should be revealed by examining gene
expression dynamics across a range of X Chr copy numbers. We reasoned that these strategies
might also be affected by the expression dynamics of homologous genes on Chr Y. To explore
these ideas, we examined the effects of X and Y chromosome copy number on gene expression
in cells from individuals with sex chromosome aneuploidies. In parallel, we analyzed cells with
trisomy 21, the most common autosomal aneuploidy and the cause of Down syndrome (33),
allowing us to compare the effects of sex chromosome copy number against such effects on an

autosome.
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Figure 1. Heterogeneity in dosage sensitivity among X chromosome genes. (A) Anatomy of
the human sex chromosomes. (B) Scatterplot of LOEUF versus transformed Pcr score for 674
sex chromosome genes with data for both measures, divided into quadrants by median values.
All single-copy PAR and NPX-NPY genes are labelled. NPX-NPY genes with data for only one
measure are plotted in the grey bars at the left and bottom. For comparison, we include violin
plots with median (dot) and interquartile range (whiskers) of autosomal genes. (C) Violin plots
of expression breadth across GTEx tissues for NPX genes in quadrant 1 with or without a NPY
homolog. P-value, Wilcoxon rank sum test. (D) Percentage of cell-essential genes (depMap
“common essential” genes) among quadrant 1 NPX genes with or without a NPY homolog. P-

value, Fisher Exact test.
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Serializing X chromosome copy number in two human cell types

We generated or received Epstein Barr Virus-transformed B cell lines (lymphoblastoid cell lines,
LCLs) and/or primary dermal fibroblast cultures from 145 individuals with naturally occurring
variation in the number of Chr X, Y, or 21 (Fig. 2A). After culturing cells under identical
conditions, we profiled gene expression by RNA-sequencing (RNA-seq) in 112 LCL samples
and 62 fibroblast samples in all (some individuals contributed both blood and skin samples;
Table 1 and Table S3). Our sampling spanned individuals with one to four X chromosomes,
zero to four Y chromosomes, and two or three copies of chromosome 21 (Fig. 2B). We assessed
gene expression using 100-base-pair paired-end RNA sequencing, aiming for a depth of >50
million reads per sample (median = 78 million reads). To examine the reproducibility of our
results, we sequenced independently-derived LCLs or fibroblast cultures from the same
individual and found that they were highly correlated (Fig. S2). By our estimates, studying more
individuals with sex chromosome aneuploidy would not substantially increase power in this

analysis (Fig. S3, Methods).

Table 1. Samples included in aneuploidy analysis*

Karyotype # LCLs # Fibroblasts
45.X 17 17
46,XX 22 12
46,XY 17 11
47,.XXX 7 3
47.XXY 11 12
47.XYY 10 4
48, XXXX 1 0
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48 XXXY 4 1
48 XXYY 3 0

49 XXXXY 12 1
49 XYYYY 2 1
47,XX,+21 4 0
47,XY,+21 2 0
Total: 112 62

*Excludes technical replicates (additional cell lines derived from the same individual), which
were only used for quality control.

A B  chr X dosage series
“ 1X  2X  3X _ 4X
aa . . ’ . . A X XX XXX XXXX
Individuals with variation in XY OXXY  XXXY  XXXXY
Chr X, Y or 21 dosage XYY XXYY
n ,l ‘ "'l XYYYY
Chr Y dosage series
Blood draw Skin biopsy oY 1Y 2y a4y
EBV X XY XYY XYYYY
transformation XX XXY  XXYY
XXX XXXY
Lymphoblastoid Primary YO0 X000
cell line (LCL) fibroblasts Chr 21 dosage series
Gene expression/ 2 Chr 21 3 Chr 21
analysis via XX XX +21
RNA-sequencing Xy XY+ 21

Figure 2. Gene expression analysis of aneuploid cells. (A) Collection and processing of
samples from human subjects with variation in number of Chr X, Y, or 21. (B) We analyzed
RNA-seq data from individuals with one to four copies of Chr X, zero to four copies of Chr Y,

and two or three copies of Chr 21.

A metric of gene expression from supernumerary chromosomes
We anticipated that each additional chromosome generates an additive increase in expression of
some or all of that chromosome’s genes. Thus, we modeled sex chromosome gene expression as

a linear function of the number of additional X Chr, Y Chr, and batch (Methods). For Chr 21, we
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modeled gene expression as a linear function of Chr 21 copy number, sex chromosome
complement (XX or XY), and batch (Methods). We included all genes whose median expression
in euploid samples was at least 1 transcript per million (TPM), resulting in 424 NPX genes, 11
NPY genes, 11 PAR genes, and 95 Chr 21 genes analyzed in LCLs and/or fibroblasts (Table 2).

To compare the effects of changes in Chr X, Y, or 21 copy number between genes, we
developed metrics that we refer to as AEx, AEy, or AE»i, respectively. To calculate AE, we used
the coefficients estimated from our linear models and divided the change in expression per
additional Chr X, Y, or 21 (slope of regression — Bx, By, or B21) by the expression from the first
copy of Chr X or Y, or two copies of Chr 21 (average intercept across batches, o) (Fig. 3A,C,G,
Tables S4-8, Methods). AE=0 indicates no change in expression with additional chromosomes,
AE<O0 indicates a decrease in expression, and AE>0 reflects an increase in expression, with AE=1
indicating that each additional chromosome contributes an amount of expression equal to that of
the first for AEx and AEy. AE21=1 indicates that the third copy of Chr 21 contributes an amount
equal to the mean contribution of the first two copies.

We began by evaluating PAR genes, all of which increased in expression and had AEx
and AEy values close to 1 (Fig. 3B,D, S4A-B). This implies, first, that PAR genes are expressed
on each additional copy of Chr X or Y; and second, that expression from each additional Chr X
or Y is roughly equal to the expression from the first (e.g., ZBEDI, Fig. 3E, S4C). We observed
modestly greater increases in PAR gene expression with additional Y chromosomes than with
additional X chromosomes, especially in LCLs (Fig. 3F, S4D). This Y-vs-X effect was most
pronounced for CD99, located near the PAR-NPX/Y boundary (Fig. SSA), consistent with
suggestions that PAR gene expression is somewhat attenuated by spreading of

heterochromatinization on X Chrs (34). For NPY genes, we analyzed samples with one or more

11
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Y Chrs to observe expression differences, if any, between the first and additional Y Chrs
(Methods). Like PAR genes, all NPY genes increased significantly, with AEy values close to 1,
consistent with near-equal expression from each copy of Chr Y (e.g., KDM5D; Fig. 3C-D,
S4B.E, S5B; full results in Tables S6-7). We next examined Chr 21 gene expression as a
function of Chr 21 copy number (Table S8). Similar to PAR and NPY genes, most expressed
Chr 21 genes increased in expression, with AE»; values close to 1 (e.g., HLCS; Fig. 3G-H, S5C),
and no genes significantly decreased in expression. In sum, our analysis of PAR, NPY, and Chr
21 indicates that most genes have nearly identical expression from each copy of their respective
chromosomes.

In contrast to PAR, NPY, and Chr 21, NPX genes were not identically expressed from
each chromosome. Most genes did not significantly change in expression with additional copies
of Chr X and had AEx~0, consistent with expression from a cell’s first X chromosome and
repression on all others. 67.6% of expressed NPX genes in LCLs and 85.7% in fibroblasts fit this
pattern (e.g., PRPS2, Fig. 31, S4F, full results in Tables S4-5). The other NPX genes showed a
wide range of AEx values between -0.33 and 1.3 (e.g., KDM5C, CA5B, and F8, Fig. 3A,J,K,
S4G-1, S5D-E). This included two long non-coding RNAs (IncRNAs) involved in XCI: XIST,
the long non-coding RNA that acts in cis to transcriptionally repress X chromosomes from which
it is expressed (3, 35), and JPJX, an activator of XIST (36, 37) (Fig. 3L-M, S4J-K). XIST was the
only NPX gene exclusively expressed in cells with two or more X chromosomes.

These results provide quantitative insight into the transcriptional response to increasing
chromosome copy number across different regions of Chr X, Y, and 21. First, there appears to be
no mechanism attenuating (or otherwise altering) the expression of genes on additional copies of

Chr 21 or Y (including PAR and NPY). Second, nearly all genes on the second and subsequent X

12
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chromosomes show either fully (AEx=0) or partially (0<AEx<1) attenuated expression. Only two
NPX genes, XIST and PUDP, and a subset of PAR genes, showed near equal expression with
each additional X chromosome (AEx=1) in both LCLs and fibroblasts. This might be expected
for XIST given its role in repressing these supernumerary chromosomes. Third, X chromosome
expression dynamics transcend cell types. We found that AE values were highly correlated in

LCLs and fibroblasts for genes expressed in both cell types (Pearson r=0.84; Fig. 3N).

Table 2. Number of genes* assessed in expression analyses

Genomic region LCLs Fibroblasts Union
NPX 352 399 424
NPY 11 10 11
PAR 11 9 11
Chr 21 95 NA 95

*Expressed (transcripts per million >= 1) protein-coding genes and IncRNAs known to be
involved in XCI.
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Figure 3. Calculating AE values for genes on Chr X, Y, and 21. Scatterplots and regression

lines of individual genes as a function of Chr X (A, E, I-M), Y (C, E), or 21 (G) copy number in

LCLs. AE calculations from linear regressions are indicated. Volcano plots of AEx (B), AEy (D),

or AE>1 (H) versus significance show differences in the overall response of genes on Chr X, Y,

and 21 to increasing copy number. (F) Violin plots, with median (dots) and interquartile ranges

(whiskers) indicated, comparing AEx and AEy for PAR genes in LCLs. P-values, paired t-test.

(N) Scatterplot comparing AEx in LCLs and fibroblasts for Chr X genes. Deming regression line

and Pearson correlation are indicated. See Fig. S4 for corresponding plots for fibroblasts.

Monoallelic expression of one third of Chr X genes with AEx>0
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NPX genes that significantly increase in expression with Chr X copy number (AEx>0) may do so
by transcribing the second or additional copies of Chr X, or by transcriptional modulation of the
allele on the first (“active”) copy without contribution from additional copies of Chr X (Fig. 4A).
To discriminate between these two mechanisms, we identified heterozygous single nucleotide
polymorphisms (SNPs) in our RNA-seq reads to distinguish between Chr X alleles in cells with
two X chromosomes (Table S9). In 46,XX individuals, the choice to inactivate either the
maternal X (XM) or paternal X (X®) is random, resulting in a mixture of cells in which the “active
X” (Xa) is either XM or X*. Because of this, all transcripts in bulk RNA-seq data, even those
expressed only from Xa, typically appear biallelic (Fig. S6). However, we identified 18 LCL and
4 fibroblast samples with “skewed XCI” whereby most cells in the culture had the same Xa,
allowing us to distinguish transcription from Xa only (monoallelic) versus both Xa and Xi
(biallelic; Methods, Fig. S7). As a control, we analyzed SNPs on Chr 8, which has a comparable
number of expressed genes as Chr X, and where we invariably observed similar numbers of
reads from each allele (Fig. S8, Table S10).

For each sample with skewed XCI, we computed the ratio of reads from each SNP allele
(“allelic ratio”, AR), and averaged them across exonic SNPs for each gene. We required AR data
from at least two (fibroblast) or three (LCL) samples per gene, and calculated the median AR
across individuals for 136 genes in LCLs and 84 genes in fibroblasts (Fig. S9, Table S11-12). To
supplement our data, we incorporated AR data from three additional studies (34, 38, 39),
allowing us to evaluate allelic expression for 369 Chr X genes expressed in LCLs or fibroblasts
(Fig. S10, Table S13). Of the 80 Chr X genes whose expression significantly increased with
additional X Chrs in either cell type (AEx>0) and had AR data, 51 had evidence of biallelic

expression (denoted as biallelic in at least half of the datasets), including PAR genes and NPX
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genes with NPY partners (we include X/ST in this category, as, like the biallelic genes, it is
expressed from Xi; Fig. 4B). In contrast, 29 genes had strong evidence of monoallelic expression
(denoted as monoallelic in the majority of studies), supporting the existence of two distinct gene
regulatory mechanisms among genes with AEx>0 (Fig. 4B). Compared to genes with biallelic
expression, genes with monoallelic expression had lower AEx values and were less likely to have
AEx>0 in both cell types. We suspect that these genes are transcriptionally upregulated by other

genes whose expression increases with additional copies of Chr X.
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Figure 4. For genes with AEx > 0, allele-specific expression distinguishes transcription from
both Xa and Xi from transcriptional upregulation of Xa alone. (A) Schematic of two

scenarios that could result in AEx > 0. (B) Heatmaps of AEx and AR for genes with AEx > 0 in

16


https://doi.org/10.1101/2021.08.09.455676
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.09.455676; this version posted August 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

LCLs or fibroblasts, ordered by mean AEx; 9 genes lacked AR data and are not shown. We
required that the majority of evidence across studies support monoallelic expression to assign

genes to that category.

Through the lens of sex chromosome evolution: AEx, strata, and NPY homology

We next considered how the AEx and allele-specific analyses intersect with our understanding of
sex chromosome evolution. Sex chromosome differentiation was initiated when the proto-Y
chromosome acquired the male sex-determining gene, SRY (Fig. SA). Inversions on the evolving
Y chromosome suppressed crossing-over with the X chromosome in stepwise fashion, creating
and adding to the diverging NPX and NPY at the expense of the PAR, which continued to
engage in crossing-over in XY males and XX females (735, 23, 24). The genetically isolated NPY
lost all but 3% of the genes present on the ancestral autosomes, while the NPX, which continued
to engage in crossing-over in XX females, retained 98% of the ancestral genes (18, 26).

We first asked whether the timing of NPY homolog loss during sex chromosome
evolution impacts a NPX gene’s AEx. We grouped protein-coding NPX genes that have no NPY
homologs in humans or other mammals (/&) by evolutionary strata, which demarcate the time of
their divergence from Chr Y. Genes in strata 1-3, which formed more than 97 million years ago,
before the eutherian ancestor, had median AEx~0, and most were expressed monoallelically (Fig.
5B). In contrast, genes in stratum 4, which formed more than 44 million years ago, before the
simian ancestor, or stratum 5, which formed before the divergence of the macaque and human
lineages, 32-34 million years ago, had a wide range of AEx values, and most were expressed
biallelically. Thus, NPX genes that lost their NPY partners in the more distant past are more fully

attenuated than those that lost their NPY partners in the past 97 million years.
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While most NPX genes lost their NPY homologs, the most dosage-sensitive NPX genes
retain their NPY homologs today in humans or other mammals (/8). Using sequencing data from
the Y chromosome of other mammals, we inferred how long ago these NPY homologs were lost
in the human lineage, and asked whether this divergence time is correlated with AEx. NPX genes
with NPY homologs in marsupials but not eutherian mammals (dating their loss to 97-176
million years ago) had AEx=0 and were mostly monoallelically expressed (Fig. 5C). In contrast,
NPX genes with NPY homologs in eutherian mammals but not humans (all but one dating their
loss in the human lineage to between the eutherian and simian ancestors 44-97 million years ago)
had median AEx~0.2, and most had evidence of biallelic expression.

Finally, we examined NPX genes with Y homologs in humans (Fig. 5C, Table S14 (40))
and found that they fell into two groups. In the first group were NPX genes with single-copy
NPY homologs that are widely and robustly expressed; they had median AEx~0.5 and strong
evidence of biallelic expression. The second group of NPX-NPY genes had AEx=0 and
monoallelic expression. These genes included 7BL1X and TMSB4X, whose NPY partners’
expression is significantly reduced across the body, and RBMX and TSPYL2, whose multi-copy
NPY partners are exclusively expressed in the testis (17, 26)).

In sum, the timing of NPY homolog loss, and the conservation or divergence of those
homologs, differentiates various classes of NPX genes. While most NPX genes that lost Y
homologs and reside in the older evolutionary strata (1-3) have become fully attenuated on
supernumerary X chromosomes, this is true of only a small percentage of genes in the younger
evolutionary strata (4-5). NPX genes with NPY homologs in eutherian mammals or humans are
only partially attenuated regardless of their evolutionary strata: for example, RPS4X, with

AEx>0.4, diverged from RPS4Y more than 176 million years ago.
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Some dosage-insensitive genes adjacent to NPX-NPY pairs are epigenetic hitchhikers
While investigating NPX genes with AEx>0, we noticed that many were clustered along the X
chromosome: 33 of 65 genes with AEx>0 in LCLs reside in 13 clusters of expressed genes, and
21 of 45 NPX genes with AEx>0 in fibroblasts reside in 8 clusters (Table S15). Most such
clusters contain at least one gene with an NPY partner in humans or other eutherian mammals,
which led us to speculate that dosage-insensitive genes were influenced by the expression
strategies of their dosage-sensitive neighbors. To test this, we examined AEx values for
neighbors of NPX-NPY pairs in humans or other eutherian mammals with AEx>0. These
neighbors had significantly higher AEx values than genes that lack NPY -partnered neighbors
(Fig. 5D, Table S16). Conversely, unpartnered NPX genes with AEx>0 were more likely to have
a NPY-partnered neighbor than would be expected by chance (Fig. S11). Like their NPY-
partnered neighbors, most of these adjacent genes were biallelically expressed (Table S16).

We considered whether inherent properties of the adjacent genes contributed to their
expression from all copies of Chr X (AEx>0), or whether this is explained solely by their
neighbors. To address this question, we examined the adjacent genes’ sensitivity to increases or
decreases in gene dosage. The genes separated into two groups, the first being as dosage-
sensitive (Fig. SE) and broadly-expressed throughout the body (Fig. 5F) as genes with human
NPY partners, suggesting that their inherent properties contributed to AEx>0. Indeed, two of
these genes — SMCIA4 and MED14 — are essential for cell viability. Given these results, we were
surprised that these genes had not retained NPY homologs and surmised that they utilized other

evolutionary mechanisms to preserve gene dosage. In at least one case — for MED4 in rat — this
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was accomplished by retrotransposition of the NPX gene back to NPY (47). Complete
sequencing of the sex chromosomes of additional mammals may clarify this question.

The second group of adjacent genes with AEx>0 showed little evidence of dosage-
sensitivity (in quadrant 4 of Fig. S5E), consistent with them being epigenetic hitchhikers. We
suspect that they lost their Y copies but were not under significant evolutionary pressure to be
attenuated as their precise dosage is inconsequential. Their NPX-NPY neighbors may have

provided a euchromatic environment that allowed them to have AEx>0.
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Figure S. The impact of NPY homology on NPX gene regulation. (A) Timeline of human sex
chromosome evolution. Dates in millions of years ago (MYA). (B-D) Violin plots, with median
(dot) and interquartile ranges (whiskers) indicated, of AEx for NPX genes without NPY
homologs, by evolutionary stratum (B), NPX genes with NPY homologs (see text for details of
four “diverged” NPY homologs), or that are adjacent to NPX-NPY genes (C), and genes
adjacent to NPX-NPY pairs in humans or eutherian mammals (D). (E) Dosage sensitivity (see
Fig. 1B) of NPX genes expressed in LCLs or fibroblasts, with eutherian NPY homologs and
adjacent genes indicated. (F) For genes in quadrant 1, expression breadth is similar for NPX-

NPY and adjacent genes. P-values, Wilcoxon rank sum test.

A mosaic of dosage compensation strategies on the X chromosome

In contrast to what is seen in D. melanogaster, C. elegans, and M. musculus, we find abundant
evidence of multiple dosage compensation strategies across the human X chromosome —
strategies rooted in the properties of individual genes (Fig. 6). Conventional thinking holds that
X-chromosome gene expression in human males and females is equalized through monoallelic
expression — a product of XIST-mediated XCI. Indeed, we find that monoallelic expression is
commonplace among NPX genes following evolutionary loss of NPY homologs. Surprisingly,
however, for at least 29 monoallelically expressed NPX genes, the expressed allele is
transcriptionally upregulated with increasing numbers of X chromosomes, such that AEx>0 (Fig.
4B). These NPX genes do not “escape” XCI, yet they are expressed at higher levels in 46,XX
females than in 46,XY males. The mechanism and biological impact of this monoallelic
upregulation with increasing numbers of X chromosomes must now be explored. This

transcriptional modulation of a single allele (on the “active” X chromosome) brings to mind the
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transcriptional activation observed in D. melanogaster males and proposed as an intermediate
step in the evolution of XCI in mammals (24, 42).

Other dosage compensation strategies are employed by X-chromosome genes with Y-
chromosome homologs. We find that PAR genes, which maintain crossing-over in XY males,
retain nearly equal, but slightly attenuated, expression on heterochromatinized X chromosomes.
By contrast, NPX genes whose NPY homologs were preserved by natural selection due to their
extraordinary dosage sensitivity (/8, 43) are partially attenuated on heterochromatinized X
chromosomes. We find that this strategy relies on continued functional interchangeability of
NPX and NPY homologs in somatic tissues. When human NPY genes acquire testis-specific
functions not interchangeable with the broader somatic roles of their NPX partners, those NPX
genes become fully attenuated and monoallelically expressed (Fig. 5C). These PAR and NPX-
NPY dosage scenarios, in which a functionally interchangeable Y Chr homolog is maintained,
distinguish the human sex chromosomes from those of D. melanogaster, where the Y
chromosome is not expressed somatically; from C. elegans, which has no Y chromosome; and
from M. Musculus, with few somatically-expressed Y Chr genes.

We began this study by investigating metrics of natural selection against under- or over-
expression of individual genes, aiming to differentiate among the dosage sensitivities of genes on
the human X Chr. Integrating all of our current findings, we see that the most dosage sensitive
genes — the NPX genes with functionally interchangeable NPY partners — did not adopt the
commonplace dosage compensation strategy of monoallelic expression and AEx=0, but instead
display biallelic expression and the modest levels of attenuation documented here. We suggest

that, with regard to the preservation of both male and female fitness in the face of sex
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chromosome evolution, intense and diverging selective pressures promoted a mosaic of dosage
compensation strategies tailored to the properties of broad classes of genes.

Our model of gene-by-gene mosaicism based on properties of individual genes has its
limitations. We see that dosage-sensitive NPX genes influence the regulation of their neighbors
on the X Chr, and even a history of having a dosage-sensitive, NPY -partnered neighbor is

impactful.

Implications of AEx and AEy for understanding human health and disease

The numbers of X or Y chromosomes differ between euploid males (46,XY) and females
(46,XX), and more strikingly in individuals with Turner syndrome (45,X), Klinefelter syndrome
(47,XXY), and other sex chromosome aneuploidies. We propose that phenotypes associated with
sex chromosome copy number are caused by genes whose expression levels change with
chromosome copy number, and whose precise dosage affects fitness or viability. Further, we
propose that this holds in both euploid and aneuploid individuals. From our analysis of gene
expression across the spectrum of sex chromosome aneuploidy, we derived the metrics AEx and
AEy, which identify genes whose expression changes with chromosome copy number. Although
PAR genes display the highest AEx and AEy values, none except SHOX shows evidence of
dosage sensitivity. By contrast, NPX-NPY pairs, also with high AEx and AEy values, are
exquisitely dosage-sensitive and represent the most promising candidates to contribute to
phenotypes related to X Chr or Y Chr copy number — including the 99% in utero lethality of
monosomy X. These NPX-NPY pair genes are expressed throughout the body and are involved

in basic cellular functions including transcription, translation, and protein stability (/8). Other
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NPX genes that lost their NPY partners but have AEx>0 and high dosage sensitivity may also
contribute to these phenotypes.

This work also allows us to better understand the features of Chr X, Y, and 21 that may
account for the milder phenotypes associated with an extra X or Y compared to trisomy 21. As
with the sex chromosomes, it is thought that dosage-sensitive genes on Chr 21 are responsible for
the Down syndrome phenotype (44). Although we observed similar numbers of genes with AE>0
on Chr X and Chr 21, attenuation of almost all genes on heterochromatinized X chromosomes
resulted in smaller average AE values compared to Chr 21. While average AE values were
comparable for Chr Y and Chr 21, the smaller number of genes on Chr Y may account for the
milder phenotypes associated with supernumerary Y chromosomes. We conclude that dosage
compensation on Chr X — in all of its forms — permits the viability of individuals with up to three
additional chromosomes (e.g., 49, XXXXY).

Comparisons among sex chromosome aneuploidies have revealed specific phenotypes
associated with the copy number of X or Y chromosomes. For example, 47,XXY and 47, XYY
males display a higher prevalence of autism spectrum disorder (ASD) traits than 46,XY males,
which display a higher prevalence of ASD traits than 46,XX females (45-47). Interestingly, the
addition of an extra Y chromosome leads to an even higher prevalence of ASD traits than an
extra X chromosome. This suggests that both sex chromosomes may influence certain
phenotypes, but that one has a stronger effect than the other. We suspect that NPX-NPY pairs
may play a role in these phenotypes, with the higher prevalence in 47,XYY reflecting the fact
that AEy values for NPY genes are greater than the corresponding AEx values of their NPX
homologs. Other neurodevelopmental phenotypes, such as verbal and language weaknesses, are

more prevalent among individuals with extra X chromosomes (48), implicating dosage-sensitive
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NPX genes with AEx>0 that have no NPY partners or are functionally differentiated from their
NPY partners.

Ultimately, the derivation of AEx required the wide range of chromosome copy number
observed among individuals with sex chromosome aneuploidy. Once measured, AEx will have
great value for understanding how X-linked genes contribute to differences in health and disease
among euploid (46,XX and 46,XY) individuals. In addition, the quantitative, gene-by-gene
reframing of dosage compensation provided by our AEx metric provides an opportunity to revisit

many aspects of X chromosome biology, including its epigenetic regulation and evolution.
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Figure 6. Model of mosaic dosage compensation strategies on the human X chromosome.
Hexagons represent categories of X chromosome genes we analyzed in this study, organized
vertically by AEx. Colors distinguish between structural categories: green, PAR genes, dark
orange, NPX-NPY pair in humans; light orange, NPX without NPY pair. XIC, IncRNA genes in

the X inactivation center.
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