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Heteromorphic sex chromosomes (XY or ZW) present problems of gene dosage imbal-
ance between sexes and with autosomes. A need for dosage compensation has long been
thought to be critical in vertebrates. However, this was questioned by findings of unequal
mRNA abundance measurements in monotreme mammals and birds. Here, we demon-
strate unbalanced mRNA levels of X genes in platypus males and females and a corre-
lation with differential loading of histone modifications. We also observed unbalanced
transcripts of Z genes in chicken. Surprisingly, however, we found that protein abun-
dance ratios were 1:1 between the sexes in both species, indicating a post-transcriptional
layer of dosage compensation. We conclude that sex chromosome output is maintained
in chicken and platypus (and perhaps many other non therian vertebrates) via a com-
bination of transcriptional and post-transcriptional control, consistent with a critical
importance of sex chromosome dosage compensation.
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Despite their different sex chromosome systems, mammals and birds (and many other
vertebrates and invertebrates with differentiated sex chromosomes) share the challenge
that dosage of sex-linked genes is unequal between males and females, and between sex
chromosomes and autosomes.

Therian (eutherian and marsupial) mammals have XY males and XX females in which
approximately 859 X-borne coding genes in eutherians (see human genome assembly
Ensembl GRCh38.p14) and approximately 497 X-borne coding genes in marsupials (see
opossum genome assembly Ensembl A SM229v1) are unequally represented between the
sexes. Birds have ZZ males and ZW females in which approximately 865 Z-borne coding
genes are unequally represented between the sexes (see chicken genome assembly Ensembl
bGalGall.mat.broiler. GRCg7b). Platypus (an egg-laying monotreme mammal) has an
even more acute dosage problem arising from a complex sex chromosome system, in which
females have five pairs of X chromosomes and males have five X chromosomes and five
degraded Y chromosomes (1). In male meiosis, these ten sex chromosomes form a chain
held together by recombination within nine pseudoautosomal regions (PARs) shared
between successive X and Y chromosomes. The platypus sex chromosomes have no homol-
ogy with the sex chromosomes of therian mammals but share considerable homology with
the chicken Z chromosome (2).

In therian mammals, parity of expression of X-borne genes between the sexes is achieved
by the epigenetic silencing of one X in the somatic cells of females. X chromosome inac-
tivation (XCI) was long assumed to be at the transcriptional level, and this was experi-
mentally demonstrated (3) and repeatedly confirmed (4, 5). XCI is considered to be a
global silencing mechanism, although many genes escape inactivation on the human X.
Many of these escapers have active, though underexpressed copies on the Y chromosomes;
RNA-seq data in placental mammals showed that Y gametologs have 1/3 the expression
compared to ancestral levels, although combined XY gametolog expression in males sur-
passes the expression from both X homologs (the active X, and XCI escapers) in females
(6).

However, dosage compensation between male and female was not observed in studies
of platypus and birds. In platypus, male:female (M:F) transcript ratios of X-borne genes
fell between complete compensation (1.0) and complete absence of dosage compensation
(0.5), with a median of 0.6 (4). Similarly in birds, transcription from Z-borne genes
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showed M:F ratios between full compensation (1.0) and absence
of compensation (2.0), with a median of 1.4 (4, 7). The Z and W
chromosomes of paleognathous birds, which have large
non-degenerated PARs, showed incomplete dosage compensation
of transcripts from genes on the differentiated region of the Z
chromosome (8). Z chromosome-wide dosage compensation was
therefore considered not to occur in birds or to be restricted to
dosage-sensitive genes (4, 9).

As well as dosage differences of X or Z-borne genes between
the sexes, differentiated sex chromosomes must contend with dif-
ferences in the expression ratio of X or Z-borne genes and the
autosomal genes with which they are likely to interact. Unequal
expression of X-borne and autosomal genes in XY males has been
suggested to be compensated by upregulation of X-borne genes,
a step considered by Ohno (10) to have driven the evolution of
XCI. However, twofold transcriptional upregulation of the X
chromosome in human and mouse is more complex than origi-
nally thought (4, 11-13), as upregulation appears to be a malleable
process depending on location on the X and when it occurs during
development (14). In eutherian mammals, X to autosome tran-
scriptional output is less than 1 in both sexes (4), but this reduced
X expression relative to the autosomes is compensated in the pro-
teome, at least in males (15). It may be that only a subset of dosage
sensitive X-borne genes have a large effect on X chromosome
upregulation (11), though the process is neither global nor
restricted to just these genes (16, 17). However, global upregula-
tion of the active mammalian X to match ancestral autosome levels
occurs in marsupials (4, 11).

Outside of mammals, balance between male and female expres-
sion, as well as X:autosome equivalence, is achieved by twofold
upregulation of the X in XY males of the lizards Anolis carolinensis
(18) and Urosaurus nigricaudus (19), as well as in the fish Poecilia
parae (20). A compensatory relationship is well documented for
Drosophila (21), and the small brown planthopper Laodelphax
striatellus shows complete dosage compensation of the X between
males and females in somatic tissues (22). Thus, dosage compen-
sation mechanisms are widely distributed in animals with differ-
ential sex chromosomes.

However, the absence of chromosome-wide compensation at the
transcriptional level in monotremes and birds provoked doubt about
the universal importance of dosage compensation (11, 23, 24).
The alternative possibility that dosage compensation was enacted
also at the posttranscriptional level was canvassed, but there are
few data on M:F dosage compensation in the proteome. Uebbing
etal. (25) found that M:F expression ratios in the chicken pro-
teome were not balanced, although 30% of Z-linked genes had a
significant change in M:F ratios between the transcriptome and
the proteome.

There is conflicting evidence of sex chromosome to autosome
dosage compensation in the proteome. Deng et al. (21) found
an X to autosome expression ratio of 1.07 in a limited mouse
proteomics dataset, whereas Lin et al. (11) reported an X to auto-
some protein expression ratio of 0.5 in human (11). Uebbing
etal. (25) found the mean Z to autosome expression ratio was
close to 1 in males, but below 1 in females in the chicken pro-
teome. Wang et al. (15) measured the translatome to circumvent
the lower resolution of mass spectrometry over nucleic acid
sequencing, demonstrating that ancestral (proto-sex chromo-
somal) expression levels are more similar to current day X expres-
sion levels in the translatome than the transcriptome in eutherians,
with the most noticeable upregulation occurring in testes.
However, this does not take into account any post-translational
processes that could influence sex chromosome dosage compen-
sation in the proteome.

https://doi.org/10.1073/pnas.2322360121

Here, we investigate dosage compensation in both the tran-
scriptome and proteome of representative therian mammals
(mouse and opossum), a monotreme (platypus), and a bird
(chicken). We demonstrate that incomplete transcriptional dosage
compensation of sex chromosomes is balanced between sexes by
post-transcriptional compensation in platypus and chicken.

Compensation by Transcriptional and Post-
transcriptional Control

We first measured global mRNA and protein output from X-borne
genes in mouse and opossum and calculated the M:F ratios of
RNA and protein abundance. We found that transcriptional out-
put was equivalent (M:F ~ 1) between the sexes in mouse and
opossum (87 Appendix, Fig. S1), as previously described (4), and
a 1:1 ratio was also observed in their respective proteomes. Thus,
male-to-female X chromosome gene dosage equivalence is estab-
lished in the transcriptome, and parity is maintained in the pro-
teome in therian mammals.

However, this was not the case for platypus sex chromosomes.
'The need for dosage compensation in the platypus sex chromosomes
would be expected to be acute, given that 9.23% of the genome (the
non-PAR regions of the five X chromosomes) is present in a single
dose in males (5). Here, we confirmed the boundaries of seven of
the nine PARs demarcated by Zhou et al. (5) to 100 kbp resolution
using male fibroblast HiC interaction patterns (S Appendix, Fig. S2
and Table S1) and also defined the X;Y, PAR to a 500 kbp resolution

(SI Appendix, Table S2) but could not resolve the tiny X,Y, PAR.
Y-specific sequences were adjacent to their associated PARs and as

such were clearly demarcated by genomic interactions with the Xs.
‘The PARs were all assembled on X chromosome contigs.

We measured RNA and protein output in males and females
from genes on autosomes and X chromosomes in platypus fibro-
blasts, heart, and liver. For RNA, M:F expression ratios were cal-
culated. For protein abundance, MS/MS data were processed
using ProteinPilot (87 Appendix), which outputs protein ratios
between samples. Genes were assigned according to their location
on an autosome or a sex chromosome for each species. For plat-
ypus, genes were also assigned to either a PAR or an X-specific
region. Since there are protein data for only a subset of genes,
RNA expression was also compared for this subset to check that
they were representative of total RNA.

For all autosome genes in each tissue, 1:1 M:F ratios were
observed (shown as 0 on log, scale) for total RNA (Fig. 1A4). For
all PAR genes in each tissue (Fig. 1 A, Lef), M:F total RNA expres-
sion ratios were also close to 1:1. The M:F ratio of protein pro-
duced by a subset of these total PAR genes was also 1:1, as was
the transcription ratio of this same subset. Individual platypus
PARs showed minor variation (Fig. 1 A, Right). Most had M:F
expression ratios that were close to 1:1 in total RNA, subset RNA,
and the proteome; however, X5-PAR1 in liver and X;-PARI in

heart showed a male bias for the total RNA and subset RNA but
balanced ratios in the proteome (Fig. 14).

Very different results were obtained for platypus X-specific
genes. The total RNA of platypus X-specific genes had significantly
lower transcriptional output of genes in males compared to females
in all tissues (Fig. 1 A, Lef?). The median M:F ratio of 0.67 across
all tissues implied a level of transcriptional dosage compensation
between no dosage compensation (M:F = 0.5) and full dosage
compensation (M:F = 1.0) for X-specific genes.

In contrast, the median protein M:F ratios were 1:1 in heart and
fibroblasts, and was closer to a 1:1 ratio in liver than the total RNA
(Fig. 1 A, Lef?). This implied that the lack of dosage compensation
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Fig. 1. Male to female expression ratios of X-borne and autosomal genes in platypus. Median M:F transcript abundance ratios on a log2 scale of (A) autosomal
and X-borne genes in platypus fibroblasts (n = 1), heart (n = 2), and liver (n = 2). On the Left, M:F ratios for total PAR genes and X-specific genes across all platypus
Xs are shown. On the Right, autosomes are shown alongside chromosomes X1 and X5 PARs and X-specific regions. Ratios were calculated for all expressed
MRNA (red), the subset of mMRNAs sampled in the proteome (green), and proteins (blue). A ratio above zero is higher expression in males, whereas below zero
is lower expression. Boxes represent the middle 50% of the data, and whiskers represent 1.5 times the interquartile range. Outliers are not plotted. Median is
plotted inside the box, with the number of genes sampled below each boxplot. A Mood's median test was used to calculate statistical difference (**P < 0.001,
*P <0.01). (B) Male-to-female ratios in the transcriptome of orthologs sampled on the chicken Z compared with two platypus autosomes (chromosomes 1 and
3) and two platypus sex chromosomes (X5 and Xs). In chicken, the Z genes have higher transcriptional output in males. Genes that are autosomal in platypus
have equal expression between the sexes. Genes that are on a platypus X have higher median expression in females.

in the transcriptome is further compensated at the post-transcriptional
level. To check that this discrepancy was not due to a sampling of
genes analyzed for protein expression, ratios of mRNA expression
were calculated for this subset of genes. For liver and fibroblasts, the
M:F ratio reflected whole RNA, although for heart the M:F ratio

was closer to 1:1.

PNAS 2024 Vol. 121

No.32 2322360121

The same pattern was observed when the X-differentiated regions
were considered separately (Fig. 14). The X-specific genes on chro-
mosome X, had a female bias for the total RNA for all tissues. This
bias was reflected by the subset RNAs in liver and fibroblasts but

not heart. For X-specific genes on X, both fibroblasts and liver had

a female bias for total RNA and a larger female bias for subset RNA.

https://doi.org/10.1073/pnas.2322360121
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However, in heart, there was a female bias in total RNA but not
subset RNA. In all three tissues, X-specific genes on X; and X, had

near 1:1 M:F ratios in the proteome, with no significant differences

between the PAR and X-specific genes (Fig. 1 A, Righ).

These observations suggest that in platypus, M:F dosage com-
pensation of X-specific genes at the protein level is accomplished
by partial transcriptional regulation that is complemented by
post-transcriptional regulation. The balance between transcrip-
tional and post-transcriptional control may vary between different
tissues and between different X chromosomes.

To investigate whether a similar mixture of transcriptional and
post-transcriptional control occurs to compensate for Z dosage dif-
ferences between ZZ male and ZW female birds, we profiled the
transcriptome and proteome of chicken heart and liver. This showed
that autosomal genes had M:F transcriptome ratios near 1:1
(81 Appendix, Fig. S3), whereas Z-borne genes had a strong male bias
(Fig. 1B and SI Appendix, Fig. S3) as previously reported (26, 27).
However, median M:F ratios of the proteins encoded by Z-borne
genes were near 1:1 in both chicken tissues (S7 Appendix, Fig. S3).

This trend for M:F ratios toward the homogametic sex in the
platypus (females) and chicken (males) transcriptomes is demon-
strated in Fig. 1B, which shows orthologous genes sampled on the
chicken Z compared with two platypus autosomes (chromosomes
1 and 3) and with two platypus sex chromosomes (X5 and Xj).

Genes on the platypus autosomes had 1:1 M:F ratios. Genes on
the platypus sex chromosomes had female-biased M:F ratios,
whereas genes on the chicken Z had a male bias (Fig. 1B).

Thus, for both platypus and chicken, incomplete transcriptional
compensation is complemented by post-transcriptional regulation
to achieve male—female parity. Unbalanced M:F ratios in the tran-
scriptome but balanced M:F ratios in the proteome contrasts with
therian mammals, in which dosage compensation occurs largely
in the transcriptome.

Molecular Basis of Partial Transcriptional
Dosage Compensation in Platypus

XCI in eutherians involves DNA methylation and histone mod-
ifications (28-30). We analyzed published DNA methylation data
for platypus (31), finding only small regional increases of meth-
ylation on chromosomes X, and X, in female platypus (S/ Appendix,

Fig. $4), the implications of which are unclear.

We performed Chromatin Immunoprecipitation sequencing
(ChIP-seq) in platypus fibroblasts to detect histone modifications
associated with active transcription: H3K27ac, H3K4mel,
H3K4me3, and H4K20mel. In both sexes, fewer ChIP-peaks
were detected in X-specific regions than on autosomes and PARs
for all four histone modifications, except for H3K4mel in males
(Fig. 2, Table 1, and SI Appendix, Fig. S5). A random subset of 1
Mb autosome windows were taken so that the number of bins
(174) was equal between the X chromosomes and autosomes
(Fig. 2B and Table 1). The mean X to autosomal (X/A) ratio in
both males and females were significantly different except for
H4K20mel in females (Fig. 2B and Table 1). The most striking
difference between males and females was for H3K4mel, for
which there was a 20% increase in peak density on the X chro-
mosomes compared to autosomes in males, contrasting with an
83% decrease on the X chromosomes compared to autosomes in
females. The higher density of this active histone mark in male
platypus could up-regulate genes on the Xs.

Thus, partial transcriptional upregulation of X chromosomes
in males correlates with differential loading of the active histone
modification H3K4mel between sexes.

https://doi.org/10.1073/pnas.2322360121

Full Compensation by Control at Multiple
Regulatory Levels

Our most significant finding is that although X and Z-borne genes
in platypus and chicken are variably and only partially compen-
sated by differential transcription, they are fully compensated
between the sexes at the protein level (Fig. 3). The median M:F
ratio of mRNAs sampled in the proteome reflected the whole
transcriptome, so correction in the proteome can only result from
post-transcriptional dosage compensation.

There are two important implications of our findings. First,
genes sampled in the proteome must be up-regulated post-
transcriptionally from the X/Z in the heterogametic sex or down-
regulated in the homogametic sex. Regulation could be accom-
plished by differential translation or altered transcript decay rates
of X/Z genes in males and females and relative to autosomal genes
(32). Second, this post-transcriptional regulation must be gene
specific because different genes are transcriptionally regulated to
different extents.

How could transcripts be recognized by the translation machin-
ery as originating from sex chromosomes? Recognition could
involve epigenetic modifications of RNA (33) or sex-biased
microRNAs (miRNA), which have the potential to down-regulate
the expression of many genes. Sex-biased miRNAs have a high
turnover rate, and there are examples in birds of a miRNA with
copies on both the Z and W, and for another miRNA that pref-
erentially down-regulates Z genes in males (34).

Thus, far from dosage compensation being optional in non-
therian vertebrates, our results suggest that it is essential. However,
it is accomplished by a combination of transcriptional and
post-transcriptional control, rather than the transcriptional repres-
sion of one X chromosome, as in therian mammals.

Evolution of Dosage Compensation in
Vertebrates

Is this combination of transcriptional and post-transcriptional
control ancestral to dosage compensation in vertebrates or at least
in amniotes?

Transcriptional inactivation, although common to all three
mammal branches, is accomplished by mechanisms that are dif-
ferent at the molecular level. In eutherian mammals, XCI involves
specific histone modifications as well as DNA methylation, coor-
dinated by an inactivation center containing the gene X/S7 which
is transcribed into a long non-coding RNA. In contrast, X inac-
tivation in marsupials uses a different but overlapping set of his-
tone modifications (35), a different DNA methylation profile (31),
and a noncoding RNA from the unrelated RSX gene (36). In
platypus, partial transcriptional upregulation was correlated to sex
differences in only one of the four active histone marks, and a
female-specific non-coding RNA (37) is unrelated to either the
eutherian or marsupial noncoding RNAs, suggesting use of a dif-
ferent but overlapping set of ancient epigenetic mechanisms.

In eutherian mammals, X chromosome expression levels in the
translatome are more similar to ancestral proto-sex chromosomal
expression levels than in the transcriptome (15). Only in dosage
compensation in non-therian vertebrates does post-transcriptional
control of gene activity complement transcriptional control, but
it may play a role in regulation of the autosome-sex chromosome
balance in eutherians. Thus, our observations reveal different evo-
lutionary mechanisms to compensate for sex chromosome gene
dosage between the autosomes and sex chromosomes (and ulti-
mately males and females) in different vertebrate lineages (Fig. 3).
Evolutionary flexibility can be seen by comparing expression of
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Fig. 2. Epigenetic profile of platypus chromosomes 1, X;, and Xs. (A) Whole chromosome plots for chromosome 1 (a representative autosome), X,, and Xg
in platypus. The x-axis represents the full length of the chromosome, with size (in Mbp) at the Top. Each plot shows a schematic of the chromosome with
centromere position. Below the chromosomes are ChlP-seq peak tracks for four active histone marks: H3K27ac (blue), H3K4me1 (purple), H3K4me3 (yellow),
and H4K20me1(red). For each histone mark, male and female peaks are shown above and below the center line, respectively. ChIP peaks were filtered using a
threshold g-value of 0.05 and peak height is displayed up to a fivefold change on the y-axis. Gene locations are shown in the center of each ChIP track as grey
boxes. On the X chromosome plots, vertical dashed lines indicate PAR boundaries identified with HiC interaction data (S/ Appendix, Fig. S2). (B) Median peaks/
Mb plots for each histone modification, with samples shown from Left to Right, respectively: female autosome, female X chromosome, male autosome, and
male X chromosome. For male and female X chromosomes, only X-specific regions were analyzed. A random subset of 1 Mb autosome windows were taken so
that the number of bins (174) was equal between the X chromosomes and autosomes. Boxes represent the middle 50% of the data, and whiskers represent
1.5 times the interquartile range. Outliers are not plotted. A Mood's median test was used to calculate statistical difference, with adjusted P-values (Table 1).

orthologous genes on the chicken Z and platypus X chromosomes, It is interesting to consider how these different modes of dosage
which have higher expression in ZZ male birds but lower expres- ~ compensation evolved in mammals. The balancing of incomplete
sion in XY male platypuses (Fig. 1B5). transcriptional dose regulation by post-transcriptional control in
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Table 1. ChIP peak density

Peaks/Mb
Female Female X/A

Male auto- Male X Male X/A Male X/AP  autosome Female X Female X/A P adjust
Modification ~ some mean mean mean ratio  adjust value mean mean ratio mean value
H3K27ac 22 83 0.38 4.5E-10 29 21 0.71 3.3E-02
H3K4me1 27 32 1.2 4.2E-02 46 7.8 0.17 0
H3K4me3 20 16 0.78 1.1E-02 25 11.9 0.47 3.5E-12
H4K20me1 30 15 0.49 3.8E-07 27 21.7 0.81 0.11

birds and monotremes suggests that both mechanisms could be
involved in dosage compensation in a common amniote ancestor.
It will be instructive to compare dosage compensation in non-avian
reptiles, amphibians, and fish. The Komodo dragon has a ZW sys-
tem with no dosage compensation of Z genes at the transcriptional
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level (38). Conversely, the green anole has an XY system with com-
plete dosage compensation of genes on the X at the transcriptional
level (18). The complete reliance on transcriptional repression of
X-borne genes, which is specific to therian mammals, would there-
fore appear to be a later evolutionary event, perhaps driven by
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Fig. 3. Transcriptome and proteome sex chromosome dosage compensation. Relationships of the different study species and their respective sex chromosome
and dosage compensation systems. For each species, equal or unequal output between the sexes is indicated by the number of molecules shown for the
transcriptome (MRNA) and proteome (protein). The green X in marsupials is up-regulated to match autosome transcriptional output. The orange X/Z in mouse,
platypus, and chicken indicates partial upregulation, while blue X/Z in platypus and chicken indicates no known partial upregulation in the homogametic sex.
Gray chromosomes represent the degraded sex-specific Ys or Ws. Black chromosomes indicate X/Z has undergone XCl.
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regulator sequences specific to a relatively young therian X chro-
mosome (39).

The different dosage compensation mechanisms of vertebrate
groups may therefore represent different mixes of ancient epige-
netic mechanisms thataffect transcriptional and post-transcriptional
control of gene activity.

Data, Materials, and Software Availability. All sequencing data are availa-
ble under BioProject PRINA929280 (40). Mass spectrometry data for platypus,
chicken, and mouse heart and liver samples, including raw files and protein
summaries, are available at the ProteomeXchange Consortium via the PRIDE
(41) partner repository with the dataset identifier PXD040182. The scripts for
the statistical models and the datasets necessary to run analyses included in this
paper, as well as protein summaries for platypus and opossum fibroblasts, have
been deposited in the public depository Git Hub, and are available at: https://
github.com/kango2/dcomp (42). Protein summary files are names according to
sample labeling described in ProteinPilot software workflow section of methods.
Previously published data were used for this work (43).
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