
©
 2

01
0 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.

Nature GeNetics  VOLUME 42 | NUMBER 12 | DECEMBER 2010 1043

a n a ly s i s

Mammalian cells from both sexes typically contain one active 
X chromosome but two sets of autosomes. It has previously 
been hypothesized that X-linked genes are expressed at twice 
the level of autosomal genes per active allele to balance the 
gene dose between the X chromosome and autosomes (termed 
‘Ohno’s hypothesis’). This hypothesis was supported by the 
observation that microarray-based gene expression levels 
were indistinguishable between one X chromosome and two 
autosomes (the X to two autosomes ratio (X:AA) ~1). Here 
we show that RNA sequencing (RNA-Seq) is more sensitive 
than microarray and that RNA-Seq data reveal an X:AA ratio 
of ~0.5 in human and mouse. In Caenorhabditis elegans 
hermaphrodites, the X:AA ratio reduces progressively from 
~1 in larvae to ~0.5 in adults. Proteomic data are consistent 
with the RNA-Seq results and further suggest the lack of X 
upregulation at the protein level. Together, our findings reject 
Ohno’s hypothesis, necessitating a major revision of the 
current model of dosage compensation in the evolution  
of sex chromosomes.

The mammalian X chromosome and its much degenerated counterpart Y 
originated from a pair of autosomes1. Upon X inactivation in females, 
both sexes have one active allele per X-linked gene but two active 
alleles per autosomal gene. In 1967, it was hypothesized that X-linked 
genes are expressed at twice the level of autosomal genes per active 
allele to regain dosage balance (Ohno’s hypothesis)1. This hypothesis 
is the cornerstone of the current evolutionary model of dosage com-
pensation1–4 and was supported by two recent microarray studies5,6 
in which the X:AA expression ratio was found to be ~1. However, this 
result could be an artifact of the insensitivity of microarray in detect-
ing small expression differences between genes, because microarray 
was designed primarily for comparing expressions of the same genes 
across different conditions rather than the expressions of different 

genes. Direct comparison of hybridization signals from different 
genes, which necessarily have different probes, is often inappropri-
ate7–10. Below, we demonstrate this point by reanalyzing the human 
and mouse microarray data6 previously used to support Ohno’s 
hypothesis1 (Supplementary Table 1). We then show that RNA-Seq 
is more sensitive than microarray in detecting expression differences 
between genes and that RNA-Seq data reject Ohno’s hypothesis.

RESULTS
RNA-Seq outperforms microarray in measuring gene expression
There are ~5,000 genes each represented by at least two probesets in 
the Affymetrix array HG-U133 Plus 2.0, the platform used in ref. 6 
and one of the most comprehensive human gene expression micro-
arrays. Ideally, hybridization intensities of different probesets target-
ing the same gene should be the same. However, analysis of the human 
liver gene expression data reported in ref. 6 shows that a large fraction 
of these same-gene probesets generated radically different signals. 
The median intensity difference between two same-gene probesets is 
3.9-fold, and the estimated expression levels from different same-gene 
probesets vary >10-fold in 27% of genes (Fig. 1a), even when only reli-
able probesets are considered. We observed a similar pattern upon ana-
lysis of the mouse gene expression microarray data analyzed in ref. 6,  
which was generated on the Affymetrix GNF1M platform (Fig. 1b). 
These expression-signal discrepancies are not due to alternative splic-
ing that could lead to different expression levels of multiple exons of 
the same genes because different expression signals were also gene-
rated from probesets of the same exons (Supplementary Fig. 1).

The newly developed RNA-Seq technique, based on high-
 throughput DNA sequencing, can generate digital counts of tran-
scripts in a largely unbiased fashion11. When an RNA-Seq read is 
mapped to a gene, only the first nucleotide from the 5′ end of the 
aligned region is counted once. The expression level of the gene is 
the average number of mapped reads of all positions. This way, every 
nucleotide of a gene is considered independently. The reliability of 
RNA-Seq–based measures of gene expression level can be assessed 
by examining the internal consistency of different positions of the 
same gene. Our analysis of RNA-Seq data in refs. 12 and 13 shows 
that variation in expression signals estimated from RNA-Seq reads 
of two halves of the same transcript is much lower than that from 
two probesets targeting the same gene (Fig. 1a,b; P < 2.2 × 10−16 for 
both panels, Mann-Whitney U test). Further, when two genes show 
a twofold expression difference based on the RNA-Seq reads from 
one half of the transcripts, reads from the other half also show an 
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approximately twofold difference with a narrow standard deviation 
(s.d). (P = 0.24, Mann-Whitney U test), whereas we observed an aver-
age 1.36-fold difference and a much larger s.d for the corresponding 
microarray analysis of different probesets of the same transcripts  
(P = 4.1 × 10−7, Mann-Whitney U test) (Fig. 1c). Because of the huge 
among-gene variation in expression, the overall correlation of expres-
sion levels measured by microarray and RNA-Seq is not low (Fig. 1d). 
However, this correlation decreases drastically when only genes with 
similar expression levels are considered (Fig. 1d). By contrast, the 
correlation of RNA-Seq signals between two independent experi-
ments remains reasonably high for genes with similar expression  
levels (Fig. 1d). RNA-Seq also substantially outperforms microarray 
in the dynamic range of expression levels over which transcripts can 
be accurately counted14. For example, an expression range spanning 
five orders of magnitude was achieved in a recent RNA-Seq analysis 

of mouse transcriptomes, in contrast to only two to three orders of 
magnitude in typical microarray analysis12,14. Thus, similar to what 
was recently demonstrated in the comparison between microarray 
and barcode analysis by sequencing (Bar-Seq) in detecting a known 
difference in DNA concentration15, we predict that, compared to 
RNA-Seq, microarray tends to compress expression differences among 
genes. Indeed, we found that the median microarray expression 
 difference is 1.48-fold for gene pairs having twofold RNA-Seq expres-
sion differences (P = 2.5 × 10−8, Mann-Whitney U test) (Fig. 1e).  
We confirmed the above findings by measuring the liver expres-
sions of 55 mouse genes (Supplementary Table 2) using real-time 
quantitative RT-PCR (qRT-PCR), a method generally regarded as the 
gold standard for gene expression quantification. We found that the 
expression levels determined by RNA-Seq (Pearson’s correlation r2 = 
0.56) were substantially better than those determined by microarray 
(r2 = 0.13) in correlating with the expression levels determined by 
qRT-PCR (Fig. 1f). We further verified this result by an independent 
qRT-PCR study of 120 randomly chosen genes (Supplementary Table 
2) from the mouse chromosome 13 (Supplementary Fig. 2). The 
comparison with qRT-PCR results also verified the aforementioned 
compression problem of microarray (Fig. 1f). This compression 
seriously undermines the capability of microarray in differentiating 
Ohno’s hypothesis of twofold upregulation of X-linked genes (that is, 
the expression ratio between one active X chromosome and two auto-
somes being X:AA = 1) from no upregulation (X:AA = 0.5).
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bFigure 1 Comparison of gene expressions measured by microarray  
and RNA-Seq6,11–13. Human liver is considered unless otherwise noted.  
(a) Estimation variation measured by the fold difference of microarray 
intensities of two same-target probesets or of RNA-Seq signals from two 
halves of the same gene. (b) Identical to a, except that mouse liver is 
considered here. (c) Comparison of the internal consistency of RNA-Seq 
data and microarray data. The expression differences from one-half of the 
nucleotides (RNA-Seq) or a probeset (microarray) are shown for 1,000 
randomly picked gene pairs each with twofold ± 0.01-fold expression 
difference from the other half of nucleotides (RNA-Seq) or from the other 
probeset (microarray). The central bold line shows the median, the box 
encompasses 50% of data points and the error bars include 90% of data 
points. (d) Pearson’s correlation (r) of microarray and RNA-Seq expression 
signals (gray) and of RNA-Seq signals from two independent experiments 
(black). A certain fraction of genes (x axis) with the highest expression 
according to one of the RNA-Seq datasets are examined. Error bars show 
95% confidence intervals estimated by bootstrapping. (e) Microarray 
consistently underestimates expression differences between genes.  
The microarray expression differences of 1,000 randomly picked gene pairs 
each with x-fold (x = 2 ± 0.01, 4 ± 0.02, 8 ± 0.04, 16 ± 0.08, 32 ± 0.16, 
and 64 ± 0.32) RNA-Seq expression difference are shown. The central bold 
line shows the median, the box encompasses 50% of data points and the 
error bars include 90% of data points. (f) Relative liver expressions of 55 
mouse genes, measured by RNA-Seq, microarray and qRT-PCR.
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Figure 2 Comparisons of RNA-Seq gene expression levels between the  
X chromosome and autosomes in 12 human tissues and 3 mouse 
tissues11–13,16. (a) The median expression levels of X-linked genes  
(closed diamonds) and autosomal genes (open circles) are compared. 
Median expressions of autosomal genes were normalized to 1. Error bars 
show 95% bootstrap confidence intervals. Sex information is listed in the 
parantheses after the tissue names (M, male; F, female; NA, unknown). 
(b) X:AA ratios of median expressions from the human liver when X 
is compared to individual autosomes. Error bars show 95% bootstrap 
confidence intervals.
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Mammalian X:AA expression ratios estimated by RNA-Seq
We used publicly available RNA-Seq data11,15,16 to compare expres-
sion levels of X-linked and autosomal genes in 12 human tissues 
(Supplementary Table 1). The expressions of X-linked genes are 
significantly (P < 0.05) lower than those of autosomal genes in all 
male and female samples (Fig. 2a and Supplementary Table 3). 
The ratio of the median expression level of X-linked genes to that 
of autosomal genes (X:AA) ranges from 0.34 to 0.70 in the 12 tissues 
(Supplementary Table 3). Using Miller’s jackknife method and a 
method modified from the Mann-Whitney U test (Online Methods) 
gave similar results (Supplementary Table 3). Furthermore, the X:
AA ratio is almost always lower than 1, even when the 22 pairs of 
autosomes are compared individually (Supplementary Table 4) (see 
Fig. 2b for the result from the liver) or when different gene func-
tional categories are considered separately (Supplementary Table 5). 
Consistent with previous findings6, brain and testis showed higher 
X:AA ratios than other tissues. For each human gene, we computed 
the average expression in eight tissues excluding sex-specific tissues 
(testis and breast) and brain regions (brain and cerebral cortex) and 
found the overall human X:AA ratio to be 0.49 by a direct comparison 
of two medians, 0.64 by Miller’s jackknife method, and 0.45 by the 
modified Mann-Whitney method (Supplementary Table 3). Thus, 
unlike the insensitive microarray method (Supplementary Table 6), 
RNA-Seq shows an X:AA ratio of ~0.5 in humans. We conducted a 
similar analysis of publicly available RNA-Seq data of three mouse 
tissues12 and observed the X:AA ratio to be significantly (P < 0.05) 
lower than 1 in each of them (Fig. 2a and Supplementary Table 3). 
Of note, the X:AA ratio is generally smaller in mouse than in human 
(Fig. 2a), a pattern not previously known. A previous microarray 
study found an X:A ratio of ~0.5 from an equal mixture of X-bearing 
and Y-bearing mouse spermatids and suggested that X-linked genes 
are fully active but are not upregulated in spermatids6. Although 
RNA-Seq data from spermatids are unavailable at this time, given 
the properties of microarray shown in Figure 1, we predict that the 
true X:A ratio is much lower than 0.5 in spermatids, consistent with 
the known paucity of post-meiotic X expression17.

In Ohno’s hypothesis, upregulation is needed for those X-linked 
genes that had existed in the genome before the emergence of the  
X chromosome; X-linked genes that originated de novo on X presumably 
do not require upregulation. We estimated the X:AA expression ratio 
in human and mouse by using only those genes that have orthologous 
genes in chicken and found the results to be similar to those obtained 
from all genes (Supplementary Table 7). Hence, even for the X-linked 
genes that had existed in the genome before the emergence of the mam-
malian X chromosome, no doubling of expression was found.

Nematode X:AA expression ratios estimated by RNA-Seq
The nematode C. elegans has been subject to intense studies of dosage 
compensation. C. elegans hermaphrodites have two X chromosomes 

and males have one X chromosome. Dosage compensation between 
the two sexes is achieved by halving the expression of each X in 
 hermaphrodites through the action of a protein complex known as 
the dosage compensation complex18. We still use X:AA to denote 
the expression ratio between X and autosomes because although 
 hermaphrodites have two Xs, their total expression is equivalent to 
one X. Hence, without twofold upregulation of X-linked genes in 
both sexes, X:AA = 0.5 and gene dosage is expected to be imbalanced 
between X and autosomes. A previous microarray study showed an 
X:AA ratio of ~1 in both males and hermaphrodites5, but the finding 
could again be an artifact of microarray insensitivity. Analyzing newly 
published C. elegans RNA-Seq data19, we observed X:AA ratios of 
0.92, 0.84, 0.69 and 0.41 for hermaphrodites at the L2, L3, L4 and adult 
stages, respectively (Fig. 3a and Supplementary Table 3). Subsequent 
analysis showed that the overall expression level of autosomal genes 
remains largely constant during the four developmental stages, 
whereas X-linked genes are on average downregulated by twofold 
from the L2 to the adult stage (Fig. 3b), causing the gradual decline 
of the X:AA ratio during development. Acquisition of corresponding 
RNA-Seq data throughout male development can help discern the 
underlying mechanism of this phenomenon.

DISCUSSION
There are three caveats in our RNA-Seq analysis and one in a pre-
vious microarray study20 that warrant discussion. First, the Illumina 
sequencing that generated the RNA-Seq data used here may be 
biased toward certain sequences or nucleotides21. This potential 
bias can be evaluated by examining the distribution of Illumina-
derived sequence reads generated by genome re-sequencing projects  
(DNA-Seq)22,23. Ideally, all nucleotides in a genome should have the 
same probability of being included in DNA-Seq data. We calculated 
for each gene an Illumina sequencing preference index (ISPI) using 
DNA-Seq data and draw the distributions of ISPI for human and  
C. elegans (Supplementary Fig. 3). On average, ISPI of an X-linked 
gene is 1.1 times that of an autosomal gene in human and is 0.96 times 
that of an autosomal gene in C. elegans. Our results of X:AA expres-
sion ratios remained largely unchanged when ISPI was considered 
(Supplementary Table 8).

Second, reverse transcription during complementary DNA (cDNA) 
library preparation is likely to be less efficient for longer transcripts, 
which could lead to underestimation of expression levels of genes with 
long transcripts. However, there is no significant difference in tran-
script length between X-linked genes and autosomal genes in human 
(P = 0.72; Supplementary Fig. 4) or mouse (P = 0.17; Supplementary 
Fig. 4). In C. elegans, transcript length is on average longer for  
X-linked genes than for autosomal genes (P = 0.02; Supplementary 
Fig. 4), but the X:AA ratios of median expression remain quali-
tatively unchanged when the transcript length is controlled  
for (Supplementary Table 9). The three mouse RNA-Seq datasets 

Figure 3 Comparison of RNA-Seq gene 
expression levels of the X chromosome and 
autosomes in C. elegans19. (a) X:AA expression 
ratios at four developmental stages estimated  
by Miller’s jackknife method. Error bars show 
95% confidence intervals. (b) Gene expression 
levels of later developmental stages relative  
to L2. The overall expressions of autosomal 
genes at different stages relative to L2 are 
largely the same, with the medians being  
0.98, 0.93 and 0.97 for L3/L2, L4/L2 and adult/L2 C. elegans, respectively. X-linked genes show an overall approximate twofold downregulation,  
with the median relative expressions being 0.71, 0.55 and 0.43 for L3/L2, L4/L2 and adult/L2 C. elegans, respectively.
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were generated from libraries prepared by shearing mRNA before 
reverse transcription12 and thus should be immune to the potential 
length bias.

Third, GC content may affect RNA-Seq results. We found that the 
median GC percentage is slightly, but significantly, higher for auto-
somal genes (46.96% ± 0.06%) than for X-linked genes (45.27% ± 
0.26%) in humans (P < 1.6 × 10−7, Mann-Whitney U test). However, 
the estimate of the X:AA ratio remained unchanged even when 
genes of similar GC percentages were compared (Supplementary 
Table 10).

Fourth, a recent study traced the shift of X:AA expression ratios 
during mouse embryonic stem cell differentiation using time-course 
microarray data and detected an approximately twofold upregulation 
of the single active X chromosome20. The authors excluded lowly 
expressed genes which could not produce reliable above-background 
signals and compared 180 X-linked genes with ~5,100 autosomal 
genes. This treatment, although justifiable for comparing X:AA 
ratios among developmental stages, is inappropriate for measuring 
the absolute value of the X:AA ratio because a higher fraction of lowly 
expressed genes on X than on autosomes is excluded from the com-
parison. Gene expression approximately follows a power-law distribu-
tion, with a high proportion of lowly expressed genes24. For example, 
~45% of genes have <1 mRNA molecule per cell under the assump-
tion of 1 million mRNA molecules per human liver cell19. If we had 
considered only the 50% most highly expressed genes in human liver, 
61.5% of X-linked and 49.6% of autosomal genes would have been 
excluded from our RNA-Seq data, resulting in a change of the X:AA 
ratio from 0.33 (Supplementary Table 8) to 0.74 (Supplementary 
Table 11).

To further confirm the RNA-Seq data, we examined published 
mass-spectrometry–based proteomic data from mouse25 and  
C. elegans26. Because of the limited dataset size, we combined the 
mouse proteomic data from all tissues and found that they can be 
mapped to 12.3% of autosomal genes but only 8.7% of X-linked genes 
(Supplementary Table 12). This difference (P = 0.002) is consistent 
with a lower protein concentration for X-linked genes than for auto-
somal genes. Indeed, when we compared the same fraction (8.7%) 
of the most abundant proteins from X and autosomes, we found an  
X:AA ratio of 0.47 using median protein levels (Supplementary  
Table 12). For the same set of genes, the RNA-Seq–based X:AA ratio 
was between 0.44 and 0.47, depending on the individual tissues 
examined. Using 12.3% of the most abundant proteins from X and 
autosomes respectively resulted in a slightly lower X:AA protein 
expression ratio (Supplementary Table 12). We similarly analyzed 
stage-mixed C. elegans hermaphrodite proteomic data and found an 
X:AA ratio of 0.59–0.60 (Supplementary Table 12). These proteomic 
results are consistent with the RNA-Seq data and further suggest the 
lack of X upregulation at the protein level, but we caution that further 
larger proteomic analyses are required to confirm our results.

In summary, our results reject Ohno’s hypothesis that the expres-
sions of X-linked genes are doubled to mitigate gene-dose imbal-
ance between X and autosomes, at least in mammals and nematodes.  
A natural question is why such an apparent imbalance has been 
tolerated in multiple lineages where sex chromosomes emerged 
independently. One potential answer is that the majority of genes 
on the proto-X may be insensitive to dosage such that halving the 
expression levels of these genes had little fitness effect. In fact, hap-
losufficiency is much more common than haploinsufficiency27,28; 
for example, only 3% of yeast genes show a detectable fitness impact 
when one allele is deleted from a diploid cell27. In mammals, a few 
X-linked housekeeping genes are known to have their functionally 

equivalent homologous copies retained in the non-recombining 
region of the Y chromosome, probably reflecting the importance 
of maintaining an appropriate dose of these genes29. For the rest of 
haploinsufficient genes on the proto-X, they may either relocate to 
autosomes or acquire upregulation. Because X-linked genes became 
hemizygous individually during evolution as a result of the step-
wise decay of the Y chromosome3,29, dosage balance between X and 
autosomes could not be solved by a chromosome-wide upregulation 
mechanism. Thus, even if Ohno’s X-upregulation hypothesis were 
correct, the upregulation would have to be acquired by individual 
genes through evolution and would not happen immediately to 
transgenes put on the X chromosome. The relative prevalence of 
relocation and gene-specific upregulation must depend on the rela-
tive mutation rates of gene transposition and expression doubling. 
Although our results suggest that the latter route was uncommon, 
it was apparently taken by at least one mouse gene, which evolved 
increased (brain) expression since its recent transposition from an 
autosome to X30. Furthermore, X is subject to unusual selective pres-
sures that led to highly tissue-specific and sex-biased gene expres-
sion31. For example, we found that 38% of human X-linked genes, in 
contrast to only 8% of autosomal genes, are highly expressed in one 
tissue (among the top 10%) but lowly expressed in another (among 
the bottom 10%) of the 12 tissues examined. The large changes of 
expression patterns and functions of the genes on X from those on 
proto-X31 may also render the previous dosage balance between X 
and autosomes no longer necessary.

Due to the lack of proper RNA-Seq data, we were not able to 
examine dosage compensation in several other species that have 
been subject to microarray-based analysis. The fruit fly Drosophila 
melanogaster is known to equalize the expression of X-linked genes 
between the sexes by male-specific twofold upregulation of X-linked 
genes, which incidentally balances the gene dose between X and auto-
somes4, resulting in an X:AA ratio of 1. In this case, the microarray 
result of X:AA ~1 (ref. 5) happens to be correct because an expres-
sion ratio of 1 cannot be further compressed by microarray. Birds 
and moths independently acquired a sex chromosome system in 
which males are ZZ and females are ZW. Recent microarray stud-
ies in birds showed that the expression level of Z-linked genes in 
males is consistently greater than that in females32,33. Subsequent 
quantitative RT-PCR experiments showed that their difference 
approximates twofold, suggesting that effective dosage compen-
sation between sexes is not needed in birds33. More interestingly, 
these studies also showed a microarray expression ratio between Z 
and autosomes to be ~1 in males and ~0.8 in females32,33. Given 
the low sensitivity of microarray, these results are consistent with 
no dosage compensation between Z and autosomes. Intriguingly, a 
recent microarray study of silkworm also showed a general lack of 
between-sex dosage compensation, but there were no data available  
on Z:AA expression ratios34.

The current evolutionary model of dosage compensation involves 
two steps1–4. First, expressions of X-linked genes are enhanced to 
equalize the gene dose between X and autosomes in males. Second, 
X upregulation results in an X-autosome dosage imbalance in 
females that is subsequently solved differently in different species: 
female X-inactivation in mammals, hermaphrodite X downregula-
tion in C. elegans and restricted expression of a key component of 
the protein complex responsible for X upregulation to only males in  
D. melanogaster. In this model, between-sex dosage compensation 
is a byproduct of the two steps that balance X and autosomal gene 
dose. Our finding that the first step in this model never happened 
implies that the second step is unnecessary. Thus, new theories are 
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required to explain the between-sex dosage compensation observed in 
 mammals, C. elegans and D. melanogaster. In this context, it is intrigu-
ing to note that two (birds and moths) of the five examined systems 
with independent origins of sex chromosomes do not need effective 
dosage compensation between sexes. It remains to be seen whether 
between-sex dosage compensation is the rule or the exception35.

URLs. NCBI, http://www.ncbi.nlm.nih.gov/; UCSC database, http://
genome.ucsc.edu/; Ensembl, http://www.ensembl.org/; BioMart,  
http://www.biomart.org/; Affymetrix, www.affymetrix.com/; BLAST, 
http://www.ncbi.nlm.nih.gov/tools/primer-blast/.

METHODS
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturegenetics/.

Accession codes. Human RNA-Seq data is deposited under the  
accession codes GSE12946, GSE13652 and SRA000299. Human micro-
array data is deposited under the accession code GSE3413. Mouse 
RNA-Seq data is deposited under the accession code SRA001030, 
C. elegans RNA-Seq data is depostied under the accession code 
SRA003622 and C. elegans genome resequencing data is deposited 
under the accession codes SRR003808 and SRR003809. All data are 
available from NCBI.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
Genomic data. Genome information for human (hg18), mouse (mm9) and  
C. elegans (ce6) was downloaded from the UCSC database (see URLs). There 
are 20,463; 23,147; and 20,176 known protein-coding autosomal or X-linked 
genes for human, mouse and C. elegans, respectively, according to the annota-
tions in Ensembl (see URLs). The longest transcript was considered for each 
gene in determining gene expression levels. Sources of microarray, RNA-Seq, 
genome re-sequencing and proteomic data are summarized in Supplementary 
Table 1. Human and mouse genes that have chicken orthologs were retrieved 
from Ensembl using BioMart (see URLs).

Quantifying gene expression level using RNA-Seq data. We adopted an 
approach similar to that used in a recent study36 to determine gene expres-
sion levels. Taking mouse as an example, we mapped all 25-mer RNA-Seq 
reads to the genome sequence. Only those reads uniquely mapped to exons 
were considered as valid hits for a given gene. The expression level of a gene is 
defined by the number of valid hits to the gene divided by the effective length 
of the gene, which is the total number of 25-mers in the DNA sequences of 
the exons of the gene that have no other matches anywhere in the genome. For 
comparisons between tissues or developmental stages, expression levels were 
normalized by dividing the total number of valid hits in the sample. Reads 
were mapped using SOAP37, allowing a maximum of two mismatches per read. 
Use of different mismatch cutoffs or different mapping software gave similar 
results (Supplementary Fig. 5 and Supplementary Table 13). To ensure the 
reliability of expression estimation, we excluded genes with effective length 
smaller than 100, resulting in 19,800 (human), 21,470 (mouse) and 19,507  
(C. elegans) nuclear genes for subsequent analyses.

The Illumina sequencing preference index (ISPI) was computed using the 
same approach. Because the genome re-sequencing data of mouse were una-
vailable, we computed ISPI for human and C. elegans genes. Note that the 
human individual from which the DNA-Seq was collected is a male22, so the 
obtained ISPI values for human X-linked genes were multiplied by 2.

About 15% of human X-linked genes are known to escape X inactivation38, 
but we found that these genes are heavily biased toward high expression in 
both male and female tissues. This may have been caused by an ascertain-
ment bias, because highly expressed genes that escape inactivation are more 
likely to be detected than lowly expressed genes that escape inactivation38. 
Thus, exclusion of this set of genes from X could cause underestimation 
of X:AA. Further, even when a gene escapes X inactivation, its expression 
from the allele on the inactivated X is usually much lower than that from the 
allele on the activated X38. Consistent with this result, we found comparable 
expression levels for these 15% of genes between male and female tissues. 
Thus, we did not exclude from our analysis the 15% of X-linked genes that 
escape inactivation.

Evaluating gene expression estimates from microarray and RNA-Seq. The 
microarray data we used in comparison with RNA-Seq data (Fig. 1) were 
previously generated and processed6. The original authors analyzed the raw 
data using Affymetrix software GCOS 1.1. After the elimination of back-
ground signals and genes with a low level of expression, the mean fluores-
cence intensity of duplicated spots representing the same gene was calculated 
and normalized to the mean fluorescence intensity of the whole array by the 
original authors6. We used the expression signals reported by these authors6. 
For microarray data, inferior probesets with suffixes like _x_at, _s_at and _a_at 
were not considered in our estimation of the fold differences of hybridiza-
tion intensities between two same–target-gene probesets. To locate the target 
of a probeset, blastn was used to map the probe sequences obtained from 
Affymetrix (see URLs) to specific exons of a gene under the E-value cutoff of 
1 × 10−20. A probeset is usually composed of 16 pairs of perfect-match and 
mismatch probes for Affymetrix chips, and the final intensity of a probeset 
is derived from 16 signals generated by the 16 pairs of probes. Thus, in the 
analysis of RNA-Seq data, each gene was divided into 32 equal-size windows 
and the RNA-Seq signals from two randomly chosen nonoverlapping sets of 
16 windows were compared.

Analysis of proteomic data. The processed mouse protein abundance 
data originally generated by Kislinger and colleagues25 were provided by 

Dr. Ben-Yang Liao of National Health Research Institutes in Taiwan. The 
C. elegans protein abundance data26 were provided by the authors. Briefly, 
proteins were denatured and digested using trypsin and then subjected to 
mass spectrometry analysis. The relative concentration of a protein was cal-
culated by the mean abundance of its constituent amino acids in the mass 
spectrometric data26. The longest isoform was considered for genes with 
multiple isoforms.

Statistical analyses. Let the expression level of a gene be a random variable 
P and let Q = nP. Thus, SQ = nSP, where SP and SQ are the s.d. of P and Q, 
respectively. Because P follows approximately a power-law distribution24, the 
median is a better statistic than the mean in characterizing the distribution. 
We thus use either median (Q)/median (P) or SQ/SP to estimate n.

We applied a modified Mann-Whitney U test to compare the expression 
levels of X-linked genes and autosomal genes. We multiplied the expression 
levels of all X-linked genes by a, which is a number between 0.5 and 10, 
and then compared these modified expression levels of X-linked genes with 
the original expression levels of autosomal genes using Mann-Whitney’s 
U test. The 1/a value resulting in the largest P value in Mann-Whitney’s 
U test became our estimate of the X:AA ratio. We could also find a range 
of a values for which the Mann-Whitney test is not significant at the 5% 
level (one-tail). We regarded this range of 1/a as the probable range of the 
X:AA ratio.

We also applied Miller’s jackknife test to compare the variances in expres-
sion levels of X-linked and autosomal genes (an in-house R script of the Miller’s 
jackknife test is available upon request). Of note, there are a large number of 
zero values (often 10%–25%) for RNA-Seq–based expression levels, which 
makes the distributions of gene expression levels discontinuous. More impor-
tantly, these zeros apparently carry inaccurate information because many of 
them will become nonzeros if more reads were sequenced. To avoid the con-
founding effect of zeros, we excluded equal proportions of lowly expressed 
genes from X and from autosomes to ensure no zeros. To keep the medians of 
the distributions unchanged, the same proportion of genes at the other end of 
the distribution (that is, the most highly expressed genes) were also deleted 
from both X and autosomes. Our results are robust when different proportions  
of genes were excluded (Supplementary Tables 14 and 15). All statistical 
analyses were performed in R.

Real-time quantitative RT-PCR (qRT-PCR). We used the RNeasy Mini 
Kit (Qiagen) to extract the total RNA from the liver of an eight-week-old 
C57BL/6 male mouse. The total RNA (450 ng) was reverse transcribed using 
the PrimeScript RT reagent Kit (Takara) using 50 picomoles of random hex-
amer primers (Takara). Genomic DNA was also extracted from the same 
mouse using the QIAamp DNA Micro kit (Qiagen).

Sixty-two mouse genes with poor correlation (Pearson’s correlation 
r2 = 0.13) between published RNA-Seq and microarray-measured liver 
expressions were selected. Primers for qRT-PCR were designed using 
NCBI/Primer3-BLAST (see URLs) and the primer sequences are shown in 
Supplementary Table 2. qRT-PCR was carried out on a Roche LightCycler 
480 with a 10 μL reaction volume containing cDNAs corresponding to 0.1 ng,  
1.0 ng or 10 ng of total RNA, depending on the RNA-Seq–based expression 
level of the gene, 1X SYBR Premix Ex Taq (Takara), and 1 picomole each 
of forward and reverse primers. The reaction was replicated three times 
for each of the 62 genes. The standard curve was prepared using the same 
approach, but with a dilution series of 0.1 ng, 1.0 ng, 5.0 ng, 10.0 ng, 50.0 ng  
and 100.0 ng of genomic DNA instead of cDNA; a negative control was 
included with water instead of cDNA. The crossing point values were deter-
mined with the second derivative max method in the supplied software of the 
instrument. The mean and s.d. of the crossing point values from the three tech-
nical replicates of the cDNA and the slope and correlation coefficient of the 
standard curve for each gene were calculated. Primer efficiency (E) for each 
gene was then calculated as E = 10−slope. Among the 62 genes examined, 2 had 
no amplification and 5 had multiple melting points. These 7 genes were excluded 
from further analyses, leaving 55 genes, all having s.d. of cDNA’s crossing point 
values lower than 0.6, E between 1.8 and 2.3, and correlation coefficients of 
the standard curve lower than −0.98. The relative gene expression levels were 
calculated from L = 10slope × ΔCP, where ΔCP is the difference between the mean 
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crossing point for the cDNA and the crossing point value for 1 ng of genomic 
DNA. L was then normalized to correspond to 1.0 ng of total RNA.

In a second experiment, we examined the qRT-PCR expression levels of 
120 randomly chosen genes from chromosome 13 (Supplementary Table 2) 
using RNAs prepared from another eight-week-old C57BL/6 male mouse. The 
experimental procedure was the same as described above.

36. Sultan, M. et al. A global view of gene activity and alternative splicing  
by deep sequencing of the human transcriptome. Science 321, 956–960 
(2008).
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