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Abstract

X chromosome inactivation silences one X chromosome in female mammals. However, this
silencing is incomplete, and some genes escape X inactivation. We describe methods to determine
the chromosome- wide X inactivation status of genes in tissues or cell lines derived from mice
using a combination of skewing of X inactivation and allele-specific analyses of gene expression
based on RNA-seq.
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1 Introduction

The mammalian X chromosome is regulated by mechanisms that evolved due to the
fundamental difference in the number of X chromosomes between males (XY) and females
(XX). These mechanisms restore a balanced expression between X and autosomes (X up-
regulation) and between the sexes (X inactivation or XCI) [1]. XCI leads to silencing of one
whole X chromosome in females, yet some genes escape this silencing and thus remain
biallelically expressed.

We and others determined that about 15% and 3% of human and mouse X-linked genes
escape XCI, respectively [2, 3]. Genes located in the pseudoautosomal region (PAR) of the
sex chromo-somes usually escape XCI [4]; in addition, a subset of conserved dosage-
sensitive X-linked genes with Y-linked paralogs located outside of the PAR consistently
escape XCI [5, 6]. Other escape genes, called “variable escape genes” or “facultative escape
genes” show variability between tissues, cell types, and/or between female individuals in
terms of expression from the inactive X chromosome [7-9]. Genes that escape XClI are
usually more highly expressed in females, which causes a sex-bias in gene expression [1, 7].
Mutations in genes that escape XCI can cause human diseases in both males and females
[10].

In this chapter we describe methods we have used to identify genes subject to XCI and genes
that escape XCI in mouse. XCI is random in most somatic tissues—i.e., either the paternal
or the maternal allele is inactivated in each cell of early mammalian embryos [11]. Silencing




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 2

of one allele is subsequently faithfully transmitted to daughter cells, which results in a
mosaic pattern in mammalian females [12]. Thus, the first step necessary to measure allelic
expression in bulk cells or tissues by molecular means such as RNA-seq is to develop
systems in which XCI is skewed. Such systems may naturally occur, as in extraembryonic
tissues of the mouse where the paternal X chromosome is specifically inactivated. Indeed,
patterns of XCI and escape from XCI have been determined in trophoblastic cells [13-15].
However, in the embryo proper and in adult tissues or in cell lines derived from tissues, XCI
skewing needs to be induced by cell cloning or by using mutations. For example, an Xist
mutation causes the mutant X chromosome to remain active because X7stis essential for the
onset of XCI [16]. Another example is the use of an Hprt mutation, which can be selected
against in cell culture—favoring the normal allele—by growing cells in HAT
(hypoxanthine—aminopterin—-thymidine) media [17].

An essential premise of molecular analysis of allelic expression based on sequencing is an
efficient way to differentiate alleles. Sequencing methods such as RNA-seq should be
performed using systems in which the frequency of SNPs (single nucleotide polymorphisms)
is sufficient to distinguish alleles at multiple loci. Maximizing the level of allelic differences
in mouse can be achieved by mating different mouse strains or species, for example, by
crossing the laboratory mouse Mus musculus to wild-derived Mus spretus or Mus castaneus,
to attain SNP density of 1/75 bp or 1/121 bp, respectively. In human, mouse-human hybrid
cells selected to retain either an inactive or an active human X chromosome were initially
used to catalog escape genes, which removes the need to differentiate alleles [2]. This study
showed that expression of an escape gene on the inactive X chromosome is highly variable,
ranging from a few percent to 50%, and rarely reaching 75% of the expression on the active
X allele [2]. In addition, one should keep in mind that escape from XCI varies between cell
types, tissues and individuals both in human and mouse [18, 19].

Single-cell RNA-seq has opened up alternative approaches to measuring allelic expression
without the need of XCI skewing [20, 21]. These approaches work best for well-expressed
genes, as allelic expression of low-expressed genes in single cells can be obscured by
technical noise including variable capture efficiency and random allele dropout [22].
Another approach is RNA-FISH (fluorescence in situ hybridization) for the detection of
nascent transcripts in individual nuclei. This method offers the advantage of examining cells
in situ without the need of SNPs, thus potentially allowing for identification of cell types
within a tissue [23]. However, RNA-FISH is dependent on robust expression of the gene of
interest, and cannot easily be used to concurrently examine multiple genes. While the
probability of escape can be evaluated at the single-cell level by counting cells with one or
two signals, quantification of allelic expression levels is not possible by RNA-FISH. An
additional in situ approach is to label each allele of an expressed X-linked gene with a
different color tag to visualize the distribution of allelic expression, which also allows for
purifying cells with skewed XCI by flow-sorting [24]. However, this method requires
engineering the gene of interest with color reporter sequences. Newer methods promise to
assess the transcriptome in situ (e.g., FISSEQ), but have not been applied to allelic
expression analyses [25].
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Indirect approaches to determine the XCI status of genes rely on examining their
characteristic epigenetic marks, for example, DNA methylation or histone modifications.
One such approach takes advantage of allele-specific methylation patterns on X-linked
genes: silenced genes are usually methylated at their promoter CpG island, while escape
genes lack such methylation [26-28]. Non-CpG methylation also marks the bodies of genes
that escape XCI specifically in neuronal tissues [29, 30]. Other epigenetic modifications
such as H3K27me3 and macroH?2a are depleted at escape genes [3, 13, 31].

Here, we describe our approaches based on analyses of mouse hybrid cell lines and tissues
using RNA-seq followed by mapping and quantifying reads from each allele identified by
SNPs. We applied these approaches to the study of XCI and escape from XCI in multiple
mouse tissues to test allele-specific expression in F1 mice resulting from crosses between
laboratory strain BL/6 mice and M. spretus, in which XCI was skewed [19]. The method is
applicable to the analysis of autosomal genes, including imprinted genes and genes with
random monoallelic expression (provided that either cell clones or single cells are used). The
approach described is also relevant for human studies, but in this case fewer SNPs are
available and skewed XCI rarely occurs naturally so that again, RNA-seq on cell clones or
single cells would be appropriate.

2 Materials

21

2.2

In Vivo Mouse Model

1. C57BL6/J breeder mice from Jackson Laboratory (JAX™ Mice Stock Number
000664).

2. Mus spretus (wild-derived inbred strain SPRET/Ei) breeder mice from Jackson
Laboratory (JAX™ Mice Stock Number 001146).

DNeasy Blood and Tissue kit (Qiagen #9504).
Tagq DNA polymerase Promega #M5005.
RNeasy mini kit (Qiagen #74104).

o o ~ w

Reverse transcriptase SuperScriptll (Invitrogen/Thermo Fisher Scientific
#18064014).

7. QIAquick standard/MinElute PCR purification kit (Qiagen #28106/28006) or
AMPure XP beads (Beckman-Coulter Life Sciences #A63881).

In Vitro Mouse Model

1. Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco/ Thermo-Fisher
Scientific #11965-084).

2. Fetal bovine serum (FBS), which can be purchased from various vendors, for
example, Seradigm (#1500-500).

3. Penicillin/streptomycin (Gibco/Thermo-Fisher #15140-122).
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2.3 RNA-Seq
1. Illumina TruSeq RNA sample preparation kit v2, which includes oligo-dT
magnetic beads, washing buffer, elution buffer, and Elute, Prime, Fragment Mix
(Mumina #RS-122-2001/2002).
2. Nuclease-free water (Molecular Biology Grade Water).
3. Reverse transcriptase SuperScriptll (Invitrogen/Thermo Fisher Scientific
#18064014).
4, QIAquick standard/MinElute PCR purification Kits (Qiagen #28106/28006).
5. AMPure XP beads (Beckman-Coulter Life Sciences #A63881).
6. PCR cycler.
7. Illumina sequencer.
3 Methods
3.1 In Vivo Mouse Model

The onset of XCI during embryogenesis depends on increased expression of the long
noncoding RNA Xist, itself dependent on the presence of the proximal A-repeat of Xist[32].
We have derived a mouse model with skewed X inactivation, using a mutant in which the
proximal A-repeat of Xist (Xistd), is deleted (B6. Cg-Xist<tm5Sado>, RIKEN) [19]. Carrier
female mice are bred to M. spretus male mice. Note that the cross can only be done using
male spretus mice. F1 female mice with skewed inactivation of the sprefus X chromosome
are identified by genotyping. As an alternative to M. spretus, M. castaneus can be used;
while there are fewer SNPs between this species and the reference C57BL/6 (BL6) genome,
M. castaneus is a bit easier to breed and can be crossed in both directions. Both mouse
systems can be adapted to single cell RNA-seq analyses, in which case XCI skewing is
unnecessary.

1. Maintain a small colony of BL6 mutant X7st (X7stA/+) mice by breeding carrier
females to normal BL6 males. Genotype progeny to verify mutant status using
Xist-specific primers [32]. Note that males with the mutation cannot be used for
breeding because of lethality of the paternal Xist mutation, which prevents
imprinted XCI of the paternal X chromosome in extraembryonic tissues in F1
carrier females [32]

2. Breed BL6 carrier females with the mutant Xist (XistA/+) to M. spretus (or M.
castaneus) males.

3. Prepare genomic DNA from ear-punches using a DNeasy Blood and Tissue kit
and perform standard PCR using Taq DNA polymerase to verify mutant status
using X7st-specific primers [32]. We usually collect tissues from F1 females
heterozygous for the Xist mutation at 8 weeks of age.
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Extract total RNA from homogenized XistA/+ hybrid tissues (50-100 mg) using
RNeasy mini kit and proceed with RNA- seq library preparation (see Subheading
3.3).

To verify skewing of XCI of the sprefus X chromosome reverse-transcribe RNA
into cDNA using SuperScriptll and perform PCR (see above) using primers
specific for a control expressed gene, which is subject to XCI and can be
differentiated by SNPs between the mouse species, for example, Pgk [33]. After
purification of the RT-PCR products using QIAquick standard/MinElute PCR
purification kit or AMPure XP beads sequence the cDNA by Sanger sequencing,
which should show only the PgkZ allele from BL6 in the cDNA.

3.2 In Vitro Mouse Model

We previously derived a cell line, Patski, from the kidney of an 18dpc F1 female embryo
from a cross between a M. spretus male and a BL6 female with an HprffM3 mutation [34],
in which XCI was skewed by growing cells in HAT media [17]. After HAT selection, this
cell line with skewed XCI of the BL6 X chromosome no longer needs to be grown in HAT.

1.

Grow Patski cells in Dulbecco’s Modified Eagle’s Medium with 10% fetal
bovine serum and 1% penicillin-streptomycin at 37°C in 5% CO,.

Verify that the karyotype is normal or near-diploid as mouse cell lines tend to
undergo multiple, rapid changes in chromosome ploidy in culture. If necessary,
go back to an early passage. (seealso Note 1).

Extract total RNA from Patski cell pellets (2-3 x 10° cells), using RNeasy mini
kit and proceed with RNA-seq library preparation (see Subheading 3.3).

3.3 RNA-Seq Library Preparation

We use standard protocols to prepare RNA-seq libraries using Illumina TruSeq RNA sample
preparation kit v2.

1.

Isolate polyA mRNA using 0.1-4 ug of total RNA, which is diluted into a total
volume of 50 pl with nuclease free water and then mixed with 50 pl of oligo-dT
magnetic beads. Incubate at 65 °C for 5 min, and wash beads with 200 pl
washing buffer prior to elution with 50 ul elution buffer. Following a second
round of MRNA selection, mRNA is eluted using the Elute, Prime, Fragment
Mix and then fragmented at 94 °C for 4-8 min depending on the need of read
length.

Perform double-strand cDNA synthesis using reverse transcriptase, followed by
end-repair and A-tailing according to the TruSeq instructions. Note that clean-up
steps can be done using QIAquick standard/MinElute PCR purification Kits or
AMPure XP beads.

1.Note that the Patski cell line should grow slowly (population doubling about 20-24 h); if it starts to grow fast it is usually because of

increased aneuploidy.
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Ligate indexed adapters followed by two rounds of clean-up with AMpure XP
beads to completely remove un-ligated adapters and adapter dimers.

Perform fragment enrichment by 15-cycle PCR followed by clean-up with
AMpure XP beads.

Sequence libraries using an Illumina sequencer generating 36 bp single-end
reads. Note that longer reads (for instance, 75 bp) or paired-end reads are
preferred, especially when using a mouse system with lower SNP density rate
(e.g., the M. musculus x M. castaneus cross). A yield of ~100 million reads is
recommended for allelic expression analysis.

3.4 Allele-Specific Expression Analysis

We present two methods for identifying genes that are subject to XCI (i.e., with sole
expression from the active X) and genes that escape XCI (i.e., with biallelic expression).

3.4.1 Method 1—The first approach is summarized by the workflow depicted in Fig. 1a.
Here, reads from the RNA-seq are aligned to both the reference genome (BL6) and to the
other mouse species genome (M. spretus or M. castaneus), separately. Heterozygous SNPs
between the two parental species are then inspected to assign each RNA-seq read to the
corresponding allele. The specific steps follow:

1.

To identify reads that map to each parental genome of F1 cells or tissues, a
“pseudo-spretus” genome (or a “pseudo-castaneus’ genome) is first assembled
by substituting known het-erozygous SNPs of spretus (or castaneus) into the BL6
NCBIv37/mm9 reference genome [35]. Spretus SNPs (or castaneus SNPs) can
be obtained from the Sanger Institute (http://www.sanger.ac.uk/science/data/
mouse-genomes-project). According to the Nov/2011 spretus SNP database,
1,532,011 heterozygous SNPs were located on the X chromosome with 31,062
located in exons, while 33,909,724 were on autosomes, with 1,064,513 in exons.
(see Note 2). A detailed breakdown of SNP numbers can be found in Table 1 for
the BL6 x M. spretus cross.

Map RNA-seq reads to both the BL6 and the pseudo-spretus genomes and
transcriptomes using Tophat/v2 [36] with default parameters.

Calculate gene expression based on all high-quality, uniquely mapped reads
using cufflinks/v2 [33] to determine the diploid gene-level RPKM (reads per
kilobase of exon length per million mapped reads) expression values.
Alternatively, gene expression values can be estimated using TPM (transcripts
per kilobase of exon length per million mapped reads).

Segregate all high-quality (MAPQ = 30) and uniquely mapped reads into three
categories (Table 2):

a. BL6-SNP reads containing only BL6-specific SNP(s).

2. Anomalies in the allelic ratio of SNP read coverage (spretusl (spretus + BL6)) for autosomal genes, which should be relatively
tightly distributed around 1:1, may indicate aneuploidy. Note that, while the BL6 genome is generally invariant, the genome from
different sprefus mice may vary from the canonical Sanger sequence, which may necessitates SNP validation.

Methods Mol Biol. Author manuscript; available in PMC 2018 November 30.
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b. spretus-SNP reads containing only spretus-specific SNP(s).
c. Allele-uncertain reads, that is, reads that do not contain valid SNPs.

The allelic reads coverage tracks can be uploaded to the UCSC genome browser
(https://genome.ucsc.edu) for visualization and inspection (Fig. 1a) [37, 38].

Estimate SNP-based haploid gene expression from alleles on the Xi or the Xa
(Xi-SRPM or Xa-SRPM) using the SRPM (allele-specific SNP-containing
exonic reads per ten million high-MAPQ uniquely mapped reads).

3.4.2 Method 2—The workflow for an alternative allele-specific expression analysis
approach is shown in Fig. 1b. In this case, reads are only aligned to the BL6 reference
genome from which diploid expression is calculated. Diploid expression values can then be
apportioned to each allele for those genes with sufficient SNP coverage. An advantage of
this approach is that allele-ambiguous reads will be included for genes with informative SNP
coverage, increasing the level of allelic coverage and thereby providing additional power for
performing subsequent differential expression analysis. A step-by-step description of this
approach follows:

1.

Map RNA-seq reads to the BL6 reference transcriptome with Tophat2 [36, 39]
using default parameters, except that additional mismatches are tolerated. For
example, six mismatches were allowed for 75 bp single-end reads. Alternatively,
to avoid potential bias for the reference genome during read alignment, one could
consider utilizing a *‘SNP-masked’ index, where bases at SNP sites are replaced
by an *N’.

Use the aligned reads (typically saved in the BAM file format) to determine
diploid expression using a standard pipeline to:

a. Assign mapped reads to refSeq exons using HT-seq [40].
b. Counts per gene can subsequently be converted into TPMs or RPKMs.
In parallel with step 2, determine allelic gene coverage as follows:

a. Use the aligned reads to generate SNP coverage pileups using a tool
such as SAMtools mpileup [41].

b. Calculate allelic coverage for each SNP using the base-level pileups.

c. Scale allelic coverage scores using the autosome-wide ratio of
reference/alternative (i.e., BL6/spretus) SNP calls in order, to account
for potential coverage bias in favor of the reference assembly. In our
experience, this bias is seldom severe (Fig. 2a). An exception to this is
where the cells under study show aneuploidy, in which case counts
from affected chromosomes should be excluded in the calculation of the
reference/alternative scaling factor.

d. Determine gene level coverage by aggregating all SNPs that fall within
a gene once SNP-level coverage has been determined and adjusted, if

Methods Mol Biol. Author manuscript; available in PMC 2018 November 30.
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necessary. Genes containing spretus/BL6 SNPs that are covered by a
total of at least five reads should be considered for allelic analysis.

e. Calculate an allelic proportion of SNP read coverage (spretusl(spretus +
BL6)) for each gene with sufficient SNP coverage. The allelic ratio for
autosomal genes should be tightly distributed around 1:1, apart from a
small set of imprinted genes (Fig. 2a). The allelic ratio for X-linked
genes, on the other hand, should be strongly skewed toward the active
X-chromosome, with relatively few genes showing biallelic or inactive
X-chromosome-specific expression (Fig. 2a).

Distribute diploid read counts for each gene to each allele based on this SNP-
read allelic proportion. The allele-specific counts can subsequently be converted
into allelic TPM or RPKM expression values.

Allelic differential expression analysis can be performed using DESeq?2 [42] for
each allele as well as for diploid expression.

3.5 Detection of Escape Genes

In our original survey, we identified genes that escape X inactivetion based on a cutoff of at
least 10% expression from the inactive X versus the active X [3]. We subsequently refined
this approach using a binomial model to identify genes escaping XCI and estimate the
statistical confidence of the escape probability of X-linked genes [19]. (se¢e Note 4).

1.

For each gene 7on chromosome X, denote the number of allele- specific RNA-
seq reads mapped to the inactive/active chromosomes as 74 and 77, respectively.
Let n;= ngp + ny. Model the number of RNA-seq reads from the inactive X, np,
by the following binomial distribution:

ni0~Bin0mial<ni, pi),

where pjindicates the expected proportion of allelic reads from Xi.

The maximum likelihood estimate of the binomial proportion is p; = n;y/n,.

Using Wald’s method, compute the confidence interval of each p; as
Pi % 2o /ﬁi(l - jp\l.)/ni, where z,» is the 100(1 — a/2)t percentile of M0,1).

To incorporate the mapping biases toward the BL6 genome over the pseudo-
spretus genome into the above model, define the mapping bias ratio 7, for each
RNA-seq experiment to be 7, = Nag/Na1, where Nag and A are the number of
allele- specific autosomal reads in the “inactive X containing” genome and the
“active X containing” genome, respectively. Thus, the mapping bias corrected

4The approaches described here for mouse systems are applicable to the analysis of human tissues. However, fewer SNPs are
available to differentiate alleles in human and skewed XCI rarely occurs naturally, which necessitates the derivation of cell clones or

single cells.
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estimate of allelic proportion pjis p; = n,o/(n,q + r,n;,) = p;/(p; + r,,(1 - p;))- The
upper and lower confidence limits can be corrected accordingly.

4. a. For each RNA-seq experiment, define an X-linked gene as an “escape”
gene using the following three criteria:

. The 99% lower confidence limit (a = 0.01) of the escape
probability p; is >0.

. The diploid gene expression measured by RPKM is =1, which
indicates the gene was expressed.

. The normalized Xi-SRPM is >2.

b. Genes that escape XCI can also be called using the alternative allele-
specific expression analysis approach (Subheading 3.4.2). The
alternative criteria for identifying escape genes are as follows:

. The 99% lower confidence limit (a = 0.01) of the escape
probability is greater than 0.01, which is based on a binomial
distribution parameterized by the expected proportion of reads
from the Xi indicating some contribution from the Xi.

. The diploid gene expression measured by TPM is =1,
indicating that the gene is expressed.

. The Xi-TPM is =0.1, representing sufficient reads from the Xi.
. The SNP coverage is =5.

5. Biological replicates of RNA-seq experiments should be analyzed separately.
Consistency between biological replicates can be estimated using Spearman
correlation coefficient 7, or the coefficient of determination /2. In both our in
vivo and in vitro systems, the observed Xi — SRPM values are correlated
between biological replicates (r=0.7) (Fig. 2b).
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Fig. 1.

Tv%o allele-specific RNA-seq analysis approaches. (a) Workflow based on mapping RNA-
seq reads to both the reference assembly and the pseudo-spretus assembly containing SNPs.
(b) Workflow based on mapping RNA-seq reads to the reference assembly only and then
determining allelic coverage based on read pileups at each SNP. Step-by-step descriptions
are provided in Subheadings 3.4 and 3.5 in the main text
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|

075

Allelic ratio distributions and reproducibility of biological replicates. (a) Density histograms
of the distribution of allelic proportions (spretusl(spretus +BL6) for genes along autosomes
(left) and the X-chromosomes (middle) for Patski female mouse F1 cells in which the
inactive X (Xi) is from BL6 and the active X (Xa) from spretus. In the autosomal density
plot the vertical dashed lines intersect the two minima (coordinates given in parentheses).
The area under the curve to the left and right of these minima reflect a small proportion of
imprinted genes that exhibit allele-specific expression. (see also Note 2). In the X
chromosome density plot the Xa/(Xa+Xi) ratio for most genes is 1 since most genes are
subject to XCI. (see also Note 3). Plotting the same thresholds (vertical dashed lines) on the

Methods Mol Biol. Author manuscript; available in PMC 2018 November 30.

1.00



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Maetal. Page 14

X-chromosome density plot clearly highlights the fact that expression is skewed toward the
Xa. However, an additional X-chromosome distribution is provided with the y-axis clipped
to reveal small spikes of biallelic and active-X specific expression (right). Density plots
before and after adjusting allelic coverage scores using the autosome-wide ratio of reference/
alternative (i.e., BL6/spretus) SNP calls overlap perfectly, indicating that there was little bias
in favor of the reference assembly. (b) Scatter plots of two biological replicates (repl and
rep2) of in vivo hybrid mouse brain RNA-seq BL6 (left column) and spretus (right column)
read counts for autosomal genes (top row) and for X-linked genes (bottom row). Each dot
represents a gene; x-axis and y~axis are allelic SNP read counts in repl and rep2,
respectively. Spearman correlation coefficient 7 between the two replicates are shown

3-Anomalies in the allelic ratio of SNP read coverage (spretus! (spretus + BL6)) for X-linked genes, which should be strongly skewed
toward the active X-chromosome, may indicate incomplete XCI skewing and/or numerical or structural X abnormalities.
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Table 1
Spretus SNP location summary
Location Total SNPs? Number of exonic SNPsb Number of genes with exonic sNPs®
X chromosome 1,532,011 (4.3%) 31,062 (2.0%) 1,099 (73.6%)
Autosomes 33,909,724 (95.7%) 1,064,513 (3.1%) 27,010 (93.1%)
Both 35,441,735 (100%) 1,095,575 (3.1%) 28,109 (92.1%)

The SNP information was obtained from the Sanger Institute (SNP database Nov/2011 version)

a . . . .
Total number of SNPs at the corresponding chromosomal locations (X, autosomes or both); percentage of SNPs over total SNPs in the genome is
shown in parentheses

b . - . . .
Number of genes with exons containing SNPs at the corresponding chromosomal locations (X, autosomes or both); percentage of SNPs located in
exons is shown in parentheses

c . - . . .
Number of genes with exons containing SNPs at the corresponding chromosomal locations (X, autosomes or both); percentage of genes with
exons is shown in parentheses
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Table 2
Allelic reads mapping and segregation examples
Experiment  Total number of Percent of highquality ~ Percent of Percent of Percent of SNP-  BL6/spretus
reads (MAPQ = 30) and BL6-SNP spretus-SNP uncertain reads ratio in
uniquely mapped reads reads autosomes
reads
Brain rep. 1 104,241,363 80.2 115 10.4 78.1 1.04
Brainrep.2 36,430,212 85.6 121 111 76.8 1.04
Spleenrep. 1 88,842,032 73.2 121 11.3 76.6 1.03
Spleenrep.2 32,538,760 72.0 12.2 11.3 76.5 1.04

The in vivo mouse tissue (brain and spleen) RNA-seq example data sets were reported in [16]
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