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Cellular mosaicism due to monoallelic autosomal expression
(MAE), with cell selection during development, is becoming
increasingly recognized as prevalent in mammals, leading to inter-
est in understanding its extent and mechanism(s). We report here
use of clonal cell lines derived from the CNS of adult female F1
hybrid (C57BL/6 X JF1) mice to characterize MAE as neural stem
cells (nscs) differentiate to astrocyte-like cells (asls). We found
that different subsets of genes show MAE in the two popula-
tions of cells; in each case, there is strong enrichment for genes
specific to the respective developmental state. Genes that exhibit
MAE are 22% of nsc-specific genes and 26% of asl-specific genes.
Moreover, the promoters of genes with MAE have reduced CpG
dinucleotides but increased CpG differences between the two
parental mouse strains. Extending the study of variability to wild
populations of mice, we found evidence for balancing selection as
a contributing force in evolution of those genes showing devel-
opmental specificity (i.e., expressed in either nsc or asl), not just
for genes showing MAE. Furthermore, we found that genes show-
ing skewed allelic expression (SKE) were similarly enriched among
cell type-specific genes and also showed a heightened proba-
bility of balancing selection. Thus, developmental stage-specific
genes and genes with MAE or SKE seem to make up overlapping
classes subject to selection for increased diversity. The implica-
tions of these results for development and evolution are discussed
in the context of a model with stochastic epigenetic modifica-
tions taking place only during a relatively brief developmental
window.
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Somatic cellular mosaicism is becoming increasingly recog-
nized as a significant aspect of mammalian development,

phenotypic variation, and disease (1–5). Epigenetic as well as
genetic mosaicism is prevalent in the CNS, where it has impli-
cations for both normal function and neuropsychiatric disorders,
especially since there can be cell selection during development
(1). X chromosome inactivation (XCI) is a well-known exam-
ple of an epigenetic process resulting in monoallelic expression,
with resulting cellular mosaicism due to random selection and
inactivation early in differentiation of most genes on one X chro-
mosome (2). In any given cell, choice of either the maternal
or paternal X chromosome is random, but after the decision
is made, it is mitotically inherited with great stability. More
recently, evidence has been accumulating that many autoso-
mal genes also show monoallelic expression and that genes with
monoallelic autosomal expression (MAE) are enriched for those
that affect membrane proteins and development (3, 5). There
are about 100 imprinted autosomal genes with expression that is
determined by parental source (that is, their expression depends
on whether they are paternally or maternally derived) (6). Even
more genes show random MAE, where choice of allele is appar-
ently stochastically determined (2, 4, 7, 8). Since mitotically
persistent random MAE and skewed expression are likely to
impact development as well as genetic inheritance and evolu-

tion, it is important to understand their extent and mechanism(s).
Despite this, random MAE’s mechanism and evolutionary impe-
tus remain largely unexplored. There have been a number of
recent studies on MAE in humans and mice (reviewed in refs.
2 and 3), but significant puzzles remain. How is MAE affected by
developmental changes? How does MAE affect development?
How are alleles showing MAE regulated differently, although
in the same nucleus? Are there specific sequences or patterns
correlated with MAE? Does MAE have a special role in evolu-
tion? Even less is known about skewed allelic expression (SKE):
selective mechanisms acting on MAE genes also are likely to be
operating on SKE genes.

For several mouse genes, it is now known that stochastic epige-
netic variability, sometimes influenced by the environment, can
result in more than one phenotype from the same genotype (9–
11). The best-studied example is mice carrying the agouti viable
yellow gene: they are sometimes normal with agouti coat color,
and they are sometimes yellow and obese. It is known that the
insertion of a retroposon potentially provides an alternate pro-
moter and that DNA methylation of this promoter correlates
with phenotype (12). Methylation in the very early embryo is
incomplete and stochastic, not always silencing the promoter.
At or soon after implantation, the methylation state of the
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retroelement is locked. The key point here is that the retroele-
ment introduces epigenetic variability dependent on stochastic
DNA methylation during a developmental window. Theoretical
modeling, based on somatically heritable stochastic epigenetic
modifications taking place only during specific developmental
windows of opportunity (10, 11), led to the surprising prediction
(10) that genes associated with stochastic epigenetic modifica-
tion can show overdominance (i.e., higher relative fitness of
heterozygotes relative to either homozygote). Overdominance
is associated with balancing selection (i.e., the selective pro-
cess by which genetic polymorphisms are maintained in the
gene pool). Loci associated with balancing selection have been
recently reported for humans (13, 14) and Drosophila (15).
Classical examples include sickle cell anemia, HLA (16), and
olfactory receptor loci (17). It recently has been reported that
some human genes with MAE, identified by a chromatin mod-
ification signature, show excessive variability and selection for
maintenance of heterozygosity (balancing selection) (18). Do
mouse genes exhibiting MAE similarly show increased vari-
ability and balancing selection? We report here evidence in
support of this possibility for genes with MAE and for cell type-
specific genes. We also report on changes in genes exhibiting
MAE during development. Most of the genes showing MAE or
skewed expression in astrocyte-like cells (asls) are in membrane-
associated or cell-to-cell signaling categories. We have found
increased sequence diversity in genes with MAE or SKE and
in cell type-specific/developmental genes. This diversity may not
only affect development but also, may provide some evolutionary
advantage, perhaps related to the establishment of individual cell
identities.

Results
Experimental Overview. We performed transcriptome-wide pro-
filing of four previously described F1(B6 X JF1) clonal cell lines
(2A1, 2A5, 3A1, and 4A5) as they underwent in vitro differen-
tiation along the astrocytic pathway (4). Cells were sampled at
day 0 (before the start of differentiation) and at 1–4 d thereafter.
A heat map describing changes in expression for each cell line
is shown in Fig. 1A. Remarkably, most changes are visible by
day 1 of differentiation, becoming more pronounced by days 3
and 4. Principal component analysis verified that about 85% of
developmental changes occur by the first day after induction of
differentiation (Fig. 1B). The astrocytic cells show considerable
overlap in gene expression with astrocytes from adult mice (19)
(Dataset S1).

Establishment of a JF1 genomic SNP library allowed us to ana-
lyze transcriptome-wide allele-specific expression. As previously

A B

Fig. 1. (A) Heat map showing expression changes during in vitro differen-
tiation of nscs to astrocytes. Results are shown for each cell line and day of
differentiation. (B) Principal component analysis. In this constructed space,
the λ1 component mainly associated with differentiation is shown to rise to
near maximal levels by day 1 after induction of differentiation. Dataset S1
has a complete list of genes used in our study and their expression levels.

described, a cutoff of fragments per killobase per million mapped
reads (fpkm) ≥ 3 and a pooled SNP depth of coverage ≥10
allowed us to analyze ∼10,000 genes in the four cell lines (8).

Definitions for Computational Analysis. We define neural stem
cells (nscs) and the asls derived from them. nsc refers to the cells
before induction of differentiation (day 0), whereas asl refers
to days 1–4 postinduction. The probability of each gene being
expressed from the C57BL/6 (B6) allele was computed as the
simple ratio between the SNP counts assigned to the B6 hap-
lotype and the total number of SNP counts observed at the locus
(details are in ref. 8). To measure the bias in expression for one
allele with respect to the other, we define the monoallelic skew
variable (σ) for each gene as

σi = |PB6
i − 0.5|, [1]

where σ is bound between [0, 0.5] and is close to 0 for genes
with biallelic expression, whereas it approaches 0.5 for genes
with MAE.

It is important to note that for a gene to be considered within
the MAE set, we use strict criteria; it must have a large and
statistically significant value of σ ≥ 0.35 and be both monoal-
lelically expressed at fpkm ≥ 3 and biallelically expressed at
fpkm ≥ 3 in at least one cell line at one stage. These cri-
teria minimize contributions from statistical noise due to low
expression and from apparent MAE due to erroneous SNP
calls; they also provide assurance that both alleles have the
potential to be expressed at similar levels. X-linked genes pro-
vide a control (8) but are excluded from analysis of MAE. We
then define MAEnsc and MAEasl as sets that contain genes
displaying monoallelic expression in nsc or asl , respectively.
Analogously, we define BAEnsc and BAEasl for the biallelically
expressed genes.

nsc and asl —Specific Genes Preferentially Show MAE. Overall, we
found 712 genes (7.3%) showing MAE and 9,078 genes show-
ing biallelic autosomal expression (BAE) (Fig. 2). Considering
the two developmental stages independently, we observed the
following: nsc: MAEnsc is equal to 389 (4.6%), and BAEnsc is
equal to 8,160 (95.4%); asl : MAEasl is equal to 587 (6.4%), and
BAEasl is equal to 8,629 (93.6%) (Fig. 2 A, b and c and B, b
and c). It has been reported for both mice and humans (2) that
MAE is enriched in cell type-specific genes. To investigate this in
our system, we divided the MAE and BAE sets into three sub-
sets: those that belong exclusively to nsc or asl and those that
belong to both developmental stages (Fig. 2 A, d and e and B, d
and e; Materials and Methods has a formal definition of the set,
and Dataset S2 has gene lists). We then investigated if the MAE
set is enriched in cell type-specific genes [i.e., genes expressed
in only one developmental stage (MAEnsc′ vs. BAEnsc′ and
MAEasl′ vs. BAEasl′) compared with genes that are in common
(MAE∩ vs. BAE∩)]. The results in Fig. 2 A, f–h clearly show
that the fraction of genes with MAE changes in different subsets:
from 3.3% in the case of genes that are in common in the two
developmental stages to 21.8% and 26.0% for genes present only
in nsc and asl , respectively. These highly statistically significant
observations (P value<< 10−5) clearly show that the probability
of MAE is strongly increased and can be a high percentage in
genes that are specific to a particular cell type.

Differences in Allele-Specific Expression Between nsc and asl. Gene
ontology (GO) analysis (20) was performed to explore the dif-
ferences in the types of genes expressed among nsc and asl .
Genes showing MAE specifically associated with nsc or asl or
in common in both cell line are listed in Dataset S2. Genes
enriched in nsc include mostly those involved in cell division
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Fig. 2. Distribution of autosomal genes showing monoallelic or biallelic expression (MAE or BAE) in undifferentiated nsc and asl. In A, MAE is defined as
σ≥ 0.35; in B, MAE* is defined as σ≥ 0.25. (a–c) Counts and percentages of MAE (MAE*) and BAE (BAE*) in the union set of nsc, asl (nsc∪ asl), nsc, and
asl, respectively. (d and e) The distribution of BAE (BAE*) and MAE (MAE*), respectively, in nsc and asl. (f) Counts and percentages of MAE (MAE*) and BAE
(BAE*) in the intersection set of nsc, asl (nsc∩ asl; i.e., genes that are expressed in both nsc and asl). (g and h) Counts and percentages of MAE (MAE*) and
BAE (BAE*) for genes that are expressed only in nsc or asl, respectively.

and DNA replication, while genes in asl cells are enriched
for those involved in differentiated activity of neural cells,
such as ion channels, transporters, and cell surface compo-
nents (SI Appendix). Ontology analysis confirmed the enrich-
ment of genes involved in cell adhesion and cell–cell signaling
as well as extracellular matrix organization and calcium ion
binding.

Our results confirmed previous findings of monoallelic expres-
sion of members of both the annexin and glutathione trans-
ferase (Gst) gene families nsc and asl (8). For the latter
gene family, we were able to confirm monoallelic expression
of Gstm5 in individual hippocampal cells of postnatal mice
(Fig. 3). In addition, a number of known imprinted genes
show the expected pattern of reciprocal expression in nsc lines
2A1, 3A1, and 4A5 (paternal JF1 allele) vs. 2A5 (paternal
B6 allele): Commd1, Impact , Igf 2, Mest , Ndn , Peg3, Peg10,
Peg12, Plagl1, Sgce , Snrpn , and Zrsr1. Examining the remain-
ing genes with MAE, we noted a small category that increases
somewhat in expression as they transition from BAE in nsc
to MAE in astrocytes, including Aldoc and pituitary tumor-
transforming 1 (Pttg1). Aldoc codes for a brain-specific glycolytic
enzyme (21). Pttg1 is involved in mitosis and has tumorigenic
properties (22).

Another interesting category includes genes that show a rela-
tively low level of monoallelic expression in nsc (or no expression
at all) but are induced to high levels of MAE in astrocytes
(Dataset S2). Some of these genes contribute to inflammation,
such as oncostatin M (Osmr), a required gene for glioblastoma
development (23), and chitinase-3-like protein 1 (Chi3l1; also
termed Chil1) (24). Chi3l1 is of particular interest, as it has been
implicated as part of the known link between the immune system
and schizophrenia (reviewed in ref. 25). Others are extracellular

or membrane components, a group enriched among astrocytic
genes as described above: these include Cpxm1 (a Zinc car-
boxypeptidase) (26), integrin alpha chain 7 (Itga7) (27), and
transmembrane 4 superfamily member 1 (Tm4sf 1), a member
of the tetraspanin family (www.ncbi.nlm.nih.gov/gene/17112).
MAE of Aldoc,Chi3l1,Cpxm1, Itga7,Osmr , and Tm4sf 1 was
independently confirmed by qRT-PCR (Dataset S3).

Dynamic Changes. We next examined the dynamics of changes in
allele-specific expression for each gene during differentiation.
The transition of each gene i is considered from a given nsc
cell line to the same cell line j after differentiation to asl at
day 3. Comparing day 0 with day 3, it can be seen (Fig. 4) that
approximately one-half (0.46) of genes that display MAE in nsc
continue to do so after differentiation to asl . The frequency of
transition from BAE to MAE is 0.001 and to loss of expres-
sion is 0.17. The cases of BAE in asl cells are unchanged in
most cases (0.83) from the nsc state, while a small percentage
transitions from lack of expression to MAE (0.01). Although the
percentage is small, it should be emphasized that 44% of MAE
in asl is from previously silent genes (SI Appendix), and a
high percentage (26%) of asl-specific genes shows MAE when
σ≥ 0.35 (at least 85% expression from one allele) (Fig. 2
A, g and h and B, g and h). If σ minimum value is reduced
to 0.25 (at least 75% from one allele), then even more asl-
specific genes show MAE (50.6%) (Fig. 2 B, g and h). It
is important to note that the differences between cell lines
have persisted through numerous mitoses, consistent with other
studies and with the hypothesis that stochastically variable
epigenetic states, either preexisting in the nsc or established
during differentiation, can then become fixed and mitotically
persistent.
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Fig. 3. Allele-specific expression of Gstm5 and Ncam1 in individual hip-
pocampal cells of postnatal day 7 B6 X JF1 hybrid mice. The x axis shows
the fractional expression of the B6 allele. Gstm5 assay, n = 42 cells; Ncam1
assay, n = 25 cells.

Genes with MAE and Genes Expressed in Either nsc or asl Show
Decreased CpG Frequency and Increased CpG Variability. To explore
possible sequence differences between the genes showing
monoallelic vs. biallelic expression, we defined various regions
(Fig. 5). For example, we defined the region from 1 kb upstream
to 0.5 kb downstream of the transcription starting site as 5′

proximal. Given the well-known role of CpG dinucleotides in
the epigenetic control of gene expression by DNA methylation,
we also checked the distribution of CpGo/e , where o/e equals
observed/expected. Similarly, we considered all other possible
dinucleotides (NpMo/e).

We first found that there is a large, statistically significant
difference between MAE and BAE in the distribution of din-
ucleotides in the vicinity of the 5′-proximal region (Fig. 6A).
We then found a similar difference for genes that are cell
type specific (either asl or nsc) and those that are expressed
by both cell types (Fig. 6B). In particular, CpGo/e shows the
largest observed difference, with cell type-specific genes char-
acterized by a lower CpGo/e than those expressed in common.
Other dinucleotides show less pronounced but significant differ-
ences (Fig. 6)

We also checked the differences in dinucleotide variability
(θ) defined as the number of dinucleotide changes per dinu-
cleotide count between the two parental mouse strains, B6 and
JF1. We then compared the distribution of θ in MAE vs. BAE
genes and cell type-specific genes vs. those expressed in com-
mon. Overall variability was found to be significantly greater for
genes that display MAE (Fig. 7), predominately at CpG dinu-
cleotides, but again, the difference was found to be due mainly to
differences between cell type-specific genes and those expressed
in common (Fig. 7B). We conclude that cell type-specific genes
(and genes with MAE) show lower CpGo/e at the promoter and
more variability at CpGs between B6 and JF1. Taken together,
our observations suggest that particular evolutionary mecha-
nisms may be involved for genes displaying cell type-specific
expression, with genes showing MAE or skewed expression as an
overlapping group. This possibility is explored in the following
section.

MAE and Cell Type-Specific Genes Show Increased Variability and
Balancing Selection. We first investigated the role of balancing
selection in the evolution of the genes that we identified as show-
ing MAE. The possibility of such a role has been previously
suggested theoretically (10, 11), and it received some experi-
mental corroboration recently in human (18). Using data from
28 individuals from four natural populations of mice of Mus
musculus domesticus (28), we performed a genome-wide scan
for regions with an excess of SNPs with intermediate frequen-
cies, which is a signature of balancing selection (i.e., selection
for heterozygosity) (29). To investigate the possibility of bal-
ancing selection, we used Tajima’s D, which results from an
equation in widespread use (29) to detect evidence of balancing
selection in natural populations. Briefly, under the infinite site
model assumption, Tajima showed that the quantity D should
vanish under conditions of neutral evolution. A positive value
of the D statistic results from an increase in the intermedi-
ate frequencies of polymorphic nucleotides and suggests that a
sequence or a genomic region is subject to balancing selection or
another type of diversifying selection. A similar pattern can also
be observed if the sampled population was formed from a recent
admixture of two different populations (29). Negative values
are associated with an excess of rare alleles, purifying selection,
and/or expanding populations.

For each gene analyzed, we delineated six gene neighborhoods
encompassing the 5′-distal to the 3′-distal region as defined in
Fig. 5. We then computed the D statistic for 1-kb windows in
each neighborhood and recorded the largest value of D observed
in each window. As for the previous analysis, we divided the
active genes into two sets, MAE and BAE. We then consid-
ered as putative regions under balancing selection Tajima’s D
statistic peaks with values of D larger than the 95th percentile.
We used the Fisher exact test to assess whether the number
of putative peaks under balancing selection in a given neigh-
borhood differed significantly between the MAE and BAE sets.
We observed that the MAE set is associated with peaks with
a larger D statistic than the BAE set in introns, exons, and 3′-
proximal regions (Fig. 8A). Because genes showing MAE are
enriched among cell type-specific genes (Fig. 2 A, g and h and
B, g and h), we next compared the Tajima’s D among genes
showing monoallelic or biallelic expression in nsc or asl only vs.
genes expressed in both cell types. The results are reported in
Fig. 8 B–D. When we compared cell type-specific MAE and BAE

Fig. 4. Probability of SD0 change to SD3 (SD0 → SD3 ), where S is one of
three possible states of expression: monoallelic, biallelic, or not expressed.
D0 refers to nsc before induction of differentiation, and D3 refers to asl after
3 d of differentiation.
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Fig. 5. Gene neighborhood scheme. E + I is the coding portion of exons
plus introns, and CDSstart and CDSend represent the Coding DNA Sequences
starting and end points, respectively.

genes, we observed that the differences were marginal, with the
only remaining significant difference being for the 3′-proximal
region and introns (P value<0.05) (Fig. 8B). When we compared
genes showing biallelic expression, we again observed a higher
Tajima’s D for cell type-specific genes, especially at introns (Fig.
8D). We conclude that the increased variability is a property
of astrocyte- or neuronal pathway-specific genes, not just genes
showing MAE.

Properties of Genes Showing SKE. In earlier sections, we described
σ as a monoallelic skew variable and considered the MAE set
as including only cases where σ was ≥0.35. However, as shown
in Fig. 9, the expression bias represented by σ is a smooth con-
tinuous function. We, therefore, were interested to see if some
of the properties observed for MAE vs. BAE genes are a more
general property of genes with skewed expression. We asked
whether the enrichment for monoallelic expression observed for
cell type-specific genes is only the tip of the iceberg (distribution-
ally speaking) of the more general property of expression bias.
To explore this possibility, we computed the average value of
σ for each gene and divided the genes into two groups: those
expressed in only one cell type (nsc or asl) and those expressed
in both cell types. The results shown in Fig. 9 clearly show a
distributional difference between the two groups, with biased
genes (high σ value) more likely present among cell type-specific
genes (Wilcoxon rank sum test Pvalue� 10−5). We further
investigated whether the distributional difference in σ observed
between the two groups of genes was still present if genes show-
ing the most stringently described MAE were removed from the
analysis. To do this, we removed the 712 genes defined as show-
ing MAE (Fig. 2) from both groups of genes and tested whether
the cell type-specific genes remained more biased in gene expres-
sion compared with the genes expressed in common. The results
are reported in SI Appendix and show that cell type-specific
genes are skewed toward higher σ, even if the MAE gene set is
removed (Wilcoxon rank sum test Pvalue� 10−5). Following
a similar strategy, we performed GO analysis (20) to see if the
ontology categories typically enriched for monoallelic expression

also persist for genes showing moderately skewed expression.
The results of the analysis of GO-ranked genes (reported in SI
Appendix) show that skewed genes (high σ) are enriched for
categories, such as “extracellular region,” “integral component
of the membrane,” “cell adhesion,” and “sensory perception,”
just as are genes showing MAE. This category remains enriched
even if the most skewed genes are removed from the GO
ranked list (SI Appendix). This suggests that skewed expres-
sion may provide some selective advantage for genes involved in
development and communication between cells, at least for the
nervous system.

Discussion
Nag et al. (5) reported cell type-specific preferences for MAE in
mouse lymphoblastoid cell lines using chromatin “signatures” to
identify genes with MAE and suggested a link between MAE and
cell identity. Here, we report direct measurements of monoal-
lelic expression in mouse nscs and in vitro-generated astrocytes.
The use of clonal cells derived from a hybrid of two distantly
related mouse subspecies (J1 and B6) has allowed us to distin-
guish alleles of∼10,000 genes and follow their ratio of expression
during in vitro differentiation of nsc to asl cells (Fig. 2). Our
results confirm and extend previous studies in mouse and human
(5, 7, 8), which have established that (i) a subset of auto-
somal genes can be categorized as displaying MAE; (ii) the
expression state of a given gene, MAE, BAE, or SKE, is per-
sistent in cell culture; and (iii) the MAE category is enriched
for cell type-specific genes, many of which are membrane-
associated genes involved in cell–cell signaling and development.
We find that 26% of astrocyte-specific genes show MAE using
a strict criterion (≥0.85% expression of a given allele; σ ≥
0.35). Use of a more relaxed criterion (≥0.75%; σ ≥ 0.25)
reveals SKE for an even higher percentage of asl-specific genes
(56%) (Fig. 2B).

Several reports have suggested that MAE is important for nor-
mal development as well as disease (3, 30–34). Chess (2), who
first found that odorant genes show MAE, has reviewed random
MAE and XCI and suggested that MAE and resulting cellular
mosaicism have important implications, not only for develop-
ment but also for evolution (2). We (10, 11) and others (18) have
made similar suggestions.

It is widely known that many genotypes display incomplete
penetrance (i.e., variable phenotypes). A dramatic example is the
observation of incomplete concordance among identical twins
for major human genetic disorders, such as schizophrenia and
bipolar disorder (35). A very recent and relevant example is
bistable epigenetic obesity in mice and humans (9). It also is
well known that XCI takes place in the early embryo at about

A B

Fig. 6. Comparison (R) of the mean observed to expected dinucleotide distribution for (A) genes with MAE vs. BAE and (B) genes expressed specifically in nsc
or asl vs. genes expressed in both cell types. Results are shown for the 5′-proximal (blue) and 3′-proximal (red) regions (Fig. 5 shows gene neighborhoods).
*P < 10−2; **P < 10−5; ***P < 10−10; ****P < 10−15 (Mann–Whitney U rank test).
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A B

Fig. 7. Comparison (θ) of the mean dinucleotide variability distribution for (A) genes with MAE vs. BAE and (B) genes expressed specifically in nsc or asl vs.
genes expressed in both cell types. Results are shown for the 5′-proximal (blue) and 3′-proximal (red) regions (Fig. 5 shows gene neighborhoods). *P value<
10−2; **P < 10−5; ****P < 10−15 (Mann–Whitney U rank test).

the time of implantation, and after it is established, it is very
stable; that is, monoallelic expression resulting from stochasti-
cally random XCI during a developmental window is somatically
heritable (2). Somatic heritability is due to epigenetic marks,
which include DNA methylation, laid down during a develop-
mental window. Reasoning from XCI and the prevalence of
variable phenotypes, we proposed a stochastic epigenetic modi-
fication mechanism and did quantitative mathematical modeling
(10, 11). The key assumptions of the stochastic epigenetic mod-
ification model are (i) stochastic and incomplete epigenetic
marking during a relatively short developmental window in the
early embryo, (ii) high-fidelity somatic heritability after the win-
dow of variability is closed, and (iii) the DNA sequence of
cis-located elements, which can be due to retroposons or other
mutations, affects the probability (ρ) of epigenetic marking of
the cis-located gene that is subject to selection. Another assump-
tion is that dosage compensation is absent or incomplete, and
this has been confirmed for most genes with MAE (8, 36).
A significant finding reported here is that skewed expression
rather than strict MAE is quite prevalent. With respect to
the stochastic epigenetic modification model, it is not critical
whether or not at the single-cell level there is complete silenc-
ing. The fundamental assumption is that the ratio of expression
between the maternal and paternal alleles follows a stochastic
rule during the window of opportunity in early development,
becoming fixed when the window closes. Quantitative analytical
and computational modeling of stochastic epigenetic modifica-
tion (11) showed that the fixation of genes in a population
could be greatly accelerated by stochastic epigenetic modifica-
tion. Another unanticipated result of our modeling was that
overdominance is predicted for reasonable values of ρ (e.g.,
0.75). This means that the heterozygote has a selective advan-
tage and will be maintained in the population, increasing genetic
diversity.

Whether or not balancing selection is widespread in mam-
mals has been controversial due to lack of convincing evidence
for more than just a handful of genes. However, by analyzing
SNPs in two human populations, Andrés et al. (13) obtained
strong evidence of excess variation and balancing selection for at
least 60 human genes. In addition, the laboratory of Gimelbrant
and coworkers (7, 18) analyzed nucleotide diversity in genes
having a chromatin signature suggestive of MAE. They con-
cluded that human MAE genes contribute disproportionately to
genetic diversity and are strongly enriched among those genes
identified by Andrés et al. (13) as showing balancing selec-
tion. We confirm for mouse the findings of Savova et al. (18)
for human that genes with MAE are more variable than genes
with BAE. Moreover, we find that nsc or asl cell type-specific

genes are also more variable than genes expressed in both cell
types, overlapping with the MAE set of genes. It remains to
be determined by future work whether genes specific to the
neuronal lineage are more variable than genes in other cell
lineages.

Eckersley-Maslin et al. (36) found that overall DNA methy-
lation was no different between genes showing MAE vs. BAE
in embryonic stem cells or neuroprogenitor cells, but they
did not analyze CpGs or other dinucleotide frequencies. A
potential link of MAE to DNA methylation is suggested by a
study using the MAUD assay: it showed that a set of genes
with a distinct DNA methylation pattern in mouse brain was
enriched for genes with MAE in nscs and also for genes
showing lineage-specific differentiation within the developing
CNS (34).

Savova et al. (18) have reported that, when MAE is compared
with BAE, there is an increase in the density of CpGs in the gene
body and in particular, in the coding portion of the genes. When

A B

C D

Fig. 8. Balancing selection characterizes both MAE genes and cell type-
specific genes (expressed in either nsc or asl but not in both). The Fisher test
was performed, comparing the top 95th percentile Tajima’s D (calculated
from natural mouse populations) observed in different gene neighborhoods
as defined in Fig. 5 and Material and Methods. r is the odds ratio of the num-
ber of top 95th percentile Tajima’s D observed in different groups. *P< 0.05;
**P < 10−3; ****P < 10−10 (Fisher test). (A) MAE vs. BAE. (B) MAE vs. BAE
for cell type-specific genes. (C) MAE: cell type-specific genes vs. both cell
types. (D) All expression (MAE or BAE): cell type-specific vs. genes expressed
in both cell types.
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Fig. 9. Developmental genes are associated with SKE expression. The
cumulative density distribution is shown for the variable mean of σ

(Eq. 1) for genes expressed in both cell types (blue) or only one cell type
(red).

we analyzed the 5′-proximal region, we observed that, in con-
trast to the gene body, CpGo/e is lower for mouse genes that
show MAE vs. those that show BAE, and there is increased
dinucleotide variability, especially at CpGs (Fig. 6). This differ-
ence persists if housekeeping genes are removed from the anal-
ysis (SI Appendix). This finding led us to extend our variability
analysis to different mouse strains by using Tajima’s D statistic,
which yields a positive value for gene regions under balanc-
ing selection (29). We found that the gene body (coding region
plus introns) and 3′-proximal regions (but not promoters and 5′-
proximal regions) of the MAE genes show a significant positive
Tajima’s D statistic compared with BAE genes (Fig. 8A). House-
keeping genes are known to have G + C (GC)- and CpG-rich
promoters, with expression levels correlated with GC richness
(37). Highly expressed housekeeping genes are also known to
be under purifying selection (38), which would yield a negative
Tajima’s D statistic. We, therefore, searched for sites with low
Tajima’s D statistic in BAE or housekeeping genes and found
no enrichment compared with MAE genes. This is in agree-
ment with Savova et al. (18), who found that purifying selection
similarly affects MAE and BAE genes. Therefore, the relative
increase in Tajima’s D statistic in MAE genes is not likely due to
a decrease in D score of BAE genes, and it is suggestive of bal-
ancing selection. We next found that the difference seen between
MAE and BAE genes was mainly due to differences between
cell type-specific genes and those genes expressed in both cell
types (Fig. 8D). We conclude that there is an important, pre-
viously unappreciated difference in the variability and Tajima’s
D statistic in the coding regions and introns of cell type-specific
genes compared with those expressed by both cell types (includ-
ing housekeeping genes). Cell type-specific genes are enriched
for developmentally important, cell–cell, and cell–environment
sensing genes. It is these genes, not just MAE genes, that our
data suggest have a positive Tajima’s D statistic and are likely
to be under balancing selection, resulting in increased genetic
diversity.

We also addressed the question of whether SKE is subject
to similar selection pressure as MAE. Our analysis, shown in
Fig. 9, suggests that it is, since cell type-specific genes are
skewed toward higher allele-specific expression bias, even when
genes meeting our strict definition of MAE are removed (SI
Appendix). Genes showing SKE were also found to be similarly
enriched for the same GO categories as cell type-specific genes
(SI Appendix). We suggest that skewed expression, resulting from
stochastic epigenetic modification during a short developmental
window, is evolutionarily important for giving each cell a unique
cellular identity, with MAE genes being extreme examples of
SKE genes.

Materials and Methods
Single-cell RT-PCR. All mouse procedures were approved by the Institutional
Animal Care and Use Committee at City of Hope (American Association for
Laboratory Animal Care approval 000720). After euthanasia of postnatal
(7.5 d) B6× JF1 mice and dissection of hippocampi, the Worthington Papain
Dissociation System was used to isolate neurons. Cells were diluted to one
cell per 2 µL and distributed to 48-well plates. Wells containing single cells
were identified microscopically. After addition of Tri-zol and ethanol (50 µL
each), RNA was transferred to a Zymo spin collection column (Direct-zol RNA
Microprep Kit; Zymo). Each RNA sample was eluted with 12 µL of water and
added to a Bioneer Accupower Dual-Hotstart RT-PCR pellet. After addition
of primers, the mixture was transferred to 0.65-mL thin-walled Eppendorf
tubes, and RT-PCR was performed for 35 cycles. The percentage B6 expres-
sion was determined as previously described (8). Ncam1 and Gstm5 cDNA
primers are listed in SI Appendix.

High-Throughput Sequencing. Clonal nsc lines were cultured and differen-
tiated, and RNA was prepared for high-throughput (Illumina) sequencing
as previously described (4, 8). A JF1 genomic SNP library was also created
by use of Illumina sequencing. Briefly, short reads from JF1 DNA-seq were
mapped to the mouse genome (GRCm38/mm10) using BWA (v. 0.7.5a) with
default settings. Pileup of the sequences was created by samtools (v.0.1.19).
The Genome Analysis Toolkit (v.1.4-17) was used with a minimum phred-
scaled confidence threshold of calling a variant at 30 and other parameters
at default settings. The JF1 DNA SNPs were further filtered with depth of
coverage≥5 and quality≥30 with consensus probability≥0.9. Although we
have obtained JF1 DNA SNPS for the whole genome, monoallelic expression
was assessed using JF1 SNPs located in the exons of Refseq genes. Short reads
from RNA-seq were mapped to the mouse genome using TopHat (v.2.014).
We allowed the reads to have a maximum of one hit in the genome, and
reads with more than seven mismatches were discarded. The inner distance
between mate pairs was set at 200 bp, and other parameters were set at
default. Expression of Refseq genes was measured as fragments per kilobase
of transcript per million mapped reads and was calculated using Cufflinks
(v.2.2.1) with default settings.

During the course of this study, another JF1 genomic SNP library was
independently published (39).

Mathematical Definitions.
Monoallelic expression. The probability for each gene i to be expressed
from the B6 allele is

PB6
i =

CB6
i

Ctot
i

, [2]

where Ctot
i = CB6

i + CJf1
i is the total number of SNP counts observed at locus

i and CB6
i and CJF1

i are the numbers of SNP counts assigned to the B6 or JF1
haplotype, respectively (ref. 8 has details).

Moreover, for each gene i, the exact binomial test was used to check
the null hypothesis H0 : PB6

i = P JF1
i = 0.5, and the probability pi of rejecting

the hypothesis that expression i was biallelic was computed. Finally, FPKMi ,
obtained from RNA-seq experiments, was used as a measure of the level of
expression of each gene. Defining S as the set of all of the samples, a gene i
shows MAE for a sample k∈ S if σik ≥ 0.35, pik < 0.05, Ctot

ik ≥ 10, FPKMik ≥
3. We define the set MAE as the set of all genes with MAE in at least one
sample and defined as BAE genes that are expressed (i.e., with FPKM≥ 3)
but that do not display MAE in any sample. Finally, we define MAEnsc and
MAEasl as the sets of genes that show mae in nsc or asl, respectively, but not
both. Similarly, BAEnsc and BAEasl are genes that are expressed (i.e., with
FPKM≥ 3) in asl or nsc, respectively, but that do not display MAE in any
sample. For cSNP-seq analysis,

BAE = AE−MAE, [3]

where AE is the set of all autosomal expressed genes in our experiments;
MAEcell−type and BAEcell−type are the sets of genes showing autosomal
monoallelic and biallelic expressions, respectively; and cell type can be nsc
or asl. Formally,

MAEnsc′
= MAEnsc −MAEasl, [4]

MAEasl′
= MAEasl −MAEnsc, [5]

and
MAE∩ = MAEasl ∩MAEnsc

. [6]

Analogously, we can define BAEnsc′ , BAEasl′ , and BAE∩ for BAE (Fig. 2).
We define NEGik as not expressed (with i∈ALLG and k∈ S) if its
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expression cannot be classified as monoallelic (MAEik) or biallelic (BAE);
formally,

NEGik =¬BAEik ∧¬MAEik, [7]

where ALLG is the set of all genes i in our experiments with FPKMik ≥
3 in at least one sample k. The results are shown in Fig. 4, where each
data point (i.e., gene, cell line, and developmental state) is considered
independently.

Observed/expected dinucleotide frequency.

NpMo/e =
f(NpM)

f(N)× f(M)
, N, M∈{A, T , C, G}, [8]

with f(NpM), f(N), f(M) equal to the frequency, in the region of interest, of
the dinucleotide NpM, respectively (Fig. 6)

Tajima’s D statistic.

D =
Π− S/a√
V(Π− S/a)

, [9]

where Π is the average number of pairwise mismatches observed in a set of
sequences, S is the number of segregating sites in a sample of n sequences,
a =

∑n−1
i=1 1/i, and V(·) is the operator for the variance.
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