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ABSTRACT

Recently, data on ‘random’ autosomal monoal-
lelic expression has become available for the en-
tire genome in multiple human and mouse tis-
sues and cell types, creating a need for better ac-
cess and dissemination. The database of autoso-
mal monoallelic expression (dbMAE; https://mae.
hms.harvard.edu) incorporates data from multiple re-
cent reports of genome-wide analyses. These include
transcriptome-wide analyses of allelic imbalance in
clonal cell populations based on sequence polymor-
phisms, as well as indirect identification, based on a
specific chromatin signature present in MAE gene
bodies. Currently, dbMAE contains transcriptome-
wide chromatin identification calls for 8 human and
21 mouse tissues, and describes over 16 000 murine
and ∼700 human cases of directly measured biased
expression, compiled from allele-specific RNA-seq
and genotyping array data. All data are manually cu-
rated. To ensure cross-publication uniformity, we per-
formed re-analysis of transcriptome-wide RNA-seq
data using the same pipeline. Data are accessed
through an interface that allows for basic and ad-
vanced searches; all source references, including
raw data, are clearly described and hyperlinked. This
ensures the utility of the resource as an initial screen-
ing tool for those interested in investigating the role
of monoallelic expression in their specific genes and
tissues of interest.

INTRODUCTION

Autosomal monoallelic expression (MAE) refers to mitot-
ically stable, epigenetically controlled allele-specific expres-
sion of autosomal genes, with the initial non-predetermined
(‘random’) choice of the transcriptional activity of the two
alleles maintained in a given clonal cell lineage [recent re-
views include (1–3)]. It is thought to result in massive diver-
sity between cells within the same tissue.

MAE is a relatively recent addition to the number of
known epigenetic mechanisms that involve separate regu-
lation of the two alleles’ activity in mammalian cells, in-
cluding X-chromosome inactivation (4), allelic exclusion in
immunoglobulin loci (5) and genomic imprinting (6). After
discovery of random allelic inactivation of olfactory recep-
tor genes (7), there were scattered reports of MAE in a va-
riety of mouse genes, including Il4 (8) and innate immunity
receptor Tlr4 (9).

The advent of transcriptome-wide approaches – based
first on hybridization to arrays (10,11) or beads (12) and
then RNA sequencing (13–16) – revealed that MAE is
widespread in human and mouse cells. Analysis of allelic
expression in a limited number of clonal cell lines indicated
that a small percentage of genes in a given cell type were sub-
ject to MAE. Importantly, for most genes subject to MAE,
in some clonal lines the gene was expressed equally from
both alleles. This makes the detection of MAE strongly de-
pendent on the number of clonal lines available: the more
lines analyzed, the higher the likelihood that MAE status
for a gene will be detected in at least one line.

In addition to isogenic clonal cell lines, the approaches
used in these studies depend on the existence of polymor-
phisms between maternal and paternal copies of a gene. Ac-
cordingly, much higher polymorphism density in F1 hybrid
mouse crosses [e.g. (11)] compared to heterozygosity in hu-
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man samples [e.g. (10)] resulted in a much greater fraction
of genes being informative.

Recently, it was shown that MAE can be identified re-
gardless of sequence variation, on the basis of a charac-
teristic signature of chromatin modifications in human (13)
and mouse (14) cells. Based on this approach, the ability to
classify genes as MAE or biallelically expressed has become
available for the entire genome in multiple tissues and cell
types in two organisms, human and mouse, creating a need
for better data access and dissemination.

THE MAE DATABASE

The database of autosomal MAE genes described here is
targeted to researchers interested in investigating MAE in
individual genes or groups of genes. We compiled infor-
mation from multiple reports of allele-specific expression
and chromatin signature of MAE genes. Note that the re-
lationship between chromatin modifications we assessed
and allele-specific silencing has not been established for im-
printed genes (17) or genes on the X chromosome. The same
is the case of olfactory receptor genes, the largest gene fam-
ily in mammalian genomes, for which expression of one al-
lele per neuron is thought to be obligatory (18). Finally, we
did not incorporate data from single-cell sequencing studies
of allele-specific expression [e.g. (19)] since it is not yet clear
how to distinguish mitotically stable autosomal MAE from
stochastic transcription in single cells.

Data organization, accuracy and uniformity

dbMAE contains two broad classes of data: direct measure-
ment of allelic expression (im)balance (termed ‘experimen-
tal’) and indirect chromatin-based inference (‘inferred’).
Only data from peer-reviewed publications is included. The
database maintains a clear distinction between these types
of evidence, listing the entry’s MAE status according to all
available sources. The user can also access the full set of data
for each gene.

The data are organized into separate tables containing
gene information in the form of unique database ID – a gene
symbol, or RefSeq/Entrez ID; and experimental or predic-
tion data for each unique gene ID in each tissue. At the time
of this publication, transcript-specific data on monoallelic
expression is not available. For example, (13,14) considered
only the longest transcript for that gene, without parsing
reads between overlapping isoforms. However, the database
structure allows for seamless integration of future transcript
specific data.

The allelic expression data (RNA-seq and microarray) is
taken from six recent studies (10,11,13–15). To ensure uni-
form criteria of monoallelic and biallelic expression, the
data are analyzed and curated according to the method de-
scribed in (13). Briefly, biased expression in a clonal sam-
ple is called if a gene’s cumulative variant counts on phased
SNPs pass the FDR-corrected binomial test, and the gene
is biased at least 2:1 in favor of either allele. The former con-
dition ensures that technical noise due to low coverage will
not be translated into monoallelic calls. The latter condition
buffers against the binomial test’s hypersensitivity to small
deviations from 50:50 in highly covered genes. Further, em-
pirical monoallelic expression in a cell type is called if at

least one clonal line belonging to this cell type has shown
monoallelic expression. Note that some instances of biased
expression may be due to genetic bias rather than epigenetic
MAE. Thus the experimental data are best interpreted in
the broader context of all data available for the gene, and in
conjunction with the predictions from chromatin analysis.

The inference of MAE from chromatin signature, de-
scribed and validated in (13,14), involves a decision-tree uti-
lizing information about the overall input-normalized en-
richment of H3K27me3 and H3K36me3 integrated over the
gene body. The co-occurrence of those marks is a strong in-
dication of MAE. Inferred monoallelic or biallelic expres-
sion status in a given tissue is assigned if the gene: (i) has
the chromatin signature of MAE in that tissue and (ii) is
ranked on the top half of all genes by expression level. This
standard cut-off was adopted in (14) and retroactively ap-
plied to data from (13) to achieve a unified approach. Since
MAE is known to be a tissue-specific phenomenon, it is suf-
ficient for a gene to be inferred MAE in one tissue to be clas-
sified as ‘Monoallelic’ in the database. To achieve inferred
‘Biallelic’ status, a gene must not be inferred monoallelic in
any tissue. In addition to the categories ‘Monoallelic’ and
‘Biallelic’, we include a category ‘Undetermined’, which in-
dicates that evidence for MAE exists only from chromatin-
based method and is detected only at very low expression
levels, where its validity has not been extensively studied.

At the time of publication, the database contains MAE
calls for over 700 human and 16 000 mouse genes with ex-
perimental evidence of allelic bias as assessed in four tissue
types. There are close to 5000 corresponding positively con-
firmed instances of biallelic expression in human and more
than 21 000 in mouse. In addition, the database includes
MAE and biallelic calls based on genome-wide chromatin
analysis for seven human and 21 murine cell types and tis-
sues.

Usability and maintenance

The database is publicly available and searchable via http://
mae.hms.harvard.edu. Searchable fields include gene name,
cell or tissue type and organism as well as gene allelic ex-
pression status. The gene name field accepts common gene
names, Ensembl, RefSeq and Entrez IDs.

Search functionality is divided into basic and advanced
modes (see online supplementary). In basic mode, the user
can check if a gene is inferred or measured to have monoal-
lelic expression in mouse or human tissues (e.g. Msx2), or
how classes of genes behave (by checking the ‘Search for
gene class prefix’ option and entering a partial name, e.g.
‘Msx’).

More complex searches can be carried out after clicking
the ‘Advanced’ button. For example, it is possible to check
the status of a gene in a specific organism and tissue (e.g.
‘Msx2’ with Organism: ‘Mouse’ and Tissue: ‘NeuronalPro-
genitor GSE54016’). Advanced mode also allows searching
by status to check if a class of genes is inferred/known to be
monoallelically expressed anywhere (e.g. ‘Msx2’ with Sta-
tus: ‘Monoallelic’ and Organism/Tissue: ‘Any organism’),
or if a gene is inferred/known to show monoallelic expres-
sion in mouse fibroblasts specifically (‘Msx2’ with Status:
‘Monoallelic’ and Organism/Tissue: ‘Mouse Fibroblast’).

http://mae.hms.harvard.edu
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Figure 1. Results of queries to the databases can be examined to greater specificity by clicking on fields of interest. Shown are data panels from pages
resulting from simple query by gene symbol ‘Msx2’. Gene page: Indicates overall gene status in the organisms currently in the database. ‘Monoallelic’
indicates that there is some evidence for monoallelic expression in at least one tissue. Tissue page: Accessed upon clicking one of the entries in the ‘gene
page’; indicates inferred and experimental status of the gene in the selected organism in each tissue. Headers can be clicked to sort alphabetically. Clicking
the ‘Download as csv’ button results in a csv file with the data as presented on the page. Data page: Accessed upon clicking one of the entries in the ‘tissue
page’. The chromatin mark section shows quantile rank values for the chromatin marks H3K27me3 and H3K36me3 in the selected tissue for the query
gene. The experimental data section shows clonal cell lines derived from the tissue in question, and whether the query gene was positively called (“1”) or
undetermined (“0”) to be either biased or unbiased in each line.
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To maintain a balance between providing the user with
all available evidence and presenting it in a usable form,
as a first step, we indicate whether a gene shows any ev-
idence for MAE for a given context specified during the
search (e.g. in any tissue type in either organism, or in a spe-
cific tissue/organism). Thus, a user is first presented with all
matching searches in a summary page, where each match-
ing entry is described as ‘monoallelic’ if it is either inferred
or empirically determined to be monoallelic in at least one
tissue (Figure 1). Clicking on the entry of interest opens the
tissue page, where inferred and experimental data are de-
scribed for each tissue or cell type. Clicking on the name
of a specific tissue shows data used for prediction and/or
allelic expression data from individual clones.

In addition, we have implemented a basic batch mode,
where multiple comma-separated gene IDs can be entered.
This yields all individual database entries for these IDs, in a
comma-separated format.

Note that the inferred and experimental data do not nec-
essarily come from the same biological sample, but are nev-
ertheless matched for comparison purposes. For example,
the experimental data on neuronal progenitor cells derived
from datasets GSE54016 and E-MTAB-1822 are presented
as separate datasets, since they involve different experiments
from different labs. At the same time, both are compared
with the same chromatin-based inference on neuronal pro-
genitor samples.

Furthermore, measured and inferred allelic expression
statuses are not always identical for the same cell or tissue
type. Biological differences between samples, for instance
due to genetic background or clonal derivation, may explain
some of these inconsistencies. Limitations intrinsic to both
approaches may also play a role. For instance, when assess-
ing MAE using RNA-Seq in heterozygous clonal lines, the
number of clonal lines assessed may not be sufficient to cap-
ture MAE that normally happens in a small proportion of
cells. Conversely, chromatin signature may capture unsta-
ble MAE, or be confounded by bimodal distribution of ex-
pression across cells (e.g. if a gene is completely shut down
in some cells, but is biallelic in other cells, we will observe
a co-occurrence of chromatin marks for silencing and ac-
tive transcription similar to those observed with MAE) [see
(13,14)]. These approaches are complementary and present-
ing allelic expression and chromatin signature data side by
side should be beneficial to users.

The database is maintained by the corresponding au-
thors. Submissions of new or updated information based on
peer-reviewed publications are encouraged.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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