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Parallels between Mammalian Mechanisms

of Monoallelic Gene Expression
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Different types of monoallelic gene expression are present in mammals, some
of which are highly flexible, whereas others are more rigid. These include allelic
exclusion at antigen receptor loci, the expression of olfactory receptor genes,
genomic imprinting, X-chromosome inactivation, and random monoallelic
expression (MAE). Although these processes play diverse biological roles,
and arose through different selective pressures, the underlying epigenetic
mechanisms show striking resemblances. Regulatory transcriptional events
are important in all systems, particularly in the specification of MAE. Combined
with comparative studies between species, this suggests that the different MAE
systems found in mammals may have evolved from analogous ancestral
processes.

Introduction

In mammals, many genes show monoallelic expression (MAE, see Glossary), often in a
lineage- or tissue-specific manner (Table 1 and Box 1). The first known example concerned
antigen receptor (AgR) loci, which undergo a genetic recombination process called V(D)J
recombination (Box 2). Each developing B or T lymphocyte generates one functionally
expressed gene, on only one of the two parental chromosomes [1,2]. Analogously, in olfactory
neurons, olfactory receptor (OR) genes are regulated such that only one of many genes is
randomly ‘chosen’ to become activated, and on only one allele [3]. The MAE of OR genes,
however, is orchestrated entirely by epigenetic processes [4]. MAE in neurons at protocadherin
gene clusters shows similarities to OR expression [5]. Many individual genes also display
random MAE (RMAE), which further contributes to the diversification of cellular identity [6], and
provides functional specificity. X-chromosome inactivation serves a somewhat different bio-
logical purpose. This epigenetic process stably inactivates genes on one of the two X
chromosomes in female embryos, and thus compensates gene dosage between females
(which have two X chromosomes) and males (one X) [7,8]. In another epigenetic dosage
mechanism, called genomic imprinting, autosomal genes become expressed in a monoallelic
manner. The allelic expression of imprinted genes is different from other MAE systems in that it
is non-random and is determined by the parental origin of the allele [9,10].

Although the MAE systems are functionally different (Table 1), they display similar regulatory
mechanisms. Chromatin modifications differentially mark active and repressed alleles at one or
multiple steps of the process. There is growing evidence for the involvement of transcriptional
events as well. Differentially expressed non-coding RNAs (ncRNAs) play diverse roles in MAE,
often through chromatin regulatory effects on close-by genes. Another level of convergence
concerns the higher-order architecture of chromatin domains, which also contributes to MAE.
We will not discuss this topic in depth because excellent reviews covering this topic are
available [4,11-14]. We introduce MAE systems in mammals and highlight similarities between

954 Trends in Genetics, December 2018, Vol. 34, No. 12
© 2018 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.tig.2018.08.005

Highlights

MAE systems have diverse biological
roles, but show similarities in the
underlying epigenetic mechanisms.

Transcriptional events and non-coding
RNAs are associated with the initiation
of MAE.

Differential modification and architec-
tures of chromatin are also important in
MAE.

The different MAE systems found in
mammals may have evolved from ana-
logous ancestral processes.

TInstitute of Pharmacology and
Structural Biology (IPBS), Centre
National de la Recherche Scientifique
(CNRS) and Paul Sabatier University
(UPS), 205 route de Narbonne, 31077
Toulouse, France

2nstitute of Molecular Genetics of
Montpellier (GMM), CNRS and the
University of Montpellier, 1919 route
de Mende, 34293 Montpellier, France

*Correspondence:
robert.feil@igmm.cnrs.fr (R. Feil) and
ahmed.khamlichi@ipbs.fr

(A.A. Khamlichi) .

@ CrossMark


mailto:robert.feil@igmm.cnrs.fr
mailto:ahmed.khamlichi@ipbs.fr
https://doi.org/10.1016/j.tig.2018.08.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tig.2018.08.005&domain=pdf

the mechanisms by which MAE is established and maintained. Instead of providing compre-
hensive descriptions, we present examples of convergence between different types of MAE.
The ostensibly diverse mechanisms may have evolved from comparable ancestral processes,
with gradual acquisition of more stable and diversified MAE, for instance through adaptation of
DNA methylation or by inclusion of genetic recombination as part of the process.

Monoallelic Systems Evolved through Different Biological Constraints
X-inactivation compensates for gene dosage between males and females, and controls genes
across the X chromosome, except at the pseudo-autosomal regions (PARs) that are,
present on both the X and the Y chromosome. In mice and humans, random X-inactivation
is initiated in the early embryo through upregulation of the long ncRNA (IncRNA) Xist (X-inactive
specific transcript) from one of the two alleles in each cell [7]. This triggers diverse repressive
events on the chosen X chromosome, including exclusion of RNA polymerase |l, installation of
repressive histone modifications, and acquisition of DNA methylation at promoters [7,8].

Autosomal genes controlled by genomic imprinting play essential roles in development,
metabolism, and behavior. As opposed to other MAE systems, their monoallelic expression
is deterministic [9]. In the embryo, some imprinted genes are expressed from the maternal,
oocyte-inherited, allele only, whereas others are expressed only from the paternal, sperm-
inherited, allele, with no distinction between males and females [9]. Imprinted genes are
clustered and fundamental to their allelic expression are DNA methylation marks at imprinting
control regions (ICRs) that originate from either the sperm or the oocyte [15,16]. It is this
differential methylation at ICRs that brings about imprinted gene expression in the embryo at
many domains by mediating allelic expression of regulatory INcCRNAs [15].

Recent mouse studies have revealed a mechanistically different type of genomic imprinting that
is controlled by repressive histone H3 lysine 27 trimethylation (H3K27me3) acquired in the
oocyte [17]. At multiple genes, maternal H3K27me3 imprints bring about a transient, partial
repression of the maternal allele in the preimplantation embryo [18]. Interestingly, oocyte-
acquired H3K27me3 also represses the maternally inherited allele of Xist in post-fertilization
female mouse embryos [19], and this triggers imprinted X-inactivation, which we discuss
below.

Adaptive immune responses in vertebrates rely on the ability of B and T lymphocytes to express
a large and diverse repertoire of AgRs that can recognize countless antigens. In jawed
vertebrates, AgR diversity is generated by V(D)J recombination that is catalyzed by the
recombinase complex RAG1/RAG2 (hereafter called ‘RAG’), which recognizes conserved
‘recombination signal sequences’ (RSSs) that flank the recombining segments of AgR loci
[2]. Although B cell receptor (BCR) and T cell receptor (TCR) loci share similar RSSs and use
the same recombination machinery, full V(D)J recombination at BCR loci occurs in B cells only,
and that of TCR lociin T cells specifically, leading to monospecific B and T cells respectively [1].

In the same way as the humoral immune system recognizes antigens that vary in size and
structure, the olfactory system can discern subtle differences among simple or complex
mixtures of odorants. This discriminatory power is mediated by a vast repertoire of cell-surface
G protein-coupled chemosensory receptors. The ORs comprise the largest family [4]. Each
olfactory sensory neuron achieves selectivity by restricting expression to a single allele of one
OR gene, and by keeping silent the second allele as well as all other OR genes, whether present
on the same or a different chromosome. This ensures that each neuron will respond only to
specific odorants (and will converge to specific glomeruli in the olfactory bulb).
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Glossary

Allelic exclusion: ensures MAE at
olfactory and antigen receptor loci
and the functional identity of sensory
neurons or lymphocytes.

Antigen receptor (AgR): molecules
that can bind antigens and are
expressed on the surface of B
lymphocytes (immunoglobulin or B
cell receptor, BCR) or T lymphocytes
(T cell receptor, TCR).

B cell receptors (BCRs): molecules
that can bind antigens and are
expressed on the surface of B
lymphocytes (also called surface
immunoglobulins).

CpG islands: region up to several
kilobases in length that are rich in
CpG dinuclectides. Most CpG
islands are unmethylated and
comprise promoters.

Differentially methylated region
(DMR): a region at which DNA
methylation marks one of the
parental alleles only.

Enhancer of Zeste homolog-2
(EZH2): a methyltransferase of
histone H3 lysine 27 (H3K27) that is
part of the PRC2 complex.
Imprinting control region (ICR): a
CpG island (-like) sequence with a
germline-derived epigenetic mark
that controls the parental allele-
specific expression of nearby genes.
Monoallelic expression (MAE):
expression uniquely, or
predominantly, from one of the two
gene copies (alleles). MAE can be
random or deterministic.

Olfactory receptors (ORs): G
protein-coupled chemosensory
receptors expressed on the surface
of olfactory neurons.

Polycomb repressive complexes
(PRC1 and PRC2): complexes
composed of Polycomb group
proteins that mediate repressive
histone modifications and gene
silencing.

Pseudo-autosomal region (PAR):
region(s) that are homologous
between the X and Y chromosomes,
and undergo recombination between
X and Y during meiosis.

Random monoallelic expression
(RMAE): a term often used to
indicate transient random MAE at
individual genes in stem and
differentiated cells.

Recombination centers (RCs):
encompass approximately the
‘joining’ (J) region of antigen receptor
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The rapidly expanding repertoire of genes that display RMAE include those encoding inter-
leukins, natural killer cell receptors, pheromone receptors, protocadherins, and many single-
copy genes [5,6,20]. Genes with RMAE often encode cell-surface proteins. It has therefore
been proposed that MAE may have evolved to provide a unique identity to individual cells, and
specificity to cellular functions [6]. Concordantly, random MAE gene alleles display high genetic
diversity within human populations [21].

Mechanistic Models of MAE

With the exception of autosomal imprinted genes and imprinted X-inactivation, where allelic
expression is predetermined by germline acquired epigenetic marks, and the special case of
AgR loci (see below), the initial choice of the allele to be expressed or repressed is stochastic.
Although stochastic choice remains poorly understood, several scenarios have been evoked
[7,20,22-25]. These include limiting concentrations of transcription factors (TFs) that are
recruited to promoters or other key regulatory regions, infrequent assembly of the transcrip-
tional machinery, and differential kinetics of juxtaposition of distant regulatory elements
between the alleles. Notwithstanding, a monoallelic choice involves a stochastic initiation step
in which there is a high chance to activate one allele only before the possible activation of the
other(s). This activation process may initially be inefficient and slow, and takes place during a
limited window of time. The monoallelic gene activation is followed by a maintenance step, and
this often ensures that the ‘lagging’ allele(s) will remain silent.

At AgR loci, asynchronous replication set up during early development was proposed to be an
epigenetic mark that potentiates monoallelic recombination [26]. At the Igk locus, the allele that

Table 1. MAE in the Mouse

Genetic loci

Immunoglobulin
gene (lg) loci: IgH
IgL: Igk, Igh

T cell receptor (TCR)
loci: TCRB, TCR«

Olfactory receptor
(OR) genes

Protocadherin genes

RMAE of unique
genes

Genomic imprinting
at autosomal genes

X-chromosome
inactivation in
females

Chromosome (Chr.); gene numbers

IgH: Chr. 12
lgk: Chr. 6
Igi: Chr. 22

TCRp: Chr. 6
TCRa: Chr. 14

>1400 genes
Many gene clusters

58 genes
Three autosomal gene clusters

>1000 genes
Autosomal and X chromosome

~120 protein- coding genes
Hundreds of regulatory ncRNAs

X-linked genes (~2000)
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Nature of monoallelic
expression

Random, in B cells;
>10"° possible
different
immunoglobulins

Random, in T cells;
>10® possible
different TCRs

Random

Random, tissue-
specific

Random, often
tissue-specific

Deterministic, often
tissue-specific

Random,
deterministic
(imprinted); early
embryo and
trophoblast

Mechanism(s) involved

Genetic recombination,
chromatin alterations, NncRNA

Genetic recombination,
chromatin alterations, NncRNA
transcription

Epigenetic, predominantly
chromatin modifications

Epigenetic, promoter choice
and alternative splicing

Epigenetic, histone
methylation

Epigenetic, DNA methylation,
chromatin modifications,
IncRNAs

Epigenetic, INcRNAS,
chromatin modifications,
DNA methylation
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loci. They feature high levels of
transcription, active chromatin, and
RAG binding.

Stochastic choice: the probability
to activate/repress an allele is
comparable between the two or
more alleles present. This makes
allelic choice random.

T cell receptors (TCRs): molecules
that can bind antigenic peptides and
are expressed on the surface of T
lymphocytes.

X-inactivation center (Xic): the
locus which controls X-inactivation in
mammals and expresses the INCRNA
Xist (X-inactive specific transcript).

Biological function(s) Refs

Immune system: expression
of one heavy chain and one
light chain in each B cell

[2,25]

Immune system: expression
of one B and one a
polypeptide in each af T cell

[2,65]

Olfaction: expression of one
receptor per olfactory neuron

[4,24]

Neurons: cell-surface
diversity, signaling, neuronal
survival

[6,124]

Not clear: may provide [6,20]

diversity in cell identity

Not clear: genes involved in ~ [9,10,52]
development, metabolism,

and behavior

Compensates for differential ~ [7,11,12]
dosage of gene expression

between females and males



Box 1. Approaches and Precautions in Assessing MAE

Different approaches are used to detect MAE. To study random X-inactivation, MAE of OR genes, and other random
systems, RNA FISH can be used, but this is less suitable for poorly expressed genes. Alternatively, single-cell RNA
sequencing can be applied to hybrid animals with genetically different parental genomes, with again a handicap for
poorly expressed genes. For AgR loci, crosses between mice with different genetic backgrounds, cell sorting, and
quantitative RT-PCR can reveal allelic differences and help to determine MAE at the cell surface of individual immune
cells. Because at imprinted genes the same parental allele is expressed in all cells, PCR can be performed on cDNA of
tissues of hybrid animals, followed by allelic discrimination using single-nucleotide polymorphisms (SNPs). Imprinted
gene loci have also been pinpointed through the presence of DMRs. Current RNA-Seq protocols yield many reads
across polymorphic nucleotides, and even minute allelic expression differences become statistically significant. How-
ever, a smaller than twofold allelic difference may not be biologically relevant. The stringency of bioinformatics and
applied thresholds also influences how many genes emerge [119,120], and divergent analytical approaches have given
rise to highly discordant estimates of imprinted gene numbers [120]. Furthermore, apparent MAE may result from
genetic differences between the parental alleles [121,122]. Gene regulatory sequences in humans frequently contain
SNPs that are linked to different levels of DNA methylation which also influence gene expression [122]. In mice, genetic
background effects can be ruled out by performing reciprocal crosses between different inbred strains. Classical PCR-
based approaches can be used to confirm RNA-Seq data, and to prove that allelic differences are indeed transcriptional
in nature, nascent RNA fluorescent in situ hybridization (FISH) can be applied [123]. In addition to limited tissue
availability, cell contamination may also affect studies on embryonic lineages. For placental tissue, for instance,
contaminating maternal cells can often give rise to apparent maternal allele-specific expression of genes of interest
[121].

replicated earlier in the early embryo was generally the first to recombine at the right B cell
developmental stage [26]. This deterministic model does not exclude an element of stochas-
ticity because the paternal and the maternal alleles have an equal chance to undergo early
replication, and in the whole B cell populations both alleles would be equally marked and
represented [23]. For AgR loci, nevertheless, the important question of stochastic choice
versus deterministic selection of the allele remains controversial [27,28]. In mouse embryonic
stem and differentiated cells, MAE does not generally correlate with asynchronous replication
timing [29]. In various instances, asynchronous replication can also not explain initiation of MAE,
notably in systems where multiple gene clusters are scattered across different chromosomes,
such as OR loci, or AgR loci in cartilaginous fish [20,30,31], discussed below.

Compared to the initiation process, the mechanisms that maintain MAE are relatively well
understood. For some systems, this involves feedback inhibition of the other allele(s) that may
be enforced by additional layers of regulation such as up- or downregulation of key effectors,
chromatin modifications, and nuclear localization changes. Enforced expression of an alterna-
tive splicing product of the E2A transcription factor, for instance, antagonized the feedback
inhibition of TCRB rearrangements (Box 2). This suggests that allelic exclusion is influenced
by the relative abundance of key TFs [32].

OR genes illustrate the hypothesized role of differential nuclear localization in the regulation of
MAE. Repressed OR genes aggregate centrally in the nucleoplasm, forming distinct foci that
feature interchromosomal interactions [33], whereas the single transcribed allele is localized
outside these foci [34]. Enhanced expression from the single active OR gene elicits a negative
feedback mechanism by inducing the unfolded protein response. This endoplasmic reticulum
pathway [35,36] may act as a first checkpoint, before cell-surface expression of the chosen OR
and its feedback signaling. The latter is important for the maturation of olfactory sensory
neurons and their functional identity, and stabilizes both OR gene expression and silencing
[37,38].
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Box 2. Brief Outline of Allelic Exclusion in Mice

AgR loci comprise variable (V), diversity (D), and joining (J) gene segments (Figure I). Before recombination, AgR loci are in a ‘germline configuration’. The J regions —
called recombination centers (RCs) — show non-coding transcription, active chromatin, and RAG binding controlled by close-by enhancers. RCs provide ideal
environments for the initial cleavage of RSSs and for recruiting a physically distant V segment by large-scale chromatin looping/contraction. Theoretically, each locus
can randomly assemble different V, (D), or J segments on both alleles through V(D)J recombination, and potentially encode multiple AgRs with different specificities.
The vast majority of lymphocytes, however, only produce a single monospecific AgR.

V(D)J recombination (the figure shows the IgH locus) is associated with various transcriptional events and chromatin modifications, and is regulated by ‘accessibility
control elements’, including enhancers, insulators, and promoters, in a cell type- and developmental stage-specific manner. Additional levels of regulation include 3D
architecture, nuclear location, trans-acting factors, and large-scale chromosome dynamics [2,14]. AgR loci recombine in an ordered manner. In developing B and
ofT cells, rearrangements of immunoglobulin heavy chain (IgH) and TCRp loci precede those of immunoglobulin light chain loci (Igk and Iga) and TCRa respectively.

Atthe IgH and TCRB loci, D to J recombination occurs on both parental alleles, and a V segment is then appended to a DJ segment. Although they have the potential
to undergo bi-allelic recombination, one allele heads first for V-DJ recombination. Junctional diversification mechanisms randomly add or delete nucleotides at D-J
and V-DJ junctions such that only ~1/3 of rearrangements are productive (i.e., in the correct reading frame for the production of Igw. heavy-chain or B polypeptide).
Igr and B chains assemble with other proteins to form the pre-BCR and pre-TCR respectively. A signal emitted from the surface by the pre-BCR or the pre-TCR
instructs the cell to inhibit V-DJ recombination on the second IgH or TCRp allele, respectively.

Pre-BCR and pre-TCR also signal initiation of recombination at the /gk and TCR« loci, respectively. A productive rearrangement on the first Igk allele or TCR« allele
eventually leads to k light-chain assembly with Igp., and of an « chain with a 8 chain, forming a BCR or a TCR, respectively. Surface BCR and TCR molecules signal a
halt of recombination at the second Igx and TCRu alleles.

If the first V-(D)J rearrangement is not productive (i.e., no feedback inhibition), the second allele can undergo V—(D)J recombination. If the second rearrangement is
itself non-productive, the cell undergoes apoptosis. Thus, allelic exclusion of AgR loci is established during V(D)J recombination [1,115].
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Figure I. V(D)J Recombination and Allelic Exclusion at AgR Loci.
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Transcriptional Events in the Acquisition of MAE

Regulatory sequences that control MAE are present on both alleles, but exert their effects on
one allele only. One consequence is differential transcription, which has epigenetic effects as
such, or produces regulatory RNAs that control chromatin and gene expression in cis. The
best-understood example is genomic imprinting. Establishment of DNA methylation imprints at
‘maternal ICRs’ occurs during oogenesis (Figure 1A) and is guided by transcription [16,39,40].
Oocyte-specific promoters drive transcription through these CpG islands. For several mater-
nal ICRs, this read-through was proven to be essential for methylation acquisition [40-42]. The
process involves prior removal of H3K4 methylation, and recruitment of the DNMT3A-DNMT3L
methyltransferase complex that is brought to the DNA by transcription-associated H3K36me3
[16,40,43,44]. Maternal ICRs do not become methylated in male germ cells in which ‘paternal
ICRs’ become methylated, and in which methylation acquisition is not linked to transcription
and is more widespread along the genome than in oocytes [39].

Most autosomal imprinted gene domains express at least one INcCRNA during embryogenesis.
At several, this mediates chromatin repression at close-by gene. The Kcng? imprinted
domain on mouse chromosome 7 has an intragenic ICR that comprises a promoter which
transcribes an IncRNA (called Kcnglot1) from the unmethylated paternal allele only
(Figure 2B). In the placenta, this INCRNA mediates repression at several nearby genes,
through Enhancer of Zeste homolog-2 (EZH2)/Polycomb repressive complex 2
(PRC2)-controlled H3K27me3, RING1B/Polycomb repressive complex 1 (PRC1)-con-
trolled H2AK119ub, and H3K9me2 controlled by KMT1C [45-49]. A repeat motif in its &
part is essential to bring the INcCRNA Kcnqglot1 to its target genes [50]. Similarly, at the
imprinted IGF2 receptor (Igf2r) gene on mouse chromosome 17, and the DIk7-Dio3 locus on
mouse chromosome 12, ICR-controlled INncRNAs mediate silencing at close-by genes in a
tissue-specific manner [51-53].

Transcription-associated acquisition of DNA methylation occurs also in the early embryo, at
several somatic differentially methylated regions (DMRs) of imprinted domains. Similarly for
methylation acquisition in oocytes, this process involves allelic transcription through these DMR
regions [54-56].

In X-inactivation in the mouse, similarly, the Xist promoter becomes DNA-methylated on its non-
activated allele through overlapping transcription of an antisense INcCRNA called Tsix [57,58].
Several other INcCRNAs transcribed from the X-inactivation center (Xic) contribute to the
complex control of Xist expression as well [7,59].

Transcriptional upregulation of Xist on one of the two X chromosomes occurs in the preim-
plantation mouse embryo [7]. On this randomly chosen allele, the initiation of X-inactivation
reduces the probability that inactivation occurs on the opposite X chromosome. This negative
feedback is proposed to involve a reduced expression dosage of the X-encoded RNF12, an E3
ubiquitin ligase which influences the level of Xist expression [60].

ncRNA transcription is functionally important at AgR loci as well. Induced premature termination
of transcriptional elongation across the J cluster of the TCRa locus demonstrated that
transcription through the RSSs renders them accessible to the RAG complex [61]. Specific
recognition of transcription-associated H3K4me3 by a ‘plant-homeodomain’ of RAG2 is also
essential for efficient V(D)J recombination [62,63]. ncRNA transcription initially occurs at the
recombination centers (RCs) before, and following, D-J recombination (Box 2). This is
controlled by specific enhancers whose deletion severely affects V(D)J recombination, with
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Figure 1. Transcriptional Events in the Initiation of Monoallelic Expression (MAE). (A) Acquisition of maternal methylation imprinting in growing oocytes at an
imprinting control regions (ICR; yellow rectangle) that shows transcription-associated histone H3 trimethylation on lysine 36 (H3K36me3), which recruits the DNMT3A-
DNMTSL de novo methyltransferase complex. H3K4me prevents this complex from binding to chromatin, and is removed by KDM1A/KDM1B to allow subsequent
methylation acquisition. (B) Activation of a single olfactory receptor (OR) allele during olfactory neuron differentiation involves chromatin derepression by KDM1A,
enhancer-mediated recruitment of OLF1/EBF and homeodomain transcription factors (TFs), and acquisition of active chromatin. All other OR genes remain repressed
by H3K9me2/3 (orange arrows). (C) Developmental random activation of a MAE allele, with loss of H3K9me3, TF recruitment, and enhancer activity.
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Figure 2. IncRNA-Mediated Allelic Chromatin Repression in X-Inactivation and Genomic Imprinting. (A) The X inactivation center (Xic) controls X-
inactivation in females. In the early mouse embryo, Xist INCRNA expression is randomly upregulated on one allele. It accumulates in cis on the chromosome and recruits
chromatin proteins and regulatory complexes (including PRC1, PRC2, SPEN, ATRX, and hnRNPU), which brings about diverse epigenetic alterations including DNA
methylation, ultimately leading to gene repression. Some genes on the inactive X (Xi) escape X-inactivation. On the X that remains active (Xa), transcription of the
antisense INcRNA Tsix and its associated histone H3 trimethylated on lysine 36 (H3K36me3) mediate repressive DNA methylation at the Xist promoter during stem cell
differentiation. (B) At the Kcng 7 domain on mouse chromosome 7, the INcRNA Kcnqot1 is expressed from the unmethylated paternal ICR only. This induces repression
in cis at multiple genes in the placenta, which involves recruitment of PRC1, PRC2, and lysine methyltransferase KMT1C, which generate H2AK119ub, H3K27me3, and
H3K9me2, respectively. Except for the promoter of one gene, Cdkn1c, at which the IncRNA is required to maintain CpG methylation [118], INcRNA-mediated cis
repression does not involve DNA methylation [45,46,49]. Abbreviation: ub, ubiquitin.

loss of ncRNA transcription and active chromatin modifications [23,64,65]. Following D-J
recombination, transcription across the newly formed D—J RCs likely influences the capture of a
single V segment for V-DJ recombination (Box 2). It also ensures that the DJ RCs are available
for V-DJ recombination on the second allele in case of defective rearrangement on the first
allele [66]. Within the Igk variable region, importantly, each B cell displays allele-specific
chromatin marks and transcription such that the V segments on one allele are differently
marked than the V segments on the other [67].
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Multiple sense and antisense transcripts are also generated throughout the IgH variable
region [68,69], and are downregulated following a productive rearrangement [69]. In contrast
to relatively short V sense transcripts, antisense transcripts are long and extend across
multiple V genes and intergenic regions. They modify the entire variable region before the
onset of V-DJ recombination, through recruitment of the chromatin remodeling complex SWI/
SNF, removal/loss of repressive histone modifications, and acquisition of active modifications
[69,70].

Transcriptional activation is essential also in the acquisition of a single active OR allele
(Figure 1B). OR genes are organized in multiple clusters that include enhancers. Deletion of
individual enhancers reduces the expression of nearby OR genes. Strong interchromo-
somal interactions occur between OR enhancers as well as with the single stochastically
activated OR allele. This ‘multi-enhancer hub’ and its engagement in trans-interactions is
likely involved in the ‘choice’ of a single OR gene [33,34,71-73]. Recruitment of TFs into
the multi-enhancer hub ensures stable and high-level transcription of the single present
allele [72]. Translation of the mRNA of the transcribed OR allele ultimately leads to
inhibition of lysine demethylase KDM1A, and this prevents aberrant activation of additional
OR genes [35,36].

DNA and Histone Methylation Are Associated with Allelic Gene Repression
Following fertilization, the germline-acquired DNA methylation imprints at ICRs are maintained
in all somatic lineages [16]. The way they bring about monoallelic gene expression during
development differs between clusters, however, and is often tissue-specific [9,15,52]. A striking
example is provided by the GRB70 locus. This negative growth regulator is expressed from the
maternal chromosome in the placenta, whereas in adult brain, where the gene controls
behavior, expression occurs on the paternal chromosome only [74,75].

Essential to the somatic maintenance of methylation imprints at ICRs is the KRAB-domain zinc-
finger protein, ZFP57, which recognizes a sequence motif present at ICRs, but only when this is
methylated. ZFP57 recruits TRIM28, a platform protein for histone modifiers, including lysine
methyltransferase SetDB1, which regulates H3K9me3 at ICRs [16]. These and other histone-
modifying enzymes (Table 2) contribute to protection of ICRs against somatic loss of DNA
methylation [15].

X-inactivation in the early mouse embryo also involves acquisition of repressive chromatin
modifications at the promoters of most X-linked genes. Following its allelic transcriptional
upregulation, Xist INcRNA associates with and ‘coats’ the X chromosome in ¢is. This is linked to
the formation of a nuclear compartment into which genes are recruited and from which RNA
polymerase |l is excluded. There is Xist INcCRNA-linked acquisition of repressive H3K27me3,
H2AK119ub, and H3K9me2, and, ultimately, CpG methylation at gene promoters on the
inactive X [7] (Figure 2A). Gene bodies, however, are more highly methylated on the active X,
which reflects the maintained gene expression on this X chromosome [76].

Various proteins interact with Xist INcRNA and contribute to its repressive effects in cis
[11,77,78]. These include the nuclear ribonucleoproteins hnRNPU and hnRNPK (Table 2),
which bind to conserved repeats at the 5’ end of the INncRNA, and the transcriptional repressor
SPEN [79-83]. ATRX interacts with the 5’ repeats as well, and this chromatin remodeler
facilitates recruitment of Polycomb repressive complex-2 (PRC2) and the histone variants
H3.3 and macro-H2A1 [84,85].
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Table 2. Chromatin Regulatory Proteins Involved in MAE

Chromatin regulators

PRC2-type complex (EZH2 lysine methyltransferase)

PRC1-type complex (RING1B ubiquitylase)

Process
X-inactivation, genomic imprinting,
AgR loci

X-inactivation, genomic imprinting,
AgR loci (?)

Cell

Activity

Mediates H3K27me3 and gene
repression

Mediates H2AK119ub and gene
repression

REVIEWS

Refs
[46,94,125-129]

[46,83,127,129,130]

KMT1E (SETDB1, ESET) Genomic imprinting, X inactivation Mediates H3KOme3 [131,132]
KMT1C (G9A, EHMT2) Genomic imprinting, AgR loci [V(D)J Mediates H3KOme2 [47,51,133]
recombination at the Iga locus] Linked to lamina-associated domains
KDM1A (LSD1) OR expression, genomic imprinting Demethylate H3K4me1/2 and [36,43,134]
KDM1B (LSD2) H3K9me1/2
DNMT3A/B DNMT3L X-inactivation, genomic imprinting Acquisition of de novo DNA [44,135,136]
methylation
SMCHD1 X-inactivation, genomic imprinting, Hinge-domain protein involved in [137,138]
RMAE, including protocadherin maintenance of DNA methylation and
genes gene repression
ATRX X inactivation, genomic imprinting Chromatin remodeling complex [84,139]
Incorporates H3.3, maintains allelic
repression
hnRNPU (SAF-A) X-inactivation (Xist-) RNA binding proteins that [77,78,80-83]
hnRNPK contribute to transcriptional silencing

SPEN (SHARP)

CTCF X-inactivation, AgR loci, genomic Structure higher-order chromatin [11-13,140-142]
Cohesins imprinting, protocadherin genes, OR Mediate functional DNA interactions
genes (?)

X-inactivation maintenance requires continued Xist INCRNA expression, particularly in extra-
embryonic lineages [58]. Although DNA methylation provides stability in the embryo, it is less
important for imprinted X-inactivation in the mouse trophoblast [86], possibly because of
additional stabilizing chromatin modifications in this lineage.

RMAE at individual genes is associated with repressive histone methylation at promoters
(Figure 1C), but seems to be independent of DNA methylation [20,87]. This mode of repression
is less stable than X-inactivation and imprinting, and thus may allow allelic derepression or
reversal to occur during the lifespan of cellular clones. Whereas in undifferentiated ES cells only
small numbers of genes show RMAE, in neural progenitor cells hundreds of genes acquire
relatively stable RMAE. Their specific allelic activation seems to be regulated at the promoter
level rather than by changes at enhancers. Many genes with RMAE show allele-specific
H3K4me3 and H3K9me3 at their promoters on the transcriptionally activated and repressed
alleles, respectively [87]. Whether this is a cause or a consequence of the allelic expression
remains unclear. Gene promoters also show increased chromatin accessibility on the
expressed allele. This persists during mitosis, which may indicate somatic heritability of TF
binding [87]. Most single genes with RMAE are expressed at only low levels, and percentile
ratios of cells that express one, the other, or both parental alleles are suggestive of a stochastic
activation process controlled by TFs [20,87].

At AgR loci, coordinated chromatin changes direct the accessibility, activation, and, ultimately,
monoallelic recombination. Broadly outlined, the germline IgH and TCRg loci are uniformly
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marked with repressive H3K9me2 and H3K27me3, and there is extensive DNA methylation.
The developmentally controlled locus activation is associated with highly localized, bi-allelic
recruitment of SWI/SNF complexes and acquisition of active histone modifications, including
H3K9ac, H3K4me3, and H3K36me3, mostly at the RCs. Following D-J recombination, DNA at
the newly formed DJ RCs becomes demethylated in an enhancer-dependent manner through
an unknown mechanism [66,88,89]. Significantly, the Igk locus was shown to undergo B cell-
specific, monoallelic DNA demethylation across the J-C region, and the demethylated allele is
preferentially targeted for recombination [90].

The IgH variable region covers 2.5 Mb and shows distinct histone modifications. The distal
portion is transcribed and enriched in H3K36me3 and H3K4me2, whereas the proximal domain
is enriched in H3K27me3. The ncRNAs of the distal region could play a role in this process by
preventing the repressive functions of the PRC2 complex [91] at this part of the variable region.
How H3K27me3 and other repressive histone methylations are removed, and active marks
acquired, remains unclear [14,70,92], but this may involve recruitment of TFs. At IgH, for
instance, loss of H3K9me2 at the V region before V-DJ recombination is dependent on PAX5
[93]. Binding of STAT5 to an essential /lgx enhancer leads to EZH2-mediated H3K27me3 and
repression of non-coding transcription [94].

Chromatin repression also plays a role in OR regulation (Figure 1B). In multipotent neural
progenitor cells, the different OR gene clusters are enriched in H3K9me2 and H4K20me2. In
the main olfactory epithelium, there is additional acquisition of H3K9me3 and H4K20me3, both
typical of heterochromatin. This configuration is characteristic of all repressed OR genes, but is
absent from the single expressed allele [95], whose activation is associated with acquisition of
H3K4me3 [33,36,96].

Evolutionary Parallels between MAE Systems

Genomic imprinting arose about 180 million years ago [97], when placentation and other
maternal investments became of growing importance for reproduction. This has evoked
different evolutionary theories [98]. Mechanistically, the emergence of imprinting in mammals
is linked to the acquisition of repressive DNA methylation at specific regions in the male and
female germlines [97]. This finding does not exclude that imprinting initially arose independently
of DNA methylation. At many genes there is acquisition of H3K27me3 during oogenesis [18,19]
(Figure 3A), and this maternal chromatin imprint induces a transient, partial, repression of the
maternal allele in the early embryo [18]. Oocyte-acquired H3K27me3 is functionally important in
fruit fly embryos as well [99], and could represent an ancestral imprinting mechanism. Data on
one of the evolutionarily oldest imprinted genes in mammals — called Sic38a4 — suggest that
DNA methylation was coopted to confer more stable somatic maintenance of the maternal
histone methylation imprint [17,97,100,101].

In mice, X-inactivation in the extra-embryonic lineages is imprinted and controlled by oocyte-
acquired H3K27me3 at the Xist promoter (Figure 3B). This H3K27me3 imprint prevents Xist
activation on the maternal chromosome, and X-inactivation therefore occurs on the paternal X
in the early preimplantation embryo [18]. The imprinted X-inactivation is maintained subse-
quently in the trophoblast only [86,102], similarly to H3K27me3-controlled imprinting at some
autosomal loci [18]. In marsupials, however, X-inactivation is imprinted both in the embryo and
the trophoblast, and is controlled by an INcCRNA that is unrelated to Xist [103]. Combined, the
recent findings suggest that X-inactivation and imprinting evolved in part from ancestral, DNA
methylation-independent, mechanisms that involved H3K27me3.
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Figure 3. Evolutionary Parallels between Imprinted X-Inactivation and Genomic Imprinting. (A) Oocyte-acquired histone H3 lysine 27 trimethylation
(H3K27me3) imprints mediate paternal allele-biased gene expression in the early embryo, apparently independently of DNA methylation. This ancestral type of
imprinting likely evolved into a more stable imprinting mechanism involving both histone (H3K27me3 or H3K9me3) and DNA methylation [17]. (B) In imprinted X-
inactivation, oocyte-acquired H3K27me3 contributes to the silencing the maternal Xist allele (mouse) and possibly also its functional equivalent in marsupials [18]. The
resulting inactivation of the paternal X is maintained in the extra-embryonic lineages (and is lost in the embryo proper, where random X-inactivation is initiated
subsequently) in the mouse, and in a constitutive manner in marsupials [86,102]. Abbreviations: M/m, maternal; P/p, paternal.

MAE of AgR loci in B and T lymphocytes arose >500 million years ago [31]. Following the
appearance of V(D)J recombination, likely through a transposable element containing RAG1 -
like and RAG2-like genes [104,105], major differences evolved between species with regards to
the organization and function of AgR loci. For instance, the ordered rearrangement (bi-allelic D—-
J, then monoallelic V-DJ) that is central to feedback regulation in mice and humans is not found
in other mammals. In the rabbit, interestingly, aimost half the non-expressed IgH alleles do not
undergo D-J recombination, which suggests that the kinetics of D—J rearrangements may be
the rate-limiting step [106].

The most striking divergence is observed in cartilaginous fish, where ordered rearrangements

are completely absent (V-D can occur before D-J). In sharks, once an IgH locus is activated, all
its gene segments immediately rearrange to completion. Activation is monoallelic and the allele
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Figure 4. Structure of Antigen Receptor (AgR) Loci in Cartilaginous and Jawless Fish. (A) Cartilaginous fish have many IgH loci on different chromosomes
[109]. During B cell development, one allele is randomly activated. If its rearrangement gives a functional Igw product, this leads to the formation of a pre-BCR and

(Figure legend continued on the bottom of the next page.)
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of a (productively or non-productively) rearranged gene retains its configuration [107,108].
Cartilaginous fish, interestingly, have multiple /g gene clusters on different chromosomes [109],
an organization reminiscent of the OR gene clusters. Tens to hundreds of alleles are prevented
from undergoing recombination in developing B cells (Figure 4A).

In jawless fish (Agnathans), a different type of adaptive immunity evolved mediated by leucine-
rich receptors known as ‘variable lymphocyte receptors’ (VLRs). Three VLR genes have been
identified. VLRA and VLRC are expressed in T cell-like lymphocytes, whereas VLRB is
expressed in B cell-like lymphocytes. Agnathans are devoid of BCR and TCR loci, and of
RAG, and therefore do not undergo V(D)J recombination [110]. Instead, they diversify their
AgRs through a conversion-like mechanism involving two members of the AID/APOBEC
cytosine deaminase family, CDA1 and CDA2, which mediates insertion of leucine-rich repeats
into the VLR genes [111]. Importantly, the expression of functional VLRs is largely monoallelic
(Figure 4B). In the vast majority (>90%) of cases where one allele is productively assembled, the
other allele retains a germline configuration. Where bi-allelic assembly was detected, only one
was productive [112,113]. These figures are strongly suggestive of an operational and effective
feedback inhibition.

Whether silencing of the excluded alleles in cartilaginous and jawless fish involves repressive
histone methylation, as at OR gene clusters, remains unknown. Notwithstanding, feedback
inhibition as an efficient mechanism to ensure allelic exclusion clearly arose early during
evolution and was coopted by various species for different biological purposes.

Concluding Remarks and Future Perspectives

Different epigenetic and genetic modes of MAE exist in mammals. We have presented
examples of how transcription and IncRNAs control the acquisition and/or maintenance of
MAE, but many aspects of RNA biology remain to be explored. Tremendous progress has been
made on the intricacies of Xist-mediated chromatin repression during X-inactivation. Less is
known about chromatin repression and RNA regulatory functions in other systems. Further
mechanistic studies will be necessary to better understand how deregulation of MAE affects
development and causes human diseases. Although not the emphasis of this review, ‘loss of
imprinting’ (biallelic expression) is causally involved in many congenital disease syndromes,
deregulated X-inactivation affects X-linked gene dosage and gives embryonic lethality, per-
turbations in V(D)J recombination and AgR expression affectimmune cell function and may lead
to cancer or autoimmune diseases, and perturbations in other RMAE systems can have
developmental effects [6,9,16,20,30,114-116].

For random mechanisms (MAE systems other than genomic imprinting), a key question where
progress has been difficult is how the expression of one allele initiates before that of the other.
Also largely unexplored is the kinetics of the events that take place between the initial selection
of one allele, and feedback inhibition of the opposite allele(s). A recent study, based on IgH
locus engineering, live cell imaging, and modeling of large-scale locus movements, highlights

feedback inhibition of recombination on the other allele and all other IgH loci [107,108]. Non-activated alleles presumably retain their repressive histone H3 lysine 27
trimethylation (H3K27me3) and H3K9me2. (B) The germline VLR genes of jawless vertebrates (lamprey and hagdfish) are flanked by hundreds of leucine-rich repeats
(LRRs), and are composed of a conserved signal peptide (SP), highly variable LRR modules including an N-terminal LRR module (LRRNT), a C-terminal module
(8'LRRCT), and a conserved stalk region (for membrane anchorage). Assembly of a VLR gene involves a gene conversion-like mechanism mediated by CDA enzymes
(CDA1 for VLRA and VLRC, CDA2 for VLRB) which use the flanking LRRs as templates. Fragments of LRRs are sequentially copied at the intervening, non-coding,
sequence between LRRNT and 3'LRRCT such that the intervening sequence is ultimately replaced by parts of LRR modules. If the assembly is productive, surface
expression of the VLR protein signals inhibition of assembly on the second allele [111-113].
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the importance of spatial confinement for the kinetics of V(D)J recombination [117]. Similar
studies will help to elucidate the mechanisms that trigger the onset of allelic exclusion and how
these stabilize MAE and confer functional identity.

The various modes of MAE evolved because of diverse selective pressures and serve different
biological purposes. Nonetheless, recent research has unraveled strong mechanistic similari-
ties. Combined with comparative studies between species, this suggests that that they may
have evolved from analogous ancestral processes.
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Outstanding Questions

Which factors control stochastic gene
activation in different types of MAE?

What controls the lineage-specificity of
cis effects of (NC)RNA expression?

What is the causal relationship
between allelic exclusion and chroma-
tin alterations?

Are all aspects of allelic exclusion cell
type-specific, or is there epigenetic
priming?

Does the inclusion of somatic genetic
recombination provide a selective
advantage?

To what extent were ancestral MAE
mechanisms independent of DNA
methylation?
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