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Abstract

Facultative heterochromatin (fHC) concerns the developmentally regulated
heterochromatinization of different regions of the genome and, in the case
of the mammalian X chromosome and imprinted loci, of only one allele of
a homologous pair. The formation of fHC participates in the timely repres-
sion of genes, by resisting strong #ans activators. In this review, we discuss
the molecular mechanisms underlying the establishment and maintenance
of fHC in mammals using a mouse model. We focus on X-chromosome
inactivation (XCI) as a paradigm for fHC but also relate it to genomic
imprinting and homeobox (Hox) gene cluster repression. A vital role for
noncoding transcription and/or transcripts emerges as the general princi-
ple of triggering XCI and canonical imprinting. However, other types of
fHC are established through an unknown mechanism, independent of non-
coding transcription (Hox clusters and noncanonical imprinting). We also
extensively discuss polycomb-group repressive complexes (PRCs), which
frequently play a vital role in fHC maintenance.
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INTRODUCTION

Chromatin, the complex mixture of genomic DNA, RNAs, histones, and other proteins, provides
the template for development. It not only contains the genetic information for all nuclear-encoded
proteins, but also provides the regulatory platform for their timely expression or repression. A vi-
tal feature of chromatin is its ability to store the cellular memory of gene expression changes.
Indeed, specific chemical modifications of both DNA and histones contribute to the formation
of distinct chromatin compartments of transcriptionally active euchromatin and repressed het-
erochromatin. Initial cytological experiments have defined these genomic compartments based
on their compaction and staining and thus appeared relatively static (1). However, just as gene
expression patterns change rapidly during development, so does the state of chromatin itself. The
precise orchestration of expression of developmentally regulated genes relies on their capacity to
become activated at precise developmental stages or in a tissue-specific context. Outside these pre-
cise spatiotemporal windows, developmentally regulated genes must remain stably silenced. This
can occur as a result of an absence of activatory signals or through strong repressors mediating
the formation of facultative heterochromatin (fHC) (reviewed in 2). In the case of female mam-
mals, almost all genes (developmental and otherwise) must be transcriptionally repressed on one
of the two X chromosomes during development, and this is then stably propagated thanks to fHC
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formation. Multiple layers of chromatin modifications and factors enable stable transcriptional
silencing. Here, we review the recent advances not only in the mapping of chromatin states char-
acterizing fHC but also in our understanding of molecular mechanisms enabling its establishment
and maintenance in mice. For a recent review on fHC in other organisms, see Reference 3. We
focus primarily on X-chromosome inactivation (XCI) as a paradigm but also discuss other types of
fHC. We propose here that there are two main strategies of fHC formation in mice—one triggered
by noncoding RNAs (ncRNAs) (or their transcription) and the other initiated independently of
ncRNAs. Examples of the latter process include Hox clusters and noncanonical imprinting, which
are characterized by a strong reliance on polycomb-group repressive complex 2 (PRC2) for their
maintenance.

DEFINING FACULTATIVE HETEROCHROMATIN

fHC has been defined as developmentally regulated heterochromatinization of a region at only
one allele of a homologous chromosome pair (4). This definition implies that fHC is maintained
despite the presence of all zruns activators necessary for transcription of a given region. In these
cases, strong cis-acting repressors overriding the signals from activatory transcriptional factors
maintain the silenced state. Such a narrow definition is thus mainly limited to two systems operat-
ing in mouse cells, namely, XCI and genomic imprinting. In this review, we discuss both processes
with a specific focus on the former, as it serves as a useful paradigm for developmentally regu-
lated stable gene silencing. The classical fHC definition has often been broadened to include all
regions stably silenced at specific developmental stages despite the presence of all necessary truns
activators (2). This wider definition could encompass multiple biallelically heterochromatinized
loci. Here, it is difficult to prove that such regions are not silenced simply due to a lack of spe-
cific transcription factors (TFs) rather than by a specific set of overriding repressors. In some cases,
however, when removing a single chromatin modifier reactivates multiple clustered genes one can
assume one is dealing with a long-range silencing domain. Hox clusters serve as elegant examples
of such fHC, and PRC:s are the #rans repressors maintaining their silencing state. These group-
ings of vital developmental regulators are transcriptionally silent during the first week of mouse
development; however, upon the removal of the PRC2 they become reactivated (5-11). Before
delving into the complex regulatory mechanisms of such regions, it is first necessary to introduce
the basic chromatin regulatory pathways contributing to fHC formation.

COMMON CHROMATIN REGULATORY PATHWAYS INVOLVED
IN FACULTATIVE HETEROCHROMATIN FORMATION
AND MAINTENANCE

Extensive genome-wide mapping efforts in recent years have identified a set of chromatin features
commonly associated with fHC. Importantly, none of these marks are exclusive for fHC, since they
are frequently found in constitutive heterochromatin. What is more, the precise chromatin status
of fHC differs between its various types and also between the initiation and maintenance phases
of fHC formation. The initiation of fHC still remains somewhat mysterious but in some cases,
such as XCI and canonical imprinting, it clearly involves the expression of ncRNAs. The act of
transcription or the ncRNA itself can directly guide chromatin modifiers, which can then trigger
a secondary wave of chromatin changes. This initial trigger allows specific genomic regions to
embark on a sequence of chromatin alterations. Such a system has been conclusively demonstrated
during XCI and relies on an ncRNA Xisz (X inactive specific transcript) (12-14). In the case of
most canonical imprints, it is transcription, which targets heterochromatinization in the germline

www.annualreviews.org o Facultative Heterochromatin and X Inactivation

257



258

(15-18). However, the involvement of transcription or ncRNAs remains unlikely in the formation
of other fHC regions. These include developmentally regulated Hox clusters, as well as recently
discovered noncanonical imprinting (19-21). We discuss in detail the diverse possible mechanisms
of fHC formation and maintenance for specific fHC types.

Another common feature of fHC formation is the exclusion of the majority of active histone
modifications during establishment of the silent state. This usually includes extensive histone
deacetylation either occurring through passive processes (during chromatin replication or his-
tone exchange) or driven by enzymatic activity of histone deacetylases (HDACs) or sirtuins (22).
Similarly, in many contexts histone H3 lysine 4 becomes demethylated thanks to the activity of
specific histone lysine demethylases (KDMs) (23). Thus, fHC becomes largely depleted of activa-
tory histone modifications; their loss might contribute to the formation of a chromatin state that
is less accessible to multiple TFs (23).

In addition to the depletion of active chromatin marks, fHC also accumulates a plethora of
repressive features. Most notably, fHC is often bound by PRCs. Two major groups of PRCs
have been characterized, PRC1 and PRC2, first in Drosophila and then in many multicellular or-
ganisms including mice, where these complexes are consistently involved in embryonic develop-
ment and differentiation (reviewed in 24). PRC2 consists of three core factors, enhancer of zeste
1/2 (EZH1/2), embryonic ectoderm development (EED), and suppressor of zeste 12 homolog
(SUZ12) as well as some tissue- and context-specific cofactors (reviewed in 25). The catalytic ac-
tivity of the PRC2 complex responsible for H3K27me3 deposition resides in EZH2 and EZHI.
Although both these proteins have histone methyltransferase activity, EZH?2 is the factor predom-
inantly expressed during early mouse development (25). However, in vivo this activity entirely
depends on the presence of two other core components, EED and SUZ12 (25). Apart from these
factors, activity and locus specificity are also thought to be modulated by several cofactors, includ-
ing Jumonji and AT-rich interaction domain containing 2 (JARID2) or metal response element
binding transcription factor 2 (MTF2) (26).

The composition of PRCI is much more diverse than that of the PRC2, and it comes in mul-
tiple subtypes (27). All of these contain either ring finger protein 1A or 1B (RINGIA/B) E3-
ubiquitin ligases, which are able to mediate monoubiquitinylation of histone H2A lysine 119
(H2AK119Ub). Subcomplex type is determined by which polycomb-group ring finger (PCGF)
cofactor is loaded as well as on the presence or absence of chromobox proteins (CBX) (27). The
canonical PRC1 is composed of PCGF2/4 and contains the CBX7 protein. However, noncanon-
ical complexes, such as those with PCGF3/5, are bound by RING1 and YY1 binding protein
(RYBP) and YY1-associated factor 2 (YAF2) cofactors rather than CBX (reviewed in 28). The
complexity of PRCI is of vital importance for fHC formation, especially in the context of XCI,
and is discussed further in the section titled Molecular Mechanisms of Polycomb Recruitment
During X-Chromosome Inactivation.

Classically, it was believed that H3K27me3 deposition by PRC2 led to the recruitment of PRC1
complexes via its CBX subunits recognizing H3K27me3 (29). This targeting results in the depo-
sition of H2AK119Ub. More evidence has recently accumulated to propose that initial PRCI
recruitment could lead to subsequent binding of PRC2 thanks to one of its cofactors, JARID2,
which contains an H2AK119Ub recognition motif (30). This is discussed further in the section
titled Molecular Mechanisms of Polycomb Recruitment During X-Chromosome Inactivation.

Another mark associated with (but not limited to) fHC is 5-methylcytosine (SmC), or DNA
methylation. Deposited de novo by DNA methyltransferase (DNMT) 3a/b/c, and maintained by
DNMT1, 5mC exists mainly in the symmetrical CpG context (reviewed in 31). Importantly, high
levels of 5mC at gene bodies are correlated with transcriptional elongation, whereas SmC at 5’
ends of genes correlates with gene repression. How exactly SmC can regulate gene expression
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when present at promoters remains unclear, but classically it is thought to recruit methyl-binding
domain-containing factors, which would execute its repressive function (32, 33). Alternatively,
CpG methylation within binding motifs seems to change the binding affinity of multiple TFs
(34, 35). DNA methylation is a vital chromatin feature of canonical imprint establishment, but we
also discuss it in the context of XCI maintenance. A whole range of other chromatin marks are
associated with transcriptional silencing and thus with fHC. These include not only repressive hi-
stone modifications (e.g., H4K20mel, H3K9me3) but also histone variants that replace canonical
histones (e.g., MacroH2A).

Thus, global mapping of chromatin marks has revealed a set of typical features of fHC, includ-
ing the accumulation of repressive histone marks, DNA methylation, histone hypoacetylation, and
H3K4 demethylation. Other features of fHC formation include a shift in DNA replication tim-
ing as well as changes in nuclear positioning (reviewed in 36). The mechanisms underlying the
establishment of fHC have been more elusive, but the emerging picture is that in some (but not
all) cases ncRINAs or their transcription can play a vital role in fHC formation. This is the case
for XCI, which represents one of the most fascinating examples of fHC formation, as it occurs on
a chromosome-wide scale, on only one of the two alleles in the same cell.

X-CHROMOSOME INACTIVATION AS A PARADIGM FOR
FACULTATIVE HETEROCHROMATIN FORMATION

One of the most striking examples of developmentally regulated fHC formation is XCI. The pres-
ence of two X chromosomes in female mammalian cells results in an inherent disequilibrium of
X-linked gene expression when compared to male cells. The double X-linked gene dosage in fe-
male mammals is incompatible with early development (12) and results in perturbed global gene
expression (37). All placental mammals seem to use a process of heterochromatinization of one
of the X chromosomes to correct for this effect (38—40). The process of transcriptional silencing
of the >1,000 genes along the X chromosome is induced when one of the two alleles begins to
robustly express an ncRINA, Xist (12-14). Xist RNA coats almost the entire X chromosome from
which it is expressed (41, 42), inducing not only gene repression but also a cascade of chromatin
alterations (43, 44). In mice, XCI occurs in two waves, first at early stages postfertilization and
then at peri-implantation. Initially, female embryos inherit two active X chromosomes (Xas) from
the gametes but starting from the four-cell stage the paternal allele becomes gradually inactivated
(Figure 1) (37,45, 46). This process of imprinted XCI (iXCI) depends on a noncanonical mater-
nal imprinting of the Xist locus (21, 47), the molecular mechanism underlying this phenomenon is
discussed in detail below. iXCI culminates at the early blastocyst stage when most genes along the
X chromosome are partially silenced on the paternal X chromosome and expressed from the ma-
ternal allele. Next, during blastocyst expansion the paternal X chromosome becomes reactivated
specifically in the epiblast lineage (48—50). This process entails rapid loss of repressive H3K27me3
and allows for a second round of XCI to occur once the embryo implants. The second XCI wave
is random, with each epiblast cell independently embarking on the inactivation of the paternal
or maternal allele (50). Once Xisz is stably expressed from one allele, this decision is maintained
through multiple cell divisions. Ultimately, in a postimplantation conceptus, extraembryonic lin-
eages originating from the trophectoderm or primitive endoderm show iXCI with the paternal
allele repressed, whereas cells of the embryonic lineages have undergone random XCI (rXCI)
(Figure 1).

Due to relative inaccessibility of peri-implantation embryos, the majority of our knowledge
on rXCI originates from the studies of differentiating female mouse embryonic stem cell (ESCs).
ESCs are derived from the pluripotent inner cell mass (ICM), harbor two Xas, and undergo rXCI

www.annualreviews.org o Facultative Heterochromatin and X Inactivation

259



upon differentiation. By employing immunofluorescence (IF) with RNA or DNA fluorescence in
situ hybridization (FISH), early reports have uncovered the chronology of epigenetic alterations
occurring at the X chromosome undergoing inactivation (Xi) (44, 51-55). This global view re-
vealed rapid loss of active histone marks including H3K4me2/3 and H4ac and concurrent RNA
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Figure 1 (Figure appears on preceding page)

Dynamics of fHC formation during female mouse development. Early mouse development entails rapid changes in chromatin states
and gene expression patterns. Shown are the dynamics of fHC in females during XCI (#), canonical imprinting (5), and noncanonical
imprinting (¢) as well as Hox-gene cluster repression (d). fHC regions undergo waves of heterochromatin establishment, maintenance,
and erasure. These processes often ensue with different dynamics between extraembryonic (gray cells), embryonic (blue cells), and
germline (red cells) lineages. (#) XCI is initiated shortly after fertilization during imprinted XCI. This is reversed by E4.5 but only in the
pluripotent epiblast cells. Random XCI occurs specifically in the epiblast when the embryo implants. XCI is stably maintained in the
somatic and extraembryonic lineages but becomes reset during early germline development. () Maternal canonical imprinting is
inherited from the oocyte as it carries DNA methylation at the ICRs. These CpG-dense regions are hypomethylated on the paternal
allele. SmC asymmetry between the alleles is maintained during the first wave of DNA demethylation at the blastocyst stage.
Embryonic and extraembryonic lineages maintain asymmetric SmC marking of ICRs, whereas in the germline this is removed during
the second wave of demethylation. Maternal-specific pattern of DNA methylation is established during oogenesis only after birth.

(¢) Noncanonical imprinting relies on H3K27me3 marking inherited from the oocyte. Asymmetric H3K27me3 enrichment between
maternal and paternal alleles is partially maintained during preimplantation development. Upon implantation, this becomes erased in
all lineages. Only extraembryonic lineages maintain monoallelic expression of some noncanonically imprinted genes. This could be
regulated by de novo monoallelic DNA methylation of specific repeat elements. The specific H3K27me3 pattern at noncanonically
imprinted loci is re-established during oogenesis. (d) Hox-gene clusters are enriched with H3K27me3 in the oocyte; however, this is
rapidly lost upon fertilization. H3K27me3 marking starts to be re-established only at the blastocyst stage. Hox genes become activated
in somatic cells during gastrulation in postimplantation epiblast, and this entails H3K27me3 loss. Abbreviations: 5mC,
5-methylcytosine; fHC, facultative heterochromatin; ICR, imprint control region; XCI, X-chromosome inactivation.

polymerase II (RNAP II) exclusion from the Xist-coated domain in early differentiating cells
(56, 57). Researchers observed subsequent accumulation of the PRC2-associated H3K27me3 (54,
55), followed by other changes, including MacroH2A and H3K9me?2 enrichment (58-60). DNA
hypermethylation of CpG-dense promoters is thought to be a later mark deposited with varying
dynamics between genes (61, 62). All these chromatin processes result in a stable, transcription-
ally silent state that can be maintained even upon the loss of Xist RNA coating (63, 64). Thus, two
main stages of XCI can be defined: (#) an Xist-dependent phase of XCI initiation when nearly all
X-linked genes become silenced, yet the process can be reversed upon Xist loss, and (5) a main-
tenance phase of XCI, which relies mainly on multilayered epigenetic regulatory mechanisms for
gene repression and to a lesser extent on Xist RNA. Below, we discuss further how these epige-
netic mechanisms prevent Xi from reactivation and how chromatin alterations might be involved
in initiating XCI. First, we focus on the key trigger of the XCI process, Xist RNA itself.

Xist RNA AS AN ARCHITECT OF X-CHROMOSOME INACTIVATION

Xist RNA is the master regulator and trigger of XCI in all eutherian mammals. Murine Xist is
a long (15,000-17,000 nt) ncRNA with relatively poor sequence conservation except for a series
of unique tandem repeats named A to F (65-67; reviewed in 68). Of these, the best studied is the
A-repeat region, which is required for the bulk of transcriptional silencing during XCI initiation
(Figure 2a) (69). It does so by recruiting protein split ends homolog (SPEN; also known as
SHARP or MINT) and other repressive factors, which we discuss below (70). However, Xist B
repeats, and to a lesser extent the C repeats, are required for polycomb-group (PcG) enrichment
(71-75). Xist RNA also regulates appropriate Xi organization within the nucleus. Here, both the E
and F repeats seem to contribute by tethering Xist RINA to the nuclear matrix and nuclear lamina,
respectively (76-78). Finally, multiple regions mediate the capacity of Xist RNA to coat the
chromosome in ¢is (69). Thus, Xist RNA is a modular ncRINA with specific regions independently
permitting different functions.

XClI is not a synchronous process along the X chromosome. Different genes show different
times of onset of transcriptional silencing during preimplantation embryo development (46). One
explanation for this phenomenon might be the differential timing of genes becoming coated by
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Putative mechanisms driving fHC formation. (#) Initiation of XCI is entirely dependent on Xist noncoding RNA. Once it coats the

X chromosome in ¢is, it recruits a set of RNA binding proteins. The Xist RNA A-repeat region recruits SPEN and thanks to its
interaction with SMRT allows for full HDACS3 activation. HDACS3 is prebound on active enhancers and after Xist coating promotes
rapid histone deacetylation and gene repression. Although X-linked gene silencing is SPEN dependent, HDAC3-independent
mechanisms must operate for some genes. These could involve m6A RNA methylation and NuRD machinery. The B- and C-repeat
regions of Xist RNA allow for recruitment of ncPRCI and deposition of H2AK119Ub at intergenic regions. () Once gene silencing is
initiated, H2AK119Ub spreads into genic regions. PRC2 complexes are presumably recruited thanks to their ability to recognize
H2AK119Ub and not due to direct interaction with Xist RNA. (¢) Canonical imprinting is established during gametogenesis. In females,
prenatal germ cells have extremely low levels of DNA methylation (SmC). Noncoding transcription through CGIs allows for the
deposition of H3K36me3 by SETD2. (d) During oocyte growth, H3K4me3 at CGIs is removed by KDM1A/B, allowing for de novo
DNA methylation by DNMT3A/L. Abbreviations: SmC, 5-methylcytosine; Ac, histone acetylation; CGI, CpG island; DNMT, DNA
methyltransferase; Enh, enhancer; fHC, facultative heterochromatin; H2AK119Ub, histone H2A lysine 119 monoubiquitinylation;
HDAC, histone deacetylase; ICR, imprint control region; K27me3, histone H3 lysine 27 trimethylation; K36me3, histone H3 lysine 36
trimethylation; K4me3, histone H3 lysine 4 trimethylation; ncPRC1, noncanonical PRCI; Prom, promoter; SMRT, silencing mediator
of retinoic acid and thyroid hormone receptor; SPEN, protein split ends homolog; XCI, X-chromosome inactivation.

Xist RNA. Two independent studies have addressed this by mapping the primary sites of Xist RNA
enrichment along the X chromosome in ESCs (41, 42). By precipitating Xist RNA and sequencing
the DNA it is interacting with at early stages of XCI, they mapped the primary sites of Xist RNA
landing [so-called Xist entry sites (XES)]. Intriguingly, the correlation between primary XES and
gene silencing seems ambiguous. Consistent with the idea that Xist RNA is required for gene
silencing, genes escaping XCI are largely devoid of Xist RNA, and the silencing-deficient Xist: A4
RNA is not able to spread into actively transcribed domains (41). However, genes within XES
are silenced only marginally more rapidly than those outside, with the exception of genes lying
in proximity to the Xisr locus itself, which are typically silenced first (37, 79). This implies that,
although Xist RNA spreading mediates gene silencing, it is not the sole factor determining the
timing of gene repression.
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Although XES proximity was a poor predictor for gene silencing timing, XES showed a striking
correlation with the 3D folding of the X chromosome (41). Indeed, XES lie within 3D vicinity of
the Xist locus according to HiC analysis, indicating that Xist RNA spreads first to regions within
its immediate spatial proximity. This was further confirmed when an inducible Xist transgene was
inserted at another X-linked locus (Hprt). In this case Xist RNA coated the X chromosome but
followed the 3D proximity pattern of the Hprt locus rather than that of the endogenous Xist gene
(41). Thus, Xist RNA first binds to DNA regions in its 3D neighborhood and only later spreads
in cis. Importantly, XES also become strongly enriched for H3K27me3 and H2AK119Ub, indi-
cating a correlation between Xist RNA binding and PcG recruitment (41, 42, 80). Recent map-
ping efforts have also revealed that XES are in fact already premarked by both PRC1-dependent
H2AK119Ub and PRC2-dependent H3K27me3, prior to Xist RNA upregulation and coating
(80). This prefolding of the X chromosome to bring PcG-enriched domains in 3D proximity of
the Xist locus is somewhat reminiscent of the interactions between Hox-related genes in mouse
ESCs (81-84). Indeed, autosomal PcG target genes preferentially interact together in a PRC1-
and PRC2-dependent manner. It is thus tempting to speculate that the initial Xist coating pattern
is instructed by the 3D conformation of the X chromosome thanks to PcG prebinding. Further
experiments on how X-chromosome folding is affected by RING1A/B or EED loss are necessary.
These results suggest that the prebound fraction of PcG may in fact influence the spreading of
Xist RNA and thus the initiation of XCI. Although the initiation of Xist RNA spreading in a PcG
mutant context has never been addressed, a recent study mapped Xist RNA coating in RinglA/B
double knockout (dKO) and Eed knockout (KO) mouse embryonic fibroblasts (71). By doing so,
the authors revealed that PcG has a role in promoting the maintenance of Xist RNA coating. How
this relates to the dynamics of XCI initiation remains to be determined.

CHRONOLOGY OF REPRESSIVE MARK ACCUMULATION
DURING X-CHROMOSOME INACTIVATION

The coating of the X chromosome by Xist RNA results in a sequence of rapid chromatin alter-
ations linked to transcriptional silencing. These include the loss of most active histone modifi-
cations and reciprocal accumulation of H3K27me3, H2AK119Ub, and H4K20mel (53-55, 85).
A delayed accumulation of H3K9me2, MacroH2A, and CpG promoter methylation follows such
primary chromatin changes (60, 62, 86-89). Although initial IF/RNA FISH studies identified the
key global chromatin changes induced by Xist RNA coating, they could not provide a precise
temporal sequence of events or characterize how different regions of the X chromosome become
dynamically marked.

With the advent of chromatin immunoprecipitation approaches and next-generation sequenc-
ing, it became possible to map the allele-specific chromatin state of the Xi in differentiated cells.
These types of analyses rely on single-nucleotide polymorphism information to distinguish two
alleles in F1 hybrid cells (derived from crosses of evolutionary divergent mouse strains). Such
studies have confirmed Xi chromosome-wide accumulation of H3K27me3 and H4K20mel (90—
92). As previously mentioned, this revealed that XES are also those that accumulate H3K27me3
most efficiently (41). However, a high level of variability between single ESCs’ differentiation dy-
namics leads to asynchronous upregulation of Xist RNA and thus precludes the studies on the
earliest chromatin changes taking place during XCI. In a recent study, an F1 hybrid, female ESC
line harboring a DOX-inducible Xist at one of the endogenous alleles (93) was used for rapid, syn-
chronous, monoallelic expression of Xist RNA and uncoupling of XCI from ESC differentiation.

By using such Xist-inducible ESCs and performing chromatin immunoprecipitation sequenc-
ing (ChIP-seq) at short time intervals (on the scale of hours) the precise temporal dynamics
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of chromatin marks along the X chromosome could be obtained (80). Of the repressive marks,
PRC1-dependent H2AK119UDb accumulates prior to PRC2-dependent H3K27me3. The PRC1-
dependent mark is deposited first intergenically, within the XES, and only later spreads into gene
bodies. This process of spreading is concomitant with the initiation of gene silencing, indicat-
ing a potential functional link between transcriptional repression and PRCI activity. Similar to
H2AK119Ub, H3K27me3 accumulates first intergenically within the XES before spreading into
gene bodies. However, the deposition of this mark by PRC2 occurs significantly later than gene
silencing and H2AK119Ub accumulation, potentially precluding the involvement of H3K27me3
deposition in the initiation of XCI.

Important functional insights have come from studies using a silencing-deficient XistAA
RNA. Cells expressing this mutant RNA showed the accumulation of both H3K27me3 and
H2AK119UD at the intergenic regions but not within large gene-rich domains (80). Further anal-
ysis revealed that although H2AK119UD spreading is initiated concomitantly with gene silencing,
it is not the trigger for transcriptional repression (80). Rather, current data suggest that gene si-
lencing needs to be initiated by other mechanisms to allow for PRC1-mark spreading (see below).
This does not preclude PRC1 from playing some role in gene silencing, but it is clearly not the
major molecular mechanism for transcriptional repression.

MOLECULAR MECHANISMS OF POLYCOMB RECRUITMENT
DURING X-CHROMOSOME INACTIVATION

The coating of the X chromosome by Xist RNA results in a strong accumulation of both PRC1 and
PRC2 core components. Indeed, IF/RINA FISH assays have revealed enrichment of RING1A/B as
well as EED/EZH2/SUZ12 at the Xist cloud in differentiating cells (53-55, 94). This was further
confirmed by allele-specific ChIP-seq for EZH2 in differentiated ESCs (90). However, the ques-
tion of the underlying molecular mechanisms for PRC1 and PRC2 recruitment have remained
controversial for a long time. Initial Xist mutation experiments indicated that the A-repeat region
is not required for PcG recruitment (94). However, knockdown and in vitro binding assays have
shown direct interaction between EZH?2 and RepA4 ncRNA. RepA is an independent, 1.6-kb-long
RNA entity that overlaps with the A-repeat region of Xist (95). On the basis of these findings, it
was proposed that PRC2 is first recruited to the Xi by Xist RNA (or in fact by RepA), allowing for
H3K27me3 deposition. This in turn would lead to the recruitment of canonical PRC1 through
the H3K27me3 binding specificity of the CBX7 subunit (29). However, several recent studies do
not support this model, although they do not exclude the binding of PRC2 to the RepA transcript.
First, PRC2 has been found to bind rather promiscuously to most long, highly expressed RNAs,
eroding the claims of a specific A-repeat interaction with EZH2 (96). Second, none of the core
PRC2 subunits were detected in proteomic Xist interactome studies (70, 97, 98). Third, the core
noncanonical PRCI components, RING1B and PCGF3/5, were significantly enriched in Xist
RNA pull-downs (independent of the Xist A repeat) (70, 72). Together, these studies indicate that
PRC1 may be first recruited by Xist RNA, and PRC2 becomes enriched on the Xist-coated chro-
mosome only subsequently. This secondary PRC2 recruitment could potentially occur thanks to
the H2AK119Ub binding activity of the JARID2 cofactor of PRC2 (30). In line with this model,
PRCI1 is enriched on the Xi even in PRC2 mutant ESCs (75, 99).

Recent extensive Xist mutation studies have revealed that it is the B- and, to a lesser extent,
C-repeat regions that recruit noncanonical PRC1 through its interaction with heterogeneous
nuclear ribonucleoprotein K (hnRNPK) (Figure 24,b) (71-74, 100). Indeed, deletion of both
the B- and C-repeat regions results in the loss of Xist interaction with hnRNPK and RING1B,
as well as the noncanonical PRC1 subunits RYBP and PCGF3/5 (72). Importantly, ChIP-seq
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analysis has revealed that during both XCI initiation and maintenance, the Xist B-repeat region is
required for chromosome-wide deposition of H3K27me3 and H2AK119Ub (71, 72). Moreover,
researchers demonstrated that in the E7.5 epiblast devoid of PCGF3/5, there is no H3K27me3
and H2AK119Ub accumulation at the Xi (100). Together, these data indicate the importance of
noncanonical PRC1 in PRC2/H3K27me3 enrichment on the Xi. However, further experiments
are required to show the relative dynamics of recruitment of core PRC1 and PRC2 components
to the X chromosome undergoing inactivation. What is more, the importance of preloaded
PcG complexes prior to Xist upregulation remains largely unexplored. Indeed, the striking
correlations between Xist spreading and PcG premarking merit further investigation. Moreover,
multiple transcribed genes are prebound by RINGI1B and premarked by H2AK119Ub, and this
correlates with rapid gene silencing dynamics during XCI (79, 101). Finally, a recent finding that
XistAA RNA mutant cells show reduced H2AK119Ub levels at the Xi, but robust H3K27me3
enrichment, is not explained by current models (80). In this respect, questions regarding the
interplay between gene silencing and PRCI marking require further investigation.

FUNCTION OF POLYCOMB IN MEDIATING GENE SILENCING
DURING X-CHROMOSOME INACTIVATION

Although there are increasing data showing the importance of PRCI in mediating PRC2 recruit-
ment during XCI, the precise role of these complexes in XCI remains somewhat controversial. On
one hand, initiation and maintenance of random XCI appear to be independent of EED (102, 103).
However, in extraembryonic lineages, loss of core PRC2 components leads to partial reactivation
of the Xi, indicating an important, but context-dependent, role of PRC2 in XCI maintenance
(102). Importantly in extraembryonic tissues, the Xi does not accumulate DNA methylation at
CpG islands (CGIs), and the lack of this epigenetic mark could lead to a greater dependence on
PRC2. The function of PRC1 in mediating gene repression is still not properly understood given
only Ringl B KO phenotypes, and not those of RinglA/B dKO, have been reported (104). On the
other hand, loss of noncanonical PRC1 subunits PCGF3/5 in ESCs leads to reduced gene silenc-
ing induced by an autosomal Xist transgene (73, 100). This is consistent with the purification of
these factors with Xist RNA. Nevertheless, the contributions of different PRC1 complexes to gene
silencing in the context of the X chromosome remain unclear.

The studies of ESCs expressing Xist RNA deleted for the B and C repeats revealed initiation
of chromosome-wide gene silencing but without PcG recruitment (72, 73). However, coating by
Xist: AB or Xist: ABC leads to less efficient gene silencing with the strength of phenotype depending
on experimental design. This deficiency becomes even more pronounced when ESCs are differ-
entiated (71, 73). Thus, PcG recruitment by the B- and, to a lesser extent, C-repeat regions of Xist
RINA might promote efficient gene silencing during XCI. On its own, however, PcG recruitment
is not sufficient to induce gene silencing. The Xist A-repeat region is the main trigger for gene
repression during XCIL

CHRONOLOGY OF ACTIVE HISTONE MARK DEPLETION
DURING X-CHROMOSOME INACTIVATION

Upon Xist coating, the Xi not only accumulates an array of repressive chromatin marks but also
becomes depleted for many active histone modifications. Indeed, IF/RNA FISH studies have
revealed rapid loss of histone modifications associated with active promoters (H3K4me3, H4ac,
H3K9ac, H3K27ac) and enhancers (H3K27ac, H3K4mel) as well as exclusion of the RNAP II (44,
56,89, 105). This was further validated by allele-specific ChIP-seq for H3K4me3 in differentiated
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cells (90). To monitor how active chromatin marks are dynamically remodeled during XCI it was
necessary to use the same ESC model as for PcG marks (80). Strikingly, of all the chromatin mod-
ifications tested, it was H3K27 deacetylation that progressed with most rapid dynamics, whereas
others, such as H3K4me1/3, became depleted more slowly (80). H3K27 deacetylation did not oc-
cur uniformly along the X chromosome, with some promoters being more refractory to H3K27ac
loss than others. This differential promoter behavior precisely correlated with nascent transcript
silencing dynamics as judged by transient transcriptome sequencing (80). Further analysis into the
promoter and enhancer silencing dynamics revealed that enhancers become deacetylated slightly
more rapidly than promoters. However, stable decommissioning of enhancers by the loss of
H3K4mel is a very slow process even when compared to promoter demethylation of H3K4me3.
Together, these data indicate a complex sequence of events where rapid deacetylation of gene
regulatory elements precedes their stable decommissioning. The tight correlation in timing of
H3K27 deacetylation and gene silencing suggested a potential functional role for HDACs in
XCIL.

MOLECULAR MECHANISMS OF THE INITIATION OF
X-CHROMOSOME INACTIVATION: SPEN, HDAC3, AND BEYOND

Recent genetic screens for XCI factors as well as the purification of Xist RINA’s protein partners
have provided exciting new insights into the mechanisms by which Xist induces gene silencing (70,
97,98, 106, 107). All these studies independently identified the transcriptional repressor SPEN as
a key factor directly binding to the Xist A repeat (Figure 24) (70, 108). Importantly, loss of SPEN
results in nearly complete loss of Xist-dependent gene silencing along the X chromosome both
in vitro and in vivo, phenocopying the Xist RNA A-repeat deletion (73, 109). Thus, the initiation
of gene silencing is almost entirely dependent on the A-repeat region binding SPEN; however,
SPEN is largely dispensable for maintaining XCl in differentiated neuronal progenitor cells (109).
Another key question pertains to the mechanism underlying SPEN-mediated gene silencing. One
indication of its mode of action is that efficient promoter deacetylation is dependent on the A-
repeat region (80). In line with this, SPEN; through its SPOC domain, binds the corepressors
silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) and nuclear receptor
corepressor (NCoR), potentially enabling HDAC3 activation (109-111). Indeed, HDAC3 knock-
down in ESCs results in inefficient silencing of an X-linked gene, Gpc4 (97). On the basis of this in-
direct evidence, it was proposed that SPEN might recruit SMRT/NCoR complexes with HDAC3
to the X chromosome, allowing for histone deacetylation and gene silencing. This model would
be in line with rapid promoter deacetylation during XCI (80). However, Hdac3 KO ESCs revealed
a more nuanced phenotype, with the majority of X-linked genes showing delayed rather than ab-
rogated transcriptional silencing following Xist RNA coating (80). Furthermore, a minority of
genes were silenced independently of HDACS3 activity and yet are SPEN dependent (109). Thus,
SPEN-mediated activation of HDAC3 contributes to XCI, but other parallel mechanisms must
operate to mediate gene silencing during XCI (Figure 24). What is more, IF and allele-specific
ChIP-seq assays have revealed that HDACS3 is not efficiently recruited to the Xi, contrary to the
initial model, but rather it is prebound on active enhancers. It is Xist RNA coating, and SPEN
recruitment, that most likely results in HDAC3 activation and histone deacetylation. A recent re-
port confirmed that SPEN’ mechanism of action goes beyond the activation of HDAC3 (109).
Indeed, SPEN is recruited by Xist to the active promoters and enhancers along the Xi, where
it seems to integrate transcriptional machinery with multiple repressive complexes (109). Apart
from NCoR/SMRT/HDACS, these include m6A RNA methylation machinery and nuclease re-
modeling deacetylase complex (NuRD). One pressing question that remains is, To what extent do
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they contribute to SPEN’s silencing activity? Initial experiments also reported that knockdown
of SPEN and HDACS3 results in the loss of H3K27me3 enrichment at the Xi. However, allele-
specific ChIP-seq analysis in Hdac3 KO ESCs did not confirm this observation. In line with this,
loss of Xist A, but not of the B+C repeats, is compatible with initial PcG recruitment to the Xi
(72, 80).

In addition to recruiting SPEN and enabling histone deacetylation and PcG-mark deposition,
Xist RNA also recruits several other factors (reviewed in 112, 113). These include m6A RINA
methyltransferase complexes (RBM15/WTAP), as well as the lamin B receptor. Both pathways
have been implicated in mediating efficient gene silencing (78, 114); however, recent ESC KO
studies have revealed only minor XCI defects (73). Thus, SPEN and Xisz A repeats integrate mul-
tiple complexes with potentially repressive roles. However, their relative importance in the process
of XCI remains unclear.

MECHANISMS MAINTAINING X-CHROMOSOME INACTIVATION

Using ESCs with an inducible Xist gene, XCI has been shown to be fully Xist dependent and re-
versible during early differentiation. Following three days of differentiation and Xist expression,
the inactive state becomes locked in and is largely independent of Xist RNA (63). Indeed, loss
of Xist in differentiated female cells typically does not lead to global X-chromosome reactivation
(64, 115). This stable epigenetic silencing occurs in spite of strong #7uns activators regulating the
expression of genes on the Xa allele. How the stability of the inactive state is ensured through-
out the life of an adult female remains unclear. One of the important repressive marks believed
to lock in stable gene silencing is DNA methylation. Although the Xa is hypermethylated along
gene bodies, the Xi shows strikingly high methylation at CGI-associated promoters (62, 86, 116).
Indeed, loss of SmC due to pharmacological inhibition of DNMTTs or by genetic loss of DNMT'1
leads to partial X-chromosome reactivation (117, 118). Further insight into the importance of
CGI methylation in XCI was provided by the studies of structural maintenance of chromosomes
flexible hinge domain-containing protein 1 (SMCHD1). SMCHD1 is necessary for efficient main-
tenance of gene repression of ~10% of X-linked genes, and its loss is associated with promoter
hypomethylation (61, 119). However, further studies have revealed that SMCHD1 mediates its
repressive role independently of DNA methylation (120). Rather, it becomes enriched at the Xi at
late differentiation stages thanks to the PRCI activity (121). This allows for SMCHD1 to weaken
the 3D chromatin conformation typical of the Xa (122, 123). How precisely this structural role of
SMCHD1 relates to its function in maintaining gene silencing remains unclear.

Another pathway associated with DNA methylation is di- and tri-methylation of H3K9. The
H3K9me2 mark becomes enriched on the Xi in differentiating female cells (89). Researchers pro-
posed that the majority of H3K9me2 and H3K9me3 during XCI is deposited by euchromatic his-
tone lysine methyltransferase 2 (EHMT?2) and SET domain bifurcated 1 (SETDB1), respectively
(60, 124). However, the role of H3K9 methylation in XCI maintenance remains unclear. Loss of
either EHMT?2 or SETDBI leads to no, or only limited, gene reactivation at the Xi (124, 125).
It is likely that the lack of maintenance phenotypes is a result of redundancy between chromatin-
modifying enzymes. In this respect, DNA methylation and polycomb marks might serve as an
additional barrier for X-chromosome reactivation in Ebmt2 KO and Setdb1 KO cells.

Multiple parallel mechanisms operate together to allow for stable maintenance of silencing on
the Xij; these include polycomb marks, CGI methylation, and probably H3K9 methylation. In-
triguingly, stable fHC can differ between cell types, with placental tissues being more reliant on
PRC repressive mechanisms and in embryonic tissues DNA methylation playing a more promi-
nent role.
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FACULTATIVE HETEROCHROMATIN AT CANONICALLY
IMPRINTED LOCI

Like XCI, the process of genomic imprinting entails the establishment of a stable silent com-
partment at only one allele. This is linked to epigenetic asymmetry between two alleles, which
originates from differential chromatin states inherited from the gametes. Imprinted genes typi-
cally form clusters of monoallelically expressed genes regulated by single imprint control regions
(ICRs). In the case of canonically imprinted loci, ICRs harbor asymmetric patterns of DNA meth-
ylation originating from the oocyte or sperm. The vast majority of ICRs are maternally imprinted
(i-e., containing SmC on the maternal allele), and only three paternal ICRs have been reported thus
far (126). As in the case of XCI, distinct molecular machineries are involved in the establishment
of repressive chromatin patterns and in their maintenance.

The most important pathway for imprint establishment is de novo DNA methylation during
oogenesis by DNMT3a and its catalytically inactive cofactor DNMT3L (127, 128). In female
germline, global DNA methylation levels are relatively low, reaching ~40% of CpG methylation
(129, 130). This DNA methylation positively correlates with ongoing transcription, CGIs, high
H3K36me3, and low H3K4me3 (131, 132). Studies on the dynamics of ICR heterochromatiniza-
tion during oogenesis have shed light on the order of chromatin events. Initially, in prenatal female
germ cells, there is no transcription and the global levels of DNA methylation remain low. Already
at this point the CGIs, which will undergo DNA methylation, are premarked by H3K4me2/3
(132). In postnatal growing oocytes, there is transcriptional activation of the genome and con-
current deposition of H3K36me3 at gene bodies, but this precedes de novo DNA methylation
(Figure 2¢) (132, 133). Nevertheless, it has been demonstrated for multiple loci that the act of tran-
scription is necessary for subsequent ICR methylation (15-18). Mechanistically, this de novo DNA
methylation by DNMT3A/DNMT3L can only occur once H3K4me2/3 is removed by KDM1A
and KDM1B (Figure 2d) (132, 134). Despite these elegant experiments, it remains unclear what
drives the recruitment of de novo DNA methylation machinery during oogenesis. Initially it was
hypothesized that the proline-tryptophan-tryptophan-proline (PWWP) domain of DNMT3A
allows its recruitment to H3K36me3 (135). This seems inconsistent with the phenotype of mice
carrying PWWP domain point mutations abrogating such interactions (136). A potential role for
PWWP interacting with dimethylated H3K36 should also be considered (137). Other compen-
satory mechanisms might also operate, with HDAC1/2 and DNMT1 cofactor ubiquitin-like with
PHD and ring finger domains 1 (UHRF1) playing some role in de novo DNA methylation during
oocyte growth (138, 139).

The mode of DNA methylation targeting at the three paternally imprinted ICRs is even more
elusive than that operating in the oocyte. In fact, these loci represent an exception from the general
pattern of DNA methylation in sperm. The paternal genome, unlike that of the oocyte, shows high
levels of DNA methylation reaching ~90% of CpGs, but this is generally excluded from CGIs
(131, 140). ICRs are a part of a small subset of mainly intergenic CGIs, which become efficiently
methylated. For two of the three known paternal ICRs (H19, Dlk1/Gti2), this largely depends on
the activity of DNMT3A/DNMT3L (141, 142). However, it is still not known how this complex
is recruited to chromatin, but it might rely on noncoding transcription through these ICRs in
the male germline development (143). We know more about the mechanisms governing imprint
establishment at the ICR of Rasgrfl. This paternal ICR becomes methylated in a DNMT3L-
dependent, but DNMT3A-independent, manner (142). Strikingly, it is the newly discovered, ro-
dent specific, de novo methyltransferase DNMT3C that targets this ICR (144). Establishment of
the methylated state at RasgrfI requires the transcription of a retrotransposon through the ICR,
and this in turn produces piRINAs (145, 146). The biogenesis of these transposon-derived small
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ncRNAs is dependent on PIWT proteins (for a review, see 147). Mice carrying mutations in the
PIWI proteins show loss of RasgrfI ICR methylation in sperm. Nevertheless, how the piRNA
pathway directs the recruitment of DNMT3C to Rasgrf] still remains unclear.

In summary, the establishment of canonical imprinting seems to depend, all in all, on targeted
de novo DNA methylation during oogenesis or spermatogenesis. The key factors involved in the
epigenetic marking of most ICRs are proposed to be ongoing noncoding transcription and asso-
ciated changes in histone methylation patterns. Crucially, these repressive states are established in
the germline and as such do not entail epigenetic asymmetry between the alleles. Such asymmetry
is only found after fertilization, when differentially methylated genomes fuse to form one nucleus.
Thus, the monoallelic nature of imprints is in fact established upon fertilization, at which point
specific pathways must operate to stably maintain this allelic asymmetry.

In fact, immediately following fertilization there is striking overall asymmetry in the DNA
methylation patterns between the paternal and maternal genomes (148). However, only a minute
subset of these gametic differentially methylated regions function as ICRs throughout embryonic
development and into adult life, as the majority of this asymmetry is dynamically reprogrammed
during preimplantation development. Rapid active and passive DNA demethylation ensues shortly
after fertilization, leading to a globally hypomethylated state at the blastocyst stage (for a review,
see 148). However, ICR elements are selectively protected from this genome-wide demethyla-
tion, and asymmetric DNA methylation between the two alleles is thus maintained. The molecular
mechanisms allowing this 5mC protection relies in part on a Kriippel-associated box domain—zinc
finger protein (KRAB-ZFP) called ZFP57 (35). This factor binds to a specific motif present at all
ICRs, but only in the context of high DNA methylation and H3K9me3 (149). ZFP57 thus allows
for the recruitment of its cofactor KRAB-associated protein 1 (KAP1, also called TRIM28) main-
tenance DNMT'1 and histone methyltransferases specifically to the methylated alleles of ICRs
(149, 150). Indeed, lack of ZFP57 at preimplantation stages leads to partial imprint erasure (151,
152). Recently, another KRAB-ZFP, ZFP445, was also found to contribute to protection from
imprint erasure (153). Thus, the initial asymmetric DNA methylation at the ICRs enables the
recruitment of specific ZFP proteins bringing in multiple heterochromatic proteins including the
DNA methylation maintenance machinery.

Another potential alternative pathway is dependent on H3K9me?2 associated with some meth-
ylated ICRs. This histone modification is postulated to bind the maternal factor developmental
pluripotency-associated 3 (DPPA3; also known as STELLA), which in turn would prevent efficient
SmC to ShmC conversion during preimplantation development (154, 155). This model, however,
is somewhat confounded by a recent study showing that DPPA3 already regulates global DNA
methylation levels in the oocyte (156). Further studies will be necessary to define the role of this
regulatory pathway in maintaining imprinted states after fertilization.

How do ICRs ultimately result in imprinted gene expression across regions that can span sev-
eral hundred kilobases? Upon fertilization, differential methylation at the ICRs can lead to tran-
scriptional silencing of nearby genes on the imprinted allele or to the formation of fHC on the
other allele. The former process typically depends on ncRINA expression from the allele with un-
methylated ICR (157, 158). Indeed, this is the case for two imprinted ncRNAs: Airn and Kenglotl
(157). These are both maternally imprinted and as such are expressed only from the paternal allele.
In the placenta, however, both of these ncRNAs are necessary and sufficient to establish a large
silent PcG-enriched domain on the paternal allele (159-161). Indeed, similarly to Xist RNA, both
of these ncRNAs interact with hnRINPK to enable PRC1 and PRC2 enrichment. On the basis of
our understanding of XCI mechanisms, it seems likely that hnRNPK would first recruit PRC1
and only subsequently allow PRC2 enrichment thanks to JARID2 binding to H2AK119Ub (30).
However, this model awaits experimental validation.
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Thus, canonical imprinting shows some similarities with XCI. On the one hand, establishment
of fHC domains seems to rely on noncoding transcription in both cases. During XCI, Xist RNA
mediates accumulation of repressive histone marks, and some imprinted ncRNAs seem to behave
in a similar manner. On the other hand, the establishment of imprinting typically depends on
the act of transcription itself, allowing for efficient deposition of repressive chromatin signatures
at the ICR. An important difference in both processes is the role of DNA methylation. In the
case of XCI, this mark seems to be involved solely in maintaining gene silencing, whereas in ge-
nomic imprinting it plays a pivotal role in initiation. This mark also allows stable maintenance
and recruitment of other chromatin-modifying activities. Another difference is the dependence of
genomic imprinting on highly specific DNA binding factors. Indeed, it seems that in most cases
the ZFP57 binding motif is crucial for imprint maintenance. In the case of XCI, no such fac-
tor has yet been identified and maintenance of the inactive state seems rather to be mediated by
self-reinforcing multilayered chromatin marks.

NONCANONICAL H3K27me3-DEPENDENT IMPRINTING

Genomic imprinting was first formally demonstrated in 1984 by Davor Solter, Azim Surani, and
colleagues (162-164). Around the same time, genetic data from Bruce Cattanach revealed differ-
ential activity of maternally and paternally derived chromosome regions in mice (165). In fact,
preferential inactivation of the paternal X chromosome in extraembryonic lineages had already
been discovered in the 1970s (166). Surprisingly, however, this early example of imprinting was
found not to rely on a canonical DNA methylation-dependent mechanism (118). Despite signif-
icant efforts, the molecular mechanism of nonrandom Xist RNA expression in extraembryonic
lineages remained elusive for decades. It was because of the discovery of H3K27me3-dependent,
but DNA methylation-independent, imprinting that a putative mode of action could be tested (21).
"This novel pathway was only discovered because of the development of ultrasensitive technologies
allowing for allele-specific mapping of histone modifications and open chromatin in preimplan-
tation embryos. By using such approaches, Inoue et al. (21) identified 76 genes with maternal
H3K27me3 marking and an open and transcribed state on the paternal allele. These maternal do-
mains of H3K27me3 are inherited from the oocyte and arise during oocyte growth but are erased
around the time of implantation (Figure 1) (167). Consistent with this, the paternal expression
of noncanonically imprinted genes seems to be transient and becomes lost at the time of embryo
implantation (21). A notable exception from this concerns a small set of genes that are monoallel-
ically expressed in the placenta (21). Xist is one of these, and it remains repressed at the maternal
allele in the extraembryonic lineages. This is due to a maternally inherited large H3K27me3 do-
main spanning its promoter and extending well beyond it (21). Indeed, maternal loss of EED,
a core PRC2 component, leads to robust Xist RNA expression from the maternal allele even in
male embryos where Xist is normally never expressed (168, 169). What is more, other noncanon-
ically imprinted genes also become biallelically expressed upon the loss of PRC2 (169). Although
the presence of H3K27me3-dependent imprinting is unquestionable, its importance for placental
development beyond Xisz regulation requires further investigation.

Furthermore, the molecular mechanism that establishes H3K27me3 domains remains unclear.
The formation of fHC is typically associated with the act of transcription (canonical imprint-
ing) and ncRNAs (e.g., Xist, Airn, Kenglotl); however, it remains unlikely that a similar mecha-
nism plays a role in targeting H3K27me3 in the oocyte. Consistent with the antagonism between
transcription, DNA methylation, and H3K27me3 (170), it seems that de novo DNA methylation
targeted by transcription in the oocyte might restrict H3K27me3 domains (167). Thus, the un-
derlying mechanism of PcG targeting remains unknown. Another interesting aspect of this novel
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pathway is how allelic asymmetry is maintained during early preimplantation development, as
the H3K27me3 inherited from the sperm becomes rapidly reprogrammed, whereas the maternal
pronucleus seems protected from this activity. On the basis of what is now known about XCI, we
propose that there is a possible function of PRC1 allowing for a positive feedback loop in retaining
H3K27me3-marked domains. What is more, unlike the canonical ICRs, those driving H3K27me3
imprinting have not yet been characterized. Even in the case of Xist imprinting, the H3K27me3
enrichment domain spans 400 kb; however, which part (or all) of this domain is actually neces-
sary for Xist’s early monoallelic expression remains to be shown. Finally, there is the question
of how noncanonical imprinting is maintained specifically in the extraembryonic lineages. Chro-
matin profiling of these lineages revealed that imprinted H3K27me3 domains are typically lost
after implantation (171, 172). They seem to be replaced by monoallelic de novo DNA methyla-
tion at specific repeat elements. These are proposed to act as imprinted promoters (or enhancers)
driving transcription from the unmethylated paternal allele (171). The functional importance of
DNA methylation in this process was recently demonstrated (172). However, the validity of this
model for the Xist locus is questionable. Indeed, the Xist imprint itself is removed prior to implan-
tation (173) and monoallelic Xist expression is maintained in the extraembryonic lineages even in
the absence of DNA methylation (118).

LONG-RANGE SILENCED DOMAINS: Hox CLUSTER REPRESSION

The final example of fHC that we discuss is developmentally regulated Hox genes. In mammals,
39 such genes are grouped within four clusters. All of these are stably repressed during pre- and
peri-implantation stages (Figure 1). They normally become activated only during gastrulation in
a spatially and temporally controlled manner (174). The reason why Hox clusters can be consid-
ered fHC is because once key PcG components are removed widespread, Hox-gene reactivation is
observed both in vitro and in vivo (5-11). Indeed, in the case of both ESCs and peri-implantation
embryos, Hox clusters are richly decorated by the PcG complexes, leading to the formation of
the stably repressed domains of H3K27me3 and H2AK119Ub enrichment (10, 175). The re-
quirement of PcG for Hox silencing fulfils the fHC definition, where strong repressive chromatin
signals override the activatory trans-acting TFs.

One key question regarding Hox-gene regulation is how the repressive fHC state is estab-
lished. ChIP-seq experiments during preimplantation development revealed that the repressive
H3K27me3 state is not inherited from the gametes (167). Indeed, this mark is removed from
Hox clusters after fertilization and only becomes strongly enriched at the peri-implantation stage
(Figure 1). An important but yet unanswered question concerns the timing of PRCI recruitment.
Because a strong positive feedback loop exists between PRC1 and PRC2 (30, 176-178), it remains
possible that one of these complexes is recruited first. A significant body of knowledge points to
the initial recruitment of PRC2 and only subsequently of PRCI (reviewed in 179). Indeed, loss of
PRC2 in ESCs leads to a significant loss of PRC1 binding (6, 180). However, depletion of PRC1
does not lead to complete PRC2 loss (5, 30, 181). In ESCs it seems that the primary mode of
PRC2 recruitment depends on its subunit MTF2, which selectively binds to demethylated, CpG-
rich regions with a specific helical shape (182). However, single M2 KO ESCs still retain strong
H3K27me3 enrichment along Hox clusters. An alternative recruitment mode operates through
other cofactors of PRC2, such as JARID2, EPOP, and AEBP2 (26, 183, 184). Indeed, ESCs lack-
ing all these cofactors fail to recruit PRC2 to the Hox clusters (183, 184). To identify the sites
where MTF2/JARID? cofactors first recruit PRC2, the Reinberg lab has utilized an EED point
mutation (Y365A or F97A), which renders PRC2 unable to spread as EED loses its binding to
H3K27me3 (26). Such mutant ESCs lose H3K27me3 genome-wide except at ~200 nucleation
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sites. It is from these sites that wild-type PRC2 can spread in ¢is and into regions lying in their 3D
proximity. Such nucleation sites have been identified in the proximity of all Hox clusters. Impor-
tantly, weak H3K27me3 deposition at these regions can already be demonstrated at the blastocyst
stage, indicating that they might be functional not only in ESCs but also in vivo (26). Such primary
PRC2 recruitment to unmethylated CGI at the blastocyst stage could in turn recruit the canonical
PRCI through its CBX7 subunit binding to H3K27me3 (29).

The reverse hypothesis has also been proposed, as PRCI1 tethering in ESCs results in de novo
PRC2 recruitment possibly thanks to the affinity of JARID?2 to bind H2AK119Ub (30, 183). Such
a model would be more reminiscent of that proposed for Xist RNA-mediated PcG recruitment.
Unfortunately, not enough is known about the dynamics and role of PRC1 in preimplantation em-
bryos to disentangle the primary recruitment of PRC1 from PRC2 functionally. Indeed, although
studies in ESCs have enabled elegant functional analyses, in the case of the PcG complexes, ESCs
seem to differ dramatically from their in vivo counterparts. In the ICM of the blastocyst, very little
de novo PRC2 recruitment took place even at the Hox clusters (167). Why the repressive chro-
matin state of fHC at these regions is not yet established by the blastocyst stage remains unclear.
Indeed, the ICM shows global DNA hypomethylation, and yet there is no robust PcG recruitment
to the CGIs as would be predicted from the MTEF2 binding specificity observed in ESCs. These
and other discrepancies merit detailed in vivo investigation given that appropriate in vitro stem
cell models do not yet exist.

Another frequent feature of fHC formation are ncRINAs or the act of their transcription, which
operate to target repressive chromatin modifiers. In the case of Hox cluster silencing, this is a highly
controversial topic. Initial studies described an antisense transcript to HoxC genes: Hotair (185).
This ncRINA was reported to repress the HoxD genes in t7ans and to interact with both the PRC2
complex as well as the H3K4me3 demethylase LSD1 (185, 186). What is more, loss of Hotair
in vivo was reported to lead to homeotic transformations reminiscent of Hox-gene deregulation
(187). However, more rigorous phenotyping of the Hozair KO mouse revealed no sign of develop-
mental defects or HoxD cluster derepression (20). This is in line with other reports revealing that
PRC2 complex promiscuously binds long RNAs and with similar affinities to the interaction with
Hotair (96, 188, 189). Further data arguing against the biological importance of Hozair RNA for
HoxD gene repression came from Hotair overexpression and tethering experiments (19). Indeed,
only very minor gene deregulation was observed in these experiments, and this was independent
of PRC2 activity (19). Thus, it seems unlikely that Hotair plays a significant role in Hox-gene re-
pression in vivo. This is in line with recent models proposing that PRC2 recruitment is actually
impeded by ongoing transcription (179, 188, 190, 191). Such inhibition of PRC2 spreading was
also visible during the early stages of XCI (80).

FACULTATIVE HETEROCHROMATIN ESTABLISHMENT CAN OCCUR
INDEPENDENTLY OF NONCODING RNAs OR TRANSCRIPTION

Here, we have sought to review recent findings on the role of chromatin modifications in
establishing and maintaining fHC in mouse development (Table 1). The latest advances in the
field indicate that establishment of many types of fHC (but not all) depends on noncoding tran-
scription. Either ncRNAs (e.g., Xist, Kenglotl, Airn) or the act of transcription itself (canonical
imprint establishment) targets chromatin-modifying activity, typically in cis, allowing for the ini-
tiation of heterochromatinization. In the case of XCI, Xist RNA recruits SPEN along with other
factors, and HDAC activity is enabled, which facilitates establishment of a repressive chromatin
compartment. In the case of canonical imprinting, transcription (or production of piRINAs for
Rasgrfl) targets de novo DNA methylation machinery to establish the heterochromatin features
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Table 1 Summary of mechanisms involved in fHC initiation and maintenance

Mechanism of initiation

Mechanism of maintenance

X-chromosome

®m Xist RNA-dependent recruitment of SPEN,

Repression is largely Xist-independent.

inactivation subsequent HDACS3 activation, and histone Promoter DNA methylation locks in
deacetylation silencing, especially in embryonic lineages.
®m Polycomb contributes to efficient gene repression. PRC2 locks in silencing in extraembryonic
m Potential function of other SPEN interactors lineages.
(e.g., m6A RNA methylation or NuRD) SMCHD1 maintains silencing of ~10% of
genes.
Canonical Oogenesis: Asymmetric ICR methylation is
imprinting ® Transcription targets H3K36me3 and allows for maintained in part by SmC-dependent
H3K4me2/3 removal by KDM1A/B from CGIs. binding of ZFP57/ZFP445.
m H3K4me3 loss allows DNMT3A/L targeting to Subsequent recruitment of KAP1 and
CGls. DNMT1 allows 5mC maintenance.
Spermatogenesis:
® DNMT3A/L targeting to rare CGIs through an
unknown mechanism
® DNMT3C targeting to Rasgrfl depends on
piRNAs.
Noncanonical m H3K27me3 targeting in the oocyte to broad Presumably positive feedback between
imprinting untranscribed domains of low SmC PRC2 and PRC1 allows for

® Unclear role of PRC1 or PRC2 targeting
cofactors
®m Role of noncoding transcription is unlikely

preimplantation maintenance.
Extraembryonic lineages exchange broad
H3K27me3 for monoallelic SmC at
repeats.

Entirely unknown for Xist locus

Hox cluster
repression

m In ESCs, cofactors target PRC2 to unmethylated,
CpG-rich, untranscribed regions.

m Spreading of PRC2 from nucleation sites relies on

H3K27me3-binding activity of EED.

®m Role of PRCI in targeting PRC2 remains unclear
as does the targeting mechanism in vivo.

m The role of polycomb in initiating Hox repression
is unclear.

A positive feedback between PRC2 and
PRC1 is vital.

Feedback presumably depends on JARID2
recognizing H2AK119Ub and CBX7
binding H3K27me3.

No role for noncoding transcription

Abbreviations: SmC, 5-methylcytosine; CBX, chromobox; CGI, CpG island; DNMT, DNA methyltransferase; EED, embryonic ectoderm development;
ESC, embryonic stem cell; fHC, facultative heterochromatin; H2AK119Ub, monoubiquitinylation of histone H2A lysine 119; HDAC, histone deacetylase;
ICR, imprint control region; JARID2, Jumonji and AT-rich interaction domain containing 2; KAP1, KRAB-associated protein 1; KDM, histone lysine
demethylase; MTF2, metal response element binding transcription factor 2; NuRD, nuclease remodeling deacetylase complex; piRINA, Piwi-interacting
RNA; PRC, polycomb-group repressive complex; SMCHD1, structural maintenance of chromosomes flexible hinge domain-containing protein 1; SPEN,
protein split ends homolog; ZFP, zinc finger protein.

of ICRs. One surprising common feature of these fHC states is that their establishment does not
depend on PRC2 activity. Indeed, it seems that ongoing transcription would rather hinder the
rapid accumulation of H3K27me3 as is the case in XCI, where H3K27me3 accumulation can only
occur when genes have been silenced (80). This, however, does not preclude PRC2 from playing
an important role in maintaining gene repression within some specific developmental contexts.
However, several other fHC types seem to be entirely independent of ncRNA or transcrip-
tion. In these cases, the molecular mechanisms of establishment remain unclear, although it is
known that they strongly rely on PRC2 for their maintenance. This seems to be the case for both
noncanonical imprinting and Hox-gene cluster repression. ESC experiments indicate that the es-
tablishment of such fHC relies mainly on the targeting of PRC2 by its cofactors. Recent data
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point to important functions of PRCI in both targeting and maintaining fHC. Finally, although
the mechanisms that preserve asymmetric DNA methylation at imprints have been elucidated,
so far the mechanisms underlying the maintenance of asymmetric H3K27me3 marking in mouse

preimplantation development remain to be discovered. Mechanistic studies on developing mouse

embryos will be required to elucidate this point.
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