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Abstract
Constitutive heterochromatin packages long stretches of repetitive DNA sequences at the centromere and telomere, and 
ensures genomic integrity at these loci by preventing aberrant recombination and transcription. The chromatin scaffold of 
heterochromatin is dynamically regulated in the cell cycle, and inheritance of the epigenetically silenced state is depend-
ent on a transcriptional event imposed on the underlying non-coding RNA in conjunction with the DNA replicative phase. 
Heterochromatin becomes transiently loosened in response to a reduction in the binding of Swi6, a heterochromatin protein, 
and this allows RNA polymerase II access to the underlying sequence. The derived transcripts, in turn, drive heterochromatin 
formation via the recruitment of other silencing factors. It remains unclear how heterochromatin becomes decompacted in 
a cell cycle-specific manner. Here, we describe a mechanism of heterochromatin decompaction initiated by a novel histone 
modification, histone H3 tyrosine 41 phosphorylation (H3Y41p). We will discuss how H3Y41p cooperates with other regu-
latory pathways to enforce cell cycle-dependent regulation of constitutive heterochromatin.
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Introduction

The DNA double helix of eukaryotic cells is condensed 
and organized around scaffolding histone proteins, referred 
to as chromatin. The basic subunit of chromatin is the 
nucleosome, which is composed of octameric histone pro-
teins (two copies each of histone H2A, H2B, H3 and H4) 
complexed with 1.6 turns of DNA (~ 146 base pairs [bp]) 
(Luger et al. 1997). The degree of chromatin compaction 
at different chromosomal loci directly affects its ability to 
be transcribed. Chromatin is, therefore, roughly classified 
as euchromatin, which is relatively opened and common to 
most coding sequences, and heterochromatin, which is more 
compacted and typical of highly repetitive regions. Euchro-
matin is preferentially enriched with histone modifications 
associated with transcriptional activation, such as histone 
H3 lysine 4 and 36 methylation (H3K4me and H3K36me, 
respectively), whereas heterochromatin is nested with tran-
scriptionally repressive modifications, such as H3K9me and 
H3K27me (Cam et al. 2005; Shilatifard 2006; Simon and 
Kingston 2009). Heterochromatin is further subdivided into 
facultative and constitutive heterochromatin, with the former 
common to regions of DNA that code for developmental 
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genes, retaining the potential to be transcriptionally acti-
vated in response to environmental cues (Trojer and Rein-
berg 2007; Seo et al. 2018). Constitutive heterochromatin, on 
the other hand, generally encompasses non-coding repetitive 
DNA associated with specialized chromosomal loci, such 
as centromeres and telomeres (Allshire and Ekwall 2015).

Much research in the past 2 decades has mechanistically 
defined H3K9me as the “binding site” recognized by various 
protein motifs during heterochromatin formation, particu-
larly proteins that contain chromodomains (CDs) (Bannis-
ter et al. 2001; Nakayama et al. 2001; Sadaie et al. 2008). 
CDs are protein structural domains of approximately 40–50 
amino acids in length that are typically found within pro-
teins of the CD superfamily, founded by mammalian hetero-
chromatin protein 1 (HP1). HP1 proteins assemble various 
macromolecular complexes on constitutive heterochromatin 
that act as platforms for the recruitment of other protein 
complexes with chromatin-modifying activities (Bannister 
et al. 2001; Grewal and Jia 2007; Cam et al. 2009). Together 
with di- and trimethylated H3K9 (H3K9me2 and H3K9me3, 
respectively), HP1 proteins regulate transcriptional silenc-
ing in all eukaryotic organisms, except certain ascomycetes 
fungi, such as the budding yeast Saccharomyces cerevisiae 
(Lomberk et al. 2006).

Heterochromatin in fission yeast, however, shares struc-
tural similarities with that of other eukaryotes, and is, 
therefore, widely employed as a model organism to study 
heterochromatin formation. For example, fission yeast 
encompasses long stretches of repetitive elements termed 
dg and dh, which are similar to the tandem α-satellite repeats 
found in human pericentromeric heterochromatin (Bjerling 
and Ekwall 2002; Verdel and Moazed 2005; Yang and Li 
2017). The human genome encodes three HP1 proteins—
HP1α, HP1β and HP1γ (Lomberk et al. 2006)—represented 
as Swi6 and Chp2 in fission yeast (Thon and Verhein-Hansen 
2000). Fission yeast also contains Chp1 and Clr4, two other 
CD-containing proteins that recognize H3K9me2/3 and are 
important for heterochromatin formation: Chp1 is a subu-
nit of the RNA-induced transcriptional silencing (RITS) 
complex, whereas Clr4 is the catalytic subunit of the H3K9 
methyltransferase complex, Clr-C (Verdel et al. 2004; Sadaie 
et al. 2004; Zhang et al. 2008). These CD proteins interact 
with a host of heterochromatin-regulating factors to establish 
and maintain heterochromatin throughout the cell cycle in 
fission yeast.

Dynamic regulation of centromeric 
heterochromatin in cell cycle

Proper establishment and maintenance of heterochromatin 
are critical for ensuring genomic integrity. Disruptions to 
heterochromatin silencing often underlie defects in mitotic 

and meiotic chromosomal segregation, hypersensitivity 
towards DNA damaging agents, and abnormal recombina-
tion events that lead to DNA sequence loss and genomic 
instability (Ekwall et al. 1996; Kato et al. 2005; Li et al. 
2013). Constitutive heterochromatin, therefore, remains in a 
condensed form to restrict the accessibility of DNA process-
ing factors (Nicolas et al. 2007; Meschini et al. 2015) and 
prevents aberrant transcription of heterochromatic repeats. 
Indeed, such events are a hallmark of heterochromatin dis-
ruption (for examples, see Bayne et al. 2008; Chen et al. 
2008; Kitano et al. 2011). However, recent evidence sug-
gests a role for RNA polymerase II-mediated transcription as 
being important for perpetuating the silenced state of hetero-
chromatin through dynamic regulation during the cell cycle 
(Cam et al. 2005; Kato et al. 2005; Djupedal et al. 2005).

There is a short window within the S-phase of the cell 
cycle where a preferential transcriptional “burst” coincides 
with the preferential binding of RNA polymerase II (Chen 
et al. 2008; Kloc et al. 2008). This burst of transcription 
was identified by quantifying the levels of non-coding tran-
scripts from constitutive heterochromatin at centromeric and 
sub-telomeric regions, and mating-type locus. Transcripts 
arising from heterochromatic repeats are processed by RNA 
interference (RNAi) machineries into small interference 
RNA (siRNA), which becomes incorporated into the RITS 
complex, and direct the complex to cognate heterochromatic 
locations via base pairing with heterochromatic transcripts 
(Motamedi et al. 2004; Noma et al. 2004; Sugiyama et al. 
2005). This occurs in conjunction with Clr-C, H3K36 meth-
yltransferase Set2, and several histone deacetylase (HDAC) 
complexes including Class I and II complexes—with Clr6 
and Clr3 as catalytic subunits, respectively―to reconsti-
tute the condensed heterochromatin at the end of S-phase 
(Chen et al. 2008; Cam et al. 2009). The S-phase-related 
transcription of centromeric heterochromatic sequences is 
correlated with the temporal colocalization of factors and 
histone modifications associated with transcriptional acti-
vation, and also with colocalization of the DNA replicative 
polymerase ε complex, which likely coordinates the trans-
mission of epigenetic silencing on newly synthesized DNA 
at the centromeric heterochromatin (Li et al. 2011).

Similar S-phase-linked heterochromatic transcription has 
been reported in mammalian cells; albeit, not in as much 
molecular detail as that in fission yeast. In mouse mammary 
epithelial cells, RNA polymerase II-dependent transcripts 
were detected from γ-satellites during the G1- to S-phase of 
the cell cycle (Lu and Gilbert 2007). In mouse embryonic 
stem cells, the developmentally controlled formation of het-
erochromatin upon retinoic acid induction is associated with 
HP1α and transcription from pericentromeric satellite DNA, 
concomitant with the binding of transcription regulatory 
p68 RNA-helicase (Enukashvily et al. 2009). Heterochro-
matic transcription also maintains murine heterochromatic 



831Current Genetics (2019) 65:829–836	

1 3

chromocenter formation in later developmental stages 
(Probst et al. 2010). Importantly, these heterochromatic loci-
originated transcripts serve important physiological func-
tions in heterochromatin formation, for example, in the tar-
geting of HP1α to heterochromatic loci (Maison et al. 2011). 
Transcripts of pericentromeric high-copy satellite repeats 
can sequester methyl-CpG-binding protein 2 (MeCP2) to 
form cancer-associated satellite transcript (CAST) bodies, 
which in turn repress the transcription of these repeats (Hall 
et al. 2017). Transcriptional silencing of heterochromatic 
repeats appears to perform a tumor-suppressing function as 
the de-repression of pericentromeric satellite transcription 
is associated with tumorigenesis (Eymery et al. 2009; Ting 
et al. 2011; Hall et al. 2017). Transcription and RNAi-cou-
pled mechanisms can also silence centromeric retrotrans-
poson repeats in plants (Neumann et al. 2007; Hale et al. 
2016). This transcription-dependent mechanism is likely 
to be universal in regulating heterochromatin formation: it 
has also been reported in the silencing of murine telom-
eric repeats (Mallm and Rippe 2015). Taken together, the 
initiation of heterochromatin formation by the transcription 
of heterochromatin-associated non-coding repetitive DNA 
sequences represents a conserved mechanism to maintain 
the balance between silencing and transcription for precise 
epigenetic inheritance of silenced chromatin memory.

Molecular interactions that reconstitute 
heterochromatin associated 
with non‑coding transcription

Several intermolecular interactions enable the reconsti-
tution of silenced chromatin. For example, within the 
RITS complex, the Tas3 subunit acts as a scaffold joining 
Ago1 to Chp1, which contains a CD capable of binding to 
H3K9me2/3 (DeBeauchamp et al. 2008); this suggests a 
cooperation between RNAi and H3K9me in targeting RITS 
to pericentromeric heterochromatin (Zhang et al. 2008). 
Methylation of H3K9 by Clr4 in the Clr-C complex also 
directs other CD proteins—Swi6 and Chp2—to heterochro-
matin (Sadaie et al. 2008; Nakayama et al. 2001). Chp2, 
in turn, recruits a type II histone deacetylase snf2/HDAC-
containing repressor complex (SHREC) to deacetylate 
chiefly histone H3 lysine 14 (Sugiyama et al. 2007; Mota-
medi et al. 2008). A type I HDAC complex is also localized 
to centromeric chromatin, where its catalytic subunit Clr6 
confers pan-deacetylation at multiple lysine residues on his-
tones of heterochromatic nucleosomes. H3K36me is tran-
siently enriched at pericentromeric heterochromatin during 
the preferential localization of RNA polymerase II, whose 
C-terminus can recruit the Set2 H3K36 methyltransferase 
(Chen et al. 2008; Cam et al. 2009; Suzuki et al. 2016). 
Collectively, the deacetylation and methylation of histones 

coordinate with canonical heterochromatin-associated fac-
tors to establish and spread heterochromatin on newly syn-
thesized DNA (Chen et al. 2008; Li et al. 2011; Zhang et al. 
2008).

Modulation of centromeric heterochromatin 
for transcription by RNA polymerase II

Compaction of the heterochromatin scaffold must be dynam-
ically adapted during different stages of the cell cycle, the 
most challenging of which is inarguably the DNA replica-
tion phase, in which the condensed chromatin needs to be 
loosened for the passage of DNA polymerases and the RNA 
polymerase to establish the silenced state. This loosening 
poses an obvious threat to genomic stability, as loosened 
chromatin can lead to an unraveling of the entire heterochro-
matin structure. Hence, there exist mechanisms that regulate 
the “opening up” of heterochromatin only during appropri-
ate times in the cell cycle. We and others have reported the 
temporary loosening of heterochromatin after Swi6 delo-
calization, which is initiated at the previous M-phase (Chen 
et al. 2008; Kloc et al. 2008), and in mutants of heterochro-
matin-associated factors, such as Clr4 and Swi6 mutants, 
heterochromatin structure is abolished (Chen et al. 2008; 
Nakayama et al. 2001).

Histone H3 phosphorylation at serine 10 (H3S10p) is a 
mitotic event closely associated with chromosomal conden-
sation in M-phase (Johansen and Johansen 2006; Chen et al. 
2008). In fission yeast, factors constituting the chromosomal 
condensin complex localize to centromeric chromatin in a 
H3S10-dependent manner (Chen et al. 2008); these factors 
are also required for maintaining heterochromatic silencing 
at the centromere. The mechanism underlying the dynamic 
heterochromatin localization of the condensin complex is 
unclear but it may be regulated by non-structural mainte-
nance of chromosome (SMC) subunits (Robellet et al. 2017). 
In mammalian cells, centromeric nucleosomes become phos-
phorylated on H3S10 during M-phase, which downregulates 
the binding of HP1α to H3K9me (Hirota et al. 2005). This 
points to a binary methyl/phospho switch, wherein modifi-
cations on H3K9/S10 coordinate heterochromatic silencing 
(Fischle et al. 2005; Hirota et al. 2005). However, H3K9me 
is also transiently decreased (even though not completely 
abolished) on heterochromatin from M-phase through to 
S-phase, exhibiting a preferential non-coding transcrip-
tion (Chen et al. 2008), suggesting that other epigenetic 
mechanisms may modulate the chromatin scaffold at the 
centromere to elicit “opening up” of heterochromatin.

Recently, we discovered that phosphorylation of histone 
H3 at tyrosine 41 (H3Y41p) can prime heterochromatin for 
S-phase-dependent transcription of centromeric repeats. 
H3Y41p is tightly regulated during the cell cycle, with its 
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phosphorylation in M-phase persisting to mid-S-phase; this 
occurs before the peak in the septation index is achieved, and 
its presence overlaps with Swi6 displacement from centro-
meric heterochromatin (Ren et al. 2018). In an in vitro bind-
ing assay, we showed that H3Y41p is capable of displacing 
H3K9me2-associated Swi6, and in the H3Y41F mutant, 
where all three copies of the histone H3 genes express phe-
nylalanine (F) at position 41, the lack of H3Y41 promotes 
centromeric association of Swi6 in vivo (Ren et al. 2018). 
Our observation that the phosphorylation of H3Y41 excludes 
Swi6 is consistent with that observed in leukemic cancer cell 
lines overexpressing the JAK2 kinase. JAK2 phosphoryl-
ates H3Y41 at promoters of certain oncogenic genes, for 
example Imo2 ectopically, which, in turn, de-represses gene 
transcription via antagonizing HP1α binding (Dawson et al. 
2009). However, further examination revealed that the effect 
of H3Y41p differs for different CD proteins. Unlike Swi6, 
H3Y41p does not affect the heterochromatic association of 
Chp2, another CD protein that performs a more minor role in 
centromeric heterochromatin silencing; albeit, this is prob-
ably due to the lower level of expression of Chp2 in vivo. 
Yet, H3Y41p enhances the binding of Chp1 to the histone 
H3 tail, and, in the H3Y41F mutant, this corresponds to a 
reduced association of Chp1 with centromeric heterochro-
matin. Therefore, we propose that H3Y41p safeguards the 
switch between Swi6 and Chp1, which “opens the gate” for 
RNA polymerase II to access heterochromatic repeats at the 
centromere during S-phase. Displacement of Swi6 unravels 
the compacted chromatin, and the RNAi machinery, includ-
ing the RITS complex, is recruited to process RNA polymer-
ase II-derived nascent heterochromatic transcripts (Fig. 1).

Reciprocally, histone H3 lysine 4 acetylation (H3K4ac) 
opposes the action of H3Y41p to revert the CD switch and 
re-establish Swi6 binding as the cell traverses from S- to 
G2-phase. H3K4ac also reduces the affinities of Chp1 and 
Clr4 for H3K9me and enhances the recruitment of Swi6 
and Chp2 (Xhemalce and Kouzarides 2010), possibly “clos-
ing the gate” for RNA polymerase II access to the underly-
ing heterochromatic sequences (Fig. 1). Even though both 
Swi6 and Chp2 belong to the HP1 family, they nevertheless 
differentially interact with histone modifications, indicat-
ing their distinct roles in heterochromatic silencing during 
S-phase of the cell cycle (Motamedi et al. 2008; Sadaie et al. 
2008; Issac et al. 2017). Swi6 contributes to heterochromatin 
assembly through an auto-inhibition mechanism, undergoing 
a conformational change between an auto-inhibitory state 
and a spreading-competent state in response to changes in 
the interaction between Swi6 and the nucleosome. These 
conformational changes likely reflect the involvement of the 
ARKGGG motif in Swi6 that is not found in Chp2 (Canzio 
et al. 2013). Further differences may also arise from the dif-
ferences in how Swi6 and Chp2 undergo homodimerization 
(Issac et al. 2017).

Perspectives on cell cycle‑regulated 
heterochromatic transcription

Although many studies have advanced our knowledge on 
the dynamic assembly, spread, and maintenance of hetero-
chromatin, how these mechanisms are integrated for the 
inheritance of epigenetic memory in conjunction with the 

Fig. 1   Model depicting coordination of the Swi6/Chp1 switch during the M- to S-phase of the cell cycle following H3Y41 phosphorylation
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cell cycle is still far from understood. Several of the studies 
discussed above have shown the central role of nascent non-
coding transcripts derived from heterochromatic sequences 
as a point of convergence between transcriptional activation 
and repression. Even though cell cycle-regulated heterochro-
matic transcription has been observed in several organisms 
to silence repeats of widely varying sequences (refer above), 
the mechanistic details of the S-phase-specific localization 
of RNA polymerases have only been elucidated in fission 
yeast.

Our discovery that H3Y41p regulates the delocalization 
of Swi6 in the cell cycle suggests a conserved regulation 
of the heterochromatin scaffold, as H3Y41p also displaces 
HP1α to reverse transcriptional repression in human cells 
(Ren et al. 2018; Dawson et al. 2009). However, the observa-
tion that H3Y41p does not simply antagonize the binding of 
the CD protein (Swi6) but can, conversely, recruit another 
(Chp1) CD protein in fission yeast reveals the intricacy of 
H3Y41p-based regulation. This suggests that H3Y41p is not 
simply a “code” but that its signaling may combine with 
other mechanisms of repression to elicit specific effects on 
the switch between CD proteins. Indeed, previous work has 
pointed to the roles of RNA polymerase II and nascent tran-
scripts in contributing to the recruitment of silencing factors 
during S-phase when heterochromatin is less compacted. For 
instance, the Rik1 component of the Clr-C complex physi-
cally interacts with RITS, which, in turn, mounts onto the 
nascent transcript (Chen et al. 2008; Cam et al. 2009). The 
phosphorylation of H3Y41 possibly serves to ensure the 
recruitment of RITS preferentially to heterochromatic loci to 
differentiate RNA polymerase II transcription at heterochro-
matin from that occurring at other regions of the genome 
during the critical S-phase window.

The use of a transcriptional event to induce silencing 
on chromatin is potentially risky. This is because tran-
scriptional silencing, once initiated, is self-propagating 
and can spread over an extended distance. Indeed, mis-
targeted heterochromatin formation on other euchromatic 
regions can result in aberrant silencing of long stretches 
of open reading frames to compromise cellular health (Ci 
et al. 2018; Salzberg et al. 2017). Thus, it is important 
for the cell to induce silenced chromatin formation only 
on pre-determined heterochromatic loci. To induce such 
specificity, it is possible for other histone modifications, 
besides H3Y41p and H3K4ac, to be involved. These his-
tone marks may interplay to set up a combinatorial code 
to direct protein complexes with appropriate transcrip-
tional modulating activities to the heterochromatin dur-
ing the brief window of opportunity during S-phase. Con-
sistent with this view, acetylation of histone H3 lysine 9 
(H3K9ac) and lysine 14 (H3K14ac) can also regulate the 
localization of the RITS complex (Deng et al. 2015; Reddy 

et al. 2011). Furthermore, different levels of H3K9 meth-
ylation (di- or tri-methylation)—shown to differentially 
affect heterochromatic silencing (Jih et al. 2017; Yu et al. 
2018)—can also modulate the degree to which silencing 
can be differentially downregulated in the cell cycle. These 
histone modifications may further cooperate with other 
transacting factors to epigenetically propagate the hetero-
chromatin as a site for RNAPII loading during S-phase 
(D’Urso and Brickner 2017), and one such factor may be 
the H2B uniquitin ligase complex (HULC), which can pro-
mote RNAPII occupancy at centromeric heterochromatin 
(Zofall and Grewal 2007; Chen et al. 2008).

The phosphorylation of HP1α proteins in association 
with DNA leads to a physicochemical, phase-separated 
space, which is proposed to compartmentalize heterochro-
matin formation (Larson et al. 2017). If similar phase-sep-
arated localities are formed on Swi6-coated heterochroma-
tin in fission yeast, it is possible that the partial depletion 
of Swi6 during the transition from M- to S-phase may 
result in an intermediately separated compartment—sepa-
rable from the compacted interphase heterochromatin and 
unheterochromatized euchromatic regions—to facilitate 
the epigenetic inheritance of the silenced chromatin.

Defects in heterochromatin architecture that cause the 
de-repression of repetitive sequences are associated with 
tumorigenesis (Eymery et al. 2009; Ting et al. 2011; Hall 
et al. 2017). Thus, it is important to gain an understand-
ing of the regulation of epigenetic inheritance as it per-
tains to heterochromatic integrity, which may lead to the 
identification of factors that can be employed as prognos-
tic or diagnostic markers for cancer. Furthermore, it will 
be important to identify therapeutic targets that could be 
used to fine-tune genomic stability in combination with 
other anti-cancer therapies. Recently, a synthetic lethality 
approach that exploits on concurrently inactivating syn-
ergistically acting oncogenic pathways has been shown 
effective against many hitherto undruggable malignancies 
(Jackson and Chen 2016; Chen 2018). Heterochromatic 
disruption results in the accumulation of non-coding 
transcripts arising from the repetitive DNA elements, is 
causally linked to carcinogenesis in malignancies includ-
ing ovary, lung and colon (Zhu et al. 2011; Ting et al. 
2011). In fission yeast, centromere disruption—cor-
relating with upregulated transcription of centromeric 
repetitive sequences—compromised tolerance against the 
topoisomerase II inhibitor doxorubicin, which is a widely 
used anti-cancer drug in the clinics (Nguyen et al. 2015, 
2016). Thus, the modulation of H3Y41p level to impact 
oncogenic expression and centromeric integrity may be 
combined with chemotherapeutic agents to effect killing 
of cancer cells in a synthetic lethal manner (Jackson and 
Chen 2016; Chen 2018).
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Concluding remarks

The phosphorylation of H3Y41 cooperates with other reg-
ulatory pathways to enforce cell cycle-specific loosening 
of centromeric heterochromatin. H3Y41p induces a switch 
between CD proteins: the displacement of Swi6/HP1 to 
provide RNA polymerase II with access to the DNA, 
and the recruitment of Chp1, a RITS component, for the 
RNAi-mediated establishment of heterochromatin. Hence, 
the conditioning of chromatin scaffolds through H3Y41 
phosphorylation makes way for transcriptional silencing 
in S-phase to ensure the precise epigenetic propagation 
of silenced, repetitive DNA elements of heterochromatin.
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