1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Epigenetics 2010 May 16; 5(4): 287-292.

HP1: Heterochromatin binding proteins working the genome
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Abstract

Heterochromatin Protein 1 (HP1) is a transcriptional repressor that directly binds to the methylated
lysine 9 residue of histone H3 (H3K9me), which is a hallmark histone modification for
transcriptionally silenced heterochromatin. Studies of homologs in different organisms have
provided significant insight into the function of HP1 and the role of H3K9me. Initially discovered
to be a major constituent of heterochromatin important for gene silencing, HP1 is now known to
be a dynamic protein that also functions in transcriptional elongation, centromeric sister chromatid
cohesion, telomere maintenance and DNA repair. Furthermore, recent studies have begun to
uncover functional differences between HP1 variants and their H3K9me-independent mode of
action. As our understanding of HP1 expands, however, conflicting data has also been reported
that requires further reconciliation. Here we focus on some of the recent findings and
controversies concerning HP1 functions in mammalian cells in comparison to studies in other
organisms.
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HP1 is a conserved chromatin binding protein originally identified in Drosophila as a non-
histone chromosomal protein functioning in heterochromatin-mediated gene silencing.!
Homologs and variants exist in organisms ranging from S. pombe to humans (Fig. 1). HP1
directly binds to the methylated K9 residue of histone H3 (H3K9me), an established marker
of the transcriptionally repressed state of chromatin, and is critical for its maintenance.2~* It
has been demonstrated in several organisms, including humans, that artificial recruitment of
HP1 to a gene promoter region results in gene repression, establishing the role of HP1 in
gene silencing.6

HP1 proteins are characterized by two conserved domains: the chromodomain (CD) at the
N-terminus, and the chromo shadow domain (CSD) at the C-terminus (Fig. 1). The CD was
shown to directly bind to H3K9me, while the CSD is implicated in various protein:protein
interactions and dimerization. A linker domain is involved in DNA and RNA binding
(reviewed in refs. 7-9). While specific binding of HP1 to H3K9me is well described, recent
studies have revealed its H3K9me-independent chromatin binding and have identified
intriguing new dimensions of HP1 function in heterochromatin regulation, mitosis and DNA
repair. Thus, in this review, we will briefly summarize recent findings and highlight the
questions and controversies raised by these studies to encourage further investigation of HP1
and HP1-mediated chromatin organization in the cell.
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HP1 Binds to the Methylated K9 Residue of Histone H3

Different histone modification patterns are associated with distinct transcriptional states of
chromatin.10:11 The effect of histone methylation depends on the location of the modified
amino acid residue and the degree of methylation.12-14 Individual silenced genes, as well as
larger chromosomal domains that are transcriptionally repressed (so called
“heterochromatin”), are often associated with histone H3 lysine 27 methylation (H3K27me)
and H3K9me, which are critical markers of epigenetic silencing. Telomeres and centromeres
are constitutively heterochromatic while other regions become heterochromatic or are
transcriptionally silenced in a cell type- and differentiation-specific manner. H3K27me is
part of the polycombmediated silencing pathway.®16 H3K9me in mammals is effected by
multiple histone methyltransferases (HMTases), such as SUV39 h (including both SUV39
h1 and SUV39 h2), SETDB1, and G9a, which have distinct targeting specificities and
degrees of methylation (e.g., mono-, di- or tri-methylation).>-17-20 H3K9me at constitutive
heterochromatin is maintained primarily by SUV39 h1 and SUV39 h2. The H3K9me-
marked heterochromatin assembly pathway was best characterized in S. pombe, and involves
non-coding RNA (ncRNA) transcribed from the region and RNA interference (RNAI)
machinery which recruit Clr4 (SUV39 h homolog).21-23 H3K9me is then recognized by
HP1, which mediates gene silencing. Although both the H3K9me-HP1 pathway and the
H3K27me-polycomb pathway are involved in silencing and are often found in overlapping
chromatin regions, the functional crosstalk between the two pathways is not well
understood.

HP1 Variants

In S. pombe, the HP1 homolog Swi6 was extensively studied initially (Fig. 1), but recent
studies of the second HP1 homolog Chp2 revealed that the two homologs are involved in
gene silencing and heterochromatin organization in different ways by interacting with
distinct sets of proteins.24-26 While Chp2 interacts with the SHREC complex containing
ATP-dependent chromatin remodeling and HDAC activities, Swi6 interacts with many
different types of nuclear proteins including those involved in chromatin remodeling and
DNA replication as well as with centromere binding proteins.242% Thus, it is clear that
despite the structural conservation and similar H3K9me binding, differences in primary
amino acid sequence contribute to differential protein interactions and functions in the cell.

The HP1 variants in mammalian cells are HP1a, HP1p and HP1y (Fig. 1). Based on the
sequences, Swib6 is most closely related to HP1B, and Chp2 to HP1y. Interestingly, however,
HP1 homologs are smaller and lose unique sequences outside of the CD and CSD in higher
eukaryotes compared to S. pombe, possibly reflective of species-specific functions and
regulation (Fig. 1). In mammalian cells, the cytological distribution of the three HP1
variants was reported to be distinct. In general, HP1o and HP1p are found at constitutive
heterochromatin such as centromeres and telomeres, while HP1y is distributed in both
heterochromatic and euchromatic regions.2”+28 Consistent with this notion, HP1y, but not
HP1a or HP1p, was found to associate with actively transcribed gene regions (still in a
H3K9me-dependent manner) and plays a role in efficient transcriptional elongation.29:30
Interestingly, knockout of HP1, but not HP1a, was associated with genome instability in
mice while depletion of HP1y, but not HP1a or HP1B, led to mitotic defects in human tissue
culture cells.31:32 |t remains to be determined whether these observations reflect species-
specific or inherent differences in variant functions and/or the underlying mechanisms.
Nonetheless, the results further suggest the functional specificities of HP1 variants in the
cell.
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HP1's Role in Cohesin Recruitment to Centromeres

In S. pombe, Swi6 not only functions in pericentromeric heterochromatin silencing, but also
recruits cohesin, which is important for centromeric sister chromatid cohesion and
kinetochore biorientation (Fig. 2).33:34 Cohesin is a conserved and essential protein complex
required for sister chromatid cohesion (reviewed in ref. 35 and 36). In chicken DT40 cells,
depletion of Dicer, a nuclease important for RNA-dependent heterochromatin assembly, was
also shown to disrupt HP1/cohesin localization at centromeres, resulting in premature sister
chromatid separation, closely paralleling the observations in S. pombe.3”

Cohesin is composed of the two SMC family proteins SMC1 and SMC3 and the two non-
SMC subunits Rad21 (also known as Sccl or Mcdl) and SA (also known as Scc3). By both
coimmunoprecipitation after crosslinking and yeast two-hybrid assay, Swi6 was shown to
interact with Psc3 (an SA homolog) in S. pombe.3* Several reports in S. pombe and human
cells indicate, however, that the cohesin loading factor Scc2 (also known as NIPBL), rather
than cohesin, interacts with HP1.24:32.38.39 Hyman HP1 and S. pombe Swi6 were also found
to interact with Sgol. This interaction is important for Sgol localization at centromeres in
early mitosis, where it plays a role in cohesin retention and sister chromatid cohesion.#? The
interactions with Scc2 and Sgo1 are both through the CSD of HP1.38:40 Thus, HP1 interacts
with both the cohesin loader and cohesin retainer in an evolutionarily conserved manner to
collectively ensure the enrichment of cohesin at centromeres.

Surprisingly, decreased H3K®9 tri-methylation (H3K9me3) and HP1 did not appear to affect
cohesin association at centromeres in SUV39 h1 and SUV39 h2 double-knockout mouse
embryonic fibroblasts.4! Furthermore, another study reported that HP1 depletion by SIRNA
in human cells failed to affect cohesin recruitment.32 These two studies suggested that the
H3K9me-HP1 pathway is not important for cohesin recruitment to centromeres in mitosis.
In the case of the SUV39 h1/h2 knockout MEFs, however, it is possible that redundant
HMTases complemented SUV39 h1/h2 function. Thus, although reduced, residual H3K9me
and HP1 might have been sufficient to retain cohesin. Another potential challenge is the use
of tagged recombinant cohesin components for detection of centromeric localization of
cohesin (in the presence of the endogenous proteins) in mammalian cells. Due to the
difficulty of visualizing endogenous cohesin at centromeres (possibly because of an
antibody accessibility problem), tagged recombinant proteins such as myc-tagged Rad21
(Sccl-myc) or hRSMC1-GFP expressed in stable cell lines have been used.*1-43 However,
unlike in yeast in which the endogenous gene can be replaced by the tagged version to
confirm its functionality, the recombinant fusions in mammalian cells are expressed in the
presence of the endogenous proteins. Although the tagged cohesin components were shown
to be incorporated into the cohesin complex, there is some uncertainty as to whether the
expressed fusion proteins have the same functionality and sensitivity for factor requirements
as the endogenous species. For siRNA experiments, incomplete depletion of targeted factors
is a serious concern. Indeed, the effect of Dicer depletion using the tet-off system on cohesin
recruitment to centromeres can only be observed after ~120 h in chicken DT40 cells whose
normal cell cycle spans 8 h.37 Finally, it is formally possible that in mammalian cells the
presence of other proteins in the centromere-kinetochore complex may offer multiple
pathways to ensure cohesin localization at centromeres, thus compensating for the loss of
one factor.

HP1’'s Role in Cohesin Recruitment to Non-Centromeric Heterochromatin

Despite the controversy surrounding the H3K9me-HP1-cohesin pathway at centromeres, our
recent study demonstrated the clear dependence of cohesin on H3K9me3 and HP1 at a
specific non-centromeric heterochromatic region in human cells.3? The 3.3 kb D4Z4 repeat
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is a type of macrosatellite repeat sequence.** Using chromatin immunoprecipitation (ChIP)
and PCR with specific primers, we found that D4Z4 contains both euchromatic (H3K4me2
and H3Ac) and heterochromatic (H3K9me3 and H3K27me3) domains and binding of HP1y
and cohesin.39 SIRNA against SUV39 h1 abolished H3K9me3 as well as HP1 and cohesin
binding at D424, but not at other repeats, indicating that HP1y and cohesin are recruited to
D4Z4 in a H3K9me3-dependent manner.44

Interestingly, only HP1y, not HP1a or HP1B, is detected at D4Z4, and its depletion was
sufficient to remove cohesin from this site, indicating the unique involvement of HP1y at
D4Z4.39 Furthermore, loss of cohesin by either depleting the cohesin component Rad21 or
the cohesin loading factor Scc2 led to the loss of HP1y, indicating that binding of cohesin
and HP1y to D4Z4 is inter-dependent. This is different from the relationship between Swi6
and cohesin at the pericentromeric hetero-chromatin in S. pombe, in which Swi6 does not
require cohesin for its recruitment to H3K9me3-bearing heterochromatin (Fig. 2).34 Scc2
and cohesin depletion had no effect on HP1y binding at other repeat sequences, suggesting
that this relationship is site-specific. We also found that cohesin and HP1y binding to D4Z4
bearing H3K9me3 is cell type-specific. Despite the abundant H3K9me3 at D424, HP1y and
cohesin binding to D4Z4 was minimal in lymphoblasts, implying that additional cell type-
and repeat sequence-specific histone modification mark(s) and/or binding protein(s) may
contribute to the restricted recruitment of HP1y and exclusion of HP1a and HP1p at D4Z4.

Our findings indicated that cohesin and HP1 function together at a certain type of non-
centromeric heterochromatin. Interestingly, H3K9me3 and HP1y-cohesin are specifically
lost from D4Z4 in facioscapulohumeral muscular dystrophy (FSHD), suggesting that they
may play a role in gene regulation important for muscle function. This notion is particularly
attractive given recent reports of cohesin’s involvement in gene regulation through long-
distance chromatin interactions.*>-47 Although these studies are presently limited to cohesin
at CTCF binding sites that are not in the context of heterochromatin, it is equally plausible to
imagine that cohesin recruited to heterochromatin by H3K9me3 and HP1 also mediates
silenced chromatin interactions. In fact, HP1 has also been implicated in heterochromatin
bundling in Drosophila, and was shown to interact with the lamin B receptor to possibly link
chromatin to the nuclear envelope.48 Thus, it is conceivable that in a specific context,
cohesin and HP1 act together to mediate such chromatin interaction and organization in the
nucleus.

H3K9me-Independent Recruitment of HP1 in DNA Repair

HP1 attracted much attention recently for its involvement in DNA repair. As summarized
previously,*® HP1 appears to have two opposing functions in DNA repair in the cell. First,
depletion of HP1 was found to alleviate the requirement for ATM for efficient repair of
heterochromatic regions, suggesting its suppressive role in repair of heterochromatic DNA
regions.50 It was also found that casein kinase 2 (CK2)-mediated phosphorylation of HP1
induced in response to DNA damage decreased its CD-dependent affinity for H3K9me
leading to the transient displacement of HP1 from DNA damage sites.>! Based on the idea
that HP1 has a negative effect on DNA repair in the context of heterochromatin, it was
thought that the transient displacement of HP1, especially from heterochromatin, may be
part of the necessary cellular response to DNA damage, suggesting an inhibitory role for
HP1 in DNA repair. Interestingly, however, HP1 was also found to accumulate at the
damage sites, indicating a more active involvement in DNA repair.52 Importantly, this
recruitment is mediated by the CSD, not the CD, and therefore is H3K9me-independent. It
was proposed that HP1 changes the way it associates with chromatin in response to DNA
damage (i.e., from CD-dependent H3K9me binding to CSD-dependent H3K9me-
independent binding).4° This model has been further elaborated in two recent reviews.5354
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Supporting this contention is evidence that HP1 is rapidly recruited to oxidative DNA
damage, but continues to be actively exchanged at the damage sites.?®

CD-dependent and -independent binding of HP1 is analogous to the differential mechanisms
of HP1 association with centromeres in interphase and mitosis in human cells (i.e., CD- and
H3K9me-dependent association in inter-phase and CD-independent association in
mitosis).%® In Drosophila, HP1 association with telomeres critical for telomere capping was
shown to be CD- and H3K9me-independent while HP1 binding important for telomere
silencing and elongation is through H3K9me.>’ Thus, HP1 appears to dynamically utilize
different mechanisms to associate with specific sites on chromatin. It is currently unclear
whether different modes of chromatin binding result in, or are reflective of, distinct
functions of HP1.

Mechanistically, dissociation of HP1 from H3K9me is well-explained by CK2-dependent
phosphorylation within the CD, which decreases its affinity for methylated H3K9 in vitro.5!
It is unclear, however, as to what recruits HP1 to DNA damage sites. According to findings
using different wavelength lasers (i.e., UVC, UVA with Hoechst, green with ethidium
bromide) and charged particle irradiation systems, HP1 appears to be recruited to several
types of DNA damage, including UV crosslinks, double-strand and single-strand breaks
(DSBs and SSBs), and base damage.®2-5> Furthermore, HP1 recruitment does not seem to
depend on DNA damage recognition factors for each pathway (e.g., DDB2 and XPC for
nucleotide exchange repair (NER), and Ku for DSBs).%2 So what is the common
denominator present in these different types of DNA damage that is responsible for HP1
recruitment? Does HP1 directly recognize damaged DNA or indirectly react to a
downstream signal(s)? As damaging systems often introduce a mixture of lesions,>8 it is
possible that HP1 recognizes one form of damage or chromatin state that is commonly
induced by the different irradiation systems. It is critical, therefore, to confirm the
recruitt;rgn%Tt of HP1, for example, to a defined DSB site induced by endonucleases using
ChIpP.>%-

Finally, depletion or mutation of each of the HP1 variants in C. elegans exhibited different
damage-related phenotypes, which contrasts with the findings in mammalian cells where no
variant-specific recruitment was detected.>2 Puzzlingly, depletion of all three variants had
no effect on y ray-induced DSB damage sensitivity.>0 Thus, the functional significance and
specificity of HP1 variant recruitment to DNA damage sites remains an interesting question
to be addressed in future work.

With the inherent complexity associated with studying cellular pathways in higher
eukaryotes, differing results and/or interpretations will likely continue to emerge. While
careful evaluation of negative results is vital, it remains an essential aspect of healthy
scientific endeavor to publish quality work even if it generates controversy. The efforts to
resolve this controversy will frame new questions and studies that will advance the HP1
field. Studies of homologs and variants in multiple species and in various fields (e.g.,
chromatin, transcription, DNA repair and telomere biology) will continue to provide us with
valuable opportunities to further our insight into the ever evolving role of HP1 in the cell.

Abbreviations

HP1 heterochromatin protein 1
SMC structural maintenance of chromosomes
FSHD facioscapulohumeral muscular dystrophy
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H3K9me H3 lysine 9 methylation
H3K9me3 H3 lysine 9 tri-methylation
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Figure 1.

Alignment of HP1 amino acid sequences. All available HP1 amino acid sequences are from
the NCBI protein sequence database. In the alignment results, besides the chromo domain
(CD) and the chromo shadow domain (CSD), the N-terminus adjacent to the CD, the C-
terminus adjacent to the CSD, and the middle fragment between the two domains (i.e., the
linker/hinge domain) are compared between the different proteins. Therefore, each protein
diagram is separated into five fragments and in each fragment, the degree of homology is
indicated with different colors. The length of each diagram is proportional to the protein
size. (A) Alignment of mammalian HP1 amino acid sequences. The sequences of
mammalian HP1p and HP1y are compared with HP1a. The percentage of homology is based
on comparison to HP1a (indicated in white/gray). (B) Alignment of HP1 amino acid
sequences between different species. The HP1 amino acid sequences from several non-
mammalian species are compared to the corresponding mammalian HP1 variant and their
homology with mammalian HP1 is indicated in the color diagram. For C. elegans, S. pombe
and A. thaliana, the homology between their HP1 proteins and each individual mammalian
HP1 variant is low. Therefore, in the diagram, their sequences are compared to the
mammalian HP1 variant with the highest alignment score. The alignment of the chromo and
chromo shadow domains is delineated with dashed lines. Since all three mammalian HP1
sequences are used as standards for the individual alignments, they are all shown in white/

gray.
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Figure 2.

Relationship between HP1 and cohesin. The sequential recruitment of Swi6/HP1 and
cohesin to S. pombe pericentromeric heterochromatin regions (left) and the interdependent
recruitment of HP1y and cohesin to human D4Z4 repeats (right) are depicted.
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