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ABSTRACT Centromeres are characterized by the centromere-specific H3 variant CENP-A,
which is embedded in chromatin with a pattern characteristic of active transcription that is
required for centromere identity. It is unclear how centromeres remain transcriptionally active
despite being flanked by repressive pericentric heterochromatin. To further understand cen-
trochromatin’s response to repressive signals, we nucleated a Polycomb-like chromatin state
within the centromere of a human artificial chromosome (HAC) by tethering the methyltrans-
ferase EZH2. This led to deposition of the H3K27me3 mark and PRC1 repressor binding.
Surprisingly, this state did not abolish HAC centromere function or transcription, and this
apparent resistance was not observed on a noncentromeric locus, where transcription was
silenced. Directly tethering the reaber/repressor PRC1 bypassed this resistance, inactivating
the centromere. We observed analogous responses when tethering the heterochromatin
Epitor Suv39h1-methyltransferase domain (centromere resistance) or rReabEr HP1o. (centro-
mere inactivation), respectively. Our results reveal that the HAC centromere can resist repres-
sive pathways driven by H3K9me3/H3K27me3 and may help to explain how centromeres are
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able to resist inactivation by flanking heterochromatin.

INTRODUCTION
Chromatin is the composite of proteins and nucleic acids that forms
the chromosomes and regulates access to DNA. This regulation
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takes place largely through chemical modifications of DNA or the
histones (termed “chromatin marks”) that can change the local elec-
trostatic behavior and/or act as docking sites for secondary chroma-
tin effectors (dubbed "rReapers” of MaRKs; Allfrey et al., 1964; Bannister
et al., 2001; Bannister and Kouzarides, 2011). READERS recruit down-
stream activities that establish characteristic chromatin states. Some
MARKS can also interfere with the binding of reapers, and histone vari-
ants can confer additional functional specificity (Talbert et al., 2012).
It is believed that the combination of chromatin marks and effector
READERS at a given locus is responsible for determining and maintain-
ing its chromatin state, ranging from transcriptionally active to
poised or constitutively silenced (Strahl and Allis, 2000; Ernst and
Kellis, 2010; Filion et al., 2010).

Experimental introduction of certain mMARKs by chromatin ebiTors
into a given locus can cause specific downstream effectors to be
subsequently recruited and induce a de novo change in overall
chromatin state (Hansen et al., 2008; Kagansky et al., 2009). Some
of these initial modifications are relatively stable, thus granting the
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locus a degree of “memory” that promotes continuous recruitment
of downstream ReADERs that functionally maintain that chromatin
state (Zaidi et al., 2014; Audergon et al., 2015). These sequential
chromatin pathways take the form of Ebimror — MaRk — READER —
CHROMATIN STATE, although it should be noted that there is significant
cross-talk and feedback between each step.

The centromere is a specialized chromosomal locus (Fukagawa
and Earnshaw, 2014) that is the foundation for assembly of the ki-
netochore, a multiprotein superstructure that directs chromosome
segregation during mitosis and meiosis (Cheeseman and Desai,
2008). Most centromeres are located in gene-poor loci containing
tandemly repeated DNA (Fukagawa and Earnshaw, 2014). Of inter-
est, specification of centromere location on the chromosome is not
stringently dependent on DNA sequence (Voullaire et al., 1993;
Sullivan and Schwartz, 1995; du Sart et al., 1997; Tyler-Smith et al.,
1999). Instead, centromeres seem to be determined epigenetically
(Earnshaw and Migeon, 1985; Earnshaw et al., 1989; Vafa and
Sullivan, 1997; Warburton et al., 1997, Mendiburo et al., 2012), at
least in part by the presence of CENP-A, a centromere-specific H3
variant (Earnshaw and Rothfield, 1985; Vafa and Sullivan, 1997;
Warburton et al., 1997).

In many eukaryotes, the centromere and the pericentromeric re-
gion are widely enriched for chromatin marks characteristic of het-
erochromatin, including H3K9me3 (histone H3 lysine 9 trimethyl-
ation) and DNA methylation (Aagaard et al., 1999; Blower and
Karpen, 2001; Guenatri et al., 2004; Partridge et al., 2000; Sullivan
and Karpen, 2004). Pericentromeric heterochromatin has been sug-
gested to play a role in sister chromatid cohesion (Bernard et al.,
2001; Nonaka et al., 2002) during cell division.

Heterochromatin is typically associated with constitutive tran-
scriptional repression that can spread across adjacent loci by pro-
gressive addition of H3K9me3 to nearby nucleosomes (Schultz,
1936; Bannister et al., 2001; Seum et al., 2001; Jost et al., 2012).
Paradoxically, centromeres are actively transcribed in many organ-
isms (reviewed in Scott, 2013; Fukagawa and Earnshaw, 2014).
Human centromeric chromatin contains, in addition to CENP-A,
MARKS such as H3K4me2 and H3K36me2 that correlate with active
transcription (Sullivan and Karpen, 2004; Bergmann et al., 2011). It
also recruits RNA polymerase Il (Bergmann et al., 2012a; Chan et al.,
2012) and produces transcripts (Saffery et al., 2003; Yan et al., 2005;
Wong et al., 2007). This particular chromatin signature has been
termed centrochromatin (Sullivan and Karpen, 2004). It is unknown
how centromeres maintain this open/transcribed chromatin signa-
ture in close proximity to heterochromatin, particularly given that
the underlying DNA across both these domains is the same repeti-
tive sequence.

Recent advances in our understanding of centrochromatin have
stemmed from using human artificial chromosome (HAC) technol-
ogy and protein-tethering strategies (Nakano et al., 2008; Bergmann
etal., 2012b; Kouprina et al., 2013). By generating HACs containing
engineered centromeric o-satellite repeats that include TetO sites
(henceforth referred to as alphoid™®©), it has been possible to spe-
cifically recruit TetR proteins fused to chromatin modifiers (EDITORS)
to the centromeric region of these chromosomes (Nakano et al.,
2008).

Evidence from HAC-tethering studies has shown that local active
transcription, or a chromatin signature compatible with it, may be
required for centromere function in human cells despite the repres-
sive nature of the surrounding (peri)centromeric heterochromatin.
Tethering of the repressive heterochromatin ebiror Suv39h1 (Ohzeki
etal., 2012), the repressive rReaper HP 1oL (Nakano et al., 2008), or the
repressive scaffold KAP1 (Cardinale et al., 2009) caused loss of HAC
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centromeric transcription and inactivation of its centromere. Similar
results were obtained by tethering LSD1 (Bergmann et al., 2011),
which demethylates H3K4 and recruits other corepressors of tran-
scription via CoREST (Lee et al., 2005).

Understanding how centrochromatin responds to diverse kinds
of challenges to its transcriptional activity can help tease out key
determinants that sustain its function. In this study, we probed the
response of the HAC centromere to facultative heterochromatin
mediated by proteins of the Polycomb group (Lewis, 1978; Di Croce
and Helin, 2013; henceforth referred to as Polycomb chromatin). By
comparatively generating H3K27me3 or H3K9me3 within the HAC
centromere, we found that it may possess mechanisms that prevent
repressive pathways producing these marks from fully translating
into effective repression.

RESULTS

Diversity of chromatin signatures at human centromeres

To better understand the changes that nucleation of repressive
chromatin could have on a human centromere, we first analyzed the
natural distribution of several chromatin mMarks on human endoge-
nous centromeres and the HAC.

Pericentromeric regions of most metaphase chromosomes are
enriched for the heterochromatic marRk H3K9me3 (Figure 1A). Analy-
sis of extended chromatin fibers of these chromosomes revealed
that H3K9me3 enrichment mostly flanks the centromere core but is
not entirely excluded from it (Figure 1B). The centromere core re-
gion, as delimited by the CENP-A signal, has been shown to be
enriched with euchromatin-related marks (Sullivan and Karpen, 2004;
Greaves et al., 2007; Bergmann et al., 2011). In agreement with this,
our chromatin fiber analysis also revealed the presence of low levels
of H2A.Z (a mARk associated with enhancer loci and the 5’ region of
active genes; Guillemette and Gaudreau, 2006) and H3K4me3 (a
MARK associated with the promoter and 5’ region of nonrepressed
genes; Guenther et al, 2007) across this region (Supplemental
Figure S1, A and B). This domain organization has been observed in
humans and other metazoans, where clusters of CENP-A-contain-
ing nucleosomes are interspersed with H3-containing nucleosomes
bearing MArks associated with active transcription, whereas the sur-
rounding pericentromeric nucleosomes are highly enriched for
MARKS characteristic of heterochromatin (Blower and Karpen, 2001;
Sullivan and Karpen, 2004; Lam et al., 2006). Together these data
further emphasize the contrast in chromatin state between the peri-
centromere and the core CENP-A region.

Of interest, some pericentromeric regions did not exhibit obvi-
ous H3K9me3 enrichment (Figure 1A). Instead, they were enriched
for the Polycomb mark H3K27me3 (Figure 1C). H3K27me3, like
H3K9me3, can also occasionally be found close to CENP-A in ex-
tended chromatin fibers (Figure 1D). This variability between chro-
mosomes with regard to their complement of o-satellite and other
repetitive DNAs has long been known (Waye and Willard, 1987),
and recent reports from the 1000 Genomes Project Consortium
(2015) and others have revealed that extraordinary levels of variabil-
ity extend into regions of unique-sequence DNA as well. Analysis of
the most highly repetitive regions has lagged behind the rest of the
genome, but new approaches to sequencing and data analysis are
beginning to document more precisely the variability in these chro-
mosome regions (Aldrup-Macdonald and Sullivan, 2014; Miga,
2015). In addition, enrichment of H3K27me3 at pericentromeres of
the same chromosome is reported to vary between different cell
types (Mravinac et al., 2009). We conclude that both active and re-
pressive chromatin signatures of more than one type can occur in
close proximity to the CENP-A domain.
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We quantified the levels of these chromatin marks on the HAC
by chromatin immunoprecipitation (ChIP)-quantitative PCR (qPCR)
in HeLa 1C7 cells. HeLa 1C7 cells carry one copy of the alphoid™t©
HAC per cell (Cardinale et al., 2009; Bergmann et al., 2011; see
Materials and Methods). The HAC alphoid™®© array and adjacent
noncentromeric BAC regions are preferentially enriched with
H3K9me3 (Figure 1, E and G) at levels similar to those found at the
centromeric o-satellite repeats of chromosome 21 (Cen21) and the
pericentromeric Sat2 repeat and have lower levels of H3K27me3
(Figure 1, E and H). Quantitation revealed that the levels of RNA
polymerase Il in its elongating state (Ser2ph) are higher on the
HAC and at Cen21 than at the pericentromeric Sat2 locus (Supple-
mental Figure S1, C, E, and F). Thus alphoid arrays apparently
possess a higher RNA polymerase |l transcriptional activity than
pericentromeres, which are predominantly heterochromatic. It is
possible that other RNA polymerases might be involved in Sat2
transcription, but gPCR reveals that levels of Sat2 transcription are
far below those of o-satellite transcription in 1C7 cells (see later
discussion of Figure 4C). Of interest, levels of both elongating and
initiating RNA polymerase Il are higher on the alphoid HAC array
than at Cen21 (Supplemental Figure S1, C, E, and F), suggesting
that the HAC centromere is more transcriptionally active than en-
dogenous centromeres.

In summary, human centrochromatin has a chromatin signature
correlating with active transcription, but the level of enrichment of
particular MARks can differ among centromeres of different chromo-
somes. We also observed heterogeneity of pericentromeres, which
can be enriched with either heterochromatin or Polycomb-associ-
ated MARKs that encroach at lower levels into the active centromere.

EZH2 tethering to the HAC nucleates Polycomb chromatin
A key question is how the transcriptionally active state of centro-
chromatin is maintained within a repressive heterochromatic envi-
ronment. We previously showed that targeting heterochromatin
proteins to centrochromatin leads to its inactivation (Nakano et al.,
2008; Cardinale et al., 2009). Given the link between centromere
activity and transcription, we therefore sought to determine whether
an alternative repressive chromatin state—Polycomb-mediated re-
pressive chromatin—was similarly incompatible with centromere
activity. Polycomb complexes achieve transcriptional repression
through different means than classical heterochromatin repressors
(by blocking RNA polymerase Il and compacting chromatin) and
also respond differently to the chromatin state of their target locus
(Di Croce and Helin, 2013).

To nucleate Polycomb chromatin on the HAC, we transfected a
plasmid expressing the fusion protein TetR-enhanced yellow fluo-
rescent protein (EYFP)-EZH2 into HelLa 1C7 cells (Figure 2A). EZH2,
the enzymatic subunit of the PRC2 complex, methylates histone H3
on K27 to generate H3K27me3 (Margueron et al., 2009), the chro-
matin mark for PRC1-complex binding (Stock et al., 2007; Eskeland
etal., 2010). PRC1 binding induces chromatin compaction and gen-
erates H2AK119ub1, thereby blocking transcription elongation. The
Polycomb canonical repressive pathway is therefore EZH2 —
H3K27me3 — PRC1 — silent chromatin (Figure 2A").

Three days after transfection, TetR-EYFP-EZH2 binding to the
HAC was associated with the appearance of H3K27me3 and recruit-
ment of PRC1 subunit RING1A (Figure 2, B, D, and E, and Supple-
mental Figure S2, A and B). Both of these Polycomb-associated
markers were absent when the TetR-EYFP control fusion protein was
tethered to the HAC.

The synthetic Polycomb state appeared to be functional, as it
induced a decrease in the HAC-associated signal of H3K4me2, a
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MARK associated with open chromatin and transcription, compared
with control TetR-EYFP-tethered HACs (Figure 2, C and F). TetR-
EYFP-EZH2 tethering for 3 d also induced a decrease in levels of
HAC centromere proteins CENP-C and CENP-T (Figure 2, C, H, and
I, and Supplemental Figure S2B), which are part of the constitutive
centromere-associated network (CCAN; Cheeseman and Desai,
2008; Perpelescu and Fukagawa, 2011). TetR-EYFP-EZH2 also
caused a mild reduction of CENP-A levels on the HAC (Figure 2G
and Supplemental Figure S2A).

We conclude that tethering of TetR-EYFP-EZH2 specifically initi-
ates the Polycomb repressive pathway on the HAC, inducing
changes in its centrochromatin state that can affect kinetochore
assembly.

Long-term EZH2 tethering does not abolish HAC
kinetochore assembly or mitotic segregation fidelity

To better characterize the effects of EZH2 tethering to the HAC, we
generated a Hela 1C7 cell line stably expressing TetR-EYFP-EZH2
(henceforth 1C7-EZH2). These cells were grown in the presence of
doxycycline, which inhibits TetR binding to the TetO sites located on
the HAC (Nakano et al., 2008), to prevent premature tethering of
TetR-EYFP-EZH2.

Long-term tethering of TetR-EYFP-EZH2 to the HAC resulted in
~30% reduction of CENP-A and CENP-C levels after 6 d. Of interest,
these levels stabilized and did not decrease further, remaining rela-
tively constant up to 12 d of tethering (Figure 3, A-C). Errors in mi-
totic segregation of the HAC increased very little over the 12-d pe-
riod and were never significantly higher than those observed for
control HACs tethered with TetR-EYFP only (Figure 3, D and E).

We next examined the effects of EZH2 tethering on the incorpo-
ration of CENP-A at centromeres using a SNAP-tag quench-chase-
pulse assay (Jansen et al., 2007; Bodor et al., 2013). To do this,
we cotransfected two plasmids expressing CENP-A:SNAP and TetR-
EYFP-EZH2, respectively. In controls, we also cotransfected plasmids
expressing CENP-A:SNAP and TetR-EYFP-LSD1. We previously
showed that tethering of the LSD1 demethylase inhibits new CENP-
A assembly (Bergmann et al., 2011).

Because CENP-A only assembles once during the cell cycle, in
early G1, it is possible, by specifically labeling newly synthesized
CENP-A:SNAP with fluorescent TMR-Star, to visualize only newly as-
sembled CENP-A:SNAP at centromeres (Supplemental Figure S2C).
In these experiments, by observing the first events of CENP-A as-
sembly on the HAC after tethering, we found an inhibitory effect of
LSD1, as reported previously (Bergmann et al., 2011), whereas EZH2
had little effect (Supplemental Figure S2, D and E).

Together these results indicate that, unlike previous experiments
involving tethering of repressive complexes such as LSD1 (Bergmann
etal., 2011), KAP1 (Cardinale et al., 2009) or Suv3%h1 (Ohzeki et al.,
2012), tethering of EZH2 has a remarkably mild effect on HAC cen-
tromere function.

EZH2 tethering to the HAC reduces transcription-related
chromatin mARrks but not centromeric transcription

To understand the chromatin state induced by tethering EZH2 to
the HAC centromere, we analyzed the levels of several chromatin
marks on the HAC, as well as its transcriptional output, before and
after tethering.

ChIP-gPCR analysis revealed no significant decrease of CENP-A
levels on the HAC alphoid™®© array after 5 d of EZH2 tethering
(Figure 4A). This contrasted with our microscopy observations, in
which a limited (but significant) reduction of CENP-A was observed
after TetR-EYFP-EZH2 tethering (compare Figures 3A and 4A).
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Because the primer pair used can only quantify CENP-A present at
the alphoid™© repeats, it is possible that microscopy may detect
loss of CENP-A associated with other regions of the HAC that is
preferentially lost after EZH2 tethering. We could indeed observe a
low level of CENP-A on the Bsr gene, which decreased on TetR-
EYFP-EZH2 tethering (Figure 4A).

Although it is formally possible that the levels of tethered EZH2
were insufficient to produce a full Polycomb response, examination
of the downstream consequences of EZH2 tethering suggest that a
full Polycomb-repressive state was produced. These included a
large increase in H3K27me3 to levels comparable to or greater than
those at the endogenous Polycomb-repressed gene MYT1 (Figure
4, A and B). We also noted an ~10-fold increase in the downstream
product of the Polycomb pathway, H2AK119ub1, which is pro-
duced by the PRC1 complex (Supplemental Figure S3B). Both were
consistent with our microscopy results in transiently transfected
cells (Figure 2, B, D, and E) and are consistent with a robust estab-
lishment of a Polycomb-like chromatin signature. Production of the
Polycomb signature was accompanied by a sharp drop in the tran-
scription-associated chromatin marks H3K4me2 and H3K36me2 on
the HAC (Figure 4A). The low H3K4me2 level remaining on the
HAC after EZH2 tethering was comparable to that found at the
endogenous Cen21, unlike the more severe depletion previously
observed after LSD1 tethering (Bergmann et al., 2011), and may
explain why HAC centromere function appeared to suffer few ill
effects (Figure 3). The changes appeared to be specific for the Poly-
comb pathway, as levels of HAC-associated H3K9me3 were
unchanged (Supplemental Figure S3A).

An increase in H3K27me3 and H2AK119ub, together with a de-
crease in H3K3éme2, was also observed on the adjacent BAC se-
quences on the HAC (Figure 4A and Supplemental Figure S3B),
despite their being located ~3 kb away from the o-satellite™© array
and not possessing TetO-binding sites. The Polycomb-mediated re-
pressive state has been shown to spread to adjacent loci (Chan
et al., 1994, Kahn et al., 2006) via binding of the EZH2-containing
PRC2 complex to H3K27me3 (its own catalytic product; Margueron
et al., 2009). Together these results show that EZH2 can successfully
establish a Polycomb-like chromatin state on the HAC alphoid™®©
array.

Given these changes in the chromatin pattern, we were thus
surprised when reverse transcription (RT) gPCR analysis revealed
no significant effect on transcription from the HAC alphoid™®© ar-
ray after 3 d of TetR-EYFP-EZH2 tethering (Figure 4C). Consistent
with this, we confirmed by ChIP-gPCR that total levels of RNA
polymerase Il throughout the array did not change from their initial
levels after EZH2 tethering (Supplemental Figure S3, C and C).
We observed that the Polycomb-repressed MYT1 gene had levels
of transcription much lower than those observed for EZH2-teth-
ered HACs (Figure 4C), indicating the extent to which endogenous
Polycomb repression can reduce transcription. In addition, the

pericentromeric Sat2 repeats were expressed at levels far lower
than those of the centromeric repeats of both the HAC and Cen21
(Figure 4C), confirming that centromeres are indeed transcribed at
levels greater than that of heterochromatin.

An important control for these experiments was to confirm that
alphoid™© sequences are not intrinsically resistant to Polycomb-in-
duced silencing, for reasons unrelated to the presence of the HAC's
centromere. We therefore conducted TetR-EYFP-EZH2 targeting in
the HelLa/HT 1080 fusion cell line 1F10, which contains a noncentro-
meric o-satellite™© array integrated on a chromosomal arm (Sup-
plemental Figure S4, A, C, and D). This array does not recruit signifi-
cant levels of CENP-A and does not function as a centromere.
Analysis of selected histone marks reveals that the noncentromeric
alphoid™®© array is significantly more euchromatic than the HAC ar-
ray (Supplemental Figure S4A), and its transcriptional output is
greater than ~20-fold higher (Supplemental Figure S4B).

After 3 d of transient transfection with plasmids expressing the
TetR-EYFP fusion proteins, quantification of transcription by RT-
gPCR revealed that EZH2 tethering to the noncentromeric integra-
tion array did indeed significantly reduce alphoid™® transcription
(Figure 4D), although not to the level observed at the endogenous
MYT1 locus. Although it is possible that the HAC's small size and
lack of arms compared with a conventional chromosome might
somehow interfere with effective establishment of repression, the
total size of the HAC TetO array is ~2.3 Mb, and TetR binding could
potentially occur very densely: every 340 base pairs across the array
(Nakano et al., 2008). Furthermore, we consistently observe that the
TetR-EYFP signal corresponding to the noncentromeric integration
in interphase 1F10 cells is noticeably smaller (and more difficult to
detect) than that observed at the HAC in 1C7 cells. This suggests
that the integrated array is actually smaller than the HAC array (a fact
reported previously in Nakano et al. 2008).

In summary, the HAC centromere appeared to resist silencing
induced by a Polycomb- repressive pathway initiated within it. De-
spite substantial reductions in transcription-related marks, alphoid™©
transcription in the context of centrochromatin was unaffected,
whereas similar targeting of a euchromatic alphoid™® array (inte-
grated into a chromosome arm) did result in transcriptional silenc-
ing. These results suggest that the presence of a centromere on an
otherwise identical DNA array can somehow prevent the Polycomb
pathway from fully establishing its repressive target chromatin state.

Mitotic release of PRC1 from chromatin does not explain
HAC centromere resistance to Polycomb-dependent
repression

Cell cycle regulation events might account for this apparent resis-
tance of centrochromatin to Polycomb-induced silencing. Human
centromeres are transcribed during mitosis (Chan et al., 2012), and
CENP-A assembly starts only at telophase (Jansen et al., 2007),
continuing throughout G1 (Lagana et al., 2010). It has been

(scale bar, 5 pm). (B) As in A, but showing chromatin fibers from mitotic chromosomes. Examples of stretched chromatin
fibers (scale bar, 2 ym). (C) H3K27me3 is enriched at some pericentromeres. Metaphase spreads of chromosomes from
HeLa 1C7HAC cells were stained with antibodies against H3K9me3 (red) and H3K27me3 (green). Insets, individual
chromosomes; arrows indicate the primary constriction (centromere). Scale bar, 5 pm. (D) H3K27me3 can be found
adjacent to CENP-A domains. Mitotic stretched chromatin fibers of HeLa 1C7HAC cells, stained with antibodies against
CENP-A (red) and H3K27me3 (green). Scale bar, 2 pm. (E-H) Chromatin analysis by ChIP shows that HAC and
chromosome 21 (peri)centromeres are primarily heterochromatic and not enriched in Polycomb chromatin. ChIP analysis
of HeLa 1C7"AC cells was performed using antibodies against H3K9me3 and H3K27me3, as shown in G and H,
respectively. Mouse unspecific IgG was used as negative pull-down control for ChlP, as shown in F. Primer sets used are
shown at the top, with Sat2 and MYT1 used as positive controls for bona fide heterochromatic and Polycomb loci,
respectively. Mean of three independent experiments; error bars denote SEM.
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reported that the PRC1 complex dissociates from chromosomes
during mitosis, relocalizing again only after mitotic exit (Voncken
et al.,, 1999). We confirmed this observation in HelLa 1C7 cells
(Figure 5A). If the temporary absence of the PRC1 repressor com-
plex coincides with the timing of centromeric transcription, the
HAC centromere might use this “window of opportunity” to tran-
scribe and thereby maintain its centromeric function in a transcrip-
tionally repressive environment.

H3528 phosphorylation, catalyzed by Aurora B, has been sug-
gested to cause PRC1 release from H3K27me3 (Frangini et al.,
2013), similar to the release of HP1 from H3K9me3 by phosphoryla-
tion of H3510 during mitosis (Fischle et al., 2005; Hirota et al., 2005).
We therefore hypothesized that inhibition of Aurora B function
might prevent PRC1 release from chromatin and thus maintain its
binding to the HAC during mitosis.

Addition of the Aurora B-specific inhibitor ZM447439 (Ditchfield
et al., 2003) to 1C7-EZH2 cells substantially lowered H3S10 phos-
phorylation (Figure 5B), and PRC1 enrichment was maintained at
the HAC during mitosis (Figure 5B’). To determine whether main-
taining PRC1 at the HAC in this way interfered with CENP-A assem-
bly in the subsequent G1 phase, we transiently transfected a plas-
mid expressing CENP-A:SNAP the day before the experiment and
performed a SNAP-tag quench-chase-pulse assay (Figure 5C). We
then quantified the amount of newly synthesized CENP-A incorpo-
rated at the HAC in the presence or absence of Aurora B inhibition.
We observed no significant decrease in levels of newly incorporated
CENP-A:SNAP after Aurora B inhibition (Figure 5D). This was true
whether TetR-EYFP-EZH2 was tethered for 24 h (the first event of
CENP-A loading after tethering) or for 4 d.

Thus the release of PRC1 during mitosis is not sufficient to ex-
plain the apparent resistance that HAC centromeric transcription
shows against Polycomb silencing.

Direct tethering of PRC1, as opposed to its recruitment by
H3K27me3, negatively affects HAC centromere function
Given that the HAC centromere seems to resist transcriptional re-
pression by an EZH2-initiated Polycomb pathway despite being sig-
nificantly enriched for downstream markers of Polycomb chromatin,
we sought to understand the nature of this resistance and whether
it was specific for the Polycomb pathway. It is unlikely that centro-
meric proteins form a physical barrier to effective Polycomb repres-
sion, as tethering of the reaber HP1 or KAP1 and the ebitor Suv39h1
efficiently inactivated the HAC centromere (Nakano et al., 2008;
Cardinale et al., 2009; Ohzeki et al., 2012). We hypothesized that

the nature of centrochromatin, including the presence of CENP-A,
might somehow block the Polycomb pathway from enacting effec-
tive repression at the centromere core (Figure 6A). This might occur
because either H3K27me3 cannot be locally enriched in the imme-
diate vicinity of CENP-A-containing nucleosomes or PRC1 is not
properly recruited there despite the fact that both are efficiently en-
riched throughout the majority of the alphoid™®© array (as observed
by microscopy and ChlP analysis). Alternatively, it could be that as-
yet-unknown mechanisms specifically promoting the highly unusual
mitotic transcription at centromeres (Chan et al., 2012) are resistant
to repressive pathways that function during interphase.

To bypass the need of H3K27me3 for PRC1 recruitment (Figure
6A), we tethered the PRC1 complex directly to the HAC. Tethering
of TetR-EYFP-BMI1 (a subunit of the PRC1 complex) resulted in ef-
ficient recruitment of the RING1A subunit of PRC1 (Figure 6B and
Supplemental Figure S5, A and B), and HAC H3K4me2 was re-
duced (Figure 6C). This suggested that a functional PRC1-repres-
sive complex could be recruited using this approach. After 3 d of
TetR-EYFP-BMI1 tethering, we observed a significant decrease in
HAC CENP-A levels (Figure 6, C and D) and increased HAC segre-
gation errors (up to ~30%; Figure 6E) compared with control tether-
ing of TetR-EYFP.

The HAC defects induced by tethering BMI1 were comparable
to those induced by directly tethering HP1ow and KAP1, which inac-
tivate the HAC centromere (Nakano et al., 2008; Cardinale et al.,
2009). Tethering of TetR-EYFP-EZH2 for the same duration had sig-
nificantly milder effects, as before, despite also inducing recruitment
of PRC1 (Figure 6B, Supplemental Figure S5B). We quantified the
level of RINGTA at HACs tethered with the aforementioned con-
structs and observed that BMI1 recruited more than twice the
amount of RING1A than EZH2 compared with control TetR-EYFP
(Supplemental Figure S5, A and B). This increased concentration of
PRC1 on the HAC (as measured by presence of RING1A) brought
about by BMI1 tethering might account for the increased severity of
the phenotype relative to EZH2 tethering. It is possible that EZH2
tethering does not recruit sufficient PRC1 to the HAC to induce re-
pression. However, this is less likely, as RING1A levels recruited to
the HAC via EZH2 tethering are closer to those observed in other
nuclear clusters of RING1A, whereas those recruited by BMI1 are
much higher (Supplemental Figure S5B). This suggests that EZH2
tethering might recruit physiological levels of PRC1, whereas direct
tethering of BMI1T might recruit levels above those normally ob-
served physiologically, and those increased levels might overcome
the normal resistance of centromeric transcription.

recruits PRC1, which enacts effective transcriptional repression. (B) EZH2 tethering to the HAC nucleates H3K27me3
and recruits PRC1 subunit RING1A. HeLa 1C7"AC cells were transiently transfected for 3 d with the TetR constructs
shown (green), and processed for immunofluorescence using antibodies against H3K27me3 (red) and RING1A (blue).
Arrows and insets highlight the HAC. Scale bar, 5 pm. (C) EZH2 tethering to the HAC slightly affects CCAN proteins and
reduces HAC H3K4me2. Experimental conditions as in B, but stained with antibodies against CENP-T (red) and
H3K4me2 (blue). (D) EZH2 tethering to the HAC enriches it for H3K27me3. Qualitative assessment of H3K27me3 HAC
enrichment, as shown in B. Total of two independent experiments, >19 cells analyzed per experiment for each condition.
(E) EZH2 tethering to the HAC enriches it for PRC1 subunit RING1A. Qualitative assessment of RING1A HAC
enrichment, as shown in B. Total of two independent experiments, >20 cells analyzed per experiment for each condition.
(F) EZH2 tethering effectively reduces the active transcription-related H3K4me2 mark at the HAC. Qualitative
assessment of H3K4me2 HAC enrichment, as shown in B. Total of two independent experiments, 18 cells analyzed per
experiment for each condition. (G) EZH2 tethering to the HAC has little effect on its CENP-A levels. Quantification of
HAC centromere protein fluorescence levels in microscopy images after 3 d of TetR construct tethering, as shown in C.
Total of three independent experiments, 18 cells analyzed per experiment. Mann-Whitney U statistical test was used
to evaluate significance of differences observed. (H) EZH2 tethering to the HAC reduces the levels of CCAN component
CENP-C. Conditions and quantification as described in G, using antibodies specific for CENP-C, with 219 cells per
experiment. (I) EZH2 tethering to the HAC reduces the levels of CCAN component CENP-T. Conditions and
quantification as described in G, using antibodies specific for CENP-T, with >18 cells per experiment.
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array but has no effect on HAC centromere transcription. (A) EZH2 tethering nucleates
H3K27me3 and severely reduces HAC H3K4me2 and H3K36me2 but has no effect on its
CENP-A levels. Chromatin analysis of 1C7-EZH2 cells by ChIP. Cells were washed free of

doxycycline to allow TetR-EYFP-EZH2 to
tether to the HAC and grown for 5 d before
harvesting and processing for ChlIP. Cells
grown in doxycycline were processed in
parallel. Antibodies against CENP-A,
H3K27me3, H3K4me2, and H3K36me2 were
used; mouse unspecific IgG was used as
negative pull-down control. Values for each
pull down were normalized to the signal of
control locus Cen21 after subtraction of
background signal (IgG). Primer sets used
are shown below graphs. Mean of three
independent experiments; error bars denote
SEM. Two-tailed Student’s t test was used to
evaluate significance of differences
observed. (B) The HAC kinetochore-proximal
region is enriched with H3K27me3 upon
EZH2 tethering. Example of HAC H3K27me3
levels before and after TetR-EYFP-EZH2
tethering. Mitotic chromosome spreads of
1C7-EZH2 cells grown in presence or
absence of doxycycline were stained with
antibodies against CENP-C (red) and
H3K27me3 (green). Arrows denote HAC
chromatids. (C) EZH2 tethering does not
affect levels of centromeric HAC transcripts.
Quantification of transcripts from 1C7-EZH2
cells grown in presence or absence of
doxycycline. Cells were grown with or
without doxycycline for 3 d and harvested
for RNA extraction. Primers against HAC
alphoid™© repeats or Bsr gene were used
and against Cen21 as an endogenous
centromere control. Transcript level for each
locus was normalized to its genomic copy
number (for comparison between repetitive
regions) and further normalized to B-actin.
Mean of three independent experiments;
error bars denote SEM. Two-tailed Student'’s
t test was used to evaluate significance of
differences observed. (D) A noncentromeric
alphoid™t© array does not prevent silencing
of alphoid™© repeat transcription by
EZH2-dependent repression. HelLa 1F10 cells
were transiently transfected with either
TetR-EYFP or TetR-EYFP-EZH2 for 3 d and
subsequently harvested for transcript
quantification as in C. Transcripts from
untransfected cells were examined as
negative controls for TetR-EYFP binding.
Mean of three independent experiments;
error bars denote SD. Two-tailed Student's t
test was used to evaluate significance of
differences observed.

highlight the HAC. Scale bar, 5 pm. (D) Tethering of EZH2 to the HAC has little effect on HAC mitotic fidelity.
Quantification of HAC mitotic defects in fixed cultures of 1C7-EZH2 cells at each time point described in A. A given
HAC was scored as positive for mitotic defects if it did not congress in metaphase or lagged during anaphase or if
chromatids missegregated during anaphase/telophase. Transient transfection of TetR-EYFP for 3 d into HeLa 1C7 cells
was used as a negative control. Mean of three independent experiments, >40 cells each time point; error bars denote
SD. Fisher's exact test was used to evaluate significance of differences observed: EYFP 3 d vs. EZH2, **p = 0.0018;
EZH2 1 hvs. 6d, **p=0.0011; EYFP 3 d vs. EZH2 12 d, n.s., p=0.4167. (E) The HAC CCAN and mitotic function
persists during long-term EZH2 tethering. Microscopy analysis of CENP-C staining in metaphase cells at 3 and 12 d after
EZH2 tethering, as described in B, using antibodies against CENP-C (red). Arrows and insets highlight the HAC
chromatids and associated CENP-C signal.
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The effects of TetR-EYFP-BMI1 tethering on the HAC centro-
mere were much stronger after 5 d. Tethering of BMI1 induced a
significant decrease of HAC CENP-A levels (Figure 6F) and mitotic
fidelity (Figure 6G) to a degree comparable to that induced by
tethering HP1o (~40 and 50% missegregated HACs, respectively)
and more severe than that induced by tethering EZH2 (~17%
missegregation).

Although it is possible that direct constitutive binding of BMI1
via TetR exacerbates PRC1-dependent effects or might recruit a dif-
ferent variant of the PRC1 complex (Di Croce and Helin, 2013), the
results presented here suggest that targeting the canonical endog-
enous Polycomb pathway to the HAC centromere via H3K27me3 is
not on its own sufficient to silence centrochromatin transcription
and centromeric function. Because direct targeting of a downstream
repressor complex does inhibit centromere function, we conclude
that centromeres are not intrinsically immune to Polycomb repres-
sion. This raises the interesting possibility that centrochromatin may
locally modulate how the canonical Polycomb-repressive pathway
translates into effective repression.

H3K9me3 nucleation on the HAC also does not abolish
centromere function

Our observation that EZH2-mediated initiation of the Polycomb-
repressive pathway was insufficient to abolish HAC centromere
function, whereas tethering the H3K27me3 reaper PRC1 over-
came this resistance, led us to ask whether the same behavior
might be true for H3K9me3 and HP1 (a reaDer of H3K9me3). The
proteins that comprise the Polycomb-mediated as well as the
constitutive heterochromatin repression pathways have similar
domains and chromatin-targeting mechanisms. Both largely rely
on ReaDERs (PRC1T or HP1) bearing chromodomains that bind to
trimethylated ARK™e3S motifs on the H3 tail (Jacobs and Kho-
rasanizadeh, 2002; Min et al., 2003; Figure 6A). If the same mech-
anism that mediates the resistance of the HAC centromere to
H3K27me3-dependent repression also applies to the H3K9me3
MARK, this could help to explain how actively transcribing centro-
meres in human cells persist within transcriptionally repressed re-
gions without becoming silenced. We therefore decided to study
whether the HAC centromere was also resistant to H3K9me3-in-
duced transcriptional repression initiated via the constitutive het-
erochromatin pathway.

To establish the canonical pathway for constitutive heterochro-
matin (Suv3%h1 — H3K9me3 — HP1 — silent chromatin) in HAC
centrochromatin, we generated a construct containing the C-termi-
nal H3K9 methyltransferase domain of hSuv39h1 (TetR-EYFP-Su-
v39h15ET; Figure 7A). This protein can nucleate H3K9me3 on chro-
matin (Figure 7, B and C) but lacks the H3K9me3-binding
chromodomain and the interaction regions that directly recruit
HDACs and HP1 in an H3K9me3-independent manner (Melcher
et al., 2000; Jacobs and Khorasanizadeh, 2002; Vaute et al., 2002).
In this way, we assessed H3K9me3-associated effects independently
of direct HP1 recruitment by full-length Suv39h1, which induces
centromere inactivation when tethered (Ohzeki et al., 2012).

After 3 d of tethering after transient transfection, TetR-EYFP-Su-
v39h15ET caused a moderate reduction of CENP-A levels at the
HAC, similar to that observed for TetR-EYFP-EZH2 but less severe
than that observed for TetR-EYFP-HP1a. (Figures 6, C and D, and
7B). As was the case for TetR-EYFP-EZH2, tethering of TetR-EYFP-
Suv39h15ET for this period induced no significant increase in HAC
mitotic defects (Figure 6E). In control experiments, TetR-EYFP-HP 1o
tethering to the HAC yielded the strong inhibition of centromere
function observed in previous studies (Nakano et al., 2008; Cardi-
nale et al., 2009) and similar to that induced by BMI1 (Figure 6, D
and E). This similarity was particularly noticeable when BMI1 or
HP1o was tethered to the HAC for 5 d (Figure 6, F and G).

To confirm these results, we generated a Hela 1C7 cell pool
stably expressing TetR-EYFP-Suv39h15ET in which ~85% of the cells
express the construct, albeit at different levels. The cells were main-
tained in doxycycline, which was then washed out of the growth
medium for 5 d, allowing TetR-EYFP-Suv3%h15ET to bind to the
HAC. Between 1 h and 5 d of tethering, we observed a small but
significant increase in HAC H3K9me3 by immunofluorescence
(Figure 7, D and Q). This relatively small increase may reflect the fact
that the HAC already has H3K9me3 before tethering (Figure 1G), or
that the nuclear background level of H3K9me3 is elevated in these
cells due to overexpression of the ectopic construct (which was ob-
served in transient transfections). When we analyzed CENP-A levels
at the HAC of 1C7-Suv39h15ET cells, we detected ~35% reduction
after 5 d of tethering (Figure 7, E and G). Together with the previ-
ously observed reduction of HAC H3K4me2 (by transient transfec-
tion; Figure 6C), this suggests that the construct is functional and
indeed affects HAC centrochromatin, shifting its signature into a

various stages of mitosis. Antibodies against H3K27me3 (red) and RING1A (blue) were used for detection. Note that
H3K27me3 signal is also shown as being reduced during mitosis, but the anti-H3K27me3 antibody used suffers from
lack of epitope accessibility due to occlusion by the adjacent H3528p modification present during mitosis (Hiroshi
Kimura, personal communication). (B, B’) Inhibition of Aurora B activity leads to retention of PRC1 during mitosis at the
EZH2-tethered HAC. Microscopy images of mitotic 1C7-EZH2 cells after 1 d of EZH2 tethering (green) in the presence
or absence of Aurora B inhibitor ZM447439. (B) Confirmation of the inhibition of Aurora B kinase activity; antibodies
against o-tubulin (red) and H3510 phosphorylation (gray) were used. (B") PRC1 is retained at the HAC during mitosis
upon inhibition of Aurora B; antibodies against RING1A (red) were used to detect the PRC1 complex. Scale bar, 5 pm.
(C) Experimental outline of procedure to analyze CENP-A assembly on EZH2-tethered HACs with or without PRC1
retention during mitosis (by inhibiting Aurora B activity). 1C7-EZH2 cells were grown in the absence of doxycycline, to
allow for EZH2 tethering, for a total of 1 or 4 d before fixation. At 1 d before fixation, a plasmid expressing CENP-A-
SNAP was transfected into cells, and ~9 h before fixation, a quench-chase-pulse assay was performed to specifically
label newly synthesized CENP-A-SNAP with TMR-Star. During the quench-chase-pulse period, cells were grown in
parallel in medium supplemented either with dimethyl sulfoxide (DMSQ) or ZM447439 (to inhibit Aurora B). G1 cells
(those that loaded newly synthesized CENP-A onto centromeres during the assay timeline) were analyzed for the levels
of CENP-A:SNAP~TMR on the HAC. (D) PRC1 retention during mitosis at EZH2-tethered HACs has no visible effect on
CENP-A assembly in the subsequent G1 phase. Quantification of C. Two independent experiments; >23 cells for each
condition. Mann-Whitney U statistical test was used to evaluate significance of differences observed. A reduction in
CENP-A assembly could be noted between controls of days 1 and 4; this loss of total CENP-A assembly is likely due to
reduction in total centromere proteins (and consequently the assembly recruitment platform), in line with results in

Figure 3A.

Volume 27 January 1, 2016

| 187

Centromere resists silencing by H3 marks



A Polycomb repression B 1day transient transfection
pathway ___ —
BMI EYFP RING1A DNA
RING1A/B
- TetR-
EYFP
H3K27me3 Downstream
repression TetR-
Constitutive heterochromatin EYFP- 4 :
repression pathway EZH2 ( (‘ (
weid Hirgg,
TetR-
EYFP- -
- -
H3K9me3 Downstream BMI1 ‘ \ ‘
repression

C TetR-EYFP H3K4 Merge +

construct CENP-A me2 DNA
.

EYFP ’ ’ , ,

only y

EZH2 ’ R
DR
- [l 4
RN
1SET

- IR

D HAC CENP-A levels
3 days tethering, transient transfection
* * »
09 335 1
'9,0 o ‘ Ipz() 0 | " » » .‘
* 6 *kk \ *% . ***m *kk \
Fl 0=00%0° 00000 009 900 | 000 E HAC segregation defects
N o4 . 3 days tethering, transient transfection
© hd o o,
€ 12 o, . . LI [ 100% .
) °e° . ‘©
5 1.0 .:'. .'..... .s.'. ‘:.. .::. ° o 80% o ek
S5 08 {4 SoRe. T 2 oo - *%% p=0.0001
= Y ..;.:‘ oo g g | | F 60% | 5=0.0001
;06 | AN ser . > p=0.0015 :
< N Int S 40% | [n-s] [ns]
§ 0.4 .: o'éo ' °Se® N g p=01215
€ 0.2 s * [ 34 o.:. ‘e Q o 20% .
Qo ° o3 . o AN >
% 0.0 1, $ 0%
EYFP Suv39 2 EYFP Suv39
only EZH2 BMI1 TUCT HPla KAP-1 £ only EZH2  BMIT TUGT HPla  KAP1
(<]
TetR-EYFP construct ® TetR-EYFP construct
F HAC CENP-A levels G HAC segregation defects
5 days tethering, transient transfection 5 days tethering, transient transfection
*kk 100%
p < 0.0001 90%
*kdk :ac,» 80% Kok
_ p=0.0001 % o 70% p=0.0003
° '8 60% =
N oo péoooo1 ‘,40005 pe ~02858 8 o 50%
g X - 2 L 40% [n.s.]
5 £ s p=0.7027
S S 20%1
= N . . S 10% 1
mIRCR B S S 0%
< po . EYFP Ezi2 BMM  HP1a
X 05 L only
c - oo Sodve
£ . ot TetR-EYFP construct
Q oo
T EYFP  EzH2
only
TetR-EYFP construct

FIGURE 6: Repression-related H3 marks have little effect on the HAC centromere, but direct tethering of downstream
repressor complexes induces severe HAC centromere defects. (A) Two-step pathways of the Polycomb and
heterochromatin transcription repression systems: repression-related marks H3K9me3 and H3K27me3 are first
generated on chromatin, which in turn recruit downstream repressor complexes to enact transcriptional silencing

188

| N. M. C. Martins et al.

Molecular Biology of the Cell




less euchromatic state. Remarkably, tethering of Suv39h15ET for this
time period caused no measurable increase in HAC segregation
defects (Figure 7F).

In summary, our results indicate that the HAC centromere retains
functionality despite local deposition of the repressive mark
H3K9me3, although it could be that the moderate levels of
H3K9me3 generated by this Suv39h15ET construct are sufficient to
reduce CENP-A levels but not to perturb HAC segregation. Because
recruitment of heterochromatin ReaDers (in this case, downstream
repressors) causes robust centromere inactivation, this suggests that
although human centromeres are not specifically insensitive to het-
erochromatin repression, they are able to locally resist repressive
pathways initiated by H3 marks.

DISCUSSION

Previous studies of centrochromatin in HACs and at endogenous
human centromeres pointed to deleterious effects of transcriptional
repression on centromere function. They relied on tethering of het-
erochromatin factors such as the ebitor Suv39h1 (Ohzeki et al.,
2012), the reaber HP1 (Nakano et al., 2008), strong multirepressor
scaffolds like KAP1 (Cardinale et al., 2009), and ebitors such as LSD1
that remove transcription-related marks (Bergmann et al., 2011) or
conversely by opposing repression via targeting of acetyltransfer-
ases (such as PCAF or p300) (Ohzeki et al., 2012) or deacetylase in-
hibitors (such as trichostatin A; Nakano et al., 2003). How is it, there-
fore, that natural human centromeres are embedded within
constitutively heterochromatic regions, without losing transcrip-
tional activity?

The present study suggests that, considering the normal cycle of
EDpITorR— MARK — READER — CHROMATIN ENVIRONMENT, centrochromatin
appears able to influence how locally enriched marks eventually
translate into silent chromatin states.

Centromeres resist Polycomb repression mediated

by H3K27me3

Tethering the Polycomb PRC2 ebitor EZH2 to the HAC recapitulated
Polycomb-like chromatin and reduced the levels of active transcrip-

tion MARKs. Surprisingly, this did not inactivate centromere transcrip-
tion despite reducing levels of centromere proteins. This agrees
with a recent report that human centromeres can remain functional
with reduced CENP-A levels (Bodor et al., 2014). Because EZH2
tethering to a noncentromeric o-satellite™© array effectively re-
presses local transcription, we conclude that the HAC centromere
may harbor mechanisms for resisting Polycomb-mediated transcrip-
tional repression. This could occur by preventing the binding of re-
pressive READERS to their target mMarks. However, this is unlikely, since
we showed that RING1 can bind centromeric H3K27me3 nucleated
by tethered EZH2. Alternatively, the concentration of repressive
marks within CENP-A chromatin could be insufficient to achieve a
full-blown repressive response, or the specialized centromeric chro-
matin containing both CENP-A and associated CCAN proteins and/
or specialized characteristics of transcription during mitosis might
actively oppose the silencing functions of rReabers bound to repres-
Sive MARKS.

HAC centromere resistance to Polycomb-mediated
repression is bypassed by direct tethering of the
downstream repressor PRC1

Direct tethering of the PRC1 reaper BMI1 disrupted the HAC centro-
mere, whereas its recruitment by EZH2-induced H3K27me3 did not.
Direct constitutive tethering of elevated levels of PRC1, possibly
with altered binding dynamics not examined here (J. Ruppert and
W. C. Earnshaw, unpublished data), might induce an exacerbated
repression not seen with normal recruitment via EZH2 tethering.
This suggests that although PRC1 might be recruited to the HAC
centromere core by H3K27me3, its binding dynamics and/or stabil-
ity might be altered, or, possibly, a less active version of the PRC1
complex version is recruited. Alternatively, centrochromatin might
fail to achieve a required threshold of H3K27me3 enrichment either
due to lower H3 density (due to replacement by CENP-A) or be-
cause either the centromere or another aspect of specialized mitotic
transcription somehow inhibits EZH2 activity locally. This could lead
to lower PRC1 recruitment specifically near CENP-A but not on the
remainder of the alphoid™®© array, a difference that is difficult to

(directly or indirectly). (B) TetR-EYFP-BMI1 can recruit the PRC1 complex to the HAC. HeLa 1C7HAC cells were transiently
transfected with the indicated TetR constructs for 1 d, fixed, and processed for immunofluorescence. Antibodies against
RING1A were used as a surrogate to detect enrichment of PRC1. (C) Tethering of complexes that generate repressive
H3 marks have only mild effects on HAC CENP-A levels, but direct tethering of downstream repressors causes
pronounced loss of CENP-A. HeLa 1C7HAC cells were transfected for 3 d with the TetR constructs shown before fixation
and processing for immunofluorescence. EZH2 and Suv3%h15ET were used as catalysts of repressive H3 marks, and BMI1
and HP1o were used as downstream repressors, one each from the Polycomb and heterochromatin pathways,
respectively. KAP-1 was used as a positive control for centromere inactivation. Antibodies against CENP-A (red) and
H3K4me2 (blue) were used to analyze each construct’s effect on the HAC centromere and active transcription MARKs,
respectively. (D) Quantification of HAC CENP-A fluorescence in microscopy images, as described in C. Mean of three
independent experiments; 218 cells per condition in each experiment. Red dotted line indicates level of the analyzed
protein in the EYFP-only negative control. The Mann-Whitney U test was used to evaluate the significance of
differences observed. (E) Downstream transcription repressors induce much more pronounced defects in HAC mitotic
fidelity than complexes that generate repressive H3 marks. HeLa 1C7HAC cells were transfected and processed as in C.
Missegregation of HAC chromatids in transfected cells was scored whenever HAC EYFP signals segregated unequally in
telophase-early G1 (confirmed by the presence of a midbody). Mean of three independent experiments, and >25 cells
per condition in each experiment; error bars denote SD. Fisher's exact test was used to evaluate significance of
differences observed. (F) Decrease in HAC CENP-A levels induced by downstream repressors BMI1 and HP1o. increases
with longer tethering periods. HeLa 1C7HA cells were transfected with the indicated TetR constructs for a long-term
tethering of 5 d (see Materials and Methods). Antibodies against CENP-A were used to quantify its fluorescence levels
at the HAC in microscopy images. Quantification, number of cells, and statistical analysis were performed as in D.

(G) Prolonged tethering of downstream repressor BMI1 or HP10. increases the severity of HAC mitotic defects. Hela
1C7HAC cells were transfected and processed as in F, and missegregation of HAC chromatids was scored as in E. Mean
of three independent experiments, with 225 cells per condition in each experiment; error bars denote SD. Fisher’s exact

test was used to evaluate significance of differences observed.
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discriminate by immunofluorescence or ChiP. EZH2 activity can de-
pend on local chromatin context (Tie et al., 2009; Schmitges et al.,
2011; Yuan et al., 2011), and in one study, EZH2 tethered to active
chromatin was unable to reduce local H3K4me2 and histone acety-
lation (Rush et al., 2009).

Regardless which of these explanations is correct, our results
point to a previously unreported ability of centromeres to resist local
transcriptional silencing.

Resistance to H3 repression-related marks H3K9me3 and
H3K27me3 might be a conserved feature of human
centromeres

Because PRC1 and HP1 have analogous chromatin-targeting mech-
anisms, we explored whether centrochromatin showed a similar re-
sistance to the endogenous heterochromatin-repressive pathway.
Indeed, we observed a similar response of the HAC centromere to
Suv39h15ET as for EZH2. Long-term H3K9me3 nucleation in a cell
line expressing Suv3%h1%ET confirmed that centromeres can resist
inactivation by the repressive pathway involving H3K9me3, similar
to H3K27me3.

We showed that whereas enforced repression through tethering
of silencing reapers BMI1 or HP1 can inactivate centrochromatin, si-
lencing through nucleation of the canonical pathways is ineffective.
The H3K27me3 and H3K9me3 repressive pathways share many
similarities in chromatin-binding mechanisms (Beisel and Paro,
2011), and both can spread across chromatin domains (Seum et al.,
2001; Kahn et al., 2006) and might even functionally interact with
each other (Sewalt et al., 2002; Yamamoto et al., 2004; Vasanthi
etal., 2013). Thus it is possible that centromeres use a similar mech-
anism to cope with Marks from either repressive pathway.

Microscopy of stretched chromatin fibers of endogenous centro-
meres showed a difference in chromatin signature between the
CENP-A—containing core and the surrounding pericentromere. Spe-
cifically, we detected marks characteristic of nonsilenced promoters
(H3K4me3 and H2A.Z) and only low levels of H3K9me3 colocalizing
within the centromere core, as have others (Sullivan and Karpen,
2004; Lam et al., 2006). Similar distributions of an attenuated het-
erochromatic signature across the centromere core were also ob-

served in Neurospora crassa (Smith et al., 2011) and mouse centro-
meres (Lehnertz et al., 2003; Guenatri et al., 2004). Thus a variety of
evidence suggests thatan active mechanism may prevent H3K9me3/
H3K27me3 spreading into the centromere core.

One hypothesis is that the semieuchromatic signature and/or ac-
tive transcription at centromeres promote resistance against enrich-
ment of repressive H3 marks. Both H3K9me3 and H3K27me3 are
highly depleted at transcription start sites and 5" regions of active
genes (Barski et al., 2007; Mikkelsen et al., 2007). Higher histone
turnover, generally associated with 5 regions of transcribing chro-
matin (Mito et al., 2005; Nakayama et al., 2007), has been sug-
gested to counteract repressive chromatin states by removing his-
tones and any repressive MARKS that they carry (Aygun et al., 2013),
thus forming a barrier against spreading of repressive chromatin
(Lee etal., 2007; Wen et al., 2010; Klose et al., 2013). This may occur
at centromeres as well (Figure 8A), because canonical nucleosomes
within centrochromatin are enriched for the H3.3 variant (Dunleavy
et al., 2011), which replaces replication-deposited H3.1 in a cotran-
scriptional manner (Ahmad and Henikoff, 2002; Elsaesser et al.,
2010). Consistent with this, recently identified centromere-associ-
ated proteins Eaf6/CENP-28, MSL1v1/CENP-36, and PHF2/CENP-
35 (Ohta et al., 2010) have been reported to be subunits of tran-
scription initiation complexes, normally present at promoters. PHF2/
CENP-35 binds H3K4me3 and demethylates H3K9 (Wen et al.,
2010; Baba et al., 2011; Figure 8B).

Alternatively, nucleosomes within centrochromatin may be com-
patible with H3 repressive marks, but an unknown centromeric com-
ponent or some specialized aspect of transcription during mitosis
might modulate the binding of repressive rReapers such as PRC1 or
HP1, thus alleviating repression in a way that prevents a limited but
sufficient level of transcription (Figure 8C).

Perspectives

Accumulating evidence suggests that active transcription within
centrochromatin is critical for chromosome segregation. This
raises the question of how it is that centromeres, which in many
eukaryotes are flanked by large regions of pericentromeric hetero-
chromatin, are able to resist “invasion” by such heterochromatin,

the HAC for H3K9me3, with only mild effects on HAC CENP-A levels. HeLa 1C7HAC cells were transfected with the
indicated TetR constructs as described in Figure 6, C-E. Antibodies against H3K9me3 (blue) and CENP-A (red) were
used. (C) Tethering of TetR-EYFP-Suv39h15ET to the HAC increases its H3K9me3 levels. The indicated constructs were
transfected into 1C7"AC cells for 3 d before being fixed and processed for immunofluorescence. Two independent
experiments. Number of cells analyzed in each condition per experiment: EYFP only, >21; Suv39h15ET, >24. Red dotted
line indicates mean level of local H3K9me3 background signal. Mann-Whitney U statistical test was used to evaluate
significance of differences observed. (D) Long-term Suv3%9h15ET tethering to the HAC in 1C7-Suv39h15ET cells enriches it
for H3K9me3. The 1C7-Suv39h15ET cells were grown in the absence of doxycycline for either 1 h or 5 d to allow
TetR-EYFP-Suv39h15ET to tether to the HAC before fixation. Levels of H3K9me3 were assayed by fluorescence intensity
from microscopy images in the HAC EYFP signal-delimited area. Total of three independent experiments. Number of
cells analyzed: 1 h, >25; 5 d, >28. Mann-Whitney U statistical test was used to evaluate significance of differences
observed. (E) Long-term Suv39h15ET tethering to the HAC reduces CENP-A at the HAC. The 1C7-Suv39h15ET cells were
treated as described in D. HAC centromere-specific fluorescence signals were quantified from microscopy images. Total
of three independent experiments. Number of cells analyzed in each condition per experiment: 1 h, >12; 5 d, >23.
Mann-Whitney U statistical test was used to evaluate the significance of differences observed. (F) Long-term Suv39h1SET
tethering to the HAC has little effect on its mitotic fidelity. 1C7 cells expressing TetR-EYFP-Suv3%9h1°ET were treated as
described in D. Any given HAC was scored as positive for mitotic defects if one of the following was true: it did not
congress in metaphase, it lagged during anaphase, or chromatids missegregated during anaphase/telophase. Mean of
three independent experiments, >100 cells per condition in each experiment; error bars denote SD. Fisher’s exact test
was used to evaluate significant of differences observed. (G) Long-term Suv39h15ET tethering nucleates H3K9me3 at the
HAC but has only a small effect on HAC CENP-A. The 1C7-Suv39h15ET cells were treated as described in D. Samples
were fixed and processed for immunofluorescence using antibodies against H3K9me3 (blue) and CENP-A (red). Scale

bar, 5 pm.
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Models for centromere resistance against
H3K9m3/H3K27me3-dependent transcription silencing
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FIGURE 8: Models for centromere resistance against H3K9m3/H3K27me3-dependent
transcription silencing. The ability of eukaryote centromeres to resist local transcription
silencing potentially induced by repressive chromatin marks such as H3K9me3 or H3K27me3
might may be derived from one or more properties. Our proposals for how this might occur
and where in a repressive pathway the centromere may be interfering. (A) Turnover of
nucleosomes within the centromere core may evict repressive chromatin MARKs as a

consequence, thus decreasing their local concentration and potentially preventing spreading of
the repressive state. (B) Direct removal of repressive chromatin marks, possibly by centromere-

localized demethylases, could clear the repressive chromatin state locally at the centromere

core. As in A, it could help prevent spreading of the repressed state as well. (C) Modulation of

the binding of rReaDERs of repressive chromatin marks, without preventing the spreading of the
repressive MARKS into the centromere core, can potentially alleviate transcriptional silencing

promoted by those repressor READERS.

given its known propensity to spread and silence transcription of
nearby loci. Our experiments suggest that centromeres can spe-
cifically resist two types of canonical repressive pathways that es-
tablish silent chromatin states. This may be key to their mainte-
nance and activity in the vicinity of transcriptionally silent
heterochromatin and sets the stage for future avenues of experi-
mentation regarding the compatibility of centromere transcription

and heterochromatin.
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MATERIALS AND METHODS

Cell culture

Human cells were grown in DMEM (+L-
glutamine, +pyruvate) supplemented with
10% (vol/vol) fetal bovine serum and 100
U/ml penicillin G and 100 pug/ml strepto-
mycin sulfate (all Life Technologies, Carls-
bad, CA). Cells were grown at 37°C in hu-
midified atmosphere containing 5% COs.
Cell harvesting was performed by wash-
ing in prewarmed Dulbecco’s phosphate-
buffered saline (PBS) and using TrypLE
Express (both Life Technologies) to re-
lease adherent cells before passage into
fresh culture vessels or downstream appli-
cations. All cell lines containing an o-
satellite™© array (1C7 HAC cells of 1F10
integration cells) were maintained in the
presence of 4 pg/ml blasticidin S (Life
Technologies), selectable via the Bsr gene
copy adjacent to the a-satellite™© locus
(HAC or integration).

HAC-containing Hela 1C7 cells are
described in Cardinale et al. (2009) and
are the product of polyethylene glycol-
mediated cell fusion between Hela and
HAC-containing HT1080 Ab2.2.18.21
cells (Nakano et al., 2008). HeLa 1F10
cells were generated in the same manner,
from Hela cells fused with integration-
containing HT1080 Ab2.5.30 cells. The
HT1080 Ab2.5.30 cell line was generated
as described in Nakano et al. (2008) as
part of a HAC generation assay but con-
tains a noncentromeric o-satellite™© ar-
ray integrated into a chromosome arm
instead of an independent ectopic artifi-
cial chromosome.

Plasmid expression constructs

The coding sequence of full-length EZH2
was amplified from Hela cDNA by PCR
and cloned into tYIP vector (Cardinale
et al., 2009), generating the TetR-EYFP-
EZH2 construct. The coding sequence of
SUV39H1 from amino acids 102-412 was
amplified similarly and cloned into tYIP
vector as well, generating the TetR-EYFP-
Suv39h15ET construct. The tYIP vector (and
derived constructs) expresses TetR-EYFP-
(cloned protein) and the puromycin resis-
tance gene (separated by a synthetic in-
tron and an internal ribosome entry site
[IRES] motif) from a cytomegalovirus pro-

moter. The coding sequence of full-length BMI1 was amplified
similarly and cloned into pJETY3-TetR-EYFP vector (Ohzeki et al.,
2012). This generated the T-Y-BMI1 vector, which expresses TetR-
EYFP-BMI1 and the hygromycin resistance gene (separated by an
IRES motif) from an EF1 promoter. The plasmids TetR-EYFP
(Nakano et al., 2008), TYIP-LSD1 (Bergmann et al., 2011), TetR-
EYFP-HP1o (Nakano et al., 2008), and TetR-EYFP-KAP1 (Cardinale

et al., 2009) have been described.
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Immunofluorescence staining

Cells were fixed in 2,5% paraformaldehyde (PFA)/PBS for 5 min at
room temperature, quenched in 125 mM glycine for 5 min, and sub-
sequently processed for indirect immunofluorescence using stan-
dard protocols. Primary antibodies used are described later, and
fluorophore-conjugated secondary antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA). DNA was counter-
stained with 1 pg/ml Hoechst 333342 (Sigma-Aldrich, St. Louis, MO)
in PBS and samples mounted onto glass slides with ProLong Gold
(Life Technologies).

Staining of unfixed metaphase spreads and stretched
chromatin fibers

Preparation and staining of unfixed mitotic chromosomes was es-
sentially performed as described in Keohane et al. (1996). This pro-
tocol generates both spreads of metaphase chromosomes and
stretched chromatin fibers. Mitotic cells from cultures arrested in
prometaphase for 2 h in 100 ng/ml Colcemid (KaryoMax; Life Tech-
nologies) were collected by shake-off and incubated in 75 mM KCl
for 10 min. Cells were cytospun at 1800 rpm for 10 min onto glass
slides using a Cytospin3 (Thermo Fisher Scientific, Houston, TX) and
incubated in KCM buffer (10 mM Tris, pH 8.0, 120 mM KCI, 20 mM
NaCl, 0.5 mM EDTA, 0.1% Triton X-100) for 10 min. Samples were
then labeled with primary and secondary antibodies (diluted in 1%
bovine serum albumin in KCM buffer), fixed in 4% PFA (in KCM),
stained with Hoechst 333342, and mounted in ProLong.

Antibodies

The following antibodies were used: normal mouse immunoglobulin
G (IgG; Merck Millipore, Billerica, MA), mouse anti-CENP-A (A1), rab-
bit anti-CENP-C (R554), rat anti-CENP-T (42F10; a kind gift from
Kinya Yoda, Division of Biological Science, Nagoya University,
Nagoya, Japan [deceased)]), mouse anti-H3K27me3 (1E7), mouse
anti-H3K27ac (9E2H10, for ChIP), rabbit anti-H3K4me2 (07-030, for
immunofluorescence [IF]; Merck Millipore), mouse anti-H3K4me2
(27A6, for ChIP only), mouse anti-H3K36me2 (2C3), rabbit anti-
H3K9me3 (07-523, for IF; Merck Millipore), mouse anti-H3K9me3
(2F3, for ChIP), rabbit anti-H3K%ac (07-352, for IF; Merck Millipore),
mouse anti-H2AK119ub1 (cl.E6C5; Merck Millipore), rabbit anti-
H2A.Z (07-594; Merck Millipore), and rabbit anti-RINGTA (ASA3; a
kind gift from Paul Freemont, Section of Structural Biology, Imperial
College London, London, UK).

Microscopy, cytological analysis, and fluorescence
quantification

Images were acquired on a DeltaVision Core system (Applied Preci-
sion, Issaquah, WA) using an inverted Olympus IX-71 stand with an
Olympus UPlanSApo x100 oil immersion objective (numerical aper-
ture 1.4) and an InsightSSl light source. The camera (CoolSnap HQ,
Photometrics, Tucson, AZ), shutter, and stage were controlled
through SoftWoRx (Applied Precision). Z-sections were collected
with a spacing of 0.2 mm, and images were projected and analyzed
in ImageJ (National Institutes of Health, Bethesda, MD). When re-
quired, image stacks were first deconvolved in SoftWoRx.

Al fluorescence signal quantification was performed on maxi-
mum intensity projections of nondeconvolved microscopy images
acquired at a 1 x 1 binning using identical exposure conditions for
each experimental subset. Fluorescence intensity is displayed as ar-
bitrary fluorescence units. Cells displaying more than one HAC were
quantified for only one of them, determined randomly.

To quantify centromeric proteins in interphase cells, an ImageJ
macro (HAC & CRaQ), adapted from that of Bodor et al. (2013), was
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used to assess HAC centromere protein levels relative to those of
endogenous centromeres. Briefly, the maximum signal intensity (of
a given centromere protein staining) associated with the HAC was
measured and the local nuclear background signal subtracted. The
same measurement procedure was applied to endogenous centro-
meres and automatically detected by the macro, and the HAC-asso-
ciated signal was normalized against the mean signal of all those
centromeres.

To quantify HAC-associated signals for chromatin marks or chro-
matin proteins, maximum intensity projections of five Z-planes cen-
tered on the HAC, were used. An area thresholded to the EYFP HAC
signal was used: the mean signal within the HAC area was quanti-
fied, and the mean of three local nuclear background areas was sub-
tracted from that.

SNAP-tag assays to assess CENP-A assembly

Visualization and quantification of newly synthesized CENP-A as-
sembled at centromeres were performed as described in Bodor
et al. (2014). Briefly, cells were first transfected with a plasmid en-
coding CENP-A:SNAP, which, when expressed, is incorporated into
centromeres, functioning as endogenous CENP-A (Bodor et al.,
2014). Afterward, free SNAP-tag on CENP-A:SNAP was perma-
nently labeled with nonfluorescent BTP (New England Biolabs, Ips-
wich, MA), thus quenching any existing centromere-localized CENP-
A:SNAP from any future labeling. After an ~8- to 11-h chase period
(depending on experiment) to allow new CENP-A:SNAP to be syn-
thesized and assembled onto centromeres (as cells exit from mitosis
into G1), this pool of CENP-A (which bears free SNAP-tag) is then
labeled with fluorescent TMR-Star (New England Biolabs) and can
visualized by fluorescence microscopy.

Primer name
alphoidTetO fw
alphoidTetO rv
TetO_rv 2 (for RT-gPCR)

Sequence
CCACTCCCTATCAGTGATAGAGAA
TCGACTTCTGTTTAGTTCTGTGCG
GTTAAACTCAGTCGTCACCAAGAG

Bsr fw

Bsrrv

Cen21 fw

Cen21 rv

Sat2 fw

Sat2 rv
PABPC1_5’UTR_fw
PABPC1_5'UTR_rv
PABPC1-10kb_fw
PABPC1-10kb_rv
MYT1+40kb_fw
MYT1+40kb_rv
BAC_fw

BAC_rv
Actin_fw

Actin_rv

CAGGAGAAATCATTTCGGCAGTAC
TCCATTCGAAACTGCACTACCA
GTCTACCTTTTATTTGAATTCCCG
AGGGAATGTCTTCCCATAAAAACT
TCGCATAGAATCGAATGGAA
GCATTCGAGTCCGTGGA
CGGCGGTTAGTGCTGAGAGTG
GGTCGGTCTCGGCTGCTTCACC
CTAGCATCCGTGGGCCAAGAG
CTCTTCCCCAACCCCAGCAAAAT
ACGAGGGCTATGGTGTGGACAG
GGGCGATGAATCTCGTCCTG

GATTATCACAGTTTATTACTCT-
GAATTGGCTATC

AGCGCAAGAAGAAATATCCACCG
GCCGGGACCTGACTGACTAC
AGGCTGGAAGAGTGCCTCAG

fw, forward; rv, reverse.

TABLE 1: Primer sequences for ChIP and RT-qPCR.
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ChIP-qPCR experiments

ChlP experiments were performed using a protocol adapted and
modified from Kimura et al. (2008). A minimum of 5 x 10° cells were
used for each separate ChIP experiment, cross-linked in 1% formal-
dehyde (Sigma-Aldrich) for 5 min at room temperature. Cross-linked
chromatin was snap-frozen before shearing by sonication in a Bi-
oruptor sonicator (Diagenode, Liege, Belgium). One fifth of input
chromatin material was used for each immunoprecipitation, carried
out with anti-mouse IgG Dynabeads M-280 (Life Technologies). An-
tibodies used were described earlier.

To quantify IP DNA, gPCR was performed on input and IP sam-
ples using a SYBR Green master mix (Roche, Penzberg, Germany).
The primers used are described in Table 1. For each experiment and
primer pair, standard curves were prepared from input, and percent-
age of recovered IP material was calculated relative to it to account
for differential primer efficiency.

Transcript quantification by RT-qPCR analysis

Total RNA was extracted and purified using TRIzol reagent (Life
Technologies) according to the manufacturer’s instructions. Reverse
transcription was performed with the Transcriptor High Fidelity
cDNA Synthesis Kit (Roche) on purified RNA, using random hex-
amer primers, in a T3000 thermocycler (Biometra, Gottingen,
Germany). gPCR was performed in a LightCycler 480 (Roche) using
a SYBR Green master mix (Sigma-Aldrich); the primers used are de-
scribed in Table 1. For each plate and primer pair used, a serial dilu-
tion of the relevant template DNA was included to determine a
standard curve and account for differential reaction efficiencies. The
specificity of reactions was validated by product melting curve anal-
ysis. Reaction crossing points were determined using the second
derivative maximum algorithm in the LightCycler 480 software.
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