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HP1 links centromeric heterochromatin to
centromere cohesion in mammals
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Abstract

Heterochromatin protein-1 (HP1) is a key component of hetero-
chromatin. Reminiscent of the cohesin complex which mediates
sister-chromatid cohesion, most HP1 proteins in mammalian cells
are displaced from chromosome arms during mitotic entry,
whereas a pool remains at the heterochromatic centromere region.
The function of HP1 at mitotic centromeres remains largely
elusive. Here, we show that double knockout (DKO) of HP1la and
HP1ly causes defective mitosis progression and weakened centro-
meric cohesion. While mutating the chromoshadow domain (CSD)
prevents HP1la from protecting sister-chromatid cohesion, centro-
meric targeting of HP1a. CSD alone is sufficient to rescue the cohe-
sion defects in HP1 DKO cells. Interestingly, HPl-dependent
cohesion protection requires Haspin, an antagonist of the cohesin-
releasing factor Wapl. Moreover, HP1la CSD directly binds the
N-terminal region of Haspin and facilitates its centromeric local-
ization. The need for HP1 in cohesion protection can be bypassed
by centromeric targeting of Haspin or inhibiting Wapl activity.
Taken together, these results reveal a redundant role for HP1a and
HP1y in the protection of centromeric cohesion through promoting
Haspin localization at mitotic centromeres in mammalian cells.
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Introduction

Chromosomal instability (CIN), a hallmark of many types of cancer, is
caused by errors in the segregation of chromosomes during mitosis. The
fidelity of chromosome segregation is controlled by a sophisticated cellu-
lar network, a key point of which is sister-chromatid cohesion mediated
by the ring-shaped multi-subunit cohesin complex [1]. Sister-chromatid

cohesion is established during DNA replication in interphase. When
vertebrate cells enter mitosis, the bulk of cohesin on chromosome
arms is removed by its antagonist Wapl [2,3], whereas cohesin at
centromeres is protected from precocious removal to ensure chro-
mosome bi-orientation until anaphase onset [4,5]. It remains
incompletely understood how centromeric cohesion is protected to
the full extent from Wapl-dependent cohesin release in mitosis [6].

Centromeres in most eukaryotes are composed of repetitive
arrays of DNA, the majority of which are embedded in constitu-
tive heterochromatin marked by the addition of methyl groups to
histone H3 Lys9 (H3K9me) [7]. The primary requirement of
heterochromatin for precise mitotic chromosome segregation in
S. pombe is the enrichment of cohesin at the centromere [8]. Previous
studies reported that this occurs through the physical association of
Swi6, a fission yeast homolog of heterochromatin protein-1 (HP1),
with the cohesin subunits Rad21 [9] and Psc3 [10]. However, such a
direct interaction between HP1 and cohesin has not been demon-
strated in higher eukaryotes [11,12]. As a key factor of hetero-
chromatin structure, HP1 consists of an N-terminal chromodomain
(CD) and a C-terminal chromoshadow domain (CSD) linked by a
flexible hinge region [13]. While the CD binds to di- and trimethy-
lated H3K9 (H3K9me2/3) generated by the histone methyl-
transferase Suv39h [14-17], the CSD functions as a dimerization
module that forms a binding platform for other effecter proteins
[18-20]. Reminiscent to the distribution of cohesin in mitosis, the
majority of HP1 proteins in mammals are released from chromo-
some arms when cells enter mitosis [21,22], whereas a small
amount of HP1 is retained at the centromere region [23,24]. The
function of HP1 at mitotic centromeres in mammalian cells remains
largely elusive [25], particularly with regard to whether the binding
of HP1 CD to H3K9me2/3 is required to localize HP1 at mitotic
centromeres [12,26,27], and whether and how HP1 is involved in
the protection of centromeric cohesion [28-39].

Here, using CRISPR/Cas9-mediated knockout (KO), we clearly
demonstrate that HP1 is required for the protection of mitotic
centromere cohesion in human cells. We reveal the interaction
between HP1 and Haspin, a protein kinase recently identified as an
antagonist of Wapl [40-44]. We further provide evidence that HP1
promotes centromeric localization of Haspin to antagonize Wapl-
mediated cohesin release at mitotic centromeres.
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Results and Discussion

Double knockout (DKO) of HP1a and HP1y causes defective
mitosis progression

There are three closely related HP1 isoforms, HPla, HP1f, and
HP1y, in mammals. To study the localization and function of HP1
proteins in mitosis, we used a near chromosomally stable HeLa cell
line, which behaves like the non-transformed retinal pigment
epithelial (RPE-1) cells with regard to few segregation errors in
anaphase and the proper maintenance of chromosome bi-orientation
upon metaphase arrest induced by the proteasome inhibitor MG132
(Appendix Fig S1). Immunofluorescence microscopy showed
concentrated localization of HP1oo and HP1y at inner centromeres in
mitotic HeLa cells arrested with the spindle microtubule poison
nocodazole (Fig 1A). Using the same fixation and staining proce-
dure, we were not able to clearly detect endogenous HP1p (Fig 1A),
or exogenously expressed EGFP-fused HP1B (Fig EV1A), at mitotic
centromeres. Similar results were obtained in nocodazole-arrested
mitotic RPE-1 cells (Appendix Fig S2). Using wild-type (WT) or a
nickase mutant of CRISPR/Cas9 [45-47], we established several
stable clones, namely 2A4, 3A2, and 4A4, in which HP1a and HP1y
were knocked out with various single-guide RNAs (sgRNAs)
(Appendix Fig S3) [48]. Genomic DNA sequencing confirmed indels
predicted to cause frameshift mutations (Fig EVIB and C,
Appendix Fig S4). Loss of HP1a and HP1y proteins was confirmed
by immunoblotting (Fig 1B) and immunofluorescence microscopy
(see later in Fig EV3E).

By scoring the percentage of formaldehyde-fixed cells with
lagging chromosomes in anaphase, we observed increased rate of
chromosome missegregation in asynchronously growing HP1o and
HP1ly DKO (HP1 DKO in short) cells (Fig 1C), but not in HP1p KO
cells (Fig EVID-F). Time-lapse live imaging of cells stably express-
ing histone H2B fused to GFP (H2B-GFP) showed prolonged duration
of mitosis in HP1 DKO cells (49.1 + 2.0 min versus 32.2 + 0.8 min
in control HeLa cells), particularly during the metaphase-to-
anaphase transition (Figs 1D and EV1G, see Movies EV1 and EV2).
Interestingly, there were strong mitosis progression defects in HP1
DKO cells during the recovery from transient mitotic arrest with
S-trityl-L-cysteine (STLC), an Eg5 inhibitor that reversibly blocks cells
in prometaphase with monopolar spindles (Fig 1E and F, see Movies
EV3-EVS). As expected, almost all control HeLa cells underwent
anaphase onset at 120 + 3 min on average after STLC washout,
following chromosome bi-orientation. In contrast, HP1 DKO cells
showed strong mitotic arrest with complex chromosome behaviors
which could be classified into three categories. 67.8% of HP1 DKO
cells (type I) behaved like control cells, except for a moderate delay in
the establishment of chromosome bi-orientation. In another 7.5% of
cells (type II), anaphase onset initiated, frequently accompanied
by chromosome missegregation, without the detectable alignment of
all chromosomes at the metaphase plate. The remaining 24.7% of
cells (type III) were defective in either establishing bi-orientation or
maintaining it for an appreciable period of time, then underwent
mitotic death or slippage, or were persistently arrested in mitosis
during the course of the imaging. Following transient mitotic arrest
and release, similar defects in chromosome alignment (Fig 1G) and
segregation (Fig 1H) were observed in HP1 DKO clones 3A2 and 4A4,
as revealed by live cell imaging.
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Taken together, these results indicate that HP1 DKO cells
undergo prolonged mitosis duration and increased chromosome
missegregation.

HP1a and HP1y are redundantly required to protect mitotic
centromere cohesion

We noticed that, when released from STLC into MG132, HP1 DKO
cells were strongly impaired in maintaining metaphase chromosome
alignment (Fig 2A). Similar defects were observed when HP1 DKO
cells were directly subjected to MG132-induced metaphase arrest
(Fig 2B), though to a lesser extent likely due to the lack of STLC-
induced mitotic arrest [43]. Time-lapse live cell imaging further
showed that MG132-arrested metaphase HP1 DKO cells began to
exhibit irreversible chromosome scattering from the metaphase
plate much earlier than control cells (Fig 2C and D, see Movies EV6
and EV7).

These results prompted us to investigate whether sister-
chromatid cohesion is compromised in HP1 DKO cells. Inspection of
chromosome spreads prepared from HP1 DKO cells arrested in
metaphase with MG132 revealed a strong increase in premature
chromatid separation (PCS) (Fig 2E and F). For example, after 8-h
treatment with MG132, the percentage of cells with cohesion loss
increased from 5.7% in control cells to 21.3-27.4% in HP1 DKO
cells (Appendix Fig S5). These results indicate an accelerated “cohe-
sion fatigue” defect [49,50], which is closely related to CIN [51,52].
We also found that the inter-kinetochore (inter-KT) distance
between sister kinetochores of chromosome spreads prepared from
nocodazole-arrested mitotic cells was around 15% further apart in
HP1 DKO cells than in the control cells (Fig EV2A-C), indicative of
compromised cohesion at mitotic centromeres.

Interestingly, these cohesion defects in HP1 DKO cells were effec-
tively rescued by stable (Figs 2G and EV2C-E) or transient
(Fig EV2F and G) expression of exogenous HP1a or HP1y which was
C-terminally fused to the Flag-tag and 6xHis tag (HP1-Flag in short).
Furthermore, KO of HP1a or HP1y alone did not cause detectable
defects in maintaining metaphase chromosome bi-orientation and
sister-chromatid cohesion (Figs 2H and I, and EV2H-J).

Our results indicate that HP1oo and HP1y are redundantly required
for the protection of centromeric cohesion in mitosis, which are in
line with the recent report that inducible CRISPR/Cas9 KO of HP1a,
HP1f, or HP1y did not cause conspicuous mitotic defects in HeLa
cells [53]. Indeed, in our hand, small interfering RNA (siRNA)-
medicated knockdown of HPla did not compromise metaphase
chromosome alignment and sister-chromatid cohesion in HeLa cells
and RPE-1 cells (Appendix Fig S6). Due to unknown reason, this is
inconsistent with the previous reports that siRNA-mediated HP1la
knockdown caused cohesion defects [28,35]. In addition, a previous
study reported that knockdown of HP1o and HP1y by siRNA in human
cells did not seem to affect the centromeric recruitment of the cohesin
subunit Sccl which was exogenously expressed [29]. Compared with
our current results, this may be due to the technical difficult to
completely and simultaneously deplete HP1oo and HP1y by siRNA.

CSD is necessary for HP1a to protect centromeric cohesion

The restoration of proper centromeric cohesion in HP1 DKO cells by
exogenous expression of HP1o alone allowed us to investigate the
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Figure 1. Double knockout (DKO) of HP1a and HP1y causes defective mitosis progression.

A Hela cells were treated with nocodazole for 3 h. Mitotic chromosome spreads were immunostained.

B Asynchronous Hela and the indicated HP1 DKO clones were immunoblotted.

C Hela and HP1 DKO clones were fixed and stained with anti-human centromere autoantibodies (ACA) and DAPI. The percentage of cells with lagging chromosomes
was determined in 200 anaphase cells. Means and ranges are shown (n = 2).

D The mitosis progression of HeLa and HP1 DKO clone 3A2 cells stably expressing H2B-GFP was analyzed by time-lapse live imaging. The time from nuclear envelope
breakdown (NEB) to metaphase chromosome alignment, and from metaphase to anaphase onset, was determined. Fate profiles of cells were determined. See also
Movies EV1 and EV2.

E,F Hela and HP1 DKO clone 3A2 cells stably expressing H2B-GFP were released from 5-h treatment with STLC, followed by live imaging of mitosis progression. Fate
profiles of mitotic cells (E), and the selected frames of the movies (F), are shown. Time stated in hours:minutes. See also Movies EV3—EV5.

G, H The percentage of mitotic cells with defective chromosome alignment (G) and chromosome missegregation (H) were quantified in 102 cells (for HeLa and clone
3A2) and 74 cells (for clone 4A4).

Data information: Scale bars, 10 um. See also Fig EV1.
Source data are available online for this figure.
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Figure 2. HPla and HP1y are redundantly required to protect mitotic centromere cohesion.

A HelLa and HP1 DKO clones were released from 5-h treatment with STLC into MG132-containing medium and then fixed at the indicated time points for DNA staining.
The percentage of mitotic cells in prometaphase, metaphase, and metaphase with some misaligned chromosomes, was determined in around 300 cells (n = 3).

B Hela and HP1 DKO clones were exposed to MG132, then fixed at the indicated time points for DNA staining, and quantified in around 300 cells (n = 3).

C,D Hela and HP1 DKO clones stably expressing H2B-GFP were exposed to MG132 and subjected to live imaging. The time from the achievement of metaphase
chromosome alignment to chromosome scattering was determined (unpaired t-test) (C). Selected frames of the movies are shown (D). Time stated in hours:

minutes. See also Movies EV6 and EV7.

E,F Hela and HP1 DKO clones were exposed to MG132 for 8 h. Using mitotic chromosome spreads, the percentage of cells with cohesion loss was determined in

around 100 cells (E). Example images are shown (F).

G Hela and HP1 DKO clone 2A4 cells with or without stable expression of the indicated exogenous HP1 proteins were analyzed for metaphase chromosome

alignment in around 300 cells (n = 3) as in (B).

H Hela, HP1a KO, HP1y KO, and HP1 DKO cells were analyzed for metaphase chromosome alignment in around 300 cells (n = 3) as in (B).
| The indicated cell lines were analyzed for cohesion loss in around 100 cells as in (E).

Data information: Means and standard deviations (SDs) are shown (A-C, G and H). Scale bars, 10 pm. See also Fig EV2.

importance of CD and CSD for HP1a function in cohesion protec-
tion. We then stably expressed various mutant forms of exogenous
HPlo-Flag in HP1 DKO cells (Figs 3A and EV3A). Consistent with
the importance of CSD for HP1 localization in mitosis [23,32], we
observed the failure in mitotic centromere localization of the CSD
mutants of HPlo-Flag (Fig 3B), which contained the mutations of
I1165E and W174A that disrupt the formation of CSD dimer and
hydrophobic pocket, respectively [18,20,54]. These two mutants
were defective in maintaining metaphase chromosome alignment
(Figs 3C and EV3B), sister-chromatid cohesion (Fig 3D), and proper
inter-KT distance (Fig 3E), indicating the importance of CSD for
HP1a to protect centromeric cohesin.
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As expected, the CD mutant of HPla-V22M-Flag, which
contained the V22M mutation that selectively disrupts CD binding
to H3K9me2/3 [55], did not localize at heterochromatin in inter-
phase cells (Fig EV3C). However, this mutant localized normally
to mitotic centromeres (Fig EV3D and E) and restored proper
centromeric cohesion in HP1 DKO cells (Figs 3F and EV3F).
These results indicate that the interaction of CD with H3K9me2/3
is not necessary for HPla to localize at mitotic centromeres and
protect sister-chromatid cohesion, which is in line with a
previous report that Suv39h is dispensable for enrichment and
mitotic protection of cohesin at centromeres in mouse embryonic
fibroblasts [12].

© 2018 The Authors



Centromeric targeting of HP1a CSD alone is sufficient to support
proper sister-chromatid cohesion

We next examined the strength of centromere cohesion in HP1
DKO cells upon centromeric targeting of various domains/regions

© 2018 The Authors
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of HPla, which were expressed as a fusion protein with the
centromeric DNA binding domain of CENP-B (CB in short where
necessary) [56]. We found that transient expression of CENP-B-
fused full-length HP1a and its CSD, but not CD and Hinge, effec-
tively shortened the inter-KT distance in HP1 DKO clone 3A2 cells
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Figure 3. CSD localization at centromeres is necessary and sufficient for HP1 to protect centromeric cohesion.

A Lysates of asynchronous HelLa and HP1 DKO cells with or without stable expression of the indicated exogenous HP1a proteins were immunoblotted.

B Hela and the indicated stable cell lines were treated with nocodazole for 3 h. Mitotic chromosome spreads were immunostained. Scale bar, 10 um.

C Hela and the indicated stable cell lines were exposed to MG132, then fixed at the indicated time points for DNA staining, and quantified in around 300 cells (n = 3).
D Hela and the indicated stable cell lines were exposed to MG132 for 8 h. Using mitotic chromosome spreads, the percentage of cells with cohesion loss was

determined in around 100 cells.

E Hela and the indicated stable cell lines were treated with nocodazole for 3 h. Mitotic chromosome spreads were stained with CENP-C antibodies and DAPI. The
inter-KT distance was measured on over 400 chromosomes in over 20 cells (unpaired t-test).
Hela and the indicated stable cell lines were analyzed for metaphase chromosome alignment in around 300 cells (n = 3) as in (C).
Lysates of asynchronous HelLa and HP1 DKO clone 2A4 cells stably expressing the indicated fusion proteins were immunoblotted.

The indicated stable cell lines were analyzed for cohesion loss in around 100 cells as in (D).

F
G
H The indicated stable cell lines were analyzed for metaphase chromosome alignment in around 300 cells (n = 3) as in (C).
|
J

Hela and the indicated stable cell lines were analyzed for the inter-KT distance on over 400 chromosomes in over 20 cells (unpaired t-test) as in (E).

Data information: Means and SDs are shown (C, E, F, H, J). See also Fig EV3.
Source data are available online for this figure.

(Fig EV3G and H). Importantly, stable expression of CENP-B-fused
CSD (CB-CSD) (Fig 3G), but not the I165E mutant, rescued the
defects of HP1 DKO clone 2A4 cells in maintaining metaphase
chromosome bi-orientation (Fig 3H), sister-chromatid cohesion
(Fig 31), and proper inter-KT distance (Fig 3J). Similar centromeric
cohesion defects were observed in HP1 DKO clone 3A2 cells which
either stably expressed the W174A mutant of CB-CSD (Fig EV3I-
K), or transiently expressed the I1165E or W174A mutant of CB-
HPlo (Fig EV3L-N). Thus, centromeric targeting of CSD alone
effectively rescues sister-chromatid cohesion defects in HP1 DKO
cells.

HP1 CSD interacts with the N-terminus of Haspin

The incapability of the W174A mutant of CB-CSD or CB-HPla to
rescue centromeric cohesion defects in HP1 DKO cells suggests the
involvement of CSD-interacting proteins in HP1-mediated cohesion
protection. In addition, a previous study demonstrated an interac-
tion between Swi6 and Hrkl (Haspin-related kinase 1, the Haspin
homologue) in fission yeast [57]. We then examined whether HP1
associates with Haspin in mammalian cells.

We detected reciprocal co-immunoprecipitation (co-IP) of exo-
genously expressed Haspin and HP1a in nocodazole-arrested mitotic
cell lysates (Fig 4A and B). In contrast, co-IP of Haspin with the
I165E or W174A mutant of HP1a was hardly detectable (Fig 4B and
C). Moreover, GST-fused HP1a and CSD, but not CD and Hinge,
selectively pulled down SFB-Haspin (SFB is a triple tag of S-tag,
Flag-tag, and streptavidin-binding peptide) from mitotic cell lysates
(Fig EV4A), indicating that CSD is sufficient to bind Haspin. In addi-
tion, the N-terminal non-catalytic region (residues 1-480) of Haspin
tagged with Myc and 6xHis (Haspin-N480-Myc in short) was readily
pulled down by GST-HPla from mitotic cell lysates (Fig EV4B).
Importantly, purified recombinant MBP-HP1lo was directly pulled
down by GST-fused residues 1-350 of Haspin (GST-Haspin-N350)
(Fig 4D). Thus, the CSD of HPla directly binds the N-terminus of
Haspin in vitro and in human cells.

The defect of Haspin in the co-IP with the HP1a-W174A mutant
suggests that Haspin might have the PxVxL motif (consensus [P/L]-
X-V-X-[M/L/V]) which interacts with the hydrophobic pocket of
CSD dimer [54,58]. We noticed in the N-terminus of human Haspin
a short fragment, 94-LTVTPKRWKLRARPSLTVTP-113, which
contains two potential PxVxL motifs (P1 and P2 in short, Fig EV4C).

Figure 4. Haspin binds HP1 CSD and is required for HP1-dependent cohesion protection.

A Lysates of nocodazole-arrested mitotic Hela cells transiently expressing HP1o-Flag and Haspin-GFP were subjected to immunoprecipitation followed by

immunoblotting with the indicated antibodies.

B Lysates of nocodazole-arrested mitotic HeLa cells transiently expressing SFB-Haspin and HP1a-GFP (WT and the indicated mutants) were subjected to

immunoprecipitation followed by immunoblotting. S. exp., short exposure.

C  Lysates of nocodazole-arrested mitotic Hela cells transiently expressing Haspin-GFP and HP1a-Flag (WT and the indicated mutants) were subjected to

immunoprecipitation followed by immunoblotting.

D  Purified MBP-HP1a-6xHis was subjected to pulldown by GST or GST-Haspin-N350, followed by anti-HP1a immunoblotting and CBB staining. Note the presence of a

significant amount of partial GST-Haspin protein.

E  Purified MBP-HP1la-6xHis was subjected to pulldown by GST or Haspin (80-130)-GST for 1 h, followed by anti-MBP immunoblotting and CBB staining.
F Lysates of nocodazole-arrested mitotic HelLa cells transiently expressing HP1a-Flag and Haspin-GFP (WT or APxXVxL) were subjected to immunoprecipitation

followed by immunoblotting. L. exp., long exposure.

G Lysates of asynchronous HelLa, Haspin KO clone D2 and HP1 DKO clone 2A4 stably expressing the indicated fusion proteins were immunoblotted.

I

The indicated stable cell lines were exposed to MG132, then fixed at the indicated time points for DNA staining, and quantified in around 200 cells. Means and

ranges are shown (H; n = 2). After treatment with MG132 for 6 h, using mitotic chromosome spreads, the percentage of cells with cohesion loss was determined in

around 100 cells (1).

J Lysates of asynchronous HelLa, Haspin KO clone D2 cells with or without stable expression of Haspin-GFP (WT or APxVxL) were immunoblotted.
K The indicated stable cell lines were analyzed for metaphase chromosome alignment in around 200 cells as in (H). Means and ranges are shown (n = 2).
L  The indicated stable cell lines were analyzed for sister-chromatid cohesion in around 100 cells as in (1).

Data information: See also Fig EV4.
Source data are available online for this figure.
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Figure 4.

Indeed, MBP-HP1a was efficiently pulled down by Haspin residues
80-130 fused to GST (Fig 4E). Since deleting residues 94-113 of
Haspin did not eliminate the co-IP of Haspin with HP1a (Fig EV4D),
we additionally deleted another conserved PxVxL motif, 108-PEVSL-
112 (P3, Fig EV4C). We confirmed that the Haspin-APxVXL-GFP
mutant lacking these three potential PxVxL motifs was defective in
the co-IP with HP1a-Flag (Fig 4F). Thus, HP1a CSD directly interacts
with the N-terminus of Haspin in a PxVXL motif-dependent manner.

© 2018 The Authors

Haspin is required for HP1 to protect centromeric cohesion

Given that HP1a interacts with Haspin, and that the cohesion defects
in HP1 DKO cells are reminiscent of those in Haspin KO cells [43],
we next investigated whether there is a functional link between
HP1 and Haspin in centromeric cohesion protection. Interestingly,
stable expression of CB-CSD in Haspin KO (clone D2) cells was
incapable of maintaining metaphase chromosome bi-orientation,
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sister-chromatid cohesion, and proper inter-KT distance (Figs 4G-I
and EV4E). Similarly, transient expression of CB-CSD did not restore
proper inter-KT distance in another Haspin KO clone 2B2 (Fig EV4F
and G). In contrast, as a positive control [43], stable expression of
CENP-B-fused Haspin residues 1-50 (CB-Haspin-N50-GFP) was able
to do so. Similarly, stable expression of CB-HPla also failed to
support proper inter-KT distance and metaphase chromosome align-
ment in Haspin KO cells (Fig EV4H-J). Thus, even when forced
targeted to centromeres, HPla requires Haspin to protect centro-
meric cohesion.

Furthermore, we stably expressed Haspin-GFP (WT or the
APxVxL mutant) into Haspin KO cells (Fig 4J). As we previously
reported [43,44], due to the weakened centromeric cohesion, Haspin
KO cells showed strong defects in maintaining chromosome bi-
orientation and sister-chromatid cohesion during MG132-induced
metaphase arrest (Fig 4K and L). Importantly, these defects were
efficiently rescued by Haspin-GFP but not by Haspin-APxVxL-GFP.
Thus, the interaction with Haspin is important for HP1 to protect
centromeric cohesion in mitosis.

HP1 promotes centromeric localization of Haspin

The cohesin regulatory subunit Pds5B promotes Haspin localization
at centromeres through binding Haspin at its N-terminal Pds5-inter-
acting motif (PIM) [42,43], which is similar to the Pds5-binding YSR
motifs identified in Wapl and Sororin [59]. We further found that
the PIM mutant of Haspin deficient in binding PdsS5B is largely
impaired in supporting proper centromeric cohesion [43], indicating
that centromeric localization is a prerequisite for Haspin to protect
cohesion. We then examined the centromeric localization of Haspin
in HP1 DKO cells. During mitosis, Haspin localizes predominantly
to centromeres and phosphorylates histone H3 at Thr3 (H3pT3),
which is particularly concentrated at centromeres [40,57,60]. We
thus used centromeric H3pT3 as the indicator for the extent of
centromeric localization of endogenous Haspin. Immunofluores-
cence microscopy showed that centromeric H3pT3 on mitotic chro-
mosomes was significantly lower in HP1 DKO cells than in control
HeLa cells (Figs 5A and EVSA). Consistently, immunoblotting of

HP1 binds Haspin and protects cohesin Qi Yietal

lysates prepared from nocodazole-arrested mitotic cells showed that
total H3pT3 was reduced by 30-50% in HP1 DKO cells (Fig 5B).
Moreover, stable expression of CB-CSD (see Fig 3G), but not the
I165E mutant, largely increased centromeric H3pT3 in mitotic HP1
DKO cells (Figs 5C and EV5B). These results suggest that HP1a and
HP1y are required for the full localization of Haspin at mitotic
centromeres. Consistently, compared to Haspin-GFP, the Haspin-
APxVxL-GFP mutant was around 2.2-fold less concentrated at
mitotic centromeres (Fig 5D and E). Our observations in HeLa cells
are in line with the report that H3pT3 and Hrk1 localization were
abolished specifically at the heterochromatic regions in Swi6-deleted
fission yeast [57].

We previously showed that the PIM of Haspin competes with the
YSR motif of Wapl for binding Pds5B, and that centromeric targeting
of the PIM-containing fragment of Haspin as the form of CB-Haspin-
NS50-GFP rescues the centromeric cohesion defect in Haspin KO cells
(see Fig 4G-1) [43]. We hypothesized that if HP1 protects centro-
meric cohesion through localizing Haspin, artificially targeting
Haspin to centromeres might bypass the need for HP1 in cohesion
protection. Indeed, stable expression of CB-Haspin-N50-GFP was
sufficient to maintain proper metaphase chromosome alignment and
sister-chromatid cohesion in HP1 DKO clone 3A2 cells (Fig SF-H).

Previous studies showed that Swi6/HP1 has a pivotal function in
localizing Sgol at mitotic centromeres through their direct associa-
tion in fission yeast [30], and probably also in mammalian cells
[19,29,30,35]. However, it seemed that Sgol localization at inner
centromeres was not conspicuously altered in nocodazole-arrested
mitotic HP1 DKO cells (Fig EV5C and D), suggesting that HP1 may
not play a critical role in localizing Sgol at mitotic centromeres of
human cells [61]. Indeed, a HP1-binding-deficient mutant of Sgol
was functional in centromeric cohesion protection, and localized
normally to mitotic centromeres in HeLa cells [32].

Inhibiting Wapl activity bypasses the need for HP1 in
centromeric cohesion protection

Wapl releases the majority of cohesin from chromosome arms in
early mitosis to allow sister-chromatid resolution [2,3]. Wapl

Figure 5. HP1 promotes centromeric localization of Haspin to antagonize Wapl.

A Hela, HP1 DKO clones, endogenous Haspin-Y16A mutant expressing cells were treated with nocodazole for 3 h. Mitotic chromosome spreads were immunostained.
The centromeric H3pT3/CENP-C immunofluorescence intensity ratio was determined on around 200 chromosomes in 13 cells (unpaired t-test) (see example images

in Fig EV5A).

B Lysates of nocodazole-arrested mitotic cells described in (A) were immunoblotted. S, short exposure. L, long exposure.
@ HeLa and HP1 DKO clone 2A4 cells stably expressing the indicated fusion proteins were treated with nocodazole for 3 h. Mitotic chromosome spreads were
immunostained. The centromeric H3pT3/CENP-C immunofluorescence intensity ratio was determined on around 200 chromosomes in 10 cells (unpaired t-test)

(see example images in Fig EV5B).

D, E The indicated stable cell lines were treated with nocodazole for 3 h. Mitotic chromosome spreads were immunostained. Example images are shown (D). The
centromeric GFP/CENP-C immunofluorescence intensity ratio was determined on around 140 chromosomes in 10 cells (E) (unpaired t-test). Scale bar, 10 pm.

F Lysates of asynchronous HelLa and HP1 DKO clone 3A2 cells stably expressing the indicated fusion proteins were immunoblotted.

G, H The indicated stable cell lines were exposed to MG132, then fixed at the indicated time points for DNA staining, and quantified in around 100 cells (G). After
treatment with MG132 for 8 h, using mitotic chromosome spreads, the percentage of cells with cohesion loss was determined in around 100 cells (H).

I-L  Hela and HP1 DKO clone 3A2 cells transfected the indicated siRNAs were immunoblotted (I); or were exposed to MG132, fixed at the indicated time points for DNA
staining, and quantified in around 100 cells (J); or were used to prepare chromosome spreads after 8-h treatment with MG132, and then, the percentage of cells
with cohesion loss was determined in around 100 cells (K); or were treated with nocodazole for 3 h to make chromosome spreads, stained with CENP-C antibodies
and DAPI, and then, the inter-KT distance was measured on over 400 chromosomes in over 20 cells (L) (unpaired t-test).

M Schematic depiction of the role for HP1 in localizing Haspin at mitotic centromeres to antagonize the cohesin-release activity of Wapl.

Data information: Means and SDs are shown (A, C, E and L). See also Fig EVS.
Source data are available online for this figure.
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activity in cohesin release is inhibited at mitotic centromeres by
Haspin [43,44], Sororin and Sgol [59,62-67]. Given that HP1
promotes centromeric localization of Haspin, we wondered whether
aberrantly increased local Wapl activity, as a result of delocalization
of centromeric Haspin, might account for the centromeric cohesion
defects in HP1 DKO cells. Interestingly, Wapl depletion by siRNA
prevented metaphase chromosome misalignment and PCS in HP1
DKO clone 3A2 cells (Fig 5I-K). Moreover, proper inter-KT distance
was restored in HP1 DKO cells by Wapl depletion (Fig SL), or by
transient expression of Myc-SA2-K290E (Fig EVSE and F), a Wapl-
binding-deficient SA2 mutant which is resistant to being released by
Wapl [63]. Thus, Wapl inhibition rescues centromeric cohesion
defects in HP1 DKO cells.

Conclusion

Taken together, our results indicate that HPloo and HP1y play a
redundant role in the protection of centromeric cohesion in
human cells. We propose that, together with Pds5B, HP1 ensures
the full occupancy of Haspin at mitotic centromeres, thereby
enabling Haspin to prevent Wapl-Pds5B interaction and Wapl-
mediated cohesin release (Fig 5M). This study reveals a molecular
mechanism by which HP1 links centromeric heterochromatin to the
protection of sister-chromatid cohesion at mitotic centromeres of
mammalian cells.

Materials and Methods

Cell culture, plasmids, siRNA, transfection, and drug treatments

All cells were cultured in DMEM supplemented with 1% penicillin/
streptomycin and 10% FBS (Gibco), and maintained at 37°C with
5% CO,. The HeLa cell line, originally from Dr. Jonathan Higgins
laboratory at Brigham and Women’s Hospital and Harvard Medical
School, has been used in a number of studies for the regulation of
mitotic chromosome segregation. HeLa cells stably expressing SFB-
Haspin and HP1-Flag proteins were isolated and maintained in puro-
mycin (Calbiochem) at 1.0 and 0.5 pg/ml, respectively. Cells stably
expressing H2B-GFP, CENP-B fusion proteins, and Haspin-GFP (WT
or mutants) were isolated and maintained in blasticidin (Sigma) at 3
and 1.5 pg/ml, respectively. Haspin KO cells (clones D2 and 2B2)
and endogenous Haspin-Y16A cells (clone 2A3) were previously
described [43].

The plasmids of Haspin-GFP, SFB-Haspin, pBos-CENP-B-Haspin-
N50-GFP, and Myc-SA2-K290E were previously described [43,44].
pBos-HP1a-GFP was constructed by replacing the H2B fragment in
pBos-H2B-GFP (Clontech) with the Kpnl-/BamHI-digested PCR
fragments of HPlo gene. HPlo-Flag-6xHis and HP1y-Flag-6xHis
were constructed by replacing the GFP fragment in pEF-IRES-P-
EGFP-Flag-6xHis with the Notl/SfaAl-digested PCR fragments of
HPlo and HP1y genes. To make pBos-CENP-B-HP1 (WT or
mutants)-GFP constructs, the PCR fragments were subcloned into
the BamHI site of pBos-CENP-B-GFP. Haspin-N480-Myc-6xHis was
constructed by the PCR fragments encoding Haspin residues 1-480
into the Kpnl and EcoRV sites of pEF6-Myc-6xHis (Invitrogen). All
point mutations were introduced with the QuikChange II XL site-
directed mutagenesis kit (Agilent Technologies). All plasmids were
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sequenced to verify desired mutations and absence of unintended
mutations.

Cells were transfected twice with siRNA in a 24-h interval. The
following siRNA duplexes were ordered from Integrated DNA Tech-
nologies (IDT): siWapl (5-CGGACUACCCUUAGCACAAATAT-3'),
siHP1a (5-CCUGAGAAAAACUUGGAUUATAT-3’). Plasmid and siRNA
transfections were done with Fugene 6 (Promega) and Lipofectamine
RNAi MAX (Invitrogen), respectively. Cells were arrested in prometa-
phase with 1.0 uM nocodazole (Selleckchem). Drugs used in this
study were STLC (5 uM, Tocris Bioscience) and MG132 (10 uM,
Sigma). Mitotic cells were collected by selective detachment with
“shake-off”.

Antibodies

Rabbit polyclonal antibodies used were to H3pT3 (B8633, Dr.
Jonathan Higgins), Wapl (A300-268A, Bethyl; for immunoblotting),
cyclin B1 (clone D5C10, Cell Signaling Technology, CST), GFP
(A11122, Invitrogen), MBP (E8032, New England BioLabs), and
GAPDH (14C10, CST). Mouse monoclonal antibodies used were to
HPlo (MAB3446 for immunoblotting; MAB3584 for immunostain-
ing), HP1p (MAB3448), HP1y (MAB3450), all from Millipore, and to
a-tubulin (T-6047, Sigma), 6xHis-tag (GNI4110-HS, GNI), Flag-tag
(M2, Sigma), Myc-tag (4A6, Millipore), and Sgol (3C11, Abnova).
Guinea pig polyclonal antibodies against CENP-C were from MBL
(PD030). Human centromere autoantibodies were from Immuno-
vision. Secondary antibodies for immunoblotting were goat anti-
rabbit or horse anti-mouse IgG-HRP (CST). Secondary antibodies for
immunostaining were donkey anti-rabbit IgG-Alexa Fluor 488 or
Cy3 (Jackson ImmunoResearch), anti-mouse IgG-Alexa Fluor 488 or
546 (Invitrogen), anti-human IgG-Alexa Fluor 647 (Jackson Immuno-
Research), goat anti-guinea pig IgG-Alexa Fluor 647 (Invitrogen).

CRISPR/Cas9-mediated editing of HP1 genes in Hela cells

To express single-guide RNAs (sgRNAs) for human HP1 genes,
oligonucleotides were ordered from IDT, annealed, and cloned into
the BbslI site of dual Cas9 and sgRNA expression vector pX330 or
pX462 (Dr. Feng Zhang laboratory, Addgene, #42230 and #62987).
The plasmids were transfected into HeLa cells using Fugene 6
(Promega). After 48-h incubation, cells were split individually to
make a clonal cell line with selection using 1 pg/ml puromycin for
2-3 days. The sgRNA target DNA sequences preceding a 5-NGG
PAM (protospacer adjacent motif) are shown in Appendix Fig S3.
HP1lo KO clone 1D4 was obtained by means of double-nicking with
the Cas9-D10A mutant and a pair of sgRNAs targeting two sequences
(5'-AGAACTGTCAGCTGTCCGCTtgg-3’, 17 bases downstream of the
start codon, and 5-GGATGAGGAGGAGTATGTTGtgg-3') which
would largely reduce potential off-target effects. HP1y was further
knocked out in HPla KO clone 1D4 cells using sgRNA targeting
sequence of 5-TTTTCCACGACAAATTCTTCagg-3’ (82 bases down-
stream of the start codon of HP1y gene; for clone 2A4, the PAM
sequence in lower case), or using a pair of sgRNAs targeting two
sequences (5-TTTTCCACGACAAATTCTTCagg-3’ and 5-CTAGAT
CGACGTGTAGTGAAtgg-3'; for clones 3A2 and 4A4). The HP1y KO
clone 3C3 was obtained from HeLa cells with a sgRNA targeting a
sequence (5-ACGTGTAGTGAATGGGAAAGtgg-3') which is 114 bases
downstream of the start codon. The HP1p KO clone 2AS was obtained
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from HeLa cells using a pair of sgRNAs targeting two sequences
(5'-CTTTGCCCTTTACCACTCGAcgg-3', 87 bases downstream of the
start codon, and 5-GGAGTACCTCCTAAAGTGGAagg-3'). Clones
with loss of HP1 proteins were isolated by immunostaining and con-
firmed by immunoblotting. The genomic DNA PCR fragments were
subcloned into pBluescript II KS (—) and transformed into E. coli,
and then, certain numbers of bacterial colonies were sequenced to
confirm the gene disruption. The PCR primers were as follows: HP1a
forward 5'-CCCTTTTCATCCCATCAAGA-3' and reverse 5'-TCCAC
AAGCGGAGAGATTTT-3/; HP1B forward 5-AGAGTGCTCCCTAA
TGCCCT-3' and reverse 5'-ATAAGCCATGAAGGTGGGGAC-3'; HP1y
forward 5-AAGGTGTCTGCCCTGGGATA-3’ and reverse 5-GACACC
TACAGGAAAGCAGGT-3'.

Fluorescence microscopy, time-lapse live cell imaging, and
statistical analysis

Cells grown on coverslips were fixed with 2% paraformaldehyde
(PFA) in PBS for 10 min followed by extraction with 0.1 or 0.5%
Triton X-100 in PBS for 5 min. Mitotic HeLa cells obtained by shake-
off were re-attached to glass coverslips by Cytospin at 1,500 rpm at 5
min, pre-extracted for 5 min with 1% Triton X-100 in PHEM (60 mM
Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM MgCl,, pH 6.9), and
then fixed with 4% PFA in PHEM for 20 min. For immunostaining
HP1, cells were fixed with 1% PFA in PBS containing 0.2% Triton
X-100 for 10 min, then in 50 mM NH,CI for 30 min, and in 0.2%
Triton X-100 in PBS for 10 min [31]. In general, to produce chromo-
some spreads, mitotic cells obtained by selective detachment were
incubated in 75 mM KCl for 10 min, re-attached to glass coverslips by
Cytospin, and then fixed with 2% PFA in PBS for 20 min followed by
extraction with 0.1% Triton X-100 in PBS for 5 min. Fixed cells were
stained with primary antibodies for 1-2 h and secondary antibodies
for 1 h, all with 3% BSA in PBS with 0.1-0.5% Triton X-100 and at
room temperature. DNA was stained for 10 min with DAPIL.
Fluorescence microscopy was carried out at room temperature
using a Nikon ECLIPSE Ni microscope with a Plan Apo Fluor 60x Oil
(NA 1.4) objective lens and a Clara CCD (Andor Technology). The
inter-KT distance was measured using the centromere marker CENP-
C or ACA on over 20 kinetochores per cell in at least 20 cells.
Distance was determined by drawing a line from the outer kineto-
chore extending to the outer edge of its sister kinetochore. The length
of the line was calculated using the imaging software of NIS-
Elements BR (Nikon). Quantification of fluorescent intensity was
carried out with ImageJ (NIH) using images obtained at identical illu-
mination settings. Briefly, on chromosome spreads, the average pixel
intensity of H3pT3, HP1la, Haspin-GFP, or Sgol staining at inner
centromeres, defined as regions falling within a 3-pixel-diameter
circle at paired centromeres, was determined using ImageJ. ACA or
CENP-C intensity was determined within a 9-pixel-diameter circle
encompassing single centromere dots. After background correction,
the ratio of H3pT3/CENP-C, HP1a/ACA, Haspin-GFP/CENP-C, or
Sgol/CENP-C intensity was calculated for each centromere. The
average number of chromosomes in our HeLa cell line is 62.6. Cohe-
sion loss was defined as over 20% sister-chromatid pairs (> 25 sepa-
rated chromatids) in a cell were separated (Appendix Fig S5).
Time-lapse live cell imaging was carried out with the GE DV Elite
Applied Precision DeltaVision system (GE Healthcare) equipped
with Olympus oil objectives of 40x (NA 1.35) UApo/340 and an API
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Custom Scientific CMOS camera, and Resolve3D softWoRx imaging
software. Cells expressing H2B-GFP were plated in four-chamber
glass-bottomed 35-mm dishes (Cellvis) coated with poly-D-lysine,
and filmed in a climate-controlled and humidified environment
(37°C and 5% CO,). Images were captured every 3 min (Movies
EV1 and EV2), every 5 min (Movies EV3-EV5), and every 6 min
(Movies EV6 and EV7). The acquired images were processed using
Adobe Photoshop and Adobe Illustrator. Statistical analyses were
carried out by unpaired t-test using GraphPad Prism 6.

Immunoblotting and immunoprecipitation

SDS-PAGE, immunoblotting, and immunoprecipitation were carried
out using standard procedures. Cell lysates were prepared in standard
SDS sample buffer or Lamond buffer for immunoblotting. For the co-
immunoprecipitation, cells were lysed in P150 buffer (50 mM Tris—
HCI, pH 7.5, 150 mM NaCl, 0.1% NP-40, or 0.5% Triton X-100) with
2 mM MgCl,, 10% glycerol, 1 mM dithiothreitol (DTT), protease inhi-
bitor cocktail (P8340, Sigma), 1 mM PMSF, 0.1 uM okadaic acid (Cal-
biochem), 10 mM NaF, 20 mM B-glycerophosphate, and benzonase
(Merck). After removal of insoluble materials by high-speed centrifu-
gation, lysates were precleared with GammaBind G Sepharose (17-
0885-02, GE Healthcare). Lysates were incubated with antibodies for
3 h at 4°C before addition of GammaBind G Sepharose for a further
1 h. Beads were washed several times with the lysis buffer, boiled in
standard SDS sample buffer, and subject to immunoblotting.

Protein purification and GST pulldown

Plasmids expressing MBP- or GST-fused HPlo proteins were
constructed by subcloning PCR fragments into pGEX-MBP-6xHis
and pGEX-4T1, respectively. The plasmid for GST-Haspin-N350 was
constructed by subcloning Haspin residues 1-350 into pGEX-4T1.
The plasmids were transformed into BL21 (DE3)-competent cells
(Stratagene). Cells were grown in LB broth under antibiotic selec-
tion at 37°C until ODgoo at 0.6-0.7, and protein expression was
induced with 0.1-0.4 mM IPTG at 16°C for 16 h. Cells were lysed
by sonication in buffer A (50 mM Tris—HCI, pH 8.0, 300 mM NaCl,
for MBP fusion proteins) or buffer B (20 mM Tris-HCI, pH 8.0,
100 mM NaCl, 1 mM EDTA, 1% Triton X-100 for GST fusion
proteins). The lysate was clarified by centrifugation and incubated
with Amylose Resin (BioLab) or Glutathione Sepharose 4B (GE
Healthcare) in lysis buffer. The resin was washed with lysis buffer
or eluted with 10 mM maltose or 10 mM glutathione.

For GST-HP1 pulldown of Haspin from lysates, nocodazole-
arrested mitotic HeLa cells expressing exogenous Haspin were lysed
in P150 buffer. The lysates were precleared with Glutathione
Sepharose 4B beads and then incubated with GST fusion proteins
immobilized to Glutathione Sepharose 4B beads for 2 h. For GST-
Haspin-N350 or Haspin (80-130)-GST pulldown of purified recombi-
nant MBP-HP1a-6xHis, the recombinant proteins were incubated for
1 h with bead-immobilized GST fusion proteins in 50 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 0.5% Triton X-100. Following all these pull-
down assays which were conducted at 4°C, the beads were washed
3-5 times with the same buffer and subjected to analysis by
immunoblotting and CBB staining.

Expanded View for this article is available online.
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