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Heterochromatin protein 1α 
(HP1α), a bona fide factor of 

silent chromatin, is required for estab-
lishing as well as maintaining the 
higher-order chromatin structure in 
eukaryotes. HP1α is decorated with 
several post-translational modifica-
tions, and many of these are critical for 
its cellular functions. HP1α is heavily 
phosphorylated; however, its physiologi-
cal relevance had remained to be com-
pletely understood. We have recently 
demonstrated that human HP1α is a 
mitotic target for NDR kinase, and the 
phosphorylation at the hinge region of 
HP1α at the G

2
/M phase of the cell 

cycle is crucial for mitotic progression 
and Sgo1 loading at mitotic centromeres 
(Chakraborty et  al., 2014). We now 
demonstrate that the dephosphoryla-
tion of HP1α within its hinge domain 
occurs during mitosis, specifically soon 
after prometaphase. In the absence of 
the hinge-specific HP1α phosphoryla-
tion, either as a consequence of deplet-
ing NDR1 or in cells expressing a 
non-phosphorylatable HP1α mutant, 
the cells arrest in prometaphase with 
several mitotic defects. In this study we 
show that NDR1-depleted cells express-
ing hinge-specific phosphomimetic 
HP1α mutant rescues the prometaphase 
arrest but displays defects in mitotic 
exit, suggesting that the dephosphoryla-
tion of HP1α is required for the com-
pletion of cytokinesis. Taken together, 
our results reveal that the phosphoryla-
tion–dephosphorylation cycle of HP1α 
orchestrates accurate progression of 
cells through mitosis.

Introduction

The heterochromatinization of almost 
all the eukaryotic genome is facilitated 
by the protein HP1, a heterochromatin-
associated protein originally discovered 
from the silenced region in Drosophila 
polytene chromosome.1 All the isoforms 
of HP1 (α, β, and γ) proteins have a 
conserved architecture consisting of 
an N-terminal chromodomain (CD), 
a C-terminal chromoshadow domain 
(CSD), and a f lexible hinge region that 
links together the chromodomain and 
the chromoshadow domain.2-4 Similar to 
histones, HP1 isoforms are also excellent 
targets for post-translational modifica-
tions including acetylation, phosphory-
lation, methylation, sumoylation, and 
formylation,5-7 and often these modifica-
tions represent a response to inter- and 
intracellular signals. Phosphorylation 
of HP1/Swi6 in fission yeast promotes 
its chromatin binding and therefore is 
required for efficient heterochromatin 
organization.8 In Drosophila, HP1 phos-
phorylation is developmentally regulated 
and also required for heterochromatin 
formation.9,10 In mammals, recent pro-
teomic analyses have identified multiple 
phosphorylation sites on HP1 in vivo.6,11 
Phosphorylation at the N-terminal serine 
residues (S11–14) in human and mouse 
cells have been implicated in enhanc-
ing the binding affinity of HP1α for the 
H3K9 trimethyl chromatin mark.12 On 
the other hand, casein-kinase-II (CKII)-
mediated phosphorylation of HP1β at 
Thr-51 occurs during DNA damage 
response, and this modification facilitates 
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the release of HP1-β from the chroma-
tin.13 The HP1γ isoform phosphory-
lated at Ser-83 demonstrates impaired 
silencing activity and is associated with 
transcriptional elongation.14 Abundant 
phosphorylation at Ser-93, -95, and -176 
as well as formylation at S-176 of mam-
malian HP1γ have also been reported 
in human cells, but their exact roles 
remain to be determined.15 In mouse 
cells, initial targeting of HP1α to peri-
centric heterochromatin is promoted by 
the SUMOylation of HP1α at the hinge 
domain.16 In addition to its bona fide role 
in heterochromatin assembly and gene 

silencing, HP1 regulates proper chro-
mosome segregation and accurate sister 
chromatid cohesion.17-19

The decision to enter mitosis brings a 
systemic and extensive physiological and 
structural reorganization in animal cells 
which is dependent on the activation of 
various mitotic kinases.20 Consequently, 
mitosis-specific phosphorylation events 
occur on a large number of substrates, 
including HP1α.21-26 In a recent study, 
we have identified a mitotic specific 
phosphorylation of mammalian HP1α 
at its hinge region. HP1α interacts with 
NDR (Nuclear-Dbf2-related) kinase at 

its chromoshadow domain and is phos-
phorylated at its hinge domain, predomi-
nantly during G

2
/M phase, and localizes 

to the kinetochores during early mito-
sis. Upon NDR kinase depletion, cells 
arrest at prometaphase with defects in 
chromosome alignment and a defect in 
Sgo1 binding to mitotic centromeres. 
Moreover, phospho-dead hinge mutants 
of HP1α phenocopy the mitotic defects 
that are observed upon NDR1 depletion. 
These results suggest that NDR1 kinase-
mediated phosphorylation of HP1α is 
crucial for mitotic entry and proper chro-
mosome alignment.27

Figure 1. Dephosphorylation of HP1α is required for mitotic exit. (A; a) Phos-tag PAGE analysis of lysates from different sub-stages of mitosis. Immunoblot 
analysis was performed using HP1α antibody. (A; b) Quantitation of the relative levels of N-terminal+ hinge and N-terminal phosphorylation of HP1α 
during different sub-stages of mitosis based on the immunoblot in (A; a). Note the accumulation of slower migrating (*1) form during prometaphase. 
Only the faster migrating form is evident during G1 (*2). (A, c) Immunoblot analysis of lysates collected from different mitotic substages. (B). Okadaic acid 
treatment of nocodazole arrest followed by release. Phos-tag PAGE analysis of these samples and immunoblot analysis with HP1α antibody. Note the 
retention of the slower migrating form of HP1α. (C). Phos-tag analysis of lysates (that were nocodazole arrested followed by release) treated with DMSO 
or cycloheximide.
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NDR (nuclear-Dbf2-related) kinases 
are a highly conserved subfamily of ser-
ine/threonine kinases that control crucial 
cellular processes including mitotic exit, 
cytokinesis, cell growth, and proliferation 
and differentiation.28 In budding yeast, the 
NDR kinase ortholog, Dbf2p is required 
for mitosis exit network (MEN), whereas 
the Sid2p in fission yeast regulates septation 
initiation network (SIN).29-32 In humans, 
NDR kinases have been implicated in 
centrosome duplication,33 G

1
/S transition 

by regulating the stability of the cell cycle 
protein p21,34 and accurate chromosome 
alignment during mitosis.35 However, how 
NDR kinases regulate mitosis in mamma-
lian cells had remained to be understood. 
We have recently shown that mammalian 
NDR kinases phosphorylate HP1α during 
G

2
/M phase, and that this phosphorylation 

is crucial for mitotic progression.27

In this “Extra Views” article we have 
further dissected the role of hinge-phos-
phorylated HP1α during the progression 
through mitosis. Our results suggest that 
dephosphorylation of hinge-phosphory-
lated HP1α begins at prometaphase, con-
tinues progressively through mitosis, and 
culminates by the end of mitosis, and this 
is necessary for the successful mitotic exit 
in mammalian cells. We suggest that mul-
tiple mechanisms regulate MEN in mam-
malian cells, and that the NDR kinase 
and HP1α dephosphorylation are key 
regulators of MEN.

Results

Dynamic phosphorylation and 
dephosphorylation states within the 
hinge domain of HP1α governs mitotic 
progression

We recently demonstrated that HP1α 
is phosphorylated within the hinge 
domain (serine-95) during G

2
/M phase 

of the cell cycle.27 This phosphorylation 
is catalyzed by NDR1 kinase. Further, 
depletion of NDR1 kinase shows signifi-
cantly reduced phosphorylation at S-95, 
concomitant with cells arresting in pro-
metaphase with chromosome alignment 
defects. Further, the binding of Sgo1, a 
protein crucial for sister chromatid cohe-
sion, at the centromeres is compromised. 
Based on these results, we suggest that 

the S-95 phosphorylation of HP1α medi-
ated by NDR1 helps Sgo1 localization at 
mitotic centromeres.27

We next examined the status of the 
hinge phosphorylation of HP1α during 
various sub-stages of mitosis including 
prometaphase, metaphase, anaphase, and 
telophase. Cells were synchronized using 
nocodazole. The release from nocodazole 
arrest was monitored under the micro-
scope; cells enriched at various mitotic 
substages and G

1
, were collected at spe-

cific time points, and the lysates were 
subject to immunoblot and phos-tag 
analysis (Fig. 1A; a and c). We observed 
that during prometaphase the hinge-
specific phosphorylation of HP1α was 
the predominant one (Fig.  1A; panel  a, 
slower migrating band *1). As the cells 
progressed into metaphase and anaphase, 
there was a clear decrease in the slower 
migrating form. By telophase the decrease 
in the slower migrating form (*1) con-
comitant with an increase in the faster 
migrating N-terminal phosphorylation 
form of HP1α (*2) was observed (Fig. 1A; 
a and b). Finally, G

1
 cells contain only 

the N-terminal phosphorylated form of 
HP1α (Fig.  1A; a and  b). To address if 
the appearance of the chromo-specific 
phosphorylated form at the end of mitosis 
was a result of specific dephosphorylation 
at the hinge region of the already exist-
ing HP1α or due to the synthesis of new 
HP1α, we treated nocodazole-arrest-fol-
lowed-by-release cells with Okadaic acid, 
a PP1 and PP2A phosphatase inhibitor or 
with cycloheximide to prevent new pro-
tein synthesis. The release was monitored 
under the microscope as well as by flow 
cytometry. Okadaic acid-treated cells con-
tinue to accumulate in mitosis with only a 
minor population of cells reaching G

1
 even 

5 h post-release and continued to stay as 
doublets. The majority of these mitotic-
released cells showed the presence of hinge-
specific phosphorylation of HP1α even 
after 5 h post-release, and these continued 
to show reduced levels of the N-terminal 
phosphorylated form of HP1α (Fig. 1B). 
Both control (DMSO) and cyclohexi-
mide-treated mitotic cells showed the pres-
ence of the faster migrating form of HP1α 
(N-terminal phosphorylation) after 5 h 
of release from prometaphase, indicating 
that new protein synthesis is not required 

for the appearance of the N-terminal 
alone phosphorylated form of HP1α in 
post-mitotic cells (Fig.  1C). Our results 
suggest that the S-95 in the hinge region 
of HP1α is dephosphorylated during the 
later stages of mitosis. Occasionally, we 
observe a form of HP1α, especially in 
cycloheximide-treated mitotic cells, that 
has mobility in between the 2 phosphory-
lated forms (Fig. 1C). We suspect that this 
form may represent the hinge-only phos-
phorylated form.

It is therefore interesting to note that the 
phosphorylation of HP1α that facilitates 
Sgo1 recruitment to centromeres occurs 
only during a narrow time window when 
Sgo1 is needed at centromeres. Sgo1 bind-
ing to centromeres is significantly reduced 
during anaphase and completely lost dur-
ing telophase.36 Concomitantly there is a 
loss of phosphorylation of HP1α as cells 
exit mitosis, and this could, in turn, result 
in the release of Sgo1 from the centromeres.

Dephosphorylation of HP1α orches-
trates the successful completion of 
mitosis

To further evaluate the relevance of 
the phosphorylation/dephosphorylation 
of HP1α during mitosis, we carried out 
depletion of NDR1 in cells stably express-
ing YFP-HP1α-WT, YFP-HP1α-S95A-a 
phospho-dead mutant, and YFP-HP1α-
S95E-a phospho-mimetic mutant. We 
have previously demonstrated that deple-
tion of NDR1 kinase in cells expressing 
YFP-HP1α-WT shows accumulation of 
cells in prometaphase27 (Fig. 2A and B). 
Depletion of NDR1 kinase in YFP-HP1α-
S95A mutant showed more dramatic 
increase in the population of prometa-
phase cells (68 ± 3% vs. 32 ± 3% in con-
trol; Fig. 2B). Further, depletion of NDR1 
kinase in YFP-HP1α-S95E expressing 
cells, contrary to our expectations of res-
cuing the prometaphase arrest, showed 
even further increase in 4C DNA content 
(Fig.  2A). Detailed examination of the 
mitotic cells revealed that the cells were in 
telophase (52 ± 2% in telophase compared 
with 14 ± 0.5% in control; Fig. 2B and D). 
Immunoblot analysis showed accumu-
lation of geminin in NDR-depleted 
YFP-HP1α-WT and YFP-HP1α-S95A-
expressing cells consistent with a mitotic 
arrest (Fig.  2C). Interestingly, NDR 
depletion in YFP-HP1α-S95E showed a 
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reduction in geminin levels consistent with 
cells being at the end of mitosis (Fig. 2C). 
These results suggested that hinge phos-
phorylation of HP1α facilitated by NDR 

kinases is required for mitotic progression, 
whereas its dephosphorylation is required 
for mitotic exit and completion of cytoki-
nesis (Fig. 3). It is important to note that 

S95E shows this phenotype only in cells 
lacking NDR kinases, suggesting that 
multiple mechanisms are operable that 
govern the exit out of mitosis.

Figure 2. Dephosphorylation of HP1α is required for mitotic exit. (A) Depletion of NDR1 kinase using siRNA in YFP-HP1α-WT, YFP-HP1α-S95A, and YFP-
HP1α-S95E cells. Note the flow profile shows increased G2/M accumulation in NDR1-si treated cells and a further increase in the YFP-HP1α-S95E back-
ground. (B) Distribution of cells at various sub-stages of mitosis following NDR1 siRNA treatment in YFP-HP1α-WT, YFP-HP1α-S95A, and YFP-HP1α-S95E 
cells. Note a significant increase in the telophase population in YFP-HP1α-S95E cells treated with NDR1 siRNA. Error bars represent s.d. of 3 independent 
experiments. Statistical significance was determined by Student’s t test. Mean ± s.d., *P < 0.05, **P < 0.01, and ***P < 0.001. (C) Immunoblot analysis of 
YFP-HP1α-WT, YFP-HP1α-S95A, and YFP-HP1α-S95E stable cells depleted of NDR1. (D). Phenotypic analysis of YFP-HP1α-S95E stable cells depleted of 
NDR1. Scale bar 10 μm.
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Discussion

The accumulation and destruction of 
cyclins and the simultaneous activation 
and inactivation of CDKs ensures that the 
eukaryotic cell cycle progresses accurately 
and unidirectionally. The progression of 
mitosis, which ensures the faithful seg-
regation of newly synthesized DNA into 
2 daughter nuclei depends on many fac-
tors, including the phosphorylation and 
degradation of several proteins. The most 
important mitotic kinase that determines 
the fate of interphase to mitotic transition 
is the cyclin-dependent kinase 1 (CDK1). 
Recent studies have also highlighted 
additional kinases, including Aurora 
kinase, Polo-like kinase, NIMA family 
kinases, mitotic checkpoint, and mitotic 
exit kinases.20 The activation of mitotic 
kinases is always associated with the phos-
phorylation of a wide range of mitotic 
substrates; the significance of such phos-
phorylation is often unclear.21-26 Once the 
chromosomes achieve the proper bipolar 
attachment to the spindle and the spindle 
assembly checkpoint is eased, the cell 
cycle moves toward the mitotic exit, 
which is accompanied by the pro-
teolysis of key mitotic factors and 
dephosphorylation of a broad range 
of mitotic substrates. The regulation 
of mitotic exit relies on a fine-tuned 
balance between mitotic kinase inac-
tivation and counteracting protein 
phosphatase activation.37 In bud-
ding yeast, the process of mitotic 
exit is quite well understood, where 
the phosphatase Cdc14 takes care 
of both CDK1 inactivation and the 
dephosphorylation of its substrates.38 
The Cdc14 early anaphase release 
(FEAR) and MEN regulatory net-
works are required for the activation 
of Cdc14 in budding yeast.39 Unlike 
budding yeast, the mitotic exit net-
work in animal cells is independent 
of CDC14 and relies on the regula-
tory network of the protein phospha-
tase PP1 and PP2A families.37

Studies from fission yeast,40,41 
Drosophila42 as well as in mamma-
lian cells,43,44 have established the 
requirement of HP1 for accurate 
chromosome segregation. During 
mitosis, Aurora B kinase-mediated 

phosphorylation at serine 10 of H3 
(H3S10) disrupts the HP1 chromodomain 
(CD) interaction to the H3K9me3.3,45 
Consequently most of the HP1α is 
released from chromatin except a small 
fraction that is left at the centromeres.46 In 
human cells, HP1α recruitment at mitotic 
centromeres is facilitated by INCENP 
through the CSD–PXVXL/I interac-
tion.47,48 This centromeric pool of HP1α 
has previously been proposed to target 
Sgo1 at the mitotic centromere.49 A recent 
study has suggested that this mechanism 
is dispensable in sister chromatid cohe-
sion in human cells.48 However, in fission 
yeast, the loading of the cohesins to the 
centromere and the establishment of the 
centromeric histone H3 variant CENP-
ACnp1 rely on HP1/Swi6, which is crucial 
to regulate sister centromere cohesion and 
proper chromosome segregation.40,50-52 We 
have recently demonstrated that mamma-
lian HP1α is a mitotic substrate for NDR 
(nuclear Dbf2-related) kinase and under-
goes a hinge specific phosphorylation as 
the cells progress from G

2
 to mitosis.27 

Constitutive phosphorylation within the 

N terminus12,27 of HP1α strengthens its 
binding to chromatin.12 We have observed 
that depletion of NDR1 causes the reduc-
tion of hinge-specific phosphorylation 
of HP1α and impaired Sgo1 loading to 
mitotic centromere.27 Further, NDR-
depleted cells arrest in prometaphase with 
mitotic defects. This is consistent with a 
previous report that NDR1 kinase activ-
ity is maximal during mitosis, and that 
the Furry-mediated activation of NDR1 is 
crucial for chromosome alignment.35

Our results demonstrate that as the cells 
progress through mitosis, a hinge-specific 
dephosphorylation event occurs, which is 
required for mitotic exit. Post-mitotic cells 
treated with a PP1 and PP2A phosphatase 
inhibitor retained the hinge-specific phos-
phorylation, suggesting that PP1 may be 
the major contributor that dephosphory-
lates HP1α during mitosis.53 Expression of 
a hinge-specific phospho-mimetic mutant 
in the absence of NDR1 kinase resulted 
in the accumulation of cells in telophase. 
This is similar to what is observed upon 
depletion of LATS1 (another NDR kinase 
family member) in human cells. Loss of 

Figure 3. Model depicting the dynamics of HP1α phosphorylation during G1, G2/early mitosis, and in later 
parts of mitosis. Phosphorylation of the N terminus of HP1α facilitates its association to the chromatin 
mark H3trimethylK9. NDR kinase associates with the chromo-shadow domain of HP1α and phosphory-
lates the hinge domain. Hinge-phosphorylated form of HP1α localizes to centromeres, associates with 
centromeric proteins (X/Y denote unknown proteins at centromere), and governs chromosome align-
ment (schematic adapted and modified from Chakraborty et al., 2014). Starting at metaphase, HP1α is 
dephosphorylated (presumably by PP1/PP2A), and this releases this form of HP1α and associated part-
ners (bound specifically to hinge-phosphorylated HP1α) from the centromere.
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LATS1 results in cells accumulating in 
telophase, suggesting that LATS1 coor-
dinates mitotic exit.54 Our results imply 
that dephosphorylation of HP1α during 
later stages of mitosis is an essential event 
that coordinates the mitotic exit network 
(MEN) program in mammalian cells. 
In yeast, the NDR kinase orthologs are 
required for the MEN and SIN (septation 
initiation network).55-57 While the MEN 
pathway coordinates accurate chromo-
some segregation and completion of mito-
sis, the SIN pathway regulates formation 
of the septum. Dbf2 orthologs and its 
upstream co-activators that constitute the 
Hippo pathway coordinate key cellular 
processes, including cell growth and pro-
liferation.58-60 On the other hand, in fis-
sion yeast, NDR ortholog Orb6p has been 
implicated in cell polarity and morpho-
genesis, whereas Sid2p regulates cell divi-
sion.61,62 In Drosophila, members of the 
NDR family have been shown to play key 
roles in cell proliferation and morphogen-
esis.63 Finally, in humans, NDR1, NDR2, 
LATS1 (large tumor suppressor-1), and 
LATS2 together constitute the NDR fam-
ily of kinases.28 NDR kinases have been 
shown to be required for G

1
/S transition, 

centrosome duplication, and for mitotic 
chromosome alignment.34 Human LATS1 
has been assigned as a kinase associated 
with mitotic exit network.54 Multiple 
mechanisms regulate MEN in mamma-
lian cells; we propose that the dephos-
phorylation of HP1α is critical for this 
process.

Phosphorylation/dephosphorylation 
events during mitosis ensure the uni-
directionality of the cell cycle.64 While 
phosphorylation of various mitotic sub-
strates is required for reorganization of 
the mitotic spindle, the dephosphoryla-
tion of these substrates ensures accurate 
completion of mitosis. We demonstrate 
that the NDR-mediated phosphorylation 
of HP1α within its hinge domain is essen-
tial for mitotic progression, and that the 
subsequent dephosphorylation of HP1α is 
needed for mitotic exit. Failure to dephos-
phorylate HP1α during mitosis results in 
cells accumulating in telophase followed 
by cell death. Based on our results, we 
propose that the phosphorylation and 
dephosphorylation of HP1α at the hinge 
region governed by the NDR family of 

kinases and PP1/PP2A phosphatases, 
respectively, controls accurate mitotic pro-
gression (Fig. 3).

Materials and Methods

Cell culture, transfection, and genera-
tion of stable cell lines and antibodies

Human U2OS cells used in this study 
were grown in Dulbecco modified Eagle 
medium (DMEM) containing high glu-
cose supplemented with 10% fetal bovine 
serum (FBS; Hyclone). Lipofectamine 
2000 (Invitrogen) was used to transfect 
cells as per the manufacturer’s protocol. 
For generation of stable YFP-HP1α-WT, 
YFP-HP1α-mS95A, and YFP-HP1α-
mS95E cell lines, corresponding plasmid 
constructs were transfected in U2OS cells 
followed by selecting and maintaining 
them in the cell culture media containing 
G418.

The antibodies used in this study were 
as follows: anti-HP1α (Chemicon), anti-
α-tubulin (Sigma), and anti-geminin 
(Santa Cruz).

Cell synchronization
U2OS cells were synchronized at pro-

metaphase by treating them with 50 ng/
ml nocodazole for 12–16 h. Nocodazole-
arrested cells were released in the fresh 
medium by washing them in PBS. The 
release from nocodazole arrest was moni-
tored under the microscope; cells enriched 
at various mitotic substages and G

1
 were 

collected. Synchronized samples were 
evaluated by flow cytometry and immu-
noblot analysis.

Depletion of human NDR1/2
Small interfering RNA (siRNAs) tar-

geting human NDR1 (IDT, USA) against 
3′ UTR (sense: 5′ CCAAUAUGUC 
AUAGUAAAGU CUCCT3′, anti-sense: 
3′GUGGUUAUAC AGUAUCAUUU 
CAGAGGA5′) were delivered into cells 
twice at a gap of 24 h, in the presence of 
Lipofectamine RNAimax (Invitrogen) at 
a final concentration of 10 μM. siRNA 
against control luciferase were described 
elsewhere.65,66

Flow cytometry and phos-tag analysis
For flow cytometry, cells were fixed in 

chilled ethanol overnight after resuspend-
ing in PBS + 1% NGS. After 2 rounds of 
washing, cells were resuspended in PBS 

+ 1% NGS with 120 μg/ml propidium 
iodide (PI) and 10 μg/ml RNase A fol-
lowed by 30 min incubation at 37 °C. DNA 
content was measured by flow cytometry.

To detect the phosphorylation based 
on band shift, phos-tag SDS-PAGE was 
employed according to the manufacturer’s 
protocol (AAL-107; NARD Institute). 
Protein samples treated with CIP (NEB) 
was used as dephosphorylated control. 
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