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The chromosomal passenger complex (CPC) senses ten-
sion defects at the kinetochore to activate the spindle
assembly checkpoint, and helps to position the cleavage
furrow. The CPC, consisting of INCENP, Survivin,
Borealin and Aurora B localizes to the inner centro-
mere at metaphase and re-localizes to the spindle mid-
zone at anaphase; several CPC functions are regulated
by post-translational modification. Borealin is phos-
phorylated at multiple sites and phosphorylation
at S219 causes Borealin to migrate more slowly upon
electrophoresis. Here we find that Cdkl can induce a
mobility shift of Borealin, suggesting that S219 phos-
phorylation is under Cdkl control. However, Cdkl1 is
inefficient at phosphorylating purified Borealin in vitro.
A yeast orthologue of Borealin, Npll, is dephosphory-
lated by the phosphatase Cdc14. We find no difference
in the mobility shift of Borealin in human cells lacking
either Cdc14A or Cdc14B. In contrast, the phosphatase
inhibitor okadaic acid does delay the dephosphorylation
of Borealin as cells exit mitosis. The proteasome inhibi-
tor MG132 reduces Borealin phosphorylation in mitosis
and increases the steady-state level of Borealin, espe-
cially in mutants lacking the C-terminus. However, a
second, structurally unrelated proteasome inhibitor,
lactacystin did not up-regulate Borealin. These results
suggest that the effect of M G132 on Borealin is due to
the inhibition of an intracellular protease other than the
proteasome.

Keywords: centromere/checkpoint/chromosomal pas-
senger complex/mitosis/PP2A.

Abbreviations: Cdk, cyclin-dependent kinase;
Cdkl1AF, Cdkl T14A YI15F; CPC, chromosomal
passenger complex; GFP, green fluorescent protein;
GST, glutathione-S-transferase; HRP, horse radish
peroxidase; MOI, multiplicity of infection; NBI,
nuclear targeted cyclin B1; PMSF, phenylmethane
sulphonylfluoride; PVDF, polyvinyldenefluoride;
TTA, tetracycline transactivator.

Post-translational modifications of the chromosomal
passenger proteins are essential in regulation of the
complex. For example, phosphorylation of INCENP
by cyclin-dependent kinase (Cdk) during metaphase
and dephosphorylation by Cdcl4 during anaphase is
essential for localization of the chromosomal passen-
ger complex (CPC) to the central spindle in yeast (7).
Borealin is expressed in a cell cycle-dependent manner
and the levels of endogenous Borealin significantly
increase during mitosis. Borealin is also phosphory-
lated during mitosis resulting in a decrease in its elec-
trophoretic mobility (2). Phosphorylation at S219 of
Borealin is sufficient to decrease its electrophoretic mo-
bility, although other sites are likely phosphorylated in
intact cells (3—5). Mutation of S219 to alanine in
Borealin causes defects in mitotic progression indicat-
ing that phosphorylation is important in Borealin
function. Mutation of additional sites creates a form
of Borealin that is defective in localizing to the centro-
mere, binding to Sgol and Sgo2, and in coordinating
chromosome alignment (3, 6).

One of the primary candidate kinases that may
phosphorylate Borealin S219 is Cdkl, which phos-
phorylates serines or threonines followed by proline
(7). Other potential candidates include the mitogen-
activated protein kinases, which are also proline-
directed serine/threonine kinases (8). Here, we show
that over-expression of Cdkl induces Borealin to
migrate more slowly suggesting that Cdkl regulates
Borealin phosphorylation. In contrast, purified
Borealin is a relatively poor substrate for Cdkl sug-
gesting that additional factors may contribute to phos-
phorylation in cells. Borealin is dephosphorylated
upon mitotic exit as indicated by a decrease in the
slow migrating phosphorylated species (2). Potential
candidates for Borealin dephosphorylation include
Cdcl4A or B, as well as PP2A, all of which have
been implicated in dephosphorylating mitotic sub-
strates (9—15). Clpl, a Cdcl4 homologue of fission
yeast is a bona fide interacting partner of the CPC,
which co-localizes with the chromosomal passengers
during mitosis (/6). We now use somatic human
knock-out cells to show that loss of either Cdcl4A
or Cdcl4B does not affect Borealin dephosphoryla-
tion. However, okadaic acid delays the dephosphory-
lation of Borealin upon mitotic exit suggesting that
Borealin dephosphorylation is regulated differently in
yeast and animals.

Borealin expression is regulated in a cell cycle-
dependent manner with increased levels of expression
during G2 and mitosis. This increase in expression is
partly due to higher levels of transcription but may
also be the result of differences in protein degradation
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during mitosis. For example, higher levels of exogen-
ous Borealin protein are found in mitotic cells
even when the transfected Borealin is under the control
of a CMV promoter that shows constant activity thro-
ughout the cell cycle (2). Here, we find that MG132
increases the steady-state level of Borealin during
interphase but not mitosis. However, a second prote-
asome inhibitor, lactacystin did not affect Borealin
levels suggesting that MG132 may inhibit Borealin
proteolysis independently of its effects on the
proteasome.

Experimental Procedures

Cell-culture conditions, transfections and drugs

Cells were grown in Dulbecco’s Modified Eagle Medium
(Mediatech) with penicillin/streptomycin and 10% foetal bovine
serum in a humidified atmosphere of 10% CO, at 37°C. HeLaM
cells, a subline of HeLa, were used for all experiments (/7).
HCTI116 cells lacking Cdcl4B and hTERT-RPE cells lacking
Cdcl4A were kindly provided by Dr Prasad Jallepalli (Memorial
Sloan-Kettering Cancer Center). All chemicals were obtained from
Fisher Scientific unless otherwise indicated. Nocodazole was used at
a concentration of 200ng/ml, hydroxyurea at 2mM, MGI32 at
5 uM, lactacystin at 20 uM, okadaic acid at 0.1 pM and puromycin
was used at 1 pg/ml. Transient transfections were performed using
either Fugene 6 (Roche) or Expressfect (Denville Scientific Inc) with
similar results. In brief, the transfection reagent and DNA were used
at a ratio of 3:1 and suspended in antibiotic and serum free DMEM
to form DNA and polymer complexes. The mixture was incubated at
room temperature for 20 min before being added to cells. The cells
were incubated at 37°C, fresh DMEM containing serum and antibi-
otics was added 20h post-transfection and cells incubated for
another 24 h prior to harvesting. Truncated forms of Borealin were
created using PCR-based mutagenesis and subsequently cloned into
the pcDNA3.2 mammalian expression vector (5). All plasmids were
confirmed by DNA sequencing.

Western blotting

Western blotting was conducted as previously described (2). RIPA
Buffer composed of 10mM Tris (pH 7.4), 150mM NaCl, 1%
NP-40, 1% DOC, 0.1% SDS, 1mM phenyl methane sulphonyl
fluoride (PMSF), 1mM DTT, protease inhibitors (1 pg/ml aproti-
nin, 2 pg/ml leupeptin 1 pg/ml pepstatin) and phosphatase inhibitors
(ImM sodium fluoride and 1 mM sodium vanadate) was used to
lyse cells on ice. Cell lysates were resolved by SDS—PAGE (12.5%
acrylamide at a ratio of 37.5:1 acrylamide: bisacrylamide). For
better separation of phosphorylated and unphosphorylated
Borealin, cell lysates in certain experiments were separated by
extended electrophoresis using 12.5% acrylamide with a ratio of
29.2:0.8 acrylamide: bisacrylamide. The proteins were transferred
to polyvinyldenefluoride (PVDF) membranes obtained from
Millipore. Western blots were blocked in buffer composed of
0.05% (v/v) Tween and 5% (w/v) non-fat dry milk in PBS and
antibodies for the western blots were diluted in the same buffer.
Antibodies to Cdkl, Cyclin Bl and Ubiquitin were from Santa
Cruz Biotechnology, antibodies to B-actin were from Neomarkers
and antibodies to endogenous Borealin were raised against a
Borealin—glutathione-S-transferase (GST) fusion protein (2). The
Flag-tag was detected with anti-ECS antibodies directly conjugated
to horse radish peroxidase (HRP; Bethyl Laboratories). Goat
anti-mouse and goat anti-rabbit secondary antibodies conjugated
to HRP (Biorad) were used and detected by enhanced chemilumin-
escence (Thermo Scientific).

Immunofluorescence

Immunofluoresence was carried out as we have described (2, 5).
Briefly, HeLaM cells grown on coverslips were transiently trans-
fected with green fluorescent protein (GFP)-tagged Cdcl4B.
Twenty-four hours post-transfection, cells were fixed with 2% for-
maldehyde and permeabilized with 1% SDS made in pre-warmed
1% PBS. The cells were blocked with PBS containing 0.1% BSA for
1 h at room temperature and then incubated with a rabbit Borealin
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antiserum for 2h at room temperature to detect endogenous
Borealin. Cells were incubated with Alexafluor-568 conjugated
goat anti rabbit antibodies (Invitrogen) 1h at room temperature to
detect Borealin. Cdcl14B was detected by GFP fluorescence. Nuclei
were stained with Hoechst 33342 and coverslips mounted using
Vectashield (Vector Laboratories). Images were analysed using an
Axiophot fluorescence microscope.

Immunoprecipitation

Asynchronous WTS8 cells treated with or without MGI132 were
lysed in buffer composed of 50mM HEPES (pH 7.5), SmM
EDTA, 150mM NaCl, 1% Triton X-100, 10mM N-ethylmala-
mide, protease inhibitors (1pg/ml aprotinin, 2pg/ml leupeptin
1 pg/ml pepstatin) and phosphatase inhibitors (1 mM sodium fluor-
ide and I mM sodium vanadate). The lysates were immunopreci-
pitated with polyubiquitin affinity resin® or control resin
(Calbiochem). Affinity matrix bound to the protein was resus-
pended in 2x gel loading buffer composed of 250 mM Tris HCI,
pH 6.8, 4% SDS, 10% B-mercaptoethanol, 20% glycerol and bro-
mophenol blue. The immunoprecipitates were separated by
SDS—PAGE and transfers probed with an antibody to the
Flag-tag conjugated to HRP to detect Borealin (anti-ECS-HRP;
Bethyl Laboratories).

In vitro kinase assays

Wild-type Borealin and Borealin S219A were expressed and purified
from Escherichia coli as GST fusion proteins using a pGEX-3X
vector. Recombinant GST—Borealin and GST—Borealin®*'** were
phosphorylated in vitro with 25ng of purified Cdkl/Cyclin-B1
(Cell Signaling Technology) in kinase buffer (20mM HEPES pH
7.9, 5SmM MgCl,, 10% glycerol, 100mM DTT, 10mM ATP) in
the presence 5puCi of y-(**P) ATP. The reaction was incubated
at room temperature for 30 min and stopped by adding Laemmli
buffer (2% SDS, 100mM Tris, 0.05% BPB, 30% glycerol) and
boiling for 5Smin. The proteins were resolved by SDS—PAGE,
stained with Coomassie blue, dried in a gel dryer (Bio-Rad Labora-
tories) and visualized by autoradiography (Typhoon Phosphor
Imager).

Amino-terminal biotinylated peptides corresponding to Borealin
S219 GNGSPLADAK, Borealin S219A GNGAPLADAK and
Cdkl optimal substrate HATPPKKKRK were obtained from
Synthetic Biomolecules at a purity of 95%. Peptide substrates at a
concentration of 1 pum each were phosphorylated in vitro using pur-
ified Cdk1/Cyclin B1 as per the protocol mentioned above. A PVDF
membrane (Millipore) was saturated with 500 mg of avidin followed
by blocking in 0.5% BSA for 1'h at room temperature each. The
kinase reactions were spotted on pre-treated PVDF membrane and
incubated for 1 h at room temperature. The PVDF membrane was
washed and reactions visualized by autoradiography (Typhoon
Phosphor Imager).

Ampilification of recombinant adenoviruses and

determination of titres

Recombinant adenoviruses were kindly provided by Dr David
Morgan (UCSF) and included viruses encoding nuclear cyclin Bl
(NB1) and mutant cyclin dependent kinase-1 (Cdk1-AF) all down-
stream of a tet operator and minimal CMV promoter (/8). An add-
itional virus expressing the tetracycline transactivator (TTA)
downstream of a constitutive CMV promoter was included in all
infections to drive expression of Cdkl/Cyclin Bl. Adenoviruses
were amplified in HEK 293 cells and viral supernatants re-suspended
in 10% glycerol in PBS and stored at 4°C. To determine titres, virus
supernatants were serially diluted and used to infect HEK 293 cells
seeded in a 96-well plate that was incubated at 37°C for 5 days. Cells
were stained with 50% ethanol saturated with methylene blue. The
maximum dilution that still induced cytopathic effects was desig-
nated as the nominal titre. HeLaM cells were infected with the
TTA virus plus the desired NBI, WTB1 or Cdkl-AF virus or
viruses, each at a multiplicity of infection (MOI) of 50 plaque form-
ing units per cell. The infected cells were incubated for 24 h at 37°C
prior to harvesting.
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Results

Borealin is phosphorylated in response to Cdk1

over expression

Borealin is phosphorylated at S219 during mitosis;
mutation of this residue to alanine eliminated the
slow migrating mitotic form of Borealin (5). The resi-
dues following S219 of Borealin conform to the partial
Cdk1 consensus sequence [S/T] P (7). This prompted
us to analyse the role of Cdk1 in the mitotic phosphor-
ylation of Borealin. We used replication defective
recombinant adenoviruses expressing a nuclear-
targeted Cyclin Bl in which Cyclin Bl was fused to
the nuclear localization signal of SV40 Large T antigen
(NB1) and a constitutively active TI14A Y15F mutant
of Cdkl (Cdk1AF). Interphase blocked HeLaM cells
infected with adenoviruses expressing NBI plus
Cdk1AF showed a mobility shift characteristic of
mitotic Borealin phosphorylation (Fig. 1A). Borealin
was also shifted in cells expressing the Cdkl1AF pre-
sumably due to the presence of endogenous Cyclin Bl
(Fig. 1A). Control western blots showed the presence
of the epitope-tagged exogenous Cdkl and Cyclin Bl
in appropriate samples (Fig. 1A). These results dem-
onstrate that Borealin is phosphorylated in response to
increased expression of Cdkl.

To determine whether Cdk1 directly phosphorylates
Borealin, we used an in vitro kinase assay with purified
Cdkl, and recombinant Borealin. Both full-length
Borealin and the S219A mutant were phosphorylated
by Cdkl (Fig. 1B and C). However, Borealin phos-
phorylation was only ~1% that of the optimal Cdkl1
substrate Histone H1 (Fig. 1C). One possible explan-
ation for the poor efficiency of phosphorylation is that
our recombinant Borealin is denatured. However,
GST—Bor was able to associate with Aurora B and
Survivin from HelaM cell lysates suggesting the pres-
ence of at least some normal structure (Supplementary
Fig. S1A). We also tested the ability of Cdkl to phos-
phorylate a synthetic peptide encompassing S219
of Borealin. Cdkl was unable to phosphorylate
the S219 peptide but did phosphorylate a peptide con-
taining a consensus Cdkl substrate site (Fig. 1D).
These results indicate that Borealin is not an
optimal substrate for Cdk1-mediated phosphorylation
in vitro.

Borealin and Cdc14B show an overlapping pattern

of subcellular localization

To determine whether Cdcl14 phosphatases play a role
in the dephosphorylation of Borealin, we tested the
effect of over-expressing Cdc14B on Borealin. Interest-
ingly, we observed that endogenous Borealin and
GFP-tagged Cdcl4B showed an overlapping pattern
of localization (Fig. 2A and Supplementary Fig.
S1B). Cdc14B has been reported to localize to the nu-
cleolus suggesting that Borealin may also localize to
this structure (/9). We compared pixel intensities in
nucleolar regions (as defined by high Cdc14B staining)
with the rest of the nucleus. With this analysis, we
found that Cdc14B was enriched 225% in the nucleolar
area when compared with the rest of the nucleus. Bor-
ealin was enriched 156% in the nucleolus (Fig. 2B).

Regulation of borealin phosphorylation and degradation
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Fig. 1 Effect of Cdk1 on Borealin phosphorylation. (A) Cdk1/Cyclin
B1 induces Borealin mobility shift. HeLaM cells were blocked in S
phase with hydroxyurea and then infected with recombinant ade-
noviruses as indicated at an MOI of 50. TTA virus encodes the
tetracycline activator needed for expression from the recombinant
adenoviruses. NB1, nuclear targeted Cyclin Bl; Cdk1AF, Cdkl
T14A,Y15F. Lysates were analysed by western blotting with anti-
bodies to endogenous Borealin, Cyclin Bl, Cdkl and B-actin to
control for loading. Exo, exogenous; Endo, endogenous. (B)
Purification of Borealin—GST. Wild-type Borealin (GST—Bor) and
Borealin S219A (GST—BorS2'%4) were purified from E. coli as GST
fusions. The proteins were separated by SDS—PAGE and stained
with Coomassie blue. (C) Phos‘})horylation of GST—Borealin by
Cdk1. GST—Bor, GST—Bor®*'**, histone H1 and GST were
phosphorylated in vitro with purified Cdk1/Cyclin-B1 in the presence
y-(32P)ATP. The proteins were resolved by SDS—PAGE followed by
autoradiography. Reactions included 1.0 pg of histone H1 which
upon Coomassie blue staining was always lower in intensity com-
pared to GST—Borealin (our unpublished data). Extent of phos-
phorylation is shown as a percent of H1 phosphorylation. (D) Cdk1
does not phosphorylate Borealin peptides. N-terminal biotinylated
peptides containing Borealin S219, Borealin S219A and an optimal
Cdk1 substrate were phosphorylated in vitro by purified Cdkl1/
Cyclin-Bl in the presence y-(*?P)ATP. The reactions were spotted on
PVDF membrane saturated with avidin. The PVDF membrane was
washed and visualized by autoradiography.

These observations suggest that Cdc14B and Borealin
co-localize to the nucleolus during interphase.

Effect of Cdc14 over expression on Borealin
To further investigate a potential role of Cdcl4B in
the dephosphorylation of Borealin, we co-transfected
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Fig. 2 Regulation of Borealin by over-expressed Cdc14B. (A) Overlapping localization of Cdc14B and Borealin. HeLaM cells were transiently
transfected with GFP-Cdcl14B and 24 h later analysed by immunofluorescence with anti-sera to endogenous Borealin. Three separate fields are
shown. (B) Nucleolar enrichment of Borealin and Cdc14B. Average pixel intensities within the nucleolar region was divided by the average pixel
intensities in the rest of the nucleus. This ratio is expressed as a percent value. The nucleolar region was defined as the subnuclear region showing
high Cdcl14B staining. (C) Effect of Cdcl4B over expression on Borealin. HeLaM were transiently transfected with Borealin-Flag with or
without GFP-Cdc14B. The cells were blocked in S phase with hydroxyurea or in mitosis with nocodazole for 16 h. The ‘NOC-Rel’ sample
corresponds to the 7, time point from a nocodazole release experiment. Specifically, cells for these samples were removed from the plate by
mitotic shake-off and washed three times by re-suspending in PBS followed by centrifugation. Cell pellets were then frozen before being analysed
by western blotting. During the collection and washing steps, Borealin had already begun to be dephosphorylated in cells transfected with
Cdcl4B. Results are representative of at least two experiments prepared in the same manner. B-Actin serves as a control for loading. The panel
on the right indicates densitometric readings of two of the lanes from the gel to the left. Pixel intensities are shown in arbitrary units. Ratio: ratio

of the slower band (phosphorylated) over the faster band (unphosphorylated).

HeLaM cells with GFP-Cdcl4B and Borealin-Flag.
Transfected cells were synchronized in mitosis by ex-
posure to nocodazole. Nocodazole was either left on or
removed. By 6 h after removal of nocodazole, Borealin
was dephosphorylated equally in cells with or without
over-expressed Cdc14B (our unpublished data). At the
first time point of removal, in which cells were simply
washed three times and frozen, we consistently
observed partial dephosphorylation of Borealin in
cells over-expressing Cdc14B (Fig. 2C). These observa-
tions suggest that high levels of Cdc14B may increase
the rate of Borealin dephosphorylation.

Effects of proteasome inhibitors on Borealin levels
and phosphorylation

In some of our experiments, over-expressed Cdcl14B
was associated with a reduction in co-transfected
Borealin. To test whether Cdc14B might enhance the
degradation of Borealin, we tested the effect of MG132
in HeLaM cells co-transfected with Borealin-Flag and
Cdc14B-GFP. Borealin was detected with an antibody
that recognizes both endogenous and exogenous
Borealin. With extensive electrophoresis, four species
of Borealin were observed, two each derived from
endogenous and exogenous Borealin. The two spe-
cies represent phosphorylated and unphosphorylated
Borealin. Furthermore, both species of exogenous
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Borealin migrate slower than endogenous protein due
to the presence of the Flag-Tag (2). In cells first
blocked in S phase with hydroxyurea, MG132 treat-
ment increased the level of endogenous Borealin
(Fig. 3A; bands C and D; lanes 1 versus 2; 3 versus
4; 5 versus 6). When cells were first arrested in mitosis
with nocodazole, MG132 had no effect on the level of
endogenous Borealin, but induced a shift from the
slower (band C) to the faster migrating species (band
D) (Fig. 3A; lanes 7 versus 8; 9 versus 10; 11 versus 12).
MG132 had less of an effect on the level of exogenous
Borealin (bands A and B) in S-phase blocked cells.
Although co-transfection of Borealin with Cdcl14B
was associated with a reduction in the level of
Borealin-Flag, the same was not observed with
endogenous Borealin (Fig. 3A; compare lanes 3 to 5;
lanes 4 to 6). This suggests that Cdc14B does not trig-
ger proteolytic degradation of Borealin. Densitometric
scans of lanes 9 and 11 indicated a slight reduction in
the ratio of phosphorylated exogenous Borealin (band
A versus B) in cells transfected with Cdc14B (lane 11)
versus those just transfected with Borealin (lane 9)
(Fig. 3A, right panel). This effect, although subtle,
is similar to the dephosphorylation described in
Figure 2C upon Cdcl4B over-expression. More
importantly, these experiments suggest that MG132
reduces the phosphorylation of Borealin during
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Fig. 3 Effect of proteasome inhibitors on Borealin levels and phosphorylation. (A) HeLaM cells were transiently transfected with Borealin-Flag
and GFP-Cdc14B Borealin-Flag alone. The cells were blocked in interphase with hydroxyurea (2mM) or mitosis with nocodazole (100 ng/ml)
with or without MG132 (5 uM) for 14 h. The lysates were separated by SDS—PAGE and analysed by western blotting with an antibody to Flag
tagged Borealin. The transfers were stripped and re-probed with antibody to B-actin. To the right of the blots is a densitometric scan of selected
lanes. (B) Up-regulation of endogenous Borealin after MG132 treatment. HeLaM cells were blocked in interphase with hydroxyurea (2mM) or
mitosis with nocodazole (200 ng/ml) with or without MG132 (5 uM) for 14 h. The lysates were analysed by western blotting with a rabbit antisera
to endogenous Borealin. The transfers were stripped and re-probed with antibody to B-actin. UT, untransfected; DM, DMSO; MG, MG132.
(C) Effect of lactacystin on Borealin expression. HeLaM cells were transfected with Flag-tagged Borealin, blocked in interphase with hydrox-
yurea and treated with lactacystin (20 uM) or MG132 (5 uM) for 14 h. Borealin was detected by western blotting with an antibody to the Flag tag
followed by probing for actin as a loading control. A non-specific band detected with the Flag antibody was up-regulated in response to both

MG132 and lactacystin.

mitosis. Also, MGI132 up-regulates Borealin levels
during interphase but not mitosis (Fig. 3A and B).
Interestingly, Borealin was not up-regulated in cells
exposed to a second proteasome inhibitor lactacystin;
however, a non-specific band was up-regulated sug-
gesting that lactacystin was functional in our assay.
Overall, these results suggest that a protease other
than the proteasome may be responsible for the effects
of MG132 on Borealin levels (Fig. 3C).

In experiments aimed at analysing Borealin ubiquitina-
tion, we detected a species of Borealin bound to an
affinity column that recognizes poly-ubiquitin chains
(Fig. 4). However, this band was relatively weak and
we did not detect the ‘smear’ characteristic of multiple
polyubiquitiniated species. To further dissect the regu-
lation of Borealin steady-state levels, we analysed the
effect of MG132 on C-terminal truncation mutants of
Borealin. MG132 increased the level of all of the trun-
cated forms; however, the mutant extending to amino

acid 141 was more dramatically up-regulated com-
pared with the other forms of the protein (Fig. 5).
This observation suggests that the C-terminus of
Borealin regulates its susceptibility to degradation.

Regulation of Borealin dephosphorylation

The increase in Borealin electrophoretic migration
upon over-expression of Cdcl4B suggested that this
phosphatase might regulate Borealin (Figs 2C and
3A). Therefore, we measured the mobility of Borealin
in human cells in which either Cdc14A or Cdc14B have
been inactivated by homologous recombination (20). If
one of these phosphatases normally targeted Borealin
for dephosphorylation, we expected to observe a sub-
stantial increase in the amount of the slow migrating
Borealin species in the knock-out cell line. In contrast,
Borealin showed nearly identical migration patterns
when comparing isogenic parental to Cdcl14A knock-
out (Fig. 6A) or Cdcl14B knock-out cell lines (Fig. 6B).
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Fig. 4 Association of Borealin with ubiquitin chains. A clone of
HeLaM cells stably expressing Borealin-Flag (‘WTS cells’) were
treated with MG132 and immunoprecipitated with polyubiquitin
affinity resin or control resin. The immunoprecipitates were sepa-
rated by SDS—PAGE and transfers probed with an antibody to the
Flag-tag conjugated to HRP. The ubiquitinated species is indicated
by an asterisks.

UT  Borealin Bor141 Bor168 Bor191 Bor221

DM MG DM MG DM MG DM MG DM MG DM MG

Borealin (Flag)

Fig. 5 Effect of MG132 on the levels of truncated forms of Borealin.
HeLaM cells were transfected with Flag-tagged full-length Borealin,
Bor-141, Bor-168, Bor-191 or Bor-221. The cells were blocked in
interphase with hydroxyurea and treated with MG132 for 14 h. The
lysates were analysed by western blotting with an antibody that
recognizes the Flag-tag. Blots were re-probed with an antibody to
B-actin to serve as a loading control.

These similarities in migration were observed in asyn-
chronously growing cells or cells blocked in S phase
with hydroxyurea or mitosis with nocodazole.

To further investigate the dephosphorylation of
Borealin, we transfected HeLaM cells with Borealin-
Flag and then synchronized the cells in mitosis with
nocodazole. Cells were released from the block in the
presence or absence of the phosphatase inhibitor oka-
daic acid. In the absence of okadaic acid, Borealin
showed a shift to the dephosphoryated form by 6h
post nocodazole release (Fig. 7). Okadaic acid pre-
vented this shift from occurring suggesting that
Borealin remains phosphorylated in the presence of
this inhibitor.

Discussion

Borealin plays an essential role as part of the CPC
regulating chromosome segregation and cytokinesis.
Phosphorylation of Borealin has been reported at sev-
eral sites leading to enhancement of its mitotic
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Fig. 6 Borealin expression in cells lacking either Cdc14A or Cdc14B.
Cells in which either Cdcl4A or Cdcl4B were knocked out by
homologous recombination were analysed by western blotting to
detect endogenous Borealin. Cells were either growing asynchron-
ously (Asy) or arrested in S-phase with hydroxyurea (HU) or in
mitosis with nocodazole (noc). (A) Borealin expression in
hTERT-RPE cells either with or without Cdcl4A. (B) Borealin
expression in HCT116 cells either with or without Cdc14B.

functions (3, 5). For example, Borealin can be phos-
phorylated by Cdkl leading to enhanced interaction
with Sgol and Sgo2 and localization to the inner
centromere (3). Phosphorylation at S219 is also
needed for Borealin to suppress multinucleation that
occurs after knocking down endogenous Borealin (9).
S219 is a potential Cdk1 target site since it is directly
followed by proline. We observed that over-expression
of a constitutively active Cdkl induced Borealin to
migrate more slowly suggesting that Cdkl is a physio-
logically relevant kinase regulating Borealin. As previ-
ously reported, Cdkl was able to phosphorylate
Borealin in vitro; however, our experiments suggest
that this reaction is relatively inefficient. These findings
suggest that additional intracellular factors present
may enhance access of Cdkl to Borealin. Cdkl was
completely unable to phosphorylate a peptide encom-
passing S219 of Borealin again suggesting that add-
itional factors aid in Borealin phosphorylation. That
S219 is phosphorylated in intact cells is supported by
phospho-proteomic mapping experiments and the fact
that the Borealin S219A mutant fails to show an in-
crease in migration in mitotic cells (5, 27).

Nbll, the fission yeast Borealin orthologue, interacts
with the Cdc14 phosphatase Clp1/Flp1 (16). Although
over-expression of Cdc14B could accelerate the depho-
sphorylation of Borealin, human cells lacking either
Cdcl4A or Cdcl4B did not show an increase in the
amount of phosphorylated Borealin. The effects of
over-expression may be the result of high levels of
Cdcl4B attacking substrates that it normally does
not dephosphorylate. It is also possible that Cdcl14A
and Cdcl4B act redundantly to dephosphorylate
Borealin; knocking out one at a time may not be suf-
ficient to cause persistent phosphorylation. Our results
with okadaic acid instead suggest that other phosphat-
ases dephosphorylate Borealin upon mitotic exit.
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Fig. 7 Effect of okadaic acid on Borealin dephosphorylation. HeLaM cells were transfected with full-length Borealin, and then synchronized
with a single thymidine block. Cells were released from thymidine in the presence of nocodazole to block them in mitosis. Twenty-four hours
later, mitotic cells were collected by shake-off, nocodazole was removed by washing and cells replated in the presence or absence of okadaic acid.
(A) Western blot of Borealin after nocodazole release. Cell lysates were analysed by western blotting using an antibody that recognizes the
Flag-tag. B-Actin served as a loading control. (B) Densitometric trace of Borealin levels 9 h after release. The slowly migrating band
(‘P-Bor-Flag’) represents the phosphorylated Flag-tagged Borealin. Release from nocodazole in the absence of okadaic acid induced a shift to the
faster migrating unphosphorylated species (‘Bor-Flag’). au, arbitrary units.

Exposure of HeLaM cells to okadaic acid did delay the
dephosphorylation of Borealin upon mitotic exit.
Numerous phosphatases can be inhibited by okadaic
acid, but one appealing candidate is PP2A since it
dephosphorylates multiple mitotic substrates upon
mitotic exit in animals. Furthermore, PP2A targets a
number of substrates that are phosphorylated by Cdkl1
during mitosis (9—13).

MG132 altered both the level of Borealin and its
phosphorylation state. During interphase, but not
mitosis, MG132 increased the steady-state level of
Borealin. This suggests that Borealin is protected
from degradation during mitosis. In mitotic cells,
MGI132 led to an apparent dephosphorylation of
Borealin. One possible explanation is that the phos-
phatase that dephosphorylates Borealin is itself
degraded by an MG132-sensitive protease during mi-
tosis. Interestingly, the catalytic and regulatory ‘A’
subunits of PP2A have half-lives in excess of 10h,
whereas the regulatory ‘B’ subunit can be destabilized
when the catalytic subunit is depleted from cells
(22—25). Regardless of which okadaic acid-sensitive
phosphatase targets Borealin, the simplest explanation
for the effect of MG132 is that the phosphatase is
inactivated by an MG132-sensitive protease during
the nocodazole-induced mitotic arrest.

MG132 inhibits the proteasome but can also inhibit
calpain and likely other proteases (26). Therefore, we
tested the effect of lactacystin, a structurally unrelated
compound that inhibits the proteasome much more
efficiently than calpain (27). Lactacystin did not
induce the accumulation of Borealin. One possibility
is that calpain or some other MG123-sensitive protease
degrades Borealin during interphase. It is also possible
that MG132 is more effective at inhibiting the prote-
asome in our cells than lactacystin. Interestingly,

we detected a species of Borealin bound to an affinity
column that recognizes ubiquitin chains. This species
of Borealin was not very abundant and we did not
observe the characteristic ‘smear’ of polyubiquitinated
forms of Borealin. These observations suggest that
Borealin is potentially ubiquitinated; however, ubiqui-
tination may be inefficient or rapidly reversed by deu-
biquitinating enzymes. The fact that lactacystin does
not up-regulate Borealin suggests that ubiquitination
may not be a major pathway for Borealin degradation.

In a survey of a number of truncated forms of
Borealin, we observed that a version of Borealin
extending to amino acid 141 was dramatically up-
regulated by MG132. This observation suggests that
regions in the C-terminus regulate Borealin stability.
This effect may be mediated by interaction of the
Borealin C-terminus with proteins that protect
Borealin from degradation. It is also possible that the
Borealinl—141 mutant protein is not properly folded
and rapidly cleared by degradation. Evidence that
argues against this interpretation is the fact that
Borealinl—141 is still capable of localizing to the
inner centromere and also retains some wild-type
Borealin function in allowing chromosome segregation
(Bekier, ME and Taylor, WR, manuscript in prepar-
ation). Structural studies have indicated that the region
missing from the 1 to 141 mutant contains a dimeriza-
tion domain (28). It is also possible that dimerization
of Borealin affects its stability. Other than the putative
dimerization domain, the C-terminal half of Borealin
contains phosphorylation sites that can alter the inter-
action of the protein with the centromere (3, 5). It is
also possible that these modifications play a role in
Borealin stability.

Borealin plays an essential role as part of the CPC in
regulating chromosome segregation and cytokinesis.
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These functions are regulated by phosphorylation,
which is induced by Cdkl, and removed by an okadaic
acid sensitive phosphatase. Furthermore, Borealin
levels are reduced by an MGI132-sensitive protease

during interphase, but not mitosis. The C-terminus of

Borealin appears to protect Borealin from degrad-
ation. These studies have uncovered several important
layers of Borealin regulation.
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