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ABSTRACT
The Spindle Assembly Checkpoint (SAC) is part of a complex feedback system designed to ensure that cells
do not proceed through mitosis unless all chromosomal kinetochores have attached to spindle
microtubules. The formation of the kinetochore complex and the implementation of the SAC are
regulated by multiple kinases and phosphatases. BubR1 is a phosphoprotein that is part of the Cdc20
containing mitotic checkpoint complex that inhibits the APC/C so that Cyclin B1 and Securin are not
degraded, thus preventing cells going into anaphase. In this study, we found that PP2A in association with
its B56g regulatory subunit, are needed for the stability of BubR1 during nocodazole induced cell cycle
arrest. In primary cells that lack B56g , BubR1 is prematurely degraded and the cells proceed through
mitosis. The reduced SAC efficiency results in cells with abnormal chromosomal segregation, a hallmark of
transformed cells. Previous studies on PP2A’s role in the SAC and kinetochore formation were done using
siRNAs to all 5 of the B56 family members. In our study we show that inactivation of only the PP2A-B56g
subunit can affect the efficiency of the SAC. We also provide data that show the intracellular locations of
the B56 subunits varies between family members, which is consistent with the hypothesis that they are
not completely functionally redundant.
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Introduction

Genomic stability after DNA replication and cell division
depends on the spindle assembly checkpoint (SAC) to delay
mitosis until chromosomes become attached to the microtubule
spindle apparatus through their kinetochores.1-3 Deregulation
of the spindle assembly checkpoint can transform a normal cell
to a malignant cell through the accumulation of errors during
chromosomal segregation.4 Because of the importance of safe-
guarding genomic integrity during mitosis, it is not surprising
that the proteins involved in the SAC are very highly conserved
and present in all eukaryotes, from yeast to humans.5

Kinetochores, the attachment site for the spindle microtubules,
consist of more than 80 proteins assembled at the centromere.
The outer kinetochore proteins Knl1, Mis12 and Ndc80, have
been shown to bind to the spindle assembly checkpoint proteins
that include Mps1, Mad1, Mad2, Bub1, Bub2, and BubR1. The
binding of these SAC proteins to the kinetochore relies on the
phosphorylation of Knl1 by the Mps1 kinase.6,7 While the SAC
proteins are localized to unattached chromosomes they produce
the mitotic checkpoint complex (MCC) that consists of Cdc20,
Mad2, Bub3 and BubR1. The MCC maintains the APC/C (Ana-
phase Promoting Complex) in an inactive state, thus preventing
the degradation of Securin and Cyclin B and the progression into
anaphase. After microtubule binding to the kinetochore, the SAC
proteins are removed from the kinetochore and the MCC stops
interacting with the APC/C. The APC/C then proceeds to ubiqui-
nate Securin and Cyclin B targeting them for degradation, allow-
ing the cells to progress throughmitosis.8

Kinetochore assembly and the spindle assembly check-
point are regulated by protein phosphorylation involving
interactions between multiple kinases and phosphatases,
including Protein Phosphatase 2A (PP2A).9,10 PP2A exists
primarily as a heterotrimeric complex consisting of the cat-
alytic subunit C, a scaffold subunit A and a regulatory B
subunit.11 There are 3 major families of B subunits, with
multiple genes coding for related proteins; B/B55/PR55 has
4 isoforms (a, b, d, g), B’/B56/PR61 has 5 isoforms (a, b, d,
g, e), B”/PR72/130 is coded by one gene that has multiple
splice variants. In addition to the B subunits there are mul-
tiple PP2A inhibitors and activators that can modulate the
catalytic activity of PP2A. The exact functions that each of
these regulatory B subunits possess is not completely under-
stood. There has been structural evidence obtained by X-ray
crystallography that the B subunits directly bind to the
PP2A catalytic subunit and thus could influence substrate
specificity.12 There have also been studies showing that the
regulatory B subunits can direct PP2A to specific cellular
locations depending on which subunit is incorporated into
the PP2A heterotrimer.13,14

PP2A containing B56 regulatory subunits (PP2A-B56)
have been identified as having significant roles in the con-
trol of the chromosome congression, chromosome distribu-
tion, and the SAC. PP2A-B56 has been detected at the
kinetochore during mitosis using GFP-A subunit and GFP-
B56 fusion proteins.15 Subsequent B56 siRNA treatment
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resulted in misaligned chromosomes, implicating PP2A-B56
as being required for proper chromosome distribution.
Aurora B kinase is needed to phosphorylate outer kineto-
chore proteins to destabilize microtubule interactions to
reset them to allow new connections to form. In the region
of the kinetochore, PP2A-B56 has been shown to act to
counterbalance the Aurora B kinase activity toward the
KMN complex to stabilize the kinetochore microtubule
interaction.16 The localization of PP2A to the kinetochores
has been shown to depend on its interactions with BubR117

and Shugoshin-1 (Sgo1).18 In addition, Bub1 has also been
shown to be required for PP2A-B56 to bind with Sgo1 at
the centromeres and counterbalance Plk1 activity as needed
for proper chromosomal segregation.19 PP2A-B56 BubR1
interaction has also been proposed to promote motor-
driven chromosome movement toward the metaphase plate
to establish stable and functional kinetochore-microtubule
attachments.20 In the absence of the PP2A-B56 BubR1
interaction, aneuploidy is observed that is similar to that in
Mosaic Variegated Aneuploidy syndrome cell lines.21

We have previously shown that inactivation of the B56g
gene in mice causes heart development and behavior defects
which result in about 50% neonatal lethality.22 However, no
high incidence of tumor formation or early embryonic
lethality was observed, suggesting that there is not an inher-
ent cell growth or chromosomal distribution abnormality
present in these animals. Because of prior studies suggesting
that B56g may be a tumor suppressor,23,24 mouse embry-
onic fibroblasts (MEFs) were isolated from B56g- mice to
further investigate potential roles in cell cycle control and
to identify more subtle requirements for PP2A-B56g activ-
ity. We did not observe any growth differences in B56g-
MEFs under normal culture conditions but when treated
with nocodazole, the B56g- MEFs did not arrest in meta-
phase as expected. We found that this escape from the SAC
correlates with a reduction in BubR1 localized to the kinet-
ochore in the B56g- cells. Previous studies involving PP2A-
B56 and its role in chromosomal distribution have been
done using siRNA that inactivated all B56 subunits and
have been performed in continuous cell lines.15-17 In our
study, we have used primary cells and genetic inactivation
of only one B56 family member to detect a novel SAC func-
tion for PP2A-B56g.

Materials and methods

B56g mice

A mouse strain that expresses no functional B56g was used as
the cell source for all the experiments.22 PCR was used to geno-
type B56g mice as described previously. Mouse embryonic
fibroblasts (MEFs) were harvested at gestation day 14.5 from
intercrosses of B56gC/¡ mice. Only MEFs from homozygous
wild type (C/C, B56gC) or homozygous gene trapped (¡/¡,
B56g-) fetuses were used for experiments. MEFs were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum along with streptomycin and
penicillin and cultured in the presence of 5% CO2. MEFs
between passages 3 and 6 were used for all experiments.

Cell cycle analysis

106 MEFs from B56gC and B56g- mice were allowed to adhere
to T75 flasks for 24 hours and then grown in medium with, or
without 200 ng/ml nocodazole for 18 hours. The cells were
trypsinized and washed in 0.5 ml phosphate-buffered saline
(PBS). Cells were permeabilized with addition of 100% metha-
nol and incubated on ice for 30 min. Then the cells were resus-
pended in 0.5 ml of Propidium Iodide (PI)/RNase Staining
Solution (Cell Signaling Technology) and incubated for 30 min
at room temperature. Samples were analyzed for DNA content
on a FACSCanto II (Becton Dickinson).

Immunohistochemistry

For all immunohistochemistry experiments, approximately 2 £
104 MEFs were plated in Nunc Lab-TekTM II Chamber Slides.
The cells were allowed to adhere overnight and then incubated
for 18 hours with or without 200 ng/ml of nocodazole. MEFs
were washed and then fixed in 4% paraformaldehyde/PBS for
10 minutes. Blocking was performed with 10% serum in TTBS
buffer.

Identification of mitotic cells by immunohistochemistry
and identification of lagging chromosomes

B56gCand B56g- MEFs were incubated with mitosis specific
marker antibody, Phospho-Histone H3 (Ser10) conjugated
with Alexa Fluor 488 (Cell Signaling Technology, 3465, 1:50)
and a-Tubulin conjugated with Alexa Fluor 555 (Sigma, 05–
829-AF555, 1:500). DNA was counterstained with DAPI. All
the images were captured at 60X magnification. To determine
the percentage of Phospho-Histone H3 (Ser10) positive mitotic
cells and SEM, 300 total cells from both B56gCand B56g-
MEFs were analyzed, in groups of approximately 50 cells.

Live cell imaging

3 £ 105 B56gCand B56g- MEFs were plated into 2 well cham-
bered systems (Nunc, Rochester, NY) and then synchronized
using serum starvation (0.1% FBS) for 24 hours. The medium
was then changed to 10% FCS medium along with 200 ng/ml
nocodazole and CellLight Histone 2B-GFP, BacMam 2.0
(Thermo Fisher Scientific) and was incubated for 18 hours. The
cells were visualized by a Zeiss Cell Observer Spinning Disk
Confocal Microscope system (Carl Zeiss Microscopy,
Thornwood, NY) in a PECON environmental chamber. Optical
sections of confocal images were acquired every 3 min for 20–
50 minutes and movie files were created using Zeiss Axiovision
software (ver. 4.8.2). Quantitative analysis was performed using
the Image J software (National Institutes of Health). The
images were obtained from multiple independent experiments.

Apoptosis enumeration

B56gCand B56g- MEFs were incubated with cleaved Caspase-3
(ASP175) antibody (Cell Signaling Technology, 9661, 1:400)
and secondary antibody Fluorescein isothiocyanate (FITC)
anti-rabbit (Jackson Immunoresearch, 1:200). Nuclei were
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visualized using DAPI. To determine the percentage of apopto-
tic cells and SEM, 300 total cells from both B56gCand B56g-
MEFs were analyzed, in groups of approximately 50 cells.

B56, BubR1, and cyclin B1 immunohistochemistry

B56gCand B56g- MEFs were incubated with primary antibod-
ies to B56a (NOVUS Biologicals, NB100–41412, 5 ml/ml),
B56b (Sigma, SAB2500140, 2 ml/ml), B56d (Sigma,
HPA029046, 1:100), B56e (Sigma, HPA006034, 1:100), BUBR1
(BD Biosciences, 612502, 1 mg/ml), and Cyclin B1 (Cell Signal-
ing Technology, 4138, 1:200). B56g antibody was custom made
as described previously.22 Secondary antibodies, Fluorescein
isothiocyanate (FITC) anti-rabbit, Fluorescein isothiocyanate
(FITC) anti-goat, Tetrarhodamine isothiocyanate (TRITC)
anti-mouse, Tetrarhodamine isothiocyanate (TRITC) anti-rab-
bit from (Jackson Immunoresearch, 1:200) were used. Vecta-
shield mounting media containing DAPI was used to visualize
nuclei. Images were captured using a Zeiss LSM 710 Confocal
microscope.

RT-PCR

About 106 B56gC MEFs were detached using 0.25% trypsin,
washed and re-suspended in phosphate-buffered saline (PBS).
Total RNA was isolated using Trizol reagent (Life Technologies)
according to the manufacturer’s protocol. B56a mRNA was
reverse transcribed using B56a-1 (AATCAGGACTCTCCAA-
GAATCTC, mRNA bp 1148–1126) and PCR amplified using
primers B56a-1 and B56a-3 (CGGAGAAAGTGGACGGCTTC,
mRNA bp 678–697). B56b mRNA was reversed transcribed
using B56b-3 (TACACCCGATGCAAGATGGTC, mRNA bp
1050–1030) and PCR amplified using primers B56b-1
(CTTCTCAGTTCCGCTATCAGAG, mRNA bp 528–549) and
B56b-2 (CTGGAAATCTGGACTCTCCAAG, mRNA bp 934–
913). B56g mRNA was reversed transcribed using B56g-5
(ATCTTGTGTTCCTCCTTCAGTGG, mRNA bp 704–682) and
PCR amplified using primers B56g-1 (CAGAAGCTACGC-
CAGTGTTGTG, mRNA bp 100–120) and B56g-4
(GTAACTCCGCTATGCCATTGTG, mRNA bp 643–622).
B56d mRNA was reversed transcribed using B56d-2 (AGTGA-
CAACATCACGGCTGTG, mRNA bp 556 - 536) and PCR
amplified using primers B56d-3 (TGATATACTCCACCATCT-
CATTG, mRNA bp 532–511) and B56d-1 (AGATGTCCTA-
TAAACTGAAGAAGG, mRNA bp 87–110). B56e mRNA was
reversed transcribed using B56e-3 (AGGGTCTTCACTGT-
CAAATAGC, mRNA bp 1152–1131) and PCR amplified using
primers B56e-2 (CTACTTCAGGGTAAGTCTGCTC, mRNA
bp 919–898) and B56e-1 (GCCACAGATCATCTTCCGATTC,
mRNA bp 527–548). All the primers were custom ordered from
Integrated DNA Technologies.

Western blot

106 B56gCand B56g- MEFs were plated into a T75 flask. MEFs
were allowed to adhere to flasks for 24 hours and then synchro-
nized using serum starvation (0.1% FBS) for 24 hours. Then
the medium was changed to 10% FCS medium with or without
200 ng/ml Nocodazole and incubated for 18 h. Total protein

extracts were obtained from these MEFs and equal amounts of
protein were separated by SDS-PAGE (4–12% gels; Invitrogen)
and then transferred onto polyvinylidene difluoride mem-
branes (Millipore). The membranes were blocked with 10%
Blocking solution (Odyssey-Li-COR) and sequentially incu-
bated with antibodies against BubR1 (BD Biosciences, 612502,
1 mg/ml), Cyclin B1 (Cell Signaling Technology, 4138, 1:200),
PP2A catalytic subunit (Cell Signaling Technology, 2038,
1:1000), and then with anti-rabbit and anti-mouse secondary
antibody IRDye 800 CW (Odyssey-Li-COR), respectively.
Western blots were imaged and analyzed by Odyssey Li- COR
infrared System.

Results

To investigate the role of PP2A-B56g in controlling cell growth,
mouse embryonic fibroblasts (MEFs) were harvested at gesta-
tion day 14.5 from intercrosses of B56gC/¡ mice. Only MEFs
from homozygous wild type (C/C, B56gC) or homozygous
B56g- (¡/¡, B56g-) fetuses were used for experiments.

B56g¡/¡MEFs arrest less efficiently in G2/M following
nocodazole treatment

Flow cytometry was used to investigate any potential cell cycle
differences in MEFs that lack PP2A-B56g. Under normal cul-
ture conditions, no significant differences in the cell cycle dis-
tribution of B56g- MEFs were seen compared with wild type
MEFs (Fig. 1A, B). However, when the cells were treated with
nocodazole for 18 hours, only 45% of B56g- MEFs arrested in
G2/M as compared with 68% of the wild type cells (Fig. 1C–E).
Nocodazole interferes with the polymerization of microtubules
and will normally arrest cells with G2/M DNA content due to
the SAC. The lower percentage of B56g- MEFs in G2/M is con-
sistent with a requirement for PP2A-B56g activity to efficiently
implement the SAC.

Nocodazole treated B56g- MEFs have fewer M phase cells
compared with wild type

To identify cells in M phase, an antibody specific for phosphor-
ylation of histone H3 at Ser10 (pH3) that occurs during chro-
matin condensation was used.25 Following nocodazole
treatment, B56g- MEFs (Fig. 2C, D) had a lower number of
pH3 positive cells compared with wild type (Fig. 2A, B), indi-
cating fewer cells in M phase. Image analysis showed that there
are just 10% cells in M phase in nocodazole treated B56g-
MEFs as compared with 21% in the wild type (Fig. 2E). No dif-
ference was observed in the number of cells in M phase in
untreated wild type and B56g- MEFs (2E, images not shown).

A portion of B56g- MEFs are able to overcome nocodazole
induced apoptosis

The lower number of M phase cells in B56g- MEFs following
nocodazole treatment could be due to a higher level of cell
death. Therefore, an apoptosis assay was performed to detect
apoptotic cells using a Caspase-3, apoptosis specific antibody.26

Nocodazole treated B56g- MEFs (Fig. 2H, I) had fewer
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apoptotic cells as compared with the wild type (Fig. 2F–G).
There were only 4% apoptotic cells in B56g- MEFs as com-
pared with 19% in wild type (Fig. 2J) so the reduction in G2/M
B56g- MEFs is not due to increased apoptosis. Untreated wild
type and B56g- MEFs showed fairly equal amount of apoptotic
cells (2J, images not shown). This result coupled with the
reduction in the number of mitotic B56g- MEFs after nocoda-
zole treatment is consistent with a portion of the B56g- cells
bypassing the mitotic checkpoint and undergoing cell division.

Chromosomal abnormalities are detected in B56g- MEFs

If nocodazole treated B56g- MEFs proceed through the SAC
then it would be expected that some of the cells would have dif-
ficulties in chromosomal segregation. Indeed, lagging or mis-
aligned chromosomes were detected by immunohistochemistry
at the rate of about 2% per 1000 total cells in B56g- MEFs fol-
lowing nocodazole treatment (Fig. 3A–D). Live cell imaging
was then used to visualize the fate of individual cells as they

progressed from nuclear envelop breakdown (NEBD) through
mitosis. Abnormal chromosomal segregation was detected in
62% (13 out of 21) of mitotic B56g- MEFs treated with nocoda-
zole (Fig. 3E and supplemental data). Five of the B56g- MEFs
arrested at NEBD and 3 went through mitosis without observ-
able defects. In contrast, all 21 B56gC cells that were imaged
did not proceed through mitosis.

B56 subunits are present in different intracellular locations

Most prior PP2A-B56 studies have been done by inactivating
all 5 B56 genes simultaneously under the assumption that they
are functionally redundant. However, we found that inactiva-
tion of only the B56g gene was enough to have an effect on the
SAC. To help determine if our B56g phenotype was due to the
lack of expression of other B56 family members in MEFs, or
was due to a unique B56g requirement, we decided to study the
native expression of all B56 subunits in MEFs. First, RT-PCR
analysis was performed on the mRNA samples obtained from

Figure 1. B56g- MEFs arrest less efficiently in G2/(M)following nocodazole treatment. (A-D) DNA content was measured by flow cytometry using propidium iodide in
untreated wild type (C/C) and B56g- (¡/¡) MEFs. No difference in DNA content was seen between cell populations in untreated cells (A, B). DNA content analysis follow-
ing 18 hour incubation in 200 ng/ml nocodazole (NOC) shows less G2/M B56g- MEFs compared with wild type cells (C, D). (E) Percentage of nocodazole treated cells with
G2/M DNA content, B56g- 45%, wild type 68%. The mean and SEM were calculated from 10 experiments.
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Figure 2. Nocodazole treated B56g- MEFs have fewer (M)phase cells compared with wild type. (A-D) Immunostaining showing Histone H3 pSER10 (pH3, green, arrows),
DAPI (Blue) labeling in conjunction with a-Tubulin (red) in wild type (C/C) and B56g- (¡/¡) MEFs. Lower number of cells in M phase in B56g- MEFs (C, D) were observed
as compared with wild type (A, B), following 18 hours of nocodazole treatment. Images are representative of 3 independent experiments from each genotype group. All
the images were captured at 60X magnification. (E) Percent pH3C cells and SEM represent data from 300 MEFs of each genotype. (F-I) Caspase-3 labeling (green) and
DAPI (blue), showing apoptotic cells in wild type (C/C) and B56g- (¡/¡) MEFs. Higher numbers of apoptotic cells were observed in wild type MEFs (F, G) as compared
with the B56g- MEFs (H, I) following 18 hours of nocodazole treatment (NOC). Images are representative of 3 independent experiments from each genotype group. (J)
Percent apoptotic cells and SEM represent data from 300 MEFs of each genotype.

Figure 3. Chromosomal abnormalities are detected in B56g- MEFs. (A-D) Immunohistochemical analysis with antibodies specific for Histone H3 pSER10 (pH3, green), DAPI
(blue) and a-Tubulin (red), showing lagging or misaligned chromosomes (shown with yellow arrows) in the B56g- MEFs treated with nocodazole. Representative images
were obtained using a 100X objective. Chromosomal lagging was recorded at approximately 2% per 1000 total cells in nocodazole treated B56g- MEFs. Data are represen-
tative of 3 independent experiments, using 3 B56g- and B56gC MEF samples. E) Time lapse microscopy live images captured at the indicated time points from NEBD of
nocodazole treated B56g- MEFs. Of the 21 B56g- MEFs, 13 displayed abnormal chromosomal segregation (shown with yellow arrows).
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wild type E14.5 MEFs. Low levels of expression were seen for
the B56a, B56b and B56d subunits, whereas B56g and B56e
were more highly expressed (Fig. 4A). Next, immunostaining
was performed to study the cellular localization of these B56
subunits. B56a was found solely in the cytoplasm, primarily in
the perinuclear region (Fig. 4B). No B56b protein was detected
(Fig. 4C). B56d was found primarily distributed throughout the
cytoplasm, but only in a portion of the MEFs (Fig. 4D). B56g
was seen primarily localized to the nucleus as previously
reported22 (Fig. 4E). B56e was observed primarily in the cyto-
plasm, but there was also some B56e detected in the nucleus
(Fig. 4F). The localization of B56 subunits other than B56g
were found to be unaltered in the B56g- MEFs (data not
shown). The variable location of the B56 subunits is consistent
with them directing PP2A to distinct substrates and functions
within the cell.

B56g and B56e localization during mitosis

B56g and B56e are both found concentrated around condensed
chromosomes during prophase (Fig. 5A, E). In metaphase,
B56g and B56e are similarly localized around the mitotic spin-
dle (Fig. 5B, F). However, in anaphase and telophase, B56g and
B56e localization differ. In anaphase, B56g is found at the polar
microtubules and mitotic poles (Fig. 5C) while B56e is found
predominately at the polar microtubules (Fig. 5G). In telo-
phase, B56g is found at the aster and around decondensing
chromosomes (Fig. 5D), while B56e expression in telophase
was found to be concentrated in the mid-body (Fig. 5H).

B56g co-localizes with checkpoint complex protein BubR1
during mitosis

Data from other investigators have found that B56g is a bind-
ing partner of BubR1.17,20,21 To understand this interaction in
more depth, we performed immunohistochemical studies of
B56g and BubR1 in mitotic MEFs. In prophase, BubR1 and
B56g were seen to co-localize in and around condensing chro-
mosomes (Fig. 6A, B). BubR1 and B56g are located on the
chromosomal circle, as it opens to mobilize the chromosomes
to form the metaphase plate (Fig. 6C, D). In metaphase, BubR1
and B56g are both found at the metaphase plate (Fig. 6E, F).
BubR1 and B56g co-localization continues in anaphase and
was observed in separating daughter chromosomes (Fig. 6G,
H). BubR1 expression diminishes by telophase and is barely
detectable around the decondensing chromosomes (Fig. 6I, J).
Thus, B56g is in proximity of BubR1 throughout mitosis, mak-
ing it plausible that it could directly affect BubR1s SAC associ-
ated functions.

Nocodazole treatment of B56g- MEFs depletes BubR1 and
cyclin B

Western blot analysis was performed using the extracts from syn-
chronized E14.5 MEFs treated with nocodazole. BubR1 expres-
sion was found to be reduced in untreated synchronized B56g-
MEFs and nearly absent in the nocodazole treated B56g- MEFs

Figure 4. Endogenous expression of B56 subunits in MEFs. A) RT-PCR was
used to detect native B56a, B56b, B56g, B56d and B56e mRNA in wild type
MEFs, -RT D no transcriptase. (B - F) Immunohistochemical analysis using
antibodies to B56a, B56b, B56g , B56e (green) and B56d (red) with DAPI
(blue) in wild type MEFs. Representative immunofluorescence images from
MEFs at E14.5. Representative images from 3 independent experiments were
obtained using a 60X objective.
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(Fig. 7). Cyclin B1 was also found to be absent in the nocodazole
treated B56g- MEFs (Fig. 7). Since there is no BubR1 present, the
mitotic checkpoint complex formation (MCC) would not be able
to form and inhibit the APC/C and thus the lack of Cyclin B1
correlates with the reduction of BubR1. No change was observed
in the expression of the catalytic subunit of PP2A.

Immunohistochemical analysis BubR1 and cyclin B1 during
mitosis

To further study the timing of the BubR1 and Cyclin B1 degra-
dation in B56g- cells, we performed immunohistochemical
analysis during mitosis. B56g- MEFs (Fig. 8E–H) showed an
absence of BubR1 localized to the kinetochore of mitotic cells
treated with nocodazole, even in early prophase, when it is

normally present there as seen in wild type MEFs (Fig. 8A–D).
Less Cyclin B1 was observed in the nocodazole treated B56g-
MEFs (Fig. 8M, N) at early prophase compared with wild type
MEFs (Fig. 8I, J). By late prophase, Cyclin B1 was not

Figure 5. B56g and B56e localization during mitosis. Immunostaining of MEFs was
done using antibodies against B56g (green, A - D) or B56e (green, E- H) along with
a Tubulin (red) and DAPI (blue) in prophase, metaphase, anaphase and telophase
respectively. Representative immunofluorescence images from MEFs at E14.5. Rep-
resentative images from 3 independent experiments were obtained using a 60X
objective.

Figure 6. B56g is present near or co-localizes with BubR1 throughout mitosis. (A,
B) Merge images show B56g (green) and BubR1 (red) in close proximity during
prophase in condensed chromatin (yellow arrow). At prometaphase, co-localization
was observed at the chromosomal circle (C, D). B56g and BubR1 were present at
the metaphase plate (E, F) and in the separating daughter chromosomes in ana-
phase (G, H). BubR1 expression diminishes by telophase (I, J). Representative
immunofluorescence images from 3 independent experiments were obtained
using a 60X objective.
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detectable (Fig. 8O, P) but present in the wild type MEFs
(Fig. 8K, L). Premature degradation of Cyclin B1 and BubR1 is
consistent with, and could be the cause of the inefficient SAC
seen in B56g- cells treated with nocodazole. No differences
were observed in Cyclin B1 or BubR1 localization in B56-
mitotic MEFs without the nocodazole treatment (images not
shown).

Discussion

BubR1 has previously been shown to be required for chromo-
somal congression and SAC function.16,21,27 These functions
rely on the localization of BubR1 to the kinetochore where it
acts as a sensor for stable microtubule attachment. Under SAC

Figure 7. Nocodazole treatment of B56g- MEFs depletes BubR1 and Cyclin B.
Western blot analyses were performed on protein extracts from synchronized wild
type (C/C) and B56g- (¡/¡) MEFs. Less BubR1 is present in untreated B56g-
MEFs than in wild type MEFs. BubR1 and Cyclin B1 were not detected in the noco-
dazole treated B56g- MEFs. No change was observed in the expression of the cata-
lytic subunit of PP2A. Data are representative of 3 experiments, using 3 B56g- and
B56gC MEF extracts.

Figure 8. Immunohistochemical analysis of BubR1 and Cyclin B1 during mitosis. BubR1 (red, A-H) or Cyclin B1 (red, I-P), Histone H3 pSer10 (pH3, green) and DAPI (blue)
were detected by immunohistochemistry. Following 18 hour nocodazole (NOC), BubR1 expression was found to be absent throughout prophase in B56g- (¡/¡) MEFs (E-
H) but present in the wild type (C/C) MEFs (A-D). Less Cyclin B1 was observed in the nocodazole treated B56g- MEFs (M, N) at early prophase compared with wild type
MEFs (I, J). By late prophase, Cyclin B1 was not detectable (O, P) but present in the wild type MEFs (K, L). All images were captured at 60X magnification. Data are repre-
sentative of 3 independent experiments from approximately 50 different cells from each genotype.
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activating conditions, BubR1 is incorporated into the mitotic
checkpoint complex which binds to Cdc20 and inhibits the
APC/C so that Cyclin B1 and Securin are not degraded, thus
preventing cells from going into anaphase. We found that in
B56g- nocodazole treated cells, BubR1 was not detected in pro-
phase/metaphase cells by immunohistochemistry or Western
blot (Figs. 7 and 8). Since BubR1 was not present, apparently
due to dysregulation of BubR1 stability, it could not inhibit the
APC/C which resulted in the premature proteolysis of Cyclin
B1 (Figs. 7 and 8) allowing B56g- MEFs to escape from the
SAC. The mechanism behind the reduced amount of BubR1 in
the nocodazole treated B56g- cells is unknown, but BubR1 sta-
bility and its role in the SAC has previously been shown to be
regulated by acetylation.28 Since PP2A-B56g has been shown
to directly bind to BubR1, it could disrupt the acetylation or
the binding of BubR1 to Cdc20, either scenario could result in
decreased SAC activity.29 Alternatively, PP2A-B56g could also
affect BubR1 by either directly dephosphorylating it, or by par-
ticipation in a phosphorylation signaling pathway that causes
the early release of BubR1 from the kinetochore.

When cells were grown under normal conditions, BubR1
was detected at the kinetochore in B56g- cells as in the wild
type cells. This result shows that B56g is not normally required
for BubR1 localization and stability, or that the other remaining
B56 family members can compensate for lack of B56g under
normal growing conditions.

Prior studies that examined the interaction between BubR1
and PP2A regulatory units have found that the B56 family was
required for chromosome congregation and regulation of the
SAC. These studies have mostly assumed that the 5 highly
related B56 subunits are all functionally redundant and have
been performed with siRNA inhibitors that inactivated all the
B56 subunits.15,21 However, for the B56 subunits to be func-
tionally redundant they would have to not only have the same
effect on PP2A activity, they would also need to localize to the
same regions within the cell. In this study we report that the
B56 subunits do not localize to the same intracellular regions
(Fig. 4) and therefore cannot be completely functionally redun-
dant. B56a and B56d were primarily found in the cytoplasm,
B56e was detected in both the nucleus and the cytoplasm, while
B56g was located mostly in the nucleus. In our study, primary
cells were used and native protein was detected. In contrast,
other studies have used overexpressed, epitope tagged subunits
and immortalized cell lines to conclude that all the B56 family
members were functionally redundant. Antibody selection is
also very important since the B56 subunits have large regions
of conserved peptide sequence that may result in antibodies
that detect multiple B56 family members. For our experiments,
all the antibodies used were made to recognize regions where
there is no amino acid conservation between B56 subunits.

In our studies we observed that the inactivation of a single
B56 subunit resulted in the inability to efficiently arrest at the
SAC (Figs. 1–3). This was true even though both B56e and
B56g were expressed in similar locations at pre-metaphase, the
time when the SAC would be activated by the nocodazole treat-
ment. One possible explanation for this observation would be
that B56e and B56g are both performing the same function and
that removal of the B56g protein results in reduction in SAC
efficiency due to a dosage effect. The other explanation is that

the 2 subunits are performing different functions, which is con-
sistent with their different patterns of expression at anaphase
and telophase as well as during interphase. Additional studies
using cells that have combinations of genetically inactivated
B56 subunits will be needed to further define the in vivo func-
tions of B56 subunits.

Treatment of B56g- MEFs with nocodazole resulted in less
cells arrested in mitosis and less apoptotic cells than observed
in wildtype MEFs grown under the same conditions. These
results are consistent with B56g- MEFs bypassing the SAC
prometaphase arrest that nocodazole induces due to the inhibi-
tion of microtubule formation and stable spindle attachment to
the kinetochores. If the SAC is bypassed, it can result in cells
with aneuploidy and abnormal chromosome distribution,
which are hallmarks of cellular transformation. The function of
PP2A-B56g in the efficient implementation of the SAC could
be important to the ability of the B56 regulatory subunits to
behave as putative anti-oncogenes.24,30 B subunit inactivating
mutations found in tumor samples and the ability of SV40
small T antigen to transform cells when it replaces PP2A regu-
latory B subunits in PP2A heterotrimers,23 further demonstrate
the importance that the B56 regulatory subunits play in main-
taining stable cell growth.
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