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ABSTRACT
Microtubule-disrupting agents such as the taxanes comprise some of the most clinically

useful chemotherapeutic agents and invoke the spindle checkpoint in proliferating cells.
A robust spindle checkpoint in turn may forestall mitotic catastrophe, potentially providing
a mechanism that permits cancer cells to survive transient exposure to these drugs. Previous
reports on G2-M cell cycle progression by histone deacetylase inhibitors suggested a
potential role in modulating the therapeutic efficacy of microtubule-disrupting agents. As
both classes of agents are generally administered in clinical trials as pulse treatments, we
investigated in human cancer cells the effects of brief treatments with the histone deacety-
lase inhibitor trichostatin A (TSA) alone or with nocodazole or paclitaxel (Taxol) on cell
cycle progression and the spindle checkpoint. Treatment of synchronized cells with
200 ng/ml of TSA alone for eight hours to completely block class I and II HDACs did not
interfere with progression into mitosis with chromosomal condensation as confirmed by
MPM-2 expression. TSA treatment at this concentration surprisingly did not interfere with
formation of the mitotic spindle or centrosomal separation, but instead led to missegregation
of chromosomes, suggesting effects on the spindle checkpoint. Consistent with this
hypothesis, TSA abrogated the phosphorylation and kinetochore localization of the mitotic
checkpoint protein BubR1 and the phosphorylation of histone H3 after paclitaxel and
nocodazole treatment. These effects in turn led to rapid cell death and considerably
reduced clonogenic survival. These results together suggest that by inactivating the spin-
dle checkpoint, TSA can potentiate the lethal effects of microtubule-disrupting drugs, a
strategy that might be usefully exploited for optimizing anticancer therapy.

INTRODUCTION
Mitosis is a highly complex and regulated process, with failsafe mechanisms that ensure

proper alignment of the chromosomes at the metaphase plate and equal congression of the
chromosomes to daughter cells, (reviewed in refs. 1–3). These checkpoint mechanisms
control the progression of mitosis by invoking a cell cycle delay when conditions are not
quite “right”, therefore preventing the potentially catastrophic consequences that might
result when cells with unaligned chromosomes prematurely enter anaphase. While a mitotic
checkpoint may be enforced at a number of discrete times during the cell cycle progression
from prophase through anaphase, probably the best characterized checkpoint is that medi-
ated through mechanisms that sense the attachment of microtubules of the mitotic
spindle to the kinetochore or the tension that results after such attachment. The mitotic
“spindle checkpoint” therefore serves to time chromosomal congression only after the
chromosomes have completely and equally aligned at the metaphase plate. The sensitivity
of the spindle checkpoint is such that a single unaligned chromosome is sufficient to
prevent completion of mitosis.4 A robust mitotic spindle checkpoint potentially allows
time to repair chromosomal damage and effect their proper alignment, while in contrast,
inactivation or targeted disruption of the spindle checkpoint leads to rapid cellular
death.5,6

The molecular mechanisms of the spindle checkpoint have implicated the activity of
mitotic checkpoint proteins encoded by the BUB and  MAD genes, including as BubR1,
Bub1, Bub3, Mad1, and Mad2.4,7-13 A number of drugs of clinical and biomedical
research importance disrupt the assembly (e.g., nocodazole and vincristine) or disassembly
(e.g., paclitaxel and docetaxel) of microtubules and in doing so, invoke the spindle check-
point. When microtubule dynamics are disrupted by these drugs, the mitotic checkpoint
proteins localize prominently to the kinetochores, where a wait signal that inhibits the
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Anaphase Promoting Complex/Cyclosome (APC/C) is transmitted
and which in turn forestalls the degradation of proteins such as cyclin
B1 which must be degraded in order for anaphase to proceed.14

Because paclitaxel and docetaxel are among the most important
chemotherapeutic agents used to treat patients with cancer, strategies
or agents that enhance their efficacy would be greatly welcomed.

By inhibiting the deacetylation of core histones, histone deacety-
lase inhibitors potentially influence the structure of chromatin.15-17

Trichostatin A (TSA) is a histone deacetylase inhibitor (HDI) that
affects both class I and II HDACs, with a higher concentration
(> 100 nM of TSA) required to completely inhibit Class II HDACs
such as HDAC4.18 The HDI’s have been previously noted to affect
both G1 and G2/M cell cycle progression. While the G1 block has
been attributed to repression of transcription or induction by HDI
of the cyclin-dependent kinase inhibitor p21,19-23 comparatively less
is known about the mechanisms involved in the perturbation of
G2/M progression by HDIs. Cimini et al.24 found evidence of
impaired chromatin condensation and delayed mitotic progression
in cells treated with TSA, and which was associated with lagging
chromosomes and chromatin bridges in about 1–2% of treated
human fibroblasts.24 Warrener, et al.25 found increased cell death in
cells treated with an HDI unrelated to TSA, azelaic bishydroxamic
acid (ABHA).25 While the HDIs have shown activity in clinical trials
in which these agents have been given as pulse treatments, it has
been proposed that the anticancer efficacy of these drugs may be
especially enhanced when combined with other cytotoxic agents.26-33

We therefore investigated the effects on cell cycle progression into
mitosis and clonogenic survival of brief exposure to a concentration
of TSA sufficient to fully block histone deacetylation. To better
characterize relatively unexplored aspects of TSA effects on mitotic
progression, we assessed mitotic spindle and centrosome formation
and localization, as well as the phosphorylation and localization of
the BubR1 mitotic checkpoint protein, key determinants of intact
spindle checkpoint function.34-36 Finally, to further broaden the
therapeutic relevance of our findings, the effect of brief TSA treatment
on mitotic checkpoint function in the presence of microtubule-
disrupting drugs was then investigated.

MATERIALS AND METHODS
All cell lines cells were obtained from the American Type Culture

Collection (ATCC) (Manassas, VA, USA), and grown in DMEM media
(Gibco/BRL) supplemented with 15% fetal bovine serum (FBS) at 37˚C in
5% CO2. Nocodazole, aphidicolin and trichostatin A (TSA) were obtained
from Sigma (St. Louis, MO, USA), and prepared as 1000X stock in DMSO.
For experiments, these were diluted in media, and used at concentrations
and conditions as previously described or noted in the figure legends.37

Nocodazole was used at 0.1 µM, paclitaxel was used at 20 nM, while tricho-
statin A (TSA) was used at 200 ng/ml to completely block both Class I and
II HDAC activity.18 Mock-treated control cells were handled in an identical
manner to experimental samples, with an identical amount of media added
(without drug). In experiments in which cells were synchronized, this was
accomplished via aphidicolin synchrony as previously described.39 Colony
survival assays were performed by treating synchronized cells with TSA three
hours after release, either alone or followed by the addition of nocodazole or
paclitaxel. The drugs were subsequently removed from the cells by washing
with phosphate buffered saline (PBS) for three times, followed by counting
via serial dilutions and then plating in triplicate into fresh plates with media
free of drugs and left to grow undisturbed for ten days in the incubator.
Colonies were subsequently fixed and stained with crystal violet in
methanol, and scored as those containing 75 or more cells. Colonies counts
were normalized to control (mock-treated), and expressed as a percentage.

For immunoblotting cell lysates were prepared via harvesting and pellet-
ing cells in extraction buffer containing 10 mM HEPES, pH 7.9, 1.5 mM
MgCl2, 10 mM KCl, .5 mM DTT and 1.5 mM PMSF, followed by resus-
pension in Laemmli buffer and ultrasonic sonication for 10 cycles. Samples
were boiled for 5 minutes prior to loading (10 µg/lane) and separating via
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and transferring to
nitrocellulose membranes. Studies to confirm protein phosphorylation was
performed by treating the cell lysates with protein phosphatase at (5 U) for
10 minutes at 37˚ before boiling. After transfer, the membranes were
blocked with 5% nonfat milk in phosphate-buffered saline (PBS), and then
probed with the indicated primary antibodies, followed by the appropriate
secondary antibodies conjugated with horseradish peroxidase. Washes were
performed with PBS with 0.1% Tween. Finally, membranes were exposed to
film after enhanced chemilluminescence (ECL) (Amersham Biosciences,
Piscataway, NJ, USA). Anti-histone H3 and H4 (total and acetylated), anti-
phosphorylated histone H3 (both at Serine 10 and Serine 28) and MPM2
antibodies were from Upstate Biotechnology. Anti-cyclin B1 antibody was
from BD Pharmingen. Anticentromere autoimmune serum was a gift of K.
Sullivan (Scripps Research Institute, La Jolla, CA), and were used at 1:2000.
Anti-BubR1 antibodies, a kind gift from Drs. Gordon Chan and Tim Yen
were used at 1:1000.

Immunofluorescence and fluorescence-activated cell sorting (FACS)
analysis of DNA content was performed as previously described.39 During
the FACS, no gating was performed on the propidium iodide (PI)-stained
nuclei, in order that all cells were included in the analysis, especially those
with sub-G1 content representative of nuclear fragmentation. Prior to staining
of the nuclei, cells with sub-G1 content were confirmed to be nonviable
through Trypan blue and propidium iodiden (PI) exclusion assays. For
immunofluorescence, cells grown on coverslips were fixed in ice-cold acetone:
methanol (50:50), washed in phosphate-buffered saline and KB buffer
(50 mM TRIS-HCl pH 7.4, 150 mM NaCl, 0.1% BSA), prior to labeling
with specific antibodies. The respective primary antibody that was then
detected via the species-specific secondary antibody conjugated to Alexa
Fluor 594 or 488 (Molecular Probes, Eugene, OR). DNA was stained with
0.1 mg/ml of 4’, 6-diamidino-2-phenylindole (DAPI, Sigma). The coverslips
were then mounted in 0.1% para-phenylenediamine in glycerol. Stained
cells were examined with a 100X PlanNeofluor objective mounted on a
Nikon TE-200 microscope equipped with epifluorescence optics. Images
were captured with a Hammamatsu CCD camera that was controlled with
IP LabSpectrum v2.0.1 (Scanalytics Inc.).

RESULTS
Cell cycle progression after timed TSA treatment. We first established

the response of unsynchronized Hela cells to TSA. TSA treatment for 12 hours
results in accumulation of cells with G1 and G2/M DNA content (Fig. 1A
and B), consistent with previously published reports.20,21,25 To focus on the
effect of TSA treatment on the G2 to mitosis progression, we synchronized
Hela cells via aphidicolin-induced G1/S cell cycle block, which enables the
analysis of 75% or more of the cells traversing the cell cycle in unison.39,40

The synchronized cells were then released, and mock-treated or treated with
TSA three hours after release, when they had largely progressed into S phase
(experimental schema as shown in Figure 2A. Cells were harvested at suc-
cessive time-points thereafter, and assessed for DNA content (Fig. 2B) or
protein expression (Fig. 2C). TSA did not appreciably perturb progression
through interphase into G2/M under these conditions, nor inhibited chro-
mosomal condensation in mitosis (Supplemental Fig. 1S). To confirm that
the TSA-treated cells had indeed progressed into mitosis, we probed cell
lysates for cyclin B1 protein and the MPM2 mitotic epitope, in addition to
confirming histone hyperacetylation due to the inhibition of histone
deacetylase activity by TSA. Cyclin B1 is maximally expressed by G2/M cells
and this as well as MPM2 reactivity was evident in both mock-treated
control cells as well as cells treated with TSA, supporting that cell cycle
progression into G2 and mitosis was not inhibited by TSA.
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The major effect of TSA emerged later, when the control mock-treated
cells had largely completed mitosis and returned to G1 (20 hours after
release). In contrast to the control cells, significantly fewer cells treated with
TSA had returned to G1, with a proportion of treated cells reaching
prophase uneventfully, but then subsequently undergoing nuclear fragmen-
tation while in mitosis, finally resulting in cells with sub-G1 DNA content
(Fig. 2D and E).

Mitotic spindle formation and centrosomal localization after TSA
treatment. These results suggested that TSA might be affecting specific cel-
lular events that are characteristic of mitosis. We began by assessing the for-
mation of the mitotic spindle, perhaps the most dramatic mitotic structure,
in control and treated cells. Mock-treated control cells as expected showed
spindle formation (Fig. 3A, left column), with the mitotic spindles bisected
by the aligned chromosomes in metaphase or by congressed chromo-
somes in anaphase. Spindle formation surprisingly was also detectable in the
TSA-treated cells, including clearly bipolar spindles reminiscent of the
mock-treated controls. However, in contrast to the controls, the chromo-
somes of the TSA treated cells were often unaligned at the metaphase plate
or unevenly segregated (Fig. 3A, right column). These abnormalities per-
sisted as many cells at later times did not show reversion to a pattern con-
sistent with orderly segregation, but instead showed progressively increased
degrees of nuclear fragmentation and death (Supplemental Fig. 1SC and
results not shown).

We investigated next whether the missegregation seen after TSA treatment
might be related to defects in centrosomal formation. However, in both
mock-treated control cells as well as TSA-treated cells, the centrosomes
localized to the polar ends of the mitotic spindle, and TSA-treated cells
showed robust staining of gamma-tubulin (Fig. 3B). These results together

suggested that mitotic catastrophe seen after TSA treatment was not due to
impaired mitotic spindle formation or centrosomal localization.

Inhibition of BubR1 and histone H3 phosphorylation by TSA. The
missegregation of chromosomes in the context of intact spindles seen with
TSA suggested a possible defect in the spindle checkpoint that would other-
wise prevent missegregation due to inappropriate chromosome congression.
We began by assessing for structural determinants of the spindle checkpoint,
including the phosphorylation of histone H3 in mitosis and the kinetochore
localization of the checkpoint protein BubR1. During mitosis, when tran-
scription is globally repressed, histone H3 is deacetylated but phosphorylat-
ed.16,40-44 Phosphorylation of histone H3 at serine 28 has been described as
a mitotic specific-event in human cells.45,46 Phosphorylation of histone H3
appears to be coincident with and possibly facilitates the phosphorylation
and recruitment to kinetochores of the mitotic checkpoint protein BubR1.8-12

Consistent with a link between phosphorylation of histone H3 and activation
of BubR1, inhibition of the kinase, that phosphorylates histone H3, Aurora
B kinase not only results in diminished histone H3 phosphorylation, but
also impairs the localization and activity of BubR1 at the kinetochore during
mitosis.34-36

We found brief TSA treatment of synchronized cells did not impair chro-
mosomal condensation during the entry into mitosis, but inhibited the
phosphorylation of histone H3 in these cells (Fig. 4A, right panels, compare
with mock-treated control cells in left panels). Next, we stained for BubR1
protein after mock and TSA treatment. BubR1 localization to paired kine-
tochores was readily apparent in mitotic control cells. In contrast, in TSA
treated mitotic cells, much less BubR1 staining at kinetochores could be
detected and very few showed the conspicuous localization of BubR1 to
paired kinetochores that was seen in control cells (Fig. 4B, left versus right
panels).

We repeated the experiment to obtain total cell lysates for immunoblot-
ting. Parallel plates of cells in interphase (6 hours after release from G1/S
block) or in mitosis (12 hours after release) were harvested, and the lysates
immunoblotted for phosphorylated histone H3. In control cells phosphory-
lated histone H3 was detected as expected in mitotic cells but not those in
interphase (black filled arrowhead, Fig. 4C) (the results shown are for histone
H3 phosphorylated at serine-28, probing for histone H3 phosphorylated at
serine-10 showed similar results (not shown). Treatment with TSA resulted
in hyperacetylation of histone H3 and H4, again an expected result (open
arrowheads, Fig. 4C). However, TSA led to markedly diminished phospho-
rylated histone H3 in treated mitotic cells (filled arrowhead), in contrast to
the strong signal of phosphorylated histone H3 in control mitotic cells.
These results together were therefore consistent with the immunofluorescence
results, which showed diminished phosphorylated histone H3 in mitotic
cells that had been treated with TSA.

We also probed the cell lysates for BubR1. Control mock-treated cells
unexposed to TSA showed the slower migrating form of BubR1, consistent
with its phosphorylated activated form in mitosis (top bands, Fig. 4B). In
contrast, TSA-treated mitotic cells showed only the faster migrating form,
suggesting a lack of phosphorylation. To confirm the phosphorylation status
of BubR1 in the control cells, we harvested control and TSA-treated cells
after passage into mitosis, and treated the respective lysates with protein
phosphatase prior to separation via SDS-PAGE. Control cells show the slower
migrating form of BubR1 which after phosphatase treatment is largely
converted to the faster running unphosphorylated form (Fig. 4D). The cell
lysate of the TSA treated cells, in contrast, show no change with phosphatase
treatment.

TSA abrogates the spindle checkpoint induced by microtubule-disrupting
agents. The inhibition of BubR1 phosphorylation by TSA suggested that its
activity might be perturbed, especially during the critical progression into
mitosis when the protein contributes to mechanisms that monitor the
recruitment of chromosomes to the mitotic spindle. The activity of BubR1
is reflected in its localization to the kinetochore when chromosomes have yet
to be properly aligned at the metaphase plate. We therefore assessed the
localization of BubR1 in synchronized cells treated briefly with TSA and which
were then allowed to progress into mitosis after disruption of microtubules

Mitotic Spindle Checkpoint Inactivation by Trichostatin A Defines a Mechanism for Increasing Cancer Cell Killing by Microtubule-Disrupting Agents

Figure 1. Brief treatment of Hela cells with TSA results in accumulation of
cells with G1 and G2/M DNA content. (A) Asynchronous Hela cells were
mock-treated or treated with TSA for eight hours, and analyzed for DNA
content via FACS. The resulting histograms are shown, with the G1, S and
G2/M regions indicated. (B) Bar graphs showing the cell-cycle distribution
of cells in each treatment group in the histograms shown in (A).
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Figure 2. Brief treatment with TSA does not interfere with S phase cell cycle progression, but cell death occurs later. (A) Schema of the experiment. Hela
cells were synchronized in G1/S with aphidicolin. Three hours after release, TSA (200 ng/ml final concentration) was added or the cells were mock-treated
(open triangle). Parallel plates of cells in each treatment group were then harvested for analysis of DNA content via FACS (as shown in B) or protein expression
via immunoblotting (C) at successive timepoints (indicated by filled triangles) through the remainder of the cell cycle. (B) Histograms showing the cell cycle
distribution of cells that were mock-treated or treated with TSA, at release (top histogram), or 7, 10 and 12 hours after release (timepoints indicated in A).
The cell cycle distributions between the two treatment groups are almost equivalent during the cell cycle progression from S into G2/M (corresponding
respectively to 7 and 10 hours after release). (C) Immunoblotting of treated cells through the cell cycle. Cells were synchronized and released, and mock-
treated or TSA-treated as in (A and B), and harvested at the timepoints indicated. Cell lysates were separated via SDS-PAGE, transferred to nitrocellulose,
and probed for the indicated proteins. MPM2 is a standard mitotic marker, and indicates that both mock-treated and TSA-treated cells progress into mitosis.
(D) Histograms showing the cell cycle distribution at late time points of cells that were mock-treated or treated with TSA. Cells prepared and treated as in
(A) in (B) but harvested at 14 and 20 hours for FACS analysis. A difference between the two treatment groups is most notable at 20 hours after release, at
a time when the mock-treated controls have completed and progressed out of mitosis and into G1. TSA-treated cells enter mitosis, as indicated by the FACS
histogram at 12 and 14 hours and the immunoblotting shown in (C). However, in contrast to mock-treated controls, few TSA-treated cells at 20 hours had
completed mitosis and returned to G; instead substantial cell death is evident, as indicated by increased proportion of cells with sub-G1 DNA content, together
suggesting cell death occurred during mitosis. (E) Bar graphs showing the cell-cycle distribution of cells in each treatment group at 20 hours after release
(histograms shown in D).
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by nocodazole (Fig. 5A) or paclitaxel (Fig. 5B). Control cells that had
progressed into mitosis in the presence of either nocodazole or paclitaxel, as
expected, showed robust localization of BubR1 to paired kinetochores in
mitotic cells treated with (panels in left column). In contrast, TSA treated
cells which had progressed into mitosis showed poor BubR1 localization to
kinetochores (panels in right column).

The lack of phosphorylation of BubR1 and its impaired kinetochore
localization after brief TSA treatment suggested that the mitotic spindle
checkpoint induced by nocodazole or paclitaxel might be impaired. We
therefore performed FACS analysis on cells prepared in an identical manner
to evaluate the cell cycle response. At 20 hours after release from G1/S block,
control cells challenged with either Nocodazole or Taxol remained blocked
in mitosis as expected (Fig. 5C, left upper panels). In contrast, the mitot-
ic checkpoint was considerably abrogated in cells to which TSA had been
added after Nocodazole or Taxol (Fig. 5C, right upper panels and Fig. 5D,
top graph). TSA led to a decrease in the proportion of cells that remain
blocked in mitosis, concomitant with an increase in the proportion of cells
with sub-G1 DNA content. To investigate further the effects of TSA on the
spindle checkpoint, we investigated HT29 cells, a colorectal cancer cell
line with a very robust mitotic checkpoint. When challenged with either
Nocodazole or Taxol, HT29 cells blocked robustly in mitosis, as expected
(Fig. 5C, left bottom panels). However, when these cells were treated with
TSA after to the addition of Nocodazole and Taxol, a substantial portion of

cells were no longer able to remain blocked in mitosis. The reduction in cells
blocked in mitosis was again accompanied by an increase in cells with sub-G1
content (Fig. 5C right bottom panels and Fig. 5D), bottom graph). Together,
these results suggest that TSA abrogates the spindle checkpoint, resulting in
increased nuclear fragmentation.

Mitotic checkpoint abrogation results in decreased clonogenic survival.
The abrogation of the spindle checkpoint by brief TSA exposure led to
nuclear fragmentation in a proportion of cells. While it seemed highly
unlikely that any surviving cells would subsequently have a growth advantage,
we wished to formally test the long-term consequences of TSA treatment via
the colony survival assay. This assay is standard measure of clonogenic survival,
but also assesses the response of the entire population of treated cells. Brief
exposure to TSA resulted in slightly fewer colonies compared to mock treated
controls (Fig. 6A and C). Colony formation after brief treatment with TSA
or nocodazole alone was also fairly comparable (Fig. 6B and C). In contrast,
a considerably larger effect on clonogenic survival was noted when cells were
treated with TSA combined with nocodazole or Taxol. With combined treat-
ment each case resulted in substantially fewer colonies than either single
treatment (Fig. 6B and C). Together, these results are consistent with the
notion that by abrogating the mitotic spindle checkpoint invoked by noco-
dazole or Taxol, TSA induces rapid nuclear fragmentation and cell death,
and reducing the proportion of cells surviving to form colonies.

Mitotic Spindle Checkpoint Inactivation by Trichostatin A Defines a Mechanism for Increasing Cancer Cell Killing by Microtubule-Disrupting Agents

Figure 3. Mitotic spindle formation and centrosomal positioning after brief TSA treatment. (A) Synchronized Hela cells grown on coverslips were mock-treated
(left panels) or treated with TSA (right panels) as in Figure 2, fixed twelve hours after release, and stained for α-tubulin (top panels) to assess for the mitotic
spindle and DAPI (bottom panels) to visualize the chromosomes condensed in mitosis. Identical groups of cells are shown for each treatment group (e.g.,
the mock-treated cells stained for α-tubulin in the top panel are identical to the ones stained for DAPI in the third panel). The cells within the dashed box are
shown under higher power in the panel immediately below. While both mock- and TSA-treated cells show mitotic spindle formation, the chromosomes in
the TSA-treated cells are however frequently misaligned or have missegregated. (B) Cells prepared and treated as in (A). were stained for γ–tubulin to assess
for centromes and DAPI to visualize the chromosomes. Identical groups of cells are shown for each treatment group and the cells within the dashed box are
shown under higher power in the panel immediately below. Despite the missegregation of chromosomes frequently seen after TSA treatment, bipolar
centrosomes are readily detectable.
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DISCUSSION
The observations we report here extend evidence of the potential

therapeutic usefulness of the histone deacetylase inhibitors in a
number of novel ways. Through analysis of near-completely

synchronized cancer cells, we establish that exposure to TSA does
not prevent the cells from traversing interphase and entering mitosis,
and subsequently forming mitotic spindles and bipolar centrosomes.
However, TSA impairs the phosphorylation and kinetochore localiza-
tion of the mitotic checkpoint protein BubR1 and which likely

Mitotic Spindle Checkpoint Inactivation by Trichostatin A Defines a Mechanism for Increasing Cancer Cell Killing by Microtubule-Disrupting Agents

Figure 4. TSA treatment of synchronized cells impairs phosphorylation of histone H3 and BubR1 activity. (A) Hela cells prepared and treated as in Figure 3,
were fixed at ten hours after release (when cells have begun to enter mitosis) and stained for Ser-28 phosphorylated histone H3 (“Pi-Histone H3”, topmost
panels) or DAPI (second row of panels). Pi-histone H3 and DAPI staining in the top two panels are of identical cells. Arrowheads indicated mitotic cells, in
which chromatin has condensed. Inactivation of histone deacetylase with TSA does not impede chromatin condensation (as in Fig. 3), but inhibits phospho-
rylation of histone H3. Images shown of control and TSA-treated cells were captured with equal length of exposure time and are representative of at least
100 cells in each treatment group. Bar, 5 microns. (B) Cells prepared and treated as in (A), but stained for BubR1 (top and middle panels, “BUBR1”) and
chromatin (bottom panel, “DAPI”). The dashed areas in top panels are enlarged in the middle panels. Control cells show BubR1 localization at the paired
kinetochores in mitotic cells, while TSA-treated cells show diminished BubR1 localization. The kinetochore localization of BubR1 coincides with staining using
human anti-centromeric sera (results not shown). Images shown of control and TSA-treated cells were captured with equal length of exposure time and are
representative of at least 100 cells in each treatment group. Bar, 5 microns. (C) Hela cells were synchronized and treated with TSA (200 ng/ml) three hours
after release. Five or twelve hours after release, when the cells were in respectively interphase (“Interphase”) or mitosis (“Mitotic”), the cells were harvested
and cell extracts separated via SDS-PAGE, transferred to nitrocellulose, and probed for the proteins indicated. TSA in both interphase and mitotic cells led
to hyperacetylation of both histones H3 and H4. Mock-treated control cells showed robust expression of phospho-histone H3, but which was diminished in
TSA-treated cells. The slower migrating hyperphosphorylated form of BubR1 is seen in control but not in TSA-treated mitotic cells. Probing for α-tubulin and
total histone H3 served as loading controls for the immunoblots. In all plates, nocodazole was added seven hours after release from aphidicolin to in order
to prevent cells from traversing back to G1. (D) Phosphorylation of BubR1 during mitosis, and inhibition by TSA treatment. Hela cells were prepared and
treated as in (A), but harvested fifteen hours after release in the presence of nocodazole to trap cells in mitosis. Cell lysates were then mock- or treated with
protein phosphatase separation via SDS-PAGE, transfer to nitrocellulose, and probing for BubR1 or α-tubulin (as a loading control). Phosphatase results in
downshift to the slower migrating forms of BubR1, consistent with hyperphosphorylation during mitosis.
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contributes to abrogation of the mitotic spindle checkpoint. This in
turn sensitizes otherwise checkpoint-competent cancer cells to rapid
killing by microtubule-disrupting drugs. Finally, the rapid killing by
the combination of TSA and microtubule-disrupting drugs ultimately
results in decreased clonogenic survival. It may also be worth noting
that these effects were achieved with relatively brief exposure (i.e.,
< 10 hours) to drugs. As the HDAC inhibitors have typically been
administered in the clinic as bolus infusions, the exposure of tumor
to drug is likely also time-limited, perhaps increasing the clinical
relevance of our findings.

These results are in accord with previous reports that histone
deacetylase inhibition perturbs aspects of mitotic progression, but
do not exclude the possibility that HDI’s perturb other pathways as
well to bring about cell death. Cimini et al.24 found evidence from
cytological and fluorescent in situ hybridization (FISH) studies that
TSA led to impaired sister chromatid separation in normal human
fibroblasts,24 and which likely contributes to chromosomal misseg-
regation in the face of an inactivated mitotic checkpoint. Warrener
et al.25 found increased death in cells treated with the azelaic bishy-
droxamic acid (ABHA, an HDI unrelated to TSA), and especially
when administered concurrently with nocodazole, an indication that
other HDI’s may abrogate the mitotic spindle checkpoint to increase
cancer cell killing as well.25 Interestingly, in the same report it was
noted that a lower dose of ABHA (10 µg/mL vs 100 µg/mL) was
ineffective in bypassing nocodazole-induced arrest, but prolonged
mitotic transit time, an observation that we have also found true for
TSA (data not shown). It is possible that the dose-threshold for
mitotic checkpoint abrogation is due to the higher concentration of
HDI’s required to inhibit specific HDACs, such as HDAC4 or 5.18

Other reports have found prolonged mitotic arrest and chromosomal
instability, but this may be due to differences in dose or duration of
HDI treatment.47,48 Finally, it is worth emphasizing that these
results are pertinent for proliferating cells in which the mitotic spindle
checkpoint can be invoked. It is likely that HDIs have effects on
nonproliferating cancer cells as well,49 possibly through mechanisms
such as upregulation of proapoptotic pathways and/or receptors for
death-inducing ligands.50

What is the mechanism by which TSA mediates abrogation of the
mitotic spindle checkpoint? It is likely not solely related to alteration

of chromatin structure by TSA. TSA results in decondensation of
chromatin and opening of centromeric DNA at concentrations less
than 20 ng/ml,51 while we found abrogation of the spindle checkpoint
was diminished below 200 ng/ml (results not shown). A more
compelling hypothesis may be that TSA leads to displacement of
mitotic checkpoint proteins from the kinetochore, either due to
histone hyperacetylation, the alteration of centromeric DNA, or
inactivation of kinases active in mitosis such as the aurora B kinase.
Lack of BubR1 localization to kinetochores, such as that resulting
from RNA interference, spontaneously arising in certain cell lines, or
through targeted deletion has been associated with mitotic spindle
checkpoint inactivation and increased cell death.5,6,52,53 It is intriguing
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Figure 6. Brief TSA treatment leads to reduced clonogenic survival after
exposure to mitotic spindle-disrupting drugs. (A) Representative plates showing
colonies after mock treatment or treatment with TSA. Synchronized Hela cells
were mock-treated or treated with TSA three hours after release. Seventeen
hours later, all cells were washed, counted and replated into new plates with
fresh drug-free media to grow undisturbed for an additional 10 days. All
plates were then fixed, stained, and the colonies counted. All assays were
performed in triplicate and the results averaged. (B) Representative plates
showing colonies after brief treatment with TSA followed by mitotic spindle-
disrupting drugs. Synchronized cells were prepared as in (A), followed by
the addition of nocodazole or paclitaxel at seven hours and which was left
on until 20 hours after release, at which time the cells of each treatment
group were counted, replated into new plates with fresh drug-free media.
Plates were left to grow undisturbed, and then fixed, stained, and assessed
for colonies. All assays were performed in triplicate and the results averaged.
(C) Histograms showing colony survival after the various treatments
described in (A and B). Colony counts are expressed as a percentage
normalized to the control untreated cells, with error bars indicating standard
deviation.

Figure 5 (Previous page).Brief TSA treatment impairs the mitotic checkpoint
invoked by spindle-disrupting drugs. Hela cells were grown on coverslips,
synchronized, and three hours after release mock-treated or treated with
200 nM TSA. Either nocodazole (A) or paclitaxel (B) were then added seven
hours after release. All cells were then fixed at 12 hours after release and
stained for BubR1 (top panels, “BUBR1”), the centromere with human
anti-centromeric sera (panels second from the top, “ACA”), and chromatin
with DAPI (panels third from the top, “DAPI”). Control cells show BubR1
localization at the paired kinetochores in mitotic cells, in comparison to
diminished BubR1 localization TSA-treated cells. The kinetochore localization
of BubR1 coincides with the centromere, as indicated by the yellow areas
when the respective pseudo-colored staining for BubR1, ACA, and DAPI are
merged (bottom panels, “Merged”). Images shown of control and TSA-treated
cells were captured with equal length of exposure time and are representa-
tive of at least 100 cells in each treatment group. (C) Parallel plates of Hela
(top quartet of panels) or HT29 (bottom quartet of panels) cells were syn-
chronized and released, and mock-treated (left panels) or treated with TSA
(right panels) 3 hours after release, followed by either nocodazole or pacli-
taxel (“Taxol”). All cells were then harvested at 20 hours after release and
assessed for cell cycle distribution by FACS analysis. (D) Bar graphs showing
the cell-cycle distribution of cells in each treatment group in the histograms
shown in (C).
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to note that the effects of TSA described here are reminiscent of hes-
peradin or ZM447439, small molecule inhibitors of the aurora B
kinase which phosphorylates histone H3.34,35,54-56 Treatment of
cells with either agent led to reduced phosphorylation of histone H3
and BubR1 in mitotic cells, which in turn was associated with
reduced BubR1 localization to kinetochores as well as chromosome
missegregation and mitotic catastrophe that was accentuated with
spindle-disrupting agents. Finally, while all HDACs have the ability
in vitro to deacetylate core histones, in vivo substrates likely also
include nonhistone proteins, the deacetylation of which may be
impaired by TSA.57,58,59

In summary, these results we report here may have therapeutic
implications in the optimal use of HDAC inhibitors, especially were
they to be combine with microtubule-targeting chemotherapy. Our
findings may begin to provide a mechanistic understanding of how
HDIs enhances the efficacy of specific treatments, such the enhance-
ment by HDIs of paclitaxel-induced cell death in ovarian cancer
cell lines.32 The efficacy and safety of combined treatment with
microtubule-disrupting chemotherapy and HDAC inhibition will
ultimately require confirmation in animal studies and in clinical trials.
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