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Spindle poles are defined by centrosomes; therefore, an abnormal number or defective structural organization of
centrosomes can lead to loss of spindle bipolarity and genetic integrity. Previously, we showed that Tpr (translocated
promoter region), a component of the nuclear pore complex (NPC), interacts with Mad1 and dynein to promote proper
chromosome segregation during mitosis. Tpr also associates with p53 to induce autophagy. Here, we report that Tpr
depletion induces mitotic catastrophe and enhances the rate of tetraploidy and polyploidy. Mechanistically, Tpr
interacts, via its central domain, with Aurora A but not Aurora B kinase. In Tpr-depleted cells, the expression levels,
centrosomal localization and phosphorylation of Aurora A were all reduced. Surprisingly, an Aurora A inhibitor, Alisertib
(MLN8237), also disrupted centrosomal localization of Tpr and induced mitotic catastrophe and cell death in a time-
and dose-dependent manner. Strikingly, over-expression of Aurora A disrupted Tpr centrosomal localization only in
cells with supernumerary centrosomes but not in bipolar cells. Our results highlight the mutual regulation between Tpr
and Aurora A and further confirm the importance of nucleoporin function in spindle pole organization, bipolar spindle
assembly, and mitosis; functions that are beyond the conventional nucleocytoplasmic transport and NPC structural
roles of nucleoporins. Furthermore, the central coiled-coil domain of Tpr binds to and sequesters extra Aurora A to
safeguard bipolarity. This Tpr domain merits further investigation for its ability to inhibit Aurora kinase and as a

potential therapeutic agent in cancer treatment.

Introduction

The centrosome consists of a pair of centrioles surrounded by
pericentriolar material (PCM). It serves as a microtubule-orga-
nizing center and controls vital cellular processes, including cell
division and polarity. Numerical and/or structural abnormalities
of centrosomes are associated with carcinogenesis, aneuploidy,
cell cycle arrest, chromosomal instability and transformation,
apoptotic cell death, and ciliopathies and brain disease.! Nor-
mally, centrioles duplicate only once per cell cycle during inter-
phase, through a process that relies on several specific
centrosomal proteins with a sequential recruitment order.” After
nuclear envelope breakdown, and during mitosis, the size and
microtubule (MT)-nucleating capacity of centrosomes increase
dramatically as a result of PCM recruitment. More than 2 hun-
dred proteins are involved in centrosome assembly, organization,
and function while the PCM consists of y-tubulin and a number
of other proteins, many of which display coiled-coiled
domains.>* However, the molecular details of how these coiled-
coil proteins function in centrosome homeostasis are largely
unknown.

The nuclear pore complex (NPC) consists of hundreds of cop-
ies of 30 different proteins called nucleoporins and functions as
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the mediator of exchange between the nucleus and the cytoplasm
in eukaryotic cells.”® It is also involved in coordinating other
nuclear processes, such as transcription regulation, chromatin
silencing and DNA damage repair.7’8 Despite much progress, we
still do not possess a complete high-resolution structure for the
NPC. Furthermore, different NPC variants are suspected in dif-
ferent tissues and organisms and these have yet to be elucidated.”

The NPCs of vertebrate cells disassemble during prophase and
the nuclear pore proteins (nucleoporins) are delivered to the
mitotic cytoplasm. Accumulating evidence indicates that NPCs
have active mitotic functions.’ Recently, we and others have
shown that nucleoporins participate in spindle assembly, kineto-
chore organization, the spindle assembly checkpoint, centrosome
homeostasis, and cytokinesis, all of which are processes that con-
trol chromosome segregation and are important for maintenance
of genome integrity.®

The nucleoporin, Tpr (translocated promoter region), was ini-
tially identified as an oncogenic activator of the met and trk
proto-oncogenes.'*'? Tpr is a component of the NPC that local-
izes to intranuclear filaments or nuclear baskets.'*'* Mammalian
Tpr is a 267 kDa protein.'” It contains a ~1600-residue a-helical
coiled-coil multiple heptad repeat or leucine zipper motif N-ter-
minal domain, and a highly acidic, unstructured 800 amino acid
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carboxy terminus contains a nuclear localization sequence
(NLS). 81116

We have previously shown that Tpr and checkpoint protein
complexes (Mad1-Mad2) are transported poleward by dynein/
dynactin complex molecular motors and that depleting Tpr
causes a chromosome lagging phenotype.' In addition, Tpr is
suggested to spatially regulate Mad1/Mad2 proteostasis through
the SUMO-isopeptidases, SENP1 and SENP2.'” Tpr-Madl
might also provide a store of inhibitory signals that limits the
speed of subsequent mitosis.'®"”

However, Tpr is normally undetectable at kinetochores and is
mainly localized on mitotic spindles and in spindle pole regions
in mammalian cells."”'” Moreover, proteomic studies in human®
and Drosophila® identified Tpr peptides in centrosomes. The
mechanism of Tpr recruitment to spindle poles/centrosomes and
the functions of Tpr on centrosomes are largely unknown. Here,
we report the unexpected centrosomal roles of coiled-coil protein,
Tpr, and Aurora A kinase. Our findings identify a novel regulator
of centrosome maturation, and also highlight a therapeutic strat-
egy for killing tumor cells that over-express Aurora A kinase and
that have high levels of Aurora A phosphorylation via Tpr. Our
data suggest that a reduction in the level of normal Tpr at the
NPC may lead to chromosomal instability*' and contribute con-
siderably to the mechanism of tumorigenesis. Thus Tpr is a novel
target for therapeutic intervention during tumor progression.

Results

Tpr depletion leads to mitotic catastrophe and enhances
polyploidy cell formation

Previously, we observed chromosome lagging during cell cycle
progression in Hela cells stably expressing H2B-GFP and trans-
fected with siRNA against Tpr.'"” To determine whether or not
lagged chromosomes caused by Tpr depletion would return to
the main chromatids in late anaphase and telophase, we first
monitored knock-down efficiencies by comparing immunoblots
of lysates obtained from Tpr-specific siRNA-transfected cells
with lysates from scrambled siRNA-transfected controls. We
observed an approximate 90-95% decrease in Tpr levels in
knock-down cells compared with controls (Fig. 1A). We next
assessed the subcellular localization of chromosomes (using
DAPI to stain DNA) during telophase and cytokinesis after Tpr
depletion. Consistent with previous reports,'>** more than 50%
of Tpr-depleted cells in mitosis contained errors in chromosome
segregation, and 34% of these cells had lagging chromosomes,
whereas these defects were not found in control siRNA cells
(n=200 mitotic cells) (Fig. 1B). Specifically, we found that Tpr
depletion-induced lagging chromosomes remained lagging even
after cytokinesis (Plk1 was used as a cytokinesis marker) and that
the percentage of multinucleated and micronucleated cells
increased dramatically. A marked increase in polyploid cells
(approximately 21%, n=200 mitotic cells) was also observed
(Fig. 1C), whereas only approximately 2% of control cells
showed polyploidy. These observations suggested that lagging
chromosomes caused by Tpr depletion enhanced polyploid cell

1448

Cell Cycle

formation and that modulation of Tpr might cause irreversible
mitotic catastrophe.

Next, to further characterize the effects of Tpr depletion on
cell cycle distribution, Tpr siRNA-treated and control cells were
incubated for 4 days and their DNA content was then analyzed
by flow cytometry. We noted that mock siRNA transfection did
not affect the cell cycle of HeLa cells compared with untreated
HeLa cells (Fig. 1D and E). Conversely, Tpr depletion caused a
significant increase in the proportion of G2/M cells and reduced
the number of G1 cells when compared with control cells
(Fig. 1E). We also observed a 1.5-fold increase in 6N-8N cells
(polyploidy, **p < 0.005) in Tpr-depleted cells compared with
controls (Fig. 1E, G2/M is indicated as *p < 0.05). Moreover,
to determine whether the observed Tpr depletion mitotic catas-
trophe phenotypes are different manifestations of the same defect
or whether mitotic roles of Tpr can be uncoupled, we employed
a rescue strategy by over-expressing siRNA-resistant GFP-Tpr
(full-length) in Tpr knockdown cells. The mitotic catastrophe
phenotype was partially rescued (Fig. 1E, rescue of 6N-8N cells
is indicated as **p < 0.005). These data suggest that Tpr deple-
tion induced mitotic catastrophe, impaired chromosome align-
ment and caused G2/M phase arrested and polyploidy
formation, indicating a crucial role for Tpr in faithful cell cycle
progression.

Tpr interacts with aurora a during cell division

Recently, we found that Tpr depletion increased nuclear accu-
mulation of the tumor suppressor p53 and facilitated autoph-
agy.”> To examine whether Tpr depletion affected the behavior
of p53 during mitosis, we analyzed mitotic chromosome mor-
phology and centrosome localization in synchronously growing
cells that received either Tpr-specific siRNAs or control siRNA.
In Tpr-depleted cells, chromosome lagging and “bending”
defects were often found and, more importantly, p53 was mislo-
calized from centrosomes, as assessed by p53 immunostaining
(Fig. S1). This indicated that knock-down of Tpr also impaired
the centrosomal localization of p53 and enhanced polyploidy. It
is nevertheless reasonable to speculate that there may be other
proteins involved in regulating the centrosomal role of Tpr-p53
during mitosis to prevent irreversible mitotic catastrophe and
polyploidy formation.

Our next focus was to identify the molecular mechanism
underlying p53 mislocalization at the spindle pole regions and
polyploidy formation after Tpr reduction. p53 regulates several
mitotic kinases at centrosomes. One of these is Aurora A kinase,
which has similar physiological and functional characteristics at
spindle poles compared with those of Tpr. To assess whether Tpr
was associated with Aurora A in mitosis, Hela cells were syn-
chronized by a double thymidine block, and immunoprecipita-
tions were performed. Endogenous Aurora A but not Aurora B
was present in the anti-Tpr immunoprecipitates, indicating that
Tpr binds Aurora A in vivo (Fig. 2A). Conversely, using anti-
Aurora A antibodies, we immunoprecipitated Tpr, but not other
nucleoporins, such as Nup62 (Fig. 2B). Consistent with the
immunoprecipitation data, we found that Tpr co-localized tran-
siently with Aurora A at the spindle pole region (Fig. 2C), from
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metaphase to anaphase. To
examine more closely the bind-
ing of Tpr to Aurora A, and to
biochemically map the region
of Tpr that interacts with
Aurora A, we expressed 3
cDNA fragments covering the
entire length of Tpr [named
Tpr-N (1-774 aa), Tpr-M
(775-1700 aa), and Tpr-C
(1701-2351 aa2)]" in a cell-
free reticulocyte translation sys-
tem. Then, we performed Ni-
NTA pulldown assays. Only
the in vitro translated Tpr-M
(775-1700 aa) fragment exhib-
ited binding activity to recom-
binant His-Aurora A
(Fig. 2D). These data suggest
that a population of Aurora A
directly interacted and co-local-
ized with the large internal
coiled-coil domain in Tpr-M
in a transient manner at the
metaphase—anaphase transition
during mitosis.

Tpr depletion alters aurora
a centrosome localization,
reduces aurora a
phosphorylation and induces
chromosome lagging or other
segregation defects

The above observations led
us to surmise that Tpr and
Aurora A contribute to spindle
pole/centrosome assembly dur-
ing mitosis. Therefore, we con-
firmed the Tpr mitotic
topography with respect to the
spindle pole/centrosomal appa-
ratus. We used specific anti-
bodies against Tpr and
vy-tubulin (centrosome marker)
to examine their localizations
at different stages of the cell
cycle. Confocal microscopy of
Hela cells indicated a co-local-
ization of Tpr and y-tubulin in
centrosomes (Fig. §2). Next,
whether
increased levels of Tpr or Tpr

we determined

fragments could alter Aurora A
spindle or centrosomal localiza-
tion. Full-length Tpr tagged
with GFP or Tpr-N, Tpr-M or
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Figure 1. Tpr depletion induces mitotic catastrophe and enhances polyploidy. (A) HeLa cells were transfected
with control siRNA or siRNA specific for Tpr (Tpr RNAI). Seventy-two hours post transfection, lysates of Tpr RNAi
or control siRNA cells were analyzed by immunoblotting with the antibodies specific for Tpr (mouse anti-Tpr,
sc-101294, from Santa Cruz Biotechnology); Plk1 (mouse anti-Plk1, sc-17783, from Santa Cruz Biotechnology)
and Bub3 (mouse anti-Bub3, 611731, from BD Transduction Laboratories). The same membrane was stripped
and re-probed with anti-a-tubulin [mouse a-tubulin (DM1A)T9026 from Sigma-Aldrich] (as loading control).
Numbers indicate molecular mass markers in kilodaltons. (B) Confocal images of mitotic HelLa cells transfected
with control or Tpr siRNA and analyzed 72 h post-transfection. Cells were analyzed by immunofluorescence
using antibodies against Tpr (rabbit anti-Tpr, sc-67116, from Santa Cruz Biotechnology). Goat anti-mouse Alexa
Fluor-488 or rabbit Rhodamine were used as secondary antibodies. DNA was counterstained using DAPI. (C)
Hela cells transfected with control or Tpr siRNA and analyzed 72 h post-transfection. Confocal images of
multi-nuclei and polyploid cells that were often found after Tpr depletion, but not in control cells. Cells were
stained and were analyzed by immunofluorescence using antibodies against Plk1 (mouse anti-Plk1, sc-17783,
from Santa Cruz Biotechnology) (a telophase/cytokinesis marker) and Tpr (rabbit anti-Tpr, sc-67116, from Santa
Cruz Biotechnology). Goat anti-mouse Alexa Fluor-488 or rabbit Rhodamine were used as secondary antibod-
ies. DNA was counterstained using DAPI. White arrow heads indicate lagging chromosomes. (D) Ninety-
six hours post-transfection with control or Tpr siRNAs, the cell-cycle profiles of HelLa cells were examined by
flow cytometry. A control siRNA profile is shown (top, left). (E) Percentage of cells in cell-cycle phases after
flow cytometry analysis. Asterisks indicate significant p values (*p < 0.05 or **p < 0.005).
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Figure 2. Tpr interacts with Aurora A during
mitosis. (A) Immunoprecipitation of mitotic
HelLa cell extracts incubated with anti-Tpr
(mouse anti-Tpr, sc-101294 from Santa Cruz
Biotechnology) or non-specific rabbit antibod-
ies (IgG) (#2729; Cell Signaling Technology)
were analyzed by immunoblotting with anti-
Aurora-A (IAK1 610939 from BD Transduction
Laboratories), anti-Aurora-B (ab2254, from
Abcam), anti-Nup62 (m414, MMS-120R from
COVANCE) and anti-Tpr (sc-101294 from Santa
Cruz Biotechnology) antibodies. Numbers indi-
cate molecular mass markers in kilodaltons. (B)
Immunoprecipitates of mitotic Hela cell
extracts incubated with anti-Aurora A (IAK1
610939 from BD Transduction Laboratories) or
non-specific rabbit antibodies (IgG) (#2729;
Cell Signaling Technology) were analyzed by
immunoblotting with the indicated antibodies
(refer to Fig. 2A). (€) Co-immunostaining of
Tpr and Aurora A in the cell cycle. Confocal
images of Hela cells at different mitotic stages,
stained with anti-Aurora A (green) antibody
and anti-Tpr (red; this antibody gives strong
spindle signals in metaphase). Goat anti-mouse
Alexa Fluor-488 or rabbit Rhodamine were
used as secondary antibodies. Chromatin was
stained with DAPI (blue). Data correspond to
the sum of 3 independent experiments. (D)
Aurora A is directly pulled-down by the Tpr-M
domain in vitro. Tpr fragments were expressed
in vitro, affinity-purified together with 6xHis-
Aurora A, and separated by SDS-PAGE. Tpr
fragments were prepared using the TNT Quick-
Coupled  Transcription/translation  system
(Promega) together with TranscendTM Biotin-
Lysyl-tRNA (Promega). Asterisks indicate Tpr
fragment (N, M and C) respectively. Streptavi-
din horseradish peroxidase (HRP) (1:4,000) was
used for detection. Tpr fragments were
untagged. Numbers indicate molecular mass
markers in kilodaltons.

centrosome and no obvious mitotic abnor-
malities were found (Fig. S3). The above
results prompted us to test the consequen-
ces of Tpr depletion on Aurora A and p-
Aurora A (Aurora A phosphorylation).
Notably, we found that levels of Aurora A
and p-Aurora A protein were significantly
reduced in  Tpr-depleted  samples
(Fig. 3A). Furthermore, compared with
the staining pattern in control siRNA cells,
down-regulation of Tpr also induced
Aurora A and p-Aurora A to diffuse from
the centrosome region and caused a
marked ~25% increase in chromosome
segregation defects (Fig. 3B and C; n=200

mitotic cells) and supernumerary centro-

somes (co-staining with <y-tubulin as centrosome marker)
(Fig. 3D and E). Meanwhile, we also observed that in
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approximately 8% of Tpr-depleted cells, Aurora A was still local-
ized on the centrosome. However, in these cells another interest-
ing chromosome defect phenotype of relatively long chromatin
fibers was observed (Fig. S4, n = 200 mitotic cells).

Aurora a inhibitor, alisertib (MLN8237), disrupts Tpr
spindle pole localization and induces chromosome defects and
multi-nuclei formation

We sought to evaluate Alisertib for its ability to alter Tpr pro-
tein levels and function. Consistent with recent reports,”*%° we
found that exposure of Hela cells to Alisertib (10-1000 nM)
induced G2/M cell cycle arrest and cell death (sub-G1 phase) in
a dose- and time-dependent manner (Fig. 4A and B). In addi-
tion, cells treated at 100nM concentration displayed mitotic
spindle abnormalities and chromosome misalignment, pheno-
types that were previously described to be associated with Aurora
A inhibition in HCT116 colorectal carcinoma cells.* At a higher
concentration (1 pM), cells often underwent a repeated round of
DNA synthesis, suggesting that Alisertib could also induce multi-
nucleated cells and failure of cytokinesis. Hence, we decided to
observe the effect of Alisertib on Tpr nuclear rim morphology in
Hela cells (Fig. 4C). Following treatment with Alisertib, we
observed a concentration-dependent reduction in Aurora A
T288 phosphorylation, validating that Alisertib was effective at
inhibiting Aurora A kinase activity, while levels of total Tpr sig-
nal were also reduced (Fig. 4D-E). Notably, we found that Tpr
was not bound to the spindle or spindle poles, in contrast to con-
trol cells®” (Fig. 4F). These data demonstrated that Alisertib
increased chromosomal segregation defects and caused unusually
large nuclei and multinucleated cells (Fig. 4D-F). Strikingly, we
found that Alisertib also caused Tpr to diffuse from spindle pole
regions. These data also indicated that Tpr reduction induced
mitotic and centrosomal aberration and enhanced chromosomal
instability, which may lead to increased rates of mutation or
chromosomal translocation during early phases of tumor
development.

Overexpression of aurora a disrupted tpr spindle pole/
centrosomal localization and enhanced multiple centrosome
formation

Over-expression of Aurora A has been shown to induce geno-
mic instability and tumorigenesis, while Aurora A is up-regulated
in several human cancers and is correlated with poor prognosis.”®
To test whether overexpression of Aurora A has any effect on the
stability of endogenous Tpr, Hela cells were transfected with
Flag-tagged Aurora A and Tpr stability was investigated. The
expression of endogenous Tpr or other nuclear pore proteins
(nuclear pore marker, m414) was not affected by the over-expres-
sion of Aurora A, confirming the western blot analysis data
(Fig. 5A). Consistently, we found that ~25% of transfected cells
had multipolar centrosomes (n = 200 mitotic cells). Next, we
examined the subcellular distribution of Tpr in mitotic cells over-
expressing Aurora A. Double staining with Tpr or m414 showed
that over-expressed Aurora A had litde, if any, effect on nuclear
rim staining, which retained its usual punctuate distribution (data
not shown). We noticed, however, that Tpr was localized to the
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spindle pole/centrosome in non-Aurora A transfected mitotic cells.
Interestingly, closer observation showed that Tpr localization was
abolished from spindle pole regions, and chromosome separation
defects were found only in mitotic cells over-expressing Aurora A
and that these cells often contained supernumerary centrosomes
(Fig. 5B); co-staining with vy-tubulin as centrosome marker
(Fig. 5C). These data indicate that overexpressed Aurora A altered
Tpr spindle pole/centrosomal localization.

Aurora-a overexpression-induced supernumerary
centrosomes were rescued by co-transfection of the tpr-M
domain

Because we determined that Aurora A interacts with the Tpr-M
domain (Fig. 2), we considered that Tpr might be a target of
Aurora A kinase activity. If this hypothesis is correct, over-expres-
sion of GFP-Tpr-M (775-1700 aa) would mimic the Aurora A
reduction phenotype through sequestration of endogenous Aurora
A, and might partially rescue the supernumerary centrosome phe-
notype induced by overexpression of Aurora A. Therefore, we next
examined the effect of expressing Tpr-M in HeLa cells to challenge
our hypothesis further. Consistent with our prediction, all co-
transfected GFP-M and FLAG-Aurora A cells were bipolar (n =
42 cells). In addition, we found that cells co-transfected with Tpr-
M and Aurora A had much stronger staining at the spindle pole
(Fig. 5D). A highly plausible interpretation of these results is that
Tpr-M binds to and sequesters endogenous and exogenous Aurora
A. This action is analogous to that of the Aurora A inhibitor.

Discussion

Nucleoporins, once thought to be exclusively structural com-
ponents of the nuclear pore with roles only in nuclear

Figure 3 (See previous page). Tpr depletion alters Aurora A centrosome
localization, reduces Aurora A phosphorylation and induces chromo-
some lagging or other segregation defects HelLa cells were transfected
with control siRNA or Tpr siRNAs. Seventy-two hours after transfection,
lysates were analyzed by immunoblotting with the indicated antibodies
(see Fig. 2A or materials and methods for antibody details). The same
membrane was stripped and re-probed with anti-a-tubulin (as loading
control). Two non-specific bands (~70 KpA) are included to demonstrate
equal loading as internal control (Right panel). Numbers indicate molec-
ular mass markers in kilodaltons. (B and C) Confocal images of mitotic
Hela cells transfected with control or Tpr siRNA and analyzed 72 h post-
transfection. Cells were analyzed by immunofluorescence using antibod-
ies against (B) anti-Aurora A (IAK1 610939 from BD Transduction Labora-
tories) and Tpr (rabbit anti-Tpr, sc-67116, from Santa Cruz
Biotechnology); (C) anti-Phospho-Aurora A (Thr 288) (#3079, from Cell
Signaling Technology) and Tpr (mouse anti-Tpr, sc-101294, from Santa
Cruz Biotechnology). Goat anti-mouse Alexa Fluor-488 or rabbit Rhoda-
mine were used as secondary antibodies. DNA was counterstained using
DAPI. D-E) Confocal images of mitotic HeLa cells transfected with control
or Tpr siRNA and analyzed 72 h post-transfection. Cells were analyzed by
immunofluorescence using antibodies against (D) anti-Aurora A and
y-tubulin (T6557 from Sigma-Aldrich); (E) anti- Aurora A phosphorylation
(pT288) and +-tubulin (T6557 from Sigma-Aldrich). Goat anti-mouse
Alexa Fluor-488 or rabbit Rhodamine were used as secondary antibodies.
DNA was counterstained using DAPI.
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transportation, are emerging as regulators of diverse cellular func-
tions. We and others have demonstrated that a number of nuclear
pore proteins (Nups) play active roles during mitosis.”'**’
Recently, we showed that several nucleoporins are involved in
mitotic spindle, kinetochore and centrosome homeostasis during
mitosis.>*4

In the present study, we demonstrate a novel centrosomal role
for the coiled-coil nucleoporin, Tpr, which regulates Aurora A
both spatially and temporally. We propose that Tpr plays an
important role in coordinating the centrosome localization of
Aurora A and the Aurora A phosphorylation process during
mitosis (Fig. 6).

Previously, we have shown that Tpr associates with the molec-
ular motors, dynein and dynactin, both of which orchestrate the
spindle checkpoint proteins, Madl and Mad2, during cell divi-
sion.'® Over-expression of Tpr enhanced multinucleated cell for-
mation,'® while in Tpr-depleted cells, the levels of p53 and p21
proteins were enhanced. Tpr downregulation also increased p53

3 Here we

nuclear accumulation and facilitated autophagy.”
report an additional mitotic spindle pole/centrosome role for
Tpr during the metaphase-to-anaphase transition. Our data also
indicate the potential of Tpr as an anticancer agent via its inhibi-
tion of Aurora A kinase.

In this study, we first showed that down-regulation of Tpr
caused lagging chromosomes and tetraploidy and polyploidy.
We also investigated the effect of Tpr depletion on cell cycle pro-
gression. Tpr depletion enhanced G2 arrest and 6N/8N in Hela
cells (Fig. 1). Recent studies have suggested that mitotic catastro-
phe is a type of cell death that results from abnormal mitosis, and
usually culminates in the formation of large aneuploid cells with
multinucleation.*’ Typical features of irreversible mitotic catas-
trophe include cell ‘blebbing,” formation of micronuclei, and
chromosome fragmentation.*> Our observations indicate that
lagging chromosomes caused by Tpr depletion enhanced poly-
ploid cell formation causing irreversible mitotic catastrophe.
However, Tpr depletion also affects sumoylation,*® which plays
an important role in polyploidy formation.*** We could not
rule out the possibility that other pathways might also interact
with Tpr in polyploidy formation. Further studies are necessary
to clarify any other molecular events that are critical for Tpr func-
tion in cell cycle progression.

Recently, we and others found that in Tpr-depleted cells, the
levels of p53 and p21 proteins were enhanced.”>** Furthermore,
Tpr depletion increased p53 nuclear accumulation and facilitated
autophagy.”® Here we found that Tpr depletion also altered p53
centrosomal localization during mitosis (Fig. S1). Notably,
Aurora A interacts with and phosphorylates p53 at Ser215 and
Ser315 and down-regulates its transactivation activity and pro-
tein stability.*>*” Aurora A inhibition in cells lacking or with
mutant p53 induced polyploidization*® and Aurora A malfunc-
tion also led to tetraploid and polyploid cells.*’ Moreover,
Aurora A inhibition also induced autophagy.*

The Aurora kinases comprise a family of serine/threonine kin-
ases that play an essential role in cell-cycle progression, most
notably during G2 and M phases. Three human homologs,
Aurora kinase A, B, and C, have been characterized and maintain
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dle pole localization. (A) Hela cells were treated with MLN8237 for 24 and 48 h and cell-cycle progression was analyzed by flow cytometry. MLN8237
treatment (as indicated with various concentrations) induces G2-M arrest and polyploidy. (B) Percentage of G1, G2/M, S, and Sub-G1 cells were calcu-
lated based on the results shown in (A). Asterisks indicates significant p values (*p < 0.05 or **p < 0.005). (C) Schedule of fixing or collecting mitotic
Hela cells after MLN8237 treatment. (D-F) Confocal images of MLN8237-treated Hela cells, stained with pT288 (Aurora phosphorylation) (green) and Tpr
(red) at the indicated concentrations. (D) 24 h and (E) 48 h after treatment. (F) White arrows indicate Tpr spindle pole localization disruption in the spin-
dle pole/centrosomal areas in the observed cells. (Refer to materials and methods for antibody details). White arrow heads indicate Tpr diffusing from
spindle poles/centrosome regions and white arrows indicate normal centrosome area.

www.tandfonline.com Cell Cycle 1453



A FLAG FLAG
v . @
(}9‘ \o"b @6@ &0
& =)
358 g

214 P
153~ —

<«FLAG(-Aurora A)
<Aurora A
== ==] o-Tubulin

98w

p-Aurora A
-~

-
FLAG-Aurora A

FLAG-Aurora A

p-Aurora A

D DAPI

Merge

C DAPI yv-Tubulin

FLAG-Aurora A

FLAG-Vector
FLAG-Aurora A
FLAG-Vector

FLAG-Aurora A

GFP

GFP
Vector

Tpr-M

FLAG-Aurora A

Figure 5. Overexpression of Aurora A-enhanced multiple centrosome formation by disrupting Tpr spindle pole/centrosomal localization. Bipolarity was
restored by co-transfection of the Tpr-M domain. (A) Hela cells transfected with FLAG-vector or FLAG-Aurora A expression plasmid were analyzed by
immunoblotting for FLAG (mouse anti-FLAG, F1804 from Sigma-Aldrich), Aurora A (IAK1 610939 from BD Transduction Laboratories), Tpr (mouse anti-
Tpr, sc-101294, from Santa Cruz Biotechnology) and nuclear pore marker, m414 (MMS-120R from COVANCE). Numbers indicate molecular mass markers
in kilodaltons. (B and C) Confocal images of FLAG-Aurora A expressing Hela cells, stained with FLAG or pT288 (for Aurora phosphorylation, green) and
Tpr (red) (B); Anti-Phospho-Aurora A (Thr 288) and y-tubulin (C). Goat anti-mouse Alexa Fluor-488 or rabbit Rhodamine were used as secondary antibod-
ies. DNA was counterstained using DAPI. White arrow heads indicate normal bipolar cells and white arrows indicate Tpr diffused from centrosome areas
only in cells with multiple centrosomes. (D) Bipolarity of FLAG-Aurora A expressing cells was restored by co-transfection of GFP-Tpr-M. Confocal images
of Hela cells co-transfected with GFP or GFP-Tpr-M and FLAG-vector or FLAG-Aurora A, stained with FLAG (red) or GFP (green).

discrete functions within the cell cycle. Aurora A shares substan-
tial structural and sequence similarity with Aurora B, even
though these proteins have distinct mitotic functions and distinct
subcellular localizations. These differences in both function and
localization are attributed in part to the association of each kinase
with a unique group of cofactor proteins.”">* Aurora A accumu-
lates at the centrosome/spindle pole regions throughout mitosis
and is also localized along spindle MTs. These physiological and
functional characteristics are similar to those of Tpr; therefore,
we next elucidated the relationship between Tpr and Aurora dur-
ing mitosis. We found that Aurora A directly interacted and co-
localized with the large internal coiled-coil domain in Tpr-M at
the metaphase—anaphase transition (Fig. 2).

Consistent with this finding, we also observed a correlation
between the levels of Aurora A phosphorylation and Tpr
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depletion. We found that levels of Aurora A and p-Aurora A pro-
tein were reduced after Tpr downregulation. We also found that
Tpr depletion caused Aurora A and p-Aurora A to diffuse from
the spindle pole region and to cause a marked increase in chro-
mosome segregation defects (Fig. 3).

Aurora kinases have central roles in mitosis and are frequently
over-expressed in many types of tumor. They are believed to be
important anti-cancer drug targets. A number of small-molecule
Aurora kinase inhibitors have been developed over recent years
and more than 20 compounds are currently under development
or in clinical trials.*>*'>* Phosphorylation at Thr-288 within
the activation loop (A-loop) of Aurora A is necessary for its kinase
activity.”® Recent studies show that MLN8237 (also called Aliser-
tib) selectively inhibits Aurora A and it is undergoing clinical tri-
als for anti-cancer therapies.”*® Polyploidy induced by Aurora
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kinase inhibitors is associated with compromised p53-dependent
post-mitotic checkpoint function.”> Consistent with this, we
found that Alisertib or Tpr inhibition causes the development of
extra centrosomes, chromosome segregation defects that increase
over time, cell cycle arrest, and enhanced and multinucleated cell
formation (Fig. 4). Remarkably, we showed that Alisertib also
caused Tpr to diffuse from spindle pole regions. These data also
indicate that Tpr reduction prompts mitotic and centrosomal
aberration, increasing chromosomal instability. This potentially
increases the risk of mutation or chromosomal translocation dur-
ing early phases of cancer development.

Finally, we also show that the Tpr M domain binds to and
sequesters endogenous and exogenous Aurora A and causes a
reduction in the level and phosphorylation of Aurora A. This
action is analogous to that of the Aurora A inhibitor (Fig. 5). We
suggest focusing on the Tpr M (775-1700 aa) fragment as a phar-
maceutical target that might function in a similar way to the
Aurora A specific inhibitor, Alisertib. Our preliminary data indi-
cate that Tpr-M, when simply overexpressed, did not induce any
visible chromosomal instability.
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Is there any clinical evidence relating to Tpr down-regulation
and Aurora A overexpression? Colorectal cancer (CRC) is a
prime example of a tumor exhibiting chromosomal instability,
which is thought to contribute to carcinogenesis, cancer progres-
sion and therapy resistance.”">® Over-expression of Aurora A is
often detected in human CRC cancer cells.”” Remarkably, when
6 different human colorectal cancer tumors were examined, Tpr
expression levels were found to be decreased by 4- to 5-fold in all
patients.””®

It is obviously naive to think one can simply over-express Tpr
to inhibit Aurora A and Aurora A phosphorylation without caus-
ing significant side effects because Tpr has other important roles
in nucleocytoplasmic transport, nuclear pore structure and spin-
dle-check point regulation. Moreover, we found that Tpr deple-
tion increased p53 nuclear accumulation and facilitated
autophagy.”” Excitingly, p53 inhibited both Mad2 and Aurora A
Understanding Tpr-Mad1/2 or Tpr-Aurora A
together with mitotic p53 may lead to improvements in the ratio-

in mitosis.”’

nal development of targeted cancer therapies. Our data also raise
the interesting idea that Tpr itself may function as a suppressor
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in carcinogenesis. Our work points to Tpr as a potential inhibitor
of Aurora kinase, and is of great interest for its therapeutic poten-

tial (Fig. 6).

Materials and Methods

Plasmids

The full-length Aurora A coding region was PCR-amplified
from pCMV-SPORT6-Aurora A (a kind gift from Dr. Golemis,
Fox Chase Cancer Center, USA) and subcloned into pCMV-
3xFLAG and pET28a. The full-length Tpr, and the 3 plasmids
encoding Tpr fragments (N, M and C) were described previ-
ously."® All constructs were confirmed by DNA sequencing.

Mammalian Cell Culture, Transfections, RNA
Interference and Drug Treatments

HeLa cells were obtained from the American Type Culture
Collection (ATCC), and were propagated in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (Life Technologies) and 50 U/ml penicillin-
streptomycin (Nacalai Tesque). Cells were cultured in 5% CO,
in a humidified incubator at 37°C. HeLa cells were synchronized
in S phase by the double thymidine block using 2mM
thymidine. '’

For inhibitor treatment, cells were treated with Alisertib (Sell-
eck Chemicals) at the indicated final concentration. For transfec-
tion, cells were plated onto 12-well tissue culture plates at a
density of ~10° cells per well. The next day, cells were transfected
with DNA constructs (GFP-Tpr-fragment or FLAG-Aurora A
plasmids) using Lipofectamine 2000 (Life Technologies) follow-
ing the manufacturers’ protocol. Generally, 2 pug of DNA was
used for every transfection. After 6 h, the media was changed to
fresh growth media as indicated above. For siRNA transfections,
siRNA duplexes targeting Tpr (sc-45343) and control siRNA
(sc-37007) were purchased from Santa Cruz Biotechnology.
HeLa cells were plated onto 12- or 6-well tissue culture plates at
a density of 10° cells per well. The following day, cells were trans-
fected with 250 pmol siRNA using Lipofectamine 2000, follow-
ing the manufacturer’s protocol (Life Technologies). HeLa cells
were imaged 72 h after transfection. If necessary, transfection
efficiency was monitored with Block-iT (Invitrogen).

Antibodies, Inmunocytochemistry and Confocal
Microscopy

Anti-Tpr rabbit polyclonal antibody for confocal microscopy
was a kind gift from Dr. Larry Gerace (The Scripps Research Insti-
tute). Anti-Tpr (sc-101294) antibody (for immunoblotting) and
anti-Plk1 (sc-17783) and anti-Tpr (sc-67116) antibodies (for
immunoprecipitation) were from Santa Cruz Biotechnology. Anti-
GFP antibody (A-6455) was from Life Technologies. Anti-Aurora
B (ab2254) antibody was from Abcam. Anti-phospho-Aurora A
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(Thr288) (#3079S) antibody was from Cell Signaling. Anti-
a-tubulin (DM1A) and anti-FLAG (F3165) antibodies were from
Sigma-Aldrich. Anti-Bub3 (611731) and anti-Aurora A (IAK1
610939) antibodies were from BD Transduction Laboratories.
Anti-mAb414 (MMS-120R) antibody was from COVANCE.
Anti-6xHis antibody was from Qiagen. Anti-p53 (DO-7) antibody
was from Dako. Secondary antibodies (Alexa Fluor or Rhodamine)
were from Molecular Probes (Life Technologies).

For microscopy, synchronized Hela cells were washed in
phosphate-buffered saline (PBS) and fixed for 10 min in 4%
paraformaldehyde in PBS. Cells were then washed 3 times with
PBS and permeabilized with 0.3% Triton X-100 in PBS for
10 min at room temperature. Coverslips were incubated with
indicated primary antibody for 2 h. Coverslips were washed
3 times and incubated with Alexa Fluor-conjugated secondary
antibody (Life Technologies) for 2 h. After three washes, samples
were then mounted onto coverslips using Pro-Long Gold Anti-
fade reagent (Life Technologies) and were examined on a LSM5
EXCITER confocal microscope with 4 laser beams (Carl Zeiss
Microscopy), and all images were acquired using a plan-Apochro-
mat from Carl Zeiss Microscopy at x 63 with a 1.4-N.A. objec-
tive equipped with ZEN Imaging software (Zeiss).'°

Immunoprecipitation

The immunoprecipitation procedures were described previ-
ously.'®?%3! Briefly, mitotic Hela cells were harvested, washed
with PBS, spun at 400 x g for 10 min and lysed in 1 ml of cold
lysis buffer [50 mM Tris-HCI (pH 7.2), 250 mM NaCl, 0.1%
Nonidet P-40, 2 mM EDTA, 10% glycerol] containing 1 x pro-
tease inhibitor mixture (Roche-Diagnostics) and 1 mM phenyl-
methylsulfonyl fluoride. The lysates were centrifuged for 30 min
at 4°C at 14000 x g. The resulting supernatants were pre-
cleared with 50 wl protein A/G bead slurry (Santa Cruz Biotech-
nology), mixed with 10 pl of various antibodies as specified and
incubated for 2 h at 4°C with rocking. The beads were then
washed 5 times with 500 pl of lysis buffer. After the last wash,
50 pl 1 x sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) blue loading buffer (New England Biolabs)
was added to the bead pellet before loading, the samples were
separated by PAGE and electro-blotted to PVDF membranes
(GE Healthcare). The membrane was probed with indicated
antibodies. Signals were detected with an enhanced chemilumi-
nescence system (GE Healthcare) and quantified using an LAS-
4000 image analyzer (Fujifilm) according to the manufacturer’s
specifications.

Cell Cycle Profile Analysis
The FACS procedures used were described prc:viously.lo’30’31
Briefly, HeLa cells transfected with siRNA were trypsinized,
washed twice with PBS and fixed in 70% ethanol at —20°C over-
night. The fixed cells were resuspended in PBS containing
50 pg/ml RNase A (Nacalai Tesque) and 50 pg/ml PI (Sigma-
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Aldrich). Cellular DNA content was analyzed using a FACS-
Canto II (BD Biosciences) with FACS Diva software (BD
Biosciences).

Expression of Recombinant His-Aurora A Proteins

Protein expression and affinity chromatography were per-
formed as previously described.?>?" Briefly, to express 6 x His-
tagged Aurora A in E. coli BL21(DE3) Codon Plus (Agilent
Technologies), cells were grown at 37°C to an absorbance at
600 nm (Aggp) of 0.6 and induced with 0.5 mM isopropyl-p-D-
thiogalactopyranoside (IPTG) at 18°C overnight. The cells were
harvested by centrifugation and lysed in buffer containing
50 mM Tris-HCl (pH 7.7), 150 mM KCI, 0.1% Triton-X100
and Complete EDTA-free protease inhibitor mixture tablets
(Roche). The cells were lysed using a cell sonicator (SMT), and
the lysate was clarified by centrifugation at 15 000 x g for
60 min. Aurora A proteins containing the 6 x His tag were puri-
fied by nickel-affinity chromatography (Qiagen) and stored at
—80°C.

In vitro binding assays

In vitro binding procedures were described previously.'?
Briefly, His-tagged Aurora A protein was loaded onto Ni**-
NTA agarose beads (Qiagen) in loading buffer [50 mm Tris-
HCI (pH 7.7), 150 mm KCI, 0.1% Triton-X100, 1 X protease
inhibitor mixture] for 2 h at 4°C. The beads were then washed
5 times with wash buffer [50 mm Tris-HCI (pH 7.7), 300 mm
KCIl]. Tpr proteins were expressed using the Promega TNT cou-
pled transcription/translation system according to the man-
ufacturer’s protocol or as described previously'®. Beads were
incubated with in vitro translated Tpr proteins for 2 h at 4°C.
The beads were then washed 5 times with wash buffer. After the
last wash, 1 x SDS-PAGE blue loading buffer was added to the
samples and boiled for 5 min. Proteins were separated by 10%
SDS-PAGE, and then electro-blotted onto a PVDF membrane.

The membrane was probed with Streptavidin-HRP or anti-
6xHis antibodies. Signals were detected with an enhanced
chemiluminescence system (GE Healthcare) and quantified using
an LAS-4000 image analyzer (Fujifilm) according to the man-
ufacturer’s specifications.

Statistical analysis

Statistical analyses were performed in Excel. Data are
expressed as means £ SD. Comparisons between groups were
determined using the unpaired t test. P < 0.05 was considered
statistically significant.
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