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Gain or loss of whole chromosomes is often observed in can-
cer cells and is thought to be due to aberrant chromosome seg-
regation during mitosis. Proper chromosome segregation
depends on a faithful interaction between spindle microtubules
and kinetochores. Several components of the nuclear pore com-
plex/nucleoporins play critical roles in orchestrating the rapid
remodeling events that occur during mitosis. Our recent studies
revealed that the nucleoporin, Rael, plays critical roles in main-
taining spindle bipolarity. Here, we show association of another
nucleoporin, termed Tpr (translocated promoter region), with
the molecular motors dynein and dynactin, which both orches-
trate with the spindle checkpoints Mad1 and Mad2 during cell
division. Overexpression of Tpr enhanced multinucleated cell
formation. RNA interference-mediated knockdown of Tpr
caused a severe lagging chromosome phenotype and disrupted
spindle checkpoint proteins expression and localization. Next,
we performed a series of rescue and dominant negative experi-
ments to confirm that Tpr orchestrates proper chromosome
segregation through interaction with dynein light chain. Our
data indicate that Tpr functions as a spatial and temporal regu-
lator of spindle checkpoints, ensuring the efficient recruitment
of checkpoint proteins to the molecular motor dynein to pro-
mote proper anaphase formation.

The nuclear pore complex (NPC)? bridges the inner and
outer nuclear membrane to form a channel for both active
transport of large molecules and diffusion of smaller molecules
between the nucleus and the cytoplasm (1). The vertebrate
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NPC is composed of about 30 proteins, termed nucleoporins
(Nups), each of which is present in multiple copies (1-3).
Nucleoporins are modular in that a limited number of struc-
tural motifs (coiled-coils, a-solenoids, B-propellers) are used
repeatedly to build the symmetrical NPC structure (2, 4, 5).

Nucleoporin Tpr (translocated promoter region) (6) is ~265
kDa and exists as a coiled-coil-dominated homodimer of
extended rod-like shape (7-9). Tpr contains two domains: an
N-terminal domain of around 1600 residues that forms a par-
allel two-stranded coiled-coil, which is interrupted periodically
along its length (9-12). The 800 residues of the C-terminal
domain are nonhelical and highly enriched in acidic residues (12).
Tpr does not possess nucleoporin FG repeats, but it does contain
numerous heptad repeat or leucine zipper motifs. Tpr binds to
Nup153; when Nup153 is depleted using siRNA, Tpr is released
from the NPC into the nucleoplasm (13). Different metazoan spe-
cies have been shown to contain only one Tpr ortholog; however,
two probable homologs exist in both Saccharomyces cerevisiae and
Schizosaccharomyces pombe (14). In the budding yeast, these para-
logs are called Mlp1 and Mlp2 (15). A homolog has also been iden-
tified as a nuclear pore anchor in plants (16). Disruption of either
Mlp gene is not lethal and does not notably affect any type of nucle-
ocytoplasmic transport (15).

Mammalian Tpr was named according to its initial isolation
from a carcinogen-treated osteogenic sarcoma cell line, as part
of a chromosomal translocation (1q25:7q31) that fused N-ter-
minal sequences of Tpr to the kinase domain of the protoonco-
gene, Met (6, 12). Tpr has also been found translocated with
NTrkl (TrkA), the transmembrane tyrosine kinase receptor for
nerve growth factor (17). Tpr-NTrkl1 is one of several translo-
cations of the NTrk1 receptor that are associated with papillary
thyroid carcinoma, the most common type of thyroid cancer
(17). Cancer cells also frequently exhibit abnormal numbers of
chromosomes (aneuploidy) (18). Mis-segregation of chromo-
somes may result from various causes, including spindle assem-
bly defects, abnormal centrosome formation, impairments in
attachment of spindle microtubules to kinetochores, and fail-
ure of cytokinesis (18, 19).

In higher eukaryotes, during cell division, chromosomes
undergo condensation, and the nuclear membrane and NPCs
are disassembled (20). Recent evidence suggests that several
NPC components play critical roles in orchestrating the rapid
remodeling events during mitosis (21-26). In particular, we
demonstrated that a nucleoporin, RNA export factor 1 (Rael),
interacted with NuMA (19) and the cohesin subunit, SMC1,
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(27) during mitosis and played crucial roles in proper spindle
formation. Recently, Tpr and its homologs have been shown to
localize on the spindle pole (28, 29) and also to interact with
mitotic arrest-deficient proteins, Madl and Mad2 (30, 31).
These findings reveal an important role for Tpr during cell divi-
sion and mitotic spindle checkpoint signaling (31); however,
little is known about the basis of Tpr-Mad1 interactions. Mad1
and Mad2 are spindle assembly checkpoint proteins and local-
ize to kinetochores in prophase and generate a signal that inhib-
its the anaphase-promoting complex until all kinetochores are
properly attached to microtubules (32, 33). When correct kin-
etochore microtubule attachments have been made, Mad1 and
Mad2, together with other spindle assembly checkpoint pro-
teins, are removed from kinetochores, the spindle assembly
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FIGURE 1. Tpr colocalizes with the dynein complex on microtubules during mitotic metaphase-
anaphase transition. Comparison of the mitotic distribution of Tpr with tubulin, dynactin and dynein (DIC
74.1) is shown. A, biochemical characterization of the Tpr-Mad2-Mad1 subcomplex and the molecular motor
dynein complex during mitosis. Immunoprecipitates (/P) from mitotic HelLa cell extracts with anti-Tpr, anti-
dynein (74.1), or nonspecific rabbit antibodies (/gG) were analyzed by SDS-PAGE, followed by immunoblotting
with Tpr, dynein (74.1), dynactin (p150), DLC, Mad 1, Mad2, and Nup 153 antibodies. In lanes marked Input, 20 ul
of the 500 ul of extract that was used per immunoprecipitation (/P) was analyzed directly. B, confocal micro-
scopic images of Hela cells at different mitotic stages, stained with anti-Tpr antibody (red), a-tubulin antibody
(green), and DAPI (blue). White arrows indicate typical transient colocalization. Scale bars, 5 wm. C, confocal
microscopic images of Hela cells at different mitotic stages, stained with anti-Tpr antibody (red), dynactin
(p150) antibody (green), and DAPI (blue). White arrows indicate typical transient colocalization. Scale bars, 5 um.
D, confocal microscopic images of HeLa cells at different mitotic stages, stained with anti-Tpr antibody (red), dynein
(74.1) antibody (green), and DAPI (blue). White arrows indicate typical transient colocalization. Scale bar, 5 um.
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checkpoint is turned off, and sister
chromatids segregate (33). In addi-
tion, kinetochore-associated dy-
nein drives poleward chromosome
movement and contributes to
tension generation across sister
kinetochores (34-39). Recently, we
showed that dynein associated with
Rael and NuMA (19) to spindle
poles for proper spindle organiza-
tion. In addition to Rael-NuMA, the
dynein motor is involved in many
aspects of mitosis and specifically in
checkpoint protein transport, such
as Mad2 removal from kineto-
chores at the metaphase—ana-
phase transition (34, 40). Because
spindle checkpoint proteins, such
as Mad2 and BubRl, are also
removed from kinetochores, the
transport contributes to inactiva-
tion of the checkpoint (34). Here,
we provide several lines of evi-
dence that Tpr through associa-
tion with the dynein complex
spatiotemporally regulated the
spindle  checkpoint  proteins
(such as Mad1l and Mad2), there-
by preventing aneuploidy forma-
tion during metaphase—anaphase
transition.
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EXPERIMENTAL PROCEDURES

Plasmids—The plasmid encoding
full-length human Tpr, tagged with
GEFP, was a kind gift from Dr. Larry
Gerace (The Scripps Research Insti-
tute). Three Tpr fragments (N, M,
and C) were subcloned by PCR from
pEGFPC1-Tpr into pET28a-FLAG,
(pET28a modified to contain a
C-terminal FLAG epitope together
with an N-terminal His, tag). HeLa
cell cDNA was synthesized using a
SuperScript™ III CellsDirect cDNA Synthesis System kit
(Invitrogen). The full-length dynein intermediate (DIC) chain,
dynein light chain (DLC/DYNLL1/DLCS), and the Mad1 cod-
ing regions were PCR-amplified from ¢cDNAs and subcloned
into pEGFP-C1 (Clontech Laboratories) or into pET28a-GST.
GFP-H2B plasmid was from Addgene. The details of expression
constructs and cloning primers are listed in supple-
mental Table 1. All constructs were confirmed by DNA
sequencing. Sequence analyses were performed at the DNA
sequencing facility of the Kanazawa University Cancer
Research Institute using a PRISM3100-AvantGenetic Analyzer
(Applied Biosystems). DNA and protein data bases were
searched using the BLAST or BLAT search algorithms at the
NCBL
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FIGURE 2. Tpr interacts with dynein light chain. A, Hela cells were stained with anti-Tpr (green) and
anti-DLC antibodies for immunofluorescence visualization and examined by confocal microscopy. Scale
bars, 5 um. B, schematic of the four Tpr fragments. Numbers on the left refer to amino acids; all fragments
are continuous (e.g. Tpr-N ends at amino acid 774, and Tpr-M starts at amino acid 775). C, Tpr fragments
expressed in vitro, affinity-purified together with GST, GST-DLC, and GST-Mad1, and separated by SDS-
PAGE. Tpr fragments were prepared from TNT Quick-Coupled Transcription/translation system (Promega)
together with Transcend™ Biotin-Lysyl-tRNA (Promega). Detection was done by streptavidin horseradish
peroxidase (HRP) (1:4,000). Tpr fragments were untagged. Numbers indicate molecular masses markers in
kilodaltons. D, representative images of mitotic HelLa cells transfected with plasmids overexpressing
GFP-Tpr (full-length). 48 h after transfection, cells were fixed, stained with anti-DLC antibody (red in
overlay; GFP is green), and analyzed by confocal laser microscopy. Chromatin was stained with DAPI (blue).

Scale bars, 5 um. White arrows indicate typical multinucleated cell.

Mammalian Cell Culture, Transfections, and Synchroniza-
tion—HeLa, HEK293T, MCF7 and NIH3T3 cells were obtained
from the American Type Culture Collection (ATCC) and were
synchronized in S phase by double thymidine block using 2 mm
thymidine (19, 27, 41, 42). HeLa cells were transfected with
GFEP-Tpr (full-length) plasmid using Turbofect, following
the manufacturer’s protocol (Fermentas). The HeLa EGFP-
H2B cell line was generated by transfection of EGFP-H2B
c¢DNA to HeLa cells and maintained in G418 (600 wg/ml).
The HeLa EGFP-H2B cell line was used for analysis of
mitotic progression.

RNA Interference—siRNA duplexes targeting Tpr (sc-45343),
dynein HC siRNA (sc-43738), and control siRNA (sc-37007)
were purchased from Santa Cruz Biotechnology. siRNA trans-
fections were performed using Lipofectamine 2000, following
the manufacturer’s protocol (Invitrogen) (19, 27, 41, 42). HeLa
cells were transfected 24 h before the initiation of the first thy-
midine block and collected or imaged 72 h after transfection. If
necessary, transfection efficiency was monitored with Block-iT
(Invitrogen).

Antibodies, Immunocytochemistry, and Confocal Micros-
copy—a-Tpr polyclonal antibody was a kind gift from Dr. Larry
Gerace (12). a-Dynein monoclonal antibody (D5167) (clone
74.1) was from Sigma-Aldrich. a-DLC monoclonal (sc-80295),

asEve
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Streptavidin HRP detection

GFP-Tpr

Abcam, a-m414(MMS-120R) anti-
body was from COVANCE. Anti-
GST(30001) antibody was from
Thermo-Scientific. Secondary anti-
bodies were from Molecular Probes.
For immunofluorescence, synchro-
nized HeLa cells were washed in
phosphate-buffered saline and fixed
for 10 min in 4% paraformaldehyde
in phosphate-buffered saline. Cells
were then permeabilized with 0.2%
Triton X-100 in phosphate-
buffered saline for 10 min at
room temperature. Samples were
mounted onto coverslips with Pro-
Long Gold Antifade reagent
(Invitrogen) and were examined on
a Zeiss LSM5 EXCITER confocal
microscope, and all images were
acquired using an aplan-Apochro-
mat 63X with a 1.4-N.A. objective or
at 100 X with a 1.4-N.A. objective.

Immunoprecipitations—For im-
munoprecipitations, ~107 cells
were seeded and synchronized as described above. Mitotic
HeLa cells were collected, washed with phosphate-buffered
saline, 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 1X protease inhib-
itor mixture (Roche Applied Science) and 1 mm phenylmethyl-
sulfonyl fluoride. Lysates were centrifuged for 30 min at 4 °C at
14,000 X g. The resulting lysate supernatants were precleared
with 50 ul of protein A/G bead slurry (Santa Cruz Biotechnol-
ogy), mixed with 10 ul of various antibodies as specified, and
incubated for 1 h at 4 °C with rocking. The beads were then
washed five times with 500 ul of lysis buffer. After the last wash,
50 pl of 1X SDS-PAGE blue loading buffer (New England Bio-
labs) was added to the bead pellet before loading.

Expression of Recombinant Proteins—For expression of Tpr
fragments, Escherichia coli BL21(DE3)-Condon plus cells and
pLys cells (Stratagene) were grown at 37 °C to an A, of 0.6 and
induced with 0.5 mm isopropyl-B-p-thiogalactopyranoside at
18 °C for 7 h. The cells were harvested by centrifugation and
lysed in buffer containing 100 mm Tris-HCI (pH 8.0), 200 mm
NaCl, 1 mm phenylmethylsulfonyl fluoride, and Complete
EDTA-free protease inhibitor mixture tablets (Roche
Applied Science). The cells were lysed with a cell sonicator
(SMT), and the lysate was clarified by centrifugation at

DLC
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Tpr and Dynein Form a Transient
Complex during Mitosis—Tpr in-
teracted with spindle checkpoints
throughout the cell cycle (31), and
we found that Tpr overexpression
enhanced multinucleation and ane-
uploidy formation (supplemental
text and supplemental Fig. S1). We
hypothesized that Tpr may spatio-
temporally regulate the recruitment
of the checkpoint proteins, to the
dynein complex during the meta-

FIGURE 3. Dynein siRNA treatment abolished Tpr kinetochore localization and caused abnormal chro-
mosome congression and defective mitosis. A, effects of dynein depletion on protein levels of Tpr-associ-
ated proteins. Lysates of control siRNA-transfected Hela cells (control) and of HeLa cells, 72 h after transfection
with dynein siRNAs (Dynein RNAi) were analyzed by immunoblotting (/B) with the indicated antibodies. The
same membrane was stripped and reprobed with anti-a-tubulin (as loading control). B, dynactin (p150) was
significantly reduced in the dynein-depleted samples, whereas Tpr, Mad1, and Mad2 were not affected.
C, quantification (relative %) of chromosome lagging and multipolar spindle phenotypes in the mock and
dynein siRNA-transfected cells. Values are based on three independent experiments, counting 100 mitotic cells
in each experiment. Mean values = S.D. (error bars) are shown. All cells were treated with double thymidine
block, stained with DAPI, and visualized by confocal microscopy. D, representative images of mitotic HeLa cells,
transfected with either siRNA duplex against dynein. 72 h after transfection, cells were stained with anti-Tpr
antibody (red) or dynein antibody (green) and analyzed by confocal laser microscopy. Chromatin was stained
with DAPI (blue). Scale bar, 5 um. Tpr displayed nuclear rim staining. Mitotic Tpr was dramatically reduced at the
kinetochores, 72 h after transfection with dynein-specific siRNAs. White arrows indicate a typical chromosome-

phase—anaphase transition.

Before testing this hypothesis, we
first examined whether Tpr was
associated with the dynein complex
in HeLa cells that were synchro-
nized by a double thymidine block.
By immunoblotting anti-Tpr im-
munoprecipitates, we detected
coprecipitating  dynein, along
with dynactin (p150-Glued), DLC,

lagging cell.

15,000 X g for 60 min. The proteins containing the His, tag
were purified by nickel-affinity (Qiagen) chromatography,
and proteins containing the GST tag were purified by gluta-
thione affinity (GE Healthcare).

Biochemical “Cell-free” Binding Assays—Proteins were ex-
pressed using the Promega TNT coupled transcription/trans-
lation system according to the manufacturer’s protocol or
described previously (19, 27). Each GST-tagged protein was
loaded onto glutathione-agarose beads (GE Healthcare) in lysis
buffer (50 mm Tris-HCI (pH 7.7), 150 mm KCl, 0.1% Triton-
X100, 1 X protease inhibitor mixture) for 1 h at 4 °C. The beads
were washed with wash buffer (50 mm Tris-HCI (pH 7.7), 300
mM KCI) and incubated with in vitro translated proteins for 2 h
at 4°C. The beads were then washed five times with wash
buffer. After the last wash, 1 X SDS-PAGE blue loading buffer
was added to the beads before loading.

Time-lapse Microscopy—Time-lapse analysis of histone
dynamics during metaphase and anaphase transition in live
cells was recorded by GFP-H2B stable cell lines. Cells were
placed in a microincubation chamber (7136; Corning) on
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Madl, Mad2, and Nup153 (Fig. 14,
left). Conversely, using anti-dynein
antibodies, we immunoprecipitated
Tpr and dynactin (p150), DLC, Madl, Mad2, but not Nup153
(Fig. 1A, right). These data suggested that Tpr interacts with the
dynein complex. Consistent with the immunoprecipitation
data, we found that Tpr colocalized transiently with tubulin,
dynactin and dynein (Fig. 1, B-D, and supplemental
Fig. S2, A-C) from prophase to anaphase. Moreover, we also
found that Tpr partially localized on the kinetochores (CENP-E
as kinetochore metaphase—anaphase marker) (supplemen-
tal Fig. S2D). These data suggest that a population of Tpr tran-
siently colocalized with the dynein complex at the metaphase—
anaphase transition.

Depletion of Dynein Disrupted the Localization of Tpr during
Mitosis—We further investigated whether endogenous DLC/
DYNLLI1 (a region used to transport cargoes/protein com-
plexes) interacted with Tpr during mitosis. In digitonin-perme-
abilized HeLa cells, Tpr localized to kinetochores, and
colocalized with DLC at the mitotic spindles (Fig. 2A4). To
examine more closely the binding of Tpr to DLC, which was
suggested by the confocal microscopy data (Fig. 24), and to
map biochemically the region of Tpr that interacts with DLC,
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FIGURE 4. Chromosome lagging, abnormal chromosome congression, and defective mitosis after Tpr
siRNA treatment. A, effects of Tpr siRNA treatment on protein levels of Tpr-associated proteins. Lysates of
control siRNA-transfected Hela cells (control) and of Hela cells, 72 h after transfection with Tpr siRNAs (Tpr
RNAI) were analyzed by immunoblotting with the indicated antibodies. The same membrane was stripped and
reprobed with anti-a-tubulin (as loading control). B, Mad1 was significantly reduced in the Tpr-depleted sam-
ples, whereas dynein and dynactin (p150) were not affected. C, representative images of asynchronous Hela
cells, transfected with either siRNA duplex against Tpr. 72 h after transfection, cells were stained with anti-Tpr
antibody (green) and anti-dynein (red) and analyzed by confocal laser microscopy. Chromatin was stained with
DAPI (blue). Scale bar, 5 um. Tpr still displayed normal nuclear rim staining in a few Hela cells. Mitotic dynein
was still partially localized at kinetochores 72 h after transfection with Tpr-specific siRNAs (asterisks). White
arrows indicate cells with chromosome defects when Tpr was completely depleted. D, schedule of collecting
mitotic Hela cells after siRNA Tpr depletion. E-G, representative images of mitotic Hela cells, transfected with
either siRNA duplex against Tpr. 72 h after transfection, cells were stained with (E) anti-dynein (red), (F) anti-
Mad1 (red), (G) anti-Mad2 (red) antibodies, anti-Tpr antibody (green), and analyzed by confocal laser micros-
copy. Chromatin was stained with DAPI (blue). Scale bars, 5 um. Abnormal chromosome congression, multipo-
lar phenotypes, and chromosome lagging were often found. White arrows indicate cells with chromosome
lagging. Mitotic Mad1 signal was reduced at the kinetochores 72 h after transfection with Tpr-specific siRNAs.

we constructed three cDNA fragments covering the entire
length of Tpr (named Tpr-N(1-774aa), Tpr-M(775-1700aa),
and Tpr-C(1701-2351aa), respectively) (Fig. 2B) and expressed
them in a cell-free reticulocyte translation system. Next, we
performed GST pulldown assays. Only the Tpr-M fragment
interacted directly with GST-DLC, but not with the GST vector
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(Fig. 2C and supplemental Fig. S3).
In addition, as a control, we con-
firmed that GST-Madl interacted
with Tpr-N(1-774) (31).

Knockdown of Dynein in Verte-
brates Abolished Kinetochore Lo-
calization of Tpr—To determine
whether dynein regulated the func-
tion of Tpr, we first analyzed the
overexpression of GFP-Tpr (full-
length) in HeLa cells. We found that
the dynein staining localized to the
kinetochore or spindle was more
diffuse (Fig. 2D) compared with the
endogenous staining (Fig. 2A4).
Next, we employed a dynein siRNA
knockdown approach. Immunoblot
analysis of HeLa cells subjected to
dynein siRNA treatment for 3 days
revealed an ~85% reduction of
dynein compared with controls (Fig.
3A, left). The same immunoblot
membrane was reprobed with tubu-
lin to ensure equivalent loading (Fig.
3A, right). Moreover, we did not
find any significant changes in
Madl and Mad2 expression (Fig.
3B). We also found that the number
of multinucleated cells increased
(Fig. 3D). Loss of dynein had little, if
any, effect on Tpr protein levels, as
estimated by immunofluorescence
and immunoblotting experiments
(Fig. 3, Band D).

We next assessed chromosome
defects and Tpr localization in
dynein-depleted HeLa cells using
antibodies against dynein and Tpr.
In this way, cells specifically de-
pleted of dynein could be observed
and quantified using confocal
microscopy. Notably, depletion of
dynein abolished Tpr localization at
the kinetochore, in contrast with
its endogenous expression pattern
(Fig. 1); however, Tpr was still local-
ized in the nuclear rim during the
interphase (Fig. 3D). We further
found the accumulation of abnor-
mal, or the ineffective congression
of chromosomes, at the metaphase
plates. In particular, “chromosome

lagging” and multipolar phenotypes were increased by 25 and
21%, respectively (Fig. 3, C and D). Taken together, these obser-
vations demonstrate that knockdown of dynein in vertebrates
abolished kinetochore localization of Tpr. We speculate that
once Tpr is no longer localized on kinetochores, chromosome
lagging phenotypes are enhanced.
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FIGURE 5. Overexpression of GFP-Tpr N-terminal region (1-774) would
mimic the Tpr siRNA (Mad1 reduction) phenotype. A, representative
images of mitotic HelLa cells transfected with plasmids overexpressing GFP-
Tpr-N(1-774aa). 48 h after transfection, cells were fixed, stained with anti-
dynein antibodies or with anti-Mad1 antibodies (red in overlay; GFP is green),
and analyzed by confocal laser microscopy. Chromatin was stained with DAPI
(blue). Scale bars, 5 um. Tpr-N binds to Mad1; therefore, functional Mad1 is
sequestered from kinetochores, reducing the Mad1 signal. Again, typical
chromosome lagging was found in Tpr-N-transfected cells. White arrows indi-
cate chromosome lagging. B, representative images of mitotic HelLa cells
transfected with plasmids overexpressing GFP-Mad1 (full-length). 48 h after
transfection, cells were fixed, stained with anti-Tpr antibodies or with anti-
Mad2 antibodies (red in overlay; GFP is green), and analyzed by confocal laser
microscopy. Chromatin was stained with DAPI (blue). Scale bars, 5 um. Mad1
binds to Tpr; therefore, functional Tpr is sequestered from kinetochores,
mimicking Tpr depletion. As predicted, typical chromosome lagging was
found in Tpr-N-transfected cells. White arrows indicate chromosome lagging.
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Knockdown of Tpr Enhanced Chromosome Lagging—The
above results prompted us to test the consequences of Tpr
depletion on dynein localization. Immunoblot analysis of HeLa
cells subjected to Tpr siRNA treatment for 3 days revealed a
~75% reduction of Tpr compared with control cells (Fig. 44,
left). The same immunoblot membrane was reprobed with
tubulin to ensure equivalent loading (Fig. 4A, right). Double
staining with m414, a nuclear pore marker, showed that loss of
Tpr had little, if any, effect on the nuclear rim staining, which
retained its usual punctuate distribution.* Furthermore, when
Tpr knockdown was not complete (Fig. 4C, white asterisk),
some dynein was still localized in kinetochores (Fig. 4C). On the
other hand, when Tpr was almost completely knocked down,
dynein localization was abolished from kinetochores, and chro-
mosome separation defects were found (Fig. 4, C and E, white
arrows). Notably, mitotic Tpr siRNA treatment (Fig. 4D) was
consistently associated with abnormal congression of chromo-
somes at the metaphase or anaphase plate (Fig. 4, E-G and
supplemental Fig. S4, white arrow). Most importantly, more
than 39% of anaphase cells had lagging chromosomes, whereas
these defects were not found in control cells (Fig. 4, E-G) in
three independent experiments (# = 300 mitotic cells). To sup-
port this lagging chromosomes notion further, we performed
live cell imaging siRNA Tpr or control siRNA transfected into
GFP-H2B stable cell lines. We recorded the live cell imaging
video of the lagging chromosomes phenotypes in siRNA Tpr
GFP-H2B cell lines very easily (supplemental Fig. S5 and
supplemental video 2), but they were rarely found in control
(supplemental Fig. S5 and supplemental video 1). Together,
these data strongly indicated that knock-down Tpr causes lag-
ging chromosomes enhanced aneuploidy formation.

Knockdown of Tpr Also Reduced Mad1 Expression and Abol-
ished Madl/Mad2 Localization during Metaphase—Anaphase
Transition—Moreover, to determine whether the observed Tpr
depletion phenotypes are different manifestations of the same
defects or whether mitotic roles of Tpr can be uncoupled, we
employed a rescue strategy by overexpressing GFP-Tpr (full-
length) in Tpr knockdown cells. 24 h after transfection of GFP-
Tpr (full-length) into Tpr RNAi knockdown cells, the lagging
chromosome phenotypes were partially rescued (Fig. 5C and
supplemental Fig. S6A). Indeed, a clear point revealed by this
rescue strategy is that Tpr is the “criminal protein” causing
lagging chromosomes. In light of these observations, it is worth
noting that the Tpr knockdown was likely to be partial, and all
RNAi experiments, dynein and Tpr, are interpreted with
respect to this consideration. Nevertheless, these data suggest
that normal metaphase—anaphase transition requires balanced
concentrations of dynein, Mad1, and Tpr. Further, we also con-
firmed these severe chromosome-lagging phenotypes in other

“H. Nakano, T. Funasaka, C. Hashizume, and R. W. Wong, unpublished data.

C, quantification (relative %) of chromosome lagging in the control siRNA, Tpr
siRNA, overexpressed GFP-Tpr (full-length) 24 h following Tpr siRNA, GFP-
Tpr-Nalone, and GFP-Mad1 alone, transfected cells. Values are based on three
independent experiments counting 100 mitotic cells in each experiment.
Mean values = S.D. (error bars) are shown. All cells were treated with double
thymidine block, stained with DAPI, and visualized by confocal microscopy.
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FIGURE 6. Model of Tpr-Mad1 poleward transport of the kinetochore protein complex, driven by the
dynein complex, along the spindle microtubules to inactivate spindle checkpoint activity at the kineto-
chores. Tpr and checkpoint protein complexes (Mad1-Mad2) are transported poleward by dynein/dynactin,
where they dissociate into the cytoplasm. Correct Tpr-Mad1 interaction is critical for proper anaphase

formation.

two cancer cell lines (MCF7 and HEK293T cells) and less fre-
quently were found in NIH3T3 (normal cells) (supplemen-
tal Fig. S7, white arrow). Thus, we have demonstrated that
knockdown of Tpr generated aneuploidy-chromosome lagging.

Finally, we tested our hypothesis that Tpr spatiotemporally
regulates the recruitment of Madl and Mad2 to the dynein
complex during the metaphase—anaphase transition. In siRNA-
mediated Tpr knockdown HeLa cells, we found that Mad1 pro-
tein levels were surprisingly decreased by 40%, whereas the
amounts of Mad2 and dynein complex proteins were largely
unaltered (Fig. 4B). However, localization of Mad1 and Mad?2 at
the kinetochore was abolished (Fig. 4, Fand G). In addition, Tpr
depletion caused severe chromosome abnormalities; blended
chromosomes (Fig. 4E) and supernumerary spindles (in ~27%
of cells) were found (Fig. 5C and supplemental Fig. S4). We
found that 72 h after transfection with siRNA duplexes target-
ing Tpr, a high proportion (39%) of cells displayed a strikingly
altered lagging chromosome morphology compared with con-
trols (Fig. 5C). The extra lagging chromosome appeared to fail to

APRIL 2, 2010-VOLUME 285+-NUMBER 14

pression should also mimic the Tpr
siRNA phenotypes through seques-
tration of endogenous Tpr, and,
again, chromosome abnormalities
ought to reappear. Again, we found
that chromosome lagging was
observed in 30% of GFP-Madl
mitotic cells (Fig. 5, Band C). In addi-
tion, cells showing unequal chromo-
some segregation were also found
(supplemental Fig. S6B, whiteasterisk).
A highly plausible interpretation of
these results is that the N-terminal region of Tpr and GFP-Mad1l
bind to and sequester endogenous Madl and Tpr, respectively.
This would disrupt the efficient interaction between Madl and
Tpr and would be analogous to the RNAi knockdown of Tpr.

DISCUSSION

Our findings suggest that Tpr spatiotemporally regulates the
recruitment of spindle checkpoint proteins (e.g Madl and
Mad?2) to the dynein complex during the metaphase—anaphase
transition (Fig. 6) prevent chromosome lagging. Because
dynein is a minus end-directed motor, it is responsible for
transporting many proteins and/or complexes from kineto-
chores to centrosomes, where the minus ends of microtubules
are anchored (36, 37, 43). We and others showed previously
that the dynein motor complex positions mitotic spindle poles
and is responsible for targeting the NuMA and Rael to spindle
poles, where Rael-NuMA subcomplex focuses and stabilizes
microtubule ends and tethers them to the centrosomes (19, 44).
Dynein is also recruited to kinetochores where it is reported to
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play arole in spindle assembly checkpoint inactivation by trans-
porting checkpoint proteins away from properly attached kin-
etochores (34, 45, 46). Overall, our data show that Tpr inter-
acted directly with dynein motor complex during mitosis (Figs.
1 and 2) and that these interaction are biologically functional
and very crucial for proper checkpoint inactivation. Altering
either Tpr and dynein concentration produces defects on spin-
dle polarity (Figs. 3C, 4, E-G, and 5C) and chromosome lagging
(Figs. 3, C and D, and 4, E-G; supplemental Fig. S5 and
supplemental video 2).

When Tpr levels are further depleted, many cells display
abnormal spindle polarity, bending chromosomes, and chro-
mosome lagging (Fig. 4, E-G, supplemental Fig. S5, and
supplemental video 2). These phenotypes could reflect a direct
role for Tpr in forming spindle structure. Alternatively, disrup-
tion of proper chromosome dynamics during mitosis is known
to result in a similar nuclear morphology and indeed has been
the basis of a screen for mitotic regulators (20, 47-49). We
found in live imaging analysis significant chromosome lagging
in mitosis under these conditions of Tpr knockdown. Based on
the Tpr siRNA results, we performed a series of assays to rescue
the chromosome-lagging defects in Tpr knockdown cells to
confirm further the functional role of the Tpr-dynein interac-
tion with the mitotic spindle (Fig. 5). This supports a model in
which Tpr function impacts progression out of metaphase—
anaphase transition and/or chromosome segregation itself, and
the miscoordination that follows results in aberrant chromatin
morphology (Fig. 6).

Most cancers exhibit a complex pattern of chromosomal
abnormalities, showing both chromosome gains and/or losses,
together with structural aberrations; therefore, we speculate
that the spatiotemporal regulation of checkpoint proteins by
Tpr-dynein complex is important in the deregulation of growth
control found in cancer cells. It is worth noting that the Tpr-
Met oncogene, a carcinogen-induced chromosomal rearrange-
ment, resulting in a protein dimerization domain of Tpr fused
to the receptor tyrosine kinase domain of Met, has been
described (17, 31, 50). Given the data presented here of the
chromosome lagging and congressional defects at the
metaphase—anaphase transition, it is also reasonable to propose
that chromosomal rearrangement of Tpr could lead to chromo-
somal instability in certain tumors. Future experiments, using
genetically altered Tpr rodents, should investigate this model.

Acknowledgment—We thank Larry Gerace for the Tpr plasmids and
antibodies.
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