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Mitosis is an orchestration of dynamic interactions between
spindle microtubules and chromosomes, which is mediated by
protein structures that include the kinetochores, and other pro-
tein complexes present on chromosomes. PinX1 is a potent
telomerase inhibitor in interphase; however, its function in
mitosis is not well documented. Here we show that PinX1 is
essential for faithful chromosome segregation. Deconvolution
microscopic analyses show that PinX1 localizes to nucleoli and
telomeres in interphase and relocates to the periphery of chro-
mosomes and the outer plate of the kinetochores in mitosis. Our
deletion analyses mapped the kinetochore localization domain
of PinX1 to the central region and its chromosome periphery
localization domain to the C terminus. Interestingly, the kine-
tochore localization of PinX1 is dependent on Hecl and
CENP-E. Our biochemical characterization revealed that PinX1
is a novel microtubule-binding protein. Our real time imaging
analyses show that suppression of PinX1 by small interference
RNA abrogates faithful chromosome segregation and results in
anaphase chromatid bridges in mitosis and micronuclei in inter-
phase, suggesting an essential role of PinX1 in chromosome sta-
bility. Taken together, the results indicate that PinX1 plays an
important role in faithful chromosome segregation in mitosis.

During mitosis, chromosome movements are orchestrated
by the interactions between spindle microtubules and chromo-
somes. Studies over the last 2 decades have described the kine-
tochore as the major site where microtubule-chromosome
attachment occurs (1). Electron microscopy has revealed that
the kinetochore is composed of four layers as follows: an inner
plate, an interzone, an outer plate, and an outermost fibrous
corona (2). The outer plate and fibrous corona layers are
thought to be the main microtubule-binding sites (1), and it is
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known that several protein complexes harboring microtubule
binding ability are located in these layers (3—7). Meanwhile,
through recruiting several microtubule-dependent motor pro-
teins, the kinetochores generate tension and power chromo-
some movements in mitosis (6, 8). Advancements in genomics
and proteomics have enabled the identification of additional
kinetochore components that are important in governing faith-
ful chromosome segregation (9, 10).

PinX1 is a 328-amino acid protein that was originally iden-
tified as a Pin2/TRF1 interacting protein in a yeast two-hy-
brid screen. PinX1 binds to Pin2/TRF1 through its C-termi-
nal 142-254 amino acids. Overexpression of PinX1 or its
telomerase inhibitory domain suppresses telomerase activity,
causes telomere shortening, and induces cells into crisis,
whereas depletion of PinX1 increases telomerase activity and
elongates telomeres (11). Moreover, PinX1 can directly interact
with the human telomerase RNA-binding domain of human
telomerase reverse transcriptase as well as human telomerase
RNA subunit in vitro (12), suggesting that it acts as an endoge-
nous telomerase inhibitor. Yeast PinX1 inhibits telomerase by
sequestering its catalytic subunit in an inactive complex lacking
telomerase RNA in nucleoli (13). It has been reported that yeast
PinX1 is also involved in rRNA and small nucleolar RNA mat-
uration (14). The rat homolog of PinX1 also localizes to nucleoli
in interphase and regulates telomere length (15). In human
cells, it is reported that PinX1 has an effect on mediating human
telomerase reverse transcriptase nucleolar localization (16).
Collectively, these studies demonstrate that the functions of
PinX1 in cell growth regulation are well conserved during evo-
lution. Indeed, loss of heterozygosity of PinX1 occurs at a high
frequency in many human cancers (17), and animal studies
showed that depletion of endogenous PinX1 promotes tumor-
igenicity in nude mice (11).

As described above, the localization of PinX1 in interphase
and its role in regulating telomere length have been well inves-
tigated. However, it has remained elusive as to whether PinX1
plays any role in mitosis and what happens if PinX1 is deficient.
In this study, we have demonstrated that PinX1 is localized to
the outer plate of kinetochores during mitosis. PinX1 is essen-
tial for spindle stability because depletion of PinX1 in HeLa
cells destabilizes kinetochore microtubules and results in lag-
ging chromosomes. Importantly, PinX1 interacts with micro-
tubules. Our functional analyses show that PinX1 plays an
important role in governing chromosome segregation and
genomic stability.
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EXPERIMENTAL PROCEDURES

Cell Culture and Synchronization—HeLa cells (American
Type Culture Collection, Manassas, VA) were maintained as
subconfluent monolayers in Dulbecco’s modified Eagle’s
medium (Invitrogen) with 10% fetal bovine serum (Hyclone,
Logan, UT) and 100 units/ml penicillin plus 100 wg/ml strep-
tomycin (Invitrogen) at 37 °C with 8% CO,. Cells were synchro-
nized at G,/S with 5 mM thymidine for 12-16 h and then
washed with phosphate-buffered saline five times and cultured
in thymidine-free medium for 10 h.

Plasmid Construction—The cDNA of PinX1 (NM_017884)
was kindly provided by Dr. Kunping Lu (Harvard University).
To generate green fluorescent protein (GFP)3-tagged and bac-
terial expression constructs of PinX1 and deletion mutants,
PCR-amplified cDNAs were cloned into pEGFP-C1 (Clontech)
and pGEX-5X-3 (Amersham Biosciences) vectors by EcoRI and
Sall.

Antibodies and RNA Interference—The following antibodies
were used: anti-PinX1 mouse serum (Abnova), anti-BubR1
monoclonal antibody (Millipore), anti-Hec1 (9G3) monoclonal
antibody (Abcam), anti-Cenp-F rabbit antibody (Novus Bio-
logicals), human anti-centromere antibody (ACA), anti-tubulin
antibody DM1A (Sigma), anti-CENP-E rabbit antibody (2).
Two sets of siRNAs targeting to different regions of PinX1 were
purchased from Qiagen. siRNAs of CENP-E, Hecl, CENP-F,
and BubR1 were obtained as described previously (6, 40). All
the siRNAs were transfected into HeLa cells using Lipo-
fectamine 2000 (Invitrogen). Transfection efficiency was
assessed by fluorescence microscopy to follow the uptake of
fluorescein isothiocyanate-labeled oligonucleotide. Transfec-
tion efficiency was typically 87 = 5%.

The efficiency of siRNA-mediated repression of target pro-
teins was assessed by Western blotting analyses using stepwise
diluted starting material for reference. Typically, we achieved
an 8.3-fold suppression of PinX1 protein using siRNA oligonu-
cleotides targeted to two different regions of PinX1 mRNA.

Immunofluorescence Microscopy—Cells were seeded onto
sterile, acid-treated 12-mm coverslips in 24-well plates (Corn-
ing Glass). The next day, the cells were transfected with 1 ul of
Lipofectamine 2000 pre-mixed with plasmids or siRNAs
described above. If not specified, 48 h after transfection, cells
were rinsed with PHEM buffer (100 mm PIPES, 20 mm HEPES,
pH 6.9, 5 mm EGTA, 2 mm MgCl, and 4 m glycerol) and per-
meabilized for 1 min with PHEM plus 0.1% Triton X-100 before
fixation in freshly prepared 3.7% formaldehyde for 5 min. After
rinsing three times in phosphate-buffered saline, cells were
blocked with PBST (0.05% Tween 20 in phosphate-buffered
saline) with 1% bovine serum albumin (Sigma), followed by
incubation with various primary antibodies in a humidified
chamber for 1 h. After three washes in PBST, primary antibod-
ies were visualized by fluorescein isothiocyanate or rhodamine-
conjugated goat anti-mouse or rabbit IgG. DNA was stained
with 4’,6-diamidino-2-phenylindole (DAPI). Slides were exam-

3 The abbreviations used are: GFP, green fluorescent protein; ACA, anti-cen-
tromere antibody; DAPI, 4’,6-diamidino-2-phenylindole; siRNA, small
interference RNA; PIPES, 1,4-piperazinediethanesulfonic acid; NEB, nuclear
envelope breakdown; GST, glutathione S-transferase.
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ined under a DeltaVision deconvolution microscopy (Applied
Precision Inc.) as specified below. The confocal images in Fig.
1C were collected on a Leica SP5 confocal microscope as
described previously (18).

For time-lapse microscopy, cells were cultured in a glass-
bottom culture dish (MatTek, MA) with Leibovitz’s L-15
medium (Invitrogen) at 37 °C and examined with a DeltaVision
DVI microscopy system. Images were acquired at 2-min inter-
vals and presented in Photoshop.

Fluorescence Intensity Quantification and Kinetochore Dis-
tance Measurement—The fluorescence intensity of kineto-
chore protein labeling was measured using a Zeiss LSM 510
NLO confocal microscope scan head mounted transversely on
an Axiovert 200 inverted microscope with a X100 1.3 numeri-
cal aperture PlanApo objective. The images from double label-
ing were collected using a dichroic filter set with Zeiss LSM 5
image processing software. The distance between sister kineto-
chores marked with ACA was measured as the distance
between the peak fluorescence of the same focal plane as
described previously (3).

Quantification of the level of kinetochore-associated protein
was conducted as described by Johnson et al. (19). In brief, the
average pixel intensities from at least 50 kinetochore pairs from
five cells were measured, and background pixel intensities were
subtracted. The pixel intensities at each kinetochore pair were
then normalized against ACA pixel values to account for any
variations in staining or image acquisition. The values of spe-
cific siRNA-treated cells were then plotted as a percentage of
the values obtained from cells transfected with a control siRNA
duplex.

Deconvolution Microscopy and Kinetochore-bound Microtu-
bule Examination—Deconvolution images were collected
using a DeltaVision wide field deconvolution microscope sys-
tem built on an Olympus IX-70 inverted microscope base as
described previously (3). For imaging, a X100 1.35 NA lens was
used, and optical sections were taken at intervals of 0.25 wm.
Images were processed using DeltaVision Softworx software.
Images for display were generated by projecting the sum of the
optical sections using the maximum intensity method.

To quantify the role of PinX1 in connecting kinetochores
with spindle microtubules, the number of end-on kinetochore
microtubules from PinX1-suppressed cell was counted using
the projection images constructed from the stack of 0.25-um
optical sections. We measured kinetochore-captured microtu-
bule numbers in 15 cells from three preparations in control,
PinX1-suppressed, and Hecl-suppressed cells.

RESULTS

PinX1 Is Localized to the Outer Plate of Kinetochores—PinX1
has been previously identified as a Pin2/TRF1 interacting
protein and characterized as a natural telomerase inhibitor
(11). Several studies have shown that exogenous PinX1 local-
izes to nucleoli and telomeres in interphase (11, 16). How-
ever, the distribution of PinX1 in mitotic cells has not been
well documented.

To determine the precise localization of PinX1 throughout
the cell cycle, we adopted a pre-extraction procedure that
allows better labeling of kinetochore protein while preserving
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FIGURE 1. PinX1 localizes to chromosome periphery and outer plate of kinetochore in mitosis. A, subcellular distribution of GFP-PinX1 in HeLa cells. This
montage represents optical images collected from PinX1-transfected Hela cells triply stained for GFP-PinX1 (green), ACA (red), and DAPI (blue). Merged and
enlarged images are also shown on the right. In interphase (panel a), it is readily apparent that PinX1 is concentrated in the nucleolus, appearing as four bright
spots. No co-distribution of PinX1 with ACA was observed. A merged image shows the PinX1 staining is concentrated in the nucleolus. In prophase (panel b),
the centrosomal and kinetochore labeling of PinX1 becomes apparent, which is clearly seen in the enlargement as PinX1 labeling is superimposed onto that
of ACA. In prometaphase (panel ¢), PinX1 labeling remains at the kinetochore in addition to spindle poles (arrowheads) and chromosome periphery (arrow). In
metaphase (panel d), PinX1 labeling begins dissociating from the kinetochore, which is apparent as less PinX1 is superimposed onto that of ACA (boxed area).
The association of PinX1 to the spindle poles remains unchanged. In anaphase (panel e), PinX1 labeling on the mitotic spindle is decreased. Bar, 10 wm. B, this
montage represents optical images collected from PinX1-transfected Hela cells triply stained for GFP-PinX1 (green), TRF2 (red), and DAPI (blue). The arrow
indicates the remnant chromosome peripheral localization of GFP-PinX1 in these pre-extracted cells. Bar, 10 um. C, this montage represents optical images
collected from PinX1-transfected Hela cells triply stained for GFP-PinX1 (green), CENP-E/ACA (red), and DAPI (blue). GFP-PinX1-expressing metaphase cells
were stained with ACA or anti-CENP-E antibody and examined by confocal microscopy to specify the kinetochore localization of PinX1. Linear scans of
fluorescent intensities across kinetochore pairs are shown. GFP-PinX1 is shown in green, ACA or CENP-E in red, and DNA in blue. Bar, 10 um. D, comparison of
different fixatives forimaging endogenous PinX1 protein. Hela cells were fixed either in cold methanol only or firstin formaldehyde and then in cold methanol.
These cells were subsequently stained with anti-PinX1 mouse serum. The enlargements show kinetochore localization of endogenous PinX1 in mitosis. PinX1

is presented in green, ACA in red, and DNA in blue. Bars, 10 um.

fine cyto-structure of mitotic cells (2, 20). To this end, HeLa
cells were transiently transfected to express GFP-PinX1 fol-
lowed by the pre-extraction prior to fixation. As shown in Fig.
1A, pre-extracted GFP-PinX1-expressing HeLa cells were
stained using the human CREST ACA that reacts primarily
with CENP-B, followed by a rhodamine-conjugated goat anti-
human secondary antibody to identify the actual centromere
(Fig. 14, red). In the interphase cell shown in Fig. 14, panel a,
GFP-PinX1 staining appears as four bright spots in the nucleus,
which is reminiscent of nucleoli. The merged image from three
channels demonstrates that PinX1 is located to the nucleolus,
which is consistent with previous reports (11). In the prophase
cell, PinX1 was released from the nucleoli and translocated to
the kinetochores (Fig. 1A, panel b). The merged image with
magnification demonstrates that PinX1 is located at the centro-
mere outer domain relative to CENP-B. From prometaphase to
metaphase, GFP-PinX1 remains localized to the kinetochores
(Fig. 1A, panels c and d). In addition, GFP-PinX1 distributes to
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the spindle poles. During the metaphase-anaphase transition,
PinX1 gradually dissociates from the kinetochores and diffuses
to the entire chromosomes in telophase (Fig. 14, panel e).

It is noteworthy that we found a fraction of GFP-PinX1 occa-
sionally localizes to the chromosome periphery region in some
but not all prometaphase and metaphase cells (Fig. 1, A, panel c,
and B, arrows). We reason that the pre-extraction strategy
employed may remove GFP-PinX1 from the chromosome
periphery. To validate our hypothesis, we performed immuno-
cytochemical staining on GFP-PinX1-expressing cells without
pre-extraction and compared it with that of pre-extracted cells.
As shown in supplemental Fig. S1, strong chromosome periph-
eral localization of PinX1 was readily apparent in nonextracted
cells. However, the kinetochore localization is less apparent due
mainly to the overwhelming labeling on the chromosome
periphery.

To characterize the spatial order of PinX1 distribution at the
kinetochore relative to other well characterized kinetochore
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FIGURE 2. Characterization of PinX1 structure-localization relationship. A, schematic illustration of PinX1 functional domains and summary of PinX1
structure-localization relationship. aa, amino acids. B, validation of exogenous expression of GFP-PinX1 and its deletion mutants. WB, Western blot; GFP, green
fluorescent protein. G, this montage represents optical images collected from PinX1-N transfected Hela cells triply stained for GFP-PinX1-N (green), ACA (red),
and DAPI (blue). In interphase (panel a), it is readily apparent that GFP-PinX1-N appears as six tiny spots in the nucleus. No co-distribution of PinX1 with ACA is
observed. In prometaphase (panel b), GFP-PinX1-N labeling appears at the spindle poles (arrowheads). Bar, 10 um. D, this montage represents optical images
collected from PinX1-M transfected Hela cells triply stained for GFP-PinX1-M (green), ACA (red), and DAPI (blue). In interphase (panel a), it is readily apparent
that PinX1 is concentrated in the nucleus, appearing as 7-8 bright spots. No co-distribution of PinX1 with ACA was observed. In prometaphase (panel b),
GFP-PinX1-M labeling appears at the spindle poles (arrows) in addition to kinetochore localization. Bar, 10 um. E, this montage represents optical images
collected from PinX1-C-transfected HeLa cells triply stained for GFP-PinX1-C (green), ACA (red), and DAPI (blue). In interphase (panel a), it is readily apparent that
PinX1-Cis concentrated in the nucleolus, appearing as 5-6 bright spots. In general, PinX1-Cand ACA are not co-localized (panel a). In prometaphase (panel b),

GFP-PinX1-C labeling appears at perichromosomal regions. Bar, 10 um.

proteins such as CENP-E and CENP-B, we conducted confocal
microscopic analyses of GFP-PinX1-expressing cells doubly
stained with CENP-E antibody and ACA, respectively. From
the magnified merged image, it is readily apparent that the
PinX1 localization is exterior to the ACA (Fig. 1C, panel a) but
relatively interior to CENP-E (Fig. 1C, panel b). Thus, we con-
clude that PinX1 is a kinetochore outer plate protein.

To verify if the localization of exogenously expressed GFP-
PinX1 is representative of the endogenous PinX1, we stained
HeLa cells with PinX1 mouse antibody. This mouse antibody
can recognize PinX1 in methanol-fixed cells but not in formal-
dehyde-fixed cells. In the methanol-fixed cells, however, the
nucleolar structure was not well preserved, and we failed to
detect PinX1 in the nucleoli (Fig. 1D, panel a). We reasoned
that chemical cross-linking perhaps masked the epitope for
mouse PinX1 antibody. To balance the subcellular structure
preservation and antigen accessibility for the PinX1 antibody,
we devised a protocol combining a brief 3-min formaldehyde
fixation followed by a 5-min cold methanol treatment to expose
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the epitope for anti-PinX1 antibody. As shown in Fig. 1D, panel
b, the nucleolus localization of endogenous PinX1 in interphase
is readily apparent. In addition, endogenous PinX1 is clearly
seen at the chromosome periphery and the kinetochore (Fig.
1D, panel ¢, and magnified images). Based on the identical pat-
tern of endogenous and exogenous PinX1 distribution, we con-
clude that PinX1 is a nucleolar protein in interphase and
becomes associated with the mitotic apparatus, including the
spindle pole, chromosome periphery, and the kinetochore in
mitosis.

Kinetochore Localization of PinX1 Is Mediated by Its Central
Region—The spatiotemporal dynamics of PinX1 prompted us
to identify the structural determinants responsible for PinX1
subcellular localization. To this end, we generated three dele-
tion mutants based on the structural feature of PinX1. These
mutants include the N-terminal PinX1 (PinX1-N; 1-91 amino
acids), the central domain (PinX1-M; 92—254 amino acids), and
C-terminal tail (PinX1-C; 254—-328 amino acids) as illustrated
in Fig. 2A. These three deletion mutants were tagged with GFP
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and expressed in HeLa cells as correct sizes based on the West-
ern blotting analysis with a GFP antibody (Fig. 2B).

We then assessed their subcellular distribution in HeLa cells
transiently transfected to express GFP-PinX1 deletion mutants.
After fixation, the kinetochores and DNA were counter-stained
with ACA and DAPI, respectively. As shown in Fig. 2C,
PinX1-N, which contains the potential RNA-binding G-patch
domain, was dispersed almost evenly in the nucleoplasm with a
few bright spots in interphase. In mitosis, PinX1-N has light
deposition on the spindle pole localization (Fig. 2C, panel b).
Surprisingly, PinX1-M, which contains no obvious structural
domain, is localized to telomere-like structures and nucleoli in
interphase (Fig. 2D, panel a). In mitosis, PinX1-M is distributed
to kinetochores and spindle poles (Fig. 2D, panel b). PinX1-C,
containing the telomerase inhibitory domain (11), mainly
resides in interphase nucleoli. Interestingly, PinX1-C is local-
ized to the chromosome periphery in mitosis (Fig. 2E, panel b).
In sum, the pattern of deletion mutant localization suggests the
structural determinants and reflects the dynamic subcellular
localization profile of full-length GFP-PinX1 shown in Fig. 1A.

Kinetochore Localization of PinX1 Depends on Hecl and
CENP-E—Previous studies revealed that assembly of the kine-
tochore machine involves several interactive but parallel path-
ways (6, 21-23). Recent studies reveal that Nuf2 forms a stable
and evolutionarily conserved complex with Hecl and specifies
the localization of CENP-E to the kinetochore (6, 24—26). To
examine if the Hecl and CENP-E pathway is responsible for the
assembly of PinX1 to the kinetochore, we employed the small
interference RNA (siRNA) approach to suppress Hecl and
CENP-E protein expression and assessed their influence on
PinX1 localization to the kinetochore. Typically, we achieved
87-93% suppression of Hec1, BubR1, and CENP-E as judged by
Western blotting analyses (6). In control cultures, Hecl local-
ized with PinX1 at the prometaphase kinetochores (Fig. 34,
Control panels). In cells in which Hecl had been suppressed,
the levels of kinetochore-bound PinX1 appeared reduced (Fig.
3A, Hecl siRNA panels). Quantitation of normalized pixel
intensities showed that, when Hecl was reduced to <10% of its
control value, PinX1 levels were reduced to 33 = 3% of the
control (Fig. 3E). However, the association of PinX1 with chro-
mosome periphery was not altered by the Hecl depletion. We
conclude that the kinetochore localization of PinX1 is depend-
ent on Hecl.

We next examined the requirement of CENP-E for PinX1
assembly to the kinetochore. In control cultures, CENP-E local-
ized with PinX1 at the prometaphase kinetochores (Fig. 3B,
Control panels). However, in cells in which CENP-E had been
suppressed, the levels of kinetochore-bound PinX1 appeared
reduced (Fig. 3B, CENP-E siRNA panels). Quantitation of nor-
malized pixel intensities showed that, when CENP-E was
reduced to <10% of its control value, PinX1 levels were reduced
to ~37% (Fig. 3E). Because CENP-E interacts with CENP-F and
BubR1 (3, 27), we then tested the requirement of CENP-F and
BubR1 for kinetochore localization of PinX1. In control cul-
tures, BubR1 localized with PinX1 at the prometaphase kineto-
chores (Fig. 3C, Control panels). Interestingly, in cells in which
BubR1 had been suppressed, the levels of kinetochore-bound
PinX1 appeared unaltered (Fig. 3C, BubRI siRNA panels).
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Quantitation of normalized pixel intensities showed that, when
BubR1 was reduced to <10% of its control value, PinX1 levels
were reduced to ~83% (Fig. 3E). Similarly, suppression of
CENP-F did not alter the localization of PinX1 to the kineto-
chore (Fig. 3D, CENP-F siRNA panels). We have also examined
the effect of repressing PinX1 on the kinetochore localization of
Hecl, CENP-E, BubR1, and CENP-F (supplemental Fig. S3).
However, quantitation of normalized pixel intensities showed
that, when PinX1 was reduced to <10% of its control value, the
levels of Hecl, CENP-E, BubR1, and CENP-F were slightly
reduced to ~87-91% of their respective control values (data
not shown). Thus, we conclude that PinX1 localization to the
kinetochore depends on CENP-E, but not BubR1 and CENP-F.

Depletion of PinX1 Causes Unstable Spindle Microtubules
and Lagging Chromosomes—Given its kinetochore localization
and dependence on Hecl and CENP-E, we next examined the
role of PinX1 in mitosis. To this end, we introduced siRNA
oligonucleotide duplexes to PinX1 by transfection into HeLa
cells. Trial experiments revealed that treatment of HelLa cells
with 50 nM siRNA for 48 h produced optimal suppression of the
target proteins. As shown in Fig. 44, Western blotting with
anti-PinX1 antibody revealed that the siRNA oligonucleotide
caused an 8.3-fold suppression of the PinX1 protein level. This
suppression was relatively specific, as it did not alter the levels
of other proteins such as tubulin and nucleolin (Fig. 44 and data
not shown). Surprisingly, our brief examination of DNA stain-
ing revealed that the number of cells containing micro-nuclei
was readily apparent (Fig. 4B, PinX1 siRNA panel). We sur-
veyed ~150 interphase cells, positively transfected with PinX1
siRNA, through the stacks of focal planes of the nucleus. As
shown in Fig. 4C, a summary from three different experiments
shows that the depletion of PinX1 results in significant
increases in micronuclei-containing cells (15.7 = 1.3%) com-
pared with the control group (3.8 = 0.2%; p < 0.01).

The micronuclei phenotype suggests a possibility of aberrant
chromosome segregation in the prior round of mitosis. PinX1
kinetochore localization depends on the Hecl and CENP-E,
two kinetochore proteins essential for spindle microtubule
attachment to the kinetochore. If PinX1 functions in spindle
microtubule-kinetochore association, suppression of PinX1
could result in an unstable spindle microtubule attachment. To
test this hypothesis, aliquots of HeLa cells were transfected with
siRNA oligonucleotides to suppress Hecl and PinX1 followed
by thymidine synchronization and release into metaphase (10 h
after thymidine wash-out). After an incubation of the coverslips
on ice to depolymerize non-kinetochore microtubules, the
transfected and synchronized HelLa cells were pre-extracted
prior to formaldehyde fixation. The cells were counter-stained
with anti-tubulin, anti-ACA antibody, and DAPI. As shown in
Fig. 4D, panel a, in control cells, even though the aster micro-
tubules were depolymerized, the spindle microtubules were
stable under cold treatment. Conversely, the spindle microtu-
bules were depolymerized in Hecl-depleted cells, consistent
with the essential role of Hecl in spindle microtubule-kineto-
chore attachment (5). Surprisingly, the spindle microtubules
were partially depolymerized in the PinX1-depleted cells (Fig.
4D, panel c), suggesting that PinX1 may function in stabilizing
spindle microtubules in mitosis. Using an siRNA targeted to a
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FIGURE 3. Kinetochore localization of PinX1 requires Hec1 and CENP-E. A, Hec1 determines the kinetochore localization of PinX1. Aliquots of Hela cells
were transfected with oligonucleotides (control and siRNA for Hec1) and GFP-PinX1 for 48 h, followed by fixation and immunocytochemical staining as
described under “Experimental Procedures.” Optical images were collected from Hela cells transfected with control siRNA (Control panel) and Hec1 siRNA (Hec1
siRNA panel). Suppression of Hec1 eliminates the kinetochore localization of PinX1, although its perichromosomal distribution is not altered. Scale bars, 10 um.
B, CENP-E determines the kinetochore localization of PinX1. Aliquots of HeLa cells were transfected with oligonucleotides (control and siRNA for CENP-E) and
GFP-PinX1 for 48 h, followed by fixation and immunocytochemical staining as described above. Optical images were collected from Hela cells transfected with
control siRNA (Control panel) and CENP-E siRNA (CENP-E siRNA panel). Suppression of Hec1 eliminates the kinetochore localization of PinX1, although its
perichromosomal distribution is not altered. Scale bars, 10 um. C, kinetochore localization of PinX1 is independent of BubR1 in the kinetochore. Aliquots of
Hela cells were transfected with oligonucleotides (control and siRNA for BubR1) and GFP-PinX1 for 48 h, followed by fixation and immunocytochemical
staining as described above. Optical images were collected from HeLa cells transfected with control siRNA (Control panel) and BubR1 siRNA (BubR1 siRNA panel).
Suppression of BubR1 does not alter the kinetochore localization of PinX1 and PinX1 associated with perichromosome regions. Scale bars, 10 um. D, kineto-
chore localization of PinX1 is independent of Cenp-F in the kinetochore. Aliquots of HeLa cells were transfected with oligonucleotides (control and siRNA for
Cenp-F) and GFP-PinX1 for 48 h, followed by fixation and immunocytochemical staining as described above. Optical images were collected from Hela cells
transfected with control siRNA (Control panel) and Cenp-F siRNA (Cenp-F siRNA panel). Suppression of Cenp-F does not alter the kinetochore localization of
PinX1 and PinX1 associated with perichromosome regions. Scale bars, 10 um. E, quantitation of Hec1, CENP-E, BubR1, and Cenp-F levels at kinetochores of
control and siRNA-treated cells. The pixel intensities of Hec1, CENP-E, Hec1, and Cenp-F (normalized to the ACA signal) in control (closed bars) and Hec1-
repressed, CENP-E-repressed, BubR1-repressed, and Cenp-F-repressed cells were measured. Values represent the means = S.E. of at least 100 kinetochores in
11 different cells. The intensities of target proteins are expressed as open bars, although PinX1 intensities are marked by closed bars. *, p < 0.01 compared with
that of the control.

different region of PinX1 mRNA, we obtained essentially the indicate that PinX1 is essential for a stable kinetochore-micro-

same phenotype (Fig. 4E, panel b).

To quantify the effect of PinX1 in stabilizing kinetochore
microtubules, we counted the number of end-on kinetochore
microtubule bundles per cell from the projection images con-
structed from the stack of 0.25-um optical sections collected by
deconvolution microscopy as described previously (3). As sum-
marized in Fig. 4F from analyses of 15 cells, the number of
kinetochore-captured microtubule bundles is 159 = 17 per cell
in control. Such a number is greatly reduced in Hecl-repressed
cells (47 = 7 per cell). The number in PinX1-repressed cell is
83 = 13 per cell (siRNA 1; n = 15; p < 0.01 compared with that
of control) and 78 = 15 per cell (siRNA 1; n = 15; p < 0.01
compared with that of control). Thus, our quantitative analyses

V2o SAN
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tubule connection.

Our previous studies established that CENP-E is essential for
stabilizing kinetochore-microtubule attachments (3, 6). Our
finding that the CENP-E is required for PinX1 maintenance at
kinetochores prompted us to test whether depletion of PinX1
could affect the functional activity of microtubule capturing.
The distance between sister kinetochores marked by ACA has
been used as an accurate reporter for judging the tension devel-
oped across the kinetochore pair (3, 6). In this case, the short-
ened distance often reflects aberrant microtubule attachment
to the kinetochore, in which less tension is developed across the
sister kinetochore. Therefore, we measured ACA distance in
>100 kinetochore pairs in which both kinetochores were in the
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FIGURE 4.PinX1 is required for faithful chromosome segregation and spindle stability. A, efficiency of siRNA treatments in HelLa cells. Aliquots of HeLa cells
were transfected with 50 nm siRNA oligonucleotide duplexes for PinX1 and its control (scrambled oligonucleotide) for 48 h and subjected to SDS-PAGE and
immunoblotting. Upper panel, PinX1; lower panel, tubulin. WB, Western blot. B, suppression of PinX1 results in micro-nuclei phenotype. Hela cells were
transfected with siRNA oligonucleotides for PinX1 and examined for nuclear morphology. C, average of 200 cells from three separate experiments was counted
for Hela cells treated with control or PinX1 siRNA oligonucleotides, respectively. Error bars represent S.E.; n = 3 preparations, *, p < 0.01 compared with that
of the control. D and E, suppression of PinX1 results in destabilization of spindle microtubules. HeLa cells were transfected with siRNA oligonucleotides (D,
oligonucleotide 1; E, oligonucleotide 2) for PinX1 and examined for spindle stability in response to cold treatment. Cold-treated control, Hec1-, or PinX1-
depleted cells were stained with tubulin (green) and ACA (red). The kinetochore microtubules became unstable due to cold treatment in the absence of Hec1
or PinX1 (D, panel ¢, and E, panel b). Bar, 10 um. Note that the two siRNA oligonucleotides targeting to different regions of PinX1 result in similar repression of
PinX1 protein level and subsequent phenotype of chromosome congression errors. F, quantitation of kinetochore-captured microtubule bundles. To quantify
the number of kinetochore-captured microtubule bundles as a function of kinetochore protein, the number of end-on kinetochore microtubule bundles per
cell from the projection images constructed from the stack of 0.25-um optical sections was counted. In the control scramble oligonucleotide-transfected cells,
the number of kinetochore-captured microtubule bundles is 159 = 17/cell. The kinetochore-captured microtubule bundle number in Hec1-repressed cells is
47 = 7/cell, and the number in PinX1-repressed cell is 83 = 13/cell. Error bars represent S.E.; n = 15 cells, *, p < 0.01 compared with that of the control.
G, suppression of PinX1 results in a loss in tension across the sister kinetochore. Hela cells were transfected with siRNA oligonucleotides for PinX1 and
examined for distance across the sister kinetochore. The distance between kinetochore pairsin CENP-E (17, 2, and 3") or PinX1 (1", 2", and 3"-depleted cells was
measured and compared with that of control cells (7, 2, and 3). Bar, 10 um. H, quantitation of sister kinetochore distance marked by ACA staining. Kinetochore
distance is measured between kinetochores that are marked by ACA staining and localized in the same focal plane. An aliquot of cells was exposed to 100 ng/ml
nocodazole to depolymerize all kinetochore microtubules as described under “Experimental Procedures.” The value from siRNA-treated samples was calcu-
lated from >100 kinetochores selected from at least 10 different cells. *, p < 0.01 compared with that of the control.

same focal plane, in each siRNA-treated cell, including
CENP-E, PinX1, and control cells. Nocodazole-treated cells
were used as a negative control in which kinetochore pairs were
presumably under no tension.

As shown in Fig. 4, G and H, depletion of CENP-E or PinX1
resulted in errors in chromosome alignment at the equator
(panels b and c; arrows). Control kinetochores exhibited a sep-
aration of 1.65 = 0.12 um (Fig. 4G, 1-3), whereas the distance
between kinetochores was 1.18 * 0.13 um in PinX1-depleted
cells (Fig. 4G, 1" 2", and 3"; *, p < 0.01 compared with that of
the control) and 1.13 = 0.15 um in CENP-E-depleted cells
(Fig. 4G, I', 2/, and 3'; %, p < 0.01 compared with that of the
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control), comparable with 0.93 = 0.11 um in nocodazole-
treated cells, indicating that PinX1 functions in stabilizing
microtubule-kinetochore association. These data demon-
strate that loss of PinX1 is responsible for defects of chro-
mosome congression and aberrant attachment of chromo-
some to spindle microtubules.

PinX1 Is a Novel Microtubule-binding Protein—Repression
of PinX1 resulting in aberrant chromosome segregation
prompted us to examine whether PinX1 exhibits any microtu-
bule binding activity. To this end, we carried out a co-sedimen-
tation assay using recombinant PinX1 protein incubated with
pre-formed microtubules. The Coomassie Blue-stained gel in
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Fig. 5A shows that recombinant GST-PinX1 but not GST co-
sedimentated with taxol-stabilized microtubules. No pelleting
of PinX1 was observed in the absence of microtubules, suggest-
ing that PinX1 bears microtubule binding activity. To validate
this activity, we incubated GST-PinX1 with an increased con-
centration of taxol-stabilized microtubules followed by co-sed-
imentation. As shown in Fig. 5B, PinX1 binds to microtubule in
a dose-dependent manner. No pelleting of either protein was
observed in the absence of microtubules. Quantifying the frac-
tion of PinX1 pelleted with microtubule indicates an apparent
dissociation constant of K, ~0.83 = 0.18 uMm (Fig. 5C). There-
fore, we conclude that PinX1 binds to microtubules directly
with a relatively low affinity.

PinX1 Is Essential for Faithful Chromosome Segregation—
Given the finding that PinX1 binds to microtubules in vitro,
we speculated that repression of PinX1 would cause chromo-
some segregation error. To examine precisely the chromo-
some movements in cells depleted of PinX1 or transfected by
scramble oligonucleotides, GFP-H2B was co-transfected
with siRNAs to visualize, in real time, chromosomes in the
absence of PinX1 upon nuclear envelope breakdown (NEB).
Asshown in Fig. 64, in scramble oligonucleotide-transfected
cells, all chromosomes achieve metaphase alignment 26 min
after NEB. The anaphase onset was observed 40 min after
NEB. The complete segregation of sister chromatids was
achieved 50 min after NEB in these scramble-transfected
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cells. Two examples of PinX1 depleted cells are shown in Fig.
6, Band C. One cell failed to achieve chromosome alignment
even at 75 min after NEB, which is similar to nucleolin-
depleted cells (Fig. 6B). The other cell (Fig. 6C) did not
achieve anaphase onset, in the presence of a lagging chromo-
some, until 55 min after NEB, which is about 38% longer than
that of control cell. Although a majority of sister chromatids
separated at the anaphase onset, careful examination
revealed a chromatid bridge (Fig. 6C, open arrowheads) in
PinX1-suppressed cells. The chromatid bridge was eventu-
ally broken and formed a micro-nucleus in the PinX1-de-
pleted telophase cell. We surveyed ~10 cells from each
group. The average time from NEB to anaphase onset is
42.6 = 2.7 min in control cells, and the length is PinX1-
repressed cells is 64.8 £ 8.6 min (p < 0.01 compared with
that of control). Thus, we conclude that PinX1 is essential for
faithful chromosome segregation in mitosis.

An unstable kinetochore-microtubule attachment results
in aberrant chromosome segregation, although perturbation
of kinetochore structure due to PinX1 repression also leads
to premature anaphase phenotype (Fig. 6C). To explore
whether depletion of PinX1 causes any chromosome segre-
gation defects in HeLa cells, we collected control oligonucle-
otide-treated and siRNA-treated cells, stained with DAPI
and ACA. Control anaphase cells treated with scramble oli-
gonucleotide exhibited a total separation of two sets of sister
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*,p < 0.01 compared with that of the control.

chromatids (Fig. 6D, panel a). However, cells treated with
PinX1 siRNA display a typical chromosome bridge pheno-
type, in which the majority of sister chromatids is separated
with one or more sister chromatids entangled (Fig. 6D, pan-
els b and ¢, arrows). The failure in separating equal sister
chromatids prior to entry into anaphase resulted in unequal
distribution of chromatids, which leads to the micro-nuclei
phenotype seen in Fig. 4B. We surveyed ~130 mitotic cells
from three different experiments, in which both sets of sister
chromatids were in the same focal plane, from PinX1 siRNA
oligonucleotide-treated and control oligonucleotide-treated
cells. We counted the number of cells displaying a typical
chromosome bridge phenotype and expressed it as the per-
centage of the total cell population that is in mitosis. As
shown in Fig. 6E, a summary from three different experi-
ments shows that the depletion of PinX1 resulted in signifi-
cant increases in cells bearing chromatid bridges (65.7 =
5.7%; p < 0.01 compared with that of control 0f20.3 = 3.6%).
These data demonstrate that loss of PinX1 is also responsible
for defects of chromosome segregation associated with pre-
mature entry into anaphase.
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DISCUSSION

Aneuploidy, a loss or gain of chromosomes, a major form
of chromosome instability commonly associated with cancer
formation and progression, is thought to arise from aberrant
mitotic chromosome segregation. Chromosome segregation
in mitosis is orchestrated by the interactions of kinetochores
with spindle microtubules and is monitored by the spindle
assembly checkpoint proteins (28). In this study, we have
demonstrated that PinX1 localizes to the chromosome
periphery during mitosis. In addition, we revealed the kine-
tochore localization of PinX1, which persists from prophase
to metaphase, suggesting that PinX1 may be involved in reg-
ulating chromosome movements. Suppression of the expres-
sion of PinX1 by siRNA in HeLa cells results in depletion of
PinX1 during mitosis, destabilization of kinetochore micro-
tubules, and chromosome instability.

Besides its kinetochore and chromosome periphery local-
ization, exogenously expressed GFP-PinX1 was readily
apparent on the spindle poles. However, the spindle pole-
associated endogenous PinX1 was less prominent in our
experimental condition. It is possible that the PinX1 epitope
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recognized by our antibody is somehow masked at the spin-
dle pole. The apparent spindle pole-associated localization
of GFP-PinX1 could also be due to the fact that overexpres-
sion of GFP-PinX1 saturates its binding sites at the kineto-
chore and chromosome periphery leading to accumulation
at the poles. Nevertheless, it is worth noting that TRF1, a
binding partner of PinX1, is redistributed to the spindle
poles in mitosis (29). However, bipolar spindle integrity was
not altered in PinX1-depleted cells, suggesting the mitotic
defects seen in the PinX1 suppression are not associated
with its spindle localization. Thus, we reason that the func-
tion of PinX1 in mitosis is mainly tied to its localization on
the kinetochores.

It was surprising that PinX1 bears microtubule binding
activity. However, our attempt to map the microtubule bind-
ing activity using PinX1 deletion mutants was unsuccessful.
It is possible that deletion disrupted the secondary structure
necessary for the microtubule binding. Given the impor-
tance of PinX1 in mitotic chromosome segregation, it would
be of great importance to characterize its structure-function
relationship. Chromosome instability phenotype seen in
PinX1-repressed cells is consistent with the fact that deple-
tion of PinX1 also increases tumorigenicity in nude mice
(11).

Recent studies have revealed that other structures on the
chromosomes facilitate faithful chromosome segregation
(30, 31). Proteomic analysis of mitotic chromosomes identi-
fied hundreds of chromosome periphery proteins in addition
to the kinetochore proteins (32). The large number of pro-
teins observed in perichromosomal regions during mitosis
implies that they play functional roles in this process (33). In
fact, Heald et al. (34) have elegantly demonstrated that bipo-
lar spindles can be assembled spontaneously around artifi-
cial chromosomes using Xenopus egg extracts, suggesting a
role of chromosomes, perhaps chromosome periphery pro-
teins, in microtubule nucleation and spindle assembly. Sub-
sequent investigation identified a Rael-containing ribonu-
cleoprotein complex that is involved in spindle assembly and
particularly in microtubule nucleation and stabilization (35).
Several studies demonstrate that Ran-GTP gradients gener-
ated by the chromosomal Ran-guanine nucleotide exchange
factor RCC1 are essential for chromosome-mediated bipolar
spindle assembly (36, 37). More recently, the Ran-impor-
tin-B complex was reported to be involved in chromosome
loading of human chromokinesin Kid (38). Chromokinesins
generate polar ejection forces on chromosomes to push
them toward the microtubule plus-end and thus the equato-
rial plane (39). Considering the chromosome congression
defect observed in PinX1-depleted cells, it will be worth ver-
ifying whether PinX1 is involved in chromosome loading of
chromokinesins or the generation of Ran-GTP gradients.

Taken together, our findings demonstrate a critical role of
PinX1 in accurate chromosome segregation. The fact that elim-
ination of PinX1 disrupts kinetochore microtubule-kineto-
chore association and induces chromosome cross-bridges in
HeLa cells prematurely exited from anaphase demonstrates the
importance of PinX1-microtubule interaction in facilitating
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chromosome segregation and the maintenance of genomic sta-
bility in mitosis.
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