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Dynein light chains are accessory subunits of the cytoplasmic dynein complex, a minus-end directed microtubule
motor. Here, we demonstrate that the dynein light chain Tctex-1 associates with unattached kinetochores and is
essential for accurate chromosome segregation. Tctex-1 knockdown in cells does not affect the localization and
function of dynein at the kinetochore, but produces a prolonged mitotic arrest with a few misaligned chromosomes,
which are subsequently missegregated during anaphase. This function is independent of Tctex-1’s association with
dynein. The kinetochore localization of Tctex-1 is independent of the ZW10-dynein pathway, but requires the Ndc80
complex. Thus, our findings reveal a dynein independent role of Tctex-1 at the kinetochore to enhance the stability of
kinetochore-microtubule attachment.

Introduction

Accurate chromosome segregation during mitosis requires
proper interactions between chromosomes and plus ends of
microtubules of the mitotic spindle.1,2 The kinetochore, the
proteinaceous complex assembled at the centromere region,
serves as the microtubule attachment site at each mitotic chro-
mosome.3,4 Although there is much support for the KMN net-
work (KNL1, Mis12, and Ndc80 complexes) serving as the
core microtubule binding apparatus at the kinetochore,5,6 it is
quite clear that many other kinetochore- and microtubule-asso-
ciated proteins play important roles in maintaining the stable
connection between kinetochores and dynamic microtubule
plus ends. Depletion of the Ska1/RAMA complex 7-10 or a
formin mDia3 11,12 results in chromosome misalignment phe-
notypes in mammalian cultured cells, reminiscent of depletion
of the Ndc80 complex. Two force-producing kinetochore-asso-
ciated motors, the plus end-directed microtubule motor
CENP-E and the minus end-directed microtubule motor cyto-
plasmic dynein, are associated with the outermost region of the
kinetochore and have been implicated in the initial stages of
microtubule interactions.13 A group of microtubule plus-end-
tracking proteins are delivered to the kinetochore by microtu-
bule plus ends and possibly act as tethers, as well as modulators
of microtubule dynamics, at attachment sites.14,15

The dynein light chains are accessory subunits of the cyto-
plasmic dynein motor complexes and form a complex with the

dynein intermediate chains at the base of the dynein heavy
chains.16 While the light chains directly link dynein to its cargo
as an adaptor protein,17 recent studies suggest that these noncata-
lytic subunits may play a dynein-independent role in diverse cel-
lular functions. For example, the LC8 family members of dynein
light chains have been shown to interact, besides dynein, with a
large number of proteins.18 Similarly, the Tctex family member
of Tctex-1 (or DYNLT1) has dynein-independent roles in actin
remodeling during neurite outgrowth 19 and in ciliary resorp-
tion.20,21 We now show that Tctex-1 associates with unattached
kinetochores and participates in stable microtubule attachment
independent of cytoplasmic dynein.

Results

Both Tctex-1 and CLIP-170 associate with dyneinless
kinetochores

We have shown that the formin mDia3 and its interaction
with EB1, a microtubule plus-end-tracking protein, are essential
for accurate chromosome segregation.11 Knockdown the mDia3
protein in cells results in a loss of EB1, but an increase of
CLIP-170, another microtubule plus-end-tracking protein, at
kinetochores aligned at the metaphase plate (Fig. 1A, B and D),
judging by their relative signals against anti-centromere anti-
body (ACA) as the kinetochore marker. The compositional
change of microtubule plus ends attached to kinetochores does
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not affect the release of cytoplasmic dynein from aligned kineto-
chores, judging by the loss of kinetochore staining of dynein
intermediate chain (DIC) (Fig. 1C and D). In contrast, the
level of Tctex-1, a dynein light chain, is significantly increased
on aligned kinetochores in mDia3 knockdown cells (Fig. 1C
and D). These results show that at least a population of Tctex-1
and CLIP-170 can be recruited onto kinetochores without
dynein.

Tctex-1 is an outer kinetochore component
To confirm that Tctex-1 is a kinetochore component, we

examined the kinetochore localization of Tctex-1 in fixed cells
(Fig. 2A). Indirect immunofluorescence showed strong Tctex-1
kinetochore staining, which colocalized with ACA, during mito-
sis but not interphase. Tctex-1 associated with kinetochores in
prophase and remained at the kinetochore until metaphase. Fur-
thermore, in late prometaphase cells, we detected Tctex-1 kinet-
ochore signals on unaligned, but not aligned, chromosomes.
Using N-SIM super-resolution microscopy system, we examined
the localization of Tctex-1 within the kinetochore and found
that Tctex-1 localized peripherally to Hec1, a component of the
outer kinetochore protein complex Ndc80 (Fig. 2B). In addi-
tion, in cells treated with monastrol to produce monopolar
spindles with monotelic chromosomes (with only one sister

kinetochore attached to microtubule and the other unattached),
Tctex-1 localized to only one of 2 sister kinetochores on many
chromosomes (Fig. S1A). The strong Tctex-1 staining was
observed on the kinetochore further from the pole while the
kinetochore closer to the pole had much less Tctex-1 staining.
This asymmetric staining of sister kinetochores on monotelic
chromosomes in monastrol-treated cells are similar to previously
documented kinetochore localization of Mad2, a mitotic check-
point protein which localizes only to unattached kinetochores.22

These results collectively suggest that Tctex-1 is an outer kineto-
chore component and associates only with unattached
kinetochores.

Cytoplasmic dynein is also recruited onto unattached kineto-
chores and departs from attached kinetochores along with mitotic
checkpoint proteins through a dynein self-removal mechanism.23

Despite the similar kinetochore localization pattern, we identified
some differences in the timing in which Tctex-1 appeared at
kinetochores in comparison with dynein. Judging by immunoflu-
orescence staining compared to late prometaphase kinetochores,
the prophase and early prometaphase kinetochores were able to
recruit a significant amount of Tctext-1 with no or little dynein
(Fig. S1B). This result is consistent with the possibility that the
recruitment of Tctex-1 onto unattached kinetochores can occur
independently of dynein.

Figure 1. CLIP-170 and Tctex-1, but not dynein, remain at attached kinetochores without mDia3 and EB1. (A–C) Indirect immunofluorescence staining of
DNA (DAPI staining) and ACA, along with EB1 (A), CLIP-170 (B), Dynein (DIC in C), and Tctex-1 (C) in control and mDia3 knockdown metaphase cells as
indicated (72 hr post-transfection). Cells were treated with nocodazole for 4 hrs and then released into MG132 for 1 hr prior to fixation. Bar, 5 mm. (D)
Quantification of the relative intensities (per kinetochore) at aligned kinetochores of EB1/ACA, CLIP-170/ACA, DIC/ACA, and Tctex-1/ACA in metaphase
cells (mean with 95% confidence interval, P < 0.0001 as indicated by *** based on more than 30 kinetochores from at least 5 cells).
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Tctex-1 plays a role in metaphase chromosome alignment
and accurate chromosome segregation, and this function is
independent of its ability to bind to dynein

To test for the functions of Tctex-1 at the kinetochore, we
transfected cells with a plasmid encoding Tctex-1 short hair-
pin RNA (shRNA) and far red fluorescent protein (HcRed).
The expression of Tctex-1 shRNA had resulted in a clear
reduction of Tctex-1 protein level after either 48 hr
(Fig. 3A), as well as 72 hr (data not shown), and a loss of
Tctex-1 at unattached kinetochores by immunofluorescence
microscopy (Fig. 3B). The loss of Tctex-1 at kinetochores
could be rescued by expressing a shRNA-resistant Flag-tagged

Tctex-1 construct (Fig. 3B), further supporting that Tctex-1
is a kinetochore component.

Chromosome movement and mitotic progression upon
Tctex-1 depletion were assessed by live cell imaging in unper-
turbed mitoses using cells stably expressing the Histone H2B-
EYFP fusion protein. Depletion of Tctex-1 (72 hr post-transfec-
tion of the Tctex-1 shRNA construct) extended the average dura-
tion of mitosis (to 171 min) compared to control cells (51 min)
(Figs. 3C and 4D, Movies S1 and S2). More importantly, this
mitotic delay is caused by a few chromosomes chronically mis-
aligned near the spindle poles, which were subsequently missegre-
gated at anaphase onset (Figs. 3D, 4E and F). The existence of

Figure 2. The dynein light chain Tctex-1 associates with unattached kinetochores. (A) Immunofluorescence detection of ACA, Tctex-1, and DNA (DAPI
staining) in mitotic cells. In merged panels: ACA – green, Tctex-1 – red, and DNA – blue. Insets: colocalization of Tctex-1 and ACA at a pair of sister kineto-
chores. Arrows point to spindle poles and arrow heads point to unattached kinetochore on a polar chromosome. Bar, 5 mm. (B) Left panel: N-SIM Super-
resolution images showing Hec1 (green) and Tctex1 (magenta). Right panel: graph showing a representative linescan of the fluorescent intensity of a
pair of sister kinetochores that is highlighted in left panel (inset).
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only a few unaligned chromosomes is consistent with the obser-
vation that Tctex-1 depletion did not affect the overall cold-sta-
ble microtubules in metaphase cells (Fig. S2). Besides polar
chromosomes, many Tctex-1-depleted cells also exhibited chro-
mosome bridges upon anaphase onset. The importance of Tctex-
1 in mitotic progression is confirmed by the rescue with the
expression of the shRNA resistant wild-type Flag-Tctex-1 protein
in Tctex-1-depleted cells (Figs. 3B–D). These results demon-
strate that Tctex-1 is important for metaphase chromosome
alignment and accurate chromosome segregation.

Tctex-1 directly binds to dynein intermediate chain and has a
predicted threonine 94 (T94) phosphorylation site.19 Only the
nonphosphorylatable Tctex-1-T94A protein, but not the phos-
phomimetic Tctex-1-T94E protein, is able to associate with the
dynein complex.19 In agreement, we confirmed that both Flag-
wild type Tctex-1 and Flag-Tctex-1-T94A, but not Flag-Tctex-
1-T94E, were co-immunoprecipitated with endogenous dynein
(DIC) in mitotic extracts (Fig. 4A). We examined whether the
expression of these 2 Tctex-1 proteins can rescue mitotic defects

caused by the depletion of endogenous Tctex-1. Judging by live
cell imaging, both Tctex-1-T94A and Tctex-1-T94E substan-
tially reduced the duration of mitosis to a similar degree
(Figs. 4B–D, Movies S3 and S4). Furthermore, the incidents of
misaligned and missegregated chromosomes were similarly
reduced in cell expressing T94A and T94E for the rescue
(Fig. 4B, C and F). These results confirm an important role of
Tetex1 for accurate chromosome segregation and suggest that
this function of Tctex-1 at the kinetochore does not depend on
its interaction with dynein.

Tectx-1 knockdown does not affect dynein-Tctex-1L at
kinetochores

It has been shown that another dynein light chain
DYNLT3/Tctex-1L associates with kinetochores and binds to
Bub3, a mitotic checkpoint protein.24 These results have
been interpreted as the Tctex-1L to contribute to dynein
cargo binding specificity. We examined whether the chromo-
some misalignment and missegregation phenotype caused by

Figure 3. Tctex-1 is essential for accurate chromosome segregation. (A) Immunoblotting of cell lysates 48 hr posttransfection with control or Tctex-1
shRNA plasmids as indicated. (B) Immunofluorescence staining of ACA and Tctex-1 in mitotic cells 48 hr posttransfected with control or Tctex-1 shRNA
plasmids, as well as the wild-type Flag-Tctex-1 expression vector, as indicated. For Tctex-1 shRNA C Flag-Tctex-1 cells, Tctex-1 was stained with anti-Flag
antibody. Bar, 5 mm. (C) Time spent from nuclear envelope breakdown to metaphase (or pseudometaphase) (green) and from metaphase (or pseudome-
taphase) to anaphase onset (magenta) of cells (expressing H2B-EYFP) transiently transfected with control or Tctex-1 shRNA plasmids, as well as the wild-
type Flag-Tctex-1 vector (72 hr post-transfection). Each vertical bar represents a single cell. The transfected cells were identified by HcRed, which are
coexpressed by the shRNA plasmid, before live cell imaging. Pseudometaphase is designated as when the majority of chromosomes are aligned with an
obvious metaphase plate and a few polar chromosomes. (D) Stills of live-cell imaging showing cells transfected with control or Tctex-1 shRNA plasmids,
as well as the wild-type Flag-Tctex-1 expression vector, as indicated, during unperturbed mitoses. The transfected cell was identified by cytosolic red sig-
nals from the co-expression of HcRed as showed in the last still image. Bar, 5 mm.
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Tctex-1 depletion could attribute to the change of the popu-
lation of dynein-Tectx-1L at kinetochores. Indirect immuno-
fluorescence analysis revealed that Tctex-1L indeed associated
with unattached kinetochores along with dynein (DIC)
(Fig. S3A and B) as reported previously.24 Depletion of
ZW10 from unattached kinetochores resulted in a significant
loss of both dynein (DIC) and Tctex-1L to a similar extent
(Fig. S3A and B), suggesting that the kinetochore association
of Tctex-1L is dependent of dynein. In contrast, depletion of
Tctex-1 did not change the amount of Tctex-1L associated
with unattached kinetochores (Fig. S3C and D). These
results clearly suggest that depletion of Tctex-1 does not
affect the pool of dynein-Tctex-1L at kinetochores.

The kinetochore localization of Tctex-1 is independent
of cytoplasmic dynein

An important role for dynein during mitosis is to transport of
mitotic checkpoint proteins off kinetochores toward spindle
poles upon microtubule capture.23 BubR1 and Mad1 are 2
mitotic checkpoint proteins whose kinetochore localization
depends on microtubule attachment.25,26 Immunofluorescence
staining revealed the presence of BubR1 and Mad1 at unattached
kinetochores of polar chromosomes, but not on attached kineto-
chores of chromosomes aligned at the metaphase plate in both
control and Tctex-1 depleted cells (Fig. 5). This suggests that
depletion of the dynein light chain Tctex-1 does not have an
effect on dynein-dependent removal of mitotic checkpoint

Figure 4. The mitotic role of Tctex-1 does not depend on its interaction with dynein. (A) Immunoprecipitates from mitotic cell extracts with DIC antibody
and then probed with DIC and Flag antibodies as indicated. Cells were transfected with Flag tagged wild-type Tctex-1, Tctex-1T94A or Tctex-1-T94E. (B)
Time spent from nuclear envelope breakdown to metaphase (or pseudometaphase) (green) and from metaphase (or pseudometaphase) to anaphase
onset (magenta) of cells (expressing H2B-EYFP) transiently transfected with Tctex-1 shRNA plasmids and expression vectors for the nonphosphorylatable
Tctex-1T94A or the phosphomimetic Tctex-1T94E variants (72 hr post-transfection). Each vertical bar represents a single cell. (C) Stills of live-cell imaging
showing cells transfected with Tctex-1 shRNA plasmids and expression vectors for the nonphosphorylatable Tctex-1T94A or the phosphomimetic Tctex-
1T94E variants, as indicated, during unperturbed mitoses. Bar, 5 mm. (D) Distribution of total time spent in mitosis (from nuclear envelope breakdown to
anaphase onset) in cells transfected with shRNAs and expression vectors as indicated. Whisker-Tukey boxes span 25-75 percentile, while center bar
denotes median and “C” marks mean. (E) Stills of live-cell imaging showing a control cell and cells transfected with Tctex-1 shRNA plasmids at the ana-
phase onset. Arrows indicate missegregated polar chromosomes and arrow heads indicate chromosome bridges. Bar, 5 mm. (F) The percentage of
mitotic cells with normal segregation (blue), missegregated polar chromosomes (green), chromosome bridges (yellow), and both (red) at the anaphase
onset were analyzed in cells transfected with shRNAs and expression vectors as indicated. Mean with 95% confidence interval were plotted with chi-
square test used to compute the p-value.
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proteins from attached kinetochores. Furthermore, this result
supports the idea that Tetex1 has a direct role on microtubule
capture at unattached kinetochores independent of dynein.

To further test a possible dynein-independent role of
Tctex-1 at the kinetochore, we examined the inter-depen-
dency of kinetochore recruitment between Tctex-1 and cyto-
plasmic dynein. Depletion of Tctex-1 from unattached
kinetochores did not affect kinetochore association of cyto-
plasmic dynein (Fig. 6A and B). Furthermore, knocking
down of ZW10, a component of the RZZ (Rod/ZW10/

Zwilch) complex that recruits dynein to kinetochores,27,28

significantly reduced the level of dynein at unattached kineto-
chores (Fig. 6A and C). By contrast, ZW10 suppression only
modestly diminished kinetochore recruitment of Tctex-1
(Fig. 6A and C). In combination with the observation of
Tctex-1 localization at kinetochores without dynein in
mDia3 knockdown cells (Fig. 1C and D) and prophase cells
(Fig. S1B), these results demonstrate that at least a portion
of Tctex-1 can be recruited onto unattached kinetochores
independent of dynein.

Figure 5. Tctex-1 depletion does not affect the association of the mitotic checkpoint proteins at unattached kinetochore and their release from attached
kinetochores. (A and B) Immunofluorescence detection of DNA, ACA, BubR1 (A) and Mad1 (B) in prometaphase and metaphase cells transfected with
control or Tctex-1 shRNA plasmids as indicated. Bar, 5 mm. (C) Quantification of the normalized relative kinetochore intensities (per kinetochore) of
Mad1/ACA in mitotic cells. Whisker-Tukey boxplots span 25–75 percentile, while center bar denotes median and “C” marks mean. Quantifications were
based on 30 kinetochores (control unaligned), 30 kinetochores (control aligned), 37 kinetochores (Tctex-1 shRNA unaligned) and 30 kinetochores (Tctex-
1 shRNA aligned) from multiple cells.

1384 Volume 14 Issue 9Cell Cycle



Tctex-1 kinetochore localization depends on the Ndc80
complex

The position of Tctex-1 in the hierarchical structure of the
kinetochore will clearly provide us with crucial indications of
Tctex-1’s role at the kinetochore. To understand how Tctex-1
is targeted to the kinetochore, we searched for kinetochore
components that are required for kinetochore recruitment of
Tctex-1. We found that the level of Tctex-1 on unattached
kinetochores was substantially reduced in Hec1 (a component
of the Ndc80 complex) knockdown cells (Fig. 6D, middle
panel), suggesting an Ndc80-depedent kinetochore localization
of the Tctex-1 protein. Conversely, knockdown of Tctex-1 did
not affect kinetochore recruitment of the Ndc80 complex
(Hec1) (Fig. 6D, bottom panel). Furthermore, depletion of
CENP-E, the microtubule plus end-directed motor, did not
affect the recruitment of Tctex-1 onto unattached kinetochores
(Fig. 6E). Depletion of Ndc80 components does not signifi-
cantly affect the level of dynein at kinetochores.29 Thus, this
result is consistent with a dynein-independent recruitment of
Tctex-1 onto kinetochores.

Discussion

It has been suggested that both Dynein-dynactin complex and
CLIP-170 are present only at the unattached kinetochores and
are released upon microtubule attachment.30 The kinetochore
localization of CLIP-170 might depend on the dynein/dynactin
pathway.31-34 We now show that CLIP-170 and Tctex-1, but
not cytoplasmic dynein, remains at attached kinetochores which
lack EB1 upon depletion of the formin mDia3. Our work argues
that the dissociation of CLIP-170 from attached kinetochores is
neither a direct response from microtubule attachment nor
through a dynein-dependent removal pathway. Instead, the
removal of CLIP-170 might involve changes of microtubule
plus-end dynamics regulated by the accumulation of EB1
through its interaction with the kinetochore-associated mDia3
protein. Furthermore, this result also indicates that the kineto-
chore localization of Tctex-1, a dynein light chain, does not
depend on the dynein complex.

Increasing evidence suggests that dynein light chains can bind
to proteins other than cytoplasmic dynein in diverse cellular

Figure 6. Tctex-1 kinetochore localization is dynein independent. (A) Immunofluorescence detection of ACA, dynein (DIC), and Tctex-1 in nocodazole
treated (3 hrs) mitotic cells transfected with Tctex-1 shRNA plasmids or ZW10 siRNA as indicated. Bar, 5 mm. (B and C) Quantification of the normalized
relative kinetochore intensities (per kinetochore) of DIC/ACA and Tctex-1/ACA (mean § SEM) in mitotic cells. In (B), 63 (control) and 57 (Tctex-1 shRNA)
kinetochores from multiple cells were measured. In (C), 83 (control) and 41 (ZW10 siRNA) kinetochores from multiple cells were measured. (D and E)
Immunofluorescence detection of ACA, Hec1 (A) or CENP-E (B), and Tctex-1 in mitotic cells transfected with Hec1 (A) or CENP-E (B) siRNA. Bar, 5 mm.
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functions.18 Our study unravels an important function for the
dynein light chain Tctex-1 at the kinetochore in a dynein inde-
pendent manner. Evidence for this model includes the following.
First, Tctex-1 can be recruited onto kinetochores through
dynein-independent mechanisms. Tctex-1 associates with
dynein-free kinetochores in prophase cells and in ZW10 knock-
down cells, suggesting that at least part of Tctex-1 enriched at
unattached kinetochores is free from the dynein complex. Sec-
ond, depletion of Tctex-1 does not affect dynein self-removal
and the removal of the mitotic checkpoint proteins from attached
kinetochores, implying that Tctex-1 is not functionally impor-
tant for kinetochore-associated dynein. Third, a phosphomimetic
Tctex-1T94E protein, which has been shown to be unable to
incorporate into the dynein complex in transfected cells 19 and
now by coimmunoprecipitation analysis using mitotic cell
extracts, can rescue mitotic defects caused by the depletion of
endogenous Tctex-1 proteins just like its nonphosphorylatable
counterpart Tctex-1T94A that can associate with the dynein
complex. And fourth, depletion of the Ndc80 complex, but not
ZW10-dynein, at unattached kinetochores results in a significant
loss of Tctex-1. These results coherently suggest that the func-
tional role in metaphase chromosome alignment and accurate
chromosome segregation by kinetochore-associated Tctex-1 is
largely independent from its association with the dynein
complex.

Induction of a dimeric Tctex-1 “trap” results in rapidly dis-
ruption of early endosomal and lysosomal organization, but has
no obvious effect on mitosis.35 On one hand, these results sup-
port that Tctex-1 is not functionally important for dynein in
mitotic progression. On the other hand, these results, along with
other observations, indicate that kinetochore-associated Tctex-1
proteins may be not in rapid exchange with the free cytosolic
pool, as is observed with dynein for endosomes and lysosomes.
Structural studies support a role for dynein light chains to pro-
mote protein dimerization and structural stabilization.18 These
light chains can allosterically bind to and regulate, besides
dynein, diverse proteins and protein complexes. Future work will
require the identification of the binding partner for the dynein-
independent population at kinetochores.

Materials and Methods

Cell culture, transfection, and drug treatment
T98G cells were maintained in DME medium supplemented

with 10% FBS at 37�C in 5% CO2. The Tctex-1 shRNA con-
struct and rescue plasmids are as described previously.19,20 Trans-
fection was performed using HiPerfect (QIAGEN) based on the
manufacturer’s instructions (48 hr or 72 hr, as indicated in fig-
ures/figure legends), and cells transfected with shRNA were iden-
tified by the co-expressed HcRed. The mDia3 siRNA was
purchased from QIAGEN. ZW10 and CLIP-170 siRNAs were
purchased from Dharmacon (Thermo Scientific) and used as
instructed by the manufactures. Nocodazole, monastrol and
MG132 were purchased from Sigma-Aldrich and used at final
concentrations of 100 ng/ml, 100 mM and 10 mM, respectively.

All drug treatments were performed for particular length of time,
as described in figure legends.

Immunofluorescence microscopy and live cell imaging
A commercial Tctex-1 antibody (H-60, Santa Cruz) was used

in this study for all the data obtained. ACA (purified human
anti-centromere protein IgG) was from Antibodies Inc. Other
commercial antibodies used in this study included anti-EB1
(1A11/4 & H-70, Santa Cruz), anti-CLIP-170 (F3 & H300,
Santa Cruz), anti-Flag-M2 (F3165, Sigma-Aldrich), anti-DIC
(74.1, Ab23905, Abcam), anti-Hec1 (9G3, Abcam), anti-
aTubulin(DM1a, T6199, Sigma-Aldrich), anti-BubR1(8G1,
Abcam), anti-Mad1 (9B10, Santa Cruz), anti-CENP-E (C-5,
Santa Cruz), and anti-Tctex-1L (E15, Santa Cruz).

For indirect immunofluorescence, cells grown on poly-D-lysine
coated coverslips were washed in pre-warmed PBS, extracted with
0.1% Triton-X-100 in PBS for 1 min, fixed in cold methanol at
¡20�C for 10 min, and blocked in 5% BSA in PBS at 4�C over-
night. Coverslips were subjected to primary antibodies diluted in
PBS and DyLight488, Rhodamine or Cy5 conjugated secondary
antibodies (Jackson Immuno-Research Laboratories, Inc.), both at
room temperature for 1 hr. DAPI (final concentration 16.67 ng/
mL) was used to stain nuclei/chromosomes. Coverslips were
mounted using antifade reagent (ProLong Gold; Molecular
Probes). Images were acquired at room temperature using an
inverted microscope (IX81; Olympus) with a 60£, NA 1.42 Plan
Apochromat oil immersion objective (Olympus), a monochrome
charge-coupled device camera (Sensicam QE; Cooke Corpora-
tion), which are controlled by the SlideBook software (3i and
Olympus). 10 z-sections 0.5 mm apart spanning 5 mm were taken
for each cell. All images in each experiment along with appropriate
controls were collected on the same day with identical exposure
time. No-neighbor deconvolution and/or maximum z-projection
was performed on selected stacks of representative images, which
were subsequently scaled in ImageJ (NIH) or MATLAB (Math-
works, Inc.) for visual comparison. Quantitative image analysis
was performed with ImageJ (NIH). To measure fluorescent inten-
sities at each individual kinetochore, unassigned unit 16-bit tiff
images of whole stacks or of maximum z-projections were
exported from the SlideBook with all bit depth information being
preserved. ROIs (regions of interest) were generated covering each
kinetochore based on channel-merged image and the integrated
pixel intensities were then measured for each channel within the
ROI. In each cell, 5 cytosolic ROIs near the kinetochore ROIs
were also quantitated as above and averaged for background sub-
traction. Intensity data were then subjected to ratio calculation
and normalization before plotting.

For live cell imaging, cells stably expressing H2B-EYFP were
plated onto Poly-D-Lysine coated 35 mm glass-bottom dishes
(MatTek Corporation) and maintained in CO2 independent
medium (Gibco #18045) supplemented with 4 mM L-glutamine
and 10% FBS, with an environmentally controlled chamber at
37�C during imaging. Images were acquired every 3 min using
an inverted microscope (IX81; Olympus) with a 40£, NA 0.6
LUCPLFLN air objective (Olympus) and a interline transfer
cooled CCD camera (ORCA-R2 C10600-10B; HAMAMATSU
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Photonics), which were controlled by the MetaMorph software
(Molecular Devices, LLC).

Structured Illumination Microscopy (N-SIM)
Cells grown on No. 1.5 (0.17 mm thick) cover glasses

coated with poly-D-lysine were washed, extracted and fixed
as in common immunofluorescence. Endogenous Ndc80 and
Tctex-1 proteins were recognized by mouse anti-hec1 anti-
body (9G3, Abcam) and rabbit anti-Tctex-1 (H-60, Santa
Cruz), which were subsequently labeled by secondary anti-
bodies conjugated with DyLight488 (Jackson Immuno-
Research Laboratories, Inc.) and Alexa Fluor 568 (Life Tech-
nologies), respectively. ProLong Gold without DAPI (Life
Technologies) was used as mounting medium to achieve a
refractive index as close to 1.515 as possible. Mounted sam-
ples were completely cured and sealed before imaging. To
rule out any potential shift between different channels due to
the optics of the microscope, a custom-built reference slide
was used for channel alignment and post-hoc pixel registra-
tion. Manufacturer’s imaging procedure (N-SIM, Nikon) was
followed. In particular, a 100x oil objective (Apo TIRF 100x
Oil DIC N2, NA 1.49) was used in conjunction with Andor
DU-897 X-6050 EMCCD camera. 3D-SIM mode imaging
was performed with laser lines 488 and 561 nm at constant
temperature under control. 41 z-sections 0.125 mm apart
spanning 5 mm were taken with MCL NanoDrive PiezoZ
Drive. For each z-section, 15 different moir�e fringes resulted
from illuminations with known, high spatial frequency pat-
terns were captured. Reconstruction was performed with N-
SIM module inside NIS-Elements using optimal parameters,
to create super-resolution images by processing multiple
moir�e patterns.

Immunoprecipitation and immunoblotting analysis
Immunoprecipitation were performed using Dynabeads�

following standard protocol provided by the manufacturer
(Life technologies) with minor modifications. Confluent
mitotic cells (arrested in nocodazole for 9 hrs) growing on
10 cm dish were trypsinized and collected into 50 ml vials.
Centrifugations were performed (with second time in PBS
supplemented with protease inhibitor cocktail, Roche 04-
693-159-001) at 4�C, 1500 rpm for 5 min each to harvest
cells. Dynabeads with Protein G (Life technologies) were
washed in PBS for 3 times, and incubated with primary anti-
bodies (anti-dynein intermediate chain 74.1) at a ratio of
10 mg antibodies per 1 mg beads, for 2 hrs on 4�C rocker.
IP lysis buffer [1% NP-40, 25 mM Tis-HCl (pH 7.5),
150 mM NaCl, 5 mM EDTA (pH 8.0)] supplemented with
protease inhibitor cocktail was added into the harvested cells
(400 ml per sample), mixed well and incubated on 4�C
rocker for 30 min, after which DNA were destroyed with
syringe needle (BD-25G5/8) followed by additional 15 min
incubation. The lysate mixture was then centrifuged at
12000 rpm for 10 min to remove insoluble materials, after
which 20 ml input was retrieved, boiled with SDS sample
buffer and stored. After incubation with primary antibodies,

beads were washed 3 times. 380 mL of the supernatant of cell
lysate were then added into the beads and gently homoge-
nized by pipetting. Beads-lysate mixture were incubated on
4�C rocker for 1 hr, after which the beads were washed
3 times and boiled in SDS sample buffer [30% glycerol,
350 mM 1M Tris (pH 6.8), 10% SDS, 0.05% bromophenol
blue and 5% 2-mercaptoethanol].

For immunoblotting, cells were lysed in RIPA buffer
[50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40,
0.1% SDS, 0.5% Na-Deoxycholate Acid] and denatured in
SDS sample buffer. Cell lysates were then subjected to 10%
SDS-PAGE followed by membrane transfer (Immobilon-P,
Millipore; Towbin transfer buffer, pH 8.3). Immunoblots on
the membrane were blocked with Tris-buffered saline with
tween (TBST) [20 mM Tris¡HCl (pH 7.4), 150 mM NaCl,
0.05% Tween] containing nonfat dry milk and then probed
with affinity-purified primary antibodies in TBST. Primary
antibodies were visualized using horseradish peroxidase
(HRP)-labeled goat secondary antibodies and enhanced
chemiluminescence (ECL), or using AF680 anti mouse (Life
technologies) and IRDye800 anti rabbit antibodies (LI-COR
Biosciences) together with the LI-COR imaging system (LI-
COR Biosciences).

Statistical analysis and graphing
All statistical analyses were done in Prism 5 (Graphpad) or

Stata 12 (StataCorp, LP). Unpaired two-tailed student’s t-test
was performed at the 5% level of significance unless otherwise
noted. Statistical decisions are made after computing p-values:
p > 0.05, not significant; p is between 0.01 and 0.05, significant;
p is between 0.001 and 0.01, very significant; P < 0.001,
extremely significant. Two-way ANOVA test was performed in
particular experiments to test if the interaction between 2 varia-
bles [e.g. treatment (control/siZW10) v.s. protein (DIC/Tctex-1)
in Fig. 6C and Fig. S3B] is significant at the 5% level of signifi-
cance. After calculation, a significant outcome suggests that the
effects of treatment (siZW10) vary by different proteins (i.e.
DIC and Tctex-1 behave significantly differently upon the same
treatments). All graphs were prepared in either Prism 5 (Graph-
pad) or Origin 8.6 (OriginLab).
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