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Abstract To establish a functional bipolar mitotic spindle,
the centrosome expands and matures, acquiring enhanced
activities for microtubule (MT) nucleation and assembly at
the onset of mitosis. However, the regulatory mechanisms
of centrosome maturation and MT assembly from the
matured centrosome are largely unknown. In this study, we
showed that heat shock protein (HSP) 70 considerably
accumulates at the mitotic centrosome during prometa-
phase to metaphase and is required for bipolar spindle
assembly. Inhibition or depletion of HSP70 impaired the
function of mitotic centrosome and disrupted MT nucle-
ation and polymerization from the spindle pole, and may
thus result in formation of abnormal mitotic spindles. In
addition, HSP70 may associate with NEDD1 and y-tubulin,
two pericentriolar material (PCM) components essential
for centrosome maturation and MT nucleation. Loss of
HSP70 function disrupted the interaction between NEDD1
and 7y-tubulin, and reduced their accumulation at the
mitotic centrosome. Our results thus demonstrate a role for
HSP70 in regulating centrosome integrity during mitosis,
and indicate that HSP70 is required for the maintenance of
a functional mitotic centrosome that supports the assembly
of a bipolar mitotic spindle.
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Introduction

The centrosome is a remarkably complex structure with
diverse functions. It comprises a pair of centrioles and the
surrounding pericentriolar material (PCM). The centro-
some is the major site for microtubule (MT) nucleation,
resulting in MT emanation and elongation; in addition, the
centrosome coordinates all MT-related functions, including
vesicle transportation, cell polarity, cell shape, motility,
adhesion, and cell division [1]. Similar to DNA replication,
the centrosome duplicates once per cell cycle in a semi-
conservative manner; as such, at mitosis a single interphase
centrosome yields two mature centrosomes, which partic-
ipate in the organization of bipolar spindles, faithful
segregation of chromosomes, and correct division of a cell
into two daughter cells with an exact set of chromosomes
[2]. Thus, centrosome function is under differential regu-
lation at each stage of the cell cycle, and the MTs undergo
regulated nucleation and growth, shrinkage, or stabilization
from the centrosome in response to intracellular signals,
allowing cells to rapidly meet their physiological needs [3,
4]. Of a special note, the centrosome expands and matures
upon entry into mitosis—at this time it acquires additional
MT nucleation activities through increasing the recruitment
of essential proteins, to prepare for the assembly of mitotic
spindles [5]; this suggests the existence of distinctive reg-
ulatory processes that control mitotic centrosome
functions. Inadequate recruitment of additional PCM
components results in the emergence of disorganized
spindles, which may trigger mitotic arrest, cell death, and/
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or aneuploidy [1, 6, 7]. Thus, loss of the integrity of the
mitotic centrosome hampers the establishment of bipolar
spindles and induces chromosome missegregation.

It is known that the recruitment of y-tubulin to the
centrosome is essential and correlates with increased MT
nucleation as cells enter mitosis [8], suggesting that y-
tubulin recruitment must be increased for organization of a
functional spindle pole. Gamma-tubulin and y-tubulin
complex proteins (GCPs) are the major components of the
v-tubulin ring complex (yTuRC), and these, along with
NEDDI1 and other factors regulating the localization and
activation of y-tubulin, are sequentially recruited to the
centrosomes, where they enable assembly of the YTuRC to
promote the polymerization of centrosomal MTs in the
mitotic spindle during mitosis [9—11]. However, it is not
completely understood how the interphase centrosomes
form a mature mitotic centrosome. In addition, centrosome
defects, such as loss of y-tubulin or other centrosomal
proteins, compromise MT nucleation/organization, leading
to spindle defects [6]. Depletion or inhibition of NEDD1
results in loss of YTuRC from the centrosome, thereby
abolishing centrosomal MT nucleation [9]. Overexpression
or excessive accumulation of y-tubulin or other centroso-
mal proteins induces defects in mitotic spindles and is
characteristic of tumorigenesis and human malignancies in
multiple tissues [12—16]. Thus, maintaining a homeostatic
level of these proteins at the spindle pole is critical for a
well-functioning mitotic centrosome.

Molecular chaperones have different but cooperative
roles in the formation and function of the eukaryotic cell
cytoskeleton [17]. It has been demonstrated that heat shock
proteins (HSPs), the molecular chaperones essential for
protein quality control and intracellular proteostasis [18,
19], associate with tubulin or MTs [20, 21] or accumulate
at the centrioles [22] under physiological or stressed con-
ditions. In addition, members of the HSP70 family from S.
cerevisiae interact with different components of the spindle
pole, kinetochore, and MT motors [20]. HSPB1 mutations
that result in higher chaperone activity increase its binding
to tubulin or MTs, and thereby stabilize the MT network
[23]. Morgana/CHP-1, a HSP90 binding co-chaperone,
prevents centrosome amplification and tumorigenesis by
interfering with nucleophosmin-mediated ROCK activation
[24]. In addition, HSP70 protects mitotic cells against heat-
induced centrosome damage and division abnormalities
[25]. HSPA2, like HSP70 protein, protects the integrity of
nucleoli and centrosomes in cancer cells subjected to heat
shock [26]. These studies indicate that HSPs may interact
with components of the spindle pole, and be involved in the
regulation and maintenance of centrosome function.

We have previously demonstrated that the inducible
form of HSP70 (encoded by genes HSPAIA and HSPAIB)
may modulate spindle dynamics and prevent mitotic cell
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apoptosis induced by arsenite [27], a HSP70 inducer. In
this study, we further investigated whether HSP70 regu-
lates the mitotic centrosome and controls the assembly of
mitotic spindles. We demonstrate that HSP70 accumulates
at the spindle pole and is required for spindle pole accu-
mulation of NEDDI1 and y-tubulin and MT nucleation, and
thus may support the assembly of a functional bipolar
spindle and the completion of cell division.

Materials and methods
Cell culture

CGL2 cells (a HeLa cell/normal human fibroblast hybrid
[28]) were kindly provided by Dr. E. J. Stanbridge
(University of California, Irvine) and were cultured as
previously described [29]. HeLa cells stably expressing
EGFP-EB1 were established by transfecting cells with the
expression vector pEGFP-N1-EB1 (a gift from Dr. Tim
Mitchison, Addgene plasmid # 12345), and selecting under
G418. Cell cycle synchronization at the mitotic stage was
induced by double-thymidine block [29]. CGL2 cells
overexpressing the FLAG-tagged wild type HSP70 (wt) or
HSP70 mutant (d5) lacking the C-terminal CHIP binding
domain were established by transducing cells with virions
containing wt or d5-expressing constructs, respectively,
and then selecting under puromycin [30]. Analyses of cell
viability and cell cycle progression were carried out as
previously described [29, 30].

Depletion of HSP70

The shRNAs specifically targeting HSPAIA (TRCN8757
and TRCN342860) and HSPAIB (TRCN8760 and
TRCN8763), the two genes encoding HSP70, were
obtained from the National RNAi core Facility Platform
(Genomic Research Center, Academia Sinica). The
shRNA-containing virions were collected, and depletion of
HSP70 and establishment of cells transiently or stably
depleted of HSP70 were carried out as previously described
[29, 30]. For rescue experiments, cellular HSP70 was first
stably depleted with shRNAs targeting at the 3’-untrans-
lated regions (TRCN342860 and TRCNS8759). Then the
FLAG-tagged wild type or mutant HSP70 cDNA con-
structed under the control of a CMV promoter (to prevent
the interference by the above-mentioned shRNAs) was
delivered into cells to overexpress the ectopic HSP70.

Immunoblotting and immunoprecipitation

Cell lysis, immunoblotting, and immunoprecipitation were
carried out as previously described [27, 30]. For
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immunoprecipitation, cells were lysed with RIPA buffer for
30 min on ice. HSP70, NEDDI, or vy-tubulin was
immunoprecipitated with specific antibodies. Immunopre-
cipitated complexes were then subjected to immunoblot
analysis. Specific proteins were immunoprecipitated or
detected using antibodies against HSP70 (GeneTex,
Hsinchu, Taiwan) and FLAG, NEDDI, a-tubulin, and 7-
tubulin (Sigma, St. Louis, MO, USA). Beta-actin or
GAPDH was detected with anti-B-actin (Chemicon,
Temecula, CA) or anti-GAPDH (Genetex), respectively, for
use as loading controls.

Immunofluorescence staining and confocal
microscopy

Cells were seeded onto coverslips, incubated for 20 h prior
to drug treatments, and then fixed in PTEMF buffer
(20 mM PIPES, 4 % para-formaldehyde, 0.2 % Triton-X,
10 mM EGTA and 1 mM MgCl,) for 15 min. For deple-
tion of HSP70, cells were transduced with virion
containing HSP70 shRNAs for 48 h, and were then seeded
onto coverslips for another 20 h before fixation.
Immunostaining was carried out as previously described
[27]. Anti-HSP70 (GeneTex or StressMarq, Victoria,
Canada), anti-NEDDI1 (Sigma), anti-o-tubulin (Sigma),
anti-y-tubulin (Sigma), and anti-pericentrin (Covance,
Princeton, NJ, USA) were used for immunostaining. Alexa
Fluor 488-, 568-, or 633-conjugated goat anti-mouse and
rabbit IgG were obtained from Invitrogen. The stained cells
were observed and images were obtained by z projection
with an upright confocal microscope (Leica TCS-SP5).
Exposure time was set and kept constant throughout each
independent experiment. The region of interest (ROI) was
defined by drawing a circle enclosing the centrosome. The
intensities of HSP70, NEDDI, o-tubulin, or y-tubulin
within ROI were determined by measuring average pixel
intensity with MetaMorph COMPLETE software (Molec-
ular Device, Sunnyvale, CA). Background fluorescence
(based on a circle of corresponding size in an adjacent
region) was subtracted from each measurement.

Analysis of MT polymerization

The effect of HSP70 on spindle MT polymerization was
assessed cold treatment or nocodazole washout assay.
CGL2 cells seeded on coverslips in six-well plates were
either treated with PES for 16 h or transduced with virion
containing empty vector (pLKO.1) or shRNA targeting
HSPAITA and HSPAI1B (shHSPA1A/B) for 48 h before
being subjected to cold or nocodazole treatment. For cold
treatment, six-well plates were immersed in ice-cold water
for 0, 10, or 30 min, and then the cells were immediately
fixed in PTEMF buffer, stained with antibodies against o-

tubulin and y-tubulin, and imaged using a confocal
microscope (Leica TCS-SP5). Cells with different levels of
MT disassembly (as shown in Fig. 3E) were identified and
counted.

For nocodazole washout assay, cells after inhibition or
depletion of HSP70 were incubated in medium containing
3 uM nocodazole for 3 h to completely depolymerize MTs.
Nocodazole was then washed out and replaced with
warmed media, followed by incubation at 37 °C for the
indicated time. The cells were fixed in PTEMF buffer and
immunostained with antibodies against o~ and y-tubulin
after the indicated period of re-growth. The number of MT
asters was counted under a fluorescent microscope (Zeiss
Axioplan 2 Imaging MOT).

Analysis of centrosome volume

Centrosome volume was determined by fluorescent stain-
ing intensity of pericentrin, a critical PCM component
essential for centrosome maturation; recruitment of peri-
centrin is significantly augmented at the centrosome at the
onset of mitosis [31, 32]. Immunofluorescence staining of
pericentrin at the centrosomes of cells was carried out as
described above. A sample thickness of 10 um (in Z-steps
of 0.5 um) was imaged with a Leica confocal microscope
(TCS-SP5) and analyzed by Imaris. To obtain pericentrin
intensity volume, a “surface” was created within a man-
ually determined ROI, which covered the fluorescence
signal with a surface area detail level at 0.241, a threshold
of absolute intensity at 35, and the number of voxels at 10.

Analysis of MT nucleation

MT nucleation was assessed based on the intensity of
centrosomal MT arrays, which were stained with
immunofluorescent antibodies against o-tubulin. Images
were obtained by z projection with a Leica confocal
microscope (TCS-SP5), and o-tubulin intensity at the
mitotic centrosome was determined by MetaMorph as
described above.

MT nucleation was also visualized by live imaging of
EGFP-EBI1 [33]. HeLa cells stably expressing EGFP-EB1
were seeded and treated in chambered coverslips (p-slide 4
well, ibidi GmbH, Germany). Alternatively, cells were first
depleted of HSP70 and then seeded in chambered cover-
slips. The chambered coverslips were then placed on the
objective stage set up in a humidified chamber with 10 %
CO; in air at 37 °C, and imaged under an inverted confocal
microscope (Leica TCS-SP5) at a fixed focal plane with a
sample thickness of 1 pum. EGFP-EB1 images were
recorded every 1.25 s for a total of 3 min. Time lapse
images were then compiled and analyzed using Meta-
Morph software. The EB1 comet emanating from the
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spindle pole and visible for three to five consecutive frames
was manually identified and counted.

Results

HSP70 accumulates at the mitotic centrosome and is
required for the assembly of bipolar mitotic spindles

Whether or not HSP70 plays a role in regulating the
assembly of mitotic spindles was determined by examining
the cellular localization of HSP70 and its effects on the
assembly of mitotic spindles. Immunofluorescence staining
was performed to show that HSP70 is ubiquitously
expressed in interphase cells, with relatively higher
expression in the nucleus. HSP70 staining at the spindle
pole became evident at prophase, with staining intensity
being most prominent at the spindle poles and the distal
ends of spindle MTs from prometaphase to metaphase; this
was followed by slight fading from metaphase to telophase,
and HSP70 then translocated to the cleavage furrow during
cytokinesis (Fig. 1a). In addition, HSP70 colocalized with
v-tubulin (Fig. 1b) and pericentrin (Fig. 1c). The accumu-
lation of HSP70 at the mitotic centrosome was also
observed in other cultured cells, such as human diploid
fibroblasts and the bronchial epithelial cell line BEAS2B,
as well as cancer cell lines A549 and HelLa (data not
shown). We then inhibited cellular HSP70 with PES, an
inhibitor that disrupts the binding of HSP70 to its sub-
strates [34]. We observed that PES treatment resulted in

>

Interphase Prophase

HSP70

HSP70/DAPI
o-tubulin

Y-tubulin DAPI/Merge
Fig. 1 HSP70 accumulates at the mitotic centrosome. a Representa-
tive images of cellular distribution of HSP70 in CGL2 cells.
Logarithmically growing cells were fixed and stained for HSP70
(green) and o-tubulin (red). The nuclei or chromosomes were
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Prometaphase Metaphase

dose-dependent induction of disorganized mitotic spindle
formation (Fig. 2a, b), accumulation of mitotic cells
(Fig. 2c¢), and cell death (Fig. 2d). We proceeded to deplete
cellular HSP70 by transduction of virions containing
HSP70-specific shRNAs (targeting HSPAIA and HSPAIB).
Figure 2e shows that the expression of basal and arsenic
trioxide (ATO)- or PES-induced HSP70 were efficiently
reduced after transduction of the specific sShRNAs. Deple-
tion of HSP70 also significantly reduced HSP70
accumulation at the mitotic centrosome (Fig. 2f, g). In
addition to inducing multipolar spindles, Fig. 2h shows that
depletion of HSP70 also induced the formation of disor-
ganized mitotic spindles with un-aligned or missegregated
chromosomes in the cells. As shown in Fig. 2i, depletion of
HSP70 significantly induced the accumulation of mitotic
cells containing multipolar or disorganized mitotic spin-
dles. The formation of abnormal spindles in mitotic cells
was considerably reduced by overexpression of a CMV
promoter-controlled wild type HSP70 (HSP70-wt) but not
a deletion mutant (HSP70-d5) lacking the C-terminal co-
chaperone binding domain (Fig. 2i). These results indicate
that HSP70 may be required at the mitotic centrosome for
spindle assembly, and hence absence of this protein ham-
pers mitotic progression and induces cell death.

Inhibition or depletion of HSP70 impedes spindle
MT polymerization

The effect of HSP70 on spindle MT polymerization was
examined using nocodazole washout assay. As shown in

Anaphase Telophase

Cytokinesis

HSP70 Pericentrin DAPI/Merge
counterstained with DAPI (blue). Colocalization of HSP70 with y-
tubulin (b) and pericentrin (c¢). Logarithmically growing CGL2 cells
were fixed and stained for HSP70 (green) and y-tubulin or pericentrin

(red)
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Fig. 2 HSP70 is required for assembly of a bipolar mitotic spindle. a,
b Inhibition of HSP70 induces spindle defects. CGL2 cells were
treated with PES at the indicated concentrations for 24 h and were
then fixed and stained for mitotic spindles with antibodies against o-
tubulin (red) and y-tubulin (green). The chromosomes were counter-
stained with DAPI (blue). The percentage of mitotic cells containing
abnormal mitotic spindles was determined using at least 500 mitotic
cells from three independent experiments. ¢ PES induces mitotic
arrest. Cells were treated as in A and then fixed for analysis of cell
cycle distribution. The results (mean = SD) are from four indepen-
dent experiments. d PES induces cell death. Cells were treated with
PES at the indicated concentrations for 72 h, and then subjected to
viability assays. The results (mean £ SD) are from three independent
experiments. e Expression level of HSP70 in cells stably depleted of
HSP70 (sh-HSPA1A/B). Control (sh-Luc) and sh-HSPA1A/B cells
were untreated or treated with arsenic trioxide (ATO) or PES for
14 h; the expression of HSP70 was then examined by immunoblot-
ting. f, g Decreased accumulation of HSP70 at the spindle pole in

Fig. 3A-a and @', nocodazole treatment resulted in com-
plete disassembly of the spindle MTs, leaving two 7-
tubulin spots without o-tubulin fibers in the mitotic cells.
Up to six MT asters (two of which were centrosomal as
indicated by the staining of y-tubulin, while the others were
non-centrosomal, Fig. 3A-b, b/, C) reformed within 5 min
in mitotic cells recovering from nocodazole-induced MT
disassembly. The non-centrosomal asters gradually merged

cells stably depleted of HSP70 (sh-HSPA1A/B). Logarithmically
growing control (pLKO.1) and sh-HSPA1A/B cells were fixed and
immunostained for HSP70 (green) and o-tubulin (red). Relative
HSP70 intensity at the spindle pole was determined (median £ 25
percentiles) from three independent experiments. *p < 0.05 by
Mann—Whitney rank sum test compared to the control transduced
cells (pLKO.1). h, i Depletion of HSP70 induces spindle defects.
Control cells (sh-Luc) and cells depleted of HSP70 (sh-HSPA1A/B)
were fixed and stained for mitotic spindles as in A. The percentage of
mitotic cells containing abnormal mitotic spindles was determined
using at least 500 mitotic cells from three independent experiments.
Cells stably depleted of HSP70 (sh-HSPA1A/B) were further
transduced with a CMV promoter-driven wild type HSP70 (HSP70-
wt) or a deletion mutant (HSP70-d5). pFB-Neo is an empty vector and
serves as a control. *p < 0.05 by Student’s ¢ test compared to the
control depleted cells (pLKO.1). #p < 0.05 by Student’s r test
compared to the no ectopic HSP70 control

into centrosomal asters, and a bipolar spindle reassembled
within 30 min after release from nocodazole (Fig. 3A-c, ¢/,
C). Two centrosomal MT asters also appeared in mitotic
cells from PES-treated culture, but in contrast to the con-
trol, the intensities of o-tubulin fibers nucleated from the
mitotic centrosome were significantly reduced compared to
those in untreated cells after release from nocodazole for
5 min (Fig. 3B-b, b/, D), indicating that centrosomal MT
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Fig. 3 Inhibition or depletion of HSP70 induces stabilization of
spindle MTs and impedes spindle MT polymerization. Representative
images of the mitotic spindle after nocodazole treatment and washout.
CGL2 cells were untreated (A) or treated with HSP70 10 uM PES for
16 h (B). At the last 3 h of PES treatment, nocodazole was added into
culture medium to 3 pM. Nocodazole was then completely washed
out and the cells were incubated in drug-free medium for the indicated
time before being immediately fixed and immunostained for o-tubulin
(red) and 7y-tubulin (green). The chromosomes were counterstained
with DAPI (blue). C The number of MT asters in cells. Results are the
median & 25 percentiles of at least 250 mitotic cells for each
condition, as determined from three experiments. *p < 0.05 by
Mann-Whitney rank sum test as compared with the PES-untreated
control. D The fluorescence intensity of centrosomal o-tubulin.
Results are the mean + SD of at least 50 mitotic centrosomes from

nucleation and/or polymerization was impaired. In addi-
tion, fewer additional asters emerged after release from
nocodazole for 5 min (Fig. 3B-b, b/, C). After release from
nocodazole-induced spindle disassembly for 30 min, many
of the PES-treated cells exhibited more than two MT asters
(Fig. 3B-c, ¢/, C), indicating that reformation of the bipolar
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three independent experiments. *p < 0.05 by Student’s ¢ test as
compared with the PES-untreated control. E Representative images of
the mitotic spindle after cold treatment. CGL2 cells were untreated (a,
b, ¢) or treated with 10 uM PES (¥/, ¢’) for 16 h. The cells were then
subjected to cold treatment for the indicated time before being stained
for mitotic spindles as described in A. For depletion of HSP70 (b”,
¢”), the cells were transduced with virion containing the empty vector
(pLKO.1) or HSP70-specific shRNAs (sh-HSPA1A/B). After 48 h,
the cells were subjected to cold treatment and then immunofluores-
cence staining. F The percentages of mitotic cells that still exhibited
MTs nucleating from the spindle pole after cold treatment for 5 min.
G The percentages of mitotic cells with o-tubulin signals remaining at
the spindle pole after cold treatment for 30 min. Results are the
average of at least 250 cells for each treatment, determined from two
experiments. B, bipolar spindle; M, multipolar spindle

spindle was also delayed. These results indicate that inhi-
bition of HSP70 may impair centrosomal MT aster
formation, and hence delay reassembly of a bipolar spindle.

The dynamic instability of spindle MTs is essential for a
functional mitotic spindle; therefore, whether loss of
HSP70 function alters spindle MT dynamics was
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determined based on the sensitivity of spindle MTs to cold-
induced disassembly. Cells treated with PES or depleted of
HSP70 were subjected to ice treatment to destabilize the
MTs. Cold treatment for 10 min resulted in significant
disassembly of centrosomal MTs [35], leaving the kineto-
chore-MTs bundled together in mitotic cells released from
a double-thymidine block (Fig. 3E-b). After 30 min of cold
treatment, all of the spindle MTs had disassembled, leaving
two 7y-tubulin spots without any o-tubulin staining
(Fig. 3E-c). The kinetics of disassembly of spindle MT
after cold treatment in the control-depleted cells (pLKO.1)
is similar to that in untreated CGL2 cells. In the mitotic
cells from PES-treated (Fig. 3E-b/, ¢’) or HSP70-depleted
cultures (Fig. 3E-b”, ¢”), the disassembly of centrosomal
MTs after cold treatment was considerably delayed com-
pared to that in the respective control cells. The absence of
HSP70 significantly elevated the percentage of mitotic
cells that still exhibited MTs nucleating from the spindle
pole after cold treatment for 10 min (Fig. 3E-b/, b”, F) and
the percentage of cells with a-tubulin signals remaining at
the spindle pole after cold treatment for 30 min (Fig. 3E-¢/,
¢”, G). These results indicate that centrosomal MTs in
mitotic cells without HSP70 function are more stable and
more resistant to cold treatment than those from control
cells, suggesting that the absence of functional HSP70
results in less dynamic spindle MTs.

HSP70 is required for centrosome maturation
and MT nucleation from the spindle pole

Since centrosome maturation is prerequisite to the
enhanced MT nucleation activity required for assembling a
functional mitotic spindle, we examined whether HSP70
depletion alters centrosome maturation. Pericentrin is a
critical PCM component essential for centrosome matura-
tion, and its recruitment is significantly augmented at the
centrosome at the onset of mitosis [31, 32]. Therefore, we
examined centrosome maturation based on the fluorescent
staining intensity of pericentrin at the mitotic centrosomes.
Figure 4a, b shows that the volume of pericentrin intensity
at the mitotic centrosome significantly decreased in
HSP70-depleted mitotic cells, indicating that HSP70
accumulation at the mitotic centrosome is required for
pericentrin expansion during centrosome maturation.

We subsequently examined the role of HSP70 on MT
nucleation from the spindle pole. Immunofluorescence
staining of a-tubulin revealed that the intensities of o-
tubulin arrays emanating from the poles of either bipolar or
multipolar spindles in PES-arrested mitotic cells were
considerably reduced compared to those in untreated
mitotic cells (Fig. 4c, d). Depletion of HSP70 also
decreased the intensity of o-tubulin nucleating from the
spindle pole (Fig. 4e). The effect of HSP70 on MT

nucleation was also examined by live-imaging of EGFP-
tagged EB1, a microtubule tip-binding protein, and sub-
sequent calculation of the rate of EBl-positive comet
emanation from the mitotic centrosome (Fig. 4f). As shown
in Fig. 4g, the rates of EGFP-EB1 comet nucleation from
the spindle pole in mitotic cells of the PES-treated or
HSP70-depleted cultures were also significantly decreased
compared to those of untreated or undepleted mitotic cells.
These results indicate that HSP70 is required for MT
nucleation from the spindle pole.

HSP70 is required for NEDD1 and y-tubulin
recruitment to the mitotic centrosome

Establishment of a well-functioning bipolar spindle requires
that the mitotic centrosome acquire elevated nucleation
activities through increased recruitment of essential pro-
teins to the centrosome. To understand how HSP70
regulates MT nucleation, we examined HSP70 effects on
centrosomal accumulation of NEDDI, a y-tubulin-targeting
factor required for centrosomal MT nucleation [9]. We
observed that inhibition (Fig. 5a, b) or depletion (Fig. 5c, d)
of HSP70 significantly decreased the fluorescence intensi-
ties of NEDDI1 (left-side panels in Fig. 5a—d) and y-tubulin
(right-side panels of Fig. 5Sa—d) at the spindle pole. These
results indicate that HSP70 accumulation at the spindle pole
is required for the localization of sufficient amounts of
NEDDI1 and y-tubulin at the spindle pole.

We next examined whether HSP70 associates with
NEDDI1 to facilitate its spindle pole accumulation. We
found that NEDDI1 is present in the immunocomplex
pulled down by HSP70 antibodies from synchronized
untreated mitotic cells (Fig. 6a), indicating that HSP70 is
associated with NEDD1 during mitosis. However, this
association was significantly reduced in mitotic cells from
PES-treated cultures (Fig. 6a). HSP70 depletion reduced
both the amount of NEDD1 observed in the immuno-
complex pulled down by 7y-tubulin antibodies (Fig. 6b)
and the amount of y-tubulin from the immunocomplex
pulled down by NEDDI1 antibodies (Fig. 6¢), indicating
that HSP70 is required for the interaction between
NEDDI1 and v-tubulin. In addition, the interaction
between NEDD1 and FLAG-tagged HSP70-d5, a deletion
mutant lacking the C-terminal co-chaperone binding
domain and not able to rescue the detrimental effect of
HSP70 depletion on spindle assembly, was considerably
reduced as compared to that with wildtype HSP70
(Fig. 6d). Thus, the results shown in Figs. 5 and 6 col-
lectively imply that HSP70 associates with NEDDI
during mitosis, and disruption of this association may
hamper the assembly of NEDDI1 and y-tubulin at the
spindle pole, resulting in impairment of centrosome
maturation and disruption of MT nucleation.
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Fig. 4 Inhibition or depletion of HSP70 reduces MT nucleation from
the spindle pole. a Representative images of cells immunostained for
pericentrin (green) and o-tubulin (red). The CGL2 cells were depleted
of HSP70 as described in Fig. 2e and then fixed and stained for
pericentrin. Scale bar, 10 pm. b Pericentrin volumes at mitotic
centrosomes. Pericentrin volume was determined as described in the
“Materials and methods”. Results are the median & 25 percentiles
from three independent experiments. *p < 0.05 by Mann—Whitney
rank sum test compared to the control transduced cells (pLKO.1).
¢ Representative images of PES-treated cells immunostained for o-
tubulin (red) and y-tubulin (green). The cells were treated with 5 pM
PES for 16 h and fixed and immunostained as described in Fig. 2a.
Scale bar, 10 pm. d, e Relative o-tubulin intensity at the spindle pole in
cells lacking HSP70 function. Cells were treated with PES or depleted
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of HSP70 as described in Fig. 2e. Results are the median £ 25
percentiles from three independent experiments. *p < 0.05 by Mann—
Whitney rank sum test compared to the untreated or control transduced
cells (pLKO.1), as appropriate. f A representative image frame of a
time-lapse sequence from a cell stably expressing EGFP-EB1 (HeLa-
EBI1-GFP). Scale bar 10 pm. g Inhibition or depletion of HSP70
reduces the nucleation of EGFP-EB1 comets. HeLa-EGFP-EB1 cells
were treated with PES or depleted of HSP70 as described in Fig. 2e, and
then subjected to time-lapse imaging under a confocal microscope as
described in the “Materials and methods”. Typically, each comet was
visible for three to five frames. Results are the mean = SD of EB1
comets nucleated from 30 to 50 spindle poles in three independent
experiments. *p < 0.05 by Student’s ¢ test compared to the untreated or
control transduced cells (pLKO.1), as appropriate
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Fig. 5 Inhibition or depletion of HSP70 reduces the accumulation of
NEDDI1 and 7y-tubulin at the spindle pole. Representative images of
PES-treated (a) or HSP70-depleted (¢) CGL2 cells immunostained for
NEDDI1 (left-side panels) or y-tubulin (right-side panels). The cells
were treated with PES or depleted of HSP70 as described in Fig. 2e,

Discussion

Before entering mitosis, the centrosome matures, and the
amount of PCM components recruited to the mitotic cen-
trosome dramatically increases to prepare for MT
nucleation and assembly. In this study, we provide evi-
dence that HSP70 accumulates at the mitotic centrosome,
where it contributes to the preservation of centrosome
integrity by maintaining the level of PCM components,
which facilitates elevated MT nucleation and polymeriza-
tion, and thereby supports the establishment of mitotic
spindles.

HSP70 is a molecular chaperone that participates in
maintaining protein homeostasis through controlling the
activity, stability, and/or oligomeric state of its substrate
proteins [36]. It has been reported to be targeted to the
lysosome [37] and nucleus [38] after heat shock, where it
stabilizes and protects organelles under stress. HSP70 has
also been reported to protect the mitotic centrosome from
heat damage, and maintain cell survival [25, 39]. In yeast,
HSP70 has been demonstrated to interact with several
spindle pole proteins [20]. Recently, HSP70 was shown to
accumulate at the mitotic centrosome during fever and
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and then fixed and stained for NEDD1 and y-tubulin. b and d Relative
intensities of NEDD1 (leff) or y-tubulin (right) at the spindle pole.
Results are the median 4 25 percentiles from three independent
experiments. *p < 0.05 by Mann—Whitney rank sum test compared to
the untreated or control transduced cells (pLKO.1), as appropriate

prevent the degradation of critical centrosomal proteins
[40]. These results indicate that HSP70 may interact with
centrosomal proteins to regulate centrosome functions.
Since profound structural and proteomic transitions occur
during the G2-M transition and centrosome maturation
[41], HSP70 may play a role in controlling the mobility and
local interactions of centrosomal proteins to maintain the
function of the mitotic centrosomes. In this study, we
employed several methods to delineate the putative role of
HSP70 at mitotic centrosomes. First, loss of HSP70 func-
tion was observed to hamper the ability of cells to
reassemble a bipolar spindle after nocodazole washout.
Second, the spindle MTs were found to be more resistant to
cold treatment, and thus less dynamic, in mitotic cells
lacking HSP70 function. In addition, HSP70 was found to
be required for MT nucleation, as indicated by the
decreased intensity of centrosomal o-tubulin and the
reduced rate of EB1 comet emanation from the spindle
pole. We also demonstrated that loss of HSP70 function
considerably decreased the levels of pericentrin, NEDDI,
and y-tubulin at the mitotic centrosome. Since a decreased
level of these centrosomal proteins and a decrease in MT
nucleation from the spindle pole may indicate lost or
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Fig. 6 HSP70 associates with NEDDI, and inhibition or depletion of
HSP70 disrupts the interaction between NEDDI and vy-tubulin.
a Inhibition of HSP70 by PES treatment reduces the interaction
between HSP70 and NEDDI. Mitotic CGL2 cells from untreated
cultures were obtained by synchronization with double-thymidine
block as described in the “Materials and methods”. The PES-arrested
mitotic cells were removed by shaking after treatment with 10 pM
PES for 16 h. HSP70 was then immunoprecipitated (IP) using a
specific antibody. The immunocomplex was analyzed by
immunoblotting using anti-NEDDI or anti-y-tubulin. GAPDH and
immunoglobin heavy chain (IgG) served as loading controls for total
lysate and HSP70 IP, respectively. b and ¢ Depletion of HSP70

compromised centrosome integrity [7], our results thus
confirm that HSP70 acts to maintain the integrity of mitotic
centrosomes, and is essential for the assembly of a func-
tional mitotic centrosome.

Our results showed that inhibition or depletion of
HSP70 induces the formation of disorganized mitotic
spindles with unaligned or missegregated chromosomes in
the cells. Among these mitotic cells, very few anaphases
were observed. These results imply that inhibition or
depletion of HSP70 may prevent anaphase onset due to the
presence of dysfunctional metaphase spindles. Since our
results demonstrate HSP70 is required for normal func-
tioning of mitotic centrosomes, we propose that HSP70
may contribute to spindle assembly and chromosome seg-
regation through maintaining the function of mitotic
centrosome, although HSP70 may also play additional
roles independent of the mitotic centrosome in the assem-
bly of spindle MT.

HSP70 has been recognized as a stress-induced chap-
erone. Its transcription is often elevated in response to
stress due to the activation of heat shock transcription
factor 1. It has been reported that HSP70 is also constitu-
tively expressed under non-stressed conditions [42]. Our
immunofluorescence staining results showed that HSP70 is
expressed in interphase cells, with high levels in nuclei; it
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impairs the interaction between NEDD1 and y-tubulin. HSP70 was
depleted as described in Fig. 2e. The mitotic cells were then collected
as described in a. Gamma-tubulin (b) or NEDDI (c) in mitotic cells
were immunoprecipitated with specific antibodies. The immunocom-
plex was analyzed by immunoblotting as described in a. d A HSP70
mutant lacking the C-terminal co-chaperone binding domain exhibits
a reduced interaction with NEDDI. Mitotic cells from cultures stably
expressing the wild type (wt) or the mutant (d5) HSP70 were
collected, and ectopic HSP70 was immunoprecipitated with anti-
FLAG. The immunocomplex was then analyzed by immunoblotting
as described in a

then translocates to the centrosome at the onset of mitosis.
Similar results were also obtained using primary cell lines
(human fibroblasts and bronchial epithelial cells
(BEAS2B)) and cancer cell lines (A549 and HelLa), indi-
cating that the expression and distribution of HSP70 is cell-
cycle dependent. HSP70 was demonstrated to be delivered
to the centrosome in a MT-independent manner after heat
stress [40]. It has been demonstrated that phosphorylation
of HSP70 by Nek6 targets HSP70 to the spindle pole and
outer kinetochores and that HSP70 promotes stable kine-
tochore-fiber assembly through recruitment of the ch-
TOG-TACC3 complex [43]. These results indicated that
HSP70 is a critical target of Nek6 and may mediate Nek6
function in spindle assembly. Since Nek6 plays limited role
in the mitotic centrosome [44], the study provides evidence
demonstrating that HSP70 may regulate spindle assembly
independent of centrosome. We have previously demon-
strated that phosphorylation of HSP70 by PLK1 induces its
spindle pole localization during mitosis [27]. Since PLK1
controls many key events for the assembly of mitotic
centrosomes and mitosis onset [31], these results indicate
that HSP70 may be a PLK1 downstream effector regulating
centrosome maturation.

It has been reported that inhibition of proteasome
activity impairs centrosome-dependent MT nucleation and
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organization due to excessive accumulation of several
proteins (including 7y-tubulin and NEDDI1) at the PCM
[45], suggesting that the turnover of centrosome proteins
contributes greatly toward normal centrosome function.
Here, we observed that loss of HSP70 function consider-
ably reduces the levels of NEDDI and y-tubulin at the
mitotic centrosome, thereby indicating that HSP70 may
also regulate the turnover of centrosome proteins. HSP70,
together with its co-chaperone (HOP or CHIP), regulates
the stability of its substrate proteins [46, 47]. Our results
show that deletion of the CHIP-binding domain of HSP70
significantly hampered its interaction with NEDDI, indi-
cating that HSP70-CHIP may mediate NEDD1 retention at
the mitotic centrosome. CHIP is an ubiquitin E3 ligase that
targets ubiquitinated proteins for proteasome degradation
[48]. Therefore, we hypothesize that HSP70-CHIP may
mediate the degradation of a negative regulator of NEDD1
at the mitotic centrosome. Loss of HSP70 function or loss
of HSP70-CHIP interaction would therefore lead to
reduced recruitment of NEDDI at the mitotic centrosomes.
Future identification of HSP70 substrate proteins that reg-
ulate the recruitment of NEDDI1 and vy-tubulin to the
mitotic centrosome and subsequent MT nucleation will
provide pivotal insights into the underlying mechanisms.

We have demonstrated that loss of HSP70 function
induces defects in mitotic spindles and results in altered
mitosis progression and subsequent cell death. HSP70
overexpression has been reported in many tumors, and is
typically a marker for therapeutic resistance and poor
prognosis [42]. In addition to the previously reported roles
of HSP70 in preventing apoptosis and inducing drug
resistance [49], our current results indicate that HSP70 is
also required for the assembly of the mitotic centrosome
and bipolar spindles. Our results provide a possible
mechanistic explanation for the role of HSP70 in cancer
cell proliferation and survival, and identify HSP70 as a
putative drug target for improving the efficacy of mitosis-
disrupting drugs in cancer therapy.
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