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ABSTRACT

Centrosomal proteins play important roles in the spindle assembly and the segregation of
chromosomes in the eukaryotic cells. STARDY, a recently identified centrosomal protein, was
reported to influence the spindle pole assembly. However, the role of STARD9 in maintaining
the stability and organization of microtubules are not known. Here, we show that STARD9
regulates the assembly and dynamics of both interphase and mitotic microtubules. The knock-
down of STARD9 in HelLa or HCT116 cells with siRNA or shRNA induced a strong depolymerization
of the interphase microtubules. The over-expression of the motor domain of STARD9 stabilizes
microtubules against cold and nocodazole suggesting that STARD9 stabilizes microtubules in
Hela cells. Using fluorescent recovery after photobleaching, we showed that the knockdown of
STARD9 strongly reduced microtubule dynamics in the live spindles of Hela cells. The reassembly
of microtubules in the STARD9-depleted cells was strongly reduced as compared to the micro-
tubules in the control cells implying the role of STARDY in the nucleation of microtubules. Further,
the depletion of STARD9 inhibited chromosome separation and the STARD9-depleted Hela cells
were blocked at mitosis. Interestingly, the frequency of multipolar spindle formation increased
significantly in the STARD9-depleted Hela cells in the presence of vinblastine and the STARD9-
depleted cells showed much higher sensitivity towards vinblastine than the control cells indicat-
ing a new approach for cancer chemotherapy. The evidence suggests that STARD9 regulates the
assembly and stability of both interphase and spindle microtubules and thereby, play important
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roles in the cell cycle progression.

Introduction

Several centrosomal proteins have been found to
have important roles in the cell cycle progression
[1-7]. STARD?, (steroidogenic acute regulatory pro-
tein-related lipid transfer (START) domain contain-
ing 9), is one of the newly identified centrosomal
proteins that binds to mitotic microtubules and
thought to have a role in spindle pole assembly
[8,9]. STARDSY is present in most of the tissues
such as skin, brain, and heart. STARD9 depletion
was reported to induce multipolar spindle formation
due to the fragmentation of the pericentriolar matrix
[9]. Interestingly, the multipolar cells formed upon
STARD?9 depletion in case of cancer cells were sig-
nificantly higher than the depletion effect in normal
cells. However, no direct correlation was observed
between the expression level of the protein and the
formation of multipolar spindles [9]. The STARDY-
depleted HeLa cells were reported to activate the

spindle assembly checkpoint proteins by increasing
the localization of BubR1 and Bubl at the kineto-
chores [9]. The components of the chromosomal
complex (AurKB, INCENP) required for mitotic
arrest was also found to be present at the kineto-
chores indicating that the depletion of STARD9 acti-
vates the spindle assembly checkpoint [9]. STARD9
consists of a motor domain, a forkhead-associated
domain, a coil-coiled domain and the START
domain. The N-terminal motor domain of
STARDY (STARDY9-MD) is reported to bind to
microtubules and to show ATPase activity [9,10].
The expression of STARD9-MD in Hela cells
induced pericentriolar matrix (PCM) fragmentation,
suggesting a role of the motor domain in the spindle
assembly [9]. Microtubule-mediated forces are con-
sidered to be responsible for maintaining the cohe-
sive force at the PCM, which if altered results in
multipolar spindle formation due to the
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fragmentation of PCM [2,6,11,12]. We hypothesize a
role for STARD?9 in regulating microtubule assembly
and another role in providing the balanced force for
proper segregation of the chromosomes.

Earlier, the N-terminal motor domain of
STARD9 was shown to bind to microtubules and
taxol and nocodazole were found to reduce the
effect of the depletion of STARD9 on PCM frag-
mentation in Hela cells [9]. However, the role of
STARD?9 on the organization and stability of inter-
phase microtubules was not examined in the pre-
vious study [9]. Further, the role of STARD?9 in the
regulation of the dynamics of spindle microtubules
is not known. In this study, we report that the
depletion of STARDY induced microtubule depo-
lymerization in HeLa and HCT116 cells. In addi-
tion, the expression of the N-terminal motor
domain of STARD9 (STARD9-MD) in HeLa cells
stabilized microtubules against both cold and
nocodazole-induced disassembly. However, the
expression of a mutant (R223A) STARD9-MD
construct failed to stabilize the microtubules.
Further, the spindle microtubule dynamics was
found to be strongly suppressed in the STARDY-
depleted HeLa cells. The chromosome separation
was also strongly inhibited in the STARD9Y-
depleted mitotic HeLa cells. In addition,
STARDY-depleted HeLa cells were much more
sensitive to low concentration of vinblastine than
the control cells indicating that the depletion of
STARDY can be combined with an inhibitor of
microtubules as an attractive strategy for the treat-
ment of cancer.

Results

STARD? is associated with tubulin polymeric
fraction of HelLa cell extract

Cyclin Bl was found in the mitotic cell extract
while it was not detectable in the interphase
extract (Supplementary FigurelA). STARD9
was found to be present in similar level both in
interphase and mitotic HelLa cells extract
(Supplementary FigurelA). Both polymeric and
soluble fractions of tubulin extracts of HeLa cells
contained STARDY (Supplementary FigurelB).
Interestingly, the level of STARD9 was found to
be 40 + 9% higher in the polymeric tubulin
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fraction than the soluble tubulin fraction
(Supplementary FigurelB). To check the binding
of STARD? to tubulin, we performed an immuno-
precipitation assay using tubulin IgG. Tubulin IgG
was found to pull down STARD9 from the poly-
meric tubulin fraction while GAPDH IgG failed to
pull down STARDY indicating that STARD9 binds
to microtubules (Supplementary FigurelC). Under
similar conditions, GAPDH IgG pulled down
GAPDH from the cell extract indicating the speci-
ficity of the reaction (Supplementary FigurelC).

STARD9-MD binds to microtubules

Co-immunostaining experiment indicated that
STARD9-MD co-localizes along the length of inter-
phase microtubules while a STARD9-MD mutant
(R223A) could not co-localize on microtubules
(Supplementary Figure2A). The GFP transfected
HeLa cells also did not show any co-localization on
microtubules (Supplementary Figure2A). In addi-
tion, tubulin IgG was found to pull down GFP-
STARD9-MD from the cell extract while GAPDH
IgG failed to pull down GFP-STARD9-MD
(Supplementary Figure2B). Previously, STARD9-
MD was reported to bind to microtubules in vitro
while the mutant STARD9-MD (R223A) could not
bind to microtubules [9].The results together
suggested that STARD9-MD binds to interphase
microtubules and indicated that STARD9 may be
involved in regulating microtubule functions in
the interphase cells.

Depletion of STARD9

We have used two different strategies to knock-
down STARDY9 in HelLa cells. The target-
specific shRNA and two different siRNAs were
used to deplete STARDY in cells (Figure 1,
Supplementary Table 1). shSTARDY, siRNA1 and
siRNA2 treatment reduced the expression level of
STARDY by 95 + 4, 70 and 72%, respectively. We
used similar siRNA sequences to target STARD9
as reported earlier [9]. The level of the depletion of
STARD9 with siRNA was found to be similar to
the previous study [9]. A vector control for the
shSTARDY and a scrambled sequence for the
siRNA did not reduce the expression level of
STARD9 in HelLa cells. A partial rescue of the
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Figure 1. Depletion of STARD9 with shRNA and siRNA. Western blot of control, shControl, shSTARD9 (a), siControl, and siRNAs (b)
treated cell extract of Hela cells. The experiment was performed thrice for shRNA and twice for siRNA.

phenotype was observed upon the expression of
STARDY9-MD in HelLa cells indicating that the
siRNA used was target specific [9].

The depletion of STARD9 caused an extensive
disassembly of the interphase microtubules

HeLa cells showed large numbers of distinct micro-
tubules, well spread in the cytoplasm (Figure 2(a),
left panel). The shControl treated cells displayed
intact microtubule filaments well spread in the
cytoplasm similar to the control HeLa cells.
However, microtubules were found to be visibly
depolymerized in the STARD9-depleted cells as
evident by the diffused staining of a-tubulin
(Figure 2(a), left panel and 2(b)). We also checked
the effect of a low concentration (100 nM) of noco-
dazole on STARD9-depleted cells (Figure 2(a), right
panel, and 2(b)). The intensity of microtubules in
the STARD9-depleted cells upon 100 nM nocoda-
zole treatment was determined to be significantly
lower than the control HeLa cells treated with
nocodazole (p < 0.05) indicating that microtubules
in the STARD9-depleted cells were more labile than
microtubules in the control cells. Further, the poly-
meric and soluble fraction of microtubules from the
control, shControl and shSTARDY treated cells
were quantified using western blots (Figure 2(c)).
The ratio of polymeric to soluble tubulin decreased
strongly in shSTARD9 depleted Hela cells as com-
pared to control and shControl treated HeLa cells.
For example, the polymer/soluble tubulin ratio was
determined to be 1.5 + 0.4, 1.4 £ 0.5 and 0.7 + 0.1
in control, shControl and shSTARDY depleted
HeLa cells, respectively suggesting that the deple-
tion of STARDY strongly depolymerized microtu-
bules (Figure 2(d)).

To examine the specificity of the effects of
STARD9 on the interphase microtubules, STARD9
was also depleted using two different siRNAs.
siSTARDY depleted HeLa cells showed depolymer-
ization of interphase microtubules (Figure 3(a)).
However, scrambled siRNA treated HeLa cells dis-
played dense microtubule network similar to con-
trol HeLa cells (Figure 3(a)). A significant reduction
in the microtubule-network was found in both
siRNA1 and siRNA2 treated HeLa cells as compared
to the control and scrambled siRNA-treated HeLa
cells (Figure 3(b)). We also immunostained micro-
tubules in control and STARD9-depleted HCT116
cells and observed a significant depolymerization of
microtubules in HCT116 cells similar to the HeLa
cells (Supplementary Figure3). The result together
indicated that the depletion of STARDY visibly
depolymerizes microtubules and indicated that
STARDY may have a role in the stabilization of
microtubules.

Over-expression of STARD9-MD in Hela cells
stabilized microtubules against nocodazole and
cold treatments

The cells showing green fluorescence signal were
considered positive for STARD9-MD or mutant
STARD9-MD (R223A) plasmid transfection. Non-
transfected HeLa cells showed typical microtubules,
well spread in the cytoplasm similar to that of
the GFP-expressing HelLa cells (Figure 4(a),
Supplementary Figure4). However, microtubules
intensity appeared to be increased in STARDY-
MD transfected HeLa cells as compared to the
GFP-STARD9-MD (R223A) and GFP transfected
cells. The non-transfected and transfected (GFP-
STARDY9-MD, GFP-STARD9-MD (R223A) and
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Figure 2. STARD9 depletion with shRNA depolymerizes microtubules in Hela cells. (a) Hela cells were seeded on coverslips and
transfection was performed without or with shControl or shSTARD9 with lipofectamine 3000 for 48 h. Further, immunostaining was
performed with anti-tubulin 1gG (left panel). In a separate experiment, the control and STARD9-depleted Hela cells were incubated
with 100 nM nocodazole for 2 h and immunostaining was done as mentioned above (right panel). Scale bar represents 10 um. (b)
The fluorescence intensity represents an average value obtained (n = 50 cells) from the region of interest (ROI). Error bar represents
S.D. and p-value (** < 0.001; * < 0.05) was determined by student t-test. (c) Hela cells were treated without or with shControl or
shSTARD9 for 48 h and the cells were collected by centrifugation. The soluble fraction of tubulin was obtained by incubating the cell
pellet with PEM buffer containing 0.5% triton X-100 and 25% glycerol for 2 min at 37°C. The polymeric tubulin was obtained by re-
suspending the pellet in RIPA buffer for 1 h at 4°C. An equal amount of proteins was analyzed on SDS-PAGE and immuno-blotting
was performed with anti-tubulin IgG. The experiment was performed 5 times. (d) The intensity of soluble and polymer tubulin was
quantified with ImageJ and is plotted as an average of the ratio of polymer/soluble obtained from 5 independent set of experiments.
Error bar represents S.D. and ** indicates p < 0.001.

GFP) HelLa cells were incubated with nocodazole
(300 nM) for 1 h (Figure 4(b), Supplementary
Figure4). As expected, a significant depolymeriza-
tion of microtubules was observed in control HeLa
cells treated with 300 nM nocodazole. Although
some microtubules were depolymerized in
STARD9-MD transfected HeLa cells upon nocoda-
zole treatment, microtubule bundles were also
observed in the STARD9-MD transfected HeLa
cells. Similar to the control HeLa cells, microtubules
in GFP-transfected HeLa cells were strongly
depolymerized upon nocodazole treatment
(Supplementary Figure4). The mutant STARDY-
MD transfected cells also showed microtubule
depolymerization in the presence of nocodazole

similar to the control and GFP transfected HeLa
cells. We also treated the non-transfected and trans-
fected HeLa cells with cold and observed microtu-
bule bundles in STARD9-MD transfected cells
(Figure 4(c)). In contrast, microtubules were depo-
lymerized in the case of control, GFP-STARD9-MD
mutant (R223A) and GFP transfected Hela cells
(Figure 4(c), Supplementary Figure4). The intensity
of microtubules in STARD9-MD transfected HelLa
cells were determined to be significantly higher
than the control or STARD9-MD-(R223A) mutant
cells when treated with either nocodazole or cold
(Figure 4(d)) (p < 0.001). The findings indicated
that STARD9 may have a role in the stabilization of
microtubules.
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Figure 3. Depletion of STARD9 with siRNA depolymerizes microtubules in Hela cells. (a) STARD9 depletion was performed with two
different siRNAs (siRNA1 and siRNA2) and a scrambled siRNA with lipofectamine RNAIMAX for 48 h. Immunostaining was performed
with anti-tubulin 1gG. DNA staining was done with Hoechst 33258. Scale bar represents 10 um. (b) The graph is plotted as an
average microtubule intensity of 50 cells in case of control, SIRNA1, siRNA2 or scrambled treated cells. The intensity of microtubule

was determined using imagelJ. ** indicates p < 0.001.

The depletion of STARD9 suppressed microtubule
dynamics in spindles

Both control and STARD9 depleted cells were syn-
chronized with thymidine to increase the popula-
tion of mitotic cells. Using fluorescent recovery
after photo bleaching assay (FRAP) [13,14], we
determined the effect of the depletion of STARD9
on spindle microtubule dynamics in live HeLa cells
(Figure5 (a), Table 1). The recovery of the fluores-
cence intensity was monitored until the saturation
value (Figure 5 (b)). The control and shControl
treated cells showed a recovery of fluorescence
intensity up to 48 + 5 and 47 + 6%, respectively.
In contrast, the shSTARD9-depleted cells showed
only 10% recovery of the fluorescence intensity. As
expected, no recovery of the GFP fluorescence
occurred in the mitotic cells fixed with 4% formal-
dehyde. The fluorescence data were corrected for
photobleaching rate and fitted into the first order
exponential curve. The rate of recovery was deter-
mined to be 0.080 + 0.02 and 0.079 + 0.02 sec” " in
case of control and shControl treated HeLa cells,

respectively (Table 1). In contrast, the rate constant
for the STARD9-depleted HeLa cells was deter-
mined to be 0.034 + 0.007 sec '. The half recovery
time (t;/,) was determined to be increased by 142%
in the STARDY depleted cells as compared to the
control cells (Table 1). The results indicated that the
depletion of STARD9 suppressed the dynamics of
microtubules in the mitotic spindles.

The distance between the two spindle poles in
control, shControl or shSTARDY treated HeLa
cells was determined (Figure 5(c)). The depletion
of STARDY in HeLa cells induced a mitotic block
as reported earlier [9]. We imaged metaphase cells
(where the chromosomes were aligned at the equa-
torial plates with two gamma-tubulin foci and
bipolar spindles) in control, shControl, and
shSTARD9-depleted HeLa cells in the presence of
MGI132 (Figure 5(c), Supplementary Figure 5).
The interpolar distance was reduced by 55 + 11%
in the STARD9-depleted HeLa cells as compared
to that of control and shControl treated cells indi-
cating that STARD? is involved in the formation
of the bipolar mitotic spindle (Figure 5(d)).
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Figure 4. Expression of STARD9-MD stabilizes microtubules against nocodazole and cold. (a) Hela cells were non-transfected or
transfected with GFP-STARD9-MD or STARD9-MD R223A (mutant) for 24 h. The cells were fixed and immunostaining was performed
with anti-a tubulin IgG. The control and transfected Hela cells (indicated by arrows, GFP-STARD9-MD or STARD9-MD R223A) were
incubated with (b) 300 nM nocodazole for 1 h or (c) cold (ice) for 30 min and processed for immunostaining with anti-tubulin IgG.
DNA was stained with Hoechst 33258. Scale bar: 10 um. (d) The average fluorescence intensity of microtubules from 50 cells was
determined in case of control transfected Hela cells with and without treatment with cold or nocodazole. Error bar indicates S.D.

and p < 0.001(**).

The depletion of STARD9 inhibited the
reassembly of both interphase and spindle
microtubules

Control and STARDY-depleted HelLa cells were
incubated on ice for 30 min. The reassembly
kinetics of microtubules was monitored by putting
the cells in an incubator at 37°C. The cells were
fixed at different time intervals and the growth of
microtubules was estimated. Microtubules in both
control and STARDY-depleted interphase cells
were found to be strongly depolymerized upon
cold treatment (Figure 6(a)). In control cells, the
interphase microtubules were fully reassembled
after 30 min while the interphase microtubules
were not visibly formed in the STARD9-depleted

HeLa cells even after 30 minutes of reassembly
(Figure 6(a)). The fluorescence intensity of inter-
phase microtubules in both STARD9-depleted and
control HeLa cells was determined by monitoring
100 cells in each of the experimental conditions
(Figure 6(b)). The fluorescence intensity of micro-
tubules was found to increase from 400 + 10 to
910 + 16 and 398 + 8 to 460 * 9 after 30 min of
reassembly in control and STARD9-depleted HeLa
cells, respectively (p < 0.001) suggesting that the
depletion of STARDY inhibited the reassembly of
microtubules in HeLa cells (Figure 6(b)). In a
similar experiment, the depletion of STARDY was
found to strongly suppress the regrowth of spindle
microtubules in HeLa cells (Figure 7). The fluor-
escence intensity of the mitotic spindles was found
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Figure 5. STARD9 depletion suppressed spindle microtubule dynamics in Hela cells. (a) HelLa cells expressing GFP-a-tubulin were
either treated without or with shControl or shSTARD9 for 36 h. Further, cells were blocked at interphase using 2 mM thymidine for
18 h. Five-hour post-release of thymidine fluorescent recovery after photobleaching (FRAP) was performed with the mitotic (bipolar)
Hela cells by bleaching a rectangular area with a high-intensity laser. Shown are the representative images obtained pre-bleach and
post-bleach in case of control, shControl and shSTARD9 treated Hela cells. Live cell imaging was done with confocal laser scanning
microscope equipped with temperature (37°C) and CO, (5%) control unit. Scale bar is shown in the figure. (b) The % fluorescence
recovery of 15 cells in each experimental condition was plotted against time with * as a standard deviation. (c) Control, shSTARD9,
and shControl Hela cells were fixed and immunostained with anti-y-tubulin IgG and anti-a tubulin 1gG. DNA was stained with
Hoechst 33258. Scale bar shown in the figure. Shown is the maximum intensity projection of z-stacks in each case. (d) The graph is
plotted as an average of the interpolar distance calculated from 30 cells in case of control, shControl and shSTARD9 depleted Hela
cells. Error bar indicates S.D. ** indicates p < 0.001.

STARD?9 depletion inhibited chromosome

Table 1. The rate constant and the half recovery time were .
separation

determined from the analysis of fluorescent values fitted in
the equation mentioned in method section using GraphPad

Prism software. Shown are the average rate constant (k) and
t;, values with + as S.D. and n represents the number of cells
scored in each case.

Control shControl STARD9 depleted cells
k (sec™") 0.080 + 0.02 0.079 £ 0.02 0.034 + 0.007
ty/, (sec) 8.7 +23 8.8 + 2.2 2135
(n = 16) (n =15) (n=15)
(p < 0.0001)

to increase from 378 *+ 8 to 647 + 30 and 352 * 12
to 431 £ 11 after 30 min of spindle reassembly in
control and STARD9-depleted HelLa cells, respec-
tively (p < 0.01). The result also indicated that
STARD? is involved in the nucleation of mitotic
microtubules (Figure 7).

DNA and gamma-tubulin in STARD9-depleted
HelLa cells were imaged using confocal microscopy
(Supplementary Figure 6). The maximum intensity
projection image was constructed from the
z-stacks and the depletion of STARD9Y was found
to induce mitotic block with the cells at different
stages of mitosis. A majority of the mitotic cells
were found to be arrested at prometaphase stage
with single, double or multiple gamma-tubulin
foci. However, few of the mitotic cells were also
found to have chromosomes aligned at the meta-
phase plate with two distinct gamma-tubulin foci
and congression defects (Supplementary Figure6).
Thus, the data suggested that the depletion of
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Figure 6. STARD9 depletion inhibited microtubule reassembly in interphase Hela cells. (a) Microtubules were disassembled by
incubating the cells on ice. The reassembly kinetics of the microtubules was monitored by incubating the cells for different (0, 5, 10,
15, 20, 25 and 30 min) durations at 37°C. The cells were fixed at the indicated time point and immunostaining was performed with
anti-a tubulin 1gG. Scale bar represents 10 pm. The experiment was performed twice. (b) The bar graph represents the fluorescence
intensities of microtubules in control and STARD9-depleted Hela cells fixed at different time points. In each time point, 50 cells were
measured. The experiment was performed twice. + indicates S.D., p < 0.001.
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Figure 7. STARD9 depletion inhibited the reassembly of mitotic spindles. Shown are the representative mitotic cells in control and
STARD9-depleted Hela cells at different (0, 5, 10, 15, 20, 25 and 30 min) time intervals. Scale bar represents 10 pm. DNA was stained
with hoechst 33258. The experiment was conducted two times.
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STARD?Y significantly perturbed the organization
of mitotic cells and induced defects in chromo-
some congression. We also analyzed the effect of
the depletion of STARD9 on chromosome separa-
tion using mCherry-tagged H2B expressing HeLa
cells (Supplementary Figure7A). The live cell ima-
ging of control and shControl HeLa cells showed
that the chromosomes were properly aligned at the
equatorial plate and the chromosomes started
separating towards the two poles showing ana-
phase (Supplementary Figure7A). The cells were
successfully divided into two daughter cells
(Supplementary Figure7A). The process of mitotic
progression (mitosis to two daughter cells) was
completed in ~ 60 min in both control and
shControl-treated HeLa cells (Supplementary
Figure7B). In contrast to the control cells, the
separation of chromosomes was strongly inhibited
in the STARD9-depleted prometaphase cells
(Supplementary Figure7A and B).

STARD9 depletion synergized with vinblastine
treatment

Since the depletion of STARDY caused depolymer-
ization of microtubules in HeLa cells, the effect of a
well-known microtubule depolymerizing agent vin-
blastine was examined on STARD9-depleted cells.
The half-maximal inhibitory concentration (ICsg)
for vinblastine in HeLa cells and STARD9-depleted
HeLa cells was determined to be 4.1 + 0.5 and
1.4 + 0.2 nM, respectively (p < 0.05) (Figure 8(a)).
Further, we checked the effect of low concentrations
(2 and 4 nM) of vinblastine on the microtubules
in control and STARD9-depleted HelLa cells
(Figure 8(b)). Low concentrations of vinblastine pro-
duced much stronger depolymerization of microtu-
bules in the STARD9-depleted HeLa cells compared
to the control cells (Figure 8(b)). The percentage
mitotic index in HeLa cells was determined to be 8,
11, and 13 in the absence and presence of 2 and 4 nM
vinblastine, respectively while it was found to be 24%
in the STARD9-depleted HeLa cells (Figure 9(a),
Supplementary Figure 8). The mitotic index was
determined to be 32 and 34% in the STARDY-
depleted HeLa cells in the presence of 2 and 4 nM
vinblastine, respectively (Figure 9(a)). Further, we
quantified the number of gamma-tubulin foci in
case of control and STARD9 depleted HeLa cells in

the presence of vinblastine (Figure 9(b),
Supplementary Figure8). In control cells, 76% of
the total mitotic cells had two gamma-tubulin foci.
In 2 and 4 nM vinblastine-treated HeLa cells, 70 and
45% of the mitotic cells were found to have two
gamma-tubulin foci respectively. In contrast, 42, 30
and 27% of the cells displayed double gamma-tubu-
lin foci in STARD9-depleted HeLa cells in the
absence and presence of 2 and 4 nM vinblastine,
respectively. STARD9 depleted HeLa cells showed
50% of the cells with multipolar foci. A significant
increase in the multipolar cells was found when
STARDY-depleted cells were treated with vinblas-
tine. For example, 64 and 71% of the mitotic cells
were found to be multipolar in STARD9-depleted
HeLa cells treated with 2 and 4 nM vinblastine,
respectively (Figure 9(b), Supplementary Figure8).
The finding suggested that the depletion of
STARDSY synergizes with vinblastine treatment and
increases cell death by forming multipolar cells.

Discussion

In the present study, we have elucidated the role of a
centrosomal protein, STARDY, on the assembly and
stability of microtubules. The depletion of STARD9
strongly suppressed the reassembly of spindle and
interphase microtubules indicating a role of
STARD?Y in the nucleation of microtubules. The
depletion of STARD9 induced microtubule depoly-
merization in HeLa cells and the over-expression of
the motor domain of STARD9 (STARD9-MD) sta-
bilized microtubules in response to cold and noco-
dazole treatment. In addition, STARD9Y depletion
dampened the dynamics of microtubules in the
mitotic spindles suggesting that STARD9 regulates
tubulin exchange in the mitotic spindles. Further,
STARDY-depleted cells showed increased sensitivity
towards vinblastine suggesting that the combined
effect of STARDY depletion and anti-tubulin drug
could be used as a strategy for cancer treatment.

STARD9 regulates microtubule assembly and
spindle dynamics

STARDY9-MD co-localized along the length of
microtubules in HeLa cells and co-immunopreci-
pitated with tubulin. STARDY was also precipi-
tated from the polymeric fraction of tubulin with
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concentrations (78, 156, 310, 625, 1250, 2500, 5000, 10000, 20000, 40000 pM) of vinblastine for 24 h. The inhibition of cell
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is provided. Error bars indicate S.D., p < 0.05. (b) Control and STARD9-depleted Hela cells were incubated without and with
vinblastine (2 and 4 nM) for 10 h and processed for immunostaining with anti-a-tubulin IgG. DNA was stained with Hoechst 33258

and scale bar represents 10 um.

anti-tubulin IgG, suggesting that STARD9 binds to
the microtubules in HeLa cells. In an earlier report
[9], the effect of siRNA-mediated depletion of
STARDY was partially rescued by expressing
STARDY9-MD in HeLa cells. In this study, we
found that the depletion of STARDY9 with
shRNA or siRNA significantly reduced the level
of microtubules in HeLa cells implying the role of
STARDY in promoting microtubule assembly or
stability. The transfected STARD9-MD HeLa cells
were shown to form microtubule bundles indicat-
ing that STARD9 could either induce
microtubule polymerization or enhance the stabi-
lity of the existing microtubules or both. Further,

microtubules in STARD9-MD transfected cells
showed resistance to nocodazole and cold treat-
ment than the control cells indicating that
STARDY can stabilize microtubules. STARD9
also appears to regulate the nucleation of micro-
tubules as the depletion of STARDY strongly
inhibited the re-growth of both spindle and inter-
phase microtubules in HelLa cells. In this work,
STARDY was co-precipitated with tubulin from
the polymerized fraction of tubulin and
STARD9-MD was found to decorate microtubules
in HeLa cells. In addition, purified STARD9-MD
was found to bind microtubules [9]. The results
together suggested that STARD9 binds to



2062 (&) S.SRIVASTAVA AND D. PANDA

A)

35

30

Mitotic Index (%)
— 1) [ g
wn =3 N
1 L L

—
<
1

wn
i

=4
k

o »
S«?g’\\f\“ %ﬂ‘& <«

T &S

x x

<

N o
(P“\‘o > -
v

)
s“v\ &

»
&

B)

Fraction of mitotic cells

0.7

[N gamma tubulin foci: 2 |
[ gamma tubulin foci: 1

0.6 | I gamma tubulin foci: >2

0.5
0.4
0.3
0.2

0.1

0.0

Co““o\

3] S
N 9 P 0y
O N N s\‘s‘ d o s\‘g‘ ®

" ‘\3\\
e &5 ¢
KN N

D

RN o

Figure 9. Vinblastine treatment increased mitotic index and multipolar cells in STARD9-depleted Hela cells. (a) Hela cells were
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number of cells scored was 500 for each of the experimental conditions. (b) Number of cells with single, double or multiple gamma-
tubulin foci were scored and plotted as a fraction of total mitotic cells. A total number of mitotic cells taken for calculation were 250

in each case. The experiment was performed twice.

microtubules and the binding of STARDY to
microtubules increases the assembly and stability
of microtubules.

The FRAP experiment showed that the depletion
of STARDY decreased tubulin turnover suggesting
that STARD9 may be involved in tubulin addition
to the microtubule ends causing increased growth
rate. Recently, kinesin-5 was reported to increase
the incorporation of tubulin dimers at the plus end
of the microtubules and thereby, to promote micro-
tubule polymerization [15]. A centromere protein
CENP-E was reported to induce microtubule elon-
gation by the addition of tubulin dimers to
the microtubule ends in an ATP-dependent man-
ner [16]. We found that the ectopic expression of
STARDY9-MD induced the formation of fibrous
microtubule bundles near the nucleus similar to
the expression of the C-terminal domain of Cep57
[17]. Further, the expression of STARD9-MD was
found to induce nocodazole resistant and cold resis-
tant microtubule bundles in HeLa cells similar to
the resistant microtubule bundles formed in Cos-7
cells upon expression of Myc-CLAMP [18]. These
observations together suggested that ectopic expres-
sion of STARD9-MD can induce the bundling of
microtubules in HeLa cells. The formation of bun-
dles in the STARD9-MD transfected cells suggested

that STARD9 can increase the lateral interactions
between the microtubule protofilaments. STARD9,
being a large size protein could bind to two differ-
ent protofilaments and enhance the lateral interac-
tions between them. Similar to kinesin-12 [19],
single or multiple STARD9 could crosslink the
microtubule plus end leading to the formation of
parallel bundles or like kinesin-5 motor [20],
STARD? could crosslink anti-parallel microtubules.

A perturbation in the spindle dynamics is
reported to induce the formation of disoriented
mitotic spindles [21]. Similar to the knockdown of
other microtubule stabilizing plus end binding pro-
teins like EB1 [22], Msps [23] or Mast [24],
STARDY depletion also induced the formation of
spindles with reduced interpolar distance [21,25]
indicating that STARD9 could also regulate spindle
dynamics. The FRAP analysis suggested that the
depletion of STARD9 increased the value of t),
by 142%. A similar increase in t;,, (approximately
1.3 times of control) was observed in case of knock-
down of Mast protein in S2 cells, implying a
decrease in tubulin turnover [13]. In PtK-T-cells, a
decrease of 75% in the t;,, (from 7 + 3 to 4 + 2 sec)
value was observed in the presence of a microtu-
bule-stabilizing agent, taxol (40 nM), suggesting an
increased assembly rate [14]. Thus STARD9 could



increase tubulin turnover in the mitotic spindle
leading to effective cell division. The suppression
of spindle microtubule dynamics in STARD9
depleted cells could impair the force generation at
the spindle pole and thereby, inhibited the mitotic
progression. STARD9-depleted HeLa cells which
were arrested at different phases of mitosis failed
to separate the chromosomes suggesting that
STARDY also has a role in the separation of
chromosomes.

STARD9Y as an anti-cancer target

Though microtubule-targeting drugs are widely
used in cancer therapy, several drawbacks
including neurological toxicity, development of
resistance or neutropenia limit their utility [26].
This led to the identification of a new class of
agents, which target proteins such as the kinesins
and kinases that are involved in mitosis. For
example, inhibitors of kinesin spindle protein
Eg5 (such as SB-715992,MK-0731) [27,28], Plkl
(Polo-like kinase 1) (BI 2536, ON01910) [29,30]
and aurora kinase (MK-0457/VX-680) [31] are in
different stages of clinical trials. STARDY could
also emerge as a potent target for cancer therapy
as the inhibition of STARDY functions leads to
an increased mitotic index with multipolar spin-
dles in cancer cells. Intriguingly, the depletion of
STARD9 was found to produce more pro-
nounced effects in cancer cells (for example
HeLa, HCT116, 460 M395, U20S) than in the
non-cancerous cells such as MCF10A, RPE or
Lymphoblast cells [9]. The STARDY depleted
cancer cells further undergo apoptosis-mediated
cell death. Thus, the identification of compounds
targeting STARD9 opens a new avenue for anti-
mitotic mediated cancer therapeutics. The use of
a drug in combination with the depletion of
STARDY9 can be an alternative therapeutic
approach. For example, taxanes are combined
with anthracycline or platinum analogs for the
treatment of breast cancer and non-small cell
lung cancer respectively [32,33]. STARD9
depleted HeLa cells were more sensitive to the
vinblastine treatment as compared to normal
HeLa cells. Vinblastine treatment increased the
cytotoxic effect in the STARD9-depleted HeLa
cells by increasing the number of cells with
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multipolar  spindles. The findings suggest
that the combination of STARDY inhibitors
(small molecules or RNAi) and a microtubule-
depolymerizing agent (such as vinblastine) could
be a future mode of cancer therapy.

Materials

Mouse monoclonal anti-tubulin IgG (T6074, Sigma),
mouse monoclonal anti-y-tubulin IgG (T5326,

Sigma), FITC conjugated anti-rabbit IgG
(F0382, Sigma), FITC conjugated anti-mouse IgG
(F9137, Sigma). Vinblastine, nocodazole and

thymidine were also procured from Sigma Aldrich
(St Louis, MO, USA). Lipofectamine RNAimax,
Lipofectamine 3000, fetal bovine serum (FBS),
Opti-MEM reduced serum-free medium and anti-
mouse Alexa 568 (A11005) were purchased from
Invitrogen (Eugene, USA). The Super Signal West
Pico Chemiluminescent Substrate was obtained
from Thermo Scientific (Rockford, U.S.A.).
STARD9 shRNA (catalog no.sc-63083-SH), Control
shRNA plasmid A (catalog number: sc 108060),
Protein A agarose beads STARDY IgG, cyclin Bl
and GAPDH (IgG) were purchased from Santa
Cruz (California). The siRNAs were synthesized by
Eurogentec (North America).

Cell culture

HeLa cells (cervical carcinoma) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM,
HiMedia) supplemented with 10% fetal bovine
serum (FBS, Invitrogen) and 1% (v/v) antibiotic-
antimycotic solution. HCT116 (colorectal carci-
noma) cells were maintained in RPMI 1640 media
with 10% FBS and 1% antibiotic-antimycotic solu-
tion. The cells were purchased from National
Centre for Cell Science, Pune, India. HeLa cells
expressing histone 2B-mCherry was a kind gift
from Tapas Manna, IISER Thiruvananthapuram,
India. The cell lines were authenticated using STR
analysis and were found to be free from myco-
plasma. The H2B cells were maintained in DMEM
with 10% FBS and 1% antibiotic-antimycotic
solution. The cells were maintained at 37°C in a
humidified CO, (5%) chamber.
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Immunoprecipitation assay

We separated the polymeric and soluble fraction of
tubulin [34] and quantified the amount of
STARD?9 associated with the polymeric and solu-
ble fraction of tubulin through western blot. For
immunoprecipitation assay [35], tubulin IgG and
GAPDH IgG was incubated with the polymeric
fraction of tubulin (input) followed by incubation
with Protein A agarose beads for 3 h beads were
then washed 3 times with PBS and proteins were
eluted by boiling the beads with SDS loading buf-
fer. The proteins were separated by SDS-PAGE
and immuno-blotting was performed with anti-
STARDY IgG and anti-GAPDH IgG antibody.
The experiment was performed thrice in each case.

STARD9 protein level in interphase and mitotic
cells

We checked the presence of STARD? in interphase
and mitotic cells. The cells were synchronized in
interphase and mitotic phase using thymidine and
nocodazole, respectively [36]. Briefly, HeLa cells
(10°cells/mL) were seeded in a flask and incubated
with 2 mM thymidine for 18 h. For mitotic cells,
HeLa cells were treated with 300 nM nocodazole for
14 h. The cells were collected through mitotic shake
off [36]. The interphase and mitotic cells were lysed
and immuno-blotting was performed with anti-
STARDY IgG, anti-cyclin Bl IgG and anti-
GAPDH IgG. The experiment was repeated 3 times.

STARD9-MD co-localizes with microtubules

The GFP-STARD9-MD (motor domain of
STARDY) and GFP-STARD9-MD (R223A) mutant
plasmids were a kind gift from Jorge Z. Torres
(University of California, USA). HeLa cells
seeded on polylysine-coated coverslips were trans-
fected with GFP, GFP-STARD9-MD and GFP-
STARDY9-MD (R223A) mutant plasmids. The cells
were then fixed with 4% formaldehyde and permea-
blized using 0.25% Triton X-100. Immunostaining
was performed with anti-mouse GFP IgG and anti-
rabbit tubulin IgG. Fluorescent tagging was done
with anti-mouse FITC IgG and anti-rabbit Alexa
594. For immunoprecipitation [35], the cell extract
prepared from GFP-STARD9-MD transfected HeLa

cells were incubated with anti-tubulin IgG and pro-
cessed for immuno-blotting with anti-GFP IgG and
anti-GAPDH IgG as described earlier. The experi-
ment was done twice.

Depletion of STARD9

STARDY was depleted in HeLa and HCT116 cells
using shRNA (now onwards will be referred as
shSTARDY9) and control shRNA plasmid A
(shControl). HeLa cells were seeded to 70% con-
fluency and transfected with either shSTARDY or
shControl using Lipofectamine 3000. After the trans-
fection, cells were incubated for 48 h. The cells were
collected by centrifugation and lysed to collect the
cell extract. The cell lysate was separated on 6%
SDS-PAGE and immuno-blotted with anti-
STARDY and anti-actin IgG. The experiment was
performed thrice. Similarly, the depletion of
STARD?Y in HeLa cells was also done with two dif-
ferent siRNAs (sequences similar to Torres, et. al [9])
and a scrambled sequence using Lipofectamine
RNAiIMAX for 48 h. The experiment was performed
twice. The target sequences for the siRNA and
shRNA are shown in Supplementary Table 1.
siRNA 1 and siRNA 2 were designed to target two
different regions of STARD9 mRNA sequence. The
scrambled sequence is a random non-specific
sequence (Supplementary Table 1).

Effects of STARD9 depletion on interphase and
mitotic HeLa cells

HeLa cells (80,000 cells/mL) were seeded on poly-
lysine-coated coverslips and STARD9 depletion was
performed using shRNA, siRNAs or scrambled
siRNA as described earlier. Immunostaining was
performed with anti-a tubulin IgG and the DNA
was stained with Hoechst 33258 (10 pg/mL). In a
separate experiment, 100 nM nocodazole was added
to control; shControl or shSTARD? treated cells for
2 h and further processed for immunostaining. The
fluorescence intensity of 50 cells in experimental
condition was quantified using Image]. For the
quantification of fluorescence intensity, a region of
interest was drawn outside the whole cell. STARD9
was also depleted in HCT116 cells using shSTARDO.



Quantification of soluble and polymer mass in
STARD9 depleted cells

The extent of soluble and polymeric tubulin was
quantified by separating the soluble and insoluble
tubulin fraction [37]. Briefly, control, shControl and
shSTARD?9 treated cells were collected by centrifu-
gation and washed with PBS. Further, PEM buffer
(50 mM PIPES, 3 mM MgCl, and 1 mM EGTA)
containing 0.5% Triton-X-100 and 25% glycerol was
added to the cell pellet for 2 min to collect soluble
tubulin at 37°C. Insoluble tubulin (polymerized MT)
was collected by treating the pellet with RIPA buffer
containing protease inhibitors for 1 h at 4°C. An
equal amount of protein was then analyzed by wes-
tern blotting with anti a-tubulin IgG. The intensity
of tubulin was quantified with Image] and the ratio
of polymer/soluble was determined. The experiment
was done 5 times. In a separate experiment, both
polymeric and soluble fraction of tubulin was sepa-
rated on SDS-PAGE and western blotting was per-
formed with anti-STARD?9 IgG. The experiment was
done thrice.

Effects of overexpression of STARD9-MD and its
mutant on Hela cells

Hela cells were transfected without and with
GFP-STARDY9-MD, GFP-STARD9-MD (R223A)
(mutant) and GFP plasmid using Lipofectamine
3000 for 24 h and immunostained with anti a-tubu-
lin IgG as described above. In a separate experiment,
HelLa cells were transfected with GFP-STARD9-MD,
GFP-STARD9-MD (R223A) (mutant) and GFP and
then, either incubated with nocodazole 300 nM (1 h)
or provided cold treatment for 30 min. Microtubules
were immunostained with anti-a-tubulin IgG and
DNA was stained with Hoechst 33258. Microtubule
intensity of 50 cells in each case was determined
using Image] as mentioned before.

Measurement of spindle microtubule dynamics
by fluorescence recovery after photobleaching in
live HelLa cells

HeLa cells were transiently transfected with GFP-
tagged a-tubulin plasmid using Lipofectamine 3000
for 24 h. Further, cells were synchronized in inter-
phase using 2 mM thymidine treatment for 18 h [36].
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The cells were thoroughly washed with DPBS for
thymidine release. Post 5 h of thymidine release,
fluorescence recovery after photobleaching (FRAP)
assay was performed. For shSTARD9 depleted HeLa
cells, the depletion was performed using shRNA or
shControl for 36 h. Subsequently, the cells were
incubated with 2 mM thymidine for 18 h, carefully
washed with DPBS, and the FRAP analysis was per-
formed 5 h after releasing thymidine. STARD9
depletion induced abnormalities in spindle forma-
tion as most of the cells were multipolar. HeLa cells
oriented in bipolar spindles were used for the FRAP
analysis. A rectangular region of approximate area
3 x 5 um® between the poles and equatorial region
were bleached using high power laser. The bleaching
was done until the fluorescence intensity was
decreased to ~ 70% [13,14]. Post-bleaching, the
images were captured at an interval of 1.6 s till the
fluorescence recovery value reached a plateau using a
confocal laser scanning microscope with 63x oil
immersion objective equipped with temperature
and CO, controller unit. Further, the fluorescence
value was exported to Microsoft Excel and normal-
ized fluorescence intensity was calculated using the
following formula,

F, = F; — F, /r; where, F, is the fluorescence
intensity of the region of interest, Fy, is the fluores-
cence intensity of background and r is the rate of
photobleaching (F./F,). F., is the fluorescence
intensity at time zero and F is the fluorescence inten-
sity at time t. The normalized fluorescence intensity
values were fitted to one phase exponential decay
equation using GraphPad Prism Software,

F = Fy + (plateau — Fy)"[1 — exp(—K*X)];
where F is the F-value at time zero, plateau is the
F value at infinite time and K is the rate constant
[38]. The percentage of fluorescence recovery was
calculated by using the formula,

% Fluorescence recovery = (F, — F,) % 100/(F,
—F,), where F, is the fluorescence intensity at time
t, F, is the fluorescence intensity before photo-
bleaching and F, is the fluorescence intensity
after photobleaching [39].

Interpolar distance measurement

To determine the interpolar distance, the control,
shControl, and shSTARD9Y depleted HeLa cells
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were incubated with MG132 for 1h. Further, the cells
were fixed and the immunostaining was performed
with gamma-tubulin IgG and tubulin IgG. DNA was
stained with Hoechst 33258. The images were cap-
tured in a confocal microscope with z-stacking and
the maximum intensity projection of z-stacks was
constructed. The interpolar distance of 30 cells in
case of control, shControl, and shSTARD? cells was
determined using the Zen software.

Microtubule reassembly in STARD9 depleted
HelLa cells

STARD9-depleted and control HeLa cells were incu-
bated on ice for 30 min. Further, both control and
STARDY-depleted HeLa cells were incubated with
warm media and shifted to a carbon dioxide incu-
bator at 37°C. The cells were fixed at 0, 5, 10, 15, 20,
25 and 30 min after incubation with warm media.
Immunostaining was performed with anti-a tubulin
IgG and DNA was stained with Hoechst 33258. The
microtubule fluorescence intensity of 50 cells was
determined in each case from the whole cell using
ImageJ. The experiment was performed twice.

Chromosome separation in H2B-mcherry
expressing Hela cells

The stable H2B-mCherry expressing HeLa cells
were used to study the chromosome separation in
control and STARD9-depleted HeLa cells. STARD9
depletion was accomplished using shSTARD9 or
shControl for 48 h. Further, control, shSTARD9
or shControl H2B cells were imaged using a spin-
ning disk confocal microscope (Yokogawa CSU-X1)
equipped with a temperature controller (37°C) and
CO, (5%) control unit with 40x oil immersion
objectives. The images of the cells at the beginning
of mitosis were captured for 3 h at an interval of
5 min. The images were processed and the distance
between the sister’s chromosomes was calculated
using the Zen software. The chromosome separa-
tion of 10 cells in each case was monitored.

Effects of STARD9 depletion in combination with
vinblastine on HelLa cells

HelLa cells (50,000 cells/mL) were seeded in 96 well
plates. STARDY depletion was performed in HeLa

cells using shSTARDY for 36 h. HeLa cells and
STARDY depleted HeLa cells were grown without
or with different concentrations (78, 156, 310, 625,
1250, 2500, 5000, 10000, 20000, 40000 pM) of
vinblastine for 24 h. The half-maximal inhibitory
concentration (ICsy) of vinblastine in HeLa cells
and STARD9-depleted HeLa cells was determined
using the sulforhodamine B assay [40]. The experi-
ment was performed thrice. For immunostaining,
the control and STARD9-depleted HeLa cells were
incubated without and with vinblastine (2 and
4 nM) for 10 h. The cells were fixed and processed
for immunostaining with anti-a tubulin IgG. DNA
was stained with Hoechst 33258.

Mitotic index calculation

The cells were incubated without and with vinblas-
tine (2 and 4 nM) for 10 h and immunostained
with anti-y-tubulin IgG. DNA was stained with
Hoechst 33258. The fraction of cells with single,
double and multiple gamma-tubulin foci were
scored by counting 500 cells. Mitotic index was
calculated as the percentage of mitotic cells to the
total number of cells. The experiment was done
twice and in each case, 250 cells were scored.

Microscopy data

All the images were captured in a laser scanning
confocal microscope (Zeiss Axio-Observer Z1)
with Plan-Apochromat 63x/1.4 NA (oil) objective
lens unless mentioned.

Statistical analysis

The statistical analysis was performed, where + indi-
cates the standard deviation (S.D.). The significance
value was determined using Student’s t-test, p-value
<0.05 was considered to be significant.
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