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Background: Src family tyrosine kinases have been reported to activate in mitosis and associate with the mitotic spindle.
Results: Reintroduction of c-Src but not Fyn rescues spindle misorientation and facilitates astral microtubule regrowth from

depolymerization.

Conclusion: c-Src is involved in spindle orientation through the centrosome-mediated pathway for spindle formation.
Significance: Our results provide the first demonstration of a role for c¢-Src in mitotic spindle orientation.

Src family tyrosine kinases (SFKs) participate in mitotic signal
transduction events, including mitotic entry, cleavage furrow
ingression, and cytokinesis abscission. Although SFKs have
been shown to associate with the mitotic spindle, the role of
SFKs in mitotic spindle formation remains unclear. Here, we
show that c-Src promotes proper spindle orientation in early
prometaphase. Src localizes close to spindle poles in a manner
independent of Src kinase activity. Three-dimensional analyses
showed that Src inhibition induced spindle misorientation,
exhibiting a tilting spindle in early prometaphase. Spindle mis-
orientation is frequently seen in SYF cells, which harbor triple
knock-out mutations of c-Src, c-Yes, and Fyn, and reintroduc-
tion of c-Src but not Fyn into SYF cells rescued spindle misori-
entation. Spindle misorientation was also observed upon Src
inhibition under conditions in which Aurora B was inhibited.
Inducible expression of c-Src promoted a properly oriented
bipolar spindle, which was suppressed by Src inhibition. Aster
formation was severely inhibited in SYF cells upon Aurora B
inhibition, which was rescued by reintroduction of c-Src into
SYF cells. Furthermore, reintroduction of c-Src facilitated
microtubule regrowth from cold-induced depolymerization and
accelerated M phase progression. These results suggest that
c-Src is involved in spindle orientation through centrosome-
mediated aster formation.

Cell division is a process to equally separate replicated chro-
mosomes into two daughter cells. Deregulation of cell division
results in gain or loss of chromosomes, leading to tumorigene-
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sis. Faithful chromosome segregation depends on proper
mitotic spindle functions, and tight control of dynamics of spin-
dle microtubules prevents malignant tumor progression.

The centrosome is the primary microtubule-organizing cen-
ter in animal cells. Chromosomes can promote spindle assem-
bly through the self-organization model (1, 2). However, in the
absence of centrosomes, mitotic spindles are frequently misori-
ented due to loss of astral microtubules, and spindle misorien-
tation leads to a decrease in the fidelity of cytokinesis (3). Thus,
the centrosome is important in ensuring mitotic fidelity (4).
Aurora A is a member of the Aurora family of Ser/Thr kinases
and plays a variety of roles in centrosome maturation for setting
up the mitotic spindle (5- 8). The other member, Aurora B, has
a critical role in regulation of chromosome interactions with
microtubules, chromatid cohesion, spindle stability, and cyto-
kinesis (8, 9). Small molecule inhibitors of Aurora kinases have
been used to dissect the signaling pathways that are orches-
trated by Aurora kinases. ZM447439, a specific inhibitor of
Aurora A and Aurora B, strongly interferes with mitotic spindle
assembly by inhibiting the formation of microtubules that are
nucleated by chromatin (10).

Src family tyrosine kinases (SFKs)? consist of eight members
(c-Src, Lyn, Fyn, c-Yes, Lck, c-Fgr, Hek, and Blk), and they have
crucial roles in cell proliferation, adhesion, migration, and
development (11, 12). Multiple combinations in expression of
each SFK member have been shown to serve specific and over-
lapping functions. SFKs are also known to regulate cell division
because SFK inhibitors cause cell division defects (13-15).
Microinjection of anti-Src antibody into G, cells prevents
mitotic entry (16), and that of anti-Src antibody or the SFK SH2
(Src homology 2) domain after nuclear envelope breakdown
has been reported to block cytokinesis (14, 17). Furthermore,
the specific Src family kinase inhibitor PP2 (18) inhibits cytoki-
nesis, which is also prevented by the MEK inhibitor U0126 (15),
suggesting a role of the Src/MEK/ERK pathway in regulation of
cytokinesis. The kinase activities of SFKs are up-regulated upon
mitotic entry through Cdkl-induced phosphorylation of the
unique domain of SFKs, which promotes dephosphorylation of
the C-terminal inhibitory tyrosine residue (19-23). Although

3 The abbreviation used is: SFK, Src family tyrosine kinase.
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SFKs are involved in the regulation of mitotic entry and cytoki-
nesis, the precise roles of SFKs in cell division are not fully
understood.

Association of SFKs with the mitotic spindle has been
reported. In mouse development, activated SFKs are strongly
associated with the meiotic spindle at all stages of meiosis (24).
A non-myristoylated c-Src mutant associates with the mitotic
spindle and spindle poles in NIH 3T3-derived cells (25). Fyn is
localized at the mitotic spindle in human T lymphocytes (26)
and rat eggs (27). Triton X-100-insoluble Lyn is associated with
the mitotic spindle in human immature myeloid cells (28). Fur-
thermore, inhibition of SFKs causes formation of disorganized
spindles in rat eggs (27). However, the role of SFKs in mitotic
spindle formation remains unknown. Therefore, we wished to
explore the function of SFKs in mitotic spindle formation.

In this study, we show that activation of c-Src promotes
proper spindle orientation through centrosome-mediated
spindle formation. Our results provide the first demonstration
of a mitotic role for c-Src in mammalian cells.

EXPERIMENTAL PROCEDURES

Plasmids—To construct the pcDNA4/TO/c-Src-HA vector
for inducible expression of c-Src-HA, the HindIII-Xhol frag-
ment of pcDNA3/c-Src-HA (provided by S. A. Laporte) (29)
was subcloned into the HindIII-Xhol site of pcDNA4/TO/neoR
(30). By sequencing the resulting construct, a mutation was
found at Leu'”®. To remove the mutation, the NotI-Kpnl frag-
ment was replaced with the NotI-Kpnl fragment of cDNA
encoding human c-Src (provided by D. J. Fujita) (31).

Chemicals—PP2 (Calbiochem), SU6656 (Sigma), U0126
(Calbiochem), RO-3306 (Calbiochem), and ZM447439 (JS
Research Chemicals Trading) were dissolved in dimethyl sulf-
oxide. A list of inhibitors used in this study is provided in sup-
plemental Fig. S1.

Cells and Transfection—HeLa and HeLa S3 cells (Japanese
Collection of Research Bioresources, Osaka, Japan) were cul-
tured in Iscove’s modified Dulbecco’s medium containing 1%
FBS and 4% bovine serum. SYF cells harboring triple knock-out
mutations of c-Src, c-Yes, and Fyn (32); c-Src-reintroduced SYF
(SYF/c-Src) cells (33); and Fyn-reintroduced SYF (SYF/Fyn)
cells were cultured in Iscove’s modified Dulbecco’s medium
containing 5% FBS. Transfection was performed using linear
polyethylenimine (25 kDa; Polysciences, Inc.) (34). To generate
a stable cell line for tetracycline-inducible c-Src overexpres-
sion, HeLa S3 cells were cotransfected with pCAG/TR (35) and
a plasmid containing the hygromycin resistance gene and
selected in 200 pg/ml hygromycin (Wako Pure Chemical
Industries, Ltd, Osaka). Expression of the tetracycline repressor
in cell clones was confirmed by Western blotting using anti-
tetracycline repressor antibody. Tetracycline repressor-ex-
pressing HeLa S3 cells (clone A3f5) were transfected with
pcDNA4/TO/c-Src-HA and selected in 200 pg/ml G418 (clone
Ab5e5). Inducible c-Src-overexpressing cells were generated
from tetracycline repressor-expressing HeLa cells (Src45 cells)
(37). Doxycycline, a tetracycline derivative, was used at 1 pg/ml
for c-Src overexpression. To generate the add-back version of
SYF cells re-expressing c-Src or Fyn, SYF cells were transfected
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with pcDNA4/TO/c-Src (37) or pcDNA4/TO/Fyn (38) and
selected in 333 ug/ml Zeocin (Invitrogen).

Cell Synchronization—To synchronize exponentially grow-
ing cells at M phase, cells were treated with 4 mm thymidine for
24 h. After washing with PBS, cells were released into pre-
warmed drug-free fresh medium and cultured for 6 h. The cells
were then incubated with 6~10 uM RO-3306 for 10 h to arrest
cells at late G, phase. G,-arrested cells were washed with PBS
supplemented with Ca®>* and Mg®" and released into pre-
warmed fresh medium. Mitotic cells were collected by mitotic
shake-off. Alternatively, exponentially growing cells were
treated with 8 =9 uM RO-3306 for 20 h without thymidine treat-
ment, and mitotic cells were collected by mitotic shake-off after
release from G, arrest.

Antibodies—Mouse monoclonal anti-v-Src (clone 327, Cal-
biochem), anti-Src (clone GD11, Millipore), anti-Src phospho-
Tyr*'® (phospho-Src family, BioSource), anti-phosphotyrosine
(clone 4G10, Upstate Biotechnology), anti-phospho-p44/42
MAPK Thr**?/Tyr*** (phospho-ERK1/2; clone E10, New Eng-
land Biolabs), anti-IAK1 (Aurora A; clone 4, BD Biosciences),
anti-AIM-1 (Aurora B; clone 6, BD Biosciences), and anti-phos-
pho-histone H3 Ser'° (clone 6G3, Millipore) antibodies; rabbit
polyclonal anti-ERK2 (clone C-14, Santa Cruz Biotechnology),
anti-phospho-Aurora A Thr*®*®/Aurora B Thr**?/Aurora C
Thr'*® (clone D13A11, Cell Signaling Technology), and anti-
cyclin B1 (clone H-433, Santa Cruz Biotechnology) antibodies;
and rat monoclonal anti-a-tubulin antibody (clone MCA78G,
Serotec) were used. Horseradish peroxidase-conjugated F(ab’),
fragments of anti-mouse IgG antibody, anti-rabbit IgG anti-
body, and anti-rat IgG antibody (GE Healthcare) and peroxi-
dase-conjugated anti-mouse IgG light chain antibody (Jackson
ImmunoResearch Laboratories) were used. Alexa Fluor 488-
conjugated donkey anti-mouse IgG (Invitrogen) and anti-rat
IgG (Invitrogen) antibodies were used.

Immunofluorescence Microscopy—Immunofluorescence stain-
ing was performed as described (36, 39 —43). In brief, cells were
fixed in PBS containing 4% paraformaldehyde for 20 min or in
PTEMF buffer (20 mm PIPES (pH 6.9), 0.2% Triton X-100, 10
mMm EGTA, 1 mm MgCl,, and 4% paraformaldehyde) for 20 min
at 37 °C. Fixed cells were permeabilized and blocked in PBS
containing 0.1% saponin and 3% bovine serum albumin and
then sequentially incubated with a primary and a secondary
antibody for 1 h each. DNA was stained with 10-50 ug/ml
propidium iodide for 30 min after treatment with 200 ug/ml
RNase A. Confocal and Nomarski-differential interference
contrast images were obtained using an LSM 510 laser-scan-
ning microscope with a X 40/1.2 numerical aperture water-,
a X 63/1.4 oil-, or a X 100/1.3 oil-immersion objective (Zeiss).
Composite figures were prepared using Photoshop 11.0 and
Ilustrator 14.0 software (Adobe).

Microtubule Regrowth Assay—SYF and SYF/c-Src cells were
incubated on ice for 4 h to completely depolymerize microtu-
bules (44). After cells were returned to 37 °C for 90 s, cells were
fixed in 100% methanol at —30 °C for 5 min and stained for
a-tubulin and DNA. The integrated fluorescence intensity of
a-tubulin staining of cells, which shows aster formation, was
measured in a circle centered on the centrosome with a radius
of 1.5 um using NIH Image] software.
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Western Blotting—Cells lysates were separated by SDS-
PAGE and electrotransferred onto PVDF membranes (Milli-
pore). To examine the phosphorylation status of proteins, cell
lysates were prepared with SDS sample buffer containing phos-
phatase inhibitors (20 mm B-glycerophosphate, 50 mm NaF,
and 10 mMm sodium orthovanadate). Inmunodetection was per-
formed as reported previously (30, 38, 45, 46). Sequential rep-
robing of membranes with a variety of antibodies was per-
formed after the complete removal of primary and secondary
antibodies from membranes in stripping buffer or inactivation
of HRP with 0.1% NaN, according to the manufacturer’s
instructions. Results were analyzed using a ChemiDoc XRS+
image analyzer (Bio-Rad). The intensity of chemiluminescence
was measured using Quantity One software (Bio-Rad).

RESULTS

PP2 Inhibits SFK Activity in M Phase—To synchronize cells
in M phase, cells were arrested at the G,/M boundary by treat-
ment with the Cdkl inhibitor RO-3306 and released into fresh
medium. Microscopic analysis showed that cells progressed
into M phase after release from G, arrest and mostly completed
M phase within 75 min (Fig. 14). To examine the effect of inhib-
itors on SFK activity, M phase cells treated with inhibitors were
collected by mitotic shake-off. Western blot analysis using anti-
Src phospho-Tyr*'® antibody, which recognizes the autophos-
phorylation of SFKs, showed that the SFK inhibitor PP2 inhib-
ited c-Src autophosphorylation (Fig. 1B). The MEK inhibitor
U0126 was used as a negative control and did not show any
inhibition of the autophosphorylation of SFKs, whereas phos-
phorylation of ERK1/2 by MEK was inhibited (Fig. 1B). Blotting
with anti-phosphotyrosine antibody showed that the intensities
of some bands specific to M phase were decreased upon treat-
ment with PP2 (Fig. 1C), suggesting that Src signaling in M
phase is suppressed by PP2 treatment.

To exclude the possibility that the inhibition of Src signaling
would be the result of difference in mitotic stages, cells were
released from G, arrest with or without inhibitors and morpho-
logically analyzed for chromosomes. Microscopic analysis
showed that cells were in prophase or prometaphase, and treat-
ment with PP2 or U0126 had no or only minor effects on cell
cycle progression in these stages (Fig. 1D), confirming that the
cells used for Western blot analysis were in similar stages of M
phase.

We also examined the effect of the SFK inhibitor SU6656,
which was originally identified as a potent and specific SFK
inhibitor (47). Surprisingly, Western blot analysis using anti-
phospho-Aurora A/B/C antibody revealed that SU6656 inhib-
ited Aurora kinase activities in addition to SFKs (Fig. 1E).
Importantly, PP2 did not show any inhibition of autophospho-
rylation of Aurora kinases (see Fig. 3D), suggesting that the
target specificity of PP2 is higher than that of SU6656 in M
phase cells. Thus, we decided to use PP2 for inhibition of SFKs
in this study.

We next examined the localization of c-Src in M phase cells
and found that c-Src was localized close to the spindle and
spindle poles and that this localization was not inhibited by
treatment with PP2 (Fig. 2, A and B). Immunofluorescence
staining with anti-Src phospho-Tyr*'® antibody showed that
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this antibody recognized inducibly expressed c-Src unless cells
were treated with PP2 (Fig. 2, C and D), indicating that the
kinase activity of c-Src was inhibited upon PP2 treatment.
These results suggest that c-Src localization close to the mitotic
spindle and spindle poles is independent of Src activity.

Src Regulates Bipolar Spindle Formation—To examine the
role of Src signaling in spindle formation, HeLa S3 cells were
arrested at late G, phase by RO-3306 treatment (Fig. 14) and
released into fresh medium for 30 min in the presence of PP2
and/or the Aurora kinase inhibitor ZM447439. In control M
phase cells, ~90 and 60% of the cells showed a bipolar spindle
and aligned chromosomes at the cell equator, respectively (Fig.
3, A and B, None), suggesting that these M phase cells pro-
gressed into late prometaphase or metaphase. In this stage, we
could not observe any significant effects of treatment with PP2
alone on spindle formation (Fig. 3, A and C). Intriguingly, treat-
ment with PP2 plus ZM447439 revealed that the number of
cells showing aberrant spindle formation was significantly
increased (Fig. 3, A and C). The aberrations included monopo-
lar spindles and misoriented bipolar spindles (Fig. 34, arrows),
in which the axis of spindle orientation was tilted to the surface
of the culture dish (see Fig. 5) (48).

ZM447439 treatment strongly inhibited autophosphoryla-
tion of Aurora B at Thr**? and phosphorylation of histone H3 at
Ser'® compared with autophosphorylation of Aurora A at
Thr?®® (Fig. 3, D and E). In line with previous observations (49),
chromosome alignment at the spindle equator was consider-
ably disrupted by ZM447439 (Fig. 3B), although spindle forma-
tion was only partially affected (Fig. 3A4). These results suggest
that cells are arrested at a prometaphase-like stage upon treat-
ment with ZM447439. We can assume that PP2 may inhibit
spindle formation in prometaphase. It is of interest to note that
the spindle is formed by at least two redundant pathways, the
chromosome-mediated and centrosome-mediated pathways
(3), and that chromosome-mediated spindle formation is pre-
dominantly inhibited by ZM447439 (10). PP2 treatment alone
was incapable of inhibiting spindle formation in late prometa-
phase (Fig. 3C). We thus hypothesized that Src inhibition by
treatment with PP2 may preferentially affect centrosome-me-
diated spindle formation in prophase and early prometaphase,
which could be compensated by the other pathways in late
prometaphase.

To ascertain the potential involvement of SFKs in the regu-
lation of spindle formation, cells inducibly overexpressing c-Src
were released into M phase in the presence of PP2 and/or
ZM447439. We then examined the morphology of spindles and
counted the number of M phase cells with a properly oriented
bipolar spindle. In the presence of ZM447439, the number of
properly oriented bipolar spindles was significantly increased
following inducible c-Src overexpression (Fig. 44, compare
ZM447439 + Dox with ZM447439), and the increase was
inhibited by PP2 treatment (Fig. 44, ZM447439 + Dox + PP2).
These results suggest that c-Src is involved in the formation of
the mitotic spindle.

Interestingly, upon treatment with ZM447439, aster forma-
tion was severely inhibited in SYF cells, which harbor triple
knock-out mutations of c-Src, c-Yes, and Fyn (Fig. 4B). Rein-
troduction of c-Src into SYF cells significantly restored aster
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FIGURE 1. PP2 inhibits Src activity in M phase. A, HeLa S3 cells were arrested at late G, phase by treatment with 10 um RO-3306 for 20 h. Subsequently, cells
were washed with PBS supplemented with Ca®" and Mg?*, released into fresh medium, and fixed at the indicated time points. Fixed cells were stained for
a-tubulin and DNA, and each mitotic step in M phase was quantified. B and C, HeLa S3 cells incubated with 4 mm thymidine were released for 5 h and then
treated with 9 um RO-3306 for 10 h to trap cells at late G, phase. Cells were treated with dimethyl sulfoxide (DMSO), 10 um PP2, or 40 um U0126 from the last
1 h of incubation with RO-3306, washed free of RO-3306, and then incubated for an additional 20 min in the continued presence of dimethyl sulfoxide, PP2, or
U0126. Mitotic cells were collected by mitotic shake-off. Whole cell lysates were subjected to Western blotting, probed with anti-Src phospho-Tyr*'%, anti-
phospho-ERK1/2, anti-ERK2, and anti-a-tubulin (loading control) antibodies (B) and anti-phosphotyrosine and anti-a-tubulin (loading control) antibodies (C).
The arrow indicates the position of phosphorylated ERK2. D, HelLa S3 cells were synchronized at G, phase and treated with dimethyl sulfoxide, 10 um PP2, or 40
umU0126 as described for Band C. Cells were then fixed in PTEMF buffer and stained for a-tubulin (green) and DNA (red). Arrows indicate cells in prophase. Scale
bar = 20 um. M phase cells were dissected into prophase (Pro) and prometaphase (Prometa) cells, and the percentages of cells at each step in M phase cells
were plotted (n > 588). E, HeLa S3 cells synchronized at late G, phase as described for B were released into fresh medium containing SU6656 at the indicated
concentrations. Mitotic cells were collected by mitotic shake-off. Whole cell lysates were subjected to Western blotting and probed with anti-Src phospho-
Tyr*'8, anti-phospho-Aurora A/B/C, anti-Aurora A, anti-Aurora B, and anti-a-tubulin (loading control) antibodies. The arrow indicates phosphorylated Aurora B.

formation (Fig. 4B). Furthermore, without ZM447439 treat- Src Regulates Spindle Orientation in Early Prometaphase—

ment, we examined the effect of c-Src on microtubule regrowth
from cold-induced depolymerization of microtubules. SYF and
SYF/c-Src cells were incubated on ice for 4 h to completely
depolymerize microtubules (44, 50, 51) and then returned to
37 °C for 90 s. Reintroduction of c-Src into SYF cells promoted
aster formation from centrosomes after return to 37 °C (Fig.
4C). These results suggest that the kinase activities of SFKs may
promote aster formation on centrosomes.

24908 JOURNAL OF BIOLOGICAL CHEMISTRY

Although the centrosome is dispensable for spindle formation
(1), spindles are frequently misoriented by centrosome ablation
due to loss of astral microtubules (2). To examine the role of
SFKs in centrosome-mediated spindle formation, cells were
examined for spindle orientation in early prometaphase. After
HeLa S3 cells arrested at late G, phase were released into fresh
medium containing nocodazole for 30 min, a subsequent
15-min release from the nocodazole arrest ensured careful
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FIGURE 2. Src localizes to or close to mitotic spindles. A, HeLa S3 cells inducibly overexpressing c-Src were fixed in 4% paraformaldehyde for 3 min and
extracted with 0.5% Triton X-100 for 5 min at room temperature, followed by further fixation in 4% paraformaldehyde for 15 min. Fixed cells were stained for
c-Src (red), a-tubulin (green), and DNA (blue) (panels a—c). Cells were stained with either anti-a-tubulin antibody (panel d) or anti-Src antibody (panel e) alone. B,
HelLa S3 cells expressing c-Src were treated with 20 um PP2 and then fixed and stained for c-Src, a-tubulin, and DNA as described for A. C, c-Src-inducible HelLa
S3 cells were treated with or without 1 g/ml doxycycline (Dox) and then fixed as described for A. Fixed cells were stained for anti-Src phospho-Tyr*'® antibody
(red), a-tubulin (green), and DNA (blue). D, HeLa S3 cells overexpressing c-Src were treated with 20 um PP2 for 3 h, fixed, and stained as described for C. Scale

bars = 10 um.

scrutinization of spindle formation in early prometaphase.
Three-dimensional analyses showed that two spindle poles
formed in a mitotic spindle were positioned on the same focal
plane in control mitotic cells (Fig. 5A, None, Z=24, arrows),
indicating that the axis of spindle orientation was parallel to the
surface of culture dish. Intriguingly, Src inhibition by PP2 treat-
ment of mitotic cells showed that both spindle poles in a mitotic
spindle were often positioned on different focal planes (Fig. 54,
PP2, Z=7and Z=37, arrows), indicating that the axis of spindle
orientation was tilted to the surface of the culture dish, i.e. the
spindle was misoriented. The number of cells showing spindle
misorientation was significantly increased in PP2-treated cells
irrespective of Aurora kinase inhibition by ZM447439 treat-
ment. These results suggest that SFKs may regulate spindle ori-
entation through centrosome-mediated spindle formation in
early prometaphase.

SYF, SYF/c-Src, and SYF/Fyn cells were released for 15 min
from nocodazole arrest and compared for spindle orientation.
The number of cells showing spindle misorientation was
increased in SYF cells compared with HeLa S3 cells (compare
Fig. 6B with Fig. 5B), suggesting that the combined deficiencies
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of c-Src, c-Yes, and Fyn in SYF cells augment spindle misorien-
tation. Reintroduction of c¢-Src in SYF cells decreased the num-
ber of cells with a misoriented spindle, but reintroduction of
Fyn in SYF cells was not as efficient in restoring proper spindle
orientation compared with c-Src (Fig. 6B). These results sug-
gest that c-Src is preferentially involved in proper spindle ori-
entation in early prometaphase. In these experiments, we also
quantified the percentages of cells that progressed into ana-
phase and found that the number of anaphase cells with prop-
erly oriented spindles was increased in SYF/c-Src cells com-
pared with SYF cells (Fig. 6C), suggesting that the role of c-Src
in spindle formation is critical for mitotic progression.

DISCUSSION

In this study, we have shown that mitotic activation of c-Src
is critically involved in astral microtubule formation that influ-
ences spindle orientation in early prometaphase and mitotic
progression.

Src Localization around Spindle Poles—W e have shown that
c-Srcislocalized close to the spindle and spindle poles. Because
centrosomes accelerate entry into mitosis by increasing the

JOURNAL OF BIOLOGICAL CHEMISTRY 24909



Src Signaling Promotes Spindle Formation

2 100
[
o
k)
<
> o
8 g 50
=
c 3
5 e
Qo O 9
= o N
= one PP2 ZM Z-'IEII
3 PP2

[] Normal spindle
[l Aberrant spindle

O

<
E 100 4
< _I
£ 2
E .
3 s
5 e ]
S 50+
= J
[}
o 4
D Mitotic a 1
S 18|
o 0+
2 & % None PP2 ZM  ZM
2 &R R PP2
50
e 50 pAUrA pHisH3 pH|sH3/DNA/DIC
PAUTA/B/C | e s <~— pAurB
— — L35
50
Aurora A [ s S s
Aurora B _—

35

50
50

FIGURE 3. Spindle formation is disrupted by simultaneous inhibition of SFKs and Aurora B. A-C, Hela S3 cells arrested at late G, phase with RO-3306 were
released into fresh medium containing 10 um ZM447439 (ZM), 20 um PP2, or 10 um ZM447439 plus 20 um PP2 for 30 min. Cells were then fixed in PTEMF buffer
for20 minat 37 °C. A, fixed cells were stained for a-tubulin and DNA. Arrows indicate cells exhibiting aberrant spindles, including misorientation and monopolar
spindle formation. Scale bars = 20 um. B, M phase cells were dissected into early prometaphase (PM, open bar) and late prometaphase/metaphase (Late PM/M,
closed bar) cells, and the percentages of cells at each step in M phase cells were plotted (n > 899). C, M phase cells were morphologically examined for spindles.
The percentages of cells with a properly oriented bipolar spindle or an aberrant spindle, including misoriented bipolar spindles and monopolar spindles in M
phase cells (n > 1255), are presented as means = S.D. from three independent experiments. Asterisks indicate significant differences (*, p < 0.05; **, p < 0.01)
in Student’s two-tailed t test. p values are 0.0078 (None versus ZM + PP2),0.037 (PP2 versus ZM + PP2),0.020 (ZM versus ZM + PP2),and 0.091 (None versus ZM).
D, G,-arrested Hela S3 cells were released into fresh medium with or without 10 um ZM447439 and 20 um PP2. At 30 min after release, whole cell lysates were
prepared and subjected to Western blotting using anti-Src phospho-Tyr*'®, anti-phospho-Aurora A/B/C (pAurA/B/C), anti-Aurora A, anti-Aurora B, anti-cyclin B,,
and anti-a-tubulin (loading control) antibodies. E, G,-arrested cells were released into fresh medium with or without 10 um ZM447439. Cells fixed in parafor-
maldehyde were permeabilized with methanol and then stained for phosphohistone H3 at Ser'® (pHisH3) and DNA. DIC, differential interference contrast;
DMSO, dimethyl sulfoxide. Scale bars = 20 um.
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<
~
<
<
=
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local concentration of Cdkl/cyclin B (52), c-Src localized
around centrosomes may be preferentially activated by Cdkl. A
previous report showed that a non-myristoylated mutant of
c-Src associates with the mitotic spindles and spindle poles in
NIH 3T3-derived cells (25). Approximately 16% of newly syn-
thesized Src is not myristoylated and fails to associate with
membranes (53). Besides the myristoyl residue, the basic clus-
ter at the N terminus of c¢-Src has been reported to play a role in
membrane attachment (54). Phosphorylation of the site close to
the cluster can interfere with the electrostatic interactions that
anchor c-Src to the lipid bilayer (55), resulting in inhibition of
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membrane attachment. It is interesting to note that Cdk1 phos-
phorylation sites were reported in the N-terminal unique
domain (19 -22). We can assume that, upon mitotic entry, non-
myristoylated c-Src associates with the centrosomes and is
phosphorylated by Cdkl around the centrosomes. Phosphory-
lation in the N-terminal region might lead to masking of the
basic cluster and prevent c-Src from returning to the plasma
membrane, resulting in further accumulation of c-Src around
centrosomes and activation.

Roles of SFKs in Regulation of M Phase—It was reported pre-
viously that G,-M transition was blocked when SFKs were
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FIGURE 4. c-Src is involved in bipolar spindle formation. A, c-Src-inducible cells were cultured in the presence of 1 ug/ml doxycycline (Dox) for 2 days to
induce c-Src overexpression, and during the last 20 h of induction, cells were treated with 9 um RO-3306 to arrest cells at late G, phase. G,-arrested cells were
released into medium containing 20 um PP2, 10 um ZM447439, or 20 um PP2 plus 10 um ZM447439 for 30 min and fixed in 4% paraformaldehyde. The
percentages of M phase cells with a properly oriented bipolar spindle (n > 1115) are presented as means = S.D. from three independent experiments. Asterisks
indicate significant differences (*, p < 0.05; **, p < 0.01; ***, p < 0.001) in Student’s two-tailed t test. p values are 0.047 (ZM versus ZM + Dox), 0.019 (ZM versus
ZM + PP2),0.00057 (ZM + Dox versus ZM + PP2),and 0.0014 (ZM + Dox versus ZM + Dox + PP2). B, SYF and SYF/c-Src cells were treated with 8 um RO-3306 for
20 h, washed free of RO-3306, and then incubated with 0.1 wg/ml nocodazole and 10 um ZM447439 for 30 min at 37 °C. Cells were washed free of nocodazole
and incubated for an additional 15 min in the continued presence of 10 um ZM447439. Cells were fixed in PTEMF buffer for 20 min and stained for a-tubulin
(green) and DNA (red). Mitotic cells were examined for microtubule polymerization and classified into two categories as follows: no microtubules (gray bars) and
aster and short spindles (black bars). The cells in these categories were counted. The data (expressed as percentages of the mitotic cells) are means = S.D. from
three independent experiments (n > 271). Asterisks indicate significant differences (**, p < 0.01) in Student’s two-tailed t test. p values are 0.0021 (SYF, No
microtubule versus SYF/c-Src, No microtubule), 0.0025 (SYF, Aster and short spindle versus SYF/c-Src, Aster and short spindle). C, SYF and SYF/c-Src cells were
incubated on ice for 4 h to completely depolymerize microtubules and fixed at 90 s after return to 37 °C. Fixed cells were stained for a-tubulin (green) and DNA
(red), and the integrated fluorescence intensity of a-tubulin staining was measured in a circle centered on the centrosome with a radius of 1.5 wm, as shown
with the dashed line. The plot represents the relative intensities to the mean intensity of SYF cells (n > 22). Error bars represent means = S.D. from three
independent experiments. The asterisk indicate significant differences (**, p < 0.01) in Student’s two-tailed t test. p values are 0.0018 (SYF versus SYF/c-Src).

inhibited by microinjection of anti-Src antibody (16). We also  dant role. This may be the reason why SYF cells can divide.

reported that lengthy treatment with PP2 prevented cells from
entering into M phase (15). However, short exposure of cells to
PP2 did not prevent cells from mitotic entry as shown in Fig.
1D. These results suggest that the PP2 treatment performed in
this study was not enough to completely inhibit the activities of
SFKs. Indeed, autophosphorylation of Src, which can be
detected with anti-Src phospho-Tyr*'® antibody, was only par-
tially inhibited by treatment with PP2 (Figs. 1B and 3D). Con-
sistently, spindle orientation was only partially inhibited.
Because lengthy exposure to PP2 prevents cells from mitotic
entry, this would not have been suitable in this study to examine
the role of SFKs in M phase.

Accordingly, we used SYF cells to examine the effect of lack
of SFK kinase activity. Although SYF cells harbor triple knock-
out mutations of c-Src, c-Yes, and Fyn, SYF cells were reported
to still express two SFK members, Hck and c-Fgr (56), and coex-
pression of multiple SYF members is suggested to play a redun-
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However, we found defects in mitotic spindle orientation in
SYF cells. In particular, aster mitotic spindle formation in SYF
cells was blocked by Aurora kinase inhibition, and c-Src rein-
troduction rescued the blockade of aster spindle formation by
Aurora kinase inhibition (Fig. 4B). Moreover, Src inhibition by
PP2 in HeLa cells induced spindle misorientation irrespective
of Aurora kinase inhibition (Fig. 5). Thus, we conclude that
c-Src plays a role in aster spindle formation that contributes to
spindle orientation.

Mitotic Spindle Formation Involving Src Signaling in Early
Prometaphase—Aurora A has been reported to play a key role
in centrosome-mediated spindle formation (57, 58). We tested
whether c-Src overexpression increases mitotic autophosphor-
ylation of Aurora A at Thr*®*® in HeLa cells. However, we did not
find any differences in the autophosphorylation levels of
Aurora A in control expression and inducible overexpression of
c-Src (supplemental Fig. S2). Similar results were seen in SYF
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FIGURE 5. SFKs regulate spindle orientation in early prometaphase. Hela S3 cells arrested at late G, phase were released into medium containing
nocodazole for 30 min. The nocodazole-arrested cells were then released into nocodazole-free fresh medium for only 15 min to proceed into early prometa-
phase. During the nocodazole treatment and the release from nocodazole, cells were treated with 10 um ZM447439 (ZM), 20 um PP2, or 10 um ZM447439 plus
20 um PP2. Cells were fixed with paraformaldehyde and stained for a-tubulin and DNA. A, left, Z-stack images of eight focal planes (1.6~2.25 um apart). Middle,
the images of the middle focal planes (X-Y) and the X-Z projections from the Z-stack images of 40~44 focal planes (0.35~0.45 uwm apart). Right, schematic
diagrams showing spindle orientation and misorientation with aligned or scattered chromosomes. Scale bars = 10 um. Arrows indicate the positions of spindle
poles. B, the percentages of M phase cells with a misoriented spindle (n > 884) are presented as means = S.D. from four independent experiments. Asterisks
indicate significant differences (*, p < 0.05; **, p < 0.01) in Student’s two-tailed t test. p values are 0.032 (None versus PP2),0.017 (None versus ZM + PP2),0.0034
(PP2 versus ZM),and 0.0014 (ZM versus ZM + PP2). C, the percentages of M phase cells with aligned chromosomes (n > 865) are presented as means = S.D.from
four independent experiments.

and SYF/c-Src cells. In addition, we did not detect an effect of
c-Src overexpression on the centrosomal localization of Aurora
A (supplemental Fig. S2). These results suggest that c-Src may
act independently of Aurora A to form centrosome-mediated
mitotic spindles.

We reported previously that Src kinase activity during early
mitosis mediates MEK/ERK activation for abscission in cytoki-
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nesis (15). We have shown here that the band intensity of phos-
phorylated ERK was decreased upon treatment with PP2 and
completely lost upon U0126 treatment in prometaphase cells
(Fig. 1B). Given that the phosphotyrosine residue in the activa-
tion loop of ERK is indicative of ERK activation and is recog-
nized by anti-phospho-ERK and anti-phosphotyrosine anti-
bodies (Fig. 1, B and C), these results suggest that ERK is
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FIGURE 6. Triple knock-out mutations of c-Src, c-Yes, and Fyn result in
spindle misorientation. SYF, SYF/c-Src, and SYF/Fyn cells arrested at late G,
phase were released into medium containing nocodazole for 30 min. The
nocodazole-arrested cells were then released into nocodazole-free fresh
medium for 15 min. Cells were fixed with paraformaldehyde and stained for
a-tubulin and DNA. A, left, Z-stack images of three focal planes (3.15~4.4 um
apart). Right, the X-Z projections from the Z-stack images of 40~44 focal
planes (0.35~0.4 um apart). Arrows indicate the positions of spindle poles.
PM - M, prometaphase to metaphase. Scale bars = 10 um. B, the percentages
of prometaphase, metaphase, and anaphase cells with a properly oriented
spindle or a misoriented spindle in M phase (n > 608) are presented as
means * S.D. from three independent experiments. Asterisks indicate signif-
icant differences (*, p < 0.05; **, p < 0.01; ***, p < 0.001) in Student’s two-
tailed t test. p values are 0.039 (SYF, Properly oriented versus SYF/c-Src, Properly
oriented), 0.00026 (SYF, Properly oriented versus SYF/Fyn, Properly oriented),
0.00067 (SYF, Misoriented versus SYF/c-Src, Misoriented), and 0.0040 (SYF/c-Src,
Misoriented versus SYF/Fyn, Misoriented). C, the percentages of anaphase cells
with a properly oriented spindle or a misoriented spindle in M phase cells (n >
662) are presented as means *+ S.D. from three independent experiments.
The Asterisk indicates significant difference (*, p < 0.05) in Student’s two-
tailed ttest. p values are 0.034 (SYF, Properly oriented versus (SYF/c-Src, Properly
oriented).

activated downstream of SFKs upon mitotic entry in a manner
dependent on MEK activities.

ERK localizes to the mitotic spindle (59), and nocodazole
treatment does not activate ERK (60— 62). MEK/ERK signaling
plays a role in regulation of the mitotic spindle (59, 63). In addi-
tion, c-Src associates with the mitotic spindle (25). These
results raise the intriguing possibility that the spindle and spin-
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dle poles serve as a signaling platform for Src/MEK/ERK acti-
vation. It is interesting to speculate that, upon mitotic entry,
SFKs may be activated by Cdkl on centrosomes and lead to
activation of the MEK/ERK signaling cascade on the centro-
somes and newly polymerizing microtubules, promoting astral
microtubule formation. If Src signaling is inhibited, the spindle
is misoriented due to deregulation of centrosome-mediated
astral microtubule formation. Further investigation will be
required to clarify the involvement of MEK/ERK signaling in
Src-regulated spindle orientation.

Microtubule assembly from centrosomes is involved in the
formation of astral microtubules, which play roles in regulation
of the position of spindles and spindle orientation through
interactions between astral microtubules and the cell cortex
(48, 64). Mitotic spindle orientation has been proposed to con-
trol cell fate choices, tissue architecture, and tissue morphogen-
esis (65). Considering our previous result that overexpression
of Chk, a negative regulator of SFKs, induces insufficient for-
mation of mitotic spindles and aberrant chromosome move-
ment, leading to multinucleation (28), the findings presented
here provide further evidence that SFK kinase activity plays an
important role in spindle organization through regulation of
centrosome-mediated spindle formation, in particular astral
microtubule formation. It is now of interest to identify sub-
strate molecules downstream of Src signaling on the mitotic
spindle, which will help us gain a further understanding of cen-
trosome-mediated spindle formation in early prometaphase.
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