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Clathrin heavy chain mediates TACC3 targeting to
mitotic spindles to ensure spindle stability
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itotic spindles play essential roles in chromo-

some congression and segregation during mi-

tosis. Aurora A regulates spindle assembly in
part via phosphorylating human TACC3 on S558, which
triggers TACC3 relocalization to mitotic spindles and sta-
bilizes microtubules (MTs). In this study, we identified
clathrin heavy chain (CHC) as an adaptor protein to re-
cruit S558-phosphorylated TACC3 onto the spindle dur-
ing mitosis for MT stabilization. CHC binds phospho-S558
TACC3 via its linker domain and first CHC repeat. CHC

Introduction

Proper organization of bipolar mitotic spindles ensures the
fidelity of chromosome segregation during cell division (Kline-
Smith and Walczak, 2004). Aurora A is a key mitotic kinase regu-
lating spindle function via phosphorylation of a variety of
proteins (Giet et al., 1999, 2002; Wong et al., 2008). Among its
substrates, TACC3 (transforming acidic coiled-coil-containing
protein 3) has recently emerged as an important player in orga-
nizing mitotic spindles (Kinoshita et al., 2005; Pascreau et al.,
2005; Peset et al., 2005; Peset and Vernos, 2008). Aurora A
phosphorylates TACC3 on S558, which facilitates TACC3 local-
ization to spindles and subsequently ch-TOG recruitment, pro-
moting microtubule (MT) assembly (Brittle and Ohkura, 2005;
Barr and Gergely, 2007). Notably, TACC3 depletion causes MT
destabilization and chromosome misalignment (Gergely et al.,
2003; Schneider et al., 2007), resembling some aberrant mitotic
events of cells with aurora A disruption (Marumoto et al., 2003;
Sasai et al., 2008). Furthermore, treatment of a selective aurora A
inhibitor precluded TACC3 localization to the spindle (LeRoy
et al., 2007), correlating with the formation of abnormal mitotic
spindles (Hoar et al., 2007). Thus, it is conceivable that the capac-
ity of TACC3 in spindle association is crucial for MT stabili-
zation. Although phosphorylation of TACC3 S558 by aurora A
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depletion or mutation on phospho-TACC3 binding abro-
gates TACC3 spindle relocalization. Depletion of either or
both CHC and TACC3 yields similar defective phenotypes:
loss of ch-TOG on spindles, disorganized spindles, and
chromosome misalignment with comparable mitotic
delay. Our findings elucidate the association between
aurora A phosphorylation and spindle apparatus and
demonstrate that regulation from aurora A is mediated
by CHC in recruiting phospho-TACC3 and subsequently
ch-TOG to mitotic spindles.

is essential for its spindle localization, the molecular mecha-
nism underlying TACC3 phosphorylation-dependent spindle
targeting remains elusive.

In addition to being a component of clathrin involved
in coating various transport vesicles for protein trafficking
(Schmid, 1997), clathrin heavy chain (CHC) is concentrated on
the spindle during mitosis and stabilizes the MT fibers (Okamoto
et al., 2000; Royle et al., 2005; Yamauchi et al., 2008). CHC
depletion causes destabilized kinetochore fibers, defective
chromosome congression, and prolonged mitosis (Royle et al.,
2005). Although CHC is also required for mitotic spindle func-
tion, the mechanism by which CHC regulates spindle stability
is unclear. In this study, we show that CHC mediates phospho-
TACCS3 interaction and spindle recruitment and also provide a
model for CHC stabilization of mitotic spindles.

Results and discussion

Identification of CHC as a phospho-S558
TACC3-interacting protein

To identify factors capable of binding to phospho-S558 TACC3,
GST-TACC3 522-577 fusion proteins, consisting of TACC3

©2010Linetal. This article is distributed under the terms of an Attribution-Noncommercial-
Share Alike-No Mirror Sites license for the first six months after the publication date (see
http://www.rupress.org/terms). After six months it is available under a Creative Commons
License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at
http://creativecommons.org/licenses/by-nc-sa/3.0/).

JCB

1087

920z Aeniged 60 uo 1senb Aq jpd'0z1 116002 90l/5261951/2601/L/68 | /4Pd-8jonie/qol/Bio sseidnyj/:dny woly papeojumoq



1088

Figure 1. CHC associates with phospho-S558 A gsT.TACC3

TACC3. (A) The SYPRO ruby gel shows CHC 522577 g; \T/SQEIEQI(:EWIDMNDPSNP'R N GfﬁIT-ITeﬁgtﬁs
pulled down from Nocreated Hela cell ex- o TS558 WT 469 SVDPTLALSVYLR Input GST WT S558A
tracts by recombinant GSTTACC3 522-577 70 BB PR Cathrin-| 731 YIQAACKTGQIK CHC (180 kD)
fusion proteins phosphorylated by recombi- 139 heavy | 838 GQFSTDELVAEVEKR
nant aurora A. CHC peptides defected by 100 chain 18;1 llle:DD\,;ﬁ;lsF/f\I/EQH\TLlEHleNLDR ch-TOG (250kD)IEI
mass spectrometry are indicated. (B) Western - 1095 AYEFAERCNEPAVWSQLAK Aurora A (46 kD) IEI
blotting shows CHC pulled down by recombi- 1216 LLYNNVSNFGR
nant GSTTACC3 proeins phosphorylated by 55 1227 LASTLVHLGEYQAAVDGAR GST protein input || mme —|
oo A o e e 5ot Ri———
the pull-down assays. Coomassie blue stain-
ing shows various GST fusion proteins used < GST-TACC3 522-577 S —
for each binding reaction. The phosphoryla- C Input_1gG_TACC3 196 CHC
tion levels of GST-TACC3 proteins in kinase CHC (180kD)|——-| Pa— —l
reactions are shown by autoradiography.
(C-E) Western blots s|'1owy complex fo?mcﬁio); TACCS (150kD) |.-— | - —l
of endogenous TACC3 and CHC by immuno- B pTACCS3 (150kD) -I¥‘ > T" I
precipitation (IP) with the indicated antibodies —_— —
from mitotic Hela cells synchronized by Noc lput__~1gG TACC3  1gG TACC3 Aurora A (4610) | mmm | i |
(C), from Noc-synchronized cells with or with- Ve — + - - + 4
out additional treatment of 2 yM VX-680 (D), CHC (16040) [t —”7 b e l F .
or from Noc-synchronized cell lysates with or TACC3 (150 kD) |-— —” e bl HACCS . octlibulin Merge
without treatment of A-phosphatase (\PPase)
before being subjected to immunoprecipita- PTACCS (150D) |'.' || 4 8 |
tion (E). The phospho-T288 level correlates to ch-TOG (250 kD) |-— ——-” = =|
aurora A kinase activity. Input represents the
5% amount of the indicated lysates for each Aurora A (46 kD) El
;ant.mopreqplfchon. Black lines .|nd|cofe PT288AU"(‘Z;3k[')°)\
at intervening lanes have been spliced out.
(F and G) Representative images of Hela cells B-actin (42kD) IE'
in metaphase stained with DNA (blue) and anti-
bodies against a-tubulin or CHC (green) and
TACC3 (H-300) or phospho-TACC3 (pTACC3; B G pTACC3  _o-tubulin_ __Merge
red) are shown. Bars, 10 pm. E it 6 TAGGD
APPase — = =
CHC (180 kD) |-— —|| J— |
TACC3 (5040 [ || 0 g |
PTACCS3 (150 kD) [ e Il - ﬁ‘J

Ch-TOG (250 kD) [ = s H g

amino acid residues 522-577, were phosphorylated by aurora A
kinase in vitro and subjected to pull-down assays with nocoda-
zole (Noc)-arrested extracts from HeLa cells. GST-TACC3
522-577 wild type (WT) but not S558A mutant pulled down a
distinct band with a molecular mass >170 kD (Fig. 1 A). Mass
spectrometry analysis suggested that this band represented CHC.
We further substantiated the specificity of CHC to phospho-S558
TACC3 in the full-length context of TACC3. The GST-S558A
mutant showed a marked decrease in both aurora A—mediated
phosphorylation and CHC precipitation compared with WT
(Fig. 1 B). Under the same binding conditions, the levels of
pulled-down ch-TOG and aurora A from mitotic extracts were
similar in S558A and WT (Fig. 1 B), which is consistent with
data demonstrating that TACC3 binds to both ch-TOG and
aurora A via its TACC domain (Lee et al., 2001; unpublished
data). These results indicate that the CHC-TACC3 interaction
occurs specifically via phospho-S558 of TACC3 and excludes
the involvement of any other potential aurora A phosphoryla-
tion sites of TACC3 during CHC interaction. Of note, the phos-
phorylation at S558 by itself was crucial for CHC interaction
because phosphorylation-mimic S558D or S558E failed to effi-
ciently pull down CHC protein (Fig. S1 A). Accordingly, TACC3

S558D or S558E was defective in spindle association, similar to
S558A (Fig. S1 B).

We further verified the phospho-S558—dependent interaction
between TACC3 and CHC at an endogenous level. Coimmuno-
precipitation experiments with mitotic HeLa cells revealed that
endogenous CHC, similar to aurora A, could be precipitated by
TACC3 (Fig. 1 C). Reciprocal immunoprecipitation showed
TACC3 in the CHC immunocomplex by antibodies against TACC3
or phospho-S626 of maskin (Pascreau et al., 2005), a Xenopus
laevis homologue of TACC3 (Fig. 1 C). The specificity of this phos-
pho antibody (phospho-TACC3) in recognizing human TACC3
phospho-S558 was confirmed by Western analysis (Fig. S2 A).
Furthermore, aurora A was barely precipitated by CHC, implying
that CHC may not associate with aurora A. Notably, treatment of
HeLa cells with aurora kinase inhibitor VX-680 (before cell
harvest) or treatment of cell lysates with A-phosphatase (before
coimmunoprecipitation) markedly diminished phospho-S558
levels, which correlated with a decreased level of CHC precipitated
by TACC3 (Fig. 1, D and E). In contrast, the interaction between
TACC3 and ch-TOG was insensitive to VX-680 or N-phosphatase
treatment. Together, these results suggest that endogenous CHC—
TACC3 interaction is S558 phosphorylation dependent.
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We further examined the intracellular localizations of
phospho-S558 TACC3 and CHC in mitotic cells. Both TACC3
and CHC colocalized at spindles in metaphase (Fig. 1 F). Simi-
lar to a regular TACC3 antibody, the phospho-TACC3 antibody
yielded clear signals with mitotic spindles and CHC (Fig. 1 G).
This is different from a previous study using another phospho-
maskin/TACC3 antibody (Kinoshita et al., 2005), which showed
that phospho-TACC3 mainly localizes to centrosomes. We com-
pared both phospho-maskin/TACC3 antibodies and revealed that
the phoshpo-TACC3 antibody (provided by Y. Arlot-Bonnemains,
University of Rennes, Rennes, France; Pascreau et al., 2005) gave
a higher degree of specificity in immunofluorescence analysis
(Fig. S2, B and C). The phospho-TACC3 antibody decorated
the spindle correlated well with the results of S558 mutants
defective in spindle association (Fig. S1) and with a selective
aurora A inhibitor, which excluded TACC3 localization to the
spindle (LeRoy et al., 2007).

CHC is crucial for TACCS3

spindle association

We next tested the interdependence between TACC3 and CHC
on spindle localization. Depletion of TACC3 by siRNA did not
alter CHC association with the spindle (Fig. 2 A, d). In contrast,
CHC depletion rendered a striking loss of TACC3 from spindles
as detected by anti-TACC3 (Fig. 2 A, h, n, and q) or phospho-
TACC3 antibody (Fig. 2 B, e and k). Fig. 2 C showed the level
of TACC3 spindle recruitment in siRNA-treated cells, which
was quantified and normalized to MT intensity because CHC
depletion affected spindle stability (see Materials and methods).
Of note, CHC depletion neither altered aurora A localization and
activity nor affected the level of phospho-S558 TACC3 (Fig. 2,
D and E), indicating that TACC3 spindle mislocalization in
siCHC-treated cells was unrelated to the process of TACC3 phos-
phorylation by aurora A. Together, these results suggest that
CHC serves as an adaptor to recruit phospho-S558 TACC3 onto
spindles. In line with this notion, the results of in vitro aster
assembly and MT-binding experiments showed that depletion
of CHC rendered a dramatic loss of the association of phospho-
S558 TACC3 (or TACC3) proteins with MTs, whereas aurora A
or Eg5 was not affected (Fig. 2 F).

CHC is required for TACC3-associated
spindle regulation

Having shown that CHC mediates TACC3 spindle targeting,
we knocked down CHC to explore whether CHC plays a role
in TACC3-dependent mitotic phenotype. CHC and/or TACC3
were depleted >90% by specific siRNAs compared with control
sample (siGL2; Fig. 3 A). Under such conditions, CHC-depleted
cells, similar to TACC3-depleted cells, exhibited a threefold
higher mitotic index than control cells (Fig. 3 B). About 70% of
mitotic cells showed prolonged progress from chromosome
condensation onset to anaphase onset (siCHC and siTACC3,
120 and 135 min; control cells, 40 min; Fig. 3 C and Video 1),
and the remainder failed to proceed to anaphase over the
5-h observation period (Video 2). Moreover, aberrant chromo-
some alignment during mitosis in CHC- or TACC3-depleted
cells was also observed (Fig. 3 D, arrows). More importantly,

when cells were simultaneously depleted of both CHC and
TACC3, the mitotic index, mitotic delay, and chromosome align-
ment defects were not further elevated compared with CHC- or
TACC3-depeleted cells (Fig. 3, B, C, and E, lane 4), implicating
that both CHC and TACC3 function in a similar if not identical
fashion in mitosis.

Aberrant spindle formation is often accompanied by ab-
normal chromosomal arrangement. In line with this notion, we
observed highly disorganized spindles and reduced MT content
with thicker metaphase plate in CHC- and/or TACC3-depleted
cells (Fig. 4 A). Accordingly, the levels of aberrant spindles in
both CHC-TACC3-depleted cells were similar to those of cells
depleted with either CHC or TACC3 alone (Fig. 4 B). In addition
to our data showing CHC recruitment of TACC3 to the spindle
(Fig. 2), the aberrant spindles caused by CHC depletion would
likely be associated with a defect in TACC3 recruitment.

Because TACC3 recruits ch-TOG to promote MT assem-
bly (Kinoshita et al., 2005; Peset et al., 2005), it is possible that
CHC is also involved in spindle regulation via the recruitment
of TACC3—ch-TOG complexes. We first showed that endogenous
ch-TOG could be precipitated by CHC (Fig. 4 C) and further ob-
served that depletion of CHC resulted in a loss of ch-TOG local-
ization to the spindle but not to the centrosome (Fig. 4 D, e),
which is similar to that observed in siTACC3-treated cells shown
in Fig. 4 D or in previous studies (Gergely et al., 2003; Barr and
Gergely, 2008). Notably, CHC depletion caused a phenotype of
disrupted K fibers, as indicated by staining of hepatoma up-
regulated protein (Fig. 4 F), which correlated with a loss of ch-TOG
function on K fiber regulation (Barr and Gergely, 2008). In con-
trast, the staining pattern of other MT-associated proteins, such
as astrin, was not significantly disturbed in siCHC cells (unpub-
lished data), suggesting that the effect of CHC depletion on
spindle mislocalization of ch-TOG was specific. Notably, the
phenomenon of ch-TOG-defective spindle localization in both
CHC-TACC3-depleted cells was similar to that observed in cells
depleted either for TACC3 or CHC alone (Fig. 4, D and E).
These results suggest that CHC and TACC3 are in the same path-
way axis for recruiting ch-TOG, further supporting the notion
that CHC mediates the spindle targeting of TACC3.

Because ch-TOG is important for MT polymerization and
stabilization, in line with the implication of CHC in spindle re-
cruitment of ch-TOG, we observed similar defects in MT repoly-
merization after cold shock in siCHC- and/or siTACC3-treated
cells (Fig. 4 G); the defective phenotypes in MT staining inten-
sity and spindle length caused by CHC and/or TACC3 depletion
were also further quantified (Fig. 4 H). These results not only
further substantiate that both CHC and TACC3 are required for
spindle stabilization, but they also provide a possible mecha-
nism by which CHC regulates spindle assembly via the recruit-
ment of TACC3—-ch-TOG complexes to the spindle.

Domain mapping of CHC for TACCS3
phospho-S558 interaction

To further elucidate the role of CHC in recruiting TACC3 onto
spindles, we delineated the domain of CHC involved in phospho-
TACC3 interaction by pull-down assays and revealed that the
331-542 fragment, which is comprised of a linker region and the

CHC is essential for TACC3 spindle targeting ¢ Lin et al.

1098

920z Ateniged 60 uo 1senb Aq 4pd-0z1 116002 Al/5261.95L/2601/L/68 1 /pd-8jonie/qol/Bio-sseidnu//:dny woy pepeojumoq


http://www.jcb.org/cgi/content/full/jcb.200911120/DC1
http://www.jcb.org/cgi/content/full/jcb.200911120/DC1

1100

>

CHC TACC3 a-tubulin

N N
— —
Y} Y}
7] 7]
™

Q o)
QB I
= %
7]

2

5 CHC
w

siGL2

a-tubulin TACC3

siGL2
siCHC

siCHC

. . o O
siRNA: oZ*
CHC (180 kD)

3 TACC3 (150 kD)

Aurora A (46 kD)

p-T288 Aurora A
(46 kD)

a-tubulin (50 kD)

c
(0]
£
Z
55
°<
2w
SO
£8
o <<
'_
Qo
-_:0
<
[0)
o

T
0
SiGL2  SiCHC
GHG (e =]
TACC3 (150 kD) E
B-actin (42 kD) E

Relative MT 1.38+0.08 1
intensity

pTACC3

pTACC3

(30
S
/59 siRNA: GL2 CHC

@

mitotic shake off

Merge CHC Aurora A

siGL2

siCHC

p-T288

Merge CHC Aurora A Merge

siGL2

siCHC

Pellet (5X)
GL2 CHC GL2 CHC

F Input Sup.

CHC (180 kD)|—~ | — PR . |

TACC3 (150kD)|__. — ’ — — S— ; |

PTACC3 (150k0) [ e | = &

. Sien |

Eg5 (120kD)|_.. P | — ]

Aurora A(46kD)|-‘ Gxinind | — | — -|

B-actin (42 kD)l- -’ -— e |

a-tubulin (50 kD)l- A |

Figure 2. CHC is essential for TACC3 localization to the spindle. (A, B, and D) Metaphase images of Hela cells treated with the indicated siRNAs for 72 h
and stained with DNA (blue), TACC3 (H-300), phospho-TACC3 (pTACC3), aurora A, or phospho-T288 aurora A (red) and CHC or a-tubulin (green) as
indicated. Bars, 10 pm. (C) Histogram shows TACC3 recruitment to the spindle in Hela cells treated with the indicated siRNAs. Expression levels of the
indicated proteins in siRNA-reated cells are shown. Relative spindle recruitment and spindle MT intensity are quantified as described in Materials and
methods. Error bars indicate mean + SD (n = 3; >20 mitotic cells scored per experiment). (E and F) Western blots show the levels of indicated proteins from
mitotic extracts of cells treated with indicated siRNAs (E) and the level of indicated proteins from in vitro aster and MT-binding assays with mitotic extracts
of cells treated with the indicated siRNAs (F). Black lines indicate that intervening lanes have been spliced out. Sup, supernatant.

first CHC repeat CHCRO, was sufficient for phospho-TACC3
interaction (Fig. 5, A and B [arrowhead]). The importance of
this segment for phospho-TACC3 association was further indi-
cated by reciprocal pull-down assays using a CHC mutant inter-
nally deleting residues 331-542 (Fig. 5 C).

If CHC mediates TACC3 spindle targeting, the CHC mu-
tant defective in TACC3 interaction should lose the capacity to
recruit TACC3 to the spindle. To test this, we depleted endoge-
nous CHC in HeLa cells by siRNA followed by transfection of

Flag-tagged CHC WT or A(331-542) mutant engineered to be
insensitive to CHC siRNA treatment. The CHC A(331-542)
mutant retained the spindle association (Fig. 5 D), although to a
lesser degree than that of WT (Fig. 5 E). Under such conditions,
the CHC A(331-542) mutant failed to recruit TACC3 to the
spindle compared with CHC WT (Fig. 5 F, h). Similarly, ch-
TOG was not localized on the spindle in CHC A(331-542)—
transfected cells (Fig. 5 G, h). These results demonstrate a
correlation between the interaction and spindle recruitment of
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Depletion of CHC and/or TACC3 causes comparable mitotic delay and chromosome alignment defect. (A) Western blotting shows the expres-

sion levels of CHC and TACC3 in Hela cells treated with the indicated siRNAs. (B) Bar graph shows mitotic index of Hela cells treated with the indicated
siRNAs (n = 3; >500 cells scored per condition). (C) Box and whisker plot measuring time spent in mitosis of Hela cells expressing GFP-H2B treated with the
indicated siRNAs (>25 cells scored per condition; P < 0.0001). (D) Still images from Video 1 of Hela cells expressing GFP-H2B treated with the indicated
siRNAs are shown. Arrows show chromosome misalignment. Bars, 10 pm. (E) Bar graph shows the percentage of mitotic Hela cells with a metaphase-like
plate and misaligned chromosome after treatment of the indicated siRNAs (n = 3; ~100 cells per experiment). Error bars indicate mean + SD.

TACC3 by CHC, further supporting the role of CHC in recruit-
ing the TACC3—ch-TOG complex to spindles. Defective spindle
recruitment of TACC3—ch-TOG also resulted in mitotic defects
such as increased mitotic index and chromosome misalignment
in CHC A(331-542)-transfected cells (Fig. 5, H and I).
Previous studies of CHC suggested that CHC could
bundle MTs using its triskelia structure and that the N-terminal
fragment 1-542 fused to the C-terminal trimerization domain is
the minimal structural requirement for the function of clathrin
in mitosis (Royle et al., 2005; Royle and Lagnado, 2006).
Although the C-terminal and N-terminal 1—330 domains were
defined for trimer formation and mitotic spindle attachment,
respectively, the role of the CHC 331-542 segment in mitosis
was unknown. Our findings that the 331-542 region mediates
TACC3 spindle recruitment provide an important insight to ac-
count for the function of such a small CHC fragment in mitosis.
Furthermore, the results that the A(331-542) mutant failed to con-
fer CHC function in mitosis also suggest that both N-terminal
spindle attachment and C-terminal triskelion for bundling MTs

are necessary but insufficient to support the function of CHC
in spindle stabilization.

Although our study demonstrated that CHC directly inter-
acts with phopsho-TACC3 (Fig. 5) and is required for phospho-
TACC3 targeting to spindles (Fig. 2), the mechanism regarding
how CHC recruits phospho-TACC3 to spindle MTs remains un-
clear. Notably, recombinant TACC3 with or without phosphory-
lation was unable to bind to MTs directly by in vitro MT-binding
assays (Fig. S3). This is distinct from the property of Xenopus
maskin protein, which is able to bind directly to MTs (O’Brien
etal., 2005; Peset et al., 2005). We attempted to demonstrate the
recruitment of recombinant phospho-TACC3 proteins to MTs
via the recombinant CHC protein. However, the recombinant
CHC protein itself failed to bind MTs (Fig. S3), implying that
some accessory factors and/or posttranslational modifications
may be required for CHC to associate with MTs in mitosis.
Indeed, a recent study suggested that transcription factor B-Myb
in complex with filamin is required for CHC localization to spin-
dles (Yamauchi et al., 2008). However, B-Myb—filamin complex

CHC is essential for TACC3 spindle targeting
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Figure 4. Depletion of CHC and/or TACC3 A
renders a loss of ch-TOG spindle targeting
and aberrant spindles. (A, D, and F) Images
of Hela cells treated with the indicated siRNAs
and stained with DNA (blue), a-tubulin or
CHC (green), and ch-TOG or hepatoma up-
regulated protein (HURP; red) as indicated
are shown. (B) Bar graph shows quantification
of aberrant spindle morphology of cells as ob-
served in A (n = 3; >100 cells per experiment).
(C) Western blots show complex formation of
endogenous CHC and ch-TOG by immuno-
precipitation (IP) with the indicated antibodies
from mitotic Hela cells. Input represents the 5%
amount of Noc-reated cell extracts subjected
to immunoprecipitation. Black lines indicate
that intervening lanes have been spliced out.
(E) Bar graph shows the recruitment of ch-TOG
to the spindle of cells observed in D (n = 3;
>10 mitotic cells scored per experiment).
(G) Images of MT repolymerization after cold
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itself does not appear to bind to MTs. Although the B-Myb-
filamin complex acting as scaffold proteins to deliver CHC to
spindles was proposed, the possibility that the B-Myb target genes
may facilitate CHC spindle localization cannot be excluded.

In summary, our data implicate CHC as a key factor, me-
diating a direct interaction with phospho-S558 TACC3 and re-
cruiting TACC3—ch-TOG to the spindle for MT stabilization.
Importantly, these findings link CHC to the complex process of
mitotic spindle organization regulated by aurora A.

Plasmids, siRNAs, and antibodies

The cDNAs coding full-length or domains of TACC3 and CHC (Kazusa
DNA Research Institute) were amplified by PCR and cloned into p3xFlag—
CMV-7.1, pcDNA3-HA, EGFP-C1, pGEX-4T-1, and pMAL-<2X vectors. S558
mutants were made by site-directed mutagenesis. The siRNA-resistant
constructs of Flag- or GFP+tagged CHC WT and A(331-542) were generated
by two rounds of site-directed mutagenesis to introduce silent mutations
(5’-AAGAATCCAATTCGAAGACCAATTTCAGCA-3' to 5'-AAGAATCCTAT-
CAGGCGCCCGATTTCAGCA-3’). GFP-H2B was provided by R.-H. Chen
(Academia Sinica, Taipei, Taiwan). Specific siRNA oligonucleotides
against TACC3 and CHC (Gergely et al., 2003; Motley et al., 2003) were
synthesized by Thermo Fisher Scientific. The following primary antibodies
were used: rabbit anti-TACC3 (H-300), mouse anti-TACC3 (D-2), control
mouse IgG, and rabbit IgG (Santa Cruz Biotechnology, Inc.); mouse anti-
CHC (X22 [EMD] and M23 [BD]); rabbit anti-maltose-binding protein
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(MBP; Abcam); rabbit anti-phospho-histone H3 (Ser-10) and mouse anti-
B-actin (Millipore); mouse anti—a-tubulin, mouse anti—a-tubulin FITC conju-
gated (DM1A), and mouse anti-Flag (M2; Sigma-Aldrich); rabbit anti-
aurora A and phospho-T288 aurora A (Cell Signaling Technology); and
mouse anti-HA (Covance). Secondary antibodies used for immunofluores-
cence labeling were Alexa Fluor 488 chicken anti-mouse IgG, Alexa Fluor
568 goat anti-mouse IgG, and Alexa Fluor 568 goat anti-rabbit IgG
(Invitrogen). Both antibodies recognizing pS626 maskin/TACC3 were pro-
vided by Y. ArlotBonnemains (Pascreau et al., 2005), A. Bird, and A. Hyman
(Max Planck Institute, Dresden, Germany; Kinoshita et al., 2005), and the
antibody for ch-TOG was provided by L. Cassimeris (Lehigh University,
Bethlehem, PA; Cassimeris et al., 2001).

Cell culture, synchronization, drug treatment, and transfection

Hela cells were maintained in DME supplemented with 10% FBS as de-
scribed previously (Lin et al., 2006). To generate mitotic extracts, Hela
cells were treated with 100 ng/ml Noc (Sigma-Aldrich) for 16-20 h and
collected by shake off. For inhibition of aurora A activity, 2 yM VX-680
was added to the media 2 h before analysis. Transfections of DNA con-
structs and/or siRNA oligonucleotides were performed using FUGENE 6
(Roche) and Oligofectamine (Invitrogen), respectively. For rescue experi-
ments, siCHC-+reated cells transfected with GFP, GFP-CHC WT, or A(331-
542) were selected by sterile FACS. The selected population, consisting of
>90% GFP-expressing cells, was further subjected to analyses of mitotic
index and chromosome alignment defect.

Immunoprecipitation, Western blotting, and GST pull-down assays

Cells were resuspended in CSF-XB buffer (Murray, 1991) and lyzed by
passing 10x through a 26-G pestle. Lysates were subjected to immunopre-
cipitation and Western analysis as described previously (Lin et al., 2006).
For identification of CHC and domain-mapping experiments, 10 or 4 pg
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purified GSTTACC3 522-577 WT or S558A protein was phosphorylated
by 1 pg recombinant aurora A for 2 h followed by incubation with cell ly-
sates of Noc-treated Hela cells (~1.5 x 107) or indicated in in vitro-
synthesized **S-labeled CHC proteins along with glutathione beads (Thermo
Fisher Scientific) in NET-2 buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
and 0.5% NP-40) for an additional 6 h at 4°C. After extensive washing,
the resulting bounded proteins were resolved by SDS-PAGE followed by
Western or autoradiography analysis or SYPRO ruby staining for further
mass spectrometry analysis. Similarly, 2 pg GST-CHC WT or truncated fu-
sion proteins were subjected to binding reaction with 2 pg MBP-TACC3
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522-577 fusion proteins phosphorylated by aurora A.

In vitro aster assembly and MT-binding assays

In vitro aster assembly and MTbinding experiments were performed as
described previously (Gaglio et al., 1995) with modifications. In brief, after
polymerization of MTs, mitotic extracts were centrifuged through a 50%
glycerol cushion in KHM buffer at 100,000 g for 30 min at 25°C in a rofor

Figure 5. The CHC 331-542 region is im-
portant for TACC3 interaction and spindle
recruitment. (A) A schematic presentation of
the CHC domains and deletion mutants used
in this study is shown. The interaction of each
CHC deletion mutant with TACC3 is indicated.
(B) Western blotting shows MBP-TACC3 522-
577 recombinant proteins phosphorylated by
aurora A and pulled down by the indicated
GST fusion proteins. Input represents the 5%
amount of MBP-TACC3 protein phosphory-
lated by aurora A used for each binding
reaction and detected by anti-MBP antibody.
The arrowhead and arrow indicate phosphory-
lated and unphosphorylated MBP-TACC3
522-577, respectively. Coomassie blue stain-
ing shows the GST fusion proteins used for
each binding reaction. (C) Autoradiograph of
in vitro 3S-labeled CHC WT or truncated pro-
teins pulled down by GST-TACC3 522-577
proteins being phosphorylated by aurora A.
Input and Coomassie blue staining represent
10% of the amount of in vitro-synthesized pro-
teins and GST fusion proteins used for each
binding reaction, respectively. (D) Images of
Hela cells treated with siCHC for 6 h and
transfected with siCHC-resistant Flag-CHC WT
or mutant for an additional 66 h and stained
with DNA (blue), a-tubulin (green), and Flag-
CHC (red). (E) Histogram shows the relative
spindle recruitment of CHC WT or A(331-
542) in siCHC+reated cells observed in D. The
relative spindle MT intensity was normalized
against the MT intensity obtained from siCHC
and A(331-542)+ransfected cells (>25 mitotic
cells scored per construct). (F and G) Images
of Hela cells transfected with siCHC and the
indicated siCHC-resistant Flag-CHC constructs
as described in D were stained for Flag-CHC
(green), TACC3 (H-300), or ch-TOG (red) and
DNA (blue). (H and 1) Bar graphs show mi-
totic index (H) or misaligned chromosomes (I)
of Hela cells transfected with the indicated
siRNAs along with siCHC-resistant GFP-CHC
constructs (n = 3; mitotic index, >500 cells
scored; chromosome alignment defect, ~100
cells scored). Error bars indicate mean + SD.
Bars, 10 pm.

(TLA100.2; Beckman Coulter). Proteins in the pellet and supernatant were
separated by SDS-PAGE followed by Western analysis. For in vitro MT-
binding assays, pure bovine brain tubulin (Cytoskeleton, Inc.) was used to
generate taxol-stabilized MTs as described previously (Silljé et al., 2006).
2 pg recombinant TACC3 or CHC fusion protein, GST, or MAP proteins
with ~70% MAP2 (Cytoskeleton, Inc.) were incubated in BRB8O (80 mM
K-Pipes, pH 6.8, 1 mM MgCl,, and T mM EGTA) for 25 min at 25°C with
or without MTs in a total volume of 25 pl and centrifuged at 100,000 g for
30 min at 25°C in a rofor (TLA100.2). Equal volumes of the pellet and
supernatant fractions were separated by SDS-PAGE followed by Coomassie

blue staining or Western analysis.

Immunofluorescence and live cell imaging

Hela cells grown on glass coverslips were fixed (10 min at —20°C metha-
nol), washed with PBS, and incubated with the indicated primary and sec-
ondary antibodies (1 h each). DNA was counterstained with DAPI. For
cold shock-induced MT depolymerization, siRNA-ransfected Hela cells
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were incubated (4°C for 2 h) to completely depolymerize MTs, and MT re-
growth was induced by incubating the cells in prewarmed media for the
indicated time at 37°C; cells were fixed for immunostaining, mounted in
mounting medium (Vector Laboratories), and observed using a confocal
microscope (Radiance 2100; Bio-Rad Laboratories) with a Plan Apo VC
100x/1.40 NA oil immersion objective (Nikon) and a confocal system
(LSM 510 META; Carl Zeiss, Inc.) with a Plan Apochromat 100x 1.4 NA
oil immersion objective (Carl Zeiss, Inc.). ZEN (Carl Zeiss, Inc.) and Meta-
Morph (MDS Analytical Technologies) imaging software were used for
imaging processing. For live cell imaging, cells grown in a glass-bottom dish
(WillCo Wells B.V.) were treated for 48 h with siRNAs and transfected with
GFP-H2B to observe chromosome dynamics in living cells. Images were
obtained 72-96 h after siRNA treatment in COy-independent medium
(Invitrogen) and within a heated chamber at 37°C. Images were acquired
with an inverted microscope (IX71; Olympus) with a UPlan SApo 40x NA
0.90 objective (Olympus). Volocity5 (PerkinElmer) and MetaMorph imag-
ing software were used to collect and process data, respectively. Images
were captured at 5-min intervals for 12 h.

Image quantification and statistical analysis

For quantitative immunostaining experiments, identical laser power and ac-
quisition seftings were used for each independent assay, and the mean pixel
density of images was measured by MetaMorph imaging software. Relative
spindle recruitment was assayed by dividing the mean pixel density mea-
sured in 1.01 pm? area of inferest placed over the spindle by that measured
in a region outside the spindle, then further normalizing to the relative spin-
dle MT immunostaining infensity, which was caused by a decreased MT
density in siCHC and/or siTACC3+reated cells. Relative spindle MT fluores-
cence infensity in siRNAreated cells was calculated from the mean pixel
density measured in manually defined area that contained the spindle region
in siRNA-reated samples after normalization fo the sample with the lowest
MT intensity in the same experimental set (taken as one). Half-spindle length
was determined from confocal images using the manual line measurement
tool in MetaMorph software. The mitotic index was quantified by counting
the number of cells in mitosis defermined by positive staining of phospho-
Ser10 of histone H3 as a fraction of the total number of cells (>500 cells
counted per experiment). Statistical significance was ascertained using a
Student’s t test. In Fig. 3 C, the box in the box and whisker plot represents
50% of all cells from the 25th (bottom line of the box) to 75th percentile (top
line). The line in the middle of each box indicates the median. The values that
are not outliers are connected to the box with a vertical line, and whiskers,
which are ended by a horizontal line, represent the fifth and 95th percen-
tiles. Outliers are indicated by an X outside of the whiskers.

Online supplemental material

Fig. S1 shows that the phosphorylation of $558 by itself is essential for
TACC3 spindle localization. Fig. S2 shows the specificity of both anti-
bodies in recognizing phospho-5558 TACC3. Fig. S3 shows that TACC3
and CHC cannot directly bind to MTs. Video 1 shows chromosome segre-
gation in control, CHC, and/or TACC3 siRNA+reated Hela cells. Video 2
shows that CHC and/or TACC3 siRNA-reated Hela cells failed to pro-
ceed into anaphase for a period of >5 h from chromosome condensa-
tion onset. Online supplemental material is available at http://www.jcb

.org/cgi/content/full/jcb.200911120/DCT1.
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