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SUMMARY

Proper bipolar attachment of sister kinetochores to
the mitotic spindle is critical for accurate chromo-
some segregation in mitosis. Here we show an
essential role of the formin mDia3 in achieving meta-
phase chromosome alignment. This function is inde-
pendent of mDia3 actin nucleation activity, but is
attributable to EB1-binding by mDia3. Furthermore,
the microtubule binding FH2 domain of mDia3 is
phosphorylated by Aurora B kinase in vitro, and cells
expressing the nonphosphorylatable mDia3 mutant
cannot position chromosomes at the metaphase
plate. Purified recombinant mDia3 phosphorylated
by Aurora B exhibits reduced ability to bind microtu-
bules and stabilize microtubules against cold-
induced disassembly in vitro. Cells expressing the
phosphomimetic mDia3 mutant do not form stable
kinetochore microtubule fibers; despite they are
able to congress chromosomes to the metaphase
plate. These findings reveal a key role for mDia3
and its regulation by Aurora B phosphorylation in
achieving proper stable kinetochore microtubule
attachment.

INTRODUCTION

Mammalian diaphanous-related formins (mDia) constitute

a subfamily of Rho GTPase-binding formin homology (FH)

proteins (Higgs and Peterson, 2005; Rivero et al., 2005). mDia

formins nucleate and assemble unbranched actin structures

through their FH2 domain, which forms a tethered dimer with

two antiparallel actin binding domains (Xu et al., 2004). Formins

are implicated in numerous actin-based cellular functions,

including cytokinesis, cell morphogenesis, cell polarity, and

cell migration (Goode and Eck, 2007). Several years ago, mDia

formins were found to be involved in regulating microtubule-

dependent processes. In migrating fibroblast, mDia stabilizes

a subset of microtubules downstream of Rho signaling (Palazzo

et al., 2001b), and this stabilization function is essential for

cell polarization (Cook et al., 1998). Overexpression of a consti-

tutively active mDia without the autoregulatory domains or

activation of endogenous mDia with the expression of an
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mDia-autoinhibitory domain is sufficient to induce the formation

of stable microtubules in serum-starved NIH 3T3 fibroblasts

(Palazzo et al., 2001a). These stable microtubules are capped

and oriented toward the wound edge (Palazzo et al., 2001a).

Although the molecular mechanism of microtubule stabilization

downstream of Rho-mDia signaling is still unknown, two micro-

tubule-associated proteins, adenomatous polyposis coli (APC)

and EB1, have been found to be involved in this process. mDia

forms a complex with APC and EB1 and may function as a scaf-

fold protein at cell cortex for EB1 and APC to stabilize microtu-

bules and promote cell migration (Wen et al., 2004). Furthermore,

a recent study reported that two actin nucleation mutants in

a constitutively active version of mDia2 can still induce stable

microtubules and bind to EB1 and APC (Bartolini et al., 2008),

arguing that mDia formins are able to stabilize microtubules

independent of their actin nucleation activity. Purified FH1FH2-

mDia2 proteins without autoregulatory domains can directly

bind to microtubules in vitro and stabilize microtubules against

cold- and dilution-induced disassembly (Bartolini et al., 2008).

In mitosis, chromosomes capture microtubules through

a ‘‘search and capture’’ process (Kirschner and Mitchison,

1986), in which proper kinetochore microtubule attachment is

stabilized and improper chromosome microtubule attachment

is destabilized. Numerous proteins, including motors and micro-

tubule associated proteins, have been implicated in stable kinet-

ochore microtubule attachment, though the precise functions of

the majority of these proteins and the pathways that regulate

them remain unclear (Cleveland et al., 2003; Joglekar et al.,

2010;Walczak and Heald, 2008). An earlier report has suggested

that formin mDia3 may also play a role in this process by acting

under control of Cdc42 to regulate kinetochore microtubule

attachment (Yasuda et al., 2004). HeLa cells treated with toxin

B, which inactivates all Rho GTPases including Rho, Rac, and

Cdc42, or depleted of endogenousmDia3 with siRNA fail to align

all chromosomes at the metaphase plate (Yasuda et al., 2004).

Further, immunoprecipitation analysis of mitotic cells has

revealed that mDia3 binds to CENP-A at kinetochores (Yasuda

et al., 2004). On the basis of these findings, the authors proposed

that the Cdc42-mDia3 pathway may regulate spindle microtu-

bule attachment and metaphase chromosome alignment. The

chromosome misalignment phenotype can be caused by

a number of different mechanisms, such as improper initial

microtubule capture, failure to maintain biorientation, unstable

and/or improper kinetochore microtubule attachment, and

inability to achieve chromosome congression. Whether Cdc42-

mDia3 affects any or all of these steps remains unresolved.
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Figure 1. mDia3, but Not Its Actin Nucleation Activity, Is Essential for Metaphase Chromosome Alignment

(A) Immunoblotting of lysates of T98G cells 48 hr posttransfection with the indicated siRNA and siRNA-resistant (siRNA-resis) myc-mDia3 expression vectors as

indicated.

(B) Immunofluorescence detection of ACA, mDia3, and merged with DAPI in mitotic T98G cells 48 hr posttransfected with mock or mDia3 siRNA as indicated.

ACA, magenta and mDia3, green in merged panels. Inset: colocalization of mDia3 and ACA at a pair of sister kinetochores.

(C) Schematic representation of mDia3 siRNA, rescue transfection, and chemical inhibitor treatment protocol.

(D) Knockdown of mDia3 on siRNA treatment resulted in metaphase chromosome alignment defects. Fixed cells on treatment detailed in (B) were stained with an

anti-centromeric antibody (ACA, red), tubulin (green), and DNA (DAPI, blue).

(E) The actin nucleation activity is not required for mDia3 function in metaphase chromosome alignment. The percentage of mitotic cells with different degrees of

chromosome alignment analyzed in cells transfected with siRNA and the myc-mDia3 constructs are indicated. Cells were characterized as fully aligned, class I

unaligned (majority of the chromosomes aligned with one or two unaligned, indicated by arrow in D), and class II unaligned (with more than three unaligned chro-

mosomes). Data represent the mean percentage of cells (mean ± standard deviation [SD], n R 50 cells for each of three independent transfections).
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To test how mDia3 participates in kinetochore microtubule

attachment, we now use mammalian cultured cells and purified

components to establish that mDia3microtubule binding activity

and mDia3 interaction with EB1 play a key role to enhance the

force generation between sister kinetochores on spindle micro-

tubule attachment, and this function is directly regulated by

Aurora B phosphorylation in response to tension between sister

kinetochores.

RESULTS

mDia3, but Not Its Actin Nucleation Activity, Is Essential
for Metaphase Chromosome Alignment
To understand the molecular mechanism of how mDia3 may

affect metaphase chromosome alignment, we transfected

a small interfering RNA (siRNA) duplex targeted to a region of

human mDia3 into T98G cells, resulting in a clear reduction of

mDia3 protein level (Figure 1A, lane 2) and loss of mDia3 at kinet-

ochores by immunofluorescence microscopy (Figure 1B). To

specifically test for effects of mDia3 siRNA on metaphase chro-

mosome alignment, we treated cells with nocodazole and
Develo
MG132 for 4 hr to accumulate mitotic cells and then released

them into MG132 alone for 1 hr (to prevent possible premature

anaphase onset) (Figure 1C). Only 32% of mDia3-depleted cells

showed full chromosome alignment at the metaphase plate

compared to 69% for controls with scrambled siRNA (Figures

1D and 1E). Coexpression of siRNA resistant myc-mDia3 to

a level comparable to that of endogenous mDia3 (Figure 1A)

was able to rescue the chromosome alignment defect (Fig-

ure 1E). These results support a role for mDia3 in metaphase

chromosome alignment.

To further document the roles of mDia3 during mitosis,

unperturbed mitotic progression was followed by time-lapse

analysis of chromosome behavior in HeLa cells stably express-

ing fluorescent histone (H2B-EYFP). Imaging mitosis in mDia3-

depleted cells, but not in control cells, revealed mitotic errors,

including a delay in anaphase onset and the presence of

unaligned chromosomes (see Figure S1A available online),

consistent with a role of mDia3 in metaphase chromosome

alignment.

As mDia3 is an actin nucleator, an obvious question is whether

this aspect of mDia3 function contributes to the mitotic
pmental Cell 20, 342–352, March 15, 2011 ª2011 Elsevier Inc. 343



Figure 2. The Cold Stability of Kinetochore-Microtubule Connections Is Reduced in mDia3 Knockdown Cells

(A) T98G cells were transfected with the indicated siRNA and siRNA-resistant constructs. After 48 hr, cells were incubated at 4�C for the indicated times before

they were fixed and processed for indirect immunofluorescence for tubulin (green) and ACA (magenta) antibodies.

(B) Quantification of microtubule density in (A). Average microtubule intensity (mean ± SD; n = 10 cells for each of three independent transfections, P < 0.005) was

measured in each condition. Intensities are showed relative to total cellular areas and normalized against 0 min for each condition.

(C–E) mDia3 is not required for efficient kinetochore targeting of CENP-E, Hec1, and BubR1. Kinetochore localization of Hec1 (C), CENP-E (D), and BubR1 (E) in

mitotic T98G cells 48 hr posttransfectedwithmock ormDia3 siRNA as indicated. Kinetochore proteins are shown in green inmerged panels with ACA inmagenta.
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phenotype? Alanine substitutions at Ile1431 or Lys1601

completely abolished the actin-nucleating activity of the yeast

formin Bni1p (Xu et al., 2004) and corresponding mDia2 muta-

tions (I704A and K853A) were found to be similarly defective in

actin nucleation, with no effect onmicrotubule binding and stabi-

lization activities (Bartolini et al., 2008). We introduced corre-

sponding I726A and K875A mutations in the mDia3 siRNA-resis-

tant construct and tested the ability of each mutant form to

rescue the chromosome misalignment phenotype in cells

depleted of endogenous mDia3. The actin nucleation-deficient

constructs rescued the chromosome alignment defect as well

as the wild-type mDia3 construct (Figure 1E), strongly indicating

that the chromosome misalignment phenotype in mDia3-

depleted cells is independent of the actin binding or nucleation

activity of mDia3. Overexpression of a constitutively active

form of wild-type mDia3, but not the actin nucleation-deficient
344 Developmental Cell 20, 342–352, March 15, 2011 ª2011 Elsevier
mutants, was able to induce actin fibers in cultured cells, con-

firming the actin polymerization defect of those mutants

(Figure S1B).

Stability of Kinetochore-Microtubule Connections
Is Compromised in mDia3 Knockdown Cells
To determine whether the chromosome alignment defect in

mDia3-depleted cells is due to lack of stable kinetochore-micro-

tubule attachment, the presence of cold-stable kinetochore

microtubule bundles was examined. In mock-depleted cells,

cold treatment revealed clear stable kinetochore microtubule

bundles (Figures 2A and 2B). In contrast, mDia3-depleted cells

exhibited substantially fewer cold-stable microtubules with

a majority of kinetochores unattached from microtubules after

10 min of cold treatment (Figures 2A and 2B). Cold-resistant

stable kinetochore microtubules were restored in cells
Inc.



Figure 3. Complex Formation of mDia3-EB1-APC

Is Important for Metaphase Chromosome Align-

ment

(A) mDia3 associates with EB1 and APC. mDia3 immuno-

precipitates probed with mDia3 (top), EB1 (middle), or

APC (bottom) antibodies as indicated.

(B and C) mDia3 and EB1 interaction is essential for meta-

phase chromosome alignment. (B) Immunoblotting of

lysates of T98G cells 48 hr posttransfection with the indi-

cated siRNA and siRNA-resistant (siRNA-resis) myc-

mDia3 expression vectors as indicated. (C) The

percentage of mitotic cells with different degrees of chro-

mosome alignment analyzed in cells transfected with

siRNA and the myc-mDia3 constructs are indicated. Cells

were characterized as fully aligned, class I unaligned, and

class II unaligned as described in Figure 1. Data represent

the mean percentage of cells (mean ± SD, nR 50 cells for

each of three independent transfections).
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expressing siRNA-resistant wild-type mDia3 (Figures 2A and

2B). These results are consistent with a role for mDia3 in stable

kinetochore-microtubule attachment.

Kinetochore Assembly Is Not Affected
in mDia3-Depleted Cells
Immunofluorescence analysis demonstrated that mDia3 only

colocalized with ACA (an anticentromeric antibody used as

a centromere/kinetochore marker) signals at prometaphase (Fig-

ure 1B) and metaphase cells, confirming the kinetochore locali-

zation of mDia3 (Yasuda et al., 2004). We then tested whether

mDia3 is involved in recruitment or retention of other kinetochore

proteins implicated in stable kinetochore-microtubule attach-

ment and metaphase chromosome alignment. In vertebrate

cells, several proteins have been implicated in this process:

the Ndc80 complex (DeLuca et al., 2006; Martin-Lluesma

et al., 2002), CENP-E (Kapoor et al., 2006; Wood et al., 1997),

a kinetochore associated kinesin motor protein, and BubR1

(Lampson and Kapoor, 2005; Zhang et al., 2007), an essential

mitotic checkpoint kinase. mDia3 siRNA efficiently and uniformly

depleted mDia3 from kinetochores in cultured cells (Figure 1B).

However, depletion of mDia3 by siRNA had no apparent effect

on kinetochore association of Hec1 (a component of the

Ndc80 complex), CENP-E, or BubR1 (Figures 2C–2E). In combi-

nation with the observation of robust mitotic arrest in mDia3-

depleted cells using live cell imaging (Figure S1A), which requires

an intact kinetochore to generate the checkpoint signal, these

results indicate that the kinetochore structure is intact in

mDia3-depleted cells and several other components of the

microtubule attachment machinery are unaffected by mDia3

siRNA.

Interaction between mDia3 and EB1 Is Important
for Metaphase Chromosome Alignment
Other forms of mDia have been shown to cooperate with EB1

and APC in the regulation of microtubule capture in different

cell contexts. Microtubule capture at bud sites in budding yeast

is regulated by the formin Bni1, the yeast ortholog of mDia formin

(Kohno et al., 1996; Lee et al., 1999). The microtubule tip-binding

protein Bim1 (the yeast ortholog of EB1) and Kar9 (speculated to

represent a possible APC homolog) have been identified in this

process (Adames and Cooper, 2000; Bloom, 2000; Schuyler
Develo
and Pellman, 2001). An evolutionarily conserved pathway for

microtubule capture at the leading edge of migrating fibroblasts

has also been described, in which mDia2 functions as a scaffold

protein for EB1 and APC at the cell cortex (Wen et al., 2004).

Coimmunoprecipitation analysis revealed that mDia3 was able

to associate with EB1 and APC (Figure 3A, lane 3). To directly

test whether mDia3-EB1 interaction is important for metaphase

chromosome alignment, we generated an mDia3 mutant, G

(YEDR)-mDia3, in which Tyr735, Glu736, Asp737, and Arg739

in a conserved region adjacent to the FH2 domain were

substituted with Gly with Ile738 remaining intact. A correspond-

ing G(YEKR)-mDia2 mutant has been shown to be unable to bind

to EB1, but can still bind to APC (Wen et al., 2004). G(YEDR)-

mDia3 indeed lost its ability to associate with EB1 (Figure 3A,

lane 6). Replacing endogenous mDia3 with this mutant resulted

in an increased number of cells with misaligned chromosomes

(Figures 3B and 3C), implying that the mDia3-EB1 interaction is

necessary for metaphase chromosome alignment.

Aurora B Kinase Phosphorylates mDia3
at Multiple Residues In Vitro
A majority of the microtubule associated proteins at the kinet-

ochore are directly regulated by Aurora B kinase in achieving

proper kinetochore microtubule attachment, such as the KMN

network, a core kinetochore microtubule binding apparatus

(Cheeseman et al., 2006; DeLuca et al., 2006; Welburn et al.,

2010). Thus, we next tested the ability of Aurora B to phosphor-

ylate mDia3 with a commercially available recombinant consti-

tutively active Aurora B (Abcam, Cambridge, MA) and purified

bacterial expressed recombinant mDia3 protein. Clear incorpo-

ration of (g-32P)-Pi was observed (Figure 4A). Based on the

consensus phosphorylation sequence for Aurora B (Cheese-

man et al., 2002), we identified four potential phosphorylation

sites in mDia3 (Figure 4B; Figure S2A). Two potential Aurora

B phosphorylation sites, T66 and S196, are in the N-terminal

autoinhibition regulatory domains of mDia3; whereas the other

two, S820 and T882, are located in the FH2 domain. Using

mass spectrometry, we detected phosphate incorporation at

two of these sites, Ser196 and Thr882. Mutations of all of the

four potential target residues to alanine (4A-mDia3) greatly

reduced (g-32P)-Pi incorporation in in vitro kinase assays with

Aurora B (Figure 4A).
pmental Cell 20, 342–352, March 15, 2011 ª2011 Elsevier Inc. 345



Figure 4. Aurora B Phosphorylates mDia3

(A) Upper panel: Autoradiograph of SDS-PAGE gel of purified recombinant full-length wild-type and the nonphosphorylatable 4A-mDia3 mutant phosphorylated

in the presence of (g-32P)-ATP using purified Aurora B.Middle panel: Coomassie blue staining of purifiedmDia3 proteins. Bottom panel: immunoblot analysis with

the pS196 phospho antibody.

(B) mDia3 protein structure showing the relative positions of GBD, DID, FH1, FH2, and DAD domains, and the Aurora B phosphorylation sites.

(C) mDia3 is phosphorylated by Aurora B in cultured cells. Interphase or mitotic cell lysates were probed with the mDia3 antibody (top panels) or the pS196

phospho antibody (bottom panels). The cell lysates were treated or untreated with l protein phosphatase (PPase) as indicated.

(D–H) Immunofluorescence images acquired using the indicated antibodies including pS196 andmDia3 in untreated T98G cells or in cells treated with ZM447439

for 1 hr. In merged panels: ACA, magenta and mDia3, green.

(I) Expression of mDia3 nonphosphorylatable mutants resulted in metaphase chromosome misalignment. T98G cells were transfected with wild-type mDia3 or

mDia3 phosphorylation mutants. Forty-eight hours posttransfection, cells were treated with nocodazole and MG132 for 4 hr and then released into MG132 alone

for 1 hr. Cells were then fixed and stained with ACA, tubulin, and DNA. Cells were characterized as fully aligned, class I unaligned, and class II unaligned as

described in Figure 1. Data represent the mean percentage of cells (mean ± SD, n R 50 cells for each of three independent transfections).
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To define the possible function of Aurora B phosphorylation of

mDia3, we generated a rabbit polyclonal antibody specific

for phosphorylated Ser196, which detected a strong signal

of Aurora B phosphorylated wild-type mDia3, but not the

4A-mDia3 mutant, in vitro (Figure 4A). Immunoblotting of cell

lysates with this phospho antibody showed a clear increase in

phosphorylation of this site during mitosis (Figure 4C). Immuno-

reactivity with the anti-phosphoSer196 was eliminated either by

treating the lysates with l protein phosphatase (Figure 4C), or by

adsorption of the antibody with phospho peptide but not with the

nonphospho peptide (Figure S2B). Immunofluorescence using

this antibody in cultured cells revealed kinetochore staining

that was substantially reduced by treatment with the Aurora B

kinase inhibitor ZM447439 (compare Figures 4D and 4G). In

contrast, an antibody that detects mDia3 regardless of its phos-

phorylation state did not display any obvious change in mDia3

level at the kinetochore on ZM447439 treatment (Figure 4H).

Further, in cells with chromosomes aligned at the metaphase
346 Developmental Cell 20, 342–352, March 15, 2011 ª2011 Elsevier
plate, we detected low mDia3 phosphorylation (Figure 4E), but

normal mDia3 level (Figure 4F), at all kinetochores. Therefore,

mDia3 is a substrate of Aurora B kinase in vivo, at least at

S196, although we have not been able to confirm Aurora B phos-

phorylation of mDia3 at other three sites in vivo.

We next generated single and quadruple (4A-mDia3) non-

phosphorylatable mDia3 mutants for these four potential Aurora

B phosphorylation sites for phenotype analysis. These mutants

were still able to associate with kinetochores (Figure S2C). Cells

expressing each of the four single mutant constructs exhibited

metaphase chromosome alignment defects and the misalign-

ment phenotype became worse in cells with a multiply mutated

4A-mDia3 (Figure 4I). Replacing endogenous mDia3 with a non-

phosphorylatable 4A-mDia3 mutants displayed similar chromo-

some misalignment phenotypes (Figure 4I). Further, live cell

imaging analysis showed that cells expressing the 4A-mDia3

mutant were unable to align all chromosomes at the metaphase

plate on release frommonastrol treatment (Figure S2E), although
Inc.
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they were able to form bipolar spindles (Figure S2F). These

results suggest that the nonphosphorylatable mDia3 mutants

can behave as dominant negative in T98G cells and affect meta-

phase chromosome alignment. Thus, Aurora B phosphorylation

of mDia3 is essential for normal mitosis, possibly through regu-

lation of both the activation of mDia3 (releasing from its autoinhi-

bition) at T66 and S196 sites, and function of mDia3 FH2 domain

at S820 and T882 sites.

Aurora B Phosphorylation Reduces mDia3 Ability
to Stabilize Microtubules against Cold-Induced
Depolymerization In Vitro
Two Aurora B phosphorylation sites, S820 and T882, are located

within the FH2 domain, which has been shown to be important

for mDia formin actin and microtubule activities (Bartolini and

Gundersen, 2009), and possibly its interaction with EB1/APC

(Wen et al., 2004). We have shown that mDia3 actin activity is

not necessary for its function in mitosis (Figure 1E). To better

understand how Aurora B phosphorylation affects mDia3 micro-

tubule function and its interaction with EB1, we generated

a constitutively active form of mDia3 that consists of both the

FH1 and FH2 domains and lacks the regulatory GBD-DID and

DAD domains (FH1FH2-mDia3) and introduced the nonphos-

phorylatable mutations (2A-FH1FH2-mDia3) and the phospho-

mimetic mutations (2E-FH1FH2-mDia3) in this fragment of

mDia3 at S820 and T882 sites. A corresponding fragment of

mDia2 has been shown to be able to bind directly to microtu-

bules and stabilize microtubules against cold- and dilution-

induced disassembly (Bartolini et al., 2008) and to interact with

EB1/APC (Wen et al., 2004). In vitro binding assays revealed

that both the nonphosphorylatable and phosphomimetic

mutants can bind to EB1 as effectively as the wild-type mDia3

(Figure S3A), suggesting that Aurora B phosphorylation does

not affect the ability of mDia3 to bind EB1.

Aurora B has been shown to function in destabilizing improp-

erly attached kinetochore microtubules by phosphorylating

kinetochore-associated microtubule interactors to reduce their

affinity for microtubules in the absence of tension (Liu and Lamp-

son, 2009). To test the effect of Aurora B phosphorylation on

mDia3 microtubule activity, purified wild-type FH1FH2-mDia3

recombinant proteins were pre-treated with Aurora B kinase or

not. Phosphorylated or nonphosphorylated mDia3 were then

incubated with purified rhodamine-labeled microtubules assem-

bled at 37�C, followed by incubation at 4�C to induce rapid

microtubule depolymerization (Figure 5A, Buffer). The extent of

microtubule depolymerization was visualized. When incubated

with nonphosphorylated wild-type FH1FH2-mDia3 proteins,

a substantial number of microtubules resisted cold depolymer-

ization even after 10min (Figure 5A,WT-mDia3), which is consis-

tent with a role for mDia formins in microtubule stabilization. In

contrast, incubation with the Aurora B pretreated and phosphor-

ylated FH1FH2-mDia3 proteins resulted in a decreased number

of microtubules even after 5 min of cold treatment (Figure 5A,

WT-mDia3 + Aurora B). Further, purified recombinant phospho-

mimetic 2E-FH1FH2-mDia3 mutant proteins, but not the non-

phosphorylatable 2A-FH1FH2-mDia3 mutant proteins, also

exhibited reduced ability to stabilize microtubules against

cold-induced disassembly (Figure 5A). The effects of these

mDia3 phosphorylation mutants were not dependent on Aurora
Develo
B phosphorylation (Figure S3B). We conclude that Aurora B

phosphorylation of mDia3 at FH1FH2 domains affects mDia3

ability to stabilize microtubules against cold-induced

depolymerization.

We next looked at the binding ability of purified recombinant

mDia3 and phosphorylation mutants to purified microtubules.

We incubated purified FH1FH2-mDia3, 2A-FH1FH2-mDia3,

and 2E-FH1FH2-mDia3 with Taxol assembled microtubules,

followed by high-speed centrifugation to separate microtubule

pellets from soluble unbound proteins. Substantial amount

of wild-type mDia3 was recovered in the pellet fraction only

when microtubules were present (Figure 5B). Immunostaining

also confirmed that wild-type mDia3 was localized along

the length of microtubules (Figure 5C). Similar binding to micro-

tubules was also observed for the nonphosphorylatable

2A-FH1FH2-mDia3 mutant; however, the phosphomimetic

2E-FH1FH2-mDia3 mutant had reduced ability to bind to micro-

tubules (Figure 5B). These results are consistent with the

microtubule stabilization activities against cold-induced depoly-

merization for mDia3 and the phosphorylation mutants.

Aurora B Phosphorylation of mDia3 FH2 Domain
Is Essential for Metaphase Chromosome Alignment
To determine the role of Aurora B phosphorylation of mDia3 at

FH2 domain in vivo, we generated a siRNA-resistant mutant

mDia3 in which both Aurora B phosphorylation residues in the

FH2 domain, S820 and T882, were mutated to alanine (myc-

2A-mDia3). Chromosome alignment was analyzed by fixed cell

immunofluorescence in which endogenous mDia3 was replaced

with either myc-2A-mDia3 mutant or myc-wild-typemDia3 using

the siRNA approach. The majority of cells (62%) expressing

wild-type mDia3 contained a normal metaphase plate with fully

aligned chromosomes (Figure 5E). In contrast, only 33% of

scored cells expressing the 2A-mDia3 mutant had all chromo-

somes aligned at the metaphase plate (Figures 5D and 5E).

Thirty-six percent of cells expressing the 2A-mDia3 had an

incomplete metaphase plate with a few unaligned chromosomes

(class I unaligned) and 31% of them did not have a visible meta-

phase plate (class II unaligned) (Figures 5D and 5E). These

results demonstrate that the loss of Aurora B phosphorylation

at mDia3 FH2 domain decreases the fidelity of metaphase chro-

mosome alignment.

Nonphosphorylatable Form of mDia3 Is Important
for Stable Kinetochore Microtubule Attachment
To better understand the function of mDia3 in kinetochore-

microtubule attachment and metaphase chromosome align-

ment, we examined mitotic phenotypes in cells expressing the

phosphomimetic 4E-mDia3 mutant using live cell microscopy.

This revealed that majority of these cells were able to congress

chromosomes to the metaphase plate; however, these cells

stayed in a metaphase-like stage without anaphase onset

much longer than cells expressing wild-type mDia3 (Figure 6A;

Figure S4A). This result indicates that cells expressing the phos-

phomimetic 4E-mDia3 may lack proper stable kinetochore-

microtubule attachment.

We next used three indicators to determine the possible defect

in microtubule attachment in cells expressing the phosphomi-

metic 4E-mDia3 mutant. First, we measured inter-kinetochore
pmental Cell 20, 342–352, March 15, 2011 ª2011 Elsevier Inc. 347



Figure 5. Aurora B Phosphorylation Regulates mDia3 Microtubule Binding and Stabilization Activities

(A) Aurora B phosphorylation reduced mDia3 microtubule stabilization activity in vitro. Preassembled rhodamine-labeled microtubules were incubated with

purified FH1FH2-mDia3, which is pretreated with or without an active Aurora B as indicated, or FH1FH2-mDia3 phospho mutants at 4�C and visualized at the

indicated time.

(B andC) mDia3 binds directly tomicrotubules. (B) Immunoblotting analysis of the co-sedimentation of wild-type, 2A-, and 2E-FH1FH2-mDia3 with Taxol-assem-

bled microtubules. (C) Immunostaining of wild-type FH1FH2-mDia3 (magenta) on Taxol-assembled microtubules (green).

(D and E) Cells expressing the nonphosphorylatable 2A-mDia3 mutant at FH2 domain cannot congress all chromosomes to the metaphase plate. Replacing

endogenous mDia3 with siRNA-resistant 2A-mDia3 resulted in metaphase chromosome alignment defect. Fixed cells were stained with an anti-centromeric

antibody (ACA, red), tubulin (green), and DNA (DAPI, blue). Cells were characterized as fully aligned, class I unaligned, and class II unaligned (D). In (E), data repre-

sent the mean percentage of cells (mean ± SD, n R 50 cells for each of three independent transfections).

Developmental Cell

Aurora B Phosphorylates mDia3
spacing. We determined amean separation of 0.74 ± 0.11 mm for

unattached kinetochore pairs of control cells using ACA as

a kinetochore marker. This value was increased to 1.97 ±

0.16 mm when both sister kinetochores became attached and

aligned at the metaphase plate; however, inter-kinetochore

spacing on fully aligned chromosomes in cells expressing 4E-

mDia3 was substantially decreased (1.44 ± 0.17 mm) (Figure 6B).

We next used indirect immunofluorescence to examine BubR1,

a mitotic checkpoint protein whose kinetochore localization

depends strongly onmicrotubule attachment and tension gener-

ation between sister kinetochores (Cleveland et al., 2003). In cells

expressing wild-type mDia3, BubR1 became almost undetect-

able on attached kinetochores when chromosomeswere aligned

at the metaphase plate (Figures 6C and 6D). In cells expressing
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4E-mDia3, however, BubR1 was detected on kinetochores of

aligned chromosomes at a high level comparable to that on unat-

tached ones (Figures 6Cand6D). BubR1 kinetochore localization

in cells expressing 4Emutant was still dependent on the Aurora B

kinase activity (Figure S4B). Finally, we assayed for the presence

of cold-stable microtubules. In control cells, cold-stable kineto-

chore microtubules were present on aligned chromosomes,

because kinetochore-microtubule fibers are preferentially stabi-

lized at 4�C; however, in cells expressing the 4E-mDia3 mutant,

only a few cold-stable microtubules remained after 10 min cold

treatment (Figure 6E). These results collectively demonstrate

that cells expressing the phosphomimetic 4E-mDia3 mutant,

which has a reduced ability to bind and stabilize microtubules,

can still form end-on kinetochore-microtubule attachment and
Inc.



Figure 6. Cells Expressing the Phosphomimetic mDia3 Mutant Lack Stable Kinetochore Microtubule Attachment

(A) Cells expressing the phosphomimetic 4E-mDia3mutant cannot satisfy themitotic checkpoint. Representative still frames of live cell microscopy of H2B-EYFP

HeLa cells transfected with WT-mDia3 or 4E-mDia3. Arrows point to chromosome outside the smooth plate.

(B) Quantification of interkinetochore distances (mean ± SD are shown, n = 10 cells for each of three independent transfections and at least five pairs of kinet-

ochores were measured from each cells).

(C) Transient expression of WT-mDia3 and 4E-mDia3 in cultured cells. BubR1 and ACA were observed by immunofluorescence with specific antibodies.

In merge: BubR1, green; ACA, red; chromatin was visualized with DAPI, blue.

(D) Quantification of the normalized integrated intensities of the kinetochore signals of BubR1 (±SD, 30 cells per condition and at least 10 kinetochores/cell,

p < 0.001).

(E) The cold stability of kinetochore microtubule connections in cells transfected with indicated mDia3 constructs (tubulin, green; ACA, magenta).
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are able to congress chromosomes to the metaphase plate;

however, they are unable to generate normal tension to support

the stability of kinetochore-microtubule attachment and to effi-

ciently remove thecheckpointproteinBubR1fromthekinetochore.

DISCUSSION

A formin protein mDia3, but not mDia1 or mDia2, has been re-

ported to localize to kinetochores from prometaphase to meta-

phase (Yasuda et al., 2004). In addition, siRNA-induced mDia3

knock down resulted in metaphase chromosome misalignment

(Yasuda et al., 2004). In view of the broad range of mDia func-

tions involving the abilities to interact with both actin filaments

and microtubules (Bartolini and Gundersen, 2009; Goode and

Eck, 2007), it was unclear whether the mitotic phenotypes was

a direct consequence of altered kinetochore behavior. The

evidence here supports a direct role for mDia3 in achieving

stable kinetochore-microtubule attachment and metaphase

chromosome alignment. Similar to what has been shown for
Develo
the activity of mDia formin underlying microtubule stabilization

in migrating cells (Bartolini et al., 2008), the mDia3 function at

the kinetochore is independent of its actin nucleation activity

(Figure 1). In contrast, the microtubule binding activity of

mDia3 and its interaction with EB1 are important for mDia30s
kinetochore function (Figure 3). Using immunodepletion and

reconstitution in cycled Xenopus egg extracts, EB1 and its

binding partner, APC, have been shown to play a role in meta-

phase chromosome alignment (Zhang et al., 2007). APC or

EB1 knock down using siRNA in mammalian cultured cells also

led to less compact metaphase plates (Draviam et al., 2006;

Green et al., 2005) and failure of chromosomes to reach the

metaphase plate (Green et al., 2005). In metaphase cells, EB1,

a microtubule tip-tracking protein, localizes only to the polymer-

izing plus ends of kinetochore microtubules during oscillations

away from the spindle poles (Tirnauer et al., 2002). This result

indicates that two distinct microtubule populations may exist

for the leading and trailing sister kinetochores; however, both

of them are stably attached. Thus, the interaction between
pmental Cell 20, 342–352, March 15, 2011 ª2011 Elsevier Inc. 349



Figure 7. Aurora BPhosphorylation at FH2Domain RegulatesmDia3

Function in Kinetochore Microtubule Attachment in Response to

Tension

Model: Aurora B phosphorylation at FH2 domain regulates mDia3 function in

kinetochore microtubule attachment in response to tension. Under tension:

bi-oriented sister kinetochores are pulled by microtubules in opposite direc-

tions, which increases the distance between the outer kinetochore and the

inner centromere, where Aurora B localizes. Thus, Aurora B cannot efficiently

phosphorylate substrates at the outer kinetochores, such as the Ndc80

complex and mDia3. These microtubule interactors will contribute to stable

kinetochore microtubule attachment. NOT under tension: in the misattached

state (syntelic or merotelic) that is not under tension, kinetochore substrates,

including the Ndc80 complex and mDia3, are phosphorylated because they

are in close proximity to Aurora B at the inner centromere. The Aurora B phos-

phorylation leads to reduced affinity of these proteins for microtubules, result-

ing in destabilization of attachments. How these phosphorylation sites are

subsequently regulated by kinetochore-associated phosphatase activity in

response to tension remain unresolved.
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mDia3 and EB1 may represent one mechanism that contributes

to stable microtubule attachment at kinetochores with polymer-

izing microtubules.

A group of protein complexes, termed KMN network (the KNL-

1, Ndc80, andMis12 complexes), has been proposed to serve as

a core microtubule binding apparatus at the kinetochore for

stabilizing end-on microtubule attachment (Joglekar et al.,

2010). Whether the KMN network is sufficient for this function

is not clear, given the dynamic nature of attached microtubules

and the weak affinity of the Ndc80 complex for microtubules in

in vitro assays (Ciferri et al., 2008; Powers et al., 2009). Recent

studies have demonstrated a critical role for the Ska1/RAMA

complex in interacting dynamic microtubules to the kinetochore

(Daum et al., 2009; Gaitanos et al., 2009; Raaijmakers et al.,

2009; Welburn et al., 2009) to facilitate microtubule depolymer-

ization-coupled motility (Welburn et al., 2009). The contribution

of Ndc80 to the plus end-tracking activity of the kinetochore is

unknown. The yeast Dam1 complex has been shown to confer

microtubule plus end-tracking activity to Ndc80 (Lampert et al.,

2010); however, no homolog of the Dam1 complex has yet

been identified in mammals. In the future, it will be important to

determine how mDia3-EB1-APC and the Ndc80 complex are

coordinated in contributing to kinetochore microtubule attach-

ment and microtubule dynamics, particularly at kinetochores

with polymerizing microtubules.

Although we do not have an mDia3 microtubule-binding-defi-

cientmutant to directly test the importance ofmDia3microtubule

activity in stable kinetochore microtubule attachment, the

requirement of mDia3 regulation by Aurora B phosphorylation

for normalmitotic progressclearly supports this hypothesis.Cells
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expressing the phosphomimetic mDia3 mutant, which has

reduced microtubule binding and stabilization activities, cannot

form stable kinetochore microtubule attachments and show

reduced inter-kinetochore stretching and high level of BubR1

signal even at apparently attached kinetochores (Figure 6). These

cells are clearly able to form end-on kinetochore-microtubule

attachments, for they can generate about half the tension

compared to wild-type cells and congress to the metaphase

plate. However, the reduced tension suggests that the nonphos-

phorylatedmDia3, possibly along with EB1 and APC, plays a role

in force generation between sister kinetochores, which is essen-

tial in stabilizing the attachment and dissociating mitotic check-

point proteins, such as BubR1, from the kinetochore. Further,

wehave shown that AuroraBphosphorylation ofmDia3 is depen-

dent on kinetochore tension in response to microtubule attach-

ment (Figure 4). This result clearly supports the current models

that tension regulates Aurora B phosphorylation by separating

the kinase residing between sister kinetochores from its outer

kinetochore substrates (Liu and Lampson, 2009). This represents

the mechanism for Aurora B to destabilize improperly attached

kinetochore microtubules to correct attachment errors by phos-

phorylating kinetochore-associated microtubule interactors,

such as the Ndc80 complex and mDia3, to reduce their affinity

for microtubules in the absence of tension (Figure 7).

Besides two phosphorylation sites in mDia3 FH2 domain, two

more Aurora B phosphorylation sites, T66 and S196, are within

mDia3 N-terminal GBD-DID domains, which serve in mDia

formin autoinhibition through an intramolecular interaction with

C-terminal DAD domain (Alberts et al., 1998). The mDia formin

autoinhibition is relieved upon the binding of the small GTPase

at the N-terminal GBD domain (Watanabe et al., 1999). The

mDia3 kinetochore function has been reported to be regulated

under upstream control by Cdc42 (Yasuda et al., 2004).

However, it is unclear how membrane-bound Cdc42 is able to

interact with and activate the pool of mDia3 at the kinetochore.

To the best of our knowledge, there is no clear evidence to

support kinetochore localization of Cdc42. Further, we found

no significant increase in chromosome alignment defects

relative to those produced by mDia3 siRNA using either toxin B

treatment, which inactivates all Rho GTPases, or expression

of a dominant-negative N17-Cdc42 mutant in T98G cells

(S. Ahmad and Y. Mao, unpublished data). Thus, we speculate

that two Aurora B phosphorylation sites within mDia3 GBD-

DID domains, T66 and S196, could serve in regulating autoinhi-

bition, perhaps locally at the kinetochore. There is some

precedent for effects of formin phosphorylation on autoinhibi-

tion. In particular, autoinhibition of the mammalian FHOD1 has

been reported to be relieved by ROCK phosphorylation at the

C-terminal DAD domain (Takeya et al., 2008). It will be important

to understand how mDia3 activity is tightly regulated at the

kinetochore.

EXPERIMENTAL PROCEDURES

Plasmids

Human mDia3 cDNA (accession number BC117414) was cloned into Myc

mammalian expressing vector (Clontech) and subcloned into pGK vector

(with a GST tag) to express recombinant proteins in Escherichia coli. All

mDia3 mutants were generated using the QuickChange Kit (Stratagene) and

confirmed by sequencing.
Inc.
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Tissue Culture, Transfection, and Drug Treatment

T98G and HeLa cells were cultured in DMEMwith 10% FBS and 1% penicillin-

streptavidin at 37�C in 5% CO2. mDia3 siRNA were purchased from QIAGEN.

Transfection was carried using Lipofectamine 2000 (Invitrogen) according to

the manufacturer’s instruction. Transfected cells were identified with cotrans-

fection with a Ds-Red plasmid in 1:10 ratio. In all chromosome alignment anal-

ysis, 48 hr posttransfection, cells were treated with nocodazole to accumulate

mitotic cells for 4 hr and released into MG132 medium for 1 hr. Cells were then

fixed and subjected to immunofluorescence analysis. Nocodazole, monastrol,

and MG132 (Sigma) were added to a final concentration of 100 ng/ml, 100 mM,

and 10 mM, respectively. ZM 447439 (2 mM) was a kind gift from AstraZeneca

UK Ltd.

Immunofluorescence Microscopy and Live Cell Imaging

The antibodies were from Abcam except for the mDia3 antibody (Life Span

Bioscience). For indirect immunofluorescence, cells grown on poly-L-lysine-

coated coverslips were washed once with microtubule stabilizing buffer

(MTSB: 100 mM Pipes, 1 mM EGTA, 1 mM MgSO4, and 30% of glycerol),

extracted with 0.5% Triton X-100 in MTSB for 5 min, fixed with 4% formalde-

hyde in MTSB or methanol for 10 min, and blocked in TBS containing 0.5%

Tween-20 and 1% BSA (Sigma) for 1 hr. Coverslips were subjected to primary

antibodies diluted in blocking buffer for 1 hr, and to secondary antibodies

(Jackson ImmunoResearch Laboratories). Image acquisition and data analysis

were performed at room temperature using an inverted microscope (IX81;

Olympus) with a 603NA 1.42 plan Apo oil immersion objective lens (Olympus),

a monochrome CCD camera (Sensicam QE; Cooke), and the Slidebook soft-

ware package (Olympus). All images in each experiment were collected on

the same day using identical exposure time. Quantitative analysis of the immu-

nofluorescence was carried with the Slidebook software or ImageJ (NIH). For

quantification of kinetochore intensities, a circular region with fixed diameter

was centered on each kinetochore and normalized against ACA intensity after

subtraction of background intensity measured outside the cell. Similarly,

tubulin intensity was normalized against the area of the cell after subtraction

of background intensity. For live-cell imaging, HeLa cells stably expressing

H2B-EYFP were plated onto 35-mm glass bottom dishes (MatTek). Images

were acquired using a 403 NA dry objective lens every 2 min with a 37�C
chamber and were processed using Slidebook software. All statistical signifi-

cance of quantification experiments was verified by Student’s t test using

Microsoft Excel software.

In Vitro Kinase Assay and Mass Spectrometry

Purified GST-tagged mDia3 recombinant proteins were incubated with an

active Aurora B kinase (Abcam) in the presence of 5 mM MOPS (pH7.2),

2.5 mM b-glycerophosphate, 1 mM EGTA, 0.4 mM EDTA, 5 mM MgCl2,

0.05 mM DTT, 20 mM ATP, and 5 mCi 32P-ATP for 30 min at room temperature.

Reactions were terminated by addition of 23 sample buffer and subjected by

10% SDS-PAGE. Radioactive phosphate incorporated into mDia3 was visual-

ized by autoradiography.

Aurora B phosphorylated mDia3 proteins and purified mDia3 proteins were

recovered from the SDS-PAGE. The gel bands were reduced with 10 mM of

DTT and alkylated with 55 mM iodoacetamide, and then digested with

SequenceGradeModified Trypsin (Promega) in ammoniumbicarbonate buffer

at 37�C overnight. The digestion products were extracted twice with 0.1%

trifluoroacetic acid and 50% acetonitrile and 1.0% trifluoroacetic acid respec-

tively. The extracted mixture was dried by Speed-Vac and redisolved in 10 ml

0.1% trifluoroacetic acid. Half of the extracts were injected by LC-MS/MS

analysis. For LC-MS/MS analysis, each digestion product was separated by

a 60-min gradient elution with the Dionex capillary/nano-HPLC system at

a flow rate of 0.250 mL/min that is directly interfaced with the Thermo-Fisher

LTQ-Obritrap mass spectrometer operated in data-dependent scan mode.

The analytical column was a home-made fused silica capillary column

(75 mm ID, 100 mm length; Upchurch) packed with C-18 resin (300 A, 5 mm,

Varian). Mobile phase A consisted of 0.1% formic acid, and mobile phase B

consisted of 100% acetonitrile and 0.1% formic acid. The 60-min gradients

with 250 nL/min flow rate for B solvent went from 0% to 55% in 34 min and

then in 4 min to 80%. The B solvent stayed at 80% for another 8 min and

then decreased to 5% in 8 min. Another 6 min was used for equilibration,

loading and washing. The mass acquisition method was one FT-MS scan fol-
Develo
lowed by six subsequent MS/MS scan in the ion trap. The FT-MS scan was

acquired at resolution 30,000 in the Orbi-trap. The six most intense peaks

from the FT full scan were selected in the ion trap for MS/MS.

Microtubule Binding and Stabilization Activity Assays

For microtubule co-sedimentation assay, purified wild-type mDia3 or mDia3

phosphorylation mutants were mixed with Taxol-stabilized microtubules or

unpolymerized tubulin in BRB80 and incubated in room temperature for

30 min. Binding reactions were centrifuged over 40% sucrose/BRB80

10,000 rpm for 15 min at 35�C. Recombinant proteins in the pellet and super-

natant were analyzed by immunoblotting.

For microtubule stabilization activity assay, polymerization reactions were

performed with Taxol-stabilized seeds and rhodamine-labeled tubulin at

37�C for 1 hr and then incubated with purified mDia3 proteins with or without

pretreated with purified Aurora B. To assess microtubule stability to cold-

induced depolymerization, 2 ml of each reaction was squashed under a cover-

slip, and images were taken at equal exposure times on the imaging system

described above.
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