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Summary

Adenomatous polyposis coli (APC) and End-binding
protein 1 (EB1) localize to centrosomes independently
of cytoplasmic microtubules (MTs) and purify with

centrosomes from mammalian cell lines. Localization of
EB1 to centrosomes is independent of its MT binding
domain and is mediated by its C-terminus. Both APC and

interference reduces MT minus-end anchoring at
centrosomes and delays MT regrowth from centrosomes. In
summary, our data indicate that APC and EB1 are
functional components of mammalian centrosomes and
that EB1 is important for anchoring cytoplasmic MT minus

ends to the subdistal appendages of the mother centriole.

EB1 preferentially localize to the mother centriole and
EB1 forms a cap at the end of the mother centriole that
contains the subdistal appendages as defined bytubulin

localization. Like endogenous APC and EB1, fluorescent
protein fusions of APC and EB1 localize preferentially
to the mother centriole. Depletion of EB1 by RNA

Movies available online
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Introduction tubulin, localizes to the mitotic spindle and to cytoplasmic MT
Adenomatous polyposis coli (APC) protein is the product of #lus ends, and increases MT dynamicity and length (Schwartz
tumor suppressor gene that is mutated in colorectal cancetal., 1997; Tirnauer et al., 1999; Tirnauer and Bierer, 2000).
(Groden et al., 1991) and regulasatenin/T-cell-factor- Bimlp also localizes to both spindle poles and mediates
mediated gene expression by stimulafiagatenin degradation localization of its binding partner, Kar9p, to the spindle poles
(Polakis, 1999). In addition to this function, there is increasingHwang et al., 2003; Liakopoulos et al., 2003; Maekawa et al.,
evidence for another role of APC as an organizer of th@003). Phosphorylation of Kar9p by Clb4/Cdc28 regulates its
microtubule (MT) cytoskeleton. The C-terminus of APC has @symmetric enrichment at the older, bud-oriented spindle pole,
MT-binding site, and APC stimulates MT assembly androm where it is loaded onto cytoplasmic MTs that are then
bundling (Munemitsu et al., 1994; Zumbrunn et al., 2001). Irguided in a Kar9p/myosin-dependent manner along actin
epithelial cells, APC protein accumulates in cortical clusters aables to the bud (Hwang et al., 2003; Liakopoulos et al., 2003;
the tip of plasma membrane extensions (Nathke et al., 1998laekawa et al., 2003). Furthermore, Bim1p and Kar9p bind to
Barth et al., 1997a), indicating a role for APC in promotingthe cortex at the bud tip and mediate capture of mitotic MT
cell extension and migration (Barth et al., 1997b; Nathke et alplus ends at that site (Korinek et al., 2000; Lee et al., 2000).
1997; Pollack et al., 1997). A C-terminal binding partner ofThese Bimlp/Kar9p-mediated processes are important for
APC protein, End-binding protein 1 (EB1) (Su et al., 1995)spindle orientation and movement of the nucleus to the bud
localizes to polymerizing distal (plus) ends of MTs (Berruetaneck, thereby ensuring correct chromosome segregation from
et al.,, 1998; Morrison et al., 1998; Mimori-Kiyosue et al.,mother to daughter cell (Korinek et al., 2000; Lee et al., 2000;
2000) and can promote MT polymerization in vitro in theLiakopoulos et al., 2003). IrDrosophila the APC-EB1
presence of the C-terminal binding domain of APC (Nakamuraomplex might capture mitotic MT plus ends at specific
et al., 2001). The mechanism of EB1 localization to plus endsortical sites and thereby mediate spindle orientation (Lu et al.,
of MTs is unknown but it is independent of its association witt2001; McCartney et al., 2001).
APC (Berrueta et al., 1998; Morrison et al., 1998; Mimori- In mammalian cells, there is evidence that the APC-EB1
Kiyosue et al., 2000). complex mediates capture of mitotic MT plus ends at
Although little is known about the function of the APC-EBL1 kinetochores, thereby ensuring proper distribution of
complex in mammalian cells, more is understood in yeast anthromosomes to daughter cells (Fodde et al., 2001; Kaplan et
Drosophila The yeast homologue of EB1, Bimlp, birmls al., 2001). Mammalian EB1 localizes to centrosomes of
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Fig. 1. Preferential localization of APC and EB1 to a é} @
subset of centrioles. (A) Schematic representation of w\

centrosome duplication during the cell cycle and
localization of centrosome marker proteins. Pericentrin
andy-tubulin localize to the pericentriolar material Gl = G1/S S S/G2

(lilac area); centrin localizes to the centrioles (light blue

pericentrin / y-tubulin

tubes). MT-anchoring appendages on the mother B
centriole are marked in black. (B) Basal section of a
MDCK cell co-stained for APC (red) arnetubulin

(green). Arrowheads mark cortical APC clusters, arrow
marks localization of APC wititubulin. Bar, 1Qum.

Insets show another example of the centrosome region
of an MDCK cell at higher magnification. Barpg.

(C) Sections of U-2 OS cells showing the centrosome
regions of cells immunostained fgtubulin (green in
a-c), pericentrin (red in g-j) and centrin (green in d-f k-
m) and co-stained for APC (red in a-f) and EB1 (green
in g-m). Cells with two centrosomes marked by
pericentriolar pericentrin (red in g-j) gitubulin (green

in a-c) or with four centrioles marked by centrin (green
in d-f,k-m) are also shown. APC and EBL1 localize
preferentially to one of two centrosomes (a-c for APC,
g-j for EB1) and to two of four centrioles (d-f for APC)
or to one of four centrioles (k-m for EB1). See also
Movie 1 (http://jcs.biologists.org/supplemental). Bar,

2 pum.

APC Cen EB1 Cen
d @ k I

interphase and mitotic cells (Berrueta et al., 1998; Morrison atere transiently transfected with expression vectors for fusion
al., 1998; Askham et al., 2002), and recent studies indicate thgoteins between green fluorescent protein (GFP) and APC, between
it has a role in MT growth and minus-end anchoring aPiscosoma spred fluorescent protein (DsRed) and EB1 (Barth et al.,
centrosomes (Askham et al., 2002; Rogers et al., 2002). 2002) or between GFP and centrin (White et al., 2000; D’Assoro et

Centrosomes are the major MT nucleating structures in th%" 2001) using lipofectamine 2000 reagent as described by the

Il and d I le i tightl lat a;nanufacturer (Gibco BRL, Gaithersburg, MD). An MDCK cell line
cell and reproduce once per cell cycle In a ughtly requiatey;, qiapje expression of full-length EB1 fused to DsRed, used for

process (Fig. 1A). Centrosome duplication involves centriolg,e experiment shown in Fig. 6A, was made as described (Barth et al.,
duplication during S phase, centrosome maturation during Gibg7a).

phase and complete separation of the two centriole pairs with

associated pericentriolar material to form the spindle poles at =~

the onset of mitosis (Stearns, 2001). At the time of centrosonfntibodies

separation in late G2, each centrosome contains a mother anelyclonal rabbit antiserum was raised against a C-terminal fusion of
daughter centriole (Stearns, 2001). In the single centrosome #man EB1 to maltose-binding protein (MBP). The serum was
G1 cells, MT-anchoring activity is predominantly associate(Eart'a”y purified on MBP resin, tested by immunoblotting of purified

- . . Bl and cell lysates, and used for immunofluorescence at 1:50
with the older of the two centrioles, designated the mOthel, i “affinity-purified polyclonal rabbit antiserum to a central

cent_rl_ole (P'.el et al_., 20.00)' Cytoplasmic MTS are bound an PC domain (Nathke et al., 1996) was used at a 1:1000 dilution;
stabilized with their minus ends at specific structures, thg,,,se monoclonal antibody to EB1 (clone Ab-1: Oncogene Research
subdistal appendages, at one end of the mother centrigigogucts, San Diego, CA) at@ mi (immunoblotting of different
(Bornens, 2002). EB1 domains showed that this antibody recognizes the C-terminus of

Here, we show that both APC and EB1 are integraEB1; A. Barth, unpublished); mouse monoclonal antibody to EB1
components of mammalian centrosomes. Our results indica(@eckton Dickinson Biosciences Transduction Laboratories,
a new, unexpected role of APC and EB1 away from the corteexington, KY) at 1:100 dilution; mouse monoclonal antibodyto

centrosome. monoclonal antibody tg-tubulin (clone GTU88; Sigma) at 1:1000

dilution; mouse monoclonal antibody to centrin at 1:200 dilution
(clone 20H5; J. L. Salisbury, Mayo Clinic Foundation, Rochester,
. MN); rabbit polyclonal antibody to pericentrin at 1:200 dilution (T.
Matgrlals and Methods Stearns, unpublished); and rabbit polyclonal antibodsrttidbulin at

Cell lines and cDNA constructs 1:500 dilution (Chang and Stearns, 2000). Secondary antibodies
Growth conditions for Madin-Darby canine kidney (MDCK) type IlI/G against mouse, rat or rabbit IgG with minimal species cross-reactivity
cells, U-2 OS human osteosarcoma cells, SW480, HeLa S3 and Casupled to FITC or rhodamine were used at 1:200 dilution and
7 cells have been described previously (Barth et al., 1997a; Quintymeupled to Cy5 were wused at 1:100 dilution (Jackson
et al.,, 1999; Chang and Stearns, 2000; Elbashir et al., 2001). CellmmunoResearch, West Grove, PA).
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A - nocodazole + nocodazole Fig. 2. Localization of EB1 and its C-terminal binding partner APC
e to centrosomes is independent of intact cytoplasmic MTs.

(A) MDCK cells (a-c) and MDCK cells treated with nocodazole to
disrupt the MT cytoskeleton'ta’) were immunolabelled fax-

tubulin (a,8, APC (b,b) or EB1 (c,). Filamentous MTs (a), MT-
dependent cortical APC clusters (arrowheads in b) and MT plus-end
localization of EB1 (c) are disrupted by nocodazolelfack
arrowheads in'kx’). Localization of APC to cell-cell contact sites is
independent of intact MTs and seems to be enhanced in nocodazole-
treated MDCK cells (arrows in B)bBar, 50um. (B) Sections of
nocodazole-treated MDCK cultures shown in (A) were stained for
centrosome markesgstubulin (green in a-c) or pericentrin (red in d-f)
and co-stained for APC (red in a-c) or EB1 (green in d-f). APC and
EB1 remain localized around the centrosome in nocodazole-treated
cells, whereas their MT-dependent localizations are disrupted (see
A). Images in d-f show an example in which EB1 localizes to both
centrosomes of a cell. Barpn. (C) Section of a nocodazole-treated
U-2 OS cell expressing GFP-APC (green in a-c) stained with the
centriolar marker centrin (red in a-c). GFP-APC preferentially
localizes to one of the two centrioles in this cell [Movie 2
(http://jcs.biologists.org/supplemental)]. Banua.

i. Tubulin g

fractions and rhodamine-tubulin, and visualized directly with a Zeiss
Axioplan microscope (Carl Zeiss, Thornwood, NY). Rhodamine-

tubulin-labeled MT asters formed in assays containing centrosome
fractions but not in control assays, containing equal volumes of
fractionation buffer.

Depletion of EB1 by small interfering RNA and MT regrowth
after nocodazole washout

Small interfering RNAs (siRNAs) were transiently transfected into
HelLa S3 cells with Oligofectamine (Invitrogen, Carlsbad, CA) as
described (Elbashir et al., 2001) using 21 nucleotide duplex siRNAs
directed against human EB1 (Dharmacon Research, Lafayette,CO) or
a GFP control (Proligo, Boulder, CO). The EB1 siRNA was targeted
against the human EB1 sequence€-TEGCCTTGAAGAAA-
GTGAA-3', which is identical to mouse and rat EB1, and different
from human EB2 and EB3. Control cells were transfected with an
siRNA targeting the GFP sequence:-GCAGCACGACTTCT-

C cep-apc | Centrin TCAAG-3'. 120 nM siRNA was added to each 35 mm dish with 30%
confluent cultures. Medium was changed 1 day after transfection and
cells were passaged onto collagen-coated coverslips 2 days after
transfection. Levels of EB1 in cultures treated with SiRNA were
_— i b analysed by immunoblotting and by immunofluorescence 3 days after
transfection. In HeLa S3 cultures treated with SiRNA against EB1,

more than 90% of the cells were depleted of EB1. Western blots of
o sodium-dodecyl-sulfate (SDS) lysates from untreated HelLa cultures
Centrosome purification or cultures treated with siRNA against EB1 or control siRNA were
Centrosomes were purified from U-2 OS and MDCK cells asmmunoblotted with rabbit polyclonal antiserum to EB1 C-terminus
described elsewhere (Mitchison and Kirschner, 1986). In short, cellsnd mouse monoclonal antibody DM1A tetubulin (Sigma, St
were treated with 1g mi-! nocodazole and fig mt cytochalasin  Louis, MO) and secondary anti-rabbit Alexa Fluor 680 (Molecular
B for 90 minutes at 37°C, washed in PBS and lysed quickly irProbes, Oregon) and anti-mouse IRDye800 (Rockland,
low ionic strength buffer (1 mM Tris-HCI, pH 8, 8 mN\3- Pennsylvania). Immunoblots were scanned in a LI-COR infrared
mercaptoethanol, 0.5% NP40). Centrosomes in postnucle@mager (LI-COR Biosciences, NE). Inmunoblots were then reblotted
supernatant were concentrated by centrifugation onto a 20% Ficaollith mouse monoclonal antibody to actin (clone 4; Chemicon,
cushion and purified by fractionation in a 20-62.5% sucrose gradienTemecula, CA) and anti-mouse IRDye800. Bands were quantified
Sucrose fractions were collected and diluted in 10 mM Pipes, pH 7.2sing Odyssey software (LI-COR Biosciences, NE). Measurements
1 mM EDTA and 8 mMp-mercaptoethanol. Centrosomes were for EB1 anda-tubulin were normalized against actin measurements
pelleted onto coverslips through a 20% glycerol in BRB80 (80 mMo control for gel loading and blotting differences. Three days after
Pipes, pH 6.9, 1 mM EGTA, 1 mM Mgglcushion, fixed in cold transfection, cells transfected with EB1- or control-siRNA were
methanol and assayed by immunofluorescence as described beldm¢cubated with 331M nocodazole for 30 minutes at 4°C and 1 hour
Sucrose gradient fractions enriched for purified centrosomes wetg 37°C. Cells were then cooled to room temperature. Nocodazole was
tested for the ability to induce MT aster formationXienopusegg  washed out three times with fresh medium. After MT regrowth at
extracts. Briefly,Xenopusegg extracts were prepared as describedcoom temperature for 0 minutes, 10 minutes, 20 minutes or 30
(Murray, 1991), mixed on coverslips with aliquots of centrosomeminutes, cells were washed in PBS, pH 7.4, containing 2.7 mM KCI,
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1.5 mM KHPQy, 1 mM MgCh, 1 mM EGTA, 137 mM NaCl and deconvolution. Deconvolved optical sections were combined and

8.1 mM NaHPQ, and fixed in methanol at —20°C as described (Bartithree-dimensional (3D) reconstruction was performed through

et al., 1997a). Controls were performed in which the nocodazole wamlume rendering using Volocity 2.0.1 (Improvision, Lexington, MA).

not washed out or in which no nocodazole was added. Cells weB60° rotations at 5° intervals are provided online as supplementary

immunolabeled for EB1 with purified rabbit polyclonal antiserum tomaterial in form of QuickTime movies (http:/jcs.biologists.org/

EB1 C-terminus and fom-tubulin with mouse monoclonal antibody supplemental/). Representative optical sections or different angles of

DM1A. Cells were imaged using a Zeiss Axioplan microscope witlthe rotations are shown in Figs 1, 2, 5, 6. The 0° angles were set

a Zeiss Plan-Neofluar 180.3 oil objective (Carl Zeiss, Thornwood, arbitrarily. The resolution of the optics used is about Qua3in the

NY). Images were recorded with a Zeiss MRm camera usingy plane and about 0.@m in the x,z and y,z planes. Therefore,

AxioVision 3.1 acquisition software. Immunofluorescence images otructures smaller than O.m will appear elongated in theaxis. 3D

EB1 were taken with identical exposure times to allow the comparisorendered images of centrosomal proteins show their locations relative

of fluorescence intensity between images. Images presented shtmveach other but do not reflect the actual size of the structures marked

representative cells. Adobe Photoshop version 6.0 was used Iy them. This is only evident in the 3D rendered images in Fig. 5A

enhance the images, with linear adjustments in brightness and contrasd Fig. 6B,C, and in the movies in the supplementary material.

applied uniformly and equally to EB1 images of both the EB1-siRNA-

treated cells and the control cells. MT aster size was defined as the

area covered by MTs that emanated from a centrosome aftResults

nocodazole removal. MTs around centrosomes were outlined by hag} oterential localization of APC and EB1 to a subset of

using the Axiovision 3.1 software’s tracing tool. MT aster size was entrioles

analysed by measuring the outlined areas using Axiovision 3.9 . . . o

software (Carl Zeiss, Thornwood, NY). APC protein and its C-terminal binding partner EB1
Cos-7 cells were treated with the same siRNA as used on HelRreferentially localize to a subset of four centrioles in cells at

cells, which is directed against a conserved region in EB1, and contrtiie S/G2 stage of the cell cycle. MDCK cells (Fig. 1B), a well-

siRNA targeting the following sequence from GFP:G&CT-  characterized epithelial cell line, and U-2 OS cells (Fig. 1C),

ACGTCCAGGAGCGCACC-3 (Dharmacon Research, Lafayette, g cell line with well investigated centrosome structure (Chang

CO). Cells were transfected with SiRNA as.described for the He!—ﬁnd Stearns, 2000; Chang et al., 2003), were co-labeled with

cells and incubated for a total of 5 days, with a second transfectlf?:‘tibodies to APC and EB1, and to several centrosome

performed on the third day of incubation. In Cos-7 cultures treate : :
with SiRNA against EB1, around 30% of the cells were depleted o arkers. For every immunofluorescence experiment, a total of

EB1. EB1 was stained with rabbit polyclonal antiserum to EB1 C- 0-30 gells were analysed by 0pt_|cal sectioning and 3'.3 image
terminus, ana-tubulin was stained with mouse monoclonal antibody@nalysis. Fig. 1 shows DeltaVision-deconvolved sections of
DM1A (Sigma). A second experiment staining EB1 with mouseC€lls in which two centrosomes are close to each other. Each
monoclonal antibody (Transduction Laboratories) and tubulin with ra€entrosome is marked by either pericentriy-tubulin, which
monoclonal antibody YL 1/2 (Accurate Chemical & Scientific, label the pericentriolar material surrounding the centrioles, or
Westbury, NY) produced similar results. Immunolabeled cells werdyy two centrioles as labeled by centriole marker protein centrin
mounted in Vectashieldwith Dapi (Vector Laboratories, Burlingame, Fig. 1A). Notice that centrosome doubling occurs by
CA). Images were taken as described for the Hela cells. MYyyplication of the centriole pair during S-phase of the cell cycle
organization at the centrosome was categorized as either ‘focused’gﬁd so the number of centrioles indicates the cell cycle stage
‘diffuse’. A cell in which MTs were centrally focused towards agStearns 2001). APC co-localizes wifitubulin near the

distinct point in the nuclear periphery was classified as having | in Eig. 1B dql i ¢ tical clust .
focused MT organization. Conversely, a cell that lacked this centr ucleus (arrows in Fig. 1B) and localizes to cortical clusters in

focus point of microtubules and instead had a more uniform, broaflDCK cells (arrowheads in Fig. 1B) as shown previously
distribution of MTs around the nuclear periphery, was classified ag\Néathke et al., 1996; Barth et al., 1997a). APC and EB1 often
having a diffuse MT organization. localize preferentially to one of two centrosomes as marked by
the pericentriolar proteingtubulin (Fig. 1B insets, Fig. 1Ca-

, ¢ for APC) and pericentrin (Fig. 1Cg-j for EB1), and to one or
Immunofluorescence microscopy two of four centrioles in S/G2 cells (Fig. 1Cd-f for APC and
2x10° MDCK,U-2 OS or 510° SW480 cells were seeded onto22  Fjg  1Ck-m for EB1). 3D image analysis shows that APC
mm collagen-coated coverslips in 35 mm tissue culture dishes an raps around most of the centriole along its length in the form

fixed 12-16 hours later. Cells were rinsed once in PBS pH 7.4 (2. B .
mM KCl, 1.5 mM KHPOy, 1.5 mM MgCh. 1 mM EGTA, 137 mM f a U-shaped tube that is open at one end and more closed at

NaCl and 8.1 mM NaHP4%), fixed 5 minutes in methanol at —20°C the other [Movie 1 (htt_p://]gS.b|oIog|sts.org/supplemental/)].
and then rinsed once in PBS with 0.1% Triton X-100. Cells werdVe also observed partial alignment of APC with a second
washed three times in PBS and blocked for 20 minutes at roo@€ntriole along its length (Movie 1; see also Fig. 6B and Movie
temperature in PBS with 1% bovine serum albumin and 2% goat). This distribution is typical of proteins that preferentially
serum. Cells were labeled for immunofluorescence as describédcalize to the older, mother centriole in G1 cells and are then
elsewhere (Barth et al., 1997b). Cells were mounted using Vectashieldcruited to the new mother centriole in the second centrosome
(Vector Laboratories, Burlingame, CA) and analysed with a Zeisgn a cell cycle-dependent manner some time after centriole

Axioplan (Carl Zeiss, Thomwood, NY) using a Zeiss Plan-Neofluaryyplication (Mogensen et al., 2000; Piel et al., 2000; Nakagawa
63x/1.25 oil objective and a Zeiss AxioCam MRm camera or with a5t 41 2001: Chang et al., 2003).

Delta Visioril full-spectrum optical sectioning microscope system

(Applied Precision, Issaquah, WA; Beckman Center Cell Sciences

Imaging Facility) using Olympus PlanApo Q.4 oil or :

UPlanApo10@/1.35 oil objectives, 16 auxiliary magnification and APC and EB1 ar.e integral components of Centrosorlnesl
a Photometrics CH350 CCD camera (Photometrics). Optical sectiod8 order to define whether APC and EB1 localization to
were taken at 0.pm step size and deconvolved using constrainedcentrosomes is dependent on intact cytoplasmic MTs, MDCK
iterative Applied Precision SoftWoRx version 2.5 softwarecells (Fig. 2A,B) were treated with the MT-disrupting drug
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Fig. 3.EBL1 and its C-terminal binding partner
APC co-purify with centrosome€entrosomes
were purified from nocodazole-treated MDCK
cells (a-0) or U-2 OS cells'(a’), stained for the
centrosome markegstubulin (green in a-c\&'),
centrin (red in d-f,df") or pericentrin (red in g-
n,g-n") and co-stained for APC (red in a‘ega
and green in d-f/ef'), EB1 (green in g-j,g') or
p15@lueddynactin (green in k-n'k’). Most of
the purified centrosomes contain APC and EB1
(white arrowheads in a-j;§). An example of a
centrosome without APC is shown (black
arrowhead in d-f). By contrast, most of the
centrosomes have little p188eddynactin
(arrows in k-n,kn’) or no p156'veddynactin
(black arrowheads in k-n). Examples of
centrosomes that contain pE3&ddynactin are
shown (white arrowheads ir+R'). Purified
MDCK (0) or U-2 OS (6 centrosomes are
functional as measured by induction of MT aster
formation in vitro (0,0. Bar, 10um.

Pericentrin
treatment (Fig. 2Ba-c for APC and Fig. 2Bd-
f for EB1). This result shows that APC
and EB1 localization to centrosomes is
independent of intact cytoplasmic MTs and
indicates that APC and EB1 are integral
centrosome components.

As a second approach to examine APC
distribution, GFP-APC was expressed in
U-2 OS cells. We analysed 14 U2-0OS
cells expressing GFP-APC and observed
preferential localization of GFP-APC to a
subset of centrioles in every case.
Nocodazole-resistant centrosomal GFP-APC
localizes preferentially to one of two
centrioles and tightly covers the centriole
along its length similar to the distribution of
endogenous APC [Fig. 1C, Fig. 2C; compare
Movie 2 (http://  jcs.biologists.org/
supplemental/) to Movie 1 (http://
jcs.biologists.org/supplemental/)].

We sought direct evidence that APC and
EB1 are centrosome components by purifying
centrosomes from nocodazole-treated MDCK
cells (Fig. 3a-0) and U-2 OS cells (Fig.'-3a
o). Purified centrosomes were active as
defined by their ability to assemble
rhodamine-tubulin labeled MT asters in vitro
(Fig. 30,0) and contained centrosome
markers y-tubulin, centrin and pericentrin
(Fig. 3b,b,e,&,h,H,m,m). APC co-purified
with most centrosomes from MDCK cells
(Fig. 3a-f, white arrowheads) and U-2 OS
nocodazole and co-stained for MT, APC or EB1, anccells (Fig. 3&f', white arrowheads); an example of a
centrosome markers. Nocodazole treatment completelgentrosome without APC is also shown (Fig. 3d-f, black
disrupted the filamentous network of cytoplasmic MTs (Figarrowhead). EB1 also purified with most centrosomes from
2Aa,d), MT-dependent localization of APC to cortical clustersMDCK cells (Fig. 3g-j, white arrowheads) and U-2 OS cells
(Fig. 2Bb,B) and (Nathke et al., 1996), and MT plus-end(Fig. 3d-j', white arrowheads). However, we observed less co-
localization of EB1 (Fig. 2Ac,y However, centrosome purification of p156€ddynactin with centrosomes from
localization of APC and EB1 was resistant to nocodazol®DCK or U-2 OS cells (Fig. 3k-n for MDCK and Fig. '3k

Pericentrin
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for U-2 OS). These results indicate that APC and EB1 ar
integral components of centrosomes in both cell type
examined and might even be more tightly associated wit
centrosomes than another centrosomal protein 4850
dynactin.

The C-terminus of EB1 mediates its localization to
centrosomes

Localization of EB1 to centrosomes is MT independent and s
we expressed DsRed fusions of full-length EB1 and the N- ar
C-terminal domains of EB1 in MDCK cells to determine which
domain mediates EB1 localization to centrosomes (Fig. 4). W
have shown previously that the N-terminal domain (EBINT,
localizes to MTs but not to cortical APC clusters, and that th
C-terminal domain (EB1CT) binds to and localizes with APC
but not to MTs (Barth et al., 2002). DsRed-EB1 formed a ring
aroundy-tubulin and localized along MTs emanating from the
centrosome (Fig. 4a-c). DsRed-EBINT also localized alon
MTs emanating from the centrosome but was excluded fror
the centrosome area at the center of these MTs (Fig. 4d-
We have shown previously that, with increasing levels o
overexpression, the distributions of DsRed-EB1 and DsRed
EBLINT are less restricted to MT plus ends and becomeig. 4.EBL1 localization to the centrosome is mediated by its C-
increasingly localized along MTs (Barth et al., 2002).terminal domain. Sections of MDCK cells expressing full-length EB1
However, even in cells expressing high levels, we did not detefitsed to DsRed (DsRed-EBL, red in a-c), the N-terminal domain of
DsRed-EB1NT around the centrosome (Fig. 4d-f). By contrasEB1 fused to DsRed (DsRed-EB1NT, red in d-f) or the C-terminal

DsRed-EB1CT, which does not co-align with MTs (Barth etdomain of EB1 fused to DsRed (DsRed-EBICT, red in g-j). Cells
al., 2002), strongly localized to the centrosome area aq‘ﬂere.co'Sta'”ed fortubulin (green in b,c,e,f,h,j). DsRed-EB1
ocalizes along MTs (arrows in a,c) and forms a ring around the

fﬁrmeﬁ aémg ar_ourlld-dtubu!ln (F'%'. 49-j). Th'slreSllj.lt |n.d|catesh centrosome (white arrowheads in a-c). DsRed-EB1NT localizes along
that the C-terminal domain mediates EB1 localization to thgrg (arrows in d,f) but does not localize around the centrosome

centrosome and that this localization is independent of EBLg|ack arrowheads in d-f). DsRed-EB1CT does not localize along
ability to bind MTs. Notice also that DsRed-EB1 and DsRedMTs but forms a ring around the centrosome (white arrowheads in g-
EB1CT, similar to endogenous EB1, often preferentiallyj). DsRed-EB1 and DsRed-EB1CT show preferential localization to
localize to one of two centrosomgtubulin spots (Fig. 4a-c, one of the two centrosomes in a cell (insets in a-c for DsRed-EB1 and
insets, for DsRed-EB1 and Fig. 4g-j, insets, for DsRedinsets in g-j for DsRed-EB1CT). Bar, fitn.

EBLCT,; see also Fig. 6A for DsRed-EB1).

Tubulin

DsRed-EB1CT

the subdistal appendages [Fig. 6C, Movie 5 (http://
APC and EB1 localize close to the mother centriole jcs.biologists.org/supplemental/)].
We examined whether the pattern of centrosomal EB1 staining Recruitment oE-tubulin to the new centrosome is cell-cycle
in S/G2 cells is due to its localization to the mother centrioleregulated and occurs only after exit from S phase (Chang et al.,
U-2 OS cells expressing GFP-centrin as a marker for centriol&003). EB1 has a distribution similar to thatssfubulin at
were treated with nocodazole to disrupt EB1 localization talifferent stages of centrosome maturation (Fig. 5C) but the
cytoplasmic MTs and then co-labeled for the mother centriolappearance of-tubulin seems to precede that of EB1 at the
marker e-tubulin (Chang et al., 2003) and endogenous EBhew centrosome (Fig. 5Cd-f). In 25% of cells analysed-for
[Fig. 5A, Movie 3 (http://jcs.biologists.org/supplemental/)]. tubulin and EB1 localizatiorg-tubulin localized to the second
Although both proteins localize to the same end of the mothaentrosome without EB1. However, we did not find an example
centriole, their distribution at this end is different. EB1 formsin which EB1 was at the second centrosome witkdgubulin.
a cap at the end of the mother centriole attdbulin folds  Furthermore, preferential localization to the mother centriole
around the centriole at the same end [Movie 3 (http:/is maintained in cells overexpressing EB1l. DsRed-EB1,
jcs.biologists.org/supplemental/)]. As determined previoushexpressed in MDCK cells, co-localized with the mother
by immunoelectron microscopy-tubulin localizes to the centriole marker p1%#“eddynactin (Quintyne et al., 1999;
subdistal appendages (Chang et al., 2003) that form a rif@uintyne and Schroer, 2002) to only one of two centrosomes
around one end of the mother centriole and anchomarked by pericentrin (Fig. 6Aa-d; see also Fig. 4, insets, for
cytoplasmic MT minus ends (Bornens, 2002). EB1 cappindsRed-EB1 ang-tubulin co-stain).
of the mother centriole was also observed in cells with In order to define whether APC co-localizes with EB1 to
intact cytoplasmic MTs |[Fig. 6C, Movie 5 (http:// the mother centriole, MDCK cells expressing DsRed-EB1
jcs.biologists.org/supplemental/)]. In some of these cellsywere co-immunolabeled for APC angtubulin or centrin.
additional filamentous EB1 extended out from the motheAPC and EBL1 preferentially localize to the same centrosome
centriole and might be bound along MTs anchored tenarked byy-tubulin (Fig. 6Ae-h) and to the same centrioles
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A angle of rotation (ccw)

L
C

supplemental/)]. EB1 and p1%8©ed dynactin cap the same
end of the mother centriole and, in some cells, we observed
additional filamentous EB1 and pI®¥¢ddynactin extending

out from the mother centriole that might be bound to MTs
anchored to the subdistal appendages [Fig. 6C, Movie 5
(http:// jcs.biologists.org/supplemental/)].

In summary, these results show that EB1 and APC
preferentially localize close to the mother centriole and are
recruited to the mother centriole in the new centrosome some
time after centriole duplication. We analysed U-2 OS and
MDCK cells by 3D reconstruction of their centrosomal regions
for localization of APC or EBL1 at a second of two centrosomes,
as defined by-tubulin or pericentrin label, or a second of four
centrioles, as defined by centrin label. Notice that, although
there is often little APC or EB1 at the second centriole/

centrosome in S/G2 cells, we found only 886235) of cells

had no APC at the second centrosome, whereas B528)

of cells had no EB1 at the second centrosome, indicating that,
similar to e-tubulin preceding EB1 at the second mother
centriole, APC might precede EBL1 localization to the second
mother centriole (Fig. 6Ae-h).

S
=T EB1
b .

APC-EBL1 interaction is not essential for localization of
APC and EBL1 to centrosomes

In order to define whether APC-EB1 interaction mediates the
localization of APC and/or EB1 to centrosomes, we analysed
Fig. 5.EB1 localizes to the mother centriole. (A) Centrosome region centrosome localization of endogenous truncated APC (N-
of a nocodazole-treated U-2 OS cell expressing GFP-centrinasa  APC) and EB1 in SW480 cells (Fig. 6D). The human

marker for centrioles (blue) and co-immunostained for EB1 (red) andcolorectal cancer cell line SW480 expresses a stable form of
for the mother centriole witb-tubulin (green). Sections of this region ApcC truncated at codon 1338 (N-APC) that is recognized by
were deconvolved and recombined in a 3D rendering. Multiple anglegpcz antiserum (Rubinfeld et al., 1993). N-APC does not have
of a counterclockwise (ccw) rotation show that EB1 localizes swith the C-terminal microtubule and”EBl binding sites. N-APC

tubulin to one end of the mother centriole. EB1 caps this end of the lued - .
mother centriole like a wizard’s hat, whereasibulin forms a more EB1 and p15@ uedlocalize to centrosomes in SW480 cells,

ring-like structure around the same end) @chematic representation indicating that APC-EB1 interaction is not essential for the

of 3D localization of proteins shown in A at the 0° angle. See Movie d0calization of these proteins to centrosomes.

(http://jcs.biologists.org/supplemental) for a 360° rotation and

Materials and Methods for the resolution limits of the optical system.

(B) Schematic representationssfubulin distribution (green) during ~ MT regrowth from centrosomes is inhibited in cells

centrosome maturation as shown in the three panels in (C). (C) U-2 depleted of EB1

OS cell seqtlons sh0W|'ng different c.entrosom.e maturathn stages asTg examine EB1 function at the centrosome, we analysed MT

g“:crlt‘igﬂsbgr'é“;?:o“gf;ﬁ:ghngoﬁgéEu(lr'g d(?rr]ebeg g]faﬁcj')dtg%é)f'ine gy regrowth from centrosomes following nocodazole washout in

localization during centrosome maturation."l’lhé’fir’st column shows Hela S3 cells d'e'pleted of I.EBl' Hela .83 gells were used

increasinge-tubulin accumulation at the second mother centriole because very eff|C|e_nt depletion of protel_n using siRNA has

(a,d,g). The second and third columns show that EB1 has a similar P€en shown before in these cells (Elbashir et al., 2001). HeLa

distribution pattern te-tubulin at different maturation stages (b-j) but Cells incubated with siRNA against EB1 showed an eightfold

thate-tubulin precedes EB1 at the second mother centriole (c,f,j). In reduction in the total level of EB1 compared with untreated

three out of 12 analysed celtstubulin was localized to the second  cultures or cultures treated with control siRNA (Fig. 7A).

centrosome, with EB1 being only at one centrosome. Bam.2 There was no significant change in the total level of tubulin or
actin in the EB1 siRNA-treated cultures.

Fig. 7B,C show the time course of MT regrowth at room
marked by centrin (Fig. 6Aj-n). The mother centrioletemperature in cells incubated with control siRNA (Fig. 7B)
localization of APC was confirmed by co-staining U-2 OScompared with cells depleted of EB1 (Fig. 7C). 10-30 minutes
cells expressing GFP-centrin for the mother centriole markeafter nocodazole washout, we observed pronounced MT
pl5@ueddynactin (Quintyne et al., 1999; Quintyne andregrowth in control cells, whereas MT asters remained small
Schroer, 2002) and for APC [Fig. 6B, Movie 4in cells depleted of EB1 (Fig. 7B,C). MT regrowth was
(http://jcs.biologists.org/supplemental/)]. APC preferentiallyquantified 20 minutes after nocodazole washout by measuring
co-localizes with p158Ueddynactin to one of four centrioles the area of MT asters around centrosomes (Fig. 7D,E). Cells
but extends to a second centriole, indicating that APGepleted of EB1 (Fig. 7Dc-d, arrows) showed significantly
localization to the new centrosome precedes that of #1880  smaller MT asters, covering a mean area of 3% (n=15)
dynactin [Fig. 6B, Movie 4 (http:// jcs.biologists.org/ compared with 8.1am?2 (n=37) in cells incubated with control
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Fig. 6. APC localizes to the mother C
centriole. (A) APC co-localizes with Per/EB1/; V-T/EB1/, Cen/EB1/,
DsRed-EB1 to the mother centriole.
Sections of MDCK cells expressing DsR:
EB1 (red in a-n) showing the centrosome
regions immunostained for centrosome
markers pericentrin (blue in a-g}tubulin
(blue in e-h) or centrin (blue in j-n) and c
stained for the mother centriole marker
p15@lueddynactin (green in b-d) or APC
(green in f-h,k-n). DsRed-EB1 co-localizt
with p15¢°lueddynactin at only one of the
two centrosomes stained by pericentrin (
d). DsRed-EB1 and APC preferentially
localize to the same of two centrosomes
marked byy-tubulin (e-h) and to the same
two centrioles of four centrioles marked |
centrin (j-n). APC precedes EB1 at the
second centrosome (e-h). Only two out ¢
25 analysed U-2 OS and MDCK cells in
asynchronous cultures had no APC at th
second centrosome, whereas seven out
28 analysed cells had no EB1 at the sec
centrosome, indicating that APC localize
earlier to the second mother centriole the  180°
EBL1. Bar, Ium. (B) U-2 OS centrosome

region expressing GFP-centrin as a marl

for centrioles (blue) and co-immunostain

for APC (green) and for the mother o
centriole with p156'“eddynactin (red). 270
Sections of this region have been

deconvolved and recombined in a 3D

rendering. The first column shows four

centrioles in multiple angles of counterclockwise (ccw) rotation, with the two central cer D
too close to each other to be resolved as separate spots. The second and third column:

that APC tightly surrounds the mother centriole as marked by§¥Ed@ynactin and extends

to a second centriole. (BSchematic representation of 3D localization of proteins shown i

at a 205° angle. See Movie 4 (http://jcs.biologists.org/supplemental) for a 360° rotation
Materials and Methods for the resolution limits of the optical system. (C) U-2 OS centro
region expressing GFP-centrin as a marker for centrioles (blue) and co-immunostained
(green) and for the mother centriole with p&964dynactin (red). Sections of this region he
been deconvolved and recombined in a 3D rendering. The first column shows two centi
multiple angles of ccw rotation. The second and third columns show that EB1 and
p15@>ueddynactin cap one end of the mother centriole and continue in a MT-like filamer
extension from this end of the centriole!)(Schematic representation of 3D localization of
proteins shown in C at a 0° angle. See Movie 5 (http://jcs.biologists.org/supplemental) f

360° rotation. (D) APC-EBL1 interaction is not essential for localization of APC and EB1
centrosomes. SW480 centrosome regions were co-immunostained for the centrosomal inairers

y-tubulin (green in a,c) or pericentrin (green in d,f,h,j) and APC (red in b,c), EB1 (red in e,f) &p466d in i,j). N-APC, EB1 and
p15@luediocalize to centrosomes in SW480 cells that express a truncated form of APC without the EB1 binding site.
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siRNA (Fig. 7E); in a second independent experiment, theninus ends at the centrosome, we analysed MT minus-end
mean aster area was 14m? (n=11) in cells depleted of EB1 focusing at centrosomes in Cos-7 cells depleted of EB1. In
compared with 17.7um? (n=25) in control cells. Cells not interphase cells of fibroblast origin, such as Cos-7 cells, most
responsive to siRNA in cultures incubated with EB1 siRNAMT minus ends remain anchored at the centrosome so that the
exhibited normal MT regrowth (cell marked by asterisk in Fig.centrosome is a central focus point of cytoplasmic MTs
7Dc,d). MT regrowth was delayed in EB1-depleted cells angQuintyne et al., 1999). Therefore, MT anchoring defects are
an interphase MT network eventually forms (R. K. Louie, V.easily detectable in these cells. Cos-7 cells depleted of EB1
Votin and A. I. M. Barth, unpublished). showed a significant increase in the number of cells in which
MTs are not focused efficiently at the centrosome (Fig. 8A,

_ _ S compare cells marked ‘F’ for focused MTs in control-siRNA-
MT minus-end-anchoring at centrosomes is inhibited in treated cultures with cells marked ‘D’ for diffuse MTs in EB1-
cells depleted of EB1 depleted cells). 67% of the EB1-depleted ceitsl08) showed
In order to analyse whether EB1 has a role in anchoring Mdefects in MT anchoring at the centrosome, whereas only 21%
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Fig. 7. Depletion of EB1 with A
small interfering RNA inhibits

MT regrowth from 1 2 3 kDa
centrosomes after nocodazo .
washout. (A) SDS lysates fra tubulin- 50

untreated HeLa cultures (1) actin-
and cultures incubated with
control (2) or EB1 (3) siRNA EB1-
were immunoblotted for EB1

(red), tubulin (green) and act
(green). EBL1 levels were
reduced in cultures treated
with siRNA against EB1.
Polyclonal antiserum to EB1
showed weak cross-reaction

-38
26

E 100~

90

with a second slower migratil o 804 []

protein (red signal above S B Control

actin), which was not reduce 8 60 - DEBI Knock down
in response to EB1 siRNA. S 504

(B,C) HeLa cells incubated 2 40

with siRNA against GFP as & & 304

control (B) or with siRNA N {o pin N 20 -

against EB1 (C) were treatec 10 ﬂ

with nocodazole to 0

depolymerize MTs, incubatet
at room temperature for the
indicated times after
nocodazole removal to allow
regrowth of MTs and
immunostained foo-tubulin
(green) and EB1 (red). Some cultures were incubated with siRNA but not treated with nocodazole (—Noc) to control foropre$&fiati
during fixation and, in some cultures, the nocodazole was not washed out (—wash) to control for MT regrowth during thevéimeeheded
for the washes (compare ‘~wash’ to ‘O minutes’). Immunofluorescence images of EB1 were taken with identical exposureldimes to al
comparison of fluorescence intensity between images. (D,E) Analysis of MT aster areas after 20 minutes of regrowth at rabmetempe
Hela cells incubated with siRNA to GFP (a,b) or siRNA to EB1 (c,d) were immunostained for EB1 (ayefuéndtin (b,d). Arrows mark
cells depleted of EB1; an asterisk marks an unaffected cell with regular EB1 level in the same culture. (E) The areag Wdvesterb in
EB1-depleted cells were compared with the areas covered by MT asters in cells of control cultures incubated with siRNFotdr&FP.
n=37; EB1 knock dowm=15.

6/ ':P/ /0 /‘)’ LA

o
D4 5

Aster Size Area (j.lmz)

(n=101) of EB1 RNA-interference-treated cells that did notcentrosomes (Tighe et al., 2001). The reason for this difference
show depletion (unaffected) and 21% of cells in the controtould be that full-length endogenous APC is less enriched at
culture ©=165) had an unfocused cytoplasmic MT networkcentrosomes than N-APC mutant protein. Furthermore, Tighe
(Fig. 8B); in a second, independent experiment, 89% of thet al. might have missed its localization using conventional
EB1-depleted cellsnE47) had an unfocused MT network epifluorescence microscopy without optical sectioning (Tighe
compared to 10% of EB1-siRNA-treated but unaffected cellgt al., 2001).
(n=29) and 31% of control cell®£118). Centrosome localization of EB1 is mediated by its C-
terminal domain but not by its N-terminal MT-binding domain

) _ (Fig. 4) (Askham et al., 2002). The EB1 C-terminus binds to
Discussion APC and to pl158ueddynactin, and binding of these two
APC and EB1 are integral components of centrosomes proteins to EB1 is mutually exclusive (Askham et al., 2002;
We have shown that both fu||_|ength endogenous and G|:|:Barth et al., 2002). Because both binding partners localize to
tagged APC and its C-terminal binding partner EB1 aré&entrosomes, either or both of them could contribute to EB1
retained at centrosomes after disruption of cytoplasmic MTdocalization at the centrosome. SW480 cells express only
and that APC and EB1 purify with functional centrosomegdruncated N-APC missing the microtubule and EB1-binding
from mammalian cell lines. We conclude that APC and EBEites. Analysis of N-APC, EB1 and pI¥&d localization to
are integral components of mammalian centrosomes. Ogentrosomes in these cells (Fig. 6D) shows that APC-EB1
results and the results of Tighe et al. (Tighe et al., 2001) ha\'y@tera_ction is not essential for localization of these three
shown that endogenous N-APC mutant protein in colon canc@foteins to centrosomes.
cell lines (Fig. 6D) and overexpressed N-terminal fragments of
APC (Tighe et al., 2001) localize to centrosomes. Therefore, ) )
the N-terminus of APC might be involved in mediating itsAPC and EB1 preferentially localize close to the mother
localization to centrosomes. In contrast to our results, Tighgentriole
et al. have not observed full-length endogenous APC &ignificantly, we have shown that both APC and EB1 localize
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A anchoring structures termed subdistal appendages,sand
tubulin has been localized to the subdistal appendages by
immunoelectron microscopy (Chang et al., 2003). (59
dynactin is part of the dynein-dynactin complex that mediates
minus-end-directed transport of cargo along MTs (Gill et
al., 1991), and dynein-based MT movement is involved in
centrosome-independent MT focusing (Gaglio et al., 1996).
10um However, centrosome p18@eddynactin seems to be required
EB1 knock down for MT anchoring and focusing at th_e centrosome independent
EB1 of dynein (Quintyne et al., 1999; Quintyne and Schroer, 2002).
Furthermore, recent studies indicate that EB1 is important for
MT minus-end anchoring at the centrosome (Askham et al.,
2002; Rogers et al., 2002) and that this function might be
mediated by a complex of EB1 with pB3¢9dynactin
10 um (Askham et al., 2002). We found that EB1 and 159
dynactin cap the end of the mother centriole containing the
subdistal appendages as defined-bybulin localization to the
same end. Furthermore, in cells with intact cytoplasmic MTs,
EB1 and pl58ueddynactin extend into the cytoplasm

Control

106 4
90 -
80

g 70 from this end of the mother centriole most likely coating

g 604 cytoplasmic MTs anchored to the mother centriole. However,

g 504 we also found that EB1 localization to the mother centriole is

£ 40 independent of these cytoplasmic MTs because it is retained
30 - at centrosomes when cytoplasmic MTs are disrupted with
20 nocodazole, but nocodazole treatment does not disrupt the
10 more stable centriolar MTs.

01— Centrosome maturation is cell-cycle regulated &hbulin

GFP RNAi  EBI RNAi  EB1RNAi is required for centriole duplication (Chang et al., 2003).

control - umaffected - knock down Recruitment ofe-tubulin to the new centrosome occurs after

Fig. 8. Depletion of EB1 with small interfering RNA reduces MT exit ]‘rom S phase (Chang et al., 2003). Differences in the
minus-end anchoring at the centrosome. (A) Cos-7 cells incubated rélative amounts of APC and EB1 that accumulate at the
with SiRNA against GFP as a control or with siRNA against EB1 ~ S€cond mother centriole indicate that APC starts to accumulate
were immunostained for EB1 (red), amdubulin (green) and co- at one side of the centriole and that it precedes EB1 and
stained with DAPI for DNA (blue). Immunofluorescence images of p150°“¢Jdynactin accumulation at the second centrosome/
EB1 were taken with identical exposure times to allow comparison mother centriole. EB1 was found at the second mother
of fluo_rescence intensity between images. Examples of cells with  centriole only when the centriole contairetlibulin, whereas
MT minus ends focused at the centrosome are marked as ‘F' and ¢.tpulin can localize to the second mother centriole without
‘ex,afmplefsr, of cells wﬁh reduced '\fT minus-end focusilare_rnarked aSEB1, indicating that it precedes EBL1 in its localization to the
D" for diffuse. (B) The number of ' and ‘D’ type cells with EBL second mother centriole during centrosome maturation.

knock down was quantified and compared with the number of these .
cell types in control cultures (‘GFP RNAI control’). Knock down It has been suggested that the mammalian APC-EB1

was defined by reduced immunostain for EB1 (EB1 RNAi knock ~ complex is a functional equivalent of the yeast Kar9p-Bim1p
down’) and cells in the EB1 siRNA-treated cultures that did not showgomplex (Gundersen and Bretscher, 2003). In budding yeast,
EB1 depletion were quantified as an internal control (EB1 RNAi  the EB1 homolog Bim1p localizes to both spindle pole bodies
unaffected’). Cells depleted for EB1 show reduced focus of MT (SPBs) and mediates localization of Kar9p to the SPBs.
minus ends at the centrosome. GFP RNAi contrel 65; EB1 Preferential accumulation of Kar9p at the older, bud-oriented
RNAI unaffectedn=101; EB1 RNAi knock dowm=108. SPB is regulated by Clb4/Cdc28 phosphorylation of the Bim1p
binding site in Kar9p. Clb4/Cdc28 localizes to the new SPB
and inhibits Kar9p binding to Bim1p at the new SPB (Hwang
close to the mother centriole at the centrosome and that theés al., 2003; Liakopoulos et al., 2003; Maekawa et al., 2003).
preferential localization is retained in cells overexpressindiar9p at the old SPB is loaded onto cytoplasmic MTs that are
fluorescent fusion proteins of APC or EB1. APC surrounds théhen guided in a Kar9p/myosin-dependent manner along actin
mother centriole like a U-shaped tube that often closes aroum@bles to the bud (Hwang et al., 2003; Liakopoulos et al., 2003;
one end of the centriole and remains open at the other. APCN&aekawa et al., 2003). Our results show for the first time
more tightly associated with the centrin-labeled core structurnat mammalian APC and EB1 preferentially localize to the
of the mother centriole than p1®eeddynactin. EB1 forms a older, mother centriole. Interestingly, the phosphorylation site
cap at the end of the mother centriole that might contain thesponsible for Kar9p localization to one SPB is conserved in
subdistal appendages as defined by its co-localizationewith APC and Cdc2 phosphorylation of APC reduces its affinity for
tubulin. However, further analysis at the ultrastructural level i€B1 (Trzepacz et al., 1997). Therefore, Cdc2 phosphorylation
needed to define whether EB1 localizes to the subdistalf APC might regulate its localization to the mother centriole
appendages. but further experiments are needed to test this hypothesis.
The mother centriole is defined by specific MT-minus-end- Our results also indicate some intriguing differences
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between APC-EBL1 localization at the mother centriole andcientist Training Program grant (GM07365) from the National
Bimlp-Kar9p localization at the SPB. We show that, ininstitute of General Medical Studies to R. K. Louie, a grant
mammalian cells, both APC and EB1 accumulate at th€&l32GM07276-27) from the Cell and Molecular Biology Training

older, mother centriole, indicating that APC localization atProgram to S. Bahmanyar and a grant from the NIH (GM52022) to

centrosomes is regulated differently from that of Kargp!- Steams.

localization to the SPBs. Furthermore, our results indicate that

APC can localize to the second mother centriole before EBL ¢

does. There is little homology between APC and Kar9p outsidg&ferences _

their EB1-binding sites and APC is a large protein withAskham. J. M., Vaughan, K. T., Goodson, H. V. and "4;{;'50”' E. §2002).
ltiole protein interaction sites. Further studies. bevond the EV|dence that an interaction between_EBl_and psbis required for the

muluple p Ies. [ » bey formation and maintenance of a radial microtubule array anchored at the

scope of the present analysis, will be required to dissect howcentrosomeMol. Biol. Cell 13, 3627-3645.

mother-centriole localization of APC and EBL is regulated an@arth, A. 1., Pollack, A. L., Altschuler, Y., Mostov, K. E. and Nelson, W.

to define whether APC has a similar function to Kar9p in J. (1997a). NH2-terminal deletion of beta-catenin results in stable

- . . colocalization of mutant beta-catenin with adenomatous polyposis coli
gwdlng cytoplasmlc MTs along actin cables towards the protein and altered MDCK cell adhesiah.Cell Biol.136, 693-706.

cortex. Barth, A. I., Nathke, I. S. and Nelson, W. J(1997b). Cadherins, catenins
and APC protein: interplay between cytoskeletal complexes and signaling
pathways Curr. Opin. Cell Biol.9, 683-690.

Role of EB1 in MT minus-end anchoring at the Barth, A. 1., Siemers, K. A. and Nelson, W. J(2002). Dissecting interactions

centrosome between EB1, microtubules and APC in cortical clusters at the plasma

. . . membraneJ. Cell Sci.115 1583-1590.
In order to investigate EB1 function at centrosomes MOr8qeta, L. Kraeft, S. K., Timauer, J. S. Schuyler, S. C., Chen, L. B.

closely, we depleted levels of endogenous EB1 by transfectionnii, b. E., Pellman, D. and Bierer, B. E.(1998). The Adenomatous
of small interfering RNA (siRNA) into HeLa S3 and Cos-7 Polyposis Coli-binding protein EB1 is associated with cytoplasmic and
cells. Depletion of EB1 in HelLa S3 cells strongly delayed MT spindle microtubulesProc. Natl. Acad. Sci. US®5, 10596-10601.

: . ornens, M. (2002). Centrosome composition and microtubule anchoring
regrowth from centrosomes. This delay in MT regrowth could mechanismsCurr. Opin. Cell Biol.14, 25-34.

be caused by a MT-anchoring defect resulting in dissociatioghang, p. and Stearns, T(2000). Delta-tubulin and epsilon-tubulin: two new

of MTs from the centrosome after nucleation and/or by less- human centrosomal tubulins reveal new aspects of centrosome structure and
efficient MT growth from centrosomes, because EB1 is function.Nat. Cell Biol.2, 30-35. ,
enriched at growing MT plus ends and promotes MT growttfang. P., Giddings, T. H., Jr, Winey, M. and Stearns, T2003). Epsilon-

. - . g . tubulin is required for centriole duplication and microtubule organization.
in yeast and ilXenopusxtracts (Tirnauer et al., 1999; Mimori-  \4t cell Biol.5 71-76.

Kiyosue et al., 2000; Nakamura et al., 2001; Tirnauer et alp'Assoro, A. B., Stivala, F., Barrett, S., Ferrigno, G. and Salisbury, J. L.
2002). The C-terminal EB1-binding domain of APC promotes (2001). GFP-centrin as a marker for centriole dynamics in the human breast
the effect of EB1 on MT growth in vitro and in permeabilized _ cancer ge'l'vl“”‘; ;';/'rg('):r'talaj'- JI-_eA:(?et-c E;‘bxo'ig%ﬁoillv%eber < and
mammalian cells, indicating that APC binding might be needed Tuschl, T. (2001). Duplexes of 21-nucleotide RNAs mediate RNA
for this funCt!On of EB1 (Nakamura et al., 2001). Because the interference in cultured mammalian ceMature411, 494-498.

centrosome is the major MT-nucleating structure in the cell, Bodde, R., Kuipers, J., Rosenberg, C., Smits, R., Kielman, M., Gaspar, C.,
pool of centrosome APC and EB1 might be required to ensurevan Es, J. H., Breukel, C., Wiegant, J., Giles, R. H. et a(2001).
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