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Mutations in the adenomatous polyposis coli (APC) protein occur early in colon cancer and correlate with chromosomal
instability. Here, we show that depletion of APC from cystostatic factor (CSF) Xenopus extracts leads to a decrease in
microtubule density and changes in tubulin distribution in spindles and asters formed in such extracts. Addition of
full-length APC protein or a large, N-terminally truncated APC fragment to APC-depleted extracts restored normal
spindle morphology and the intact microtubule-binding site of APC was necessary for this rescue. These data indicate that
the APC protein plays a role in the formation of spindles that is dependent on its effect on microtubules. Spindles formed
in cycled extracts were not sensitive to APC depletion. In CSF extracts, spindles predominantly formed from aster-like
intermediates, whereas in cycled extracts chromatin was the major site of initial microtubule polymerization. These data
suggest that APC is important for centrosomally driven spindle formation, which was confirmed by our finding that APC
depletion reduced the size of asters nucleated from isolated centrosomes. We propose that lack of microtubule binding
in cancer-associated mutations of APC may contribute to defects in the assembly of mitotic spindles and lead to
missegregation of chromosomes.

INTRODUCTION

Adenomatous polyposis coli (APC) is a tumor suppressor
protein that is frequently mutated in colon cancer (Polakis,
1997). Due to the efforts of many laboratories, a role for APC
in the regulation of �-catenin is well established (Bienz and
Clevers, 2000; Polakis, 2001). Consistent with an important
role for APC in affecting proliferation control, loss of APC
has been established as a cause for the formation of polyps
that invariably become malignant if left untreated (Fearn-
head et al., 2001). However, APC mutations are detected at
the earliest stage of polyp formation, 7–15 yr ahead of the
manifestation of malignant carcinomas in patients (Boland
and Kim, 1993). It is therefore likely that loss of APC at the
early stage promotes tumor formation at least in part by a
mechanism(s) that is independent of its activity as a regula-
tor of �-catenin–mediated transcription and proliferation.

In support of this idea, it has been recently discovered that
loss of wild-type APC correlates with chromosomal insta-
bility, a hallmark of colon polyposis (Fodde et al., 2001;
Kaplan et al., 2001; Shih et al., 2001). C-terminal APC trun-
cations similar to those found in tumors correlate with chro-
mosomal instability in mouse embryonic cells (Fodde et al.,

2001; Kaplan et al., 2001). The molecular mechanism relating
APC and chromosomal separation is not known.

APC has multiple, diverse binding partners. In addition to
proteins involved in the regulation of �-catenin (such as
�-catenin, axin, and GSK3�), APC binds directly to micro-
tubules (Deka et al., 1998; Zumbrunn et al., 2001), to the
microtubule binding protein EB1 (Su et al., 1995; Juwana et
al., 1999), and interacts with the kinesin microtubule motor
KIF 3a-3b via the adaptor protein KAP3 (Jimbo et al., 2002).
Furthermore, APC bundles and stabilizes microtubules in
vivo and in vitro (Deka et al., 1998; Zumbrunn et al., 2001).
These data have established APC as a bona fide microtu-
bule-associated protein, and this may relate to the mecha-
nism of APC function in chromosome segregation. Based on
the connections between APC and microtubules, we pro-
posed that APC might regulate some aspects of formation
and/or maintenance of mitotic spindles. Spindle defects
caused by loss of functional APC could result in the misseg-
regation of chromosomes in colon cancer cells, resulting in
chromosomal instability and aneuploidy. Indeed, aberrant
spindle structures have been reported in cells expressing
mutant APC (Fodde et al., 2001; Green and Kaplan, 2003).
Consistent with a proposed role for APC in spindle function,
APC localizes to different components of mitotic spindles:
APC has been detected on kinetochores (Fodde et al., 2001;
Kaplan et al., 2001) and in some cases on centrosomes
(Kaplan et al., 2001; Tighe et al., 2001, Louie et al., 2004).

Mitotic defects in tumor cells lines that express truncated
APC have been examined previously (Fodde et al., 2001;
Tighe et al., 2001; Green and Kaplan, 2003); however, the
direct consequence of loss of APC has never been explored.
Here, we investigate the relationship between loss of APC
and spindle defects. We show that in Xenopus egg extracts
arrested in metaphase of meiosis II (further referred to as
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“CSF [cytostatic factor] extracts”) depletion of APC results in
a number of alterations in microtubule assemblies that form
in these extracts. The DNA in CSF extracts is not replicated
and thus these assemblies do not represent a true mitotic
spindle. However, the actual organization of microtubules
in these spindles resembles that in mitotic cells in many
respects and thus they represent a valid model for studying
mitotic spindle formation (Sawin and Mitchison, 1991; Desai
et al., 1999).

The defects we observed when APC was depleted in-
cluded general loss of microtubule mass and redistribution
of microtubule density from the center of spindles toward
the poles. A direct effect of APC on spindle morphology was
further confirmed by our result that recombinant APC pro-
tein rescues the APC-depleted phenotype and that the effect
of APC on spindles is sensitive to the amount of APC
present. Changes in CSF spindle structure that result from
APC depletion can be attributed at least partially to direct
effects on the microtubule network because APC removal
also had an effect on asters formed in the absence of chro-
matin. Consistent with a role for APC in affecting spindle
microtubules, we found that a portion of APC localized to
spindle microtubules and the ability of APC to rescue CSF
spindle formation required an intact microtubule-binding
site. These data indicate the importance of APC–microtubule
interactions for its role in spindle morphology in CSF ex-
tracts. Interestingly, we could not detect an effect of APC on
spindles formed in cycled extracts. One explanation for this
discrepancy may be the differences in the mechanism that
govern spindle assembly in these two types of situations: in
CSF extracts, spindle formation is predominantly initiated
from asters, whereas in cycled extracts, microtubule poly-
merization is initiated from chromatin (Sawin and Mitchi-
son, 1991). Our data provide the first evidence for a direct
involvement of the tumor suppressor APC in spindle for-
mation and reveal aster-nucleated microtubules as an im-
portant target of APC in mitosis.

MATERIALS AND METHODS

Preparation of Rhodamine-labeled Tubulin
Pig brain tubulin was prepared by two polymerization/depolymerization
cycles and separated by phosphocellulose chromatography and labeled with
tetramethyl-rhodamine (Molecular Probes, Eugene, OR) as described previ-
ously (Hyman et al., 1991) followed by three cycles of polymerization and
sedimentation through glycerol cushion to remove unbound fluorochrome
and polymerization-incompetent tubulin. Labeled tubulin was resuspended
in BRB80 (80 mM K-PIPES, pH 6.8, 1 mM MgCl2, 1 mM EGTA) at �20 mg/ml.

Preparation of Demembranated Xenopus Sperm Nuclei
Xenopus sperm nuclei were prepared as described previously (Murray, 1991)
with the difference that for separation of sperm cells a Dounce homogenizer
was used. Demembranated sperm nuclei were resuspended in NBP (250 mM
sucrose, 15 mM K-HEPES, pH 7.4, 1 mM EDTA, 0.5 mM spermidine trihy-
drochloride, 0.2 mM spermine tetrahydrochloride, 1 mM dithiothreitol [DTT],
10 �g/ml leupeptin) containing 0.3% bovine serum albumin and 30% (wt/
vol) glycerol at a final concentration of 3 � 107 sperm nuclei/ml.

Preparation of Mitotically Arrested Xenopus Egg Extract
and Spindle Formation
CSF-arrested frog egg extracts were prepared following the guidelines de-
scribed previously (Desai et al., 1999; Swedlow, 1999). Only freshly prepared
extracts were used for spindle formation. Spindles were formed in the pres-
ence of 1–3 � 103 demembranated sperm nuclei and �0.4 �g of rhodamine-
labeled pig brain tubulin per 1 �l of extract by incubating the mix for 40–60
min at room temperature. When needed, various dilutions of APC proteins or
control vector in buffer containing 10 mM HEPES, pH 7.7, 1 mM MgCl2, 100
mM KCl, and 150 mM sucrose were added to the spindle assembly reaction
in a volume not exceeding 1/10 of the reaction volume.

For formation of spindles in cycled extracts, extracts were supplemented
with 0.1 mg/ml creatine kinase, demembranated sperm nuclei, and rhoda-

mine-labeled tubulin at the same concentration as described above. Cycling
was induced with 0.8 mM CaCl2 and progression through interphase was
monitored by examination of chromatin decondensation by using 4,6-dia-
midino-2-phenylindole (DAPI)-stained samples taken from the cycling ex-
tract. Sixty to 80 min after CaCl2 addition extracts were driven into mitosis by
addition of an equal volume of appropriate (mock- or APC-depleted) CSF
extract supplemented with rhodamine-tubulin. Spindles were isolated onto
coverslips as described below after 25–30 min.

Mitotic asters were prepared as described previously (Tirnauer et al., 2002).
Briefly, isolated centrosomes (kind gift from Dr. Jennifer Tirnauer, Harvard
Medical School, Cambridge, MA) were added to 25 �l of CSF or cycled
extracts containing rhodamine-labeled tubulin (Cytoskeleton, Denver, CO).
After incubation for 5 or 10 min at room temperature, 20 �l of extract was
diluted into 2 ml of BRB80 in 30% glycerol and mixed immediately. The
mixture was overlaid on cushions of 4 ml of 40% glycerol in BRB80 and spun
for 10� at 6000 � g onto poly-lysine–coated coverslips. After washing the
cushion interface repeatedly with BRB80/DTT, coverslips were fixed in meth-
anol at �20°C and rehydrated in PBS. Coverslips were mounted onto glass
slides and examined using a DeltaVision restoration microscope (Applied
Precision, LLC, Issaquah, WA). For immunostaining of spindles, extracts were
diluted and then fixed in 5% paraformaldehyde before sedimentation through
a 40% glycerol cushion onto glass coverslips as described previously (Desai et
al., 1999; Swedlow, 1999). Primary antibodies were diluted 1:1000 for rabbit
polyclonal anti-APC, 1:400 for anti-CenpE (kind gift from Dr. Don Cleveland,
Ludwig Institute University of California, San Diego, CA) and 1:330 for
Alexa-594-CenpA (a kind gift from Dr. Aaron Straight, Stanford University,
Stanford, CA).

APC Immunodepletion
Protein A affi-prep beads (20 �l ; Bio-Rad, Hercules, CA) or 100 �l of
dynabeads slurry (Dynal Biotech, Lake Success, NY) were loaded with 30–40
�g of affinity-purified anti-APC antibody (Näthke et al., 1996), mouse mono-
clonal affinity-purified anti-N-APC antibody O.T. 03 (Europa Bioproducts,
Cambridge, United Kingdom), or the equivalent amount of rabbit or mouse
IgG (Sigma-Aldrich, St. Louis, MO). Antibody-bound beads were washed
three times in buffer containing 10 mM HEPES, pH 7.7, 1 mM MgCl2, 100 mM
KCl, 150 mM sucrose, and drained. Small aliquots (85–100 �l) of freshly
prepared Xenopus egg extract were incubated with the antibody-bound beads
for 1 h rotating slowly at 4°C. Beads were subsequently removed from
depleted extracts using a Dynal MPC-S magnet or by centrifugation at 110 �
g as appropriate.

Immunoblots
Extracts were separated on 4–12% gradient SDS gels (MOPS running buffer;
Invitrogen, Carlsbad, CA), by using 0.8 �l of extract per lane, and then
transferred to Protran nitrocellulose membrane with 0.1-�m pore size (Schlei-
cher & Schuell, Keene, NH). Primary antibodies were diluted in blocking
solution (Tris-buffered saline containing 5% nonfat milk, 1% donkey serum,
0.02% Triton X-100) as follows: crude rabbit serum against the middle portion
of APC, 1:1000; mouse monoclonal affinity purified anti-N-APC antibody O.T.
03, 1:500; anti �-tubulin (DM1�; Sigma-Aldrich), 1:500; anti-EB1 mouse mono-
clonal antibody (kind gift from Jennifer Tirnauer, Harvard Medical School),
1:20,000; anti-XMAP310 mouse monoclonal antibody (kind gift from Eric
Karsenti, European Molecular Biology Laboratory, Heidelberg, Germany),
1:1000; anti-XKCM1 rabbit polyclonal antibody (kind gift from Claire Walc-
zak, University of Indiana, Bloomington, IN), 1: 2000; anti-CENP-E tail II
rabbit polyclonal antibody (kind gift from Don Cleveland, Ludwig Institute,
San Diego, CA), 1: 1000; and anti-XMAP215 rabbit polyclonal antibody (kind
gift from Kazuhita Kinoshita, Max Planck Institute, Dresden, Germany),
1:500. Secondary anti-rabbit or anti-mouse horseradish peroxidase-labeled
antibodies (Scottish Antibody Production Unit, Carluke, Scotland, United
Kingdom) were diluted 1:5000.

Histone 1 Kinase Assay
Snap-frozen extract was diluted 75-fold (vol/vol) in EB buffer (80 mM Na
�-glycerophosphate, pH 7.3, 10 mM MgCl2, 5 mM EGTA, 1 mM DTT) con-
taining protease inhibitors: 0.5 mM phenylmethylsulfonyl fluoride, 10 �g/ml
leupeptin, 10 �g/ml pepstatin A, 10 �g/ml chymostatin, and 1 mM phos-
phatase inhibitor Na3VO4. Histone H1 (0.4 �g; Roche Diagnostics, Mannheim,
Germany) (final concentration 0.2 mg/ml) was phosphorylated in the pres-
ence of 10 �l of extract-EB dilution, 20 mM HEPES, pH 7.2,10 mM MgCl2, 5
mM EGTA, and 0.2 mM ATP containing [�-32P]ATP to �0.45 �Ci/nmol ATP,
for 10 min at room temperature, in a total volume of 20 �l. The reaction was
stopped by boiling in reducing sample buffer (2% SDS, 50 mM DTT, 40 mM
Tris-HCl, pH 6.8, 10% glycerol). The reaction mix was separated by PAGE,
and the gel was exposed to Konica Medical film.

Cloning and Production of APC Fragments
APC4 and APC4�MT, the fragments of APC containing the middle and
C-terminal portion (nucleotides 3080–8573 corresponding to residues 1015–
2843 of human APC), were amplified by polymerase chain reaction from the
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pEGFP-C3 vector containing full-length APC or full-length APC with deletion
in its microtubule-binding domain, respectively (Zumbrunn et al., 2001). The
primers used were designed to introduce BspE1 and BamH1 restriction sites
and a FLAG tag at the 5� end (5�-GCGCGC TCCGGA GGATCC ATGGAC
TACAAG GACGAC GATGAC AAGGAT GATAAT GATGGA GAACTA
GATACA-3�) and a SacI restriction site at the 3� end (5�-GCGCGC GAGCTC
TTAAAC AGATGT CACAAG GTAAGA CCCAGA-3�). By using the
BamH1/SacI sites, the fragments were inserted into pFB-NHis10HA plasmid
(a kind gift from Aurora Burds, Massachusetts Institute of Technology, Cam-
bridge, MA), a derivate of pFastBac plasmid with a modified multiple cloning
site that introduces 10� His tags and one hemagglutinin (HA) tag at the N
terminus of the fusion protein. The pFastBac plasmid containing full-length
APC (a kind gift from Joanna Groden, University of Cincinnati, Cincinnati,
OH), as well as pFB-Nhis10HA containing APC4 were transfected into com-
petent DH10Bac bacteria, and the baculoviruses carrying the APC constructs
were produced in Sf 21 cells following the instructions in the Bac-to-Bac
Baculovirus expression manual (Invitrogen). APC proteins were purified
using Ni2�-agarose as described in QIAGEN (Valencia, CA) protocol.

Microscopy
Spindle assembly reaction (2 �l) was transferred onto a glass slide, fixed with
4 �l of 4% formaldehyde solution, containing 60% (vol/vol) glycerol, 1�
MMR (100 mM NaCL, 2 mM KCL, 1 mM MgCl2, 2 mM CaCl2, 0.1 mM EGTA,
5 mM HEPES pH 7.8), 1 �g/ml DAPI, and covered with a coverslip. These

squashes were analyzed using a 20�/0.7 numerical aperture (NA) or 40�/
0.85 NA lens on a Leica DMIRB microscope operated by Improvision Openlab
3.0 software. Images were captured with a Hamamatsu ORCA camera.

The high-resolution images shown in Figures 2b, 6, and 8 and in Supple-
mental Figure 5 and 6 were collected and analyzed using a Delta Vision
Restoration Imaging System (Applied Precision) built on a Nikon inverted
microscope by using 100�/1.4 NA objective lens.

Measurements of Microtubule Intensity and the Length of
the Spindles
Images used to quantitate tubulin intensity were collected on the Leica
microscope. Images were transferred from Openlab to NIH Image 1.62, and
the mean intensity in each spindle and aster was measured after background
subtraction. Intensity values were then adjusted for exposure time if neces-
sary.

The images used to analyze the tubulin distribution were collected on the
Leica microscope and then transferred from Openlab 3.0 to NIH Image 1.62f
software. Randomly selected single bipolar spindles were analyzed (asters or
clusters of spindles were ignored). Vertically positioned and manually out-
lined spindle images were analyzed for the distribution of intensity along the
spindle axis by using the programmable “macro” command that scans along
the Y coordinates of the image of the spindle and returns the average intensity
of the slice across each pixel of the Y coordinate. This analysis also provides

Figure 1. APC depletion weakens mitotic spindles in
Xenopus egg extract. (a) Immuno blotting of Xenopus egg
extract, either untreated or immunodepleted with affinity-
purified anti-APC antibody or rabbit IgG as indicated,
shows significant depletion of APC only when anti-APC
antibody was used. We always detected three bands in
Xenopus egg extracts that are reactive with our anti-APC
antibody. Only the upper band was also detected by other
APC antibodies. This band has the correct size and is
therefore considered to represent full-length APC. The
middle band seems to be partially removed during APC
depletion, whereas the bottom band does not change after
depletion. (b) The proportions of strong (orange) and
weak (green) mitotic figures (bipolar spindles and asters)
and microtubule-free-chromatin (white) found in mock-
and APC-depleted extracts were measured using 500 nu-
clei for each extract condition. APC depletion resulted in a
decrease in the proportion of strong mitotic figures com-
pared with mock-depleted control. These data corre-
sponds to experiment 1 in e. (c) Examples of spindles
formed in Xenopus egg extract in the presence of sperm
nuclei chromatin (blue) and rhodamine-labeled tubulin
(red) reflect the heterogeneity in the types of spindles
found even in untreated extracts. High intensity (strong,
red arrows) and low intensity (weak, green arrowhead)
spindles were found next to each other in the optical field,
reflecting the natural variability in the microtubule con-
tent of such spindles. (d) Images of a randomly selected
set of spindles collected from mock- or APC-depleted
extracts were recorded and the total tubulin intensity was
measured using NIH Image software. The scatter chart
represents the mean tubulin intensities of individual spin-
dles found in mock-depleted (blue) and APC-depleted
(pink) extracts. These spindles were independently scored
visually as described in Figure 1b (numbers in brackets)
and the gray zone depicts the range of intensities of those
spindles that were scored as ambiguous by the visual
examination. Using this zone to define a threshold, strong
and weak spindle populations could be counted based on
their measured intensities and these are shown in the
chart (upper numbers). Note that the numbers obtained
by these two methods are practically identical. (e) This
diagram shows the proportion of strong (left) and weak
(middle) spindles in mock- (blue) and APC-depleted (pur-
ple) extracts from five independent experiments. Extract

strength was calculated as a ratio between strong and weak mitotic figures formed in the extracts as shown on the table. Fold reduction of extract
strength from mock-depleted to corresponding APC-depleted extracts provides a numeric representation of the weakening of spindles upon APC
depletion (lower line). This allows a direct comparison of a number of independent experiments. The fold reduction was reproducibly larger than
1, and averaged 2.37 � 0.73, indicating that APC depletion always produced weaker spindles, independently of the initial strength of the extract.
For each experiment, 300–500 spindles were scored for mock- and APC-depleted samples.
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information about the length of the spindle. The full text of the macro
program can be provided upon request. The background-corrected data were
then placed into Microsoft Excel and processed as follows.

Each set of data representing one spindle was divided into 10 groups,
corresponding to 1/10 of the spindle length. For every such group, the
average intensity was calculated. These “10 step values” were normalized to
the total average intensity of the spindle, which was set to 100%. This type of
“spindle data” from one extract (APC or mock depleted) was used to calculate
the averages that are plotted in Figure 3c. The curves represent the normal-
ized distribution of intensity (�tubulin density) along the length of the
average APC- or mock-depleted spindle, with centrosomal regions at the ends
and kinetochore region in the middle of the curve.

RESULTS

Spindles Formed in the Absence of APC Have a Less
Robust Morphology
To determine whether APC is involved in spindle formation,
we specifically immunodepleted APC from Xenopus egg
extracts arrested at metaphase of meiosis II (CSF extract)
(Figure 1a) and allowed spindles to form in the presence of
Xenopus sperm chromatin and rhodamine-labeled tubulin.
For comparison, control, mock-depleted extracts were gen-
erated using purified rabbit IgG. To measure differences
between spindles formed in the presence and absence of
APC, we classified spindles and asters (further referred col-
lectively as mitotic figures) into “strong” and “weak.” This
classification was based on the general fluorescent intensity
of the incorporated labeled tubulin above background. As
shown in the example in Figure 1c, even in untreated control

extracts spindles vary greatly in fluorescent intensity but can
be subdivided into the two general categories shown in
Figure 1c. For each experiment a threshold between weak
and strong spindles was established visually, so that the
majority of normal looking spindles in mock-depleted ex-
tract could be classified as strong. All other samples from the
same experiment were then scored using the same thresh-
old. Using this method, we counted the numbers of strong
and weak mitotic figures as well as chromatin that was not
associated with microtubules. In each experiment, there
were a small number of mitotic figures (�10%) that were
intermediate in intensity and could not be classified unam-
biguously. These were scored separately, and the value di-
vided equally between the strong and weak counts. For each
condition, 300–500 randomly selected mitotic figures were
scored. This large number precluded recording individual
images for all mitotic figures that were scored. To ensure
that the classification was not biased, we used a small sam-
ple of randomly selected spindles for more objective mea-
surements. We recorded 41 randomly selected mitotic fig-
ures from each type of sample and quantitated their mean
fluorescence intensity (Figure 1d). The intensity value for
those spindles in this data set that had been classified as
ambiguous in the visual inspection was set as the threshold
between weak and strong (Figure 1d, gray bar) to differen-
tiate between strong and weak spindles. The results ob-
tained with this analysis were indistinguishable from those

Figure 2. Removal of APC affects spindle length and fine
structure of microtubule network. (a) Pole-to-pole distance was
measured in spindles formed in mock- or APC-depleted ex-
tracts. The histogram represents the distribution of spindles
according to their length in micrometers. Stars mark the average
spindle length for each type of extract. (b) Single optical sections
(0.2 �m) of microtubules in spindles formed in mock- and
APC-depleted extracts (as indicated) revealed less tightly
packed and curved microtubule bundles in spindles formed in
the absence of APC.
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obtained by the “manual” classification (Figure 1d), confirm-
ing that our manual classification of spindles as weak and
strong is a valid method to evaluate the difference in spin-
dles.

The proportion of strong and weak mitotic figures, as well
as chromatin structures that were not associated with any
microtubules, were counted in APC-depleted and mock-
depleted extracts (Figure 1b). These numbers were used to
calculate the ratio between strong and weak figures, defined
here as extract “strength.” Due to the inherent variability in
the quality of extracts prepared on different days, there was
variation in extract strength in different mock-depleted ex-
tracts (Figure 1e). However, APC depletion reproducibly

resulted in a shift toward the formation of weak mitotic spin-
dles (Figure 1e) and reduced extract strength by comparable
amounts in several independent experiments (Figure 1e). On
average, extract strength in APC-depleted extracts was de-
creased 2.4-fold in comparison with corresponding mock-
depleted extracts (from 5 experiments, SD � 0.7). The differ-
ence in the amount of microtubule-free chromatin between
APC- and mock-depleted extracts was not reproducibly differ-
ent between experiments.

Similar results were obtained with a monoclonal anti-APC
antibody directed against a different epitope (O.T. 03; Eu-
ropa Bioproducts) that could deplete APC as efficiently as
the polyclonal antibody used in the experiments shown.

Figure 3. Distribution of tubulin in
mitotic spindles is altered by APC-de-
pletion. Spindles were allowed to form
in APC- or mock-depleted extracts in
the presence of rhodamine-labeled tu-
bulin. Fluorescent images of tubulin in
the spindles were captured and ana-
lyzed in the following manner. (a)
Each spindle image was scanned along
its length from one pole to another,
and the average intensity of tubulin
staining in a slice across the spindle
axis was taken at each pixel position.
This intensity was plotted against po-
sition along the pole-to-pole axis for
each slice. (b) Examples of individual
measurements performed as in panel a
are shown for strong and weak spin-
dles. These examples show the raw
data without normalization for length
or overall spindle intensity. c) Mea-
surements were performed as de-
scribed in panel a by using 95 ran-
domly selected mock-depleted (blue
diamonds) and 85 APC-depleted
(white squares) spindles. Intensities in
each segment along the spindle axis
were normalized to overall mean spin-
dle intensity and these values were
plotted against relative position along
the pole-to-pole axis.
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These data suggest that spindles formed in the absence of
APC contain less tubulin.

Closer examination of these spindles revealed that spin-
dles formed in APC-depleted extracts were shorter than
those formed in mock-depleted extracts as shown in the
histogram in Figure 2a. The average spindle length dropped
from 24.2 � 3.7 �m in mock-depleted extract to 20.7 � 4.4
�m. High-resolution images of single 0.2-�m optical sec-
tions of spindles formed in different extracts further showed
that the fine structure of the microtubule network in spin-
dles formed in APC-depleted extract differed from that in
control spindles (Figure 2 b). Control spindles contained

many more microtubules that looked continuous and
straight, whereas microtubule bundles in APC-depleted
spindles were wavy and less tightly packed.

These results suggested that removal of endogenous APC
“weakens” spindles formed in CSF extracts so that they
contain fewer microtubules and the structural organization
of the spindle microtubule network is less robust.

The Distribution of Tubulin in CSF Spindles Is Altered
When APC Is Absent
We noticed that in weak spindles, which predominated in
APC-depleted extracts, the tubulin distribution seemed to be

Figure 4. The ability of recombinant
APC to rescue APC-depleted extracts
requires the major microtubule-bind-
ing site of APC. Spindles were formed
in APC-depleted or mock-depleted ex-
tracts supplemented with the indicated
APC proteins or control buffer. The
number of strong and weak mitotic fig-
ures was counted and the ratio be-
tween them was calculated for each
extract condition. The number of spin-
dles counted for each condition is in-
dicated in brackets. (a) Fractions from
SF21 cells that had been infected with
either baculovirus encoding His-
tagged full-length APC (lanes 2 and 4)
or control vector (lanes 1 and 3) were
eluted from Ni2�-agarose and sub-
jected to SDS gel electrophoresis. Gels
were stained with Coomassie (lanes 1
and 2) or blotted to membranes and
probed with a mouse monoclonal anti-
APC antibody (lanes 3 and 4). b) Im-
munoblot of mock- (lanes 1 and 3) or
APC-depleted (lanes 2 and 4) extracts
after addition of fractions containing
either vector control (lanes 1 and 2) or
full length APC (lanes 3 and 4) was
performed using antibodies against
APC. This confirmed that the amount
of full-length APC added was slightly
below that of endogenous APC. Tubu-
lin antibodies were used to verify
equal loading. The table summarizes
the ratio between strong and weak mi-
totic figures for each extract condition.
Note that addition of APC to APC-
depleted extracts restores this ratio to
that of mock-depleted extracts to
which control buffer had been added.
Note also that addition of APC to
mock-depleted extracts weakened
spindles. (e) Coomassie-stained gel of 1
�g of purified APC4 and 0.6 �g of
APC4�MT. (f) Immunoblot (top) of
mock- or APC-depleted extracts as in-
dicated, supplemented with APC4
(lane 3 and 6), APC4�MT (lane 2 and 5)
to bring the final protein concentration
of exogenous APC to 0.5 ng/�l, or con-
trol buffer (lane 1 and 4), were probed
with anti-APC antibody to confirm
that the amount of APC4 that was
added was similar to that of endoge-
nous APC. Antibodies against �-tubu-
lin were used on the same blot to confirm equal protein loading. The table (bottom) shows the ratio between strong and weak mitotic figures
for each combination revealing that addition of APC4 but not APC4�MT rescued the effect of APC depletion. Note that addition of APC4
to mock-depleted extracts caused a significant decrease in spindle strength. (c, d, g, and h) Images of spindles from the experiments outlined
above illustrate the effect of fl-APC (d) or APC4 (h) on the morphology of spindles formed in APC-depleted extracts (c and g).
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altered such that most of the tubulin was concentrated at
spindle poles and not in the center of the spindle as in the
strong spindles, which are more common in control extracts.
To quantitate this difference, we measured the average flu-
orescence intensity of rhodamine-labeled tubulin in individ-
ual, one pixel-wide cross sections along the spindle axis for
each spindle (Figure 3a).

This analysis confirmed that in weak spindles there was
relatively more tubulin near the poles and less tubulin at the
center compared with strong spindles as shown in the indi-
vidual examples in Figure 3b. To analyze data from spindles
of different sizes and overall intensity, the total intensity for
each spindle was set to 100%. Spindle axis length was di-
vided into ten equal segments and the relative contribution
of the intensity in each of these segments was calculated.
Calculating the average of this type of data for 95 mock-
depleted and 85 APC-depleted spindles that were randomly
selected confirmed that the peak of tubulin intensity in
APC-depleted spindles was shifted away from the center of
spindles toward spindle poles (Figure 3c). This measure-
ment provided an additional objective means to compare
control and APC-depleted spindles because all the spindles
generated in mock- and APC-depleted extracts were used to
calculate the averages shown in Figure 3c (i.e., there was no
selection or classification). The change in the average distri-
bution of tubulin along the spindle axis in an entire popu-
lation of spindles further confirmed that spindle structure is
altered in the absence of APC.

Rescue of APC Depletion Defects Can Be Achieved by
Addition of Endogenous Levels of APC Protein
We were able to exclude codepletion of important spindle
and microtubule regulators with APC such as XMAP215,
XKCM1, XMAP310, EB1, and CenpE as a contributing factor
to the spindle abnormalities in APC-depleted extracts (see
Supplemental Material). We also confirmed that APC deple-
tion did not override the CSF arrest because it did not cause

premature decrease in mitotic kinase activity and did not
result in changes in overall chromatin morphology (see Sup-
plemental Material). To discriminate further between direct
and indirect effects of APC depletion on spindle formation,
we measured the ability of purified recombinant APC to
rescue the APC-depletion phenotype.

Full-length human APC was expressed as a His-tagged
fusion protein and partially purified using Ni2�-agarose
(Figure 4a). Spindle formation was measured in APC-de-
pleted and mock-depleted extracts with and without addi-
tion of crude fractions containing recombinant APC. To
control for possible buffer effects, Ni2�-agarose eluate of
lysate from SF21 cells expressing empty vector was used as
“vector control” (Figure 4a). Addition of full-length APC,
but not empty vector control, reversed the effect of APC
depletion (Figure 4, c and d) as confirmed by a shift in the
ratio between strong and weak spindles back to the level in
mock-depleted extract (Figure 4b). These data confirmed
that APC plays a direct role in spindle formation. Unfortu-
nately, addition of the elution buffer on its own compro-
mised the extract at the dilution that had to be used to
achieve levels of exogenous APC similar to endogenous
levels. As a consequence, the effect of APC depletion on
these extracts was not as striking (compare the ratio of
strong to weak spindles in APC depleted and mock depleted
in vector control extracts in Figure 4b with Figure 1e). How-
ever, the improvement that was achieved by adding par-
tially purified APC to extracts depleted of APC was repro-
ducible. To overcome the potentially hampering effect of the
elution buffer, we used a large N-terminally truncated frag-
ment of APC (APC4) that we could prepare significantly
more pure and concentrated (Figure 4e), so that buffer effects
and contamination with other proteins and degradation
products could be kept to a minimum. In a series of pilot
experiments, we established that adding recombinant
APC4-10 to nM produced a concentration that was similar to

Figure 5. Excess APC is deleterious for spin-
dle formation. (a) Immunoblot (left) of APC-
(lanes 1 and 2) or mock-depleted (lanes 3 and
4) extracts after addition of a 4–5 fold excess
of APC4 over level of endogenous APC (�2.3
ng/�l final concentration) (lane 2 and 4) or
buffer alone (lane 1 and 3) using APC anti-
bodies. The table on the right shows the ratio
between strong and weak mitotic figures for
each condition. Addition of an excess of APC4
results in significant weakening of spindles in
both mock and APC-depleted extracts. (b)
Representative examples of mitotic figures
from the experiment shown in a. In APC-
depleted extracts supplemented with APC4 in
four- to fivefold excess of endogenous APC,
most spindles were abnormal and contained
very little tubulin compared with the robust,
strong spindles that predominated in the con-
trol extracts.
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that of endogenous APC. Addition of this amount of APC4
to APC-depleted extracts rescued spindle defects (Figure 4,
f–h). The ability of purified APC protein or its fragments to
rescue spindle morphology supports our conclusion that
APC is one of the factors that is directly involved in estab-
lishing correct spindle structure.

Microtubule Binding of APC Is Essential for Its Ability to
Support the Formation of Robust Mitotic Spindles
To test whether the function of APC in spindle formation
requires its direct interaction with microtubules, we used the
same N-terminally truncated APC fragment as described
above lacking the major microtubule-binding site (APC4�MT).
This form of APC does not bind strongly to microtubules
(Zumbrunn et al., 2001). Deleting the major microtubule bind-
ing site from the fragment of APC rendered it unable to rescue
the APC-depletion phenotype (Figure 4f). This confirmed that
the ability of APC to bind microtubules directly is essential for
its effect on CSF spindles.

APC in Excess of Endogenous Levels Disrupts Spindles
Addition of APC in significant excess of endogenous APC
had deleterious effects on spindles. The ratio of strong to
weak mitotic figures was decreased dramatically when
APC4 was added in approximately fivefold excess over en-
dogenous to either mock- or APC-depleted extract (Figure
5). The spindles observed in such extracts were largely ab-
normal as shown in the examples in Figure 5b. Mock-
depleted control spindles produced in the same experiment
and captured at the same time point looked normal (Figure
5b). We concluded that the exact stoichiometry between
APC and other factor(s) in the extract are crucial for proper
spindle formation. This was further confirmed by our obser-
vations that addition of APC or APC4 to mock-depleted
extracts to raise the APC level above endogenous, always
caused spindle weakening (tables in Figures 4 and 5).

APC Localizes to Mitotic Spindles in Xenopus extracts
The above-mentioned experiments clearly indicated that
APC is necessary for formation of robust spindles in Xenopus

Figure 6. APC localizes to mi-
totic spindles and kinetochores in
Xenopus extracts. Spindles were
prepared in mock (a, c, e, g, and
h) or APC-depleted (b, d, and f)
CSF (a, b, and g) or cycled (c, e, d,
f, and h) extracts and sedimented
onto coverslips before fixing and
staining with DAPI (blue) and an-
tibodies against APC (indicated
in green) (a–d, g and h), CenpE (e
and f), or CenpA (g and h) as
indicated. Tubulin is shown in
red. Images were collected using
a DeltaVision restoration micro-
scope and represent volume pro-
jections of the entire spindle
thickness. Images of mock- and
APC-depleted spindles from the
same extracts (a–d) were col-
lected using identical settings for
the image collections and process-
ing. Insets in c, e, f, g, and h rep-
resent single 0.2-�m optical sec-
tions. APC was enriched at
spindle poles but also decorated
the entire microtubule lattice. In
addition, APC accumulated in
dot-like structures that are paired
in cycled spindles and resemble
kinetochores labeled with CenpE
antibodies (e and f). APC in these
structures costained with anti-
bodies against CenpA (g and h).
As expected, staining was signifi-
cantly reduced after APC-deple-
tion. Bar in insets, 0.5 �m (c, e,
and f) and 1 �m (g and h).

Adenomatous Polyposis Coli Protein

Vol. 15, June 2004 2985



egg extract. To identify the site of action of APC within
spindles, we determined the localization of APC in spindles
formed in CSF and cycled extracts (Figure 6). The distribu-
tion of APC in the two types of spindles was similar: spindle
microtubules were decorated with APC in a punctate pat-
tern (Figure 6). In addition, APC was concentrated in tube-
like structures near the pole, particularly in CSF spindles
(Figure 6, a and g). APC was also detected in chromatin-
associated dots in CSF and similar pairwise dots in cycled
spindles (Figure 6c) that looked similar to kinetochores
marked by Cenp-E (Figure 6, e and f). Double staining with
antibodies against APC and a directly labeled anti-CenpA
antibody (Figure 6, g and h) revealed that a portion of APC
colocalized with CenpA in both CSF and cycled extracts. It
confirmed the presence of APC at kinetochores or kineto-
chore-like structures in spindles assembled in Xenopus egg
extracts. The signal for APC was significantly reduced in
spindles formed in APC-depleted extracts at all these sites.
Some of the residual staining we detected may be due to
incomplete depletion (Figure 6, b and d). Alternatively, it is
possible that chromatin-associated APC was reintroduced to
extracts by the addition of chromatin.

APC Depletion Affects Aster Formation
Our experiments revealed altered microtubule networks in
APC-depleted spindles and showed that the microtubule-
binding site of APC was required for its ability to rescue
these changes. In addition, APC can directly affect microtu-

bule stability in interphase (Zumbrunn et al., 2001). Com-
bined these observations are consistent with the idea that
APC is involved in stabilizing spindle microtubules. Based
on its localization in spindles, APC could participate in
specifically stabilizing microtubules at kinetochores and/or
it could also affect the entire microtubule network through-
out the spindle. Although it is unlikely that CSF spindles
have fully functional kinetochores (Sawin and Mitchison,
1991), the localization of CenpA (Figure 6), CenpE, and
XKCM1 (our unpublished data) to highly focused spots on
chromosomes in these extracts suggests that CSF spindles
assemble some kinetochore-like complex. To determine
whether APC affects spindle microtubules independently of
its potential effect on such structures, we asked whether
APC removal had an effect on the early stages of spindle
formation when microtubule connections with chromatin
are not yet well established. In our CSF-arrested Xenopus egg
extracts, this early stage was represented by asters formed in
the vicinity of and polarized toward chromatin (Figure 7, a
and b; also see Figure 10). We counted the number of weak
and strong asters by using the same criteria as described
above in Figure 1 in APC- and mock-depleted extracts. We
found that APC removal reproducibly resulted in a large
increase in the proportion of weak asters (Figure 7c). These
data suggested that APC plays a role in early stages of
spindle formation in CSF extract.

It has been recently demonstrated that chromatin can
influence aster outgrowth without direct contact between

Figure 7. Depletion of APC results in de-
fects in asters. Asters formed in mock- and
APC-depleted Xenopus CSF extracts in the
presence of sperm nuclei were scored as
strong (a) or weak (b) based on general tubu-
lin intensity (exactly as in Figure 1). (c) The
proportion of strong asters was significantly
reduced in extracts after APC depletion. The
bar diagram shows the proportion of strong
(left) and weak (middle) asters in mock-
(blue) and APC-depleted (purple) extracts in
5 independent experiments. Aster “strength”
was calculated as the ratio between strong
and weak asters and is shown in the table on
the right. Fold reduction of the aster strength
from mock-depleted to corresponding APC-
depleted extracts (lower line) was reproduc-
ibly greater than 1, average 3.52 � 1.07, indi-
cating that APC depletion had a robust
weakening effect on asters.
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microtubules and chromatin structures (Carazo-Salas and
Karsenti, 2003). To determine effects of APC on microtubules
in the absence of any impact from chromatin, we nucleated
asters from isolated centrosomes (Figure 8). In CSF extracts,
depletion of APC resulted in the formation of asters that
were significantly smaller than those formed in mock-de-
pleted control extracts (Figure 8). Importantly, addition of
the APC4 fragment reversed the effect of APC-depletion,
and further increased the size of asters formed in mock-
depleted extracts (Figure 8). These data confirmed the direct

involvement of APC in promoting the outgrowth of aster
microtubules, suggesting that at least part of the spindle
defects that resulted from APC depletion can be explained
by its direct effects on microtubules.

APC Depletion Does Not Weaken Cycled Spindles

To gain further insights into the mechanism that governs the
role of APC in spindle formation, we compared spindles
formed in CSF and cycled extracts. We counted weak and

Figure 8. Depletion of APC compromises the formation of asters. Asters nucleated from isolated centrosomes in mock-depleted (a, d, e, and
h) or APC-depleted (b, c, f, and g) CSF extracts that did (c, d, g, and h) or did not contain APC4 (a, b, e, and f) as indicated, were sedimented
onto glass coverslips 5 (a–d) or 10 min (e–h) after initiation of tubulin polymerization. Asters were imaged using a DeltaVision restoration
microscope. Images of two examples of typical asters obtained in the indicated conditions are shown. APC depletion reduced aster size, and
this effect was rescued by addition of the APC4 fragment. Bar, 15 �m.
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strong spindles before and after cycling through interphase
and found that depleting APC did not compromise spindles
formed in cycled extracts (Figure 9a).

In search for an explanation of these findings, we com-
pared spindle intermediates formed in CSF and cycled ex-
tracts. Examination of microtubule structures at 10-min in-
tervals during spindle assembly in CSF and cycled extracts
revealed striking differences in the mode of spindle assem-
bly (Figure 10). In CSF extracts, spindle assembly was com-
monly initiated from almost symmetrical asters in the vicin-
ity of chromatin. At later times, asters had become polarized
toward chromatin to form half spindles. A full spindle could
then form by either joining of two such assemblies or by
focusing the microtubules at the opposite side of chromatin.
In contrast, the earliest structures observed during spindle
assembly in cycled extracts were usually arrays of microtu-
bules that emanated from well-condensed chromatin. At
later time points, these microtubules became focused at their
presumptive minus ends to form spindle poles and give rise
to bipolar spindles. Only at late time points, when bipolar
spindles had formed, aster-like structures could be observed
near the poles of some of these spindles. These data con-
firmed previous studies describing two distinct pathways
for spindle formation in CSF and cycled extracts (Sawin and
Mitchison, 1991).

The most pronounced difference between these two types of
extracts was the morphology of early mitotic figures: well-
focused asters with microtubules polarized toward chromatin
(“astral”) (Figures 9b and 10) or unfocussed microtubule arrays
concentrated around chromatin (“chromosomal”) (Figures 9c

and 10). These two types of early structures corresponded well
to the two different mechanisms that have been described for
nucleation of microtubules during spindle formation: radial
microtubule nucleation at centrosomes or nucleation of a ran-
dom microtubule array around chromatin (Hyman and
Karsenti, 1998a; Scholey et al., 2003). To quantitatively measure
the relative contribution of these two mechanisms to spindle
assembly in CSF and cycled extracts and also to determine
whether APC selectively affected one of these mechanisms, we
examined and classified early mitotic figures when approxi-
mately one-half of the assemblies had not yet formed bipolar
spindles, in both APC-depleted and mock-depleted CSF and
cycled extracts (Figure 9d). Due to the difference in the kinetics
of spindle assembly in CSF and cycled extracts, this usually
corresponded to 35 min in CSF extracts and 20 min in cycled
extracts.

Counting the number of astral and chromosomal early
mitotic figures confirmed that in mock-depleted CSF ex-
tracts, the majority of early assemblies were astral, indicat-
ing that in these extracts centrosome-directed spindle for-
mation dominated. In contrast, in cycled extracts the
chromosomal mitotic figures were most abundant. Consis-
tent with the idea that the astral figures were specifically
destabilized by APC depletion, the removal of APC shifted
the proportion between astral and centrosomal microtubule
structures toward chromosomally anchored figures (Figure
9d) in CSF extracts. Based on these findings, we suggest that
APC specifically controls centrosome-directed spindle for-
mation.

Figure 9. APC does not affect cycled spindle
strength. (a) Spindles were formed in APC-
and mock-depleted CSF or cycled extracts.
The number of strong and weak spindles was
counted as described for Figure 1. The histo-
gram represents the % of strong and weak
figures. Extract strength and fold reduction
calculated as in Figure 1 are shown in the
Table on the right. (b). Image of a typical
“astral” and “chromosomal”(c) early mitotic
figure. (d). The relative proportion of astral
and chromosomal early mitotic figures are
indicated for APC- and mock-depleted ex-
tracts before and after cycling. The y-axis rep-
resents the percent mitotic figures. In CSF
extracts, astral figures predominated and
APC depletion resulted in a reduction in their
relative abundance. In cycled extracts, on the
other hand, chromosomal asters were pre-
dominant, and APC depletion did not affect
this distribution.
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DISCUSSION

Mutations in APC, a tumor suppressor protein with a well-
established role in the regulation of �-catenin, are implicated
in the development of chromosomal instability early in tu-
mor formation (Shih et al., 2001). We aimed to dissect the
mechanism that allows APC to control chromosomal segre-
gation. Specifically, we addressed whether loss of functional
APC leads to spindle defects in mitosis. We took advantage
of Xenopus egg extracts that are arrested in metaphase of
meiosis II (CSF extracts) to monitor controlled spindle for-
mation. We show that APC is required for the formation of
robust spindles in such extracts, as APC removal reduced
the microtubule content and altered the morphology of the
microtubule network of spindles. This effect was rescued by
addition of recombinant APC proteins, either full-length
APC or a large, N-terminally truncated fragment. This res-
cue was dependent on the ability of APC to bind and stabi-
lize microtubules. Our data support the direct involvement

of APC in spindle formation and implicate its interaction
with microtubules in this function.

To interpret our data, the general mechanisms that govern
spindle formation must be considered. There are two modes of
spindle formation: chromosome directed and centrosome di-
rected, and these modes are dependent on slightly different sets of
components (Heald et al., 1997; Hyman and Karsenti, 1998b). In
accord with previous findings (Sawin and Mitchison, 1991), we
established that cycled and noncycled (CSF) extracts differed in
this respect. Monitoring the process of spindle formation in both
extracts showed that in CSF extracts, centrosome-directed spindle
formation dominated, whereas in cycled extracts spindles were
assembled in a chromosome-directed manner (Figure 10). This
was confirmed by determining the number of early spindle inter-
mediates corresponding to each of these spindle formation
modes. Furthermore, we observed that asters nucleated from
exogenous centrosomes were formed less efficiently in cycled
extracts than in CSF extracts (see Supplemental Figure 5), suggest-

Figure 10. Formation of spindles in CSF and
cycled extracts proceeds via different interme-
diates. Spindle formation was initiated in CSF
(A) or cycled (B) extracts and microtubule
structures examined every 10 min. Two ex-
amples of typical assemblies at each time
point are displayed with a schematic repre-
sentation of each of the intermediates shown
below the corresponding images. In CSF ex-
tracts early intermediates were represented
by asters that formed in the vicinity of chro-
matin and consisted of microtubules emanat-
ing from well focused points. By 20 min, these
asters polarized toward the chromatin to form
half spindles by 30 min. In cycled extracts,
early intermediates were formed by chroma-
tin from which microtubules emanated in
parallel arrays. These arrays then reorganized
to become more focused at their distal ends to
form spindles.
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ing that there is an intrinsic difference in the relative contribution
and the kinetics of the two modes of spindle formation between
these two types of extracts. This could produce a switch in the
dominating mode of spindle assembly.

Remarkably, in cycled spindles, the weak spindle phenotype
was not induced by APC depletion. Based on the difference
found in the dominating mode of spindle formation between
cycled and CSF extracts, we propose that APC is involved
specifically in the regulation of centrosomally nucleated micro-
tubules but may not be as important when microtubule nucle-
ation is stimulated predominantly by chromosomes. In sup-
port of this idea, the relative contribution of centrosome- and
chromosome-directed spindle formation in CSF extracts was
shifted to the chromosome-directed spindle formation mode
after removal of APC (Figure 9). The measurable contribution
of chromosomally directed spindle formation in CSF extracts
may account for the residual strong spindles in these extracts
after APC depletion.

As suggested by Scholey et al. (2003) in centrosome-di-
rected spindle formation, the main forces are generated by
the interplay between dynamic microtubules that emanate
from centrosomes and push spindle poles apart and coun-
teracting forces provided by sliding microtubule motors that
are localized to interpolar bundles. In this case, both of these
forces determine spindle morphology and function. How do
the pleiotropic effects we observed in APC-depleted spin-
dles fit into this model? Our data led us to conclude that
APC acts directly on microtubules to promote their out-
growth from centrosomes and stabilizes microtubule bun-
dles. Stabilization of the microtubule lattice is important for
a number of aspects of spindle structure and function and
destabilization induced by APC depletion may explain the
various effects we observed in APC-depleted spindles. In
CSF extracts, the size of centrosome-nucleated asters and the
length of assembled spindles were decreased in the absence
of APC (Figures 2 and 8). The localization of APC to spindle
poles further supports a role in establishing centrosomally
anchored microtubule arrays.

Forces generated by interpolar microtubules may also be
affected by APC depletion. The reduced amount of tubulin
in the central spindle that is typical for APC-depleted spin-
dles is consistent with the idea that there are fewer interpo-
lar microtubule bundles in such spindles. The resulting de-
crease in the forces that hold such spindles together would
make them more sensitive to external forces. Indeed, we
found that APC-depleted spindles seemed to be more easily
disrupted and often were pulled apart after centrifugation
through a glycerol cushion. This observation also suggests
that lack of APC may reduce microtubule cross-linking. The
action of microtubule motors in the absence of efficient
cross-linking could cause microtubule buckling, as pre-
dicted by Scholey et al. (2003). The wavy microtubules we
commonly observed in APC-depleted spindles are consis-
tent with this prediction (Figure 2).

In the context of centrosome-directed spindle formation, re-
duced microtubule length and rigidity induced by APC deple-
tion could result in microtubules that are less efficient at reach-
ing chromatin. This is supported by our observation that APC-
depleted spindles have less tubulin in their midzone.

The localization of APC to kinetochores in cycled spindles
(Figure 6) and in cells (Fodde et al., 2001; Kaplan et al., 2001)
raises the possibility that APC also functions at kineto-
chores. Possible functions of APC at kinetochores include
the participation in attachment of kinetochore fibers and/or
stabilization of kinetochore fibers after attachment. In this
case, removal of APC would result in the loss of microtu-
bules from the kinetochore area, an idea that could provide

an alternative explanation for our observation that tubulin is
redistributed toward spindle poles in APC-depleted spin-
dles (Figure 3). However, general kinetochore structure
seemed to be unaffected by the loss of APC, because the
localization of the kinetochore proteins CenpE (Figure 6, e
and f) and XKCM1 (our unpublished data) was not altered
by removing APC. Defects in the dynamic attachment of
microtubules to kinetochores normally results in misalign-
ment of chromosomes (Wood et al., 1997; Kline-Smith et al.,
2004). Chromosomes in APC-depleted spindles formed a
metaphase plate; however, frequently a small portion of the
DNA was found to extend beyond it (Supplemental Figure
6). As a consequence, we cannot exclude the possibility that
APC has some function at kinetochores, but this function
does not seem to be crucial for chromosome alignment in
cycled extracts. More importantly, however, our data pro-
vide strong evidence for a kinetochore-independent func-
tion of APC in the formation of mitotic spindles that is
related to its direct effect on microtubules themselves.

APC is a large protein with multiple binding partners
(Dikovskaya et al., 2001). It is conceivable that APC functions
as a scaffold in the assembly of microtubule, centrosome,
and/or kinetochore-associated proteins. A scaffolding role
for APC is supported by the disruptive effect produced
when a large C-terminal APC fragment is added in excess of
endogenous APC (Figure 5). Excess full-length APC or an
APC fragment may sequester essential proteins and disrupt
protein complexes involved in spindle formation. Alterna-
tively, the excessive growth of a subset of microtubules
induced by an “overdose” of APC (Figure 8) could result in
the destabilization of the spindle as a whole. These obser-
vations indicate that the effect of APC on spindles is nor-
mally controlled carefully. In this context, it is noteworthy
that using known amounts of the purified APC4 fragment
allowed us to estimate the concentration of endogenous
APC protein in extracts. This yielded a concentration of
approximately 10 nM, which is10-fold lower than reported
previously (Lee et al., 2003).

Weakened spindles that result from loss of APC are
more likely to loose their precious cargo because connec-
tions to chromatids might break during the segregation
process. Thus, both the deterioration of microtubule at-
tachment to kinetochores and the decrease in mechanical
strength of the microtubule network upon loss of APC
could result in aneuploidy. This is exactly what was found
in cells carrying truncated APC and colorectal cancer cell
lines stably transfected with truncated APC (Fodde et al.,
2001; Kaplan et al., 2001; Green and Kaplan, 2003). Chro-
mosomal missegregation in APC deficient cells suggests
that these cells can successfully bypass the mitotic check-
point that normally delays the separation of chromosomes
until they are aligned correctly (Nigg, 2001). It is possible
that in the weakened spindles induced by loss of APC,
there is still sufficient tension and microtubule attachment
at kinetochores to allow progression to anaphase without
activating the checkpoint.

Even mild defects in chromosomal segregation, repeated
each time a cell divides, will result in cumulative chromo-
somal instability, which in turn may accelerate the accumu-
lation of tumorigenic mutations. Because gut epithelium is
constantly being renewed, it relies heavily on mitotic fidel-
ity. A role for APC in the formation of robust mitotic spin-
dles may help to explain why mutations in APC accelerate
tumor formation most prominently in this tissue.
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