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INTRODUCTION
Many genes mutated in human cancers are crucial components of
signal transduction pathways regulating normal development. For
example, Wnt signaling controls cell fate, asymmetric cell division
and stem cell behavior (reviewed by Logan and Nusse, 2004), while
the Wnt regulator APC is the tumor suppressor mutated in the
hereditary colon cancer syndrome familial adenomatous polyposis
(FAP) (reviewed by Gaspar and Fodde, 2004). APC mutations also
underlie >70% of sporadic colon cancers.

APC encodes a multidomain protein with several functions (Fig.
1A). It regulates Wnt signaling as part of the ‘destruction-complex’,
which maintains low levels of cytoplasmic �-catenin, the key Wnt
effector, in the absence of Wnt signals (reviewed by Polakis, 2000).
Within this complex, APC binds both �-catenin, via its 15- and 20-
amino acid repeats, and the scaffolding protein Axin, via its SAMP
repeats (Fig. 1A). Axin and APC present �-catenin to Casein kinase
I and GSK3� (fly Zw3), which sequentially phosphorylate �-
catenin, targeting it for ubiquitination and destruction. Interestingly,
most colon tumors retain an APC protein truncated in the ‘mutation-
cluster region’ (MCR, Fig. 1A), lacking the SAMP repeats and all
sequences located between that region and the C-terminal end
(Polakis, 2000). Wnt ligands like Drosophila Wingless (Wg)
inactivate the destruction-complex and stabilize �-catenin by
engaging a Frizzled/LRP5/LRP6 receptor complex. The mechanism

of destruction-complex inactivation is not well understood, but
involves Dishevelled and interactions between LRP5/6 and Axin.
Wnt signals may alter Axin localization or stability (Cliffe et al.,
2003; Tolwinski et al., 2003).

Both mammals and Drosophila have two APC proteins with
shared and divergent structures (Fig. 1). One key question about
APC function concerns the relative roles of family members.
Mammalian APC is broadly expressed and homozygous mutants die
during gastrulation (Moser et al., 1995). Mammalian APC2 is
strongly expressed in the CNS (Nakagawa et al., 1998; van Es et al.,
1999; Yamanaka et al., 2002), but its mutant phenotype has not been
reported. Drosophila APC1 is strongly expressed in the CNS and
germline, and homozygous mutants are viable and fertile with
defects confined to eye development (Ahmed et al., 1998; Hayashi
et al., 1997). Drosophila APC2 is broadly expressed. Zygotic
mutants are viable and normal, but maternal/zygotic (M/Z) mutants
die with defects in Wg signaling during embryogenesis (McCartney
et al., 1999). Fly APC1 and APC2 are partially redundant in post-
embryonic Wg signaling and Wg-independent brain development
(Ahmed et al., 2002; Akong et al., 2002a; Akong et al., 2002b). This
occurs despite the fact that their domain structures and subcellular
localizations are distinct. APC1 carries the basic domain, and
localizes to centrosomes and microtubules, whereas APC2 lacks that
domain and localizes to the cortex (Akong et al., 2002b).

In addition to regulating Wnt signaling, APC family proteins have
proposed functions in cytoskeletal regulation (reviewed by Nathke,
2004). These are reflected in its binding partners (Fig. 1A). The N-
terminal third of APC encodes a series of Armadillo (Arm) repeats,
binding sites for cytoskeletal regulators, including the Rac-GEF
ASEF, kinesin-associated KAP3, and IQGAP. The C-terminal third
encodes a basic region that binds microtubules and the formin
Diaphanous (Wen et al., 2004), and a binding site for the
microtubule plus-end-binding protein EB1.

Many different cytoskeletal functions have been proposed for
APCs. Loss-of-function studies using putative hypomorphic alleles
suggest that APC2 helps mediate interactions between mitotic
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spindles and cortical actin in early embryos (McCartney et al.,
2001), and works with APC1 to regulate mitotic spindle
orientation in the male germline (Yamashita et al., 2003). Certain
APC2 alleles also affect cadherin-based adhesion (Hamada and
Bienz, 2002; Townsley and Bienz, 2000). RNAi of APC2 alters the
symmetric divisions of ectodermal epithelial cells (Lu et al., 2001).
Studies in cultured cells using either truncations or dominant-
negative approaches suggest roles for mammalian APC in
kinetochore function (Fodde et al., 2001; Kaplan et al., 2001) and
microtubule organization in polarized cells (Etienne-Manneville
and Hall, 2003; Kawasaki et al., 2003; Shi et al., 2004; Wen et al.,
2004; Zhou et al., 2004). Finally, in vitro studies suggest APC
functions in spindle assembly (Dikovskaya et al., 2004). However,
in many cases these effects were subtle. Because these studies
did not use null alleles, and some used ‘dominant-negative’
approaches, two distinct possibilities remain: (1) APC family
proteins may play essential roles in some of these cytoskeletal
processes, which were not fully disrupted using the partial loss-of-
function approaches employed; or (2) APC family proteins may be
non-essential for some of these processes, but the truncated APC
proteins expressed by the mutant alleles or the ‘dominant-negative’
constructs may disrupt them because of their ability to bind
and inactivate other essential players. Consistent with the latter
possibility, siRNA inactivation of mammalian APC led to less
severe spindle defects than those observed in a truncation mutant
(Green et al., 2005).

To fully assess APC function, one must assess the consequences
of completely eliminating one or both APC proteins. Few studies
have used null alleles, and none have removed or reduced function
of both APC family members. Although studies of Drosophila
APC1 (Ahmed et al., 2002) included a protein-null allele, the only
tissue defective in single mutants is the eye, where loss of APC1
triggers apoptosis, precluding assessment of other cell biological
roles.

A second striking but unanswered question is why, although
both copies of APC are invariably mutated in colon tumors, one
allele encodes a truncated APC protein ending in the MCR (Fig.
1A). This contrasts with most tumor suppressors. The truncated
proteins cannot correctly regulate �-catenin, although whether
they are null for this function is unclear. Data from tumors and
engineered mouse mutations (Smits et al., 1999) suggest that

truncated proteins are selected for the deletion of all Axin-binding
SAMP repeats, reducing their ability to regulate Wnt signaling.
While this explains the function lost by truncation, it does not
explain why truncations are inevitable. Bi-allelic null mutations
would eliminate function, but are not found in human tumors.
There is substantial controversy over whether the truncated
proteins have dominant effects or simply reduce APC function. We
used genetic and cell biological tools in Drosophila to address
these crucial questions.

MATERIALS AND METHODS
Genetic screen for new APC2 alleles
ru h th st cu sr e ca/TM6 Tb (referred to as ru cu ca/TM6 Tb) was
isogenized prior to the screen. The cross scheme for generating new APC2
alleles is diagrammed (see Fig. 2). ru cu ca/TM6 Tb males were
mutagenized with 25 mM EMS (Grigliatti, 1998) and crossed to females
carrying TM3 Sb. Individual F1 males carrying the mutagenized
chomosome (*) over TM3 Sb were crossed to virgin APC2�S females at
27°C (its non-permissive temperature). Embryos maternally and
zygotically APC2 mutant die as embryos, whereas paternally rescued
embryos survive to adulthood. In crosses where the mutagenized
chromosome carried a new allele of APC2, half of the progeny should die
as embryos. After three days, each vial was scored for the presence of
unhatched embryos whose cuticles had turned brown; these arise when
eggs are fertilized but embryos die after having produced cuticle.
Approximately 9400 fertile crosses were scored in six rounds of
mutagenesis. For lines that exhibited significant embryonic lethality, males
were recovered from the crosses and individually crossed to virgin females
carrying TM6 Tb to recover the mutagenized chromosome. 110 lines were
generated and re-tested for the failure to complement APC2�S. Nineteen
lines failed to complement APC2�S a second time and the mutant embryos
exhibited cuticle phenotypes consistent with activation of Wg signaling.
Of these mutant chromosomes, we detected molecular lesions in seven
(APC2b5, APC2c9, APC2d40, APC2e90, APC2f90, APC2g10 and APC2g41)
upon sequencing the APC2 gene from PCR-amplified genomic DNA from
APC2-/Df(3R) crb 87-4 adults.

Hatch rates and cuticle analysis
Embryos were the progeny of APC2allele/Df(3R)crb 87-4 females �
APC2allele/+ males. All alleles were scored at 27°C and 18°C. Double-
mutant embryos maternally FRT APC2allele APC1Q8 were generated using
the FRT/FLP/DFS technique (Chou and Perrimon, 1996). Cuticle
preparations and hatch rate analysis were as described by Wieschaus and
Nusslein-Volhard (Wieschaus and Nusslein-Volhard, 1998).
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Fig. 1. Human and fly APC1
and APC2. (A-C) There are nine
mutant alleles of fly APC2: five
point mutants in the Arm repeat
region (black arrows) and four
truncations (blue arrows). We
used a null allele of APC1
(APC1Q8) resulting from a
nonsense mutation in Arm repeat
4 (Ahmed et al., 1998).
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Immunolocalization, immunoblots and imaging
Embryos and ovaries were from adults maintained at 27°C. Tissues were
fixed as described previously (McCartney et al., 1999). Antibodies/probes
used were as follows: for actin, Alexa-488-phalloidin (1:500, Molecular
Probes); rat anti-APC2-CT (1:1000) (McCartney et al., 1999); mouse anti-
tubulin-E7 (1:1000); anti-Arm-N27A1 (1:500); anti-DE-cadherin-DCAD2
(1:50); anti-En (1:50, all Developmental Studies Hybridoma Bank); for
DNA, propidium iodide (25 �g/ml, Molecular Probes) or DAPI (10 �g/ml,
Sigma-Aldrich). DAB reactions were carried out as described by McEwen
et al. (McEwen et al., 2000). Anti-APC2-NT antisera were raised in guinea
pigs by Pocono Rabbit Farms & Laboratory (Canadenisis, PA) against GST-
APC2 (amino acids 1-126). Immunoblotting used anti-APC2 at 1:1000,
detected using the SuperSignal West Pico Chemiluminescent Substrate
(Pierce). For nuclear loss, DAPI-stained nuclei near the cortex but below the
cortical monolayer of nuclei were scored as lost – one surface of each
embryo was analyzed. The percentage of nuclei lost was determined as the
number of lost nuclei/total number of nuclei (estimated from nuclear number
in 1 �m2 of the cortex).

Imaging was performed using various microscope systems. The images
in Figs 4, 5 were produced using a Zeiss LSM510 with gain, offset, and
pinhole size kept constant for each wavelength; those in Fig. 6 and
Fig. 9A-H used a Zeiss LSM510 or LSM410, respectively, with internal
wild-type controls expressing histone-GFP co-stained with mutants
to control for staining variations. The images in Fig. 7A-C,H-J were
produced using a Spinning-disc confocal microscope (Solamere
Technology Group) with a Yokogawa scanhead and a Hamamatsu
OrcaAG CCD camera on a Zeiss Axiovert200M; those in Fig. 7D,E and
Fig. 8 used a Zeiss Axioskop2 Plus and a Canon Powershot G5 camera.
Analysis of Fig. 6E�,F� and Fig. 7F,G,K used Image-J. Figures were
prepared using Adobe PhotoShop.

APC2 rescuing transgene
Genomic DNA (688 bp) from the gene upstream of APC2 (CG13608) to the
AUG (the ‘endogenous promoter’) of APC2 was PCR amplified and inserted
into the EcoRI site of pCaSpeR-2 (modified to include the ADH-
polyadenylation signal of pRmHa-3). The APC2 coding region (cDNA
LD18122) was inserted 3� to the endogenous promoter. P-element-mediated
transformation generated several lines. Two independent second-
chromosome lines rescued the maternal-effect lethality of APC2�S at 27°C
(data not shown).

RESULTS
Genetic screen for new APC2 alleles
We generated new alleles using the mutagen EMS (see Fig. 2),
selecting them by their failure to complement the M/Z embryonic
lethality of APC2�S (McCartney et al., 1999). This screen would
allow us to identify null alleles, as deficiencies removing APC2 fail
to complement APC2�S.

We obtained seven mutations affecting the coding region of
APC2 (Fig. 1C). Three are missense mutations in the Arm repeats
(APC2e90 repeat 3, APC2c9 repeat 6, and APC2b5 repeat 7; altered
amino acids are shown in Fig. 1C). Four alleles result from
premature stop codons that should truncate the protein. Two
truncate APC2 within Arm repeats 8 or 9: APC2g10 and APC2f90.
Two others truncate APC2 within the MCR: APC2d40 [amino acid
677; its phenotype has been reported previously (Ahmed et al.,
2002; Akong et al., 2002a; McCartney et al., 2001)] and APC2g41

(amino acid 728). Together with APC2�S (McCartney et al., 1999),
which deletes a single serine in Arm repeat 5, and APC2N175K,
identified by Hamada and Bienz (Hamada and Bienz, 2002), a
missense mutation in Arm repeat 3, there are nine APC2 alleles.
Several mimic those in human tumors or those engineered in mice.
APC2f90 resembles mouse APC716 and APCMIN that truncate just C
terminal to the Arm repeats (Oshima et al., 1995a; Su et al., 1995).
The APC2d40 and APC2g41 truncations are similar to those in the
human APC MCR.

We next examined how the mutations affect APC2 protein, using
homozygous or hemizygous tissues to remove wild-type APC2 (Fig.
3, Table 1). We first examined the two alleles with the earliest stop
codons, APC2f90 and APC2g10. Early stop codons often lead to
nonsense-mediated mRNA decay and thus we anticipated that these
might produce little or no protein. No protein was detected by
immunoblotting (Fig. 3B) with APC2 antibodies recognizing a C-
terminal epitope downstream of the stop codons (amino acids 491-
1067) (McCartney et al., 1999). To determine whether APC2f90 and
APC2g10 are protein null, we used antibodies against an N-terminal
APC2 epitope (amino acids 1-126, Fig. 1C) that would be present in
the predicted truncated proteins. This antibody recognized
background bands at 59 and 44 kDa, and recognized strongly
reduced levels of a 41 kDa truncated protein in APC2f90 (Fig. 3C),
close to its predicted molecular weight (Table 1). No APC2g10

protein at or near the expected size was detected (Fig. 3C),
suggesting that APC2g10 is protein null. Consistent with this, it is
among our strongest alleles (see below), and its cuticle phenotype
over a deficiency resembles its homozygous phenotype (data not
shown), the genetic test for a null allele.

Truncated human APC proteins in tumors, with stop codons in the
MCR, accumulate at near normal levels. Our alleles mimicking
these, APC2d40 and APC2g41, produce 79 kDa and 92 kDa proteins
that accumulate at reduced levels (Fig. 3B), consistent with the stop
codons observed (Fig. 1C). All alleles carrying point mutations in
the Arm repeats produce slightly reduced levels of wild-type size
protein (Fig. 3A).

Both the Arm repeats and the C terminus are
required for cortical association
APC2 localizes to the cortex, co-localizing with cortical actin and
overlapping adherens junctions (Fig. 4A) (McCartney et al., 1999;
Yu and Bienz, 1999; Yu et al., 1999). We used our mutants to
determine whether particular domains are essential or dispensable
for cortical localization (we did not examine APC2f90 and APC2g10,
as anti-APC2-NT does not work in tissue). APC2�S protein fails to
localize to the cortex (McCartney et al., 1999), implicating Arm
repeat 5 in correct localization. APC2c9, affecting Arm repeat 6, and
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Fig. 2. Protocol used for screening new APC2 alleles. See Materials
and methods for details.
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APC2b5, affecting repeat 7, encode exclusively cytoplasmic proteins
(data not shown), supporting a role for Arm repeats 5-7 in
localization. The two proteins truncated in the MCR, APC2d40 and
APC2g41, are also exclusively cytoplasmic (Fig. 4C; data not
shown), supporting a role for the C terminus of APC2 (including
the Axin-binding sites) in cortical localization. APC2e90 and
APC2N175K proteins weakly associate with the cortex (Fig. 4B�; data
not shown).

Complete loss of APC proteins does not disrupt
adhesion
Hemizygous APC2N175K or APC2�S mutants exhibit reduced Arm at
adherens junctions, resulting in reduced cadherin-based adhesion,
although this effect was not as dramatic as eliminating essential

junctional proteins (Hamada and Bienz, 2002; Townsley and Bienz,
2000). One hypothesis is that eliminating APC2 and APC1 function
might disrupt adhesion completely.

We first tested this in ovaries. Each egg chamber has 15 nurse
cells and an oocyte surrounded by the somatic follicular
epithelium (Fig. 5A,C). Arm normally accumulates strongly in
follicle cell adherens junctions, and weakly at nurse cell junctions
(Peifer et al., 1993). We examined females null for APC2 and
reduced for APC1 function (APC2g10 APC1Q8/APC2g10), thus
reducing function equally in both germ cells and somatic follicle
cells, and also egg chambers in which the germline was
homozygous APC2g10 APC1Q8 (Fig. 5B,D,F; data not shown). In
some mutant egg chambers, cytoplasmic Arm levels were elevated
(Fig. 5B�,D�), consistent with a loss of destruction-complex

RESEARCH ARTICLE Development 133 (12)

Table 1. Mutant phenotypes of progeny of APC2 allele/deficiency females crossed with APC2 allele/+ males
27°C 18°C

Phenotypic Hatch APC2-APC1Q8 Phenotypic Hatch 
APC2 allele average (n) rate (n) Size of protein Protein localization pa (n) average (n) rate (n)

APC2e90 2.0 (215) 52% (549) Wild type Reduced membrane, nd 0.9 (220) 85% (673)
cytoplasmic

APC2b5 3.1 (189) 52% (399) Wild type Cytoplasmic nd 0.6 (102) 80% (311)
APC2N175K 3.3 (227) 49% (889) Wild type Reduced membrane, 3.7 (323) 3.4 (214) 48% (872)

cytoplasmic
APC2�S 3.5 (247) 53% (539) Wild type Cytoplasmic 4.0 (243) 0.6 (161) 90% (877)
APC2c9 3.6 (197) 38% (1269) Wild type Cytoplasmic nd 0.9 (161) 77% (338)
APC2d40 3.8 (214) 46% (920) 79 kDa truncation Cytoplasmic 3.7 (176) 3.8 (365) 48% (329)

predicted 75 kDa 
APC2g41 4.2 (317) 48% (585) 92 kDa truncation Cytoplasmic 3.8 (205) 4.4 (204) nd

predicted 80 kDa
APC2f90 4.4 (263) 51% (449) 41 kDa truncation n.d. 3.7 (204) 4.6 (178) 42% (432)

predicted 45kDa
APC2g10 4.5 (409) 49% (418) No protein n.d. 3.8 (238) 4.0 (285) 48% (409)

predicted 43 kDa M/Z 4.7 (96)

Phenotypic scoring criteria were: 0, wild-type cuticle, but did not hatch; 1, head defects but no head hole/wild-type size/15% of denticles missing; 2, head defects or small
hole/>70% wild-type length/most denticle bands still represented by at least one patch of denticles; 3, anterior hole/50-60% wild-type size/�3 patches of denticles
remaining; 4, as 3, but 	2 denticle patches remaining; 5, size as 3, but anterior hole extends ventrally to ~30% cuticle length/no denticles; 6, anterior hole extends ventrally
to ~50% cuticle length/cuticle round, 25-30% wild-type size/no denticles. 
nd, not determined; pa, phenotypic average.

Fig. 3. APC2 mutant proteins.
(A-C) Protein samples derived
from ovaries of APC2
allele/deficiency females, or
from embryos whose mothers
and fathers were APC2
allele/deficiency, so that only
mutant protein was present (see
Materials and methods), were
immunoblotted with anti-APC2-
CT (A,B) or anti-APC2-NT (C).
Arrows indicate mutant
proteins; arrowheads indicate
background bands.
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function. However, cortical Arm localization was largely
unaltered in mutant germ cells and follicle cells, regardless of
whether (Fig. 5B�,D�) or not (Fig. 5F�) they had elevated Arm
levels.

Cadherin-based adhesion positions the oocyte at the posterior end
of each egg chamber (Godt and Tepass, 1998). In APC2�S or
APC2N175K mutants, oocytes are occasionally mispositioned
(Hamada and Bienz, 2002; Townsley and Bienz, 2000). To
determine the effect of loss of APC function on oocyte position, we
compared wild type, APC2g10, APC2g10 APC1Q8/APC2g10, and
APC2g10 APC1Q8 mutant germlines. We distinguished the oocyte
from nurse cells by the presence of four ring canals (Fig. 5B, arrow)
and its elevated accumulation of cortical actin. There was no
difference in the frequency of mispositioned oocytes between wild
type and mutants (Fig. 5E). Thus a complete loss of APC function
does not substantially reduce cadherin-based adhesion in ovaries. 

Embryonic adherens junctions are established during
cellularization, and total loss of cadherin-based adhesion results in
catastrophic defects in epithelial architecture (Cox et al., 1996;
Tepass et al., 1996). We did not observe defects in epithelial
structure in M/Z APC2 APC1 double null embryos (Fig. 6B,D,F).
Furthermore, we did not observe disruption of cortical localization
of DE-cadherin (Fig. 6A,B) or 
-catenin (Fig. 6C-F) in embryonic
epithelia. In fact, if anything, cortical localization was slightly
elevated. Arm levels were highly elevated (Fig. 6B,D), but cortical
Arm was still present. Finally, the cuticles of these embryos (see
below) did not display the total disruption seen when adhesion is
strongly compromised. The discrepancy with the earlier results of
the Bienz Laboratory suggests that the proteins they tested may have
dominant-negative effects on cadherin-catenin function; consistent
with this, APC2�S has dominant-negative effects on cortical nuclear
retention (see below).

Assessing roles of APC proteins in nuclear
retention, spindle morphology and orientation
After fertilization, Drosophila embryos undergo a series of nuclear
divisions without cytokinesis. As microtubules form spindles, actin
lines transient furrows separating adjacent nuclei, preventing spindle
collisions (Fig. 7A). Thus, defects in actin or microtubule function
can result in abnormal nuclear divisions with resulting abnormal

2411RESEARCH ARTICLETesting hypotheses of APC function

Fig. 4. APC2 mutant proteins lose cortical association. Germ-band-
extended embryos stained for phosphotyrosine labeling the cortex
(green), and APC2 (red). (A,A�) Wild-type APC2 localizes to the cortex
(arrow) and in the cytoplasm of the ectoderm. (B,C) Mutant proteins
fall into two categories: (C) those with no detectable cortical
localization (APC2g41 shown); and (B) those with some residual cortical
localization (arrow; APC2N175K shown). Scale bar: 10 �m.

Fig. 5. APC proteins are not essential
for cell adhesion in ovaries. (A-
D��,F,F��) Wild-type (A,C) and APC2g10

APC1Q8/APC2g10 (B,D,F) stage 7-8 egg
chambers labeled for actin and Arm as
indicated. fc, follicle cells; rc, ring canals;
o, oocytes. (E) Frequency of
mispositioned oocytes. Scale bars: 10
�m in A,B; 5 �m in C,D,F.
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nuclei transported into the embryo interior. In APC2�S mutants, a
subset of peripheral nuclei are lost without significant actin or
microtubule defects (McCartney et al., 2001), suggesting that APC2
helps tether actin to microtubules, thereby tethering nuclei to the
cortex.

Our new alleles allowed us to examine how complete loss of
APC2 or complete loss of both APC proteins affects this process,
revealing whether the partial nuclear loss phenotype of APC2�S and
APC2d40 (McCartney et al., 2001) was enhanced. We quantified
nuclear loss in APC2 mutant embryos or in embryos doubly null for
APC2 and APC1 (Fig. 7F). We defined an abnormal embryo as one
in which �2% of the cortical nuclei have moved into the embryo
interior (Sullivan et al., 1993). In our two wild-type strains (y w and
Oregon-R), 0-3% of embryos are abnormal, consistent with previous
reports (2-3%) (Sullivan et al., 1993).

We first examined the effects of a complete lack of APC2. Thirty-
five percent of APC2g10 maternally mutant embryos are abnormal
(Fig. 7E,F). This is partially rescued by P[APC2+], an APC2
transgene driven by the endogenous promotor (14%; Fig. 7F); this
incomplete rescue may be due to reduced levels of APC2 expression
from the transgene. Seven percent of the progeny of mothers
heterozygous for APC2g10 are abnormal – this may reflect slight
haploinsufficiency or may be within the wild-type range. To
determine whether APC1 also has syncytial functions, we examined
nuclear loss in APC2g10 APC1Q8 maternally double-mutant embryos

(Fig. 7B,C,F). Thirty-nine percent of the embryos were abnormal,
similar to APC2g10 alone (35%), suggesting that if APC1 functions
in this process, its contribution is relatively minor. In APC2�S,
nuclear loss appears to be largely due to disrupted tethering
(McCartney et al., 2001). In APC2g10 and in double null mutants, this
may be compounded by spindle collisions resulting from
compromised actin furrows (Fig. 7B,B�, arrow). However, even in
the most severe cases, many nuclei remain at the cortex.

Our mutant alleles also allowed us to assess which domains of
APC2 are important for function in nuclear retention, and to
examine whether truncated proteins have dominant effects on this
process. We previously documented nuclear retention defects in
APC2d40 (McCartney et al., 2001), which is truncated in the MCR
(Fig. 1). Eighteen percent of APC2d40 maternally mutant embryos
are abnormal (Fig. 7F). Interestingly, progeny of APC2d40

heterozygous mothers had a similar phenotype (19% abnormal),
suggesting that APC2d40 has dominant-negative effects on this
process.

We also assessed nuclear loss for three missense mutations
affecting the Arm repeats (APC2N175K, APC2c9 and APC2�S; Fig.
1C, Fig. 7F). APC2N175K and APC2c9 maternal mutants have
relatively weak phenotypes (12% and 8% abnormal embryos). By
contrast, 58% of APC2�S embryos are abnormal. This is reduced to
15% by P[APC2+], which rescues the null allele to the same degree.
This indicates that the dramatic effect of APC2�S is due to its effect

RESEARCH ARTICLE Development 133 (12)

Fig. 6. APC proteins are not
essential for embryonic cell
adhesion. (A-F) Stage-
matched stage 9-10 wild-type
and mutant embryos labeled
for Arm, DE-cadherin, 
-
catenin and Dlg (a basolateral
marker), as indicated. To select
M/Z APC2g10 APC1Q8

embryos, females carrying
germline clones were crossed
to moeGFP APC2g10 APC1Q8/+
males. Wild-type, his-GFP-
marked embryos stained in
the same tubes. (E�,F�) z-axis
cross-sections of E,F. Arrows
indicate adherens junctions.
Scale bar: 10 �m for A-F�; 2.5
�m for E�,F�.
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on APC2. In progeny of mothers heterozygous for APC2�S, the
frequency of abnormal embryos (21%) was substantially higher than
in wild type (2-3%), and was much higher than that caused by
heterozygosity for the null allele (7%). This suggests that APC2S

protein, like APC2d40, is dominant negative in this process.
In Xenopus extracts, APC is required to form robust spindles

(Dikovskaya et al., 2004). In syncytial Drosophila embryos,
thousands of nuclei divide synchronously, providing an excellent
system in which to examine whether fly APCs are crucial for spindle
structure. In APC2�S mutants, nuclei and spindles are lost from the
cortex without significant defects in spindle morphology
(McCartney et al., 2001). To determine whether complete loss of
APC2 and APC1 affects syncytial spindles, we compared spindle
morphology in embryos maternally APC2g10 APC1Q8 double mutant

with nuclear- and cell-cycle stage-matched wild types. APC2 APC1
null embryos did not have significant defects in overall spindle
morphology (Fig. 7B�,C�). Astral microtubules are not easily
observed in syncytial embryos (Foe et al., 1993), and thus we did not
examine them. The one change in spindles we noted was a slight but
significant lengthening of the pole-to-pole distance (Fig. 7G).

After cellularization, ectodermal cells divide in synchronous
regions called mitotic domains (Foe et al., 1993). We next compared
spindle orientation and division plane in wild-type and APC2g10

APC1Q8 M/Z mutant ectoderm. Wild-type spindles are oriented
perpendicular to the apical-basal axis (92%, Fig. 7H,K) and
divisions are symmetric, resulting in two equal daughter cells
(100%, Fig. 7H,K). A previous RNAi study (Lu et al., 2001)
suggested that disrupting APC2 function results in mis-oriented
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Fig. 7. Nuclear loss, spindle morphology and spindle orientation. (A-C,H-J) Syncytial embryos in nuclear cycle 13 (A-C) and dividing ectoderm
in germband-extended embryos (H-J); actin, red; microtubules, green; DNA, blue; lower rows show microtubules alone. (A-C) APC2g10 APC1Q8

syncytial embryos (B,C) do not have significant defects in spindle morphology. Note weak actin rings (arrow, B) and nuclear loss evidenced by empty
actin rings (arrow, C). (D,E) Syncytial wild type (D) and APC2g10 (E). DNA is stained with DAPI. Arrowheads indicate out-of-focus yolk nuclei; arrows
indicate nuclei lost from surface. (F) Quantification of nuclear loss in APC2 and APC2 APC1 mutant syncytial embryos. Bars show the percentage
embryos with �2% of cortical nuclei lost (see Materials and methods). APC2c9, purple; APC2N175K, yellow; APC2�S, red; APC2d40, green; APC2g10,
blue. (G) Quantification of syncytial spindle length (pole-to-pole). (H-J) Wild-type spindles are parallel to the epithelium (arrowheads, H) and
divisions are symmetric (arrow, H). Spindle orientation (arrowheads, I,J) and division plane (arrows, I,J) are normal in APC2g10 APC1Q8 M/Z mutants
(J) and embryos maternally APC2d40 and zygotically APC2d40/+ (I). (K) Quantification of these phenotypes. Scale bars: 10 �m.
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spindles and asymmetric cytokinesis in the ectoderm. However,
spindles in APC2g10 APC1Q8 M/Z mutant embryos are oriented
normally (90-92%, Fig. 7J,K), and all divisions were symmetric
(100%, Fig. 7J,K). We also examined whether truncated APC2
proteins have dominant effects, examining divisions in APC2d40/+
embryos derived from APC2d40 homozygous mothers. We observed
no dominant-negative effects (Fig. 7I,K). One possible explanation
of the discrepancy with the results of Lu et al. (Lu et al., 2001) is off-
target RNAi effects of their 1 kb dsRNA. Thus, APC family proteins
do not play a key role in spindle structure, orientation or division
plane selection in the Drosophila ectodermal epithelium.

Relating APC2 structure to function in Wnt
signaling
APC proteins play an essential role in regulating Wnt signaling, but
key questions remain about the relationship between structure and
function. We used our APC2 mutations to assess the requirement for
different domains in Wg regulation, and to determine the level of
function retained by truncated proteins and their potential for
dominant-negative effects on Wg signaling

The embryonic cuticle provides a sensitive readout of cell fate
choices. We examined the cuticle phenotype of M/Z mutants,
placing each allele in trans to a deletion of APC2 to reduce concerns
about other background mutations. We initially assessed phenotypes
at 27°C, in case any mutations were temperature sensitive. Global
activation of Wg signaling has several consequences for
embryogenesis. Three phenotypes vary roughly in parallel. (1)
Epidermal cell fates – increased Wg signaling leads to fewer
denticle-producing cells and more smooth cuticle (Fig. 8D, black
arrow). (2) Cuticle size – elevated Wg signaling results in fewer
epidermal cells, due to apoptosis (Pazdera et al., 1998). (3) Head
morphology – elevated Wg signaling disrupts head involution (Fig.

8D, open arrow). We scored >180 embryos per genotype, assigned
each to a phenotypic category from weak (0) to strong (6;
representative cuticles are in Fig. 8), and calculated a phenotypic
average (pa) for each allele. The nine APC2 alleles form a
phenotypic series with phenotypic averages ranging from 2.0 for
APC2e90 to 4.5 for APC2g10 (Table 1). This divided the alleles into
three categories based on Wg activation: (1) weak – APC2e90,
APC2b5 and APC2N175K; (2) moderate – APC2c9, APC2�S and
APC2d40; and (3) strong – APC2g41, APC2f90 and APC2g10 [our
APC2N175K stock has a somewhat weaker phenotype than had been
previously reported (Hamada and Bienz, 2002)].

We also assessed effects on Wg signaling directly, examining
Arm stability. In wild type, Arm accumulates at cell-cell junctions
in all cells, whereas in cells receiving Wg Arm also accumulates in
the cytoplasm and nucleus, due to inactivation of the destruction-
complex (Fig. 9A). APC2�S mutants have elevated Arm levels
(McCartney et al., 1999), but not as elevated as those seen when the
destruction-complex is completely inactivated by M/Z loss of Zw3
kinase (Peifer et al., 1994; Siegfried et al., 1994). The less severe
phenotype of APC2�S is due, in part, to slight APC1 activity (Ahmed
et al., 2002; Akong et al., 2002a), but might also suggest that
APC2�S does not fully inactivate APC2.

The cuticle phenotypes of our APC2 alleles correlate well with
Arm levels. The weakest allele, APC2e90, has only a slight elevation
in Arm levels; stripes are still readily apparent (Fig. 9B). Other weak
to moderate alleles with missense mutations in the Arm repeats
(APC2c9 and APC2b5) have a slightly greater elevation of interstripe
Arm levels, but stripes remain detectable (Fig. 9C,D) – they
resemble APC2�S (McCartney et al., 1999). The alleles truncating
APC2 in the MCR, APC2d40 (Fig. 9E) (Akong et al., 2002a) and
APC2g41 (Fig. 9F), are stronger still, showing uniformly high levels
equivalent to those in wild-type Arm stripes. Finally, APC2f90 and
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Fig. 8. APC2 mutant alleles vary
widely in their effect on Wg
signaling. Embryonic cuticles scored
using phenotypic criteria in Table 1.
(A-J) Representative pictures of each class
are presented.
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the null allele APC2g10 accumulate Arm levels in all cells higher than
those in wild-type stripes (Fig. 9G,H). The highest Arm levels,
however, are only seen when APC1 is also removed, in APC2g10

APC1Q8 double null mutants (Fig. 9I) – these resemble the extremely
high levels previously seen in APC2d40 APC1Q8 double mutants
(Ahmed et al., 2002; Akong et al., 2002a) and in zw3 M/Z mutants
(Peifer et al., 1994; Siegfried et al., 1994) (Fig. 9J). We also
examined the expression of a Wg target gene, engrailed (en), in our
strongest alleles, APC2g41, APC2f90 and APC2g10. en is activated in
additional cells posterior to its normal domain, but it is not activated
in all cells (see Fig. S1 in the supplementary material), results that
are identical to what was previously observed in APC2�S

(McCartney et al., 1999) or M/Z zw3 mutants (Siegfried et al., 1992).
APC2�S is temperature sensitive, exhibiting M/Z embryonic

lethality at 25°C and viability at 18°C (McCartney et al., 1999). To
determine whether other APC2 alleles are temperature sensitive, we
assessed their cuticle phenotypes and hatch rates at 18°C (Table 1).
Strikingly, all mutants with missense mutations in the Arm repeats,
except APC2N175K, are temperature sensitive; many M/Z mutants
hatch as larvae. By contrast, the truncation alleles APC2d40, APC2g41

and APC2f90, and the null allele APC2g10 are not temperature
sensitive.

We also assessed whether mutants had dominant-negative
effects on Wg signaling. None affect adult patterning in zygotic
heterozygotes or homozygotes, ruling out strong dominant-negative
effects. As a more sensitive test, we assessed paternal rescue of M/Z
embryonic lethality, which requires that paternal wild-type APC2
can counter the effects of M/Z mutant protein. If paternal rescue is
fully effective, 50% of the progeny of mutant females crossed to
heterozygous males should hatch. For eight alleles, ~50% (46-52%,
Table 1) of the offspring hatch as larvae. The exception is APC2c9,
where only 38% hatch. Thus, most alleles, including those
producing proteins truncated in the MCR, do not have apparent

dominant-negative effects on Wg signaling; however, APC2c9 may
have some dominant effect on viability, such that paternal rescue is
incomplete.

APC1 acts redundantly with APC2 in Wg regulation in many
tissues (Ahmed et al., 2002; Akong et al., 2002a; Akong et al.,
2002b). In embryos, low levels of APC1 in the epidermis provide
a small amount of residual function when APC2 is reduced.
Interestingly, the cuticle phenotypes of the strongest APC2 single
mutants (Fig. 8) are roughly as severe as those of APC2d40 APC1Q8

double mutants (Ahmed et al., 2002; Akong et al., 2002a),
although their effects on Arm levels (Fig. 9) suggest residual APC1
function in APC2 null single mutants. To further explore this, we
examined the cuticle phenotypes of embryos M/Z double mutant
for a null allele of APC1 (APC1Q8) and several APC2 alleles (Table
1). All show approximately the same severity of cuticle phenotype
[phenotypic average (pa)=3.7-4.0; Fig. 8H,I], suggesting that, in
the absence of APC1, all are so disabled that Wg regulation drops
below the threshold of function measurable in our cuticle assay.
Alternatively, the partial activity of some mutant proteins may
depend on APC1 function in some way. APC2g10 APC1Q8 double
null mutants (pa=3.8, n=238; Fig. 8I) are quite similar to axin (axn)
null embryos (pa=4.1, n=239; Fig. 8J), which fully inactivate the
destruction complex. In fact, this analysis slightly underestimates
the double null phenotype, because some paternally rescued
embryos die (data not shown). APC2g10 APC1Q8 M/Z mutants
selected using a GFP marker have a more severe phenotype
(pa=4.7, n=96).

DISCUSSION
Despite substantial interest in Wnt signaling and its regulation in
development and disease, important questions remain about the
nature of the null phenotype and thus the full range of processes in
which APC family proteins play a crucial role. 
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Fig. 9. Effects on Arm stability match effects on
cuticle phenotype. Arm levels, stage 9.
(A-H) Ventral views, anterior to the left. Wild type
(A); APC2 M/Z mutants (B-H). Confocal settings
were normalized using his-GFP wild-type controls.
(I,J) Wild type, APC2g10 APC1Q8 M/Z mutants,
paternally-rescued embryos, and zw3 M/Z mutants
as indicated. Scale bars: 20 �m.
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Assessing roles for APC proteins in cell adhesion
and spindle function
Experiments in vitro, in cultured cells and in Drosophila suggested
novel roles for APCs in cadherin-based adhesion (Hamada and
Bienz, 2002; Townsley and Bienz, 2000), spindle structure and
chromosome segregation (e.g. Green and Kaplan, 2003). Although
some of these effects were subtle, APC family function was not
completely eliminated, suggesting that APCs may play essential
roles in one or more of these processes. Alternatively, because these
phenotypes were assessed in cells expressing truncated or otherwise
mutant proteins, or expressing transfected APC fragments, it is
possible that these effects result from dominant interference with
binding partners of APC that work in a process in which APC
proteins themselves are not essential.

To distinguish between these possibilities, null mutations
removing the function of both APCs must be characterized. In
mammals, all work has been done in single mutants and most was
done with cells or animals expressing one truncated APC allele.
Recently, Cre-lox technology was used to generate mouse APC
alleles that may be null; these delete exon 14, and are predicted to
truncate APC before the Arm repeats (Colnot et al., 2004; Shibata
et al., 1997). Although the phenotype of homozygous animals has
not been reported, Cre induction was used to create homozygous
mutant clones of colon cells. This triggers polyp formation (Shibata
et al., 1997), with mutant cells assuming stem cell properties
consistent with Wnt activation (Andreu et al., 2005; Sansom et al.,
2004). Other phenotypes were not assessed, however, and tests to
confirm that this allele is protein null were not reported, so splicing
variations might produce residual mutant protein.

We examined ovaries and embryos null for APC2, or double null
for both APC2 and APC1, for essential roles in cadherin-based
adhesion. We did not observe phenotypes consistent with substantial
disruption of cadherin-catenin function, which disrupts both
oogenesis and embryonic epithelial integrity (Cox et al., 1996; Tepass
et al., 1996). In ovaries, loss of APC2 and APC1 had no apparent
effect on adhesion, and in embryos we did not observe significant
alterations in DE-cadherin or 
-catenin localization at adherens
junctions. Thus APC family proteins do not play an essential role in
cell adhesion. However, we cannot rule out subtle modulatory effects.

We also tested proposed roles for APC proteins in spindle
assembly and orientation. Embryos null for both APC proteins had
no defects in spindle structure in syncytial embryos, apart from those
in regions of spindle detachment or defective metaphase furrows,
and no defects in spindle orientation or cell division symmetry in the
ectoderm during gastrulation. Thus APC family proteins are not
essential for spindle function in these tissues. We did see a subtle but
significant lengthening of syncytial spindles during cycle 13. We did
not assess subtle defects in chromosome segregation, which might
lead to a slow accumulation of aneuploid cells in tumors – this will
require other assays. How can we reconcile the earlier data
suggesting that APC family proteins have roles in adhesion and
cytoskeletal regulation when our full loss-of-function experiments
indicate that they do not? One possibility is that truncated fragments
of APC may have dominant effects on processes in which APC does
not play an essential role – our data on the phenotype of APC2�S in
spindle tethering, which is discussed in more detail below, provide
an example of this.

Are truncated APC proteins dominant negative?
Unlike most other tumor suppressors, APC homozygous null colon
tumors are either rare or non-existent. Instead, one allele encodes a
protein truncated in the MCR, suggesting strong selection for this

event during tumor development. Several models propose that the
truncated APC proteins found in tumors are dominant negative. One
suggests that this affects Wnt signaling, with truncated APC proteins
promoting stem cell proliferation (Kim et al., 2004). Most models
suggest that truncated proteins affect cytoskeletal functions.
Different studies come to different conclusions, however. For
example, some suggest that truncated APC interferes with
microtubule-kinetochore attachments, leading to genomic instability
(Green and Kaplan, 2003; Green et al., 2005; Tighe et al., 2001), but
others suggest these effects are subtle (Sieber et al., 2002a). A
dominant-negative role of truncated APC is not essential for disease,
as some FAP patients inherit germline-null APC mutations (Laken
et al., 1999; Sieber et al., 2002b). Their adenomas carry truncating
mutations in the other allele; in this case, there was no wild-type
APC to be affected by a dominant-negative truncation. Furthermore,
the putative dominant-negative effect is not sufficient for
oncogenesis – mice engineered to express truncated APC in a wild-
type background do not develop polyps or tumors (Oshima et al.,
1995b).

Our genetic data provide new insight into this question. We saw
little evidence for dominant-negative effects on Wg signaling.
Heterozygotes are viable and adults are wild type in phenotype, and
wild-type paternal APC2 effectively rescues eight of the nine
mutants, suggesting that mutant proteins cannot be strongly
dominant negative. The exception is APC2c9, where there appears to
be some interference with paternal rescue. Likewise, our data
suggest that truncated APC2 does not substantially affect spindle
structure (we did not address whether APC1 truncations behave
dominantly).

We did, however, find compelling evidence for dominant-negative
effects on nuclear retention in syncytial embryos. APC2�S and
APC2d40 heterozygotes exhibit elevated levels of nuclear loss,
and the frequency of abnormal embryos is higher in APC2�S

homozygotes than in APC2 null mutants. Thus, the cytoskeletal
functions of APCs may be more sensitive to dominant-negative
effects of truncated proteins, and this may affect chromosome
segregation and contribute to tumor progression.

Our data also illuminate the mechanisms of dominant-negative
activity. Loss of APC1 did not enhance the nuclear-loss phenotype
of APC2 null embryos, suggesting that APC1 does not play a
significant role in this process. This suggests that the dominant-
negative effect is not on maternally contributed APC1 (Hayashi et
al., 1997). As nuclear retention is not completely disrupted in double
null mutants, alternative mechanisms of nuclear retention partially
compensate for the lack of APC1 and APC2. Because APC2�S has
a nuclear retention defect more severe than that of embryos M/Z null
for both APCs, this mutant protein may not only block residual
APC2 function, but may also interfere with a parallel, APC2-
independent means of nuclear retention.

Our data also provide insights into the domains of APC2 required
for nuclear retention, suggesting roles for the Arm repeats and the C
terminus (Fig. 10). Because APC2�S mutants exhibit much more
nuclear loss than do APC2N175K and APC2c9, Arm repeat 5 may have
a special importance, perhaps by interfering with binding of a
particular partner; APC2�S may also more profoundly affect the
overall structure of the Arm repeats.

APC structure and function in Wnt signaling
Our experiments provide an in vivo test of the function of proteins
truncated in the MCR (Fig. 10). APC2d40 and APC2g41 strongly
reduce the ability to regulate Wg signaling, but are not as strong as
the null APC2g10, or APC2f90, truncating APC2 at the end of the Arm
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repeats. A similar severely truncated allele of mammalian APC led
to higher levels of Wnt reporter activity in cultured cells than did a
truncation in the MCR (Kielman et al., 2002). Our data support the
‘just right’ hypothesis (Albuquerque et al., 2002), which posits
selection in tumors for mutations in which Wnt signaling is elevated,
but not too much. In this model, proteins truncated in the MCR retain
some ability to regulate �-catenin, resulting in levels of Wnt
signaling that are above the threshold for polyp formation but not
‘too high’, which might be cell lethal. Our study is the first direct test
of this hypothesis using null alleles.

Our nine alleles also allow us to begin to assess the roles of
different domains in Wg regulation. The role of the Arm repeats of
APC has been unclear. In APC mutant tumor cells, transfection of
constructs encoding the 15- and 20-amino acid repeats and the
SAMP repeats alone restores �-catenin turnover (Munemitsu et al.,
1995). However, because these cells retain the Arm repeat-
containing truncated protein found in the tumor, these two APC
fragments might exhibit intra-allelic complementation. Our data
suggest that the Arm repeats are crucial for full function of APC2 in
the destruction complex (Fig. 10). As our missense mutations are not
null for Wg regulation, APC proteins may retain residual function
in Wg signaling without the Arm repeats. Alternatively, the
mutations we isolated may not fully disrupt the repeats. Each Arm
repeat comprises three alpha-helices (e.g. Huber et al., 1997).
Together, the Arm repeats form a superhelical structure with a large
groove where partner proteins bind. Structure-based sequence
alignments (J. Stamos and W. Weis, personal communication)
indicate that four out of the five missense mutations (APC2e90,
APC2N175K APC2c9 and APC2b5) are in helix 3 of Arm repeats 3, 6
and 7. These mutations affect residues predicted to be in the protein
core rather than those predicted to form the binding surface. They
may thus destabilize individual Arm repeats, or the Arm repeat
domain, without totally eliminating its function. This is consistent
with the temperature sensitivity of four out of the five Arm repeat
mutations.

APC2 and APC1 function redundantly in Wg signaling
throughout Drosophila development, despite differences in domain
structure and subcellular localization. This redundancy suggests that
the shared domains – the Arm repeats, the 15- and 20-amino acid

repeats, the SAMP repeats and the conserved sequences A and B –
are sufficient for Wg regulation. We hypothesize that the Arm
repeats are the docking site for a binding partner important for
destruction-complex function. Using the temperature-sensitive allele
APC2�S, we previously found that the phenotype and the membrane
association of the mutant protein varied in parallel. Two of our
weakest new alleles also exhibit residual membrane association, thus
the Arm repeats may bind a partner mediating cortical localization
of the destruction complex. However, this does not explain how
APC1 and APC2 can have different predominant localizations
(Akong et al., 2002a) and yet be redundant. Perhaps low-level
cortical accumulation of APC1, especially in the absence of APC2,
is sufficient for function. Future tests of this model and identification
of the relevant binding partner are needed. We will further explore
the function of the Arm repeats and other conserved regions as we
continue our analysis of this complex, multi-functional protein
family.

We thank Kathryn Akong and David Shuford for assistance; Jennifer Stamos
and Bill Weis for unpublished information; J. Crowley, T. Harris, V. Bautch, B.
Duronio, B. Stronach, J. Woolford and the three reviewers for imaging
assistance and insightful comments. This work was supported by NIH
RO1GM67236 to M.P., and RO1GM59068 to A.B. M.A.H. was supported by
NIH 5T32GM07092 and B.M.M. by the Leukemia and Lymphoma Society and
in part by Research Grant 5-FY05-34 from the March of Dimes Birth Defects
Foundation. 

Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/cgi/content/full/133/12/2407/DC1

References
Ahmed, Y., Hayashi, S., Levine, A. and Wieschaus, E. (1998). Regulation of

armadillo by a Drosophila APC inhibits neuronal apoptosis during retinal
development. Cell 93, 1171-1182.

Ahmed, Y., Nouri, A. and Wieschaus, E. (2002). Drosophila Apc1 and Apc2
regulate Wingless transduction throughout development. Development 129,
1751-1762.

Akong, K., Grevengoed, E. E., Price, M. H., McCartney, B. M., Hayden, M. A.,
DeNofrio, J. C. and Peifer, M. (2002a). Drosophila APC2 and APC1 play
overlapping roles in wingless signaling in the embryo and imaginal discs. Dev.
Biol. 250, 91-100.

Akong, K., McCartney, B. M. and Peifer, M. (2002b). Drosophila APC2 and
APC1 have overlapping roles in the larval brain despite their distinct intracellular
localizations. Dev. Biol. 250, 71-90.

Albuquerque, C., Breukel, C., van der Luijt, R., Fidalgo, P., Lage, P., Slors, F.
J., Leitao, C. N., Fodde, R. and Smits, R. (2002). The ‘just-right’ signaling
model: APC somatic mutations are selected based on a specific level of
activation of the �-catenin signaling cascade. Hum. Mol. Genet. 11, 1549-1560.

Andreu, P., Colnot, S., Godard, C., Gad, S., Chafey, P., Niwa-Kawakita, M.,
Laurent-Puig, P., Kahn, A., Robine, S., Perret, C. et al. (2005). Crypt-
restricted proliferation and commitment to the Paneth cell lineage following Apc
loss in the mouse intestine. Development 132, 1443-1451.

Chou, T. B. and Perrimon, N. (1996). The autosomal FLP-DFS technique for
generating germline mosaics in Drosophila melanogaster. Genetics 144, 1673-
1679.

Cliffe, A., Hamada, F. and Bienz, M. (2003). A role of Dishevelled in relocating
axin to the plasma membrane during wingless signaling. Curr. Biol. 13, 960-966.

Colnot, S., Decaens, T., Niwa-Kawakita, M., Godard, C., Hamard, G., Kahn,
A., Giovannini, M. and Perret, C. (2004). Liver-targeted disruption of Apc in
mice activates �-catenin signaling and leads to hepatocellular carcinomas. Proc.
Natl. Acad. Sci. USA 101, 17216-17221.

Cox, R. T., Kirkpatrick, C. and Peifer, M. (1996). Armadillo is required for
adherens junction assembly, cell polarity, and morphogenesis during Drosophila
embryogenesis. J. Cell Biol. 134, 133-148.

Dikovskaya, D., Newton, I. P. and Nathke, I. S. (2004). The adenomatous
polyposis coli protein is required for the formation of robust spindles formed in
CSF Xenopus extracts. Mol. Biol. Cell 15, 2978-2991.

Etienne-Manneville, S. and Hall, A. (2003). Cdc42 regulates GSK-3beta and
adenomatous polyposis coli to control cell polarity. Nature 421, 753-756.

Fodde, R., Kuipers, J., Rosenberg, C., Smits, R., Kielman, M., Gaspar, C., van
Es, J. H., Breukel, C., Wiegant, J., Giles, R. H. et al. (2001). Mutations in the
APC tumour suppressor gene cause chromosomal instability. Nat. Cell Biol. 3,
433-438.

2417RESEARCH ARTICLETesting hypotheses of APC function

Fig. 10. Structure/function of APC2. Wild-type APC2 is shown in the
middle. (Above) Domains defined by mutations (black bars) important
for cortical localization or nuclear retention. (Below) Truncated proteins
that are null or have reduced function, domains important for Wnt
signaling, and a region conferring a more severe phenotype on
APC2g41.



D
E
V
E
LO

P
M
E
N
T

2418

Foe, V. E., Odell, G. M. and Edgar, B. A. (1993). Mitosis and morphogenesis in
the Drosophila embryo: point and counterpoint. In The Development of
Drosophila, Vol. 1 (ed. M. Bate and A. Martinez-Arias), pp. 149-300. Cold Spring
Harbor, NY: Cold Spring Harbor Laboratory Press.

Gaspar, C. and Fodde, R. (2004). APC dosage effects in tumorigenesis and stem
cell differentiation. Int. J. Dev. Biol. 48, 377-386.

Godt, D. and Tepass, U. (1998). Drosophila oocyte localization is mediated by
differential cadherin-based adhesion. Nature 395, 387-391.

Green, R. A. and Kaplan, K. B. (2003). Chromosome instability in colorectal
tumor cells is associated with defects in microtubule plus-end attachments
caused by a dominant mutation in APC. J. Cell Biol. 163, 949-961.

Green, R. A., Wollman, R. and Kaplan, K. B. (2005). APC and EB1 function
together in mitosis to regulate spindle dynamics and chromosome alignment.
Mol. Biol. Cell 16, 4609-4622.

Grigliatti, T. A. (1998). Mutagenesis. In Drosophila: A Practical Approach (ed. D.
B. Roberts), pp. 55-84. Oxford: Oxford University Press.

Hamada, F. and Bienz, M. (2002). A Drosophila APC tumour suppressor
homologue functions in cellular adhesion. Nat. Cell Biol. 4, 208-213.

Hayashi, S., Rubinfeld, B., Souza, B., Polakis, P., Wieschaus, E. and Levine,
A. J. (1997). A Drosophila homolog of the tumor suppressor gene
adenomatous polyposis coli down-regulates �-catenin but its zygotic expression
is not essential for the regulation of Armadillo. Proc. Natl. Acad. Sci. USA 94,
242-247.

Huber, A. H., Nelson, W. J. and Weis, W. I. (1997). Three-dimensional structure
of the armadillo repeat region of �-catenin. Cell 90, 871-882.

Kaplan, K. B., Burds, A. A., Swedlow, J. R., Bekir, S. S., Sorger, P. K. and
Nathke, I. S. (2001). A role for the Adenomatous Polyposis Coli protein in
chromosome segregation. Nat. Cell Biol. 3, 429-432.

Kawasaki, Y., Sato, R. and Akiyama, T. (2003). Mutated APC and Asef are
involved in the migration of colorectal tumour cells. Nat. Cell Biol. 5, 211-215.

Kielman, M. F., Rindapaa, M., Gaspar, C., van Poppel, N., Breukel, C., van
Leeuwen, S., Taketo, M. M., Roberts, S., Smits, R. and Fodde, R. (2002).
Apc modulates embryonic stem-cell differentiation by controlling the dosage of
�-catenin signaling. Nat. Genet. 32, 594-605.

Kim, K. M., Calabrese, P., Tavare, S. and Shibata, D. (2004). Enhanced stem
cell survival in familial adenomatous polyposis. Am. J. Pathol. 164, 1369-
1377.

Laken, S. J., Papadopoulos, N., Petersen, G. M., Gruber, S. B., Hamilton, S.
R., Giardiello, F. M., Brensinger, J. D., Vogelstein, B. and Kinzler, K. W.
(1999). Analysis of masked mutations in familial adenomatous polyposis. Proc.
Natl. Acad. Sci. USA 96, 2322-2326.

Logan, C. Y. and Nusse, R. (2004). The Wnt signaling pathway in development
and disease. Annu. Rev. Cell Dev. Biol. 20, 781-810.

Lu, B., Roegiers, F., Jan, L. Y. and Jan, Y. N. (2001). Adherens junctions inhibit
asymmetric division in the Drosophila epithelium. Nature 409, 522-525.

McCartney, B. M., Dierick, H. A., Kirkpatrick, C., Moline, M. M., Baas, A.,
Peifer, M. and Bejsovec, A. (1999). Drosophila APC2 is a cytoskeletally-
associated protein that regulates wingless signaling in the embryonic epidermis.
J. Cell Biol. 146, 1303-1318.

McCartney, B. M., McEwen, D. G., Grevengoed, E., Maddox, P., Bejsovec, A.
and Peifer, M. (2001). Drosophila APC2 and Armadillo participate in tethering
mitotic spindles to cortical actin. Nat. Cell Biol. 3, 933-938.

McEwen, D. G., Cox, R. T. and Peifer, M. (2000). The canonical Wg and JNK
signaling cascades collaborate to promote both dorsal closure and ventral
patterning. Development 127, 3607-3617.

Moser, A. R., Shoemaker, A. R., Connelly, C. S., Clipson, L., Gould, K. A.,
Luongo, C., Dove, W. F., Siggers, P. H. and Gardner, R. L. (1995).
Homozygosity for the Min allele of Apc results in disruption of mouse
development prior to gastrulation. Dev. Dyn. 203, 422-433.

Munemitsu, S., Albert, I., Souza, B., Rubinfeld, B. and Polakis, P. (1995).
Regulation of intracellular �-catenin levels by the adenomatous polyposis coli
(APC) tumor-suppressor protein. Proc. Natl. Acad. Sci. USA 92, 3046-3050.

Nakagawa, H., Murata, Y., Koyama, K., Fujiyama, A., Miyoshi, Y., Monden,
M., Akiyama, T. and Nakamura, Y. (1998). Identification of a brain-specific
APC homologue, APCL, and its interaction with �-catenin. Cancer Res. 58,
5176-5181.

Nathke, I. S. (2004). The adenomatous polyposis coli protein: the Achilles heel of
the gut epithelium. Annu. Rev. Cell Dev. Biol. 20, 337-366.

Oshima, M., Oshima, H., Kitagawa, K., Kobayashi, M., Itakura, C. and
Taketo, M. (1995a). Loss of Apc heterozygosity and abnormal tissue building in
nascent intestinal polyps in mice carrying a truncated Apc gene. Proc. Natl.
Acad. Sci. USA 92, 4482-4486.

Oshima, M., Oshima, H., Kobayashi, M., Tsutsumi, M. and Taketo, M. M.
(1995b). Evidence against dominant negative mechanisms of intestinal polyp
formation by Apc gene mutations. Cancer Res. 55, 2719-2722.

Pazdera, T. M., Janardhan, P. and Minden, J. S. (1998). Patterned epidermal cell
death in wild-type and segment polarity mutant Drosophila embryos.
Development 125, 3427-3436.

Peifer, M., Orsulic, S., Sweeton, D. and Wieschaus, E. (1993). A role for the

Drosophila segment polarity gene armadillo in cell adhesion and cytoskeletal
integrity during oogenesis. Development 118, 1191-1207.

Peifer, M., Sweeton, D., Casey, M. and Wieschaus, E. (1994). wingless signal
and Zeste-white 3 kinase trigger opposing changes in the intracellular
distribution of Armadillo. Development 120, 369-380.

Polakis, P. (2000). Wnt signaling and cancer. Genes Dev. 14, 1837-1851.
Sansom, O. J., Reed, K. R., Hayes, A. J., Ireland, H., Brinkmann, H., Newton,

I. P., Batlle, E., Simon-Assmann, P., Clevers, H., Nathke, I. S. et al. (2004).
Loss of Apc in vivo immediately perturbs Wnt signaling, differentiation, and
migration. Genes Dev. 18, 1385-1390.

Shi, S. H., Cheng, T., Jan, L. Y. and Jan, Y. N. (2004). APC and GSK-3beta are
involved in mPar3 targeting to the nascent axon and establishment of neuronal
polarity. Curr. Biol. 14, 2025-2032.

Shibata, H., Toyama, K., Shioya, H., Ito, M., Hirota, M., Hasegawa, S.,
Matsumoto, H., Takano, H., Akiyama, T., Toyoshima, K. et al. (1997). Rapid
colorectal adenoma formation initiated by conditional targeting of the Apc
gene. Science 278, 120-123.

Sieber, O. M., Heinimann, K., Gorman, P., Lamlum, H., Crabtree, M.,
Simpson, C. A., Davies, D., Neale, K., Hodgson, S. V., Roylance, R. R. et al.
(2002a). Analysis of chromosomal instability in human colorectal adenomas with
two mutational hits at APC. Proc. Natl. Acad. Sci. USA 99, 16910-16915.

Sieber, O. M., Lamlum, H., Crabtree, M. D., Rowan, A. J., Barclay, E., Lipton,
L., Hodgson, S., Thomas, H. J., Neale, K., Phillips, R. K. et al. (2002b).
Whole-gene APC deletions cause classical familial adenomatous polyposis, but
not attenuated polyposis or “multiple” colorectal adenomas. Proc. Natl. Acad.
Sci. USA 99, 2954-2958.

Siegfried, E., Chou, T. B. and Perrimon, N. (1992). wingless signaling acts
through zeste-white 3, the Drosophila homolog of glycogen synthase kinase-3,
to regulate engrailed and establish cell fate. Cell 71, 1167-1179.

Siegfried, E., Wilder, E. L. and Perrimon, N. (1994). Components of wingless
signalling in Drosophila. Nature 367, 76-80.

Smits, R., Kielman, M. F., Breukel, C., Zurcher, C., Neufeld, K., Jagmohan-
Changur, S., Hofland, N., van Dijk, J., White, R., Edelmann, W. et al.
(1999). Apc1638T: a mouse model delineating critical domains of the
adenomatous polyposis coli protein involved in tumorigenesis and development.
Genes Dev. 13, 1309-1321.

Su, L. K., Burrell, M., Hill, D. E., Gyuris, J., Brent, R., Wiltshire, R., Trent, J.,
Vogelstein, B. and Kinzler, K. W. (1995). APC binds to the novel protein EB1.
Cancer Res. 55, 2972-2977.

Sullivan, W., Fogarty, P. and Theurkauf, W. (1993). Mutations affecting the
cytoskeletal organization of syncytial Drosophila embryos. Development 118,
1245-1254.

Tepass, U., Gruszynski-DeFeo, E., Haag, T. A., Omatyar, L., Torok, T. and
Hartenstein, V. (1996). shotgun encodes Drosophila E-cadherin and is
preferentially required during cell rearrangement in the neurectoderm and other
morphogenetically active epithelia. Genes Dev. 10, 672-685.

Tighe, A., Johnson, V. L., Albertella, M. and Taylor, S. S. (2001). Aneuploid
colon cancer cells have a robust spindle checkpoint. EMBO Rep. 2, 609-614.

Tolwinski, N. S., Wehrli, M., Rives, A., Erdeniz, N., DiNardo, S. and
Wieschaus, E. (2003). Wg/Wnt signal can be transmitted through arrow/LRP5,6
and Axin independently of Zw3/Gsk3beta activity. Dev. Cell 4, 407-418.

Townsley, F. M. and Bienz, M. (2000). Actin-dependent membrane association
of a Drosophila epithelial APC protein and its effect on junctional Armadillo.
Curr. Biol. 10, 1339-1348.

van Es, J. H., Kirkpatrick, C., van de Wetering, M., Molenaar, M., Miles, A.,
Kuipers, J., Destree, O., Peifer, M. and Clevers, H. (1999). Identification of
APC2, a homologue of the adenomatous polyposis coli tumour suppressor. Curr.
Biol. 9, 105-108.

Wen, Y., Eng, C. H., Schmoranzer, J., Cabrera-Poch, N., Morris, E. J., Chen,
M., Wallar, B. J., Alberts, A. S. and Gundersen, G. G. (2004). EB1 and APC
bind to mDia to stabilize microtubules downstream of Rho and promote cell
migration. Nat. Cell Biol. 6, 820-830.

Wieschaus, E. and Nusslein-Volhard, C. (1998). Looking at embryos. In
Drosophila: A Practical Approach (ed. D. B. Roberts), pp. 179-214. Oxford:
Oxford University Press.

Yamanaka, H., Hashimoto, N., Koyama, K., Nakagawa, H., Nakamura, Y.
and Noguchi, K. (2002). Expression of Apc2 during mouse development. Brain
Res. Gene Expr. Patterns 1, 107-114.

Yamashita, Y. M., Jones, D. L. and Fuller, M. T. (2003). Orientation of
asymmetric stem cell division by the APC tumor suppressor and centrosome.
Science 301, 1547-1550.

Yu, X. and Bienz, M. (1999). Ubiquitous expression of a Drosophila adenomatous
polyposis coli homolog and its localization in cortical actin caps. Mech. Dev. 84,
69-73.

Yu, X., Waltzer, L. and Bienz, M. (1999). A new Drosophila APC homologue
associated with adhesive zones of epithelial cells. Nat. Cell Biol. 1, 144-151.

Zhou, F. Q., Zhou, J., Dedhar, S., Wu, Y. H. and Snider, W. D. (2004). NGF-
induced axon growth is mediated by localized inactivation of GSK-3beta and
functions of the microtubule plus end binding protein APC. Neuron 42, 897-912.

RESEARCH ARTICLE Development 133 (12)


