The two SAMP repeats and their
phosphorylation state in Drosophila
Adenomatous polyposis coli-2 play
mechanistically distinct roles in negatively
regulating Wnt signaling
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ABSTRACT The tumor suppressor Adenomatous polyposis coli (APC) plays a key role in regu-
lating the canonical Wnt signaling pathway as an essential component of the B-catenin de-
struction complex. C-terminal truncations of APC are strongly implicated in both sporadic and
familial forms of colorectal cancer. However, many questions remain as to how these mutations
interfere with APC's tumor suppressor activity. One set of motifs frequently lost in these can-
cer-associated truncations is the SAMP repeats that mediate interactions between APC and
Axin. APC proteins in both vertebrates and Drosophila contain multiple SAMP repeats that
lack high sequence conservation outside of the Axin-binding motif. In this study, we tested the
functional redundancy between different SAMPs and how these domains are regulated, using
Drosophila APC2 and its two SAMP repeats as our model. Consistent with sequence conserva-
tion-based predictions, we show that SAMP2 has stronger binding activity to Axin in vitro, but
SAMP1 also plays an essential role in the Wnt destruction complex in vivo. In addition, we
demonstrate that the phosphorylation of SAMP repeats is a potential mechanism to regulate
their activity. Overall our findings support a model in which each SAMP repeat plays a mecha-
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nistically distinct role but they cooperate for maximal destruction complex function.
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INTRODUCTION

Cooperative actions of various signaling pathways orchestrate
proper development of an embryo. Among these pathways, Wnt
signaling is an indispensable player, regulating numerous cellular
processes, including cell proliferation, migration, and differentiation
(Cadigan and Peifer, 2009). Not only is aberrant Wnt signaling detri-
mental during embryogenesis, but it also leads to numerous diseases
in the adult, including various forms of cancer (colon, breast, lung,
ovarian, and hepatocarcinoma), metabolic diseases (diabetes and
adipogenesis), and neurodegenerative diseases like Alzheimer's dis-
ease (Clevers and Nusse, 2012; Inestrosa and Varela-Nallar, 2014;
Sherwood, 2015). Thus the tight control of this evolutionarily con-
served pathway is essential not only during normal development,
but also for adult tissue homeostasis. One of the most crucial steps
in controlling this pathway is through negative regulation by the de-
struction complex or “destructosome,” a macromolecular complex
whose core components include APC, Axin, and the kinases GSK3
and CK1 (Nusse, 2012). When signaling is off in the absence of a
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FIGURE 1: (A) Schematic representation of human APC (hAPC) and APC2 (hAPC2) and Drosophila APC1 (dAPC1) and
APC2 (dAPC2). Oligomerization domain (burgundy), APC self-association domain (orange), Armadillo (Arm) repeats
(blue), 15Rs: 15-amino acid repeats (15Rs) pink; 20—amino acid repeats (20Rs; purple), B-catenin inhibitory domain
(yellow), SAMP repeats (shades of red); basic domain (turquoise); EB1 binding domain (magenta); cortical localization
domain (C30; dark blue). MCR, mutation cluster region. (B) Sequence alignment of the region that contains the SAMP
repeats between human and Drosophila APC proteins. Axin-binding motif: hydrophobic motif (yellow) and SAMP motif
(red). (C) Yeast two-hybrid experiments demonstrate that both Drosophila APC2 SAMP1 and SAMP2 can bind Axin but
appear to have different affinities. Empty vector control (orange), Axin-RGS (blue). DB, DNA-binding domain. Error bars

represent SD.

Whnt ligand, the destructosome targets the key transcriptional effec-
tor of the pathway, B-catenin, for phosphorylation and subsequent
proteosome-mediated degradation. Thus loss of any destruction
complex component leads to aberrant accumulation of B-catenin,
which in turn can drive inappropriate activation of Wnt target genes.
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APC is a highly phosphorylated, multidomain protein that can
interact with B-catenin via its 15 and 20 amino acid repeats (15Rs
and 20Rs; Figure 1A) and with Axin via its SAMP repeats (Figure 1A;
Rubinfeld et al., 1995; Behrens et al., 1998). More than 80% of all
sporadic and inherited forms of colon cancer carry mutations in the
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APC gene (Polakis, 2012). Most of these mutations occur in a region
called the mutation cluster region (MCR; Figure 1A), generating
APC truncations typically missing some of the 20Rs and all of the
SAMP repeats (Beroud, 1996). Over the years, numerous studies
have addressed the importance of 15Rs and 20Rs and how phos-
phorylation of the 20Rs influences the functional interactions with
B-catenin (Ha et al., 2004; Xing et al., 2004; Liu et al., 2006). In addi-
tion, studies have revealed that there is functional diversity among
the 20Rs. For example, the second 20R does not bind B-catenin,
due to the absence of an important upstream, charged residue (Liu
et al., 2006), but, surprisingly, 20R2 is the only 20R required for
APC2 function in the destruction complex (Yamulla et al., 2014). It
has been proposed that 20R2 represents a conserved binding site
for other protein partners, including potentially the E3 ligase that
destroys B-catenin (SCFBTP; Roberts et al., 2011; Stamos and
Weis, 2013), or for Axin (Schneikert et al., 2014). Furthermore, -
catenin binding is not absolutely required for APC’s destructosome
activity but instead appears to increase the efficiency of B-catenin
degradation (Yamulla et al., 2014). Human and Drosophila APC pro-
teins each contain multiple SAMP repeats, but it is not known
whether these repeats also exhibit functional diversity or whether
their activity is regulated by phosphorylation.

Human APC contains three SAMP repeats that are distributed
among the 20Rs (Figure 1A). In vitro biochemical studies and the
cocrystal structure between Axin’s RGS domain and APC's third
SAMP repeat mapped the Axin binding to a region containing the
conserved motif I/L-L-X-X-C-I-X-S-A-M-P comprising the hydropho-
bic upstream sequences (hydrophobic motif) and the downstream
SAMP motif (Behrens et al., 1998; Spink et al., 2000; Figure 1B). The
hydrophobic motif is more highly conserved than the SAMP motif
itself, and site-directed mutagenesis of these hydrophobic residues
revealed that they are critical for binding Axin (Spink et al., 2000).
Germline missense mutations in the hydrophobic motif have also
been reported in patients with colorectal cancer, suggesting that
these residues could be critical for normal APC function in the de-
structosome as well (Minde et al., 2011). In contrast, site-directed
mutagenesis of the SAMP motif revealed that several changes are
compatible with Axin binding (Spink et al., 2000), consistent with the
observation that they are less well conserved. Recently, a mechanis-
tic model of the contribution of the SAMP moitifs in the destruction
complex has been proposed. This model suggests that initial phos-
phorylation of B-catenin might occur by a SAMP-independent
mechanism but that further processing of B-catenin requires Axin
oligomerization that is at least partially stimulated through Axin’s
interactions with the SAMP motifs (Schneikert et al., 2014). Addi-
tional evidence indicates that dynamic, GSK3-regulated associa-
tions between APC and Axin that are SAMP-independent also exist
(Pronobis et al., 2015). Although all APC proteins contain two or
more SAMP motifs, functional redundancy or diversity of these mo-
tifs has not been explored. However, it has been reported that
SAMP1 is sufficient for Wnt regulation in mammals, as the APC1638T
truncation containing only SAMP1 is viable and fertile in mice (Smits
etal., 1999).

To ask whether functional diversity exists among different SAMP
repeats, we used the experimentally tractable Drosophila APC2 as
our model. Similar to human APC, Drosophila APC2 contains more
than one SAMP repeat, SAMP1 and SAMP2 (Figure 1A). SAMP2
shares higher sequence conservation to the human homologue
within the conserved signature motif, whereas SAMP1 is more de-
generate (Figure 1B). In addition to the sequence identity within the
Axin-binding motif, both SAMP1 and 2 contain residues that are
phosphorylated (Zhai et al., 2008), suggesting a potential regulatory
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mechanism that has not been previously explored. These observa-
tions may suggest that there is functional divergence between dif-
ferent SAMP repeats.

Here we test for the first time the functional importance of dif-
ferent SAMP repeats in Drosophila APC2. We demonstrate that
rather than being redundant as once predicted, they are distinct in
their ability to interact with Axin, their effect on destructosome ac-
tivity, and the extent to which phosphorylation is important for
their regulation. Although SAMP1 is surprisingly sufficient for B-
catenin degradation in human SW480 cells, both SAMPs are es-
sential for destruction function in the Drosophila embryo. Taken
together, our data suggest that individual SAMP repeats have
distinct yet cooperative activities.

RESULTS

Both SAMP1 and SAMP2 of Drosophila APC2 can bind Axin

but with different strengths

To gain insight into the APC-Axin interaction and the importance of
individual residues within the Axin-binding motif, we examined the
level of sequence conservation of the Axin-binding motif across di-
verse vertebrate and invertebrate taxa (Supplemental Figure S1A).
Although the SAMP motif itself (Supplemental Figure S1A, red)
shows some sequence diversity between vertebrate and inverte-
brate APCs and between APC and APC2 proteins, the upstream
hydrophobic residues (Supplemental Figure S1A, yellow) are well
conserved, with the exception of vertebrate APC2s. The higher evo-
lutionary pressure to retain these residues compared with the SAMP
motif itself suggests that these residues play a more significant role
in Axin binding or some other aspect of destructosome function.
This is consistent with analysis of the APC-Axin crystal structure
(Spink et al., 2000) and might explain why germline missense muta-
tions in the upstream hydrophobic residues can be found in some
cases of colorectal cancer patients (Minde et al., 2011), although we
have not identified SAMP motif mutants in the literature.

Drosophila APC2 contains two SAMP repeats, SAMP1 and
SAMP2. SAMP2 contains a conserved hydrophobic motif but par-
tially conserved SAMP motif compared with the mammalian APCs;
however, compensatory mutations in Drosophila Axin may allow for
efficient repacking in this area (Spink et al., 2000; Figure 1B). Simi-
larly, SAMP1 contains the conserved upstream hydrophobic motif,
but the SAMP moitif is not conserved. This suggested that SAMP1
might not participate in Axin binding and destruction complex func-
tion and prompted us to test the activities of these repeats individu-
ally, first by asking whether the individual SAMP repeats interact
with Axin, using a yeast two-hybrid (Y2H) assay.

APC2 containing both SAMPs (APC2-Cterm-SAMP) can interact
with the APC-binding domain of Axin (Axin-RGS; Figure 1C). Consis-
tent with our hypothesis that SAMP1 is a weak Axin binder, APC2-C-
term-SAMP1 displayed a significantly weaker interaction with Axin
than with APC2-C-term-SAMP2 (Figure 1C). Of interest, we ob-
served the strongest binding interaction when both SAMP repeats
were present (APC2-Cterm-SAMP), suggesting an additive or coop-
erative effect. Taken together, these results suggest that SAMP2 is
the primary Axin-binding SAMP in APC2, and thus we predicted that
SAMP2 would have the greater role in destructosome function.

Either SAMP is sufficient to recruit APC2 to the
destructosome in Drosophila S2 cells

Overexpressed or endogenous Axin in cell culture and intact tissues
forms cytoplasmic puncta due in part to its ability to form oligomers
(Fagotto et al., 1999; Faux et al., 2008; Fiedler et al., 2011). In
Drosophila cultured S2 cells, APC2 is recruited into these puncta via
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Either SAMP repeat is sufficient for the recruitment of APC2 to the destructosome puncta. (A) Schematic
representation of mCherry (mCh)-tagged APC2 constructs. Full-length APC2: APC2-FL; APC2 lacking only SAMP1:
APC2-51-/S2+; APC2 lacking only SAMP2: APC2-S1+/52-; APC2 lacking both SAMP1 and SAMP2: APC2-S1-/52-.

(B) GFP-tagged Axin forms oligomers, which can be visualized as cytoplasmic puncta (1). When coexpressed, mCh-
APC2-FL colocalizes in cytoplasmic puncta with Axin-GFP (2), but mCh-APC2-FL expressed without extra Axin is
primarily cortical (3). Removal of either of APC2's SAMP domains (APC2-51-/S2+ [4] and APC2-S1+/S2-[5]) does not
affect colocalization with Axin-GFP, but APC2-51+/S52- relocalizes Axin to cortex. Removal of both SAMPs (APC2-S1-/
S2-) prevents APC2-Axin colocalization (6). Dotted lines indicate cell boundaries. Scale bar, 10 ym.

its SAMP repeats (Kunttas-Tatli et al., 2014; and compare Figure 2B,
2 to 6), although APC and Axin can interact via SAMP-independent
mechanisms as well (Roberts et al., 2011; Schneikert et al., 2014).
We used this system to ask whether the differences in Axin binding
we observed by Y2H affected APC2’s ability to be recruited to the
destructosome by Axin. To determine whether APC2 SAMP1 or
SAMP2 has a more significant role in destructosome localization, we
generated mutants that lacked SAMP1 (APC2-S1-/S2+), SAMP2
(APC2-S14/S2-), or both (APC2-S1-/S2—; Figure 2A). While generat-
ing these deletion mutants, we retained the last 30 amino acids
(C30) because this sequence is required for the cortical localization
of Drosophila APC2 (Zhou et al., 2011). We coexpressed the APC2
SAMP mutants (APC2-S1-/S2+ and APC2-S1+/S2-) with Axin—-green
fluorescent protein (GFP; Figure 2B, 4 and 5). Whereas both SAMPs
have the ability to bind Axin by Y2H (Figure 1C), we predicted that
the weaker binder, SAMP1, would have reduced ability to facilitate
recruitment. However, we observed that either SAMP repeat was
sufficient for destructosome recruitment. Surprisingly, expression of
APC2-S1+/S2- (lacking the stronger Axin binder, SAMP2) resulted in
redistribution of Axin to the cell cortex in a proportion of the cells
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(Supplemental Figure S2A, 1-3). Because the ability of Axin to form
puncta might depend on its expression level, we used fluorescence-
activated cell sorting (FACS) to sort the cells on the basis of their
Axin expression levels. This revealed that Axin redistribution to the
cortex in the presence of APC2 was enhanced in cells expressing
high levels of Axin-GFP (Supplemental Figure S2B).

We also tested whether both SAMPs were able to colocalize with
Axin in SW480 human colon cancer cells. Similar to Drosophila S2
cells, either SAMP repeat was sufficient for colocalization with Axin
(Figure 3A). However, unlike S2 cells, we did not observe redistribu-
tion of Axin to the cortex in APC2-S1+/S2-. This is consistent with
the fact that normal distribution of APC2 is not cortical in SW480
cells (Roberts et al., 2011), possibly due to the absence of a cortical
binding partner.

SAMP1, but not SAMP2, is necessary for destructosome
activity in SW480 cells

Because SAMP2 is a stronger Axin binder by Y2H, we predicted that
it would be the primary SAMP required for destructosome activity.
To test this, we asked whether SAMP2 is necessary and/or sufficient

Molecular Biology of the Cell
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SW480 cells reveal differential requirements for SAMP1 and SAMP2 in -catenin regulation. (A) Similar to S2
cells, Axin-GFP forms cytoplasmic puncta in SW480 cells (1), and mCh-APC2 colocalizes with Axin-GFP in those puncta
(2). Either SAMP is sufficient for colocalization with Axin-GFP in cytoplasmic puncta (3, 4), but removal of both domains
disrupts colocalization (5). Scale bar, 10 pm. (B) TOPFlash assays demonstrated that the expression of full-length
Drosophila APC2 (APC2-FL) is sufficient to suppress the elevated levels of TCF-dependent transcriptional activity in
SW480 cells. APC2-S1+/S2- had activity indistinguishable from that of APC2-FL. In contrast, deletion of either SAMP1
(APC2-S1-/S2+) or both SAMPs (APC2-S1-/S2-) resulted in a significant loss of APC2 activity. The Western blot
demonstrates that the mCh-tagged APC2-FL and all the SAMP deletion constructs were expressed at comparable levels
in SW480 cells used in the TOPFlash assays. (C) Similar to the TOPFlash assays, expression of APC2-FL or APC2-S1+/
S2- was sufficient to suppress the elevated levels of B-catenin, whereas APC2-51-/52+ and APC2-S1-/S2- exhibited a
significant loss of B-catenin destruction function. Error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001.

for APC2's destructosome function. Human SW480 cells endoge-
nously express an APC MCR truncation that leads to elevated levels
of B-catenin and high levels of Wnt target gene expression due to
loss of destructosome activity (Munemitsu et al., 1995). Previous
studies showed that expression of Drosophila APC2 could compen-
sate for the loss of hAPC function to suppress the elevated levels of
B-catenin and the high levels of Wnt target gene expression (Roberts
et al., 2011, 2012; Yamulla et al., 2014). B-Catenin-mediated tran-
scriptional activity is measured by the well-established TOPFlash
luciferase assay (Korinek et al., 1997). We predicted that APC2-S1+/
S2- would have strongly reduced APC activity and APC2-S1-/S2+
would be sufficient to promote B-catenin destruction. Surprisingly,
APC2-S1+/S2- functioned as well as APC2-FL (full length), whereas
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APC2-S1-/S2+ behaved like the complete SAMP deletion (Figure
3B). As a control, we examined the expression levels of the trans-
fected constructs; all APC2 mutants were expressed at similar levels
(Figure 3B, bottom). The lower level of APC2-S1-/S2— protein may
be attributed to decreased protein stability due to its lack of de-
structosome localization. We also measured B-catenin levels in
FACS-sorted SW480 cells. Consistent with the TOPFlash results,
APC2-S1+/S2— was similar to the full length, whereas both APC2-
S1-/S2+ and APC2-S1-/S2- exhibited reduced B-catenin degrada-
tion (Figure 3C). Taken together, these data suggest that the weaker
Axin binder, SAMP1, plays a functionally significant role in destruc-
tosome activity, whereas the stronger Axin binder, SAMP2, is dis-
pensable in SW480 cells.
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SAMP1 and SAMP2 are both essential for destructosome
activity in the Drosophila embryo

Between 4 and 6 h after egg laying, Wnt signaling plays a key role
in the patterning of embryonic segments in Drosophila. Whereas
ventral epidermal cells receiving Wnt secrete a smooth cuticle,
ventral cells not receiving the signal generate cuticular projections
called denticles (arrows in Figure 4C). The same pattern can be visu-
alized as an accumulation of Armadillo (Arm; fly B-catenin) in stripes
of cells receiving Wnt signal and in the patterned expression of the
Whnt target gene engrailed (Figure 4D1). This pattern is disrupted in
embryos with aberrant Wnt signaling such as in APC mutants. In
Drosophila, APC1 and APC2 play redundant roles in Wnt signaling
throughout development. APC1-null (APC19%) mutant flies are adult
viable, with phenotypes restricted to apoptosis of photoreceptors in
the compound eye (Ahmed et al., 2002). In contrast, APC2-null
(APC29'% embryos are embryonic lethal, displaying a modest accu-
mulation of Arm, an expanded engrailed expression domain, and a
significant loss of denticles (McCartney et al., 1999, 2006; Kunttas-
Tatli et al., 2012); Supplemental Figure S4, A and D2). Although
APC2 is the primary Wnt regulator during embryogenesis, APC1
does contribute destructosome function; loss of APC1 in the em-
bryo enhances the APC2-null phenotype with a more robust accu-
mulation of Arm and complete loss of denticles (Ahmed et al., 2002;
Akong et al., 2002). Previous studies suggested that testing APC2
mutants in both the APC2 single-null and APC2 APC1 double-null
backgrounds is informative: the APC2 APC1 double-null back-
ground provides the most stringent test of destruction function, re-
quiring substantial transgene function for rescue, whereas the APC2
single-null background can reveal more subtle differences (Roberts
etal., 2011; Kunttas-Tatli et al., 2012).

To examine the role of the individual SAMP repeats in a more
physiologically relevant context, we first expressed GFP-tagged
APC2-FL and the SAMP deletion mutants (APC2-S1-/S2+, APC2-
S1+/S2—, APC2-S1-/S2-) in APC2 single-null embryos under the na-
tive APC2 promoter (McCartney et al., 2006). All transgenes were
expressed at a level comparable to endogenous APC2 (Supplemen-
tal Figure S3, B and C), and neither the SAMP deletions nor the phos-
phomutations disrupted proper cortical localization in vivo (Supple-
mental Figure S3A). Of interest, the APC2-S1+/S2— mutant appeared
to localize to the embryonic cortex more strongly than wild-type
APC2 or the other mutants, consistent with our S2 cell experiments
(Supplemental Figure 2B5). As demonstrated previously, GFP-APC2-
FL fully rescued the APC2-null phenotype in the embryo (Roberts
etal., 2011; Kunttas-Tatli et al., 2012; Supplemental Figure S4, A and
D3). Consistent with the TOPFlash analysis (Figure 3B), and previous
reports (Roberts et al., 2011), APC2-S1-/S2- had significantly re-
duced destructosome function; removal of both SAMPs resulted in
only a 36% hatch rate, moderate cuticle defects, and elevated Arm
levels sufficient to result in the expansion of en expression (Supple-
mental Figure S4, A, B, and Dé). This suggests that the SAMP repeats
are necessary for APC2's destructosome activity. On the basis of the
TOPFlash assay (Figure 3B), we predicted that SAMP1, but not
SAMP2, would be necessary and sufficient for destructosome func-
tion. Surprisingly, we found that both APC2-S1+/52— and APC2-S1-/
S2+ were able to completely rescue the APC2-null defects (Supple-
mental Figure S4, A and B), indicating that either SAMP1 or SAMP2
is sufficient for function in the APC2 single-null background.

To assess potential redundancy of the SAMPs in a more stringent
background, we also tested our APC2 SAMP mutants in the APC2
APC1 double-null background. APC2 APC1 mutant embryos were
generated using the standard FRT/FLP/DFS method (Chou and
Perrimon, 1996), in which 50% of the embryos are maternally and
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zygotically null for APCT and APC2 (MZ class) and 50% are mater-
nally null but zygotically heterozygous due to paternal contribution
(MZ+ class; Supplemental Figure S4C). The MZ and MZ+ classes can
be distinguished by assessing the embryonic hatch rates and cuticle
phenotypes. In the absence of any transgene, nearly 11% of the
embryos hatched (MZ+), and of those that died, 30% displayed
weak cuticle defects (ranging from 0 to 2.5; MZ+), whereas the re-
maining progeny displayed strong cuticle defects (ranging from
three to six; MZ; Figure 4, A and B). Expression of the full-length
transgene (APC2-FL) in this double-mutant background increased
the hatch rate (37% of total progeny) and strongly suppressed the
cuticle defects in those MZ and MZ+ progeny that die as embryos
(Figure 4, A-C). Expression of APC2-S1-/S2— in the double mutant
failed to rescue the Wnt pathway activation defects. In fact, APC2-
S1-/S2- exerted a dominant-negative effect, as evidenced by the
lower hatch rate (<1%) and the strong cuticle defects exhibited by
all of the lethal progeny (Figure 4, A-C). This dominant-negative
effect was previously observed for deletion of both SAMPs (Roberts
etal., 2011). APC2-S1-/S2+, missing SAMP1 and retaining SAMP2,
provided only very weak destruction activity, evidenced by a de-
crease in the percentage of embryos with strong cuticle defects and
a comparable increase in the percentage of embryos with weak cu-
ticle defects. In contrast, APC2-S1+/S2- exhibited dominant-nega-
tive activity similar to, but stronger than, APC2-S1-/S2- (Figure 4,
A-C). These results suggest that both SAMP1 and SAMP2 are nec-
essary for APC2's destructosome function and that neither alone is
sufficient. Furthermore, the loss of SAMP2, in the presence or ab-
sence of SAMP1, produces a protein with toxic effects on any re-
maining destructosome function that exists in the absence of APC2
activity. This finding is in striking contrast to the SW480 results indi-
cating that SAMP2 is dispensable and SAMP1 is both necessary and
sufficient for destruction function (Figure 3B).

Disrupting SAMP1 or SAMP2 phosphorylation has no

effect on the localization of APC2 to destructosome puncta
with Axin

APC proteins are regulated via phosphorylation in many contexts. A
well-studied example is the multiphosphorylation of the 20Rs by
CK1 and GSK3p (Rubinfeld et al., 1996). Phosphorylation of 20Rs
enhances B-catenin binding affinity (Ha et al., 2004; Xing et al.,
2004; Liu et al., 2006), and either blocking or mimicking phosphory-
lation in a subset of 20Rs significantly impairs APC2's destructosome
activity in vivo (Kunttas-Tatli et al., 2012). Mass spectrometry (MS)
analysis of proteins expressed during Drosophila embryogenesis re-
vealed multiple sites in the APC2 SAMP repeats that are phosphory-
lated (Zhai et al., 2008). By combining the MS data with additional
computational predictions, we hypothesized that eight sites in
SAMP1 and eight sites in SAMP2 may be phosphorylated, poten-
tially suggesting a regulatory mechanism for APC2's destructosome
function (Figure 5A). To test this hypothesis, we generated targeted
mutations in the APC2 SAMP repeats that prevent phosphorylation
at these sites: APC2-S154/52+, APC2-S1/S254, and APC2-S154/525
(Figure 5A).

To determine whether disruption of phosphorylation had an ef-
fect on recruitment of APC2 to Axin puncta or on puncta assembly,
we coexpressed the APC2 phosphodeficient SAMP mutants with
Axin-GFP first in S2 cells. Disruption of phosphorylation had no de-
tectable effect on colocalization with Axin. However, similar to the
expression of APC2-S1+/52- (Figure 2B), blocking phosphorylation
in SAMP1 (APC2-S154/S2+) or in both SAMPs (APC2-S154/S254) re-
sulted in redistribution of Axin to the cell cortex in a proportion of the
cells (Figure 5B, 3 and 5, and Supplemental Figure S2, A, 4-6, and B).
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nalysis of APC2 APC1 double-null (APC297°APC19%) embryos with transgenes expressing APC2-FL and

SAMP deletion mutants. (B, C) The cuticle phenotypes of embryos that failed to hatch were assessed, and the
phenotypic average (PA) was calculated for mutant embryos. Cuticles were classified as either MZ+ (maternally mutant

but zygotically re
(scoring criteria a
striped Arm accu

scued) or MZ (maternally and zygotically mutant). Higher numbers indicate more severe defects
s in McCartney et al., 2006). N, number of embryos scored. (D) Representative embryos showing the
mulation and En expression. In all images, anterior is to the left and dorsal is up. Differential Arm

accumulation is lost and the En expression domain is expanded in APC2-null (APC297%) embryos (2) compared with wild
type (1). APC2-FL (3) and either single SAMP deletion (APC2-S1-/S2+ [4] and APC2-S1-/52+ [5]) are sufficient to restore
the normal Arm and En patterns in APC2-null embryos. In contrast, deletion of both SAMPs (APC2-51-/52-) (6) fails to
rescue the wild-type pattern of Arm and En. Scale bar, 25 pm.

SAMP1 phosphorylation, but not SAMP2 phosphorylation, to the destructosome in SW480 cells (Figure 6A). Similar to com-

is necessary fo
Consistent with

r destructosome activity in SW480 cells plete loss of SAMP1 (APC2-S1-/S2+; Figure 3B), disrupting SAMP1
Drosophila S2 cells, disruption of neither SAMP1  phosphorylation (APC2-51%4/S2+) or all SAMP phosphorylation

nor SAMP2 phosphorylation had an effect on recruitment of APC2 (APC2-S154/S2%4) resulted in proteins with reduced destructosome
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however, APC2-S154/S2+ (3) and APC2-S154/S25A (5) redistribute Axin to the cortex (similar to APC2-S1+/52-). Dotted

lines indicate cell boundaries. Scale bar, 10 um.

function in the TOPFlash assay (Figure 6B). As a control, we mea-
sured the expression levels of the constructs; all APC2 mutants were
expressed at comparable levels (Figure 6B, bottom). In contrast,
APC2-S1+/S25 fully suppressed the elevated levels of Wnt target
gene activity similar to APC2-FL and APC2-S1+/S2- (Figures 3B and
6B). To complement the TOPFlash experiments, we also measured
levels of B-catenin in FACS-sorted SW480 cells. In this case, disrupt-
ing phosphorylation in either SAMP1 or SAMP2 (APC2-S154/S2+
and APC2-S1+/52%4) led to behavior similar to APC2-FL, whereas
only APC2-S154/52% displayed a significant difference in promoting
efficient B-catenin destruction (Figure 6C). This suggests that small
differences in B-catenin levels can affect transcriptional output
(Roberts et al., 2011). Taken together, these results indicate that
SAMP2 phosphorylation is not necessary for the activity of the
destructosome in SW480 cells, but phosphorylation of SAMP1 is
required for optimal destruction function.

Phosphorylation of both SAMP1 and SAMP2 is necessary
for destructosome activity in the Drosophila embryo

On the basis of the TOPFlash assay (Figure 6B), we predicted that
SAMP1 phosphorylation, but not SAMP2 phosphorylation, would
be necessary for destructosome function in vivo. To test this hy-
pothesis, we again expressed these APC2 mutants in the APC2
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single-null and APC2 APC1 double-null backgrounds. Disrupting
phosphorylation in either SAMP alone (APC2-S1%4/S2+ or APC2-
S1+/52%%) had no effect on APC2 function in APC2-null embryos
(Supplemental Figure S4, A and B), similar to the deletion mutants
(Figure 3A). However, disrupting phosphorylation in both SAMPs
(APC2-S154/S254) significantly reduced APC2 function (71% hatch
rate, moderate cuticle defects, elevated Arm levels, and expanded
en expression; Supplemental Figure S4, A and B, and Figure 7D)
but not as severely as complete deletion of the SAMPs (Supple-
mental Figure S4, A and B). This suggests that SAMP repeat phos-
phorylation is necessary for APC2’s destructosome activity.

Similar to the deletion mutants, we tested the destructosome
function of the phosphodeficient SAMP mutants in the APC2 APC1
double-null background, and with this more sensitive assay, the sig-
nificance of SAMP phosphorylation became clear. Phosphodeficient
SAMP1 mutant alone (APC2-51%4/S2+) completely eliminated APC2
activity (Figure 7, A and B), whereas phosphodeficient SAMP2 mu-
tant (APC2-S1+/52%4) resulted in a largely functional APC2 protein,
as evidenced by a higher hatch rate and weaker cuticle phenotypes
(Figure 7, A and B). Surprisingly, APC2 without any potential SAMP
phosphorylation (APC2-51%4/52%) also has partial function, as its
hatch rate and cuticle phenotypes more closely matched those of
the SAMP2 phosphorylation mutant (Figure 7, A and B). Collectively

Molecular Biology of the Cell
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SW480 cells reveal differential requirements for phosphorylation of SAMP1 and SAMP2 in B-catenin
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these findings reveal a surprising interplay between phosphoryla-
tion of the SAMP motifs. SAMP1 phosphorylation is required for
APC2 destructosome activity, but the observation that blocking
SAMP2 phosphorylation mitigates the effect of loss of SAMP1 phos-
phorylation suggests that there is mechanistic cross-talk between
the two SAMP repeats that is mediated by phosphorylation.

Conserved upstream phosphoresidues in SAMP1 are
sufficient for SAMP1 function in the destructosome

Despite the lack of sequence conservation in the SAMP moitif itself,
the upstream phosphoresidues in APC2-SAMP1 are highly con-
served in both vertebrate and most invertebrate APC-SAMP3s,
which contain putative phosphorylation sites for CK1 and GSK3
(Supplemental Figure S1, B and C). Therefore we predicted that the
upstream phosphoresidues would play the more significant role in
SAMP1’s destructosome function. To test this hypothesis, we gener-
ated mutants that disrupted (APC2-S15A4p/S2+) or mimicked (APC2-
§15Pup/S2+) phosphorylation only in these residues. As a comple-
ment, we also generated a mutant that disrupts only the downstream
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putative phosphoresidues (APC2-515A4w/S2+; Figure 8). Similar to
our results with the behavior of APC2-S154/S2+, none of these
mutants affected colocalization with Axin or the formation of puncta
in S2 cells (Figure 8B). Of interest, none of these mutants drove Axin
to the cortex as we observed with APC2-S1%4/S2+ (Figure 8B), sug-
gesting that this effect requires both the upstream and downstream
putative phosphoresidues.

Because TOPFlash in SW480 cells consistently demonstrated the
role of SAMP1 in destruction function (Figures 3 and 6), we used this
assay alone to assess the destructosome function of these mutants.
Whereas the SAMP1 mutant that mimics phosphorylation at the up-
stream sites (APC2-S1°P'P/S2+) behaved similar to full length, block-
ing upstream SAMP1 phosphorylation (APC2-S1544p/S2+) mildly re-
duced destructosome function in SW480 cells (Figure 8C).
Surprisingly, the mutant with wild-type upstream residues but dis-
rupted downstream residues (APC2-S15Adow/S2+) displayed de-
structosome activity that was even more efficient than that of APC2-
FL (Figure 8C), suggesting that the ability of both the upstream and
the downstream sequences to be phosphorylated is important for
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Drosophila embryo. (A, B) Hatch rate and cuticle analysis of APC2 APC1 double-null (APC29'°APC19) embryos with
transgenes expressing APC2-FL and SAMP phosphomutants. (B, C) The cuticle phenotypes of embryos that failed to
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APC2's destructosome function. This suggests that in the absence of
SAMP1 upstream phosphorylation, other mechanisms, such as
downstream phosphorylation, may partially support APC2's destruc-
tosome activity.

DISCUSSION
Despite significant interest in understanding the role of APC
proteins in the regulation of Wnt signaling, there are outstanding
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questions regarding the fundamental molecular mechanisms of its
destructosome activity. Previous studies focusing on APC's 20Rs
showed that they display functional diversity and that phosphoryla-
tion of at least a subset of 20Rs plays an important role in APC's
destructosome activity (Roberts et al., 2011; Kunttas-Tatli et al.,
2012), although direct binding of B-catenin to APC does not appear
essential for targeting B-catenin for destruction (Yamulla et al.,
2014). In this study, we focused on the SAMP repeats, the known
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Axin-binding domain of APC, and discovered that the two SAMP  Functional diversity among SAMP repeats

repeats of APC2 have distinct roles in the destructosome (Figure 9A).
In addition, we showed for the first time that the potential phos-
phorylation of SAMP repeats promotes APC's destructosome func-
tion (Figure 9A).
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All APC proteins contain an N-terminal region composed of the
structured Armadillo repeats followed by variable numbers of -
catenin-binding sites (20Rs) and Axin-binding sites (SAMP motifs) in
the C-terminus. These domains (20Rs and SAMPs) show a high
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FIGURE 9: Summary and model. (A) Summary of the activities of APC2's two SAMP repeats.
(B) Model for a mechanism of cooperation between SAMP1 and SAMP2. The stronger Axin
binder, SAMP2, binds to the RGS domain of Axin. This brings GSK3 and CK1 in proximity to
APC2, promoting the phosphorylation in SAMP1. Phosphorylated SAMP1 participates in
destructosome by increasing the affinity of APC2 and Axin or by recruiting an unknown protein.

degree of flexibility both in number and organization across various
species. The C-terminal region of APC is predicted to be intrinsically
disordered, and it has been proposed that this disorder is critical to
coordinate APC's various protein interactions (Minde et al., 2011).
However, structural disorder likely also provides a mechanism for
duplication and evolution of protein-binding motifs without disrupt-
ing protein function. This in turn yields possibilities for alternative
domain-domain packing and can even lead to functional differ-
ences between paralogues. In fact, 20R2 likely provides an example
of divergent evolution in APC proteins: it is highly conserved across
all APC proteins and matches the consensus 20R sequence, yet
20R2 does not bind B-catenin (Liu et al., 2006). 20R2 is required for
APC function in both flies and humans, suggesting that it has ac-
quired a novel function through evolution (Roberts et al., 2011;
Schneikert et al., 2014).

The SAMP repeats may provide another example of divergent
evolution of protein-binding motifs in APC. APC-SAMP repeats are
evolutionarily conserved among all bilaterians, mediating a key in-
teraction between APC and Axin in the destructosome. Given the
importance of this interaction in preventing Wnt target gene activa-
tion in the absence of a ligand, it is not surprising to find substantial
homology of SAMP motifs between divergent species ranging from
insects to humans (Supplemental Figure S1A). The number of Axin-
binding motifs and their sequence is largely invariant among verte-
brate APCs, whereas it is more variable in vertebrate APC2s and all
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negative effect and enhancement of the
double-null phenotype. We predict that
SAMP1 alone is sufficient in the presence of
APC1 because APC1 and the mutant APC2
bind through the APC self-association do-
main (Kunttas-Tatli et al., 2014), allowing the
mutant to carry out some of APC2's destruc-
tion functions via complementation in-trans.
We previously observed this phenomenon
with mutants in the 20Rs (Kunttas-Tatli et al., 2012). Although these
results indicate that SAMP2 is necessary for destruction function in
the Drosophila embryo, it is not sufficient. Deletion of SAMP1 alone
produces a protein that retains some function in the absence of all
other APC in the embryo (Figure 9A). Surprisingly, APC2 with SAMP2
alone performed very poorly in SW480 cells, indistinguishably from
the deletion of both SAMPs. Some of the inconsistencies between
the functional significance of various mutants in SW480 cells and
flies were observed before when studying APC2. For example, work
in human cells showed that overexpression of internal fragments of
human APC (containing at least three 20Rs) rescues B-catenin de-
struction and TOPFlash values (Rubinfeld et al., 1997; Roberts et al.,
2011; Li et al., 2012). However, overexpression of analogous frag-
ments of Drosophila APC2 in SW480 cells does not rescue either
B-catenin destruction or TOPFlash (D.M.R., unpublished results). It is
likely that at least some of these inconsistencies are due to the fact
that SW480 cells are not null for APC proteins but instead express
truncated APC and full-length APC2 (APC-L; Schneikert et al., 2013).
Thus, although SW480 cells are useful in testing many aspects of
APC biology, it is still a somewhat artificial system and might not
represent true in vivo conditions.

Taken together, our results strongly suggest that the two SAMP
repeats are not functionally equivalent, and the difference cannot
be explained by differences in Axin binding alone. If this were the
case, SAMP2 alone would always perform better than SAMP1 alone.
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Moreover, prior work investigating an Axin mutant lacking the RGS
domain revealed that the RGS domain is not critical for proper de-
structosome function in the fly embryo (Peterson-Nedry et al., 2008).
This suggests that an RGS/SAMP interaction is not absolutely es-
sential, and SAMP-independent mechanisms for APC/Axin associa-
tion have been reported, identifying 20R2 and the Arm repeats as
putative Axin-binding sites (Roberts et al., 2011; Schneikert et al.,
2014; Pronobis et al., 2015). Collectively these findings suggest the
SAMP motifs do more than simply bind Axin for destructosome
function.

SAMP phosphorylation is necessary for APC2's
destructosome function

Our work has revealed that phosphorylation may contribute to the
functional differences between SAMP1 and SAMP2. Phosphoryla-
tion of the conserved sites within SAMP1 is required for APC2's de-
struction function, as this mutant lacks all function in the APC dou-
ble-null embryos. Surprisingly, loss of SAMP1 phosphorylation has a
stronger effect on APC2 function than deletion of the repeat (Figure
9A). In addition, our preliminary dissection of putative phosphoryla-
tion sites within SAMP1 suggests that the sites upstream of the Axin-
binding residues that are 100% conserved with human APC-SAMP3
play a more significant role in destruction function. In contrast,
phosphorylation of SAMP2 appears to have only modest effects on
APC2 function and is dispensable in both SW480 cells and in em-
bryos expressing APC1. Of interest, blocking SAMP2 phosphoryla-
tion in the SAMP1-SA mutant suppresses the APC2-$154/52+ phe-
notype; APC2-5154/S2+ has a stronger loss-of-function phenotype
than APC2-S154/S25A (Figures 7A and 9A), suggesting a regulatory
relationship between the SAMP repeats.

Surprisingly, the phosphorylation state of SAMP1 also affected
the localization of Axin in S2 cells: loss of phosphorylation of SAMP1
alone or both SAMP1 and 2, but not the deletion of SAMP1, re-
sulted in APC2-Axin colocalization in destructosome-like puncta,
but the colocalization was frequently at the cell cortex (Figure 9A).
Deleting of SAMP2 but leaving SAMP1 intact had the same effect
on Axin (Figure 9A). We found these results perplexing, but APC-
mediated recruitment of Axin to the cytoskeleton was observed pre-
viously (Schneikert et al., 2014), which can be explained via multiple
scenarios. First, without Axin, wild-type APC2 is strongly enriched at
the cell cortex in S2 cells, as it is in Drosophila tissues (Zhou et al.,
2011). We previously showed that APC2 cortical localization is de-
pendent on the N-terminal ASAD (Kunttas-Tatli et al., 2014) and the
C-terminal 30 amino acids (C30; Zhou et al., 2011), both of which
are present in all of the mutant forms of APC2 expressed in S2 cells.
In the presence of sufficient Axin, APC2 is driven into cytoplasmic
puncta and completely lost from the cortex (Figure 2B). This sug-
gests that with wild-type proteins, APC2 binds to Axin with a higher
affinity than it does to the cortex. If this is the case, one possible
explanation for these results is that the mutations increase the affin-
ity of APC2 for its cortical partner(s), such that APC2 remains at the
cortex and recruits Axin. Another potential scenario might be that
the deletion or disruption of phosphorylation might modify the
structure of the APC:Axin complex in such a way that it alters the
ability of Axin to polymerize via its DAX domain.

Mechanistic insight into the contribution of the SAMPs to
destructosome activity

Evolution of the SAMP motifs may provide insight into their diver-
gent mechanistic functions. Although all vertebrates have two paral-
ogous APC proteins (APC and APC2), the presence of APC2 is fairly
restricted in insects, suggesting that this gene duplication occurred
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independently and more recently. Therefore the ancestral APC pro-
tein likely looked more like APC1, containing a number of 15Rs,
20Rs, and SAMP motifs. Whereas APC1 proteins have retained
these features (and perhaps even gained some), APC2 proteins
have likely lost some features after their respective gene duplication
events. For example, human APC2 lost all 15Rs, whereas Drosophila
APC2 lost some SAMP motifs, as well as the C-terminal basic do-
main and EB1 binding domain (Figure 1A).

Despite the variable number and positioning of the SAMP motifs
in APC proteins, sequence conservation of the SLSSLS signature un-
ambiguously reveals that SAMP1 in Drosophila APC2 is analogous
to SAMP3 in both human and Drosophila APC1. Of interest, in hu-
man APC1, the S-X-X-S-S-L-S-X-L-S signature is part of the adjacent
20R7, which biochemical studies suggest has moderate binding af-
finity for B-catenin (Liu et al., 2006; Supplemental Figure S1D). 20R7
has been lost in Drosophila APC2, but it appears likely that dAPC2
SAMP1 originated through a duplication event that retained part of
this B-catenin binding 20R. 20Rs are characterized by an N-terminal
extended region and a downstream phosphoregion, with the S-X-X-
S-S-L-S-X-L-S signature constituting the phosphoregion (Supple-
mental Figure S1D). The extended region is believed to mediate
interactions with B-catenin via two critical salt bridges (charged but-
tons), with CK1 and GSK3 phosphorylation of the phosphoregion
increasing the affinity of APC for B-catenin by 300- to 500- fold (Xing
et al., 2004). One exciting possibility is therefore that SAMP1 may
retain partial binding to B-catenin. To get a better understanding of
the evolution and potential role of this hybrid domain, we compared
sequence alignments of human APC-20R7SAMP3 with various in-
vertebrates (Supplemental Figure S1, D and E). The partial conser-
vation of the key extended region residues upstream of the S-X-X-S-
S-L-S-X-L-S signature in some invertebrates suggests that they likely
retain the ability to bind to B-catenin through the hybrid SAMP1
domain, whereas other invertebrates, such as Capitella teleta and
Drosophila, have lost this activity due to the loss of critical residues
in the extended region (Supplemental Figure S1D). Consistent with
this prediction, a mutant form of Drosophila APC2 lacking both 15Rs
and 20Rs but retaining this cryptic domain does not interact with 3-
catenin in Y2H experiments (Yamulla et al., 2014). Alternatively, the
S-X-X-S-S-L-S-X-L-S signature is found in other proteins (Marin et al.,
2003) and may simply represent a CK1 phosphosignature that al-
lowed SAMP1 to acquire a new and important function.

Regardless of whether SAMP1 retains partial ability to bind B-
catenin, the fact that both SAMP repeats are necessary for destructo-
some function in the fly suggests that they cooperate to achieve -
catenin degradation. We propose a model for how this may occur
(Figure 9B). Because of its stronger binding, SAMP2 primarily medi-
ates the Axin interaction. Recruiting APC2 into the Axin complex
through SAMP2 brings APC in proximity to GSK3 and CK1 bound to
Axin, resulting in phosphorylation of those target sites in SAMP1.
Consistent with this model, APC phosphorylation is enhanced by
APC-Axin binding (Rubinfeld et al., 2001). Once phosphorylated,
how does SAMP1 participate in destructosome function? As men-
tioned earlier, similar phosphosignatures occur in the APC 20Rs,
where they have been implicated in enhanced B-catenin binding (Ha
et al., 2004; Liu et al., 2006). Similarly, phosphorylation of 20R2, the
essential 20R with no B-catenin-binding activity (Liu et al., 2006),
likely mediates an interaction with an unknown APC partner, such as
Axin (Schneikert et al., 2014) Thus we speculate that phosphorylation
of SAMP1 could likewise mediate an interaction between APC and
another destructosome component that is necessary for maximal de-
struction activity. It is plausible that this partner could be B-catenin or
Axin itself. The majority of putative phosphorylation sites are outside
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the core o-helix of the SAMP motif as defined in the crystal structure
(Spink et al., 2000), suggesting that if such an interaction with Axin
occurs, it may be through a “clamp-down” mechanism.

In conclusion, our results suggest that the role of APC's SAMP
repeats in the destructosome is far from simple. The two SAMP re-
peats in Drosophila APC2 are functionally distinct, appear to act co-
operatively in some contexts, and have more complex regulatory
relationships in others. Rather than being a simple bridge connecting
the Axin—kinase complex to B-catenin, APC proteins appear to have
a much more complex, multifaceted mechanistic role in the destruc-
tosome. This work adds a significant new twist to what we believed
was an important but rather simple binding motif. Future studies are
needed to test our model and reveal precisely how the individual
SAMP repeats and their interplay drives B-catenin destruction.

MATERIALS AND METHODS

Constructs and molecular biology

For generating the SAMP-deletion mutants, we used standard PCR-
based site-directed mutagenesis to delete SAMP1, SAMP2, or both.
For generating the phosphodeficient SAMP mutants, we used the
GENEWIZ Custom Gene Synthesis service (GENEWIZ, Plainfield,
NJ) to synthesize a region that spanned the SAMP repeats, which
then was cloned into the full-length APC2 backbone. We subcloned
the desired APC2 constructs into the EcoRl site in pRmHa-3-mCherry
(metallothionein promoter vector) for S2 cells and pCS2(+)-mCherry
(CMV promoter vector) for SW480 cells. For GFP-tagged APC2 con-
structs in SW480 cells, the APC2 coding region was shuttled to the
pDONR Gateway entry vector via PCR. Entry vectors were fully se-
quenced and then cloned into a modified pECFP-N1 vector (Clon-
tech, Mountain View, CA) containing an N-terminal GFP tag and a
Gateway cassette (Roberts et al., 2011). Modified pCaSpeR-2 con-
taining the native APC2 promoter and GFP was used for the expres-
sion in Drosophila (McCartney et al., 2006). The mutant constructs
were confirmed by sequencing. APC2-FL: 1-1067; APC2-S1-/S2+:
1-930 plus 992-1067; APC2-S1+/S2-: 1-992 plus 1037-1067;
APC2-S1-/S2—: 1-930 plus 1037-1067; APC2-S154/S2+: S933A,
S935A, S936A, S938A, S941A, SP49A, S962A, S965A; APC2-S1+/
S25A: Y997A, S998A, S102A, S112A, S114A, S122A, S127A, S133A,;
APC2-S154/5254: S933A, S935A, S936A, S938A, S941A, S949A,
S962A, S965A, Y997A, S998A, S102A, S112A, ST14A, S122A,
S127A, S133A; APC2-S1549r/S2+: S933A, S935A, S936A, S938A,
S941A; APC2-S15Adown/So 1. S949A, S962A, S965A; APC2-515Pup/
S2+: §933D, S935D, S936D, $938D, $941D; and APC2-S1+/52°P:
Y997D, S998D, $102D, S112D, $114D, S122D, S127D, S133D.

Yeast two-hybrid analysis

The Matchmaker System (Clontech) was used to perform the Y2H
analysis as described previously (Kunttas-Tatli et al., 2014). APC2
constructs containing the various C-terminal domains and Axin-RGS
(see Figure 1) were cloned into the pCR8/GW/TOPO vector (Life
Technologies, Grand lIsland, NY) and LR reactions performed to
clone inserts into pGBKT7-W and pGADT7-W. B-Galactosidase as-
says performed using the Yeast B-galactosidase Assay Kit (Thermo
Scientific, Rockford, IL), and the activity was calculated from activity =
(1000 x OD420)/(TV x ODgp), where T is the duration of the reaction
in minutes and V'is the volume of the reaction in milliliters. Construct
boundaries are as follows: APC2-C-term-SAMP1 (890-966), APC2-C-
term-SAMP2 (970-1037), and APC2-C-term-SAMP (890-1037).

S2 cell culture and transfection experiments
Drosophila S2 cells were cultured in Schneider’s medium (Lonza, Ba-
sel, Switzerland) with 10% heat-inactivated fetal bovine serum (FBS)
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and 1x penicillin—streptomycin (Pen/Strep) at 25°C. pRmHa-3-
mCherry (metallothionein promoter vector) constructs were trans-
fected into S2 cells following the Effectene (Qiagen, Valencia, CA)
protocol at a cell density of (2-3) x 10° cells in six-well plates. Expres-
sion of constructs was induced 24 h posttransfection with CuSOy
(40 mM final concentration) and imaged 14-16 h postinduction. BD
FacsVantage Diva option (laser 488) was used to sort the highest GFP
(top 30%)-expressing S2 cells 16-18 h postinduction for a subset of
the experiments. Cells were sorted into glass-bottom dishes (MatTek)
with 1x phosphate-buffered saline (PBS), and images of live cells
were taken immediately for visualization of puncta morphology.

SW480 cell culture, transfections, and immunofluorescence
Human colon cancer SW480 cells were cultured in DMEM with high
glucose supplemented with 10% heat-inactivated FBS and 1x Pen/
Strep/Glutamine at 37°C and 5% CO,. For transfections, SW480
cells were plated at a density of 2.5 x 10° cells in six-well plates,
grown overnight, and transfected with TurboFect according to the
manufacturer’s protocol (Thermo Fisher). Cells were processed 24 h
posttransfection. For immunofluorescence, cells were fixed and
stained as previously described (Roberts et al., 2011).

TOP/FOP luciferase reporter assay

Luciferase assays were performed using the Dual Glo Luciferase Sys-
tem (Promega, Madison, WI) according to the manufacturer’s proto-
col and also as previously described (Kunttas-Tatli et al., 2014). Lu-
ciferase signal was normalized to Renilla activity and overall values
normalized to the mCherry only control. The TOP/FOPFlash lucifer-
ase constructs and the pRL Renilla transfection control were pro-
vided by Hans Clevers (Hubrecht Institute, Utrecht, Netherlands). All
samples were measured in triplicate per experiment, and two or
three independent experiments were performed. None of the con-
structs displayed significant FOPFlash activity (unpublished data).
Student'’s t test was used to determine the statistical significance of
the averages of different mutants.

Quantifying B-catenin protein levels in transfected

SW480 cells

The B-catenin protein levels in transfected SW480 cells were mea-
sured using flow cytometry. Cells were trypsinized, fixed in 10%
formaldehyde/1x PBS for 20 min, and then permeabilized with 1x
Perm/Wash reagent (BD Biosciences, San Jose, CA). Antibody stain-
ing was in 1x Perm/Wash with mouse anti-B-catenin (1:1000; BD
Transduction) followed by goat anti-mouse Alexa 647 (1:1000; Life
Technologies). Stained cells were analyzed on an Accuri Cé6 Flow
Cytometer, and the mean fluorescence intensity of GFP-positive
cells was determined. At least 10,000 total cells were analyzed per
sample, and four independent experiments were performed. The
mean fluorescence intensity of transfected cells was first normalized
to that of untransfected cells to account for staining variability be-
tween samples. These values were then normalized to the GFP-only
control. Student’s t test was used to determine the statistical signifi-
cance of the averages of different mutants.

Fly genetics, hatch rate, and cuticle analysis

Transgenic flies expressing PlendoP-EGFP-APC2-FL] (Zhou et al.,
2011), as well as the rest of the SAMP mutants (PlendoPEGFP-
APC2-51-/52+],  PlendoPEGFP-APC2-51+/52-],  PlendoPEGFP-
APC2-51-/52-],  PlendoPEGFP-APC2-S1%4/S2+],  PlendoPEGFP-
APC2-51+/52%4], PlendoPEGFP-APC2-S51%4/S2°4)) were generated
using P-element-mediated germline transformation (Model System
Genomics; Duke University, Durham, NC). Transgenes on the
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second chromosome for each construct were crossed into the
APC29"0 (APC2 null) or APC29'°APC 128 (double null) backgrounds
using standard methods (Supplemental Figure S4C). Hatch rate
analysis was performed and embryonic cuticles were prepared
as previously described (Wieschaus and Nusslein-Volhard, 1998).
Scoring criteria for the cuticle phenotype were previously described
(McCartney et al., 2006). Cuticle images were taken at the same
magnification with dark-field illumination and a 20x objective.

Immunohistochemistry and immunoblotting in the
Drosophila embryo

Embryos were collected for 4-6 h at room temperature and fixed
and stained as previously described (McCartney et al., 1999). Anti-
Engrailed (En; mouse, 4D9, 1:50), and anti-Armadillo (Arm; mouse,
N27A1, 1:250) were obtained from the Developmental Studies Hy-
bridoma Bank at the University of lowa (lowa City, IA). Anti-GFP
(1:5000; Abcam, Cambridge, MA) was preabsorbed against w''’®
embryos before use for immunohistochemistry. Secondary antibod-
ies were conjugated with various Alexa dyes (1:1000; Invitrogen,
Carlsbad, CA). Equal volume of wild-type and transgenic embryos
(0-6 h at 27°C) were lysed in lysis buffer (50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7.5, 115 mM KAc, 2.5 mM
Mg(Ac)2, 0.5% Nonidet P40 substitute [Sigma-Aldrich, St. Louis,
MO], 0.5 mM EDTA, 0.5 mM ethylene glycol tetraacetic acid, 1x
Complete protease inhibitor cocktail [Roche, Basel, Switzerland],
and 1x phosphatase inhibitor cocktail 2 [Sigma-Aldrich]). Embryo
lysates were then analyzed by 6% acrylamide SDS-PAGE, trans-
ferred to nitrocellulose membrane, and immunoblotted with rat
anti-APC2 (1:1000) antibody. Ponceau stain (Sigma-Aldrich) was
used to visualize equal loading.

Imaging and image analysis

A Zeiss (Thornwood, NY) Axiovert 200M spinning disk confocal mi-
croscope with a Yokagawa scan head (Solamere Technology Group,
Salt Lake City, UT) and a QICAM-IR camera (Qimaging) was used to
acquire the images of both cells and embryos using the QED InVivo
software. For images of whole embryos stained for Arm and En,
multiple fields were captured with a 25x objective and merged with
Photoshop (Adobe) postimage processing to generate whole-em-
bryo images.

Sequence alignments

APC sequences with accession codes used in the alignments are as
follows. Vertebrates: Homo sapiens (human): APC AAA03586.1,
APC2 NP005874; Mus musculus (mouse): APC XP196187, APC2
NP035919.2; Gallus gallus (chicken): APC XP004949340, APC2
XP426919; Anolis carolinensis (lizard): APC XP003223070
XP008122667, APC2 XP008122667.1; Xenopus tropicalis (frog):
APC XP002936457.1, APC2 XP002941166; and Danio rerio (zebra-
fish): APC NP001137312.1, APC2 XP_009304120. Invertebrates:
Ciona intestinalis (sea squirt): APC XP002124987.2; Saccoglossus
kowalevskii (acorn worm): XP002738523.1; Strongylocentrotus pur-
puratus (sea urchin): (XP783363.3); Lottia gigantean (snail): APC
ESO95067.1; C. teleta (polychaete worm): APC ELU12449.1; Helob-
della robusta (leech): XP009018419.1; Limulus polyphemus (horse-
shoe crab) XP013781878.1; Octopus bimaculoides (octopus) gb-
KOF62912.1; Drosophila melanogaster (fruit fly): APC1 AAB41404.1,
APC2 AAF56249.1; Anopheles gambiae (mosquito): AGAPO00048;
Tribolium castaneum (beetle): XP_008198134; Bombus terrestris
(bee): APC XP003403146.1; and Nasonia vitripennis (wasp): APC
XP001602839.2. ClustalW was used for generating sequence
alignments.

Volume 26 December 1, 2015

ACKNOWLEDGMENTS

We thank Summer Research Institute students Ben Lam and Aya
Hassan for help with S2 cell transfections; Mengning Zhou for contri-
butions to cloning; Stacie Oliver and Malachi Blundon for contribu-
tions to S2 cell and fly work; all of the members of the McCartney
laboratory for their input; Yehuda Creeger for FACs sorting; and
Stephen A. Green for useful discussions on the evolution of APC pro-
teins. This work was supported by National Institutes of Health Grants
RO1 GMO073891 (to B.M.M.) and R15 GM107796 (to D.M.R\), start-up
funds from Franklin and Marshall College (to D.M.R.), CMU Graduate
Small Project Help (GuSH) funding (to E.K.-T.), and the Carnegie
Mellon University HHMI Summer Research Institute (to D.V.).

REFERENCES

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

Akong K, Grevengoed EE, Price MH, McCartney BM, Hayden MA, DeNofrio
JC, Peifer M (2002). Drosophila APC2 and APC1 play overlapping roles
in wingless signaling in the embryo and imaginal discs. Dev Biol 250,
91-100.

Behrens J, Jerchow BA, Wirtele M, Grimm J, Asbrand C, Wirtz R, Kihl
M, Wedlich D, Birchmeier W (1998). Functional interaction of an axin
homolog, conductin, with beta-catenin, APC, and GSK3beta. Science
280, 596-599.

Beroud C (1996). APC gene: database of germline and somatic mutations in
human tumors and cell lines. Nucleic Acids Res 24, 121-124.

Cadigan KM, Peifer M (2009). Wnt signaling from development to disease:
insights from model systems. Cold Spring Harb Perspect Biol 1,
a002881.

Chou TB, Perrimon N (1996). The autosomal FLP-DFS technique for gen-
erating germline mosaics in Drosophila melanogaster. Genetics 144,
1673-1679.

Clevers H, Nusse R (2012). Wnt/B-catenin signaling and disease. Cell 149,
1192-1205.

Fagotto F, Jho EH, Zeng L, Kurth T, Joos T, Kaufmann C, Costantini F (1999).
Domains of axin involved in protein-protein interactions, Wnt pathway
inhibition, and intracellular localization. J Cell Biol 145, 741-756.

Faux MC, Coates JL, Catimel B, Cody S, Clayton AHA, Layton MJ, Burgess
AW (2008). Recruitment of adenomatous polyposis coli and beta-
catenin to axin-puncta. Oncogene 27, 5808-5820.

Fiedler M, Mendoza-Topaz C, Rutherford TJ, Mieszczanek J, Bienz M (2011).
Dishevelled interacts with the DIX domain polymerization interface of
Axin to interfere with its function in down-regulating B-catenin. Proc Nat!
Acad Sci USA 108, 1937-1942.

Ha N-C, Tonozuka T, Stamos JL, Choi H-J, Weis WI (2004). Mechanism of
phosphorylation-dependent binding of APC to beta-catenin and its role
in beta-catenin degradation. Mol Cell 15, 511-521.

Inestrosa NC, Varela-Nallar L (2014). Wnt signaling in the nervous system
and in Alzheimer's disease. J Mol Cell Biol 6, 64-74.

Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW,
Vogelstein B, Clevers H (1997). Constitutive transcriptional activation
by a beta-catenin-Tcf complex in APC-/- colon carcinoma. Science 275,
1784-1787.

Kunttas-Tatli E, Roberts DM, McCartney BM (2014). Self-association of
the APC tumor suppressor is required for the assembly, stability, and
activity of the Wnt signaling destruction complex. Mol Biol Cell 25,
3424-3436.

Kunttas-Tatli E, Zhou M-N, Zimmerman S, Molinar O, Zhouzheng F, Carter
K, Kapur M, Cheatle A, Decal R, McCartney BM (2012). Destruction
complex function in the Wnt signaling pathway of Drosophila requires
multiple interactions between Adenomatous polyposis coli 2 and
Armadillo. Genetics 190, 1059-1075.

Li VS, Ng SS, Boersema PJ, Low TY, Karthaus WR, Gerlach JP, Mohammed
S, Heck AJ, Maurice MM, Mahmoudi T, Clevers H (2012). Wnt signaling
through inhibition of B-catenin degradation in an intact Axin1 complex.
Cell 149, 1245-1256.

Liu J, Xing Y, Hinds TR, Zheng J, Xu W (2006). The third 20 amino acid
repeat is the tightest binding site of APC for beta-catenin. J Mol Biol
360, 133-144.

Marin O, Bustos VH, Cesaro L, Meggio F, Pagano MA, Antonelli M,

Allende CC, Pinna LA, Allende JE (2003). A noncanonical sequence

The two SAMP repeats of Drosophila APC2 | 4517



phosphorylated by casein kinase 1 in beta-catenin may play a role in
casein kinase 1 targeting of important signaling proteins. Proc Natl
Acad Sci USA 100, 10193-10200.

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

McCartney BM, Price MH, Webb RL, Hayden MA, Holot LM, Zhou M,
Bejsovec A, Peifer M (2006). Testing hypotheses for the functions of APC
family proteins using null and truncation alleles in Drosophila. Develop-
ment 133, 2407-2418.

Minde DP, Anvarian Z, Ridiger SG, Maurice MM (2011). Messing up disor-
der: how do missense mutations in the tumor suppressor protein APC
lead to cancer? Mol Cancer 10, 101.

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

Nusse R (2012). Wnt signaling. Cold Spring Harb Perspect Biol 4, a011163.

Peterson-Nedry W, Erdeniz N, Kremer S, Yu J, Baig-Lewis S, Wehrli M
(2008). Unexpectedly robust assembly of the Axin destruction complex
regulates Wnt/Wg signaling in Drosophila as revealed by analysis in
vivo. Dev Biol 320, 226-241.

Polakis P (2012). Wnt signaling in cancer. Cold Spring Harb Perspect Biol 4,
a008052.

Pronobis MI, Rusan NM, Peifer M (2015). A novel GSK3-regulated APC:Axin
interaction regulates Wnt signaling by driving a catalytic cycle of ef-
ficient Bcatenin destruction. elife 4, e08022.

Roberts DM, Pronobis MI, Poulton JS, Kane EG, Peifer M (2012). Regulation
of Wnt signaling by the tumor suppressor adenomatous polyposis coli
does not require the ability to enter the nucleus or a particular cytoplas-
mic localization. Mol Biol Cell 23, 2041-2056.

Roberts DM, Pronobis MI, Poulton JS, Waldmann JD, Stephenson EM,
Hanna S, Peifer M (2011). Deconstructing the Bcatenin destruction com-
plex: mechanistic roles for the tumor suppressor APC in regulating Wnt
signaling. Mol Biol Cell 22, 1845-1863.

Rubinfeld B, Albert |, Porfiri E, Fiol C, Munemitsu S, Polakis P (1996). Bind-
ing of GSK3beta to the APC-beta-catenin complex and regulation of
complex assembly. Science 272, 1023-1026.

Rubinfeld B, Albert I, Porfiri E, Munemitsu S, Polakis P (1997). Loss of beta-
catenin regulation by the APC tumor suppressor protein correlates with

4518 | E. Kunttas-Tatli et al.

loss of structure due to common somatic mutations of the gene. Cancer
Res 57, 4624-4630.

Rubinfeld B, Souza B, Albert |, Munemitsu S, Polakis P (1995). The APC pro-
tein and E-cadherin form similar but independent complexes with alpha-
catenin, beta-catenin, and plakoglobin. J Biol Chem 270, 5549-5555.

Rubinfeld B, Tice DA, Polakis P (2001). Axin-dependent phosphorylation
of the adenomatous polyposis coli protein mediated by casein kinase
Tepsilon. J Biol Chem 276, 39037-39045.

Schneikert J, Ruppert JG, Behrens J, Wenzel EM (2014). Different roles for
the axin interactions with the SAMP versus the second twenty amino
acid repeat of adenomatous polyposis coli. PLoS One 9, €94413.

Schneikert J, Vijaya Chandra SH, Ruppert JG, Ray S, Wenzel EM, Behrens
J (2013). Functional comparison of human adenomatous polyposis coli
(APC) and APC-like in targeting beta-catenin for degradation. PLoS One
8, e68072.

Sherwood V (2015). WNT signaling: an emerging mediator of cancer cell
metabolism? Mol Cell Biol 35, 2-10.

Smits R, Kielman MF, 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 poly-
posis coli protein involved in tumorigenesis and development. Genes
Dev 13, 1309-1321.

Spink KE, Polakis P, Weis WI (2000). Structural basis of the Axin-adenoma-
tous polyposis coli interaction. EMBO J 19, 2270-2279.

Stamos JL, Weis WI (2013). The B-catenin destruction complex. Cold Spring
Harb Perspect Biol 5, a007898.

Wieschaus E, Nusslein-Volhard C (1998). Drosophila: A Practical Approach,
Oxford, UK: Oxford University Press.

Xing Y, Clements WK, Le Trong I, Hinds TR, Stenkamp R, Kimelman D, Xu W
(2004). Crystal structure of a beta-catenin/APC complex reveals a critical
role for APC phosphorylation in APC function. Mol Cell 15, 523-533.

Yamulla RJ, Kane EG, Moody AE, Politi KA, Lock NE, Foley AVA, Roberts
DM (2014). Testing models of the APC tumor suppressor/B-catenin inter-
action reshapes our view of the destruction complex in Wnt signaling.
Genetics 197, 1285-1302.

Zhai B, Villén J, Beausoleil SA, Mintseris J, Gygi SP (2008). Phosphopro-
teome analysis of Drosophila melanogaster embryos. J Proteome Res 7,
1675-1682.

Zhou M-N, Kunttas-Tatli E, Zimmerman S, Zhouzheng F, McCartney BM
(2011). Cortical localization of APC2 plays a role in actin organization but
not in Wnt signaling in Drosophila. J Cell Sci 124, 1589-1600.

Molecular Biology of the Cell





