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Proteomic analysis reveals APC-dependent post-translational
modifications and identifies a novel regulator of β-catenin
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ABSTRACT
Wnt signaling generates patterns in all embryos, from flies to humans,
and controls cell fate, proliferation and metabolic homeostasis.
Inappropriate Wnt pathway activation results in diseases, including
colorectal cancer. The adenomatous polyposis coli (APC) tumor
suppressor gene encodes a multifunctional protein that is an
essential regulator of Wnt signaling and cytoskeletal organization.
Although progress has been made in defining the role of APC in a
normal cellular context, there are still significant gaps in our
understanding of APC-dependent cellular function and dysfunction.
We expanded the APC-associated protein network using a
combination of genetics and a proteomic technique called two-
dimensional difference gel electrophoresis (2D-DIGE). We show that
loss of Drosophila Apc2 causes protein isoform changes reflecting
misregulation of post-translational modifications (PTMs), which
are not dependent on β-catenin transcriptional activity. Mass
spectrometry revealed that proteins involved in metabolic and
biosynthetic pathways, protein synthesis and degradation, and cell
signaling are affected by Apc2 loss. We demonstrate that changes in
phosphorylation partially account for the altered PTMs in APC
mutants, suggesting that APC mutants affect other types of PTM.
Finally, through this approach Aminopeptidase P was identified as a
new regulator of β-catenin abundance in Drosophila embryos. This
study provides new perspectives on the cellular effects of APC that
might lead to a deeper understanding of its role in development.
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INTRODUCTION
The canonical Wnt signaling pathway is well conserved in
metazoan development, and normal Wnt signaling regulates
embryonic patterning by controlling cell fate determination and
stem cell behavior (Polakis, 2012; Kozinski and Dobrzyn, 2013).
The role of Wnt signaling in metabolic homeostasis has recently
become appreciated (Ring et al., 2014). The clinical importance of
this pathway has been demonstrated primarily by its inappropriate
activation, such as in colorectal cancer, where mutations in the
negative regulator and tumor suppressor adenomatous polyposis
coli (APC) initiate tumorigenesis in the majority of both sporadic
and inherited cases (Logan and Nusse, 2004; Schneikert et al.,
2007). In the absence of a Wnt signal, APC proteins promote the

assembly, stability and function of the destructosome, a
macromolecular assembly that includes the core components APC
(also known as APC1 inDrosophila), APC2, Axin and two kinases,
namely Glycogen synthase kinase β (GSK3β) and Casein kinase 1
(CK1) (Kunttas-Tatli et al., 2012, 2014; Stamos and Weis, 2013).
The active destructosome recruits and phosphorylates the Wnt
effector β-catenin (β-cat), targeting it for ubiquitylation and
degradation by the proteasome (Fig. 1A). This effectively keeps
cytoplasmic β-cat levels low, which in turn prevents ligand-
independent activation of Wnt target genes.

Ligand-independent activation of Wnt signaling due to loss of
APC clearly contributes to colon cancer initiation; however, less is
known about how disruption of other cellular functions of APC
impacts normal development and cancer. In addition to their role in
Wnt signaling, APC proteins also function in actin assembly, cell-
to-cell adhesion, and microtubule network formation through
interactions with cytoskeletal proteins (Nathke, 2006). Disruption
of these functions has negative consequences, including decreased
cell migration and differentiation, chromosomal instability, and
increased proliferation that may contribute to cancer initiation and
progression (Nathke, 2004, 2006). Furthermore, new APC protein
domains are still being identified, which in turn are uncovering new
protein and pathway interactions that might also contribute (Zhang
et al., 2010; Kunttas-Tatli et al., 2014; Preitner et al., 2014).

To better understand the cellular consequences of APC loss that
may contribute to normal development, we used Drosophila
melanogaster embryogenesis as a model. APC proteins are well
conserved between mammals and fruit flies, making Drosophila a
tractable system for studying APC-dependent protein networks. As in
humans, theDrosophila genome contains twoAPCgenes (Logan and
Nusse, 2004): Apc (Apc1) and Apc2. Both APC proteins in
Drosophila and mammals are similarly structured and contain many
of the same conserved domains. Furthermore, we and others have
demonstrated that Drosophila and vertebrate APC proteins are
functionally conserved; like vertebrate APC, both fly APC proteins
negatively regulate Wnt signaling (Ahmed et al., 1998; McCartney
et al., 1999), collaborate with the formin Diaphanous (Webb et al.,
2009; Jaiswal et al., 2013) and can localize to microtubules
(McCartney et al., 2001; Akong et al., 2002). In addition,
Drosophila APC1 binds actin monomers, nucleates F-actin
assembly (Jaiswal et al., 2013) and binds the microtubule plus-tip
protein EB1 (Webb et al., 2009), like vertebrateAPC. Previous studies
have examined the global cellular consequence of APC disruption
using RNA-seq and two-dimensional difference gel electrophoresis
(2D-DIGE) proteomics (Chafey et al., 2009; Wu et al., 2012).
However, the results of these studies reflect chronic changes due to the
primary and downstream effects of ligand-independent Wnt target
gene activation. Here, we use the early Drosophila embryo [0-2 h
after egg laying (AEL)] as our model system. At this time in
development, zygotic transcription is largely silenced (Qin et al.,Received 4 September 2015; Accepted 31 May 2016
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2007; Tadros and Lipshitz, 2009), providing a unique opportunity to
observe proteome changes that are independent of β-cat transcription.
Proteome analysis provides valuable information about a cell or

system that is unseen at the transcriptome level (Vogel andMarcotte,
2012), including changes in post-translational modification (PTM)
and protein stability. Moreover, there is very little correlation
between mRNA and protein abundance (Anderson and Seilhamer,
1997; Gygi et al., 1999). 2D-DIGE is a powerful technique that can
reveal proteomic changes (the ‘difference-proteins’) between two or
three protein samples run simultaneously on the same gel (Fig. 1B)
(Minden, 2012). This technique combined with a high dynamic
range fluorescence imaging system can detect as little as 0.2 fmol of
protein over a 100,000-fold concentration range (Minden, 2012;Van
et al., 2014a). Difference-proteins can then be identified using liquid
chromatography coupled to tandem mass spectrometry (LC-MS/
MS). 2D-DIGE is useful in assessing proteome changes in a wide
variety of models, including whole organisms such as Drosophila
and zebrafish, cell culture and isolated subcellular structures (May
et al., 2012; Miller, 2012; Minden, 2012).

Here, we report the initial identification of 16 difference-protein
isoform pairs between wild-type and Apc2 mutant Drosophila
embryos. All of these difference-proteins were the result of isoform
shifts indicative of changes in PTMs. LC-MS/MS of the difference-
protein isoform pairs identified protein components of metabolic
and biosynthetic pathways, protein synthesis and degradation, cell
signaling and the cellular stress response. After rigorous genetic
validation of the difference-protein isoform pairs, one protein,
Aminopeptidase P (ApepP), was further shown to be a new
regulator of β-cat abundance. These results demonstrate that loss of
APC influences an array of protein targets post-translationally,
leading to a deeper understanding of the global cellular
consequences of APC mutations.

RESULTS
Comparison of the Apc2 null and wild-type proteomes
To understand the proteome changes that occur in embryos lacking
APC protein, we compared lysates of Apc2 null and wild-type
Drosophila embryos (Fig. 1B). Early embryos (0-2 h AEL) were

Fig. 1. Summaryof theWnt signaling pathwayand 2D-DIGEworkflow. (A) TheWnt signaling pathway.When noWnt ligand is present (left) the destructosome
promotes cytoplasmic β-cat degradation. With a Wnt ligand (right), the destructosome is deactivated and cytoplasmic β-cat accumulates, enters the nucleus and
activatesWnt target genes. (B) Principal steps in the 2D-DIGE workflow: (1) covalent labeling of protein lysates with either propyl-Cy3 or methyl-Cy5; (2) combine
labeled protein lysates; (3) co-electrophorese on a 2DE gel; (4) fluorescent gel imaging of Cy3 (green) and Cy5 (red) (common spots are yellow, whereas
difference-proteins appear as green or red); (5) selected spots shown in the inset are quantified using SourceExtractor; (6) concurrently genetically validate the
difference-proteins (6a) and identify the proteins by LC-MS/MS (6b).
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chosen to characterize the earliest detectable proteome changes
associated with APC loss. At this stage, the embryos are syncytial
and transcription is strongly inhibited, with the exception of some
patterning and housekeeping genes (Qin et al., 2007; Tadros and
Lipshitz, 2009). Thus, we predicted that the differences between the
Apc2 and wild-type proteomes would mostly appear as post-
translational changes, rather than protein abundance changes
resulting from transcriptional activation of Wnt targets. Lysates
from mutant and wild-type embryos were separately labeled with
either Cy3 or Cy5 DIGE dyes, which are shown as green and red,
respectively. The separately labeled lysates were combined and run
on the same 2DE gel. Protein spots that are common to both lysates
are yellow, whereas proteins that are enriched in one lysate will
appear redder or greener. PTM differences appear as closely spaced
reciprocally changing spots: one protein spot increases while its
neighbor decreases (Fig. 1B, step 4, white box).
APC2 is the most abundant of the two APC proteins during early

embryogenesis, and functions in Wnt signaling and cytoskeletal
regulation (McCartney et al., 1999, 2001; Webb et al., 2009; Zhou
et al., 2011; Kunttas-Tatli et al., 2012, 2014). 2D-DIGE comparison
of Apc2g10 (Apc2 null) (McCartney et al., 2006) and wild-type
embryos revealed 16 prominent protein changes observed in 100%
of the trials (n=30), all of which appeared to be PTMs as evidenced
by two or more protein spots horizontally arranged and changing
reciprocally (Fig. 2, white boxes). Such horizontal shifts indicate a
change in isoelectric point (pI) or net protein charge, but not protein
mass. This set of protein changes was observed in 30 high-quality
biological replicates and is composed of moderately to highly
abundant proteins. Other, lower abundance protein changes were
observed inconsistently, which was likely to be due to gel-to-gel
variation.
The 16 difference-protein pairs in the Apc2g10 embryos were

quantified using an open-source astronomy software package,
SourceExtractor, previously described (Bertin and Arnouts, 1996;

Gong et al., 2004) (Table S1). The typical variation in the measured
abundance of common protein spots is less than 4% for 2D-DIGE;
thus, the cutoff for a significant total abundance change was set to at
least ±10%, which is 2.5 standard deviations from the typical
variance (Gong et al., 2004). Just over half of the difference-protein
pairs (9 of 16) were close to being perfectly reciprocal changes
(<10% total protein change) (Fig. 3A). The remaining seven
exhibited a total abundance reduction of >10% (Fig. 3B),
suggesting increased protein degradation in Apc2g10 embryos.
Thus, the loss of Apc2 in early embryos, when there is no Wnt
pathway activation and very little transcription, leads to significant
protein changes affecting PTMs that might decrease the stability of a
subset of these proteins.

Identification of difference-protein isoform pairs inApc2 null
and wild-type proteomes
The difference-protein pairs were analyzed by MS to identify the
proteins and confirm that each pair of protein spots represented
isoforms. This analysis revealed that some difference-protein pairs
contained more than one protein species. A list of protein
identifications for the 16 difference-protein isoform pairs was
generated from at least two biological replicates (Table 1; Table S2).
Protein spots from gels containing reciprocally labeled samples
were also analyzed to provide technical replicates, further validating
the protein identifications. All identified proteins had a predicted
mass and pI relatively well-matched to the observed difference-
proteins on the 2DE gel. The identified proteins span a range of
cellular functions, from metabolic proteins as the most prominent
difference-proteins (43%) to RNA-binding proteins (22%), DNA-
binding proteins (13%), chaperones and proteases (9% each) and
signaling proteins (4%).

We used immunoblot analysis to confirm the identity of one of
the difference-proteins for which a Drosophila-specific antibody
was available, Calcium-binding protein 1 (CaBP1) (Fig. 4). The
immunoblot showed that the acidic isoform is in greater abundance
in wild-type embryos, whereas the basic isoform is more abundant
in Apc2g10 mutant embryos, confirming our MS identification of
CaBP1, and confirming that its isoform distribution is altered in
Apc2 null mutants.

The difference-protein isoform pairs are due to multiple
types of PTMs
Because the APC-containing destructosome includes two kinases,
GSK3β and CK1α, we tested the hypothesis that many of the
observed isoform differences were due to phosphorylation changes
by treating wild-type and Apc2g10 embryo lysates with a broad-
spectrum phosphatase, Lambda protein phosphatase (λPP). 2D-
DIGE was used to compare λPP-treated wild-type and Apc2 mutant
embryo lysates with untreated lysates. Dephosphorylated proteins
shift to the right (more basic) relative to untreated lysates, whereas
non-phosphorylated (or λPP refractory) protein will be unaffected.
The efficacy of phosphatase treatment was confirmed by observing
the entire yolk protein population shifting to the right (data not
shown). Unfortunately, the λPP reaction conditions interfered with
isoelectric focusing in the basic region of the 2DE gels, preventing
analysis of seven of the 16 difference-proteins isoform pairs. The
acidic half of the gels was well resolved, and we were able to assess
the remaining nine difference-proteins isoform pairs. Surprisingly,
phosphorylation was found to play a minor role in generating the
isoform changes. Below are two examples of what we observed.

Dp1 difference-protein isoforms displayed phosphatase
sensitivity (Fig. 5A). Dp1 has two isoforms on 2DE gels: the

Fig. 2. 2D-DIGE of Apc2 null versus wild-type Drosophila embryos. A tiled
array of a whole gel comparing Apc2g10 (green) and wild-type (red) embryos.
The 16 Apc2-dependent difference-protein pairs are demarcated by white
boxes. Contrast and brightness were manipulated on the whole-gel images
using ImageJ (full details of image analysis are provided in the supplementary
Materials and Methods).
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acidic L isoform, which is elevated in wild-type embryos (Fig. 5A′,
left panel), and the basic R isoform, which is elevated in Apc2
mutant embryos (Fig. 5A″, left panel). The L isoform shifted to the
right upon λPP treatment, indicating that this isoform is
phosphorylated (Fig. 5A′, right panel). The R isoform did not
shift upon λPP treatment, indicating that it is not phosphorylated
(Fig. 5A″, right panel). Interestingly, in both wild-type and Apc2
mutant embryos conversion of the L isoform to the R is incomplete,
suggesting that Dp1might be partially refractory to λPP or that some
fraction of the L protein spot bears a different PTM.
ApepP appears to be insensitive to phosphatase treatment

(Fig. 5B). ApepP has three isoforms on 2DE gels. In wild-type
embryos the more basic R isoform is elevated (Fig. 5B′, left panel),
whereas in Apc2 mutant embryos the acidic L isoform is elevated
(Fig. 5B″, left panel). The middle isoform does not significantly
change in Apc2 mutant embryos compared with wild type (Fig. 5B,
ApepP). Surprisingly, none of the ApepP isoforms shifted upon λPP
treatment, suggesting that none is phosphorylated or that ApepP is
completely resistant to λPP. This was true for the majority of the

resolved difference-proteins isoforms (eight of nine), suggesting
that phosphorylation is not the major PTM altered in Apc2 null
embryos.

Controlling for genetic background effects
Controlling for genetic variability is necessary to interpret
proteomic comparisons between two conditions. We asked if any
of the 16 difference-protein isoforms were variably expressed across
multiple wild-type strains by comparing the proteome of our w1118

wild-type lab strain (wMc) with two closely related, yet
independently segregated, w1118 lines: wD and wP (Fig. 6A;
Table S3A). The wP wild-type strain is originally from the Peifer
lab (University of North Carolina at Chapel Hill), from which the
McCartney w1118 line was derived and used for outcrossing of the
Apc2g10 stock. The wD strain was obtained from the Duke
University Model Systems Genomics Facility, where our Apc2-FL
transgenic line was generated in this genetic background
(McCartney et al., 2006), and subsequently crossed into the
Apc2g10 background for genetic rescue experiments (see below).

Fig. 3. Quantification of Apc2-dependent difference-proteins. (A) The fold change for each difference-protein pair as calculated using the Cy3 and Cy5 raw
fluorescence intensities. Cy3/Cy5 ratios <1 were converted to negative fold change. (B) Total protein abundance, defined as the sum of the fluorescence
intensities of putative difference-protein isoforms, was calculated for each protein region in wild-type and Apc2g10 embryos. The percentage difference in total
protein isoform fluorescence relative to wild type was then calculated. Difference-proteins that display a >10% change in total abundance are marked with an
asterisk.
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Thus, these two independent w1118 strains were the most relevant
wild-type genotypes to determine if the protein changes found in
our original wMc versus Apc2g10 comparison are variable. From this

analysis, we found that wD shares three difference-proteins with
Apc2g10 and that wP shares an additional six difference-proteins
with Apc2g10 (Table S3A). Because of the possibility that the
changes to these nine difference-proteins are not specific to Apc2g10

and instead result from common background effects, we chose to
continue our analysis with the remaining wild type-independent
(WTI) difference-proteins (1, 4, 7, 9, 11, 12 and 16) that did not
appear as changes in any of our three wild-type w1118 strains.

Validating the APC-dependent difference-protein isoform
pairs
We next asked whether the exogenous expression of full-length
APC2 protein is able to rescue the remaining seven WTI difference-
proteins in Apc2 null embryos (Table S3B) to further confirm their
Apc2 specificity. The proteome of Apc2g10 embryos was compared
with that of Apc2g10 embryos carrying two copies of a full-length
Apc2 transgene (FL-GFP-Apc2;Apc2g10). This Apc2 transgene,
which is driven by the native Apc2 promoter, is expressed at
endogenous levels (McCartney et al., 2006) and it rescues both the
cytoskeletal defects seen in the early embryo and Wnt signaling
defects observed later in embryogenesis (Webb et al., 2009; Kunttas-
Tatli et al., 2012). Five of the sevenWTI difference-proteins, namely
CG2918, Dp1, GlyP, ApepP and Cbs/Tcp-1ζ, were reverted by
ectopic expression of APC2 (e.g. Fig. 6B, ApepP, left versus middle
panel). Further evidence for the effect of ectopic APC2 expression in
FL-GFP-Apc2 embryos was provided by the presence of these five
difference-protein changes when compared with Apc2 null embryo
lysates (Fig. 6B, ApepP, left versus right panel). The remaining two
WTI difference-protein pairs, mRpS30 and Jafrac1, were not
reversed by ectopic APC2 expression (e.g. Fig. 6B, Irp-1B).

There are two possible explanations why FL-GFP-Apc2 failed to
rescue two of the WTI difference-protein pairs in Apc2g10: (1) these
protein differences are due to genetic background differences in
Apc2g10 that were not present in the other wild-type w1118 lines; or
(2) the FL-GFP-APC2 protein has reduced function compared with
wild-type APC2, and that the proteomic changes are highly
sensitive to APC2 activity. To distinguish between these
possibilities, an independent Apc2 null allele in a distinct genetic
background was analyzed. Apc233 was created by imprecise
excision of a P-element within Apc2, deleting a large portion of
the 5′ end of the gene, spanning from the promoter to the fifth

Table 1. MS identification of Apc2-dependent difference-proteins

Region Gene Protein Isoform in Apc2g10 kDa pI Molecular function

1 CG2918 N/A Basic 103 5.1 Protein chaperone
2 ade2 Phosphoribosylformylglycinamidine synthase Basic 148 6.6 Metabolic protein
3 Irp-1B Iron binding protein 1 Acidic 99 5.7 RNA binding
4 Dp1 Dodeca satellite-binding protein 1 Basic 144 5.9 DNA binding
5 CG1516 Pyruvate carboxylase Basic, acidic 133 6.2 Metabolic protein
6 CG14476 N/A Acidic 106 6.1 Metabolic protein
7 GlyP Glycogen phosphorylase Acidic 97 6.1 Metabolic protein
8 Aats-gly (GlyRS) Glycyl-tRNA synthetase Basic 76 6 Metabolic protein
9 ApepP Aminopeptidase P Acidic 63 5.6 Protease
10 CaBP1 Calcium-binding protein 1 Basic 47 5.5 Signaling
11 mRpS30 Mitochondrial ribosomal protein S30 Basic 65 8.5 RNA binding
12-1 Cbs Cystathionine β-synthase Basic 57 6.6 Metabolic protein
12-2 CG8231 Tcp-1ζ Acidic 58 6.2 Protein chaperone
13 La La autoantigen-like protein Acidic 45 7.7 RNA binding
14 blw Bellwether, ATP synthase subunit Acidic 59 9.1 Metabolic protein
15 Uch Ubiquitin carboxy-terminal hydrolase Acidic 26 5.3 Protease
16 CG1633 Jafrac 1 Acidic 22 5.5 Metabolic protein

The most likely protein identifications for the 16 difference-proteins observed in Apc2g10 versus wild-type embryo comparisons.
N/A, not available.

Fig. 4. Immunoblot confirmation that CaBP1 is an APC2-dependent
difference-protein. (A) 2D-DIGE image of the region containing CaBP1
isoforms. (B) Fluorescent images of wild-type and Apc2g10 embryo lysates that
were separately labeled with Cy3 DIGE dye, resolved on different 2DE gels
and transferred to nitrocellulose. (C) Immunoblot images of proteins stained
with anti-CaBP1 antibody. (D) Superimposed images of total Cy3-labeled
protein (red) and the CaBP1 2D immunoblot (green) confirm protein
identification by LC-MS/MS. The predominant isoform found in wild-type lysate
is the left isoform, whereas the right isoform is predominant in Apc2 null
embryos.
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Armadillo repeat (Takacs et al., 2008). All WTI difference-proteins,
except Jafrac1, were observed in the Apc233 versus wild type
comparison, suggesting that they are bona fide Apc2-dependent
protein changes. Thus, the failure of FL-GFP-Apc2 to compensate
for some of the WTI difference-proteins is likely to be due to
insufficient activity (Table S3C). To further support that these
changes are APC dependent, a variety of these changes can be
reproduced in various APC knockdown situations (Table 2;
Table S3). Isoform differences in Dp1, GlyP, ApepP and mRpS30
were recapitulated by knocking down Apc2with a dsRNA driven by
a strong maternal driver (MTD) as compared with wMc. CG2918,
Dp1, GlyP and ApepP displayed isoform differences when
comparing Apc1Q8 null germ line clone embryos with wMc

embryos. Isoform changes in CG2918, ApepP and mRpS30 were
observed when comparing Apc2g10Apc1Q8 null germ line clone
embryos with wMc embryos. Together, these data strongly support
the conclusion that six of the seven WTI difference-protein isoform
pairs indeed reflect APC-dependent changes and are not due to
genetic background.

The APC-dependent difference-protein isoform pairs do not
require β-cat transcription
Previous proteomics of APC mutant tissue identified a number
of proteins with elevated levels, presumably resulting from the

transcriptional activation of Wnt target genes via β-cat (Chafey
et al., 2009; Hammoudi et al., 2013). In our analysis, only two of the
APC-dependent difference-proteins displayed a total abundance
change in the Apc2 mutant consistent with reduced protein stability
(mRpS30 and Cbs/Tcp-1ζ, Fig. 3B). This, coupled with the
suppression of zygotic transcription in 0-2 h embryos, suggested
that the APC-dependent protein isoform differences were not a
result of β-cat-dependent transcriptional activation. To test this
hypothesis directly, we examined whether the APC-dependent
isoform differences required the activation of Wnt target genes by
expressing a dominant-negative form of TCF (TCFΔN). TCF is
essential for β-cat-mediated transcription in embryos (Fig. 1A). The
complexity of the genetics prevented us from performing this
experiment in the Apc2 null background, and instead we reduced
APC2 activity using dsRNA. Embryos derived from MTD-
GAL4>UAS-Apc2dsRNA females exhibited the same protein
isoform differences for Dp1, GlyP, ApepP and mRpS30 as Apc2
null embryos (Table 2). It is likely that CG2918 and Cbs/Tcp-1ζ are
unchanged due to insufficient knockdown of Apc2with the dsRNA.

Next, we generated embryos derived from MTD-GAL4>UAS-
TCFΔN;UAS-Apc2dsRNA females to simultaneously knock down
Apc2 and block Wnt-dependent transcription from the start of
oogenesis. When we compared the proteomes of TCFΔN;Apc2dsRNA

embryos and Apc2dsRNA embryos, all four Apc2-dependent protein

Fig. 5. APC2-dependent isoform changes are due to phosphorylation and other PTMs. (A) Model for the PTM responsible for Dp1 isoforms. (A′,A″) Dp1
isoforms are affected by phosphorylation, as the left isoform collapses to the right isoform after λPP treatment for both wild-type and Apc2g10 embryo lysates.
(B) Model for the PTM(s) responsible for ApepP isoforms. (B′,B″) ApepP isoforms were not affected by λPP treatment, as there were no isoform shifts observed
after phosphatase treatment. Difference-protein isoforms (L, left; M, middle; R, right) are circled.
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changes that we observed in both Apc2 null and Apc2dsRNA embryos
were present (Table 2). This suggests that these four proteomic
changes are unaffected by the blockade of β-cat/TCF-dependent
transcription. Importantly, if we crossed the MTD-GAL4>UAS-
TCFΔN;UAS-Apc2dsRNA females to males carrying tubulin-GAL4 to
drive ubiquitous expression of both TCFΔN and Apc2dsRNA

zygotically past 2 h of development, we find that a portion of
these embryos die with a cuticle phenotype consistent with the
TCFΔN block of Wnt-dependent transcription (a lawn of denticles,
data not shown; Parker et al., 2002). Although we cannot rule out the
possibility that CG2918 and Cbs/Tcp-1ζ behave differently, these

results strongly support the hypothesis that the APC-dependent
difference-protein isoform pairs are not a consequence of
transcriptional activation through β-cat and TCF. Interestingly,
APC-dependent protein isoform changes of GlyP, ApepP, mRpS30
and Cbs/Tcp-1ζ are also observed in embryos knocked down for
GSK3β (Sgg in Drosophila) or expressing a stabilized form of β-cat
[Armadillo (Arm) inDrosophila, arms10], as two APC-independent
ways to accumulate stabilized β-cat (Table 2) (Pai et al., 1997).
This suggests that the accumulation of stabilized β-cat, but not
β-cat-dependent transcriptional activation, is required for the APC-
dependent difference-protein isoforms.

Fig. 6. Validating the APC-dependent
difference-proteins. (A) A decision tree
showing the genetic approach taken to
validate the APC-dependent difference-
proteins. Six of the 16 difference-proteins
were concluded to be APC dependent and to
be independent of wild-type variation.
(B) 2D-DIGE comparisons of FL-GFP-Apc2;
Apc2g10 versus Apc2g10 or wild-type embryo
lysates were performed to test whether
ectopic APC2 could reverse the observed
Apc2g10 versus wild-type proteome
changes. Shown here are sub-images
cropped from tiled array images of whole 2D-
DIGE gels. ApepP and Irp-1B exemplify
reversal and failure to compensate,
respectively.

Table 2. APC-dependent differences in APC mutant embryos, APC knockdown (dsRNA) embryos and APC-independent β-cat-stabilized embryos

Gene
FL-GFP-Apc2;
Apc2g10 Apc1Q8

Apc2g10

Apc1Q8 Apc233
Apc2
dsRNA

TCFΔN;Apc2
dsRNA arms10

sgg
dsRNA

(1) CG2918 nc (compensated) ✓ ✓ ✓ nc nc nc nc
(4) Dp1 nc (compensated) ✓ nc ✓ ✓ ✓ nc nc
(7) GlyP nc (compensated) ✓ nc ✓ ✓ ✓ nc ✓
(9) ApepP nc (compensated) ✓ ✓ ✓ ✓ ✓ ✓ ✓
(11) mRpS30 ✓ nc ✓ ✓ ✓ ✓ ✓ ✓
(12) Cbs/Tcp-1ζ nc (compensated) nc nc nc nc nc ✓ nc

nc, no change.
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ApepP is a novel regulator of β-cat levels during
embryogenesis
To investigate the functional relationship between APC2 and our
APC-dependent difference-proteins, we asked if mutants in any of
these genes could affect APC-dependent processes, such as
regulating the stability of β-cat. Because ApepP was affected in
all backgrounds where components of the Wnt pathway were
manipulated (Table 2), we predicted that ApepP might be
responding to changes in the destructosome and/or to the
accumulation of stabilized Arm. Therefore, ApepP itself might
play a role in Wnt pathway regulation. To test this, we examined the
effect of two P-element insertions into ApepP, namely
ApepPEY02585 (ApepPEY) and ApepPMI01970 (ApepPMI), on Wnt-
dependent patterning and morphogenesis in the embryo.
ApepPEY is a maternal-effect embryonic semi-lethal allele

(Fig. S1F; 54% of progeny die as embryos) bearing a P-element
insertion in the 5′-UTR that reduces ApepP protein abundance
and alters its isoform distribution (Fig. 7G). The cuticles of these
maternally and zygotically ApepPEY dead embryos resembled
those of embryos with mild overactivation of the Wnt pathway
(McCartney et al., 2006; Swarup and Verheyen, 2012). These
phenotypes include a reduction in body length, defects in head
morphogenesis and head holes, and loss of denticles (Fig. 7B). In
addition, fusion of the first and second denticle rows was
frequently observed (Fig. 7B′, arrowhead), and is known to result
from the expression of stabilized Arm in these rows of cells (Pai
et al., 1997), although we do not see this in Apc2 mutants
(McCartney et al., 2006). ApepPEY cuticles also exhibited large
body holes that we do not find in Apc2 mutants (Fig. 7C,C′,
circled). All of these defects were also visible in ApepPMI

embryos carrying an independent P-element insertion in the 5′-
end of the ApepP coding region and in ApepPEY/ApepPMI

transheterozygotes, suggesting that these defects are due to ApepP
disruption (Fig. S1B-D).

The ApepP gene lies within an intron of the gene tweek, which
plays crucial roles in synaptic vesicle recycling (Verstreken et al.,
2009). The EY02585 insertion fails to complement point mutants
specifically affecting tweek (tweek 1 and tweek 2) (Verstreken et al.,
2009), suggesting that EY02585 disrupts both ApepP and tweek.
The primary lethal phase of tweek mutants is larval through pharate
adult (Verstreken et al., 2009). Because rescuing transgenes do not
exist to separate ApepP and tweek function (Verstreken et al., 2009),
we asked whether the embryonic lethal phenotypes that we observed
in EY02585 embryos could be the result of tweek disruption by
assessing embryonic lethality in the progeny of tweek 1/+ or
tweek 2/+ parents (Fig. S2A). Although there was some embryonic
lethality (tweek 1=4% and tweek 2=16%), the cuticle phenotypes do
not resemble those of EY02585 embryos (Fig. S2C,D). Therefore,
our data strongly suggest that the embryonic lethality and cuticle
phenotypes associated with EY02585 are the result of disrupting
ApepP, and not tweek, during embryogenesis.

Because defects in ApepP mutants resembled the effects of mild
inappropriate Wnt pathway activation, we predicted that reduction
of Apc2 in ApepPEY homozygous embryos might enhance the
ApepPEY phenotypes. To test this, we first assessed the cuticle
phenotypes of the progeny ofApepPEY/ApepPEY;Apc2g10/+ parents.
Because the progeny of Apc2g10/+ parents are 97% embryonic
viable with no visible cuticle defects in the few embryos that fail to
hatch (data not shown), any phenotypes that we see in embryos from
ApepPEY/ApepPEY;Apc2g10/+ parents will be due to the ApepPEY/
ApepPEY genotype or its genetic interaction with Apc2g10. Dose
reduction of Apc2 did not enhance the embryonic lethality of
ApepPEY embryos (Fig. S1F; 48% of progeny die), but the ApepPEY

cuticle defects were modified. The large ApepPEY body holes were

Fig. 7. ApepPEY embryos display Wnt activation phenotypes similar to Apc2 mutant embryos. (A-F) Anterior is to the left and posterior is to the right.
(A-C′) Wild-type (A) and ApepPEY mutant (B,C) cuticles. ApepPEY cuticles exhibit head defects, fusion of the first and second denticle rows (compare A′ with B′,
arrowhead) and denticle loss (B′, circled). ApepPEY cuticles also have body holes (C,C′, circled). (D) Dose reduction of Apc2 in ApepPEY embryos modifies the
ApepPEY phenotype. This example has head defects and denticle loss. (E,F) Wild-type (E) Arm protein localization and accumulation reflect patterned Wnt
pathway activation, whereasApepPEYmutant embryos (F) exhibit a more uniform accumulation of Arm protein, as exemplified in the traces beneath. (G) 2D-DIGE
comparison of wild-type and ApepPEY embryos showing that total ApepP protein is decreased in mutant embryos and that there is a shift in isoform distribution
toward the left isoform in ApepPEY embryos. (H-J) Anti-Arm immunoblots of embryo lysates at 0-2 h (I) and 4-6 h (J) AEL. At 0-2 h AEL Arm significantly
accumulates in both mutants, consistent with reduced Arm degradation, whereas at 4-6 h AEL Arm levels are decreased in both mutants (H; n=3 replicates).
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almost completely absent and denticle row fusion was strongly
reduced, but defects in head morphogenesis, like those in Apc2
mutants, were more prevalent (Fig. 7D). Although the resulting
phenotype is complex, and does not precisely resemble either the
ApepP or the Apc2 mutant phenotype, it is consistent with a genetic
interaction as Apc2g10 appears to modify the effects of ApepPEY. We
found a clearer and more striking example of genetic interaction
between ApepP and Apc2 in adults; whereas both ApepPEY and
Apc2g10 homozygotes are separately adult viable (although not at
the expected Mendelian ratios; Table 3) (this work; McCartney
et al., 2006; Kunttas-Tatli et al., 2012), neither ApepPEY/ApepPEY;
Apc2g10 nor ApepPEY/CyO;Apc2g10 survived to pupal stages
(n=151; Table 3). This suggests that any disruption of ApepP
drives Apc2 null homozygotes to complete zygotic lethality, and
that a simple dose reduction of Apc2 significantly suppresses the
adult viability of ApepPEY/ApepPEY (Table 3). Together, these data
suggest that ApepP and Apc2 interact genetically and that their
functional relationship might be in the negative regulation of Wnt
signaling.
Consistent with this hypothesis, ApepPEY mutants exhibited

dramatically elevated levels of Arm similar to Apc2 mutants
(Fig. 7I). At 0-2 h, ApepP mutants exhibited a ∼6-fold increase
in Arm protein relative to wild type (Fig. 7H). Apc2 null mutants
exhibited a ∼15-fold increase in Arm (Fig. 7H). Wild-type
embryos at 4-6 h accumulated Arm in ectodermal stripes due to
Wnt signaling as a result of destructosome deactivation (Fig. 7E).
In strong Apc2 hypomorphs, this pattern of Arm accumulation is
lost and all cells appear to accumulate uniform levels of Arm
(McCartney et al., 2006). Similarly, 92% of ApepPEY/ApepPEY

embryos (n=51) show a visible disruption in the pattern of Arm
accumulation, with a decrease in stripe (peak)/inter-stripe
(valley) ratio (Fig. 7E versus F plot profiles) consistent with a
uniform pattern of Arm accumulation. Surprisingly, both ApepP
mutants and Apc2 null mutants show a decrease in overall Arm
protein levels at this time compared with wild type (∼2-fold and
∼4-fold, respectively; Fig. 7H,J). Overall, these data strongly
support the hypothesis that, like APC2, ApepP plays an
important role in regulating β-cat protein levels to prevent
ligand-independent activation of Wnt signaling during
embryogenesis.

DISCUSSION
APC proteins exhibit remarkable functional breadth, playing key
roles in such diverse areas of cell biology as Wnt signaling,
microtubule stability and actin assembly (McCartney and Nathke,
2008; Cadigan and Peifer, 2009; Ring et al., 2014). Surprisingly,

new roles for APC proteins are still being discovered (Preitner et al.,
2014). This functional complexity makes it challenging to develop a
comprehensive understanding of the cellular consequences of APC
mutations, and how these changes affect cancer initiation and
progression. To address these gaps, we conducted a comparative
proteomic analysis using 2D-DIGE in Drosophila embryos null for
APC proteins and discovered a set of APC-dependent protein
isoform changes due to PTMs. 2D-DIGE comparisons of livers
isolated from wild-type and Apc knockout mice 7 days post-
knockout revealed significant protein abundance changes (Chafey
et al., 2009). Many of these changes are likely to result from
transcriptional activation by β-cat.

In 0-2 h Drosophila embryos transcription is largely silent, and
more acute difference-protein isoforms were revealed as a result
of changes in PTMs. We genetically validated that a subset of
these difference-protein isoforms were due to the loss of APC
activity. Furthermore, we also demonstrated that the validated
APC-dependent difference-protein isoform pairs are very
unlikely to be the direct or indirect result of β-cat
transcriptional activation. First, none of the difference-protein
isoform pairs had elevated total protein abundance. Second, we
reproduced four out of six APC-dependent difference-protein
isoform changes (GlyP, ApepP, mRpS30 and Cbs/Tcp-1ζ) when
also expressing a dominant-negative form of the TCF protein in
an Apc2 reduced background (the remaining two could not be
assessed; Table 2). This suggested that the APC-dependent
protein isoform changes were likely to be the result of disrupting
APC non-destructosome functions. However, when we examined
proteomic changes in embryos reduced for GSK3β activity, or
expressing a stabilized form of Arm, we were surprised to find
that GlyP, ApepP, mRpS30 and Cbs/Tcp-1ζ exhibited an APC
mutant isoform profile. These data suggest that the modifications
of these four difference-proteins might be a result of merely
elevating β-cat in the cytoplasm. If this is the case, then it
suggests that during normal development in cells in which the
Wnt pathway is activated, the destructosome is deactivated and
Arm is stabilized, GlyP, ApepP, mRpS30 and Cbs/Tcp-1ζ will
undergo the same protein isoform changes that we observe
during ligand-independent stabilization of β-cat. This raises the
intriguing possibility that these protein isoform changes play a
role in the cellular response to Wnt pathway activation via a non-
transcriptional mechanism. The remaining two APC-dependent
difference-protein isoforms, CG2918 and Dp1, did not respond
to either β-cat manipulation, suggesting that these might result
from disruption of other activities of APC, such as cytoskeletal
functions.

Table 3. Genetic interaction between ApepP and Apc2 is reflected in adult viability

Parental genotype Genotype of adult progeny n
Mendelian
expected (%)

Adjusted
expected (%)* Observed (%) Chi-square

ApepPEY/CyO ApepPEY/CyO 100 66 N/A 78 χ2=5.47, df=1, P<0.05
ApepPEY/ApepPEY 33 N/A 22

Apc2g10/TM6 Tb Apc2g10/TM6 Tb 100 66 N/A 88 χ2=19.94, df=1, P<0.001
Apc2g10/Apc2g10 33 N/A 12

ApepPEY/CyO;Apc2g10/TM6
Tb

ApepPEY/CyO;Apc2g10/TM6 Tb 151 44 67.50 87 χ2=29.01, df=3, P<0.001
ApepPEY/ApepPEY;Apc2g10/TM6 Tb 22 22.50 13
ApepPEY/CyO;Apc2g10/Apc2g10 22 7.50 0
ApepPEY/ApepPEY;Apc2g10/Apc2g10 11 2.50 0

Chi-square analysis demonstrates that the observed frequency of adult progeny of these genotypes is significantly different than expected.
*The observed frequencies of homozygotes in the progeny of ApepPEY/CyO and Apc2g10/Tb parents were used to adjust the expected values of homozygotes in
the progeny of ApepPEY/CyO;Apc2g10/Tb parents.
N/A, not applicable.
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Loss of APC proteins impacts phosphorylation and other
PTMs
Phosphorylation is the predominant PTM in eukaryotic cells
(Khoury et al., 2011). Because APC proteins are complexed with
kinases GSK3β and CK1 in the destructosome, and APC enhances
GSK3β activity in vitro (Zumbrunn et al., 2001; Ha et al., 2004; Rao
et al., 2008; Valvezan et al., 2012), we predicted that the difference-
protein isoforms were primarily due to changes in phosphorylation.
Thus, we were surprised to find that this does not appear to be the
case for the majority of isoform changes: of the nine difference-
proteins that we could assess under the conditions of λPP treatment,
only one isoform change (Dp1) appears to be due to
phosphorylation differences, whereas the remaining difference-
proteins are thus predicted to be modified by alternative PTMs. As
the second most prominent reversible PTM, acetylation might
contribute to some of the difference-protein isoform changes.
Interestingly, acetylation plays a role in β-cat signaling at the level of
the TCF complex (Levy et al., 2004), and appears to play a role in
Wnt-mediated breast cancer proliferation (Wang et al., 2014).
Finally, ApepP-dependent cleavage of short N-terminal peptides
may alter the pI of a protein but not its apparent molecular weight on
2DE gels, which would appear as a horizontal shift, reminiscent of
common PTMs. A subset of the APC-dependent protein isoform
changes also appear in ApepPmutants (data not shown), suggesting
that these changes could result from changes to ApepP activity.
Identifying the mechanisms by which APC regulates these PTMs is
vital to understanding the non-transcriptional effects of APC loss in
normal development, as well as in the onset of cancer.

ApepP regulates β-catenin abundance
ApepP is a metalloaminopeptidase that removes amino acids
adjacent to the N-termini of peptides with a prolyl residue (Yaron,
1987; Yaron and Naider, 1993). ApepP is ubiquitous and conserved
from bacteria to vertebrates (Kulkarni and Deobagkar, 2002;
Ersahin et al., 2003, 2005; Zheng et al., 2005). Mammalian
ApepP exists in two forms, cytosolic and membrane bound, and
functions in the maturation of active peptides, including hormones
(Bradykinin), neuropeptides (Substance P) and neurotransmitters
(Medeiros and Turner, 1994; Yoshimoto et al., 1994; Kim et al.,
2000). The cytosolic form of Drosophila ApepP is functionally
conserved with human APEPP (XPNPEP1) and can hydrolyze both
Bradykinin and Substance P (Kulkarni and Deobagkar, 2002). Our
results suggest that ApepP is necessary for β-cat regulation, as
ApepP mutants display an array of Wnt activation phenotypes,
accumulate Arm in the early embryo like Apc2 mutants, and
genetically interact with Apc2g10 (Fig. 7, Table 2). Of the three
ApepP isoforms seen in our DIGE analysis comparing wild-type
embryos with Apc2 mutant embryos, the right and left isoforms
change whereas the middle isoform does not (Fig. 6B). These
isoform differences in ApepP were also observed with Sgg
knockdown and the expression of stabilized Arm (Table 2). From
these observations, we propose a model whereby ApepP protein
isoforms, presumably a reflection of ApepP enzymatic activity, are
regulated in part by the stabilization of β-cat. However, the fact that
disruption of ApepP activity in the P-element insertion mutants
appears to stabilize Arm and activate Wnt signaling suggests that
this is a complicated, possibly feedback-driven, pathway. Thus, the
proper regulation of ApepP activity is required to prevent the
inappropriate stabilization of β-cat and downstream Wnt pathway
activation. Interestingly, there is a set of proline residues located at
the N-terminus of Arm (residues 20, 21, 24 and 25), suggesting that
Arm could be a direct target of ApepP. Because nothing is currently

known about how ApepP activity is regulated, to begin to test this
model we must first identify the APC-dependent PTMmodification
and assess the enzymatic activity of these different isoforms of
ApepP in vitro.

Wild-type variable, APC-like difference-protein isoforms
We were surprised to find that over half of the difference-protein
isoforms identified in Apc2 mutant embryos were also variable in
different w1118 strains (Table S3A). Because all of the original 16
difference-proteins were observed in some form of APC
knockdown in multiple genetic backgrounds (Table S3C,D), we
further characterized a subset of variable difference-proteins [Aats-
gly (GlyRS), CaBP1 and UCH] by comparing isoform ratios and
total abundance within the different w1118 strains and between Apc2
null embryos (data not shown). Interestingly, the wild-type variable
difference-protein isoforms displayed different total abundance and
isoform changes than Apc2 null embryos. This distinction suggests
that these variable difference-proteins might be particularly
sensitive to developmental perturbations. Further investigation of
wild type-to-wild type proteomic variability is required to elucidate
the meaning of this intriguing observation.

Conclusions
Taken together, our results suggest that loss of APC has diverse
post-translational consequences for the proteome over a relatively
short period of development that are independent of β-cat-driven
transcriptional activation. The discovery of these APC-dependent
PTM changes was made possible by 2D-DIGE, which maintains
proteins in their intact state throughout the separation and detection
processes. It is very unlikely that these PTM-dependent changes
would have been detected by bottom-up, MS-based proteomics
because proteins are fragmented prior to analysis. A single PTM that
alters the charge of a protein will be readily detectable by 2D-DIGE,
whereas this PTM change translates into one modified peptide out
of all the peptides generated by trypsin digestion of a whole
proteome and thus the likelihood of detecting a peptide carrying an
unknown PTM change is exceptionally low. Therefore, combining
2D-DIGE and MS is the best route to identifying such PTM
changes. This powerful technique might prove useful for dissecting
the global cellular consequences of genetic mutations in other
oncogenes, tumor suppressors and disease genes with implications
for understanding the etiology of normal development and disease.

MATERIALS AND METHODS
Fly genetics and stocks
Fly stocks were sourced or generated as described in the supplementary
Materials and Methods.

2D-DIGE
For 2D-DIGE, 200 embryos were collected at 1.5 h intervals, following a
1 h pre-collection period. All samples were visually inspected to remove old
and damaged embryos. Embryos were dechorionated and washed three
times with 0.01% CHAPS and 5 mM HEPES pH 8.0 buffer. Lysis buffer
(7 M urea, 2 M thiourea, 4% CHAPS, 10 mM DTT and 10 mM Na-Hepes
pH 8.0) was then added at 0.5 µl per embryo. On ice, the embryos were
homogenized manually with a fitted pestle. Embryo lysates were adjusted in
protein concentration to 2 mg/ml. Protein lysate solutions containing a total
of 100 µg protein were labeled with 2 µl of 1 mM propyl-Cy3-NHS or
0.83 mM methyl-Cy5-NHS (CyDye DIGE Fluors; GE Healthcare) as
described previously (Unlu et al., 1997). Two-dimensional electrophoresis
(2DE) was performed according to Van et al. (2014b). For further details of
2D-DIGE procedures, including image analysis and subsequent difference-
protein identification, see the supplementary Materials and Methods.
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Analysis of ApepP mutant fly embryos
12 h collections of wild-type and homozygous mutant ApepP and tweek
embryos were used for cuticle preparations as described (Wieschaus and
Nusslein-Volhard, 1998). For immunofluorescence, stage 6-8 (4-6 h at
29°C) wild-type and homozygous mutant ApepP embryos were
dechorionated and fixed in a 1:1 heptane:37% formaldehyde solution
(McCartney et al., 1999). Mouse anti-Arm (N27A1, 1:250) antibodies were
obtained from the Developmental Studies Hybridoma Bank (DSHB).
Secondary antibodies were conjugated with various Alexa dyes (Invitrogen,
1:1000). Embryos were imaged with a spinning disc confocal microscope
(Solamere Technology Group) with a QICAM-IR camera (Qimaging) on a
Zeiss Axiovert 200M, using QED InVivo software.

For ApepP immunoblot analysis, lysates from 40 wild-type, ApepP
mutant or Apc2mutant embryos were prepared in 2× Laemmli sample buffer
treated with 0.1% Protease Inhibitor Cocktail (Sigma) and separated by
SDS-PAGE.Membranes were immunoblotted using anti-Arm (1:250), with
an anti-tubulin (1:100, DSHB) loading control. Chemiluminescence was
detected using an LAS-300 Fujifilm luminescent image analyzer (Formally
Fuji, now GE Healthcare). For further details, see the supplementary
Materials and Methods.

Phosphatase treatment
Wild-type and Apc2g10 embryo lysates were treated with λPP and analyzed
by 2D-DIGE as described in the supplementary Materials and Methods.

CaBP1 analysis
Wild-type and Apc2 embryo lysates were labeled with Cy3, run on 2DE
gels, immunoblotted for CaBP1 and luminescence detected as described
above. For details, see the supplementary Materials and Methods.
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