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Abstract

The actin cortex that lines the plasma membrane of most eukaryotic cells resists external 

mechanical forces and plays critical roles in a variety of cellular processes including 

morphogenesis, cytokinesis, and cell migration. Despite its ubiquity and significance, we 

understand relatively little about the composition, dynamics, and structure of the actin cortex. 

Adenomatous polyposis coli (APC) proteins regulate the actin and microtubule cytoskeletons 

through a variety of mechanisms, and in some contexts, APC proteins are cortically enriched. Here 

we show that APC2 regulates cortical actin dynamics in the follicular epithelium and the nurse 

cells of the Drosophila ovary and in addition affects the distribution of cortical actin at the apical 

side of the follicular epithelium. To understand how APC2 influences these properties of the actin 

cortex, we investigated the mechanisms controlling the cortical localization of APC2 in S2 

cultured cells. We previously showed that the N-terminal half of APC2 containing the Armadillo 

repeats and the C-terminal 30 amino acids (C30) are together necessary and sufficient for APC2’s 

cortical localization. Our work presented here supports a model that cortical localization of APC2 

is governed in part by self-association through the N-terminal APC Self-Association Domain 

(ASAD) and a highly conserved coiled-coil within the C30 domain.
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1 | INTRODUCTION

The cell cortex is a 50–100 nm thick mesh of filamentous actin, myosin, and actin binding 

and regulatory proteins that are cross-linked like a “dynamic shell” tethered to the plasma 

membrane (Clark, Dierkes, & Paluch, 2013; Salbreux, Charras, & Paluch, 2012). This actin-

rich cortex plays critical roles in the cell cycle, in resistance to external mechanical forces, 

and in cell shape changes that occur during migration, cytokinesis, and morphogenesis 

(Heng & Koh, 2010; Woodham et al., 2017). Despite its apparent ubiquity and essential 

functions, many fundamental properties of the cortex including its molecular composition, 
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three-dimensional structural organization, regulation of assembly, and mechanical properties 

are not well understood (Fritzsche, Erlenkamper, Moeendarbary, Charras, & Kruse, 2016; 

Salbreux et al., 2012). Changes in cellular mechanics that are tightly controlled by the 

structure of the actin cortex are being increasingly recognized as a factor in diseases 

including cancer, where there is a correlation between malignancy and cortical tension 

(Cross, Jin, Rao, & Gimzewski, 2007; Salbreux et al., 2012).

The cortical actin network is composed of both linear and branched actin filaments, and 

these two populations can differ significantly in abundance, length, and stability (Charras & 

Paluch, 2008; Cramer, 2010; Fritzsche et al., 2016; Fritzsche, Lewalle, Duke, Kruse, & 

Charras, 2013; Pollard & Borisy, 2003). In HeLa and M2 (melanoma) cells, formin-

assembled linear actin filaments are roughly 10 times longer than Arp2/3-nucleated 

branched filaments, resulting in a 20× smaller turnover rate and thus significantly greater 

stability compared to branched filaments (Fritzsche et al., 2016). While these linear 

filaments make up only ~10% of the total number of filaments at the cortex, with their long 

length, they contribute to approximately 20–25% of the cortical actin network and are key 

determinants of cortical elasticity (Fritzsche et al., 2016). Their length and stability have 

suggested that formin-dependent linear filaments contribute to “cortical integrity” (Fritzsche 

et al., 2016), while the more abundant and dynamic branched actin filaments contribute to 

processes like protrusion and endocytosis (Fritzsche et al., 2016; Liu et al., 2008; Yamaguchi 

& Condeelis, 2007).

The formins are unusual among actin assembly factors in that they can both nucleate and 

elongate linear actin filaments in vitro (Chesarone, DuPage, & Goode, 2010). Drosophila 

Diaphanous (Dia), the first formin identified, was originally shown to be essential for the 

formation of cytokinetic furrows (Castrillon & Wasserman, 1994). We now know that Dia 

and other formins play key roles in the ass and lamellipodia, and many others (Bohnert, 

Willet, Kovar, & Gould, 2013; Homem & Peifer, 2008, 2009; Kage et al., 2017; Roy, Huang, 

Liu, & Kornberg, 2014; Young, Heimsath, & Higgs, 2015). Although Dia can independently 

nucleate and elongate actin filaments in vitro, mounting evidence suggests that in vivo Dia 

activity is regulated by binding partners at many steps during filament assembly. For 

example, binding to Rho-GTP relieves autoinhibition stimulating Dia activity (Goode & 

Eck, 2007), Bud6 collaborates with formins to promote the formation of a nucleation seed 

(Graziano et al., 2011), profilin binding is required for formin-mediated filament elongation 

(Paul & Pollard, 2008), and the microtubule plus-TIP protein CLIP-170 controls Dia’s 

elongation rate (Henty-Ridilla, Rankova, Eskin, Kenny, & Goode, 2016). New regulators 

and novel mechanisms continue to be discovered suggesting that there are many gaps in our 

understanding of formin activity and regulatory mechanisms.

The multifunctional Adenomatous polyposis coli (APC) proteins affect the actin and 

microtubule cytoskeletons through diverse and distinct mechanisms and negatively regulate 

the Wnt signaling pathway (Logan & Nusse, 2004; McCartney & Näthke, 2008). More than 

80% of colorectal cancers are initiated by mutations in APC, and its role as a tumor 

suppressor is clearly linked to disruption of Wnt regulation (Cadigan & Peifer, 2009; Fodde, 

Smits, & Clevers, 2001). The connection between APC’s cytoskeletal functions and cancer 

initiation and progression are not well understood. Both vertebrate (vAPC) and its 
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Drosophila homologue APC1 contain a C-terminal basic domain (Figure 1a) that directly 

binds both Dia and actin monomers, and together this “super nucleator” overcomes the 

inhibitory effects of Capping protein and Profilin to drive actin filament nucleation and Dia-

dependent filament elongation in vitro (Breitsprecher et al., 2012; Jaiswal et al., 2013; 

Okada et al., 2010). Furthermore, a point mutation in vAPC that specifically abolishes its 

actin nucleation activity without altering its interactions with microtubules is associated with 

defective actin assembly at focal adhesions (Juanes et al., 2017). APC proteins localize to 

cortical actin in a cell type specific way (Harris & Nelson, 2010; Langford, Askham, Lee, 

Adams, & Morrison, 2006b; Langford, Lee, Askham, & Morrison, 2006a; McCartney et al., 

1999; Rosin-Arbesfeld, Ihrke, & Bienz, 2001; Zhou, Kunttas-Tatli, Zimmerman, Zhouzheng, 

& McCartney, 2011), suggesting that the cortical association of APC proteins may be 

dependent on the composition and organization of the network.

Both vertebrates and Drosophila contain a second APC comprised of many of the same 

conserved domains (McCartney et al., 1999; van Es et al., 1999). Drosophila APC2 contains 

the core domains found in all known APC proteins, including the N-terminal APC self-

association domain (ASAD), the Armadillo (Arm) repeats, the 15 and 20 amino acid repeats, 

and the SAMP repeats; however, it lacks the C-terminal basic domain known to promote 

actin assembly (Figure 1a). Instead, we have shown that APC2 contains a 30 amino acid C-

terminal domain (C30) required for its cortical localization and function (Zhou et al., 2011). 

APC2 and Dia bind directly through the C-terminal halves of both proteins, and together 

they are required for the elongation of actin-based pseudocleavage furrows in the early fly 

embryo (Webb, Zhou, & McCartney, 2009). While we and others have shown that 

Drosophila APC2 is strongly enriched at the actin cortex in a wide variety of cell types 

throughout development (McCartney et al., 1999; Townsley & Bienz, 2000; Yu & Bienz, 

1999), the cortical localization of APC2 is actin dependent in S2 cells and in intact tissues 

(Townsley & Bienz, 2000; Zhou et al., 2011), APC2’s cortical role is largely unknown. 

Some reports suggest that cortical APC2 contributes to Cadherin-based adhesion and 

tethering the mitotic spindle to the adherens junction in some cell types (Hamada & Bienz, 

2002; McCartney et al., 2001; Townsley & Bienz, 2000; Yamashita, Jones, & Fuller, 2003). 

In other cell types, APC2 does not appear to significantly contribute to Cadherin-based 

adhesion (McCartney et al., 2006). The scope of APC’s cortical functions and the molecular 

mechanisms underlying them is not known.

Here we show that cortical APC2 is required to maintain wild type cortical actin dynamics 

in two distinct cell types in the Drosophila ovary, the nurse cells and the follicle cells, and to 

promote wild type cortical actin distribution in the follicle cells. To uncover the mechanisms 

governing APC2’s cortical localization, we dissected the domain requirements in Drosophila 

S2 cells and identified 15 amino acids within the required C30 domain that together with the 

N-terminal half of the protein are necessary and sufficient for APC2’s cortical localization. 

We have termed this sequence as the C-terminal Cortical Enrichment Sequence or CCES 

(Figure 1a). Computational prediction and targeted mutagenesis together strongly suggest 

that the CCES is a heptad repeat that forms a coiled-coil. Our previous work demonstrated 

that the N-terminal half of APC proteins contains another short heptad repeat (ASAD, APC 

Self-Association Domain, Figure 1a; Kunttas-Tatli, Roberts, & McCartney, 2014) that is 

necessary for APC2’s self-association. Here we show that co-expression of chimeric 
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proteins containing the C30 fused to the inducible dimerization domains FKBP or FRB 

localize to the actin cortex in S2 cells similar to wild-type APC2. This suggests that a role of 

the N-terminal half of APC2 is to promote APC2 self-association through the ASAD, and 

that this self-association contributes to the cortical localization activity of the CCES.

2 | RESULTS AND DISCUSSION

2.1 | APC2 exhibits cell type specific requirements for cortical localization

Each ovary contains 15–25 ovarioles, strands of developing egg chambers with the youngest 

and smallest at the anterior end of the strand and mature, and fertilizable eggs at the 

posterior end (Figure 1b). Each egg chamber is composed of three distinct cell types: the 

oocyte and the nurse cells (NCs), both germline derived, and the somatic epithelial follicle 

cells (FCs) that completely surround the germ cells during early and mid-oogenesis (Figure 

1c). Consistent with what we and others have observed in many other cell types and in the 

ovary, endogenous APC2 (McCartney et al., 1999; Roberts, Pronobis, Poulton, Kane, & 

Peifer, 2012) and APC2-GFP driven by the native promoter (McCartney et al., 2006; Figure 

2a,b yellow arrows) are strongly enriched at the NC cortex. We previously showed that the 

N-terminal APC Self-Association Domain (ASAD) and the C-terminal 30 amino acids 

(C30) are both necessary for APC2’s cortical enrichment in S2 cultured cells and in the 

embryonic epithelium (Kunttas-Tatli et al., 2014; Zhou et al., 2011); in the absence of either 

the ASAD or the C30, cortical enrichment in those cells and tissues was significantly 

reduced. To examine localization requirements in the ovary, we expressed GFP-tagged 

APC2FL (full length APC2) or the cortical localization mutants APC2ΔC30 and 

APC2ΔASAD in an APC2g10 background. We previously showed that APC2g10 is a null 

allele resulting from a nonsense mutation at amino acid 383 (McCartney et al., 2006).

In NCs, the clear accumulation of cytoplasmic protein in the mutants compared to APC2FL 

(Figure 2a–c) is consistent with a defect in cortical enrichment. This is similar to what we 

observed in S2 cells and in the embryo (Kunttas-Tatli et al., 2014; Zhou et al., 2011). Both 

APC2ΔASAD and APC2ΔC30 retained some cortical enrichment (Figure 2a,b arrows), 

while APC2ΔC30 appeared to be more cortically enriched than APC2ΔASAD (Figure 2b, 

arrows). Representative line scans of fluorescence intensity across the NCs illustrate the 

differences in cortical enrichment between APC2FL and the two mutants (Supporting 

Information Figure S1); the difference in intensity between the cortex and the cytoplasm is 

most pronounced in APC2FL and APC2ΔC30 (Supporting Information Figure S1a,b), while 

APC2ΔASAD exhibits less distinction between cortex and cytoplasm in the NCs 

(Supporting Information Figure S1c).

The FCs are a polarized epithelium whose apical ends are adjacent to the NCs (Figure 1c, 

2c,c’, white arrows), where wild type APC2 appears to accumulate more strongly than at the 

basolateral cortex (Figure 2c,c’, yellow arrowhead in GFP-APC2FL). In contrast to the NCs, 

loss of either ASAD or C30 in the FCs appeared to displace APC2 very strongly from the 

apical and basolateral cortex (Figure 2c, c’, white arrows at apical cortex). Instead, the 

mutant APC2 is primarily localized in cytoplasmic puncta in the FCs compared to APC2FL 

(Figure 2c’, orange arrowheads). The results of our localization studies suggest that there is 

context dependence for APC2’s domain requirements for cortical association. This suggests 
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that the specific composition, organization, and/or dynamics of the cortical actin network 

may contribute to APC2’s cortical association.

2.2 | APC2’s cortical localization promotes a dynamic cortical actin network

To begin to understand how the properties of the cortical actin network might affect the 

localization of APC2, and how the localization of APC2 influences the cortical actin 

network, we assessed turnover dynamics at the NC and FC cortices at stage 8 of oogenesis 

using Fluorescence Recovery After Photobleaching (FRAP) of the actin-binding domain of 

Moesin fused to GFP (MoeGFP; (Edwards, Demsky, Montague, Weymouth, & Kiehart, 

1997). MoeGFP turnover has been shown to be a good proxy for actin turnover (Cao, 

Albertson, Riggs, Field, & Sullivan, 2008). Because we cannot detect GFP signal in live 

tissue expressing GFP-APC2 driven by the native promoter (wild type or mutants; data not 

shown), in all cases, we were measuring the turnover of MoeGFP rather than that of GFP-

APC2. Because the cortex is likely composed of both linear and branched actin, and 

MoeGFP does not have any reported preference, the FRAP analysis is assessing turnover of 

a mixture of filament types. At the apical FC cortex, complete loss of APC2 or disruption of 

its cortical localization with the APC2ΔC30 mutant significantly reduced the mobile fraction 

(Figure 3a,c). Expression of APC2FL in the APC2 null rescued this defect, increasing the 

mobile fraction to wild type levels (Figure 3a,c). The rate of fluorescence recovery as 

assessed by the t1/2 (time to half of the full recovery) was unchanged in the APC2 mutants 

(Figure 3c). Thus, there are fewer mobile MoeGFP molecules in the apical FC cortex in 

APC2 mutants, indicative of greater stability in the network, but the MoeGFP molecules that 

are mobile turnover at the same rate as in wild type.

In wild type tissue, the dynamics of the NC cortex are distinct from that of the apical FC 

cortex with a higher mobile fraction and a lower t1/2, both indicative of increased dynamics 

(Figure 3c, p < .05 Two-way ANOVA; for clarity this statistic is not indicated in the figure). 

At the NC cortex, we found that complete loss of APC2 also resulted in a significant 

decrease in the mobile fraction, but here the APC2ΔC30 mutant NCs had a mobile fraction 

indistinguishable from wild type (Figure 3b,c). The simplest interpretation of our FRAP 

results is that APC2 is needed for wild-type cortical dynamics in both NCs and FCs. In NCs, 

APC2ΔC30 rescues the reduced mobile fraction because the mutant protein retains some 

cortical localization (Figure 2b,c’), but in FCs where the localization defect is more severe 

(Figure 2b,c’), APC2ΔC30 cannot regulate cortical dynamics (Figure 3a–c). This simple 

interpretation is complicated by what we observed when we expressed APC2FL in the 

APC2 null. While APC2FL completely rescued the APC2 null reduction in mobile fraction 

in the FCs (Figure 3a,c), in the NCs, we observed a significantly reduced mobile fraction 

like the APC2 null and a significantly increased t1/2 unlike any other genotype (Figure 3c). 

One interpretation of the unexpected effects of APC2FL is that this protein has impaired 

function in some contexts. We previously showed that while APC2FL appeared to 

completely rescue APC2 activity in the Wnt pathway (McCartney et al., 2006), it had 

reduced actin-associated functions in the embryo (McCartney et al., 2006; Webb et al., 

2009). Though we cannot explain the anomalous behavior of APC2FL in NCs, the FRAP 

data are most consistent with a role for APC2 in promoting a dynamic cortical actin network 

in both FCs and NCs.
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In actin furrow extension in the embryo, APC2 appears to promote Dia’s activity (Webb et 

al., 2009). If the same mechanism explains APC2’s role at the cortex, loss of APC2 would 

lead to less Dia-dependent linear actin in the cortical network. If the linear network is more 

stable than the branched network as in HeLa cells (Fritzsche et al., 2016), loss of APC2 and 

consequent loss of linear actin would produce a more dynamic cortex compared to wild 

type. Contrary to that prediction, the cortex is less dynamic in the absence of APC2 (Figure 

3c). One possible explanation for this conundrum is the complex regulatory interaction 

between Dia and the Ena/VASP protein Enabled (Bilancia et al., 2014; Nowotarski, 

McKeon, Moser, & Peifer, 2014); loss of Dia-mediated filament assembly in APC2 mutants 

could increase the activity of the elongation factor Enabled, in turn altering the dynamic 

properties of the actin network. Future work will be needed to dissect these regulatory 

interactions at the cortex. Alternatively, APC2 may function at the cortex in part to restrict 

Dia’s actin assembly activity, resulting in a lower linear to branched ratio in the network and 

thus a more dynamic cortex. To test this hypothesis, more work is needed to uncover the 

consequences of the molecular interactions between APC2 and Dia (Webb et al., 2009).

2.3 | Cortical actin distribution and cortical structure in follicle cells and nurse cells

At stage 8, the NC cortex has an overall gauze-like appearance without significant structural 

definition (Figure 4a). Because of the reduced mobile fraction at the cortex in the APC2 null 

(Figure 3), we predicted that we might also observe an organizational change visible by 

confocal microscopy. We did not see any consistent differences in the actin intensity or 

gauze-like nature of the cortex when we manipulated APC2 (Figure 4b–e). In projections of 

wild-type egg chambers, the NC cortex tends to be regular and planar (Figure 4a, 

arrowhead), and the same was generally true in the APC2 mutants (Figure 4b–e). In all of 

the genotypes, we observed occasional crinkles or buckles in the cortex that we collectively 

refer to as “waves” (for example Figure 4d, arrowhead). We speculate that these changes 

could result from the contractions of the muscular sheath surrounding each ovariole 

(Andersen & Horne-Badovinac, 2016; Middleton et al., 2006). We found that the frequency 

of these cortical waves was significantly different between wild type and all of the APC2 
genotypes (Figure 4f). Although there was no clear pattern implicating APC2 in either 

promoting or suppressing these waves, we cannot rule it out completely. Thus, while APC2 

is regulating cortical dynamics in the NCs (Figure 3), that change in dynamics in the APC2 
null was not correlated with a detectable change in overall cortical architecture. Lastly, we 

examined ring canals, actin-based channels embedded within the NC cortex (Figure 4a, 

arrow). Ring canals are formed through incomplete cytokinesis early in oogenesis and are 

required for the transport of molecules and organelles from the NCs into the developing 

oocyte. While the phalloidin staining in the ring canals was on average slightly brighter in 

the APC2 null compared to wild type (Figure 4a,b, arrows and G), the APC2 null was not 

significantly different from either APC2FL; APC2g10, or APC2ΔC30; APC2g10, and neither 

of these genotypes was significantly different from wild type (Figure 4g). Although we 

cannot rule out a role for APC2 in ring canal structure or function, we did not see a 

compelling difference in actin fluorescence intensity in this cortically associated structure.

In contrast to the homogenous pattern of actin accumulation at the NC cortex, in the wild-

type follicular epithelium, cortical actin is enriched in apical puncta that largely correspond 
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to the tricellular junctions (Figure 5a, blue circles, and b, white arrow) with significantly less 

accumulation along the cortex between those junctions (Figure 5a, yellow line, b, yellow 

arrow). To quantify this pattern, we measured pixel intensities along the cortex from junction 

to junction and normalized each pixel to the maximum pixel value along that line. This 

illustrates the peaks of intensity at the tricellular junctions and the dip in intensity between 

them (Figure 5e). In APC2 null FCs, actin remains enriched at the tricellular junctions 

(Figure 5c, white arrow), but there is also significant accumulation between the junctions 

(Figure 5c, yellow arrow and Figure 5e, red line). Expression of APC2FL or either of the 

cortical localization mutants restored the wild type pattern of apical actin enrichment (Figure 

5e). Because disruption of APC2’s cortical localization with APC2ΔC30 resulted in a more 

stable apical FC cortex like the null mutant (Figure 3), and a cortical actin distribution like 

the wild type (Figure 5e), we conclude that the change in cortical dynamics we see in the 

mutants does not cause the defect in cortical actin distribution. This suggests that APC2 may 

have more than one function at the apical cortex: one to promote turnover and cortical 

dynamics and a second to promote the local accumulation of cortical actin, or to block 

accumulation outside of the tricellular junctions.

2.4 | A conserved 15 amino acids in the C30 domain is predicted to form a coiled-coil and 
is necessary for APC2’s cortical enrichment

To understand the mechanisms by which APC2 affects cortical actin structure and function 

we asked how APC2 localizes to the actin cortex. We previously demonstrated that the N-

terminal domain of APC2 (N-term), containing the ASAD (APC Self-Association Domain) 

and the Armadillo (Arm) repeats, and the C-terminal 30 amino acids (C30) are each 

necessary, and together sufficient, for the cortical localization of APC2 (Kunttas-Tatli et al., 

2014; McCartney et al., 2006; Zhou et al., 2011). We show some of those findings again 

here (Figure 6c,d) as a starting point for further dissecting these requirements. To identify 

the mechanism by which C30 promotes cortical localization, we compared the sequence of 

these 30 amino acids across Drosophila species and identified a highly conserved 17 amino 

acid sequence (Figure 6a). Deletion of the central 15 conserved amino acids (Figure 6a, 

yellow highlighted sequence; Figure 6b, APC2-N-C30-divergent) abolished cortical 

localization in S2 cells (Figure 6c,d), while replacing the C30 with only the central 15 amino 

acids of the conserved sequence (APC2-N-C30-conserved) was sufficient for wild-type 

cortical localization (Figure 6b–d). We confirmed the importance of this sequence using an 

independent deletional approach (Supporting Information Figure S2). Thus, in combination 

with APC2-N, this conserved sequence (the C-terminal Cortical Enrichment Sequence, or 

CCES) is necessary and sufficient for cortical localization.

To ask if the CCES forms a secondary structure relevant to APC2’s cortical localization 

mechanism, we used COILs (Alva, Nam, Söding, & Lupas, 2016; Lupas, Van Dyke, & 

Stock, 1991). This predicted that the CCES is a HEPTAD repeat that may form a coiled-coil 

(Figure 7a). Coiled-coils are generated by the association of two or more alpha-helices to 

create a stable zipper-like conformation that can play critical roles in protein–protein 

interactions and protein self-association (Lupas & Bassler, 2017). In fact, the ASAD that 

facilitates APC self-association also appears to form a coiled-coil (Kunttas-Tatli et al., 

2014). To test the hypothesis that the CCES may form a coiled-coil necessary for cortical 
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enrichment, we disrupted the putative coiled-coil by changing four key hydrophobic amino 

acids within the HEPTAD repeat (the a and d positions) to proline disrupting the formation 

of α-helices and coiled-coils (Figure 7a, blue stars). This resulted in the complete loss of 

APC2’s cortical enrichment in S2 cells (Figure 7b,c) and was indistinguishable from a 

complete deletion of the conserved residues (Figure 6c,d). Consistent with this, a single 

point mutation changing hydrophobic valine to hydrophilic threonine at the d position 

(Figure 7a, yellow star) likewise abolished cortical enrichment (Figure 7b,c). Taken together, 

the computational prediction and mutational analysis are consistent with the model that the 

CCES forms a coiled-coil that is necessary for the cortical enrichment of APC2.

2.5 | Artificial dimerization using FRB and FBKP drives the C30 domain of APC2 to the 
cortex

Because the CCES alone is not sufficient for cortical enrichment and the required N-terminal 

half of the protein contains the ASAD (Kunttas-Tatli et al., 2014), we speculated that a role 

of the N-terminal half of APC2 is to drive efficient self-association via the ASAD to 

promote the assembly of the short CCES coiled-coil. To test if a role of the N-terminal half 

of APC2 is to drive the self-association necessary for cortical localization, we asked whether 

dimerization of C30 containing the CCES through the rapamycin inducible dimerization of 

FRB and FKBP (Figure 8a,b) (Muthuswamy, Gilman, & Brugge, 1999; Spencer, Wandless, 

Schreiber, & Crabtree, 1993) could promote cortical enrichment. Expression of either mCh-

FKBP-C30 or EGFP-FRB-C30 alone, with or without rapamycin (Figure 8c,d,f), resulted in 

no significant cortical enrichment, similar to expression of the C-terminal half of APC2 or 

the C30 alone (Zhou et al., 2011). Coexpression of the chimeras without rapamycin also 

resulted in no cortical enrichment (Figure 8e,f). In contrast, coexpression of EGFP-FRB-

C30 and mCh-FKBP-C30 with rapamycin resulted in significantly enhanced cortical 

enrichment of the chimeric proteins (Figure 8e,f). The reciprocal experiments using mCh-

FRB-C30 and EGFP-FKBP-C30 yielded similar results (not shown). Our data suggest a 

model that self-association of APC2 through the N-terminal ASAD is necessary for the 

cortical localization activity of the CCES. Consistent with this model, deletion of ASAD 

alone significantly disrupts the cortical enrichment of APC2 in S2 cells and embryonic 

epithelia (Kunttas-Tatli et al., 2014).

While coexpression of the chimeras in the presence of rapamycin did drive cortical 

enrichment (Figure 8e,f), it did not reconstitute wild type levels of enrichment: APC2-N-

C30 has a cortical to cytoplasmic ratio of approximately 5 (Figure 6d), while the co-

expressed chimeras have a ratio of approximately 1.5 (Figure 8f). To test the possibility that 

mCh and EGFP sterically hinder FRB-FKBP binding, we repeated the experiments 

substituting mCh with a 6xHis-tag (Supporting Information Figure S3a–d). When we co-

expressed EGFP-FKBP-C30 and 6xHis-FRB-C30 in the presence of rapamycin, we still 

observed a significant pool of cytoplasmic EGFP-FKBP-C30 (Supporting Information 

Figure S3d). Thus, exchanging the bulky mCh tag for the smaller 6xHis tag did not result in 

a dramatic increase in the cortical enrichment. The reduced cortical enrichment of the 

chimeras compared to a more wild-type APC2 could reflect the need for the formation of 

higher order oligomers of C30 rather than dimers. Additionally or alternatively, it may 

reflect the need for something in the N-terminal domain in addition to the ASAD. Our 
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earlier work demonstrated that APC2 proteins with missense mutations in the Arm repeats 

exhibit reduced cortical enrichment (McCartney et al., 1999, 2006), consistent with the idea 

that the Arm repeats play a role in cortical localization. Arm repeats are a known protein–

protein interaction domain (Tewari, Bailes, Bunting, & Coates, 2010), and the Arm repeats 

of vertebrate APC bind to several cytoskeletal regulators, including Striatin, ASEF, KAP3, 

and IQGAP (Breitman, Zilberberg, Caspi, & Rosin-Arbesfeld, 2008; Jimbo et al., 2002; 

Kawasaki et al., 2000; Kawasaki, Sato, & Akiyama, 2003; Watanabe et al., 2004). 

Interestingly, we showed that deletion of the ASAD and consequent loss of APC2 self-

association enhanced KAP3 (Kinesin-associated protein 3) binding by APC2 (Kunttas-Tatli 

et al., 2014), suggesting that the self-association of APC2 can modulate the binding of Arm 

repeat partners. The results presented here, together with the results of our earlier work, 

support a model where the ASAD and the CCES cooperate to drive APC2 localization to the 

actin-rich cortex and suggest that an Arm repeat binding protein (s) could tether, enhance, 

and/or stabilize the interaction of APC2 with cortical actin. It is interesting to note that loss 

of ASAD appears to disrupt APC2’s localization to the NC cortex more significantly than 

loss of C30 and the CCES (Figure 2 and Supporting Information Figure S1). If the ASAD is 

promoting the activity of the CCES and potentially modulating the binding interactions of 

the Arm repeats, it is not surprising that loss of the ASAD might have a stronger effect on 

localization.

3 | CONCLUSION

Here we showed that APC2 plays roles in cortical dynamics in NCs and in epithelial FCs 

and in actin distribution in FCs. APC2’s localization to the cortex requires actin itself (Zhou 

et al., 2011), and the Arm repeats (McCartney et al., 1999, 2006), and here we show that it 

depends on the activity of the ASAD and the CCES. Whether self-associated APC2 binds to 

cortical actin directly and/or through cortical actin binding partners and whether this 

interaction is influenced by the mechanical properties of the cortex is not known. Once 

associated with the cortex, we predict that APC2 is regulating cortical properties at least in 

part through its association with Dia. While our initial work suggested that APC2 promotes 

Dia activity (Webb et al., 2009), the change in cortical actin dynamics in the APC2 mutants 

(Figure 3) suggests that the regulatory relationship between APC2 and Dia may be more 

complex. Formins are known to assemble the linear filament component of the cortex in 

several cell types (Bovellan et al., 2014; Fritzsche et al., 2016). However, we know little 

about how formins might be regulated in this context to achieve the optimal ratio of linear to 

branched filaments that appear to play a significant role in modulating the mechanical 

properties of the cortex (Fritzsche et al., 2016). Future study of the APC-Dia collaboration at 

the cortex should provide important insight into the mechanisms governing the properties of 

the cortical actin network.

4 | MATERIALS AND METHODS

4.1 | DNA constructs

Deletion fragments and point mutations were synthesized by PCR site-directed mutagenesis 

using mCh-APC2-N-C30 in the metallothionein inducible pRmHa3 plasmid (Zhou et al., 
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2011). The following constructs were generated: mCh-APC2-N-C30-divergent (aa 1–490, aa 

1,038–48, aa 1,064–67), mCh-APC2-N-C30-conserved (aa 1–490, aa 1,049–63), mCh-

APC2-N-C30-hydrophobic>P (aa 1–490, aa 1,038–1,067 [V1051P, V1055P, I1058P, 

L1062P]), and mCh-APC2-N-C30-V > P (aa 1–490, aa 1,038–1,067 [V1055P]). To generate 

the FRB and FKBP dimerization constructs, we used pMoMo, a plasmid derived from the 

backbone of pKM263 and modified to include two cloning modules (N-terminal and C-

terminal) separated by a 15 aa linker (GGGGS3) (a gift from Dr. Jon Jarvik). EGFP and 

mCherry (mCh) were PCR amplified with Sfi (NEB) overhangs, shuttled through pGEM-T 

for sequencing, and cloned into the N-terminal module of pMoMo. The plasmids containing 

FRB and FKBP (a gift from Dr. Jon Jarvik) were digested with Sfi and ligated in frame with 

EGFP or mCh to an AlwN1 (NEB) digested pMoMo-EGFP or pMoMo-mCh. The C30 was 

then PCR amplified with PflMI restriction site overhangs and ligated in frame into the C-

terminal module of the EGFP and mCh versions of pMoMo-FRB or pMoM-FKBP. We then 

used pMoMo-EGFP-FRB-C30/pMoMo-mCh-FRB-C30 and pMoMo-EGFP-FKBP-C30/

pMoMo-mCh-FKBP-C30 as PCR templates with 5’-Kpn1 and 3’-BamH1 ends to shuttle the 

entire fusion protein cassettes into pRmHa3.

4.2 | S2 cell transfection, imaging, and analysis

S2 cells were transfected with our constructs using Effectene (Qiagen). All constructs were 

driven by the metallothionein promoter, and expression was induced 24 hours 

posttransfection with CuSO4 at a final concentration of 40 μM. For the FRB and FKBP 

experiments, expression was induced at 10 μM CuSO4, and the cells were incubated with 

rapamycin (100 μM) or without rapamycin for 6 hours before imaging. Images were 

acquired with a spinning-disc confocal microscope with a Yokagawa scan head (Solamere 

Technology Group) and a QICAM-IR camera (Qimaging) on a Zeiss Axiovert 200 M using 

QED InVivo software. All S2 cells were imaged live 14–16 hours postinduction. We 

quantified the APC2 cortical to cytoplasmic ratio as in Zhou et al., 2011. Briefly, we fixed 

the S2 cells with 4% formaldehyde in 1X phosphate buffered saline (PBS) for 10 min 

followed by blocking in PNT (PBS, 1% NGS, and 0.1% Triton-X100) and incubation with 

Alexa546-phalloidin at 1:1000 (Invitrogen). Using ImageJ, we drew a line bisecting each 

cell and obtained pixel intensities of all the channels along that line. We then used actin as 

marker for the cortex to calculate the cortical to cytoplasmic ratio of different APC2 

proteins. Representative images of actin in S2 cells expressing different variants of APC2 do 

not reveal any apparent differences in the localization of cortical actin (Supporting 

Information Figure S3).

4.3 | Fly stocks

The null allele, w1118; APC2g10/TM6Tb (McCartney et al., 2006), was used for our 

complete loss of function experiments. For localization and rescue experiments, P[endoP-
EGFP-APC2-FL] (McCartney et al., 2006), P[endoP-EGFP-APC2-ΔC30] (Zhou et al., 

2011), and P[endoP-EGFP-APC2-ΔASAD] (Kunttas-Tatli et al., 2014) were crossed into 

w1118; APC2g10/TM6 Tb. For the FRAP analysis, we used moeGFP (Edwards et al., 1997), 

and generated moeGFP APC2g10, P[endoP-EGFP-APCFL]; moeGFP APC2g10, and P[endo-
PEGFP-APC2-ΔC30]; moeGFP APC2g10 using standard recombination and crossing 
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methods. We could not recover a stock containing both P[endoP-EGFP-APC2-ΔASAD] and 

moeGFP APC2g10 preventing FRAP analysis of this mutant.

4.4 | Drosophila egg chamber fixation and immunostaining

To optimize egg chamber yield per fly, female flies 3–4 days old were collected and yeasted 

overnight. Ovaries were dissected in Grace’s Insect Medium with 10% FBS and 0.1% 

Penicillin/Streptomycin and combed through with fine forceps to separate the ovarioles and 

remove the muscular sheath. For cortical actin assessment in fixed tissue, the ovaries were 

fixed with 10% formaldehyde with 1X PBS supplemented with 0.01% Tween-20 and 

Alexa488-phalloidin at 1:200 (Invitrogen) for 30 minutes. Following four washes with PBS 

and 0.01% Tween-20, the tissue was incubated with PBS and Alexa488-phalloidin (1:200) 

for 1 hour while rocking at room temperature. DAPI (1:10,000) was added for the last 5 

minutes of the incubation, and the tissue was washed two times before mounting in 

AquaPoly/Mount (Polysciences). For immunolocalization, the ovaries were fixed and 

stained as in McCartney et al. (2006). Briefly, ovaries were fixed in fresh 4% 

paraformaldehyde in PBS for 18 minutes at room temperature, followed by four washes with 

PBS and a 1 hour block in PNT (PBS, 1% Normal Goat Serum [NGS], and 0.03% Triton-X 

100). The tissue was incubated with rocking overnight at 4°C with anti-GFP (Abcam) that 

had been pre-absorbed at 1:5000 in PNT against wild-type ovaries overnight at 4°C to 

reduce background. Ovaries were incubated in Alexa-488 secondary antibody at 1:1000 

(Invitrogen), Alexa546-phalloidin (1:500), and DAPI (1:10,000) before washing and 

mounting in Aqua-Poly/Mount.

4.5 | Image acquisition and analysis of actin in stage 8 egg chambers

Images were acquired on a spinning-disc confocal microscope with a Yokagawa scan head 

(Solamere Technology Group) and a QICAM-IR camera (Qimaging) on a Zeiss Axiovert 

200 M using QED InVivo software. Z-stacks were acquired at 63× with a 0.2-μm step size. 

Laser power, exposure time, and gain were kept constant for each data set, and the levels of 

all images were adjusted identically. To control for potential differences in cortical 

organization and dynamics due to developmental stage, the length and width of each stage 8 

egg chamber was measured using Fiji (ImageJ). Only those approximately 520–620 pixels in 

length by 280–380 pixels in width were used for analysis. These measurements appeared to 

correspond to approximately mid-stage 8. To evaluate the NC cortex (Figure 4), 30 0.2-μm 

en-face z-sections were projected using Fiji (ImageJ). This stack represented the majority of 

the lateral cortex from the outer surface in contact with the FCs to the inner surface in 

contact with other NCs. We refer to any distortions of the NC cortex as “waves” (e.g., Figure 

4d, arrow) and qualitatively assessed whether NCs had no waves, or mild or severe waves, 

by visual inspection of the projections described above (Figure 4f). If any sections of the 

cortex deviated from a smooth appearance, that egg chamber was categorized as “mild”, and 

egg chambers with greater than 2 sections of the cortex with deviations was characterized as 

“severe”. To determine the relative fluorescence intensity of the ring canals (Figure 4g), for 

each projection, we calculated the average fluorescence intensity of the ring canals from four 

8 × 8 pixel regions of interest (ROIs), and the average fluorescence intensity of the cortex 

from four 8 × 8 ROIs. Using these two averages, we calculated the ring canal to cortex 

fluorescence intensity ratio for each projection. To calculate average percentage maximum 
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pixel intensity of apical actin in the FCs (Figure 5e), six 0.2 μm en-face z-sections were 

projected, and a line was drawn from the center of one tricellular junction along the cortex to 

the center of the next tricellular junction. For each cortical line measuring 30 pixels (16–24 

lines for each genotype), the maximum pixel intensity value was set to 100%, and the 

intensity of each pixel along that line was adjusted relative to that maximum.

4.6 | Fluorescence recovery after photobleaching (FRAP)

Female flies 3–4 days old were collected and yeasted overnight. Ovaries were dissected in 

Grace’s Insect Medium with 10% FBS and 0.1% Penicillin/Streptomycin and combed 

through with fine forceps to separate the ovarioles and to remove the muscular sheath. 

Single ovarioles were removed from the ovary and when possible young egg chambers were 

completely isolated from the ovarioles and incubated in fresh Grace’s Insect medium in a 

35-mm glass-bottom dish (MatTek Corporation). FRAP experiments were carried out using 

a 63 × 1.4 NA oil immersion objective on a Zeiss LSM880 confocal microscope with ZEN 

imaging software. Following 10 prebleach scans, MoeGFP in the cortical region of interest 

was photobleached using the 488-nm laser at 100% power for 50 iterations. After 

photobleaching, the fluorescence recovery was monitored every 1 s for 50 frames. FRAP 

was completed within 45 minutes of the initial dissection. We found that after this point, the 

variability increased significantly. FRAP data was analyzed using the FRAP module in the 

ZEN Black software. In brief, the fluorescence intensity of each region was first adjusted by 

subtracting the background intensity and then normalized to the intensity at the initial time 

point. The mobile fraction was then calculated as Imax – I0/(1 – I0), where Imax is the 

maximal fluorescence recovery and I0 is the initial fluorescence intensity immediately after 

photobleaching. FRAP recovery curve analysis and values for t1/2 were calculated using the 

ZEN FRAP calculator module. To display recovery curves of the raw data (Figure 3a,b), the 

raw fluorescence data for each photobleached spot were normalized relative to the average 

fluorescence intensity for the spot at the start of imaging, and relative to the average 

fluorescence intensity for the spot at the time of bleaching. The normalized fluorescence 

intensities for each genotype were averaged and plotted, where the point of bleaching was 

set to zero on the y-axis (% recovery) and on the x-axis (time).

4.7 | Statistical analysis

All graphing and statistical analyses were conducted with GraphPad Prism 7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Schematics of the APC proteins and the Drosophila ovary. (a) APC family proteins contain 

many functional domains that are well conserved between vertebrates and Drosophila, and 

some that are unique: Oligomerization domain (magenta); ASAD, APC self-association 

domain (pink); Armadillo repeats (orange); the central repeats include the 15 amino acid 

repeats (green), the 20 amino acid repeats (purple), and the SAMP repeats (dark blue); C30, 

C-terminal 30 amino acids and CCES, C-terminal cortical enrichment sequence (red); basic 

domain (light blue); EB1/PDZ binding domain (yellow). APC2g10 is a nonsense mutation at 

the position indicated. (b) the Drosophila ovary is composed of multiple ovarioles, each of 

which is made up of individual egg chambers in a developmental gradient from the youngest 

at the anterior to fertilizable eggs at the posterior. (c) Schematics of a stage 8 egg chamber 

illustrate the three different cell types within each egg chamber and their physical 

arrangement: the germline derived NCs and oocyte, and the somatic follicular epithelium. 

The apical side of the FCs is adjacent to the NC cortex
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FIGURE 2. 
APC2 localization to the nurse cell and follicle cell cortices depends on ASAD and C30. (a-

c’) Localization of GFP-tagged APC2FL, APC2ΔASAD, and APC2ΔC30 in the NCs and 

FCs of the Drosophila egg chamber detected in fixed tissue with anti-GFP. At higher 

magnification, we saw that APC2FL is cortically enriched in both NCs (b, yellow arrow), 

and FCs (c,c’, white arrows). APC2FL appears enriched at the apical cortex in FCs (c,c’ 

white arrow), compared to the basolateral cortex (c,c’ yellow arrowhead), and appears 

uniform at the NC cortex (b, yellow arrow). Both mutant proteins accumulate significantly 

in the cytoplasm of NCs and FCs as puncta (a–c’, orange arrowheads). Neither mutant 

retains significant cortical localization in the FCs (c,c’ white arrows). While the extent of 

cortical enrichment of the mutant proteins at the NC cortex was variable, APC2ΔASAD 

tended to have less cortical enrichment than APC2ΔC30 (b, yellow arrows). The dashed line 

in (b) illustrates the position of a representative line scan shown in Supporting Information 

Figure S1. Scale bars: (a) 40 μm; (b,c’) 10 μm
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FIGURE 3. 
Disruption of APC2’s cortical localization alters cortical dynamics. (a, b) Normalized raw 

fluorescence recovery data for the indicated genotypes at the apical FC cortex (a) and the 

NC cortex (b). Each line represents the average of the raw data for the genotype indicated 

with the error bars illustrating the standard deviation. (c) the percent mobile fraction (top) 

and t1/2 (bottom) at the apical FC cortex (blue) and NC cortex (orange) in the genotypes 

indicated. Each box extends from the 25th to 75th percentiles, and the whiskers indicate the 

minimum and maximum values. The line within each box is the median, and the + indicates 

the mean. At the apical FC cortex, complete loss of APC2 (APC2g10) or deletion of the C30 

domain (APC2ΔC30) significantly reduced the mobile fraction. Expression of APC2-FL 

rescued this defect. The t1/2 did not differ significantly between the genotypes. At the NC 

cortex we saw a similar decrease in mobile fraction in the APC2 null, and this was not 

rescued by APC2ΔC30. Expression of APC2FL resulted in a significantly reduced mobile 

fraction like the null at the NC cortex, and a significantly increased t1/2 unlike any other 

genotype
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FIGURE 4. 
Disruption of APC2 in the nurse cells does not significantly alter cortical actin accumulation 

or overall cortical structure. (a–e) projections of 30 0.2 μm z-slices of phalloidin stained 

stage 8 egg chambers reveal the basic organization of the NC cortex in the genotypes 

indicated. Insets show higher magnification views of the cortical actin network in NCs. 

While the cortical network typically appears uniform and planar (a, arrowhead), we did 

observe irregularities like the waves in (d, arrowhead) in wild type and mutant NCs. Scale 

bar, 5 μm; inset, 1 μm (f) the percent of egg chambers with cortical waves. The frequency 

and severity of cortical waves was highly variable with every genotype significantly different 

from the wild type. N = 10 for each genotype. (g) the relative fluorescence intensity of the 

ring canals in the APC2 null was significantly greater than in the wild type (a, b arrows). 

The relative intensity in APC2FL; APC2g10 and APC2ΔC30; APC2g10 was not 

significantly different from either the wild type or from APC2g10. Each box extends from 

the 25th to 75th percentiles, and the whiskers indicate the minimum and maximum values. 

The line within each box is the median, and the + indicates the mean. For wild type, the 

median and the mean are the same. N = 10 for each genotype
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FIGURE 5. 
Complete loss of APC2 disrupts the heterogeneous accumulation of actin at the apical cortex 

in the follicle cells. (a) Schematic of the cellular arrangement, landmarks, and the 

quantification strategy employed for (b–e). The white arrow indicates a tricellular junction, 

and the yellow arrow indicates the apical cortex between two tricellular junctions (blue 

circles). For the analysis in e, pixel intensity was measured for 30 pixels along the cortex 

(yellow line) between two tricellular junctions. (b–d) rotated projections of six 0.2 μm 

optical sections of the apical ends of phalloidin stained FCs of the indicated genotypes. As 

in (a), the white arrow indicates a tricellular junction, and the yellow arrow indicates the 

apical cortex between two tricellular junctions. The images have been pseudo-colored using 

the look-up table shown (Fiji) to highlight the relative intensity differences between the 

tricellular junctions and the intervening cortex within an image (see methods for details). In 

wild type FCs (b), and in APC2 null FCs expressing APC2FL (d), actin at the apical cortex 

is enriched at the tricellular junctions (b,d white arrow) compared to the intervening cortex 

(b,d yellow arrow). In the APC2 null mutant (c), the actin distribution appears more 

homogenous with more actin along the intervening cortex (c, yellow arrow). (e) 

Quantification of pixel intensities as described in (a) for the genotypes as shown. This 

illustrates the distinction between apical cortical actin distribution in wild type FCs (black) 

and APC2g10 FCs (red). The APC2 null defect in apical cortical actin distribution was 

rescued by APC2FL (blue), APC2ΔC30 (green), and APC2ΔASAD (purple). N = 16–24 

lines/genotype scale bar = 5 μm
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FIGURE 6. 
A conserved 15 amino acid sequence within C30 is necessary for cortical localization. (a) 

Multiple sequence alignment of the C-terminal 30 amino acids (C30) from four Drosophila 

species revealed a highly conserved sequence (yellow). (b) Schematics of mCherry-tagged 

(mCh) APC2 proteins expressed in S2 cells. (c) S2 cells transfected with the indicated mCh-

APC2 constructs imaged live to visualize the mCh tag. APC2FL is localized to the cell 

cortex while mutants that deleted either the entire C30 (APC2ΔC30) or the conserved region 

(APC2-NC30-divergent) localized throughout the cytoplasm. Scale bar = 5 μm. (d) We used 

the cortical to cytoplasmic pixel intensity ratio of APC2 to quantify cortical enrichment (as 

in Zhou et al., 2011). Ratios close to 1 indicate no difference between APC2 accumulation at 

the cortex and in the cytoplasm. Ratios higher than 1 indicate cortical enrichment compared 

to the cytoplasm. The conserved region alone of APC2 C30 retains the complete cortical 

enrichment activity of C30, while the divergent region alone has no cortical enrichment 

activity. Error bars are standard deviation. N = 15 for each condition. All conditions were 

compared to mCh-APC2-N using one-way ANOVA with results as shown
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FIGURE 7. 
Mutational analysis supports the model that formation of a coiled-coil in C30 is necessary 

for the cortical localization mechanism of APC2 at the cortex. (a) the CCES (green) aligned 

to the amino acid pattern of a HEPTAD repeat. The hydrophobic amino acids at positions a 

and d are in red. Blue stars indicate the residues changed to proline, and the yellow star 

indicates the hydrophobic valine that was changed to a hydrophilic threonine. (b) S2 cells 

expressing mCh-tagged APC2 proteins as indicated imaged live. Altering all 

(hydrophobic>P), or just one (V > T), of the key hydrophobic amino acids abolished APC2’s 

cortical enrichment. (c) Quantification of APC2’s cortical enrichment demonstrates that 
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mutations disrupting the putative coiled-coil eliminate the cortical enrichment of APC2. 

Error bars are standard deviation. N = 15 for each condition. All conditions were compared 

to mCh-APC2-N using one-way ANOVA with results as shown
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FIGURE 8. 
Dimerization of C30 via FKBP and FRB promotes cortical enrichment. (a) Schematics of 

FRB and FKBP chimeras with C30 tagged with EGFP and mCh, respectively. (b) 

Immunoblots of EGFPFRB-C30 and mCh-FKBP-C30 from S2 cells demonstrate that these 

two chimeras are expressed at comparable levels. (c-e) S2 cells expressing one or both 

chimeras were imaged live to visualize EGFP and/or mCh. When the chimeras are 

individually expressed (c, d) either with or without rapamycin, they did not show any 

apparent cortical enrichment. When EGFP-FRB-C30 and mCh-FKBP-C30 are coexpressed 

without rapamycin neither showed any cortical enrichment (e, top panels), but when EGFP-

FRB-C30 and mCh-FKBPC30 were coexpressed with rapamycin both showed cortical 

enrichment (e, bottom panels, white arrows). Scale bar = 5 μm. (f) Plot of cortical to 

cytoplasmic ratios to quantify the localization of each FRB and FKBP chimera, expressed 
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alone or co-expressed, with or without rapamycin. N = 8 for each condition. Error bars 

depict standard deviation. Statistical differences calculated using two-way ANOVA as 

indicated
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