©2019. Published by The Company of Biologists Ltd | Development (2019) 146, dev164145. doi:10.1242/dev.164145

e Company of
‘Blologlsts

RESEARCH ARTICLE

Destruction complex dynamics: Wnt/B-catenin signaling alters

Axin-GSK3p interactions in vivo

Daniel B. Lybrand'?*, Misha Naiman'?*, Jessie May Laumann', Mitzi Boardman', Samuel Petshow?,

Kevin Hansen', Gregory Scott’ and Marcel Wehrli'-3*

ABSTRACT

The central regulator of the Wnt/B-catenin pathway is the Axin/APC/
GSK3p destruction complex (DC), which, under unstimulated
conditions, targets cytoplasmic p-catenin for degradation. How Wnt
activation inhibits the DC to permit B-catenin-dependent signaling
remains controversial, in part because the DC and its regulation
have never been observed in vivo. Using bimolecular fluorescence
complementation (BiFC) methods, we have now analyzed the activity
of the DC under near-physiological conditions in Drosophila. By
focusing on well-established patterns of Wnt/Wg signaling in the
developing Drosophila wing, we have defined the sequence of events
by which activated Wnt receptors induce a conformational change
within the DC, resulting in modified Axin-GSK3p interactions that
prevent B-catenin degradation. Surprisingly, the nucleus is surrounded
by active DCs, which principally control the degradation of B-catenin
and thereby nuclear access. These DCs are inactivated and removed
upon Wnt signal transduction. These results suggest a novel
mechanistic model for dynamic Wnt signal transduction in vivo.
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INTRODUCTION

Wht-directed signal transduction is a highly conserved mechanism
that controls cellular patterning, tissue development, stem cell
maintenance and tissue repair in all animals (Clevers and Nusse,
2012). In the canonical Wnt pathway, B-catenin (Armadillo in
Drosophila) functions as the primary effector: in the absence of Wnt
ligand, B-catenin signaling is blocked via the ‘destruction complex’
(DC), which constitutively directs the degradation of newly
synthesized B-catenin. This multi-protein complex contains the
scaffold protein Axin, the tumor suppressor Adenomatous
Polyposis Coli (APC) and Glycogen Synthase Kinase 3
(GSK3B; Shaggy, Sgg, in Drosophila). In contrast, when Wnt
ligands are present (Wingless, Wg, in Drosophila), they bind and
activate heteromeric receptor complexes comprising Frizzled and
LRP5/6 proteins (Arrow in Drosophila), initiating a signaling
response via the cytoplasmic transducer Dishevelled (Dsh) that
ultimately inhibits the DC. As a result, B-catenin accumulates,

"Dept. of Integrative Biosciences, School of Dentistry, Oregon Health and Science
University, Portland, OR 97239, USA. “Reed College, Portland, OR 97202, USA.
3Knight Cancer Institute, Portland, OR 97239, USA.

*These authors contributed equally to this work

+Author for correspondence (wehrlim@ohsu.edu)
D.B.L.,0000-0003-3010-2203; M.N., 0000-0002-4052-8534; J.M.L., 0000-0002-

7936-0783; M.B., 0000-0001-9713-2103; S.P., 0000-0002-7989-3598; G.S., 0000-
0003-0830-5557; M.W., 0000-0002-6805-0421

Received 5 February 2018; Accepted 5 June 2019

translocates to the nucleus, and activates target gene transcription.
Regulation of Wnt signaling must be precisely controlled and
modulated, as deregulation leads to developmental defects or
initiation of diseases including osteoporosis and many forms of
cancer (Clevers and Nusse, 2012).

Although this model of Wnt signaling is now generally accepted,
key aspects of how the DC is regulated remain controversial. At least
a dozen models have been postulated to explain B-catenin regulation
(Baig-Lewis et al., 2007; Cliffe et al., 2003; Itoh et al., 2005; Lee
et al., 2003; Liu et al., 1999; Mao et al., 2002; Park et al., 2006;
Rosin-Arbesfeld et al., 2000; Swarup and Verheyen, 2012; Tamai
et al., 2004; Tolwinski and Wieschaus, 2001; Valvezan et al., 2012;
Huang et al., 2009), including DC inactivation by kinase inhibition,
complex dissociation, separation of the DC from the ubiquitylation
machinery and aggregation of the complex at the site of activated
receptors (Bilic etal., 2007; Lietal., 2012; Piao et al., 2008; Roberts
et al., 2011; Schwarz-Romond et al., 2007b; Schwarz-Romond
et al., 2007a). Much of this uncertainty derives from the fact that
most components of the DC are multifunctional (serving roles apart
from Wnt signaling), such that only a small fraction of the total
cytoplasmic pool of each protein actually participates in Wnt
signaling (Papadopoulou et al., 2004). Consequently, many
investigations of the DC have resorted to protein overexpression
assays in highly artificial in vitro systems, rendering their
physiological significance uncertain. Arguably, the single most
important advance toward understanding the core mechanisms of
the Wnt pathway would be to observe signal transduction in vivo. To
date, the DC has only been demonstrated biochemically, as
conventional imaging strategies have been unable to differentiate
functional components of the complex from larger cytoplasmic
pools of these proteins. To address this issue, we have adapted
bimolecular fluorescence complementation (BiFC) technology to
visualize DCs under physiological conditions in vivo, permitting an
analysis of their dynamic responses to Wnt signaling. We describe
two BiFC complexes, which report both the active DC and the
inactivated DC. We show that active DCs surround the nucleus. Wnt
ligand triggers recruitment of these DCs to activated receptors
where a conformational change causes DC inactivation. In turn,
DCs dissociate from the receptor and assemble into super-
complexes that accumulate o- and B-catenin. Using a pulse of
Wnht to induce a signaling burst, we are able to detect short-lived DC
intermediates that differ from the long-lived abundant complexes
that predominate at a steady state and may be subject to modulation
and feedback regulation. Thus, the ability to detect signaling
complexes in vivo and under normal developmental conditions
allows us to compare the earliest events following receptor
activation to steady-state signaling. Moreover, this approach can
be used to distinguish the core Wnt signaling mechanism required
for the canonical pathway from accessory mechanisms that may
modulate this core pathway in specific cellular contexts.
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RESULTS

Drosophila expressing BiFC constructs develop normally

The Drosophila wing develops from a pseudostratified columnar
epithelium: the wing imaginal disc. Unusual for this type of
epithelium, nuclei are packed into the apical half; we refer to this
region as the nuclear layer. Wg-expressing cells form a band
about four cells wide that bisects the wing pouch and establishes a
long-range Wg gradient (Fig. 1A-E, Fig. S2A). This Wg gradient
activates the signaling pathway within receiving cells, which
inactivates the DC, thereby creating a complementary gradient of

active DC (Fig. 1C2,C3). The Wg signaling gradient induces target
gene expression within the developing wing disc. For example,
Distal-less (DII) follows the Wg gradient (Fig. 1A-D). For clarity,
the position of orientation of images shown in Figs 1-6 is
schematically indicated in Figs S6 and S7.

Previous studies outline the functional requirements for Wg in
this process, establishing the wing disc as an ideal in vivo model for
analyzing mechanisms of long-range Wnt patterning (e.g. Neumann
and Cohen, 1997; Struhl and Basler, 1993). However, these studies
focus on downstream effects of manipulating Wg signaling (e.g.
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Fig. 1. Visualization of active DC in vivo. (A) Top-down view of Drosophila wing imaginal disc stained for Wg (green, brackets, see Fig. S2A for schematic),
DIl (magenta) and DNA (blue). A vertical line indicates the position of the cryosection in B. (B) Transverse cryosection of wing imaginal disc (staining as in A).
The wing pouch boundary is indicated (white horizontal lines). (C) Schematic of the Wg-dependent gradients across the wing pouch. (C1) Schematic of the
pseudostratified epithelium. Wg-producing cells (green) flank the dorsoventral boundary and secrete Wg, establishing a gradient across the wing pouch.

(C2) The Wg gradient is translated into an intracellular gradient of signaling activity (red to white, indicating high, medium and low pathway activation), which
generates a predicted inverse distribution of active DC (green) (C3). (D) Transverse cryosection of wing imaginal disc stained for Sgg (green), DIl (magenta) and
DNA (blue). Wg-expressing cells are in brackets; see Fig. S2D for gray scale. Unstained areas (asterisk) are vacuolar varicosities of unknown origin, possibly
arising during sample preparation (n=6). (E) Schematic representation of wing disc cells. Nuclei are the largest structure (~4.5 ym tall, ~2 ym wide; blue),
surrounded by a thin layer of cytoplasm. These cell bodies are tightly packed in the apical half of the epithelium. Cells extend to apical and basal surfaces

of the epithelium, accounting for an epithelial height of ~28-35 pm. (F) Schematic of the BiF C protocol, whereby two fragments of Venus (Ven) fluorescent protein
expressed as fusion constructs with two proteins of interest (X and Y) fold into a functional Venus protein upon interaction of fusion partners. (G,G’) Schematic
of the AxinM-Sgg BiFC interaction in the DC, where internally tagged Axin interacts with C-terminally tagged Sgg to yield BiFC fluorescence (G) but only

if DC conformation allows for it (G versus G'). (H,l) Ubiquitous expression of AxinM-Ven2 and Sgg-Ven1 (via the tubulin-a.1 promotor) produces graded
AxinM-Sgg BiFC signals (green), indicating the distribution of active DC. BiFC signals are low near Wg-expressing cells (brackets) and increase with distance.
Cell outlines are indicated by o-catenin (red); nuclei are in blue. The box in H marks the position of the inset magnified in 1. AxinM-Sgg BiFC is also detectable in
the squamous epithelium of the peripodial membrane (p), staining at even levels regardless of proximity to Wg-expressing cells; no evidence for trans-luminal
signaling is apparent. Wg signaling strength — symmetrical about the Wg-expressing cells (brackets) — is indicated (high, medium and low) (n=10). (I-1")
Magnified views of H, extending from near the band of Wg-expressing cells (brackets in H) to cells exposed to low Wg levels. At intermediate distances from
the Wg-expressing cells (corresponding to intermediate Wg levels), AxinM-Sgg BiFC is present in the cytoplasm of the cell body (arrowheads) and in basal
regions (white arrows). No significant colocalization of AxinM-Sgg BiFC with a-catenin (red) is detected at adherens junctions (yellow arrows). The image is a
maximum intensity projection of a 2.7 um stack of super-resolution Airyscan images (i.e. about one cell deep). For monochrome images of H, see Fig. S1H.
(J) Profiles comparing mean fluorescence intensity of AxinM-Sgg BiFC (green, a.u., arbitrary units) with DIl (blue) across the wing pouch using ImagedJ. Data
are meanzs.d. (n=7) (a.u., arbitrary units). Scale bars: 20 ym in A,B; 10 um in D,H,l. See Fig. S6 for context of images. See Table 1 for Pearson’s and
Manders’ correlation coefficients (CCs).
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Fig. 2. AxinM-Sgg BiFC objects are cytoplasmic and preferentially depleted the nuclear layer near Wg-secreting cells. (A,A’) A super-resolution Airyscan
image processed using Imaris surface-view to reveal AxinM-Sgg BiFC as objects (green), which surround nuclei (blue) in the domain of low Wg signaling

(in similar position and orientation to Fig. 11). The apical and basal extent of the nuclear layer is indicated. This 0.64 um projection captures only about one-third
of the cell diameter; BiFC above and below nuclei is not shown (also see Movie 2). (A’) A monochrome image of the BiFC channel (n=6). (B,B’) AxinM-Sgg
BiFC (green, gray in B’) is absent around nuclei (blue) adjacent to Wg-expressing cells (brackets) but BiFC is present in basal and apical cellular regions (arrows),
indicating localized signaling around nuclei (n=6) (see Fig. 1E for cell morphology). This z-projection of confocal images is about four cells deep (8.3 pm;
enhanced to reveal background). (C) The fluorescence intensity of AxinM-Sgg BiFC (green, arbitrary units) was quantified for regions of interest along the
apical-basal axis (see Fig. S20 for illustration). Data are meanzs.d. (n=7). The nuclear position is evident from the blue line (DNA) (mean, n=7). (D-D") AxinM-Sgg
BiFC (green, arrows) does not colocalize with tagged Fz2 (red) in regions of intermediate or low Wg signaling (Fig. 1C), nor do foci of Fz2 colocalize with
AxinM-Sgg BiFC (arrowheads), indicating that active DC is predominantly cytoplasmic, not membrane associated. For clarity, tagged Fz2 was clonally
induced and boundaries are evident as unstained areas at the left and right of the image in D” (n=6). (E) AxinM-Sgg BiFC colocalizes with APC2 in lateral regions
of the wing pouch (region 1, white arrows); similar foci of APC2 are detected within the domain of strong Wg signaling that do not colocalize with AxinM-Sgg
BiFC (region 2, arrows; over-exposed insets in gray scale). The image is a maximum intensity projection of a 0.93 pm stack of super-resolution Airyscan images
(i.e. about half a cell deep) (n=6). Scale bars: 10 um in B,B’,E; 2 ym in all other panels. See Table 1 for Pearson’s and Manders’ correlation coefficients (CCs).

See Fig. S6 for context of images.

altered target gene expression and wing defects), rather than
examining signal transduction per se.

Several models suggest that DC activity may be regulated via
degradation of a limiting component, which would cause Armadillo
to accumulate and activate Wg-dependent gene transcription. Both
Axin and GSK3p/Sgg are postulated to function this way (Lee et al.,
2003; Taelman et al., 2010; Wang et al., 2016b; Yang et al., 2016),
whereby regulation of cytoplasmic levels plays a crucial role in
modulating Wg signaling. Accordingly, minor overexpression
would prevent signaling. Inconsistent with such a model for Axin,
we have shown that an eightfold increase in Axin levels does not
reduce Wg signaling as predicted, but instead leaves signaling
unaffected (Peterson-Nedry et al., 2008). As an additional test,
we expressed tagged versions of Axin, Sgg and APC2 across the
Wg gradient using the tubulin-o.l promoter (Peterson-Nedry et al.,
2008; see Materials and Methods). Quantification of wing
disc expression showed that these proteins were evenly expressed
across the Wg gradient (Fig. 1D, Fig. S2B-D). This suggests that
Wyg signaling does not affect Armadillo stability via the localized
degradation of DC components; rather, it suggests that local
regulation of DC activity (as opposed to relative abundance of its
components) plays a key role in patterning by Wg.

The multifunctional nature of Wg pathway components obstructs
direct analysis of Wg signaling mechanisms in vivo. Thus, the
central regulator of the Wg pathway, the DC, has not been detected
by molecular interactions of its components under physiological
conditions in living tissue or cells. To overcome this, we use BiFC
protocols to visualize the complex. This approach provides an

alternative to biochemical methods (often requiring proteins of
interest to be expressed at non-physiological levels) and permits
visualization of physical protein-protein interactions in a normal
cellular context. As shown in Fig. 1F, BiFC takes advantage of the
fact that two non-fluorescent fragments of fluorescent protein (here
the Venus fragments Venl and Ven2) can fold correctly into a
fluorophore if brought together in the correct orientation; therefore,
incorporating complementary parts of Venus into fusion protein
constructs of different DC components allows us to visualize their
molecular interactions in vivo (Michnick et al., 2007; Robida and
Kerppola, 2009). We found that expressing Venus-tagged proteins
at functionally relevant expression levels was sufficient to produce
detectable BiFC signal (see Materials and Methods). We apply this
method to visualize DCs in the wing disc.

First, we determined how expression levels of tubulin-promoter-
driven tagged proteins compared with expression of the endogenous
proteins (Fig. S1, see Materials and Methods for details about
detection and quantification). Western blot analysis revealed that
Sgg-Venl is expressed at ~37-fold lower levels than wild-type Sgg
[0.027+0.0149 (meanz+s.d.); Fig. S1A,E]. In contrast, expression
slightly above endogenous protein levels is observed for
APC2-Venl (~2.7-fold higher; 2.65+0.95; Fig. S1B,E), Ven2-
Axin (~1.2-fold higher; 1.23+0.67) and AxinMVen2 (~1.8-fold
higher; 1.84+1.13; Fig. S1C-E). Thus, APC2 and Axin constructs
display near-physiological levels of expression, while the Sgg
construct is expressed at levels well below the wild-type level.

Next, we tested tagged constructs for functionality and
developmental defects. APC2-Venl is functional, as it rescues the
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Fig. 3. Changes in Wg signaling induce rapid and dynamic changes in Axin-Sgg BiFC. (A-B5) The wing was imaged as a z-stack in top-down view, then
subjected to deconvolution. For orientation, the position of Wg-expressing cells is indicated by asterisks (line in A1, B1; single asterisk in A2-A5, B2-B5). Nuclei
are in blue to reveal epithelial folding. (A-A4) Axin-Sgg BiFC shows the wild-type pattern of wg's at 16°C (A1) with low levels about the Wg stripe (asterisks) and
higher levels away from it (arrowhead). Computer-generated transverse section of this disc along the white arrows in A1 is shown in A2-4. Epithelial folding is
revealed by nuclear stain (blue in A3 and A4; schematically in A5). The folded nature of the pouch precludes detailed observation of low-Wg areas in a top-down
view but allows the detection of Sens expression for which a projection is shown (inset in A1). The double line of Senseless expression is Wg dependent (n=8).
(B-B5) After 50 min of Wg inactivation using temperature-sensitive wg's, AxinM-Sgg BiFC is evident at high levels throughout the wing pouch (B1). A transverse
section between the white arrows in B1, shown in B2-B4, shows accumulated AxinM-Sgg BiFC in the center of the wing pouch (B2, B4, arrows). Sens expression is
not disrupted (B1, inset, projection). BiFC signal in A1-A4 and in B1-B4 was collected using identical settings, except that in B1-B4, signal intensity was 1.7x that
of A1-A4, requiring the reduction of laser intensity by 50% to avoid saturating the microscope’s detector. Analysis using Imaris software reveals 1.7x more BiFC
objects in B1-B4 than in A1-A4 (n=8). (C) ptc-driven ectopic expression of wild-type Wg (Wg'"VT; red, asterisk) is detected as Wg foci in adjacent cells (arrows)
(n=6). (D,E) ptc-driven expression of Wg's is used to ‘load’ cells at 30°C; co-expressed lacZ labels these cells. The posterior boundary of the ptc stripe is the
anteroposterior (A/P) compartment boundary (arrowheads), which anterior ( ptc) cells must not cross. Therefore, any Wg's protein detected in posterior cells must
have been secreted (n=10). (D) At non-permissive temperature, Wg's protein is not detected in posterior cells, but upon downshift to permissive temperature (E),
secreted Wg's is readily detectable several cell diameters away (arrows). (F) A 60 min pulse of Wg's secretion reveals triple colocalization of Wg'® (red), Fz2myc
(blue) and Axin-Sgg BiFC (green), indicating translocation of the active DC from the cytoplasm to ligand-activated receptor complexes (arrows; insets show
monochrome images). The image was taken in the domain of low-Wg signaling (Fig. 1C2), where AxinM-Sgg BiFC is strong (Fig. 1C3,H). Arrowheads indicate the
boundary of cells expressing Wg's (n=8). Scale bars: 10 ym in A-A4,B-B4; 4 ymin C; 2 umin D-F, including insets. See Table 1 for CCs. See Fig. S6 for context of
images.

apc apc2 null mutant viability (not shown) and expression in wild
type causes no defects (Fig. S2K). We have shown previously that
N-terminally tagged Axin fully rescues axin™!' mutants (Peterson-
Nedry et al., 2008) and, accordingly, expression of Ven2-Axin
causes no defects in wild-type animals (Fig. S2K, and not shown).
Subsequent deletion of a large internal domain between APC- and
Sgg-binding sites abolished rescue, yet, surprisingly, embryos
were nearly normally patterned, indicating significant retention of
function (Peterson-Nedry et al., 2008). Accordingly, the insertion
of a tag adjacent to the Sgg-binding site (Axin™MVen2) may mildly
affect function but the tagged protein would be unlikely to interfere
significantly with normal Wg signaling, which is what we
observed: AxinMVen?2 fails to rescue the axin™!' mutant, and its
ectopic expression during embryogenesis reduces viability, while
later expression does not interfere with development (Fig. S2L; not
shown). As we wished to assess the ability of Sgg to bind Axin
without kinase activity (below), we expressed a catalytically

inactive form, Sgg-Venl, the expression of which caused no
developmental defects (Fig. S2L, and not shown). Future
experiments will be needed to assess how catalytically active Sgg
functions in these assays.

The transduced Wnt signal inactivates DCs by altering the
Axin-Sgg interaction

In the active DC, Axin is predicted to bind Sgg (Clevers and Nusse,
2012; Behrens et al., 1998). Prominent models suggest that DC
inactivation does not affect the Axin-Sgg association but instead
blocks Sgg activity either by kinase inhibition, aggregation of DCs
at the activated receptor or functional dissociation of the complex
from the ubiquitylation machinery (Piao et al., 2008; Bilic et al.,
2007; Li et al., 2012). Therefore, we expected co-expression of
tagged Axin and Sgg evenly across the Wg gradient (Fig. 1G,
Fig. S2B,D) to produce a uniform BiFC signal. We assessed the
ability of several pairs of tagged constructs to generate a BiFC signal
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Fig. 4. The NAxin-APC2 BiFC complex requires sustained Wg signaling. (A-A") NAxin-APC2 BiFC is present in a gradient centered about Wg-expressing
cells (brackets) in this projection of a 5.7 um z-stack of Airyscan images. (A) Prominent BiFC foci (green) are typically colocalized with o-catenin (A, red; A",
gray, arrows); BiFC foci are also abundant in the basal cytoplasm. (A’,A”) Partial gray scale images of the BiFC signal and a-catenin stain, respectively,
shown in A (n=12; Table 1). (B) Schematic of the NAxin-APC2 BiFC complex formed by N-terminally tagged Axin and C-terminally tagged APC2, displaying
conformation-specific BiFC. (C) A profile of NAxin-APC2 BiFC average fluorescence intensity suggests positive regulation by Wg signaling. Data are meanzs.d.
(n=6). (D,D’) A wild-type pattern of wg'® at 16°C displays abundant NAxin-APC2 foci (green, arrows). The high-Wg target Sens (white, yellow arrows) is
induced adjacent to Wg-producing cells (brackets), identifying the position of Wg-expressing cells (n=6). (E,E’) Inactivation of Wg signaling for 90 min using
temperature-sensitive wg's results in marked reduction of NAxin-APC2 BiFC foci. Sens expression is maintained during this time (n=6). (F,F’) ptc>Gal4

driven ectopic expression of Nrt-Wg in the lateral wing disc (red, arrows) induces ectopic NAxin-APC2 BiFC (green, arrows). White brackets indicate region of
endogenous Wg expression. Panels show z-projections: a 5.7 ym stack in A-A”, 8 um stacks for D-F’ (n=6). Scale bars: 10 um. See Fig. S7 for context of images.

in vivo (Fig. S2E). N-terminally tagged Axin (Ven2-NAxin)
co-expressed with C-terminally tagged Sgg (Sgg-Venl) did not
produce BiFC (Fig. S2G). This is possibly due to spatial constraints
within the DC (Fig. S2F) and underscores the specificity of the
BiFC method. When the Ven2 tag was instead inserted near the
Sgg-binding site, as it is in AxinMVen2 with Sgg-Ven1, we observe
BiFC (Fig. 1G). Surprisingly, we found that AxinM-Sgg BiFC
signal predominated only in regions with low Wg activity (i.e.
distant from the Wg stripe and peripheral Wg ring around the pouch;
Fig. 1A-C) with gradually declining BiFC signals evident in
cells exposed to higher levels of Wg (Figs 1H-J and 2A-C,
Fig. S2H-1,M,N). As the AxinM-Sgg interaction is necessary for DC
activity and its disruption is sufficient to inactivate the complex
(Hedgepeth et al., 1999), our finding identifies this interaction as a
key regulatory target in the Wg transduction pathway (Fig. 1G,G’).
We consider the Axin™M-Sgg BiFC signal indicative of the ‘active
DC’, as its overall distribution matches the distribution predicted for
active complex across the Wg gradient (Fig. 1J,C3). If Wg signaling
indirectly regulates Wg-target gene expression by depleting active
DC, then the gradient of active DC (Axin™-Sgg BiFC) should
correspond to an inverse gradient of DII, as is observed (Fig. 1J,

Fig. S2M). Curiously, Axin™M-Sgg BiFC decreases towards the edge
of the pouch. This may be due to Wg from the ring of expressing
cells surrounding the wing pouch (see Fig. 1A-C).

AxinV-Sgg BiFC is reduced in the nuclear layer in response to
signaling

Activation of target gene transcription by Armadillo represents the
final event in Wg signal transduction. Armadillo must enter
the nucleus from the cytoplasm, suggesting that this region of the
cell is crucial for DC activity. Airyscan super-resolution confocal
microscopy showed AxinM-Sgg BiFC objects throughout the
cytoplasm of the cell body. BiFC signal was detected in apical
and basal regions of cells (arrows in Fig. 11, see also Fig. 2A,
Fig. S2H,M) as well as surrounding nuclei in the domain of minimal
Wg signaling (arrowheads in Figs 11 and 2A, Movies 1 and 2).
Strikingly, while levels of Axin™-Sgg BiFC remained high in basal
and apical regions of the cytoplasm near Wg-expressing cells, BiFC
signal was either absent or greatly reduced in the nuclear layer
(white arrows, Fig. 2B,C, Fig. S20, see also Fig. 1E). This indicates
that stronger signaling leads to localized inactivation of the
DC within the nuclear layer of the epithelium (arrows, Fig. 2B,
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NAxin-APC2 BiFC APC2

Merge BIFC Arm «a-cat E-Cad DNABIiFC Merge

Fig. 5. Visualization of inactivated DC in vivo. (A-A,")
APC2 foci (red) are not limited to the NAxin-APC2 complex
adjacent to the Wg signaling domain (brackets and region 2,
Ao',Ay") but are also found in more-lateral regions of weak Wg
signaling with no NAxin-APC2 BiFC colocalization (region 1,
A4',A¢"; arrows; compare with Fig. 2E, Fig. S2I) (n=6; Table 1).
(B-B") NAxin-APC2 BIFC foci (B’) colocalize with Armadillo
(B”) and a-catenin (B”). Triple colocalization is detected for
NAxin-APC2 BiFC with Armadillo and o-catenin (n=6; Table 1).
(C-C") NAxin-APC2 BiFC foci (C”) do not colocalize with E-
Cadherin (C”) (n=6; Table 1). (D-D”) NAxin-APC2 BiFC foci
(D’) do not colocalize with centrosomal marker y-tubulin (D”,
arrows; n=6; Table 1). (E-E”) NAxin-APC2 BiFC foci (E’;
arrows) do not colocalize with Fz2myc (E”), nor do Fz2myc foci
colocalize with BiFC (arrowheads; Table 1) (n=10). (F-F”)
NAxin-APC2 BiF C foci (F’) do not colocalize with multivesicular
endosome marker Arl8 (F”). (G,G’) Rab7 (red, G’) does not
colocalize with NAxin-APC2 BiFC foci (green, arrows; n=6).
(H,H’) Lysotracker (red) does not colocalize with NAxin-APC2
BiFC foci (arrows, green) (n=6; Table 1). Each panel shows a
single confocal section. High-magnification images (B-H) are
from the domain of strong Wg signaling (see Fig. 1C2) and are
enhanced to reveal background. A-F (transverse cryosections)
show the epithelium from apical (top) to basal, and G,H show
top-down views. Scale bar: 10 ym in A; 2 um in all other
panels. See Table 1 for CCs. See Fig. S7 for context of images.

Arld DNA BiFC BiFC

Movie 3). Indeed, the distribution of intracellular Wg supports this
notion, as it predominates in the nuclear layer of the epithelium
(Fig. S2N).

AxinV-Sgg BiFC is primarily cytoplasmic

DC components are cytoplasmic proteins and some models
postulate that active DC resides in the vicinity of Wg receptor
complexes at the membrane (e.g. Tolwinski, 2009; Bilic etal., 2007,
Wang et al., 2016a; Davidson et al., 2005). A comparison of Axin™-
Sgg BiFC with Frizzled2 (Fz2, a component of Wg receptors)
revealed little or no colocalization in the juxtamembrane region with
super-resolution microscopy, indicating that most active DC resides

Lysotracker

away from Fz2 receptors (Fig. 2D, Table 1). Table 1 lists Pearson’s
and Manders’ correlation coefficients (CCs) for original images.
CCs may be affected by the relative abundance of proteins. For
example, specific colocalization with a small fraction of a highly
abundant protein may yield a low Manders’ CC. Spurious and
specific colocalization can be distinguished by shifting or rotating
one channel relative to the other: if the resulting CC is significantly
lower, then colocalization was likely meaningful, whereas an
insignificant change in CC indicates insignificant co-localization
(McDonald and Dunn, 2013; Adler and Parmryd, 2010; Dunn et al.,
2011). We verified the validity of CCs by shifting one channel and
the data are shown in Table 1 (see also Materials and Methods).
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Fig. 6. Pulsed Wg signaling in vivo reveals the dynamics of DC inactivation and translocation. A pulse of ectopic Wg expression was induced in the
domain of low Wg signaling within the wing pouch of flies expressing Ven2-NAxin+APC2-Ven1 (see Materials and Methods; Fig. 1C2, Fig. S3). (A-A") After 0 min.,
Wg's is detected in Wg-producing cells in the ptc stripe (arrowheads in A,A’); sporadic NAxin-APC2 BiFC foci are detected (A", arrow), possibly resulting from
BiFC formation between two DCs (n=6; Table 1). (B-B”) After 15 min, Wg'® colocalizes with newly induced NAxin-APC2 BiFC and o-catenin (arrows in B'-B”;
Table 1), although some foci have little or no detectable a-catenin (not shown). Foci of Wg's and BiFC are frequently observed in close proximity, albeit
without colocalization (arrowheads). The association of Wg'® with NAxin-APC2 BiFC is transient and not detected at 40 min (C) (n=6; Table 1). (C-C”) At 40 min,
foci of colocalizing BiFC and o-catenin appear larger (arrows in C”,C”). This colocalization of inactivated DC with o-catenin is characteristic of cells in a
steady-state signaling environment, as shown Fig. 4A. Colocalization of BiFC with Wg is no longer detected (arrows, C’,C”; Table 1). Merged images are
shown with DNA stained blue in the left-most column. Insets are shown in gray scale and merge, with a-catenin in blue in the right-most column. Images are shown
with enhanced background for context. Results were observed in six wing discs each. Representative images are shown (n=7). (D) Range of volumes of BiFC
objects in response to Wg'® signaling at 0 min, 15 min and 40 min (data are meants.e.m.). A significant difference was detected between 0 min and 15 min
(**P<1.5x1077; t-test, two-tail) and 0 min and 40 min time points (*P<0.001; t-test, two-tail), but not between 15 min and 40 min (ns, P>0.37; t-test, two-tail).

Scale bars: 2 um; 0.8 um in magnified insets. See Fig. S7 for context of images and Table 1 for CCs.

Axin-Sgg BiFC colocalizes with a subpopulation of APC2

APC is an essential component of the DC that also functions in cell
adhesion, migration and mitosis (McCartney and Peifer, 2003).
Therefore, we anticipated widespread APC staining, wherein a
subset of APC would colocalize with DC. Indeed, all AxinM-Sgg
BiFC colocalized with APC2 (Fig. 2E, region 1; Table 1). In cells
with strong Wg signaling, a distinct APC2 subpopulation was
evident as cytoplasmic foci that did not colocalize with Axin™-Sgg
BiFC (Fig. 2E, region 2; Table 1), presumably serving other
functions. Similarly, adherens junctions contain APC2 (Fig. 2E)
and o-catenin (yellow arrows, Fig. 1I; Fig. S2H) but lack
AxinM-Sgg BiFC signal (Table 1).

AxinV-Sgg BiFC rapidly accumulates in response to
disrupted Wg signaling
Our findings suggest that AxinM-Sgg BiFC complexes are
negatively regulated by the endogenous Wg gradient (Figs 1 and
3A). Therefore, we expected loss of Wg signaling to permit
accumulation of AxinM-Sgg BiFC in regions where it is normally
absent (e.g. disc regions with high endogenous Wg levels; Fig. 1C).
A temperature-sensitive allele of Wg (wg'S; Materials and Methods)
contains the Cys104Ser mutation, which renders Wg* secretion-
deficient at non-permissive temperature (30°C; Gonzalez et al.,
1991; van den Heuvel et al., 1993). We found that when wg" larvae
were incubated at 30°C to disrupt signaling for 50 min, Axin™M-Sgg
BiFC was significantly induced at the center of the wing pouch
(Fig. 3B, Fig. S3G). Thus, loss of Wg signaling is sufficient for
accumulation of active DC in regions where it is normally absent.
Previous studies show that the Wg-target Senseless (Sens)
requires high Wg levels and is induced only adjacent to

Wg-expressing cells (Jafar-Nejad et al., 2006). Prolonged loss of
Wg signaling leads to reduced Sens expression (Jafar-Nejad et al.,
2003). When we inhibited Wg signaling by shifting wg® flies
to the non-permissive temperature, we still detected normal Sens
expression after 50 min (Fig. 3B1, inset), while AxinM-Sgg BiFC
levels were substantially increased in these regions (Fig. 3A,B,
Fig. S3G; Materials and Methods). Only prolonged inactivation of
Wg signaling (>4 h) substantially diminished Sens expression (not
shown), demonstrating that the increase in AxinM-Sgg BiFC signal
represents the earliest molecular indicator of altered Wg signaling
in vivo identified to date, preceding subsequent changes in Wg
target gene expression.

Conversely, we predicted that the induction of ectopic Wg
signaling might abolish Axin™-Sgg BiFC complexes normally
present in regions with low endogenous Wg levels. Expression of
wild-type Wg in the pattern of ptc, which runs perpendicular to the
Wyg gradient, yielded ectopic Wg ligand (Fig. 3C, Fig. S3A-C). In
contrast to prolonged expression of Wg, a pulse of signaling might
result in synchronized signaling and an increase in the relative
abundance of early transient events that lead to DC inactivation.
We again took advantage of Wg'. For ease of detection of Wg'
secretion, we focused on non-expressing cells adjacent to the
pte-stripe. No Wg"™ secretion was detected at non-permissive
temperature (30°C; Fig. 3D) but after shifting to permissive
temperature (16°C) for 15 min, Wg™ protein was detected several
cell diameters away (Fig. 3E). This rapid response indicates no de
novo synthesis of Wg' protein is required, consistent with previous
reports (Gonzalez et al., 1991; van den Heuvel et al., 1993). In this
way, we were able to ‘load’ cells with inactive Wg™ by culturing
larvae at non-permissive temperature and then release a pulse of
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Table 1. Pearson’s and Manders’ correlation coefficients

PCC (control MCC (control MCC (control
Figure PCC channel shift) MCC channel shift)y MCC channel shift) BiFC colocalization partner
11 PCC=0.0879 0.0020 MCC (BiFC)=0.3867 0.3867 MCC (a-catenin)=0.0551 0.0343 o-Catenin
2D PCC=0.0309 0.0051 MCC (BiFC)=0.5630 0.5630 MCC (Fz2)=0.1092 0.0712 Fz2
2E PCC=0.4869 0.1563 MCC (BiFC)=0.2233 0.0003 MCC (APC2)=0.0643 0.0003 APC2 (Region 1)
PCC=-0.0654 0.4526 MCC (BiFC)=0.0166 0.0008 MCC (APC2)=0.0023 0.0166 APC2 (Region 2)
3F PCC=0.0937 0.0045 MCC (BiFC)=0.8870 0.8870 MCC (Fz2)=0.0343 0.0237 Wg
PCC=0.0118 -0.0254 MCC (BiFC)=0.8870 0.8870 MCC (Wg)=0.0243 0.0182 Fz2
PCC=0.1002 0.0412 MCC (BiFC)=0.8891 0.8886 MCC (Wg, Fz2)=0.0885 0.0272 BiFC, Wg and Fz2 triple
colocalization
4A PCC=0.4971 -0.0219 MCC (BiFC)=0.1824 0.1830 MCC (o-catenin)=0.0261 0.0077 o-Catenin
5A PCC=0.4710 -0.1107 MCC (BiFC)=0.4327 0.4471 MCC (APC2)=0.0849 0.0042 APC2
5B PCC=0.6545 -0.1198 MCC (BiFC)=0.1070 0.1089 MCC (APC2)=0.0862 0.0092 Armadillo
PCC=0.5428 -0.0675 MCC (BiFC)=0.1070 0.1115 MCC (Armadillo)=0.0694  0.0113 o-Catenin
PCC=0.6051 0.0000 MCC (BiFC, 0.0000 MCC (Armadillo)=0.1070  0.0000 BiFC, o-catenin and Armadillo
o-catenin)=0.5502 triple colocalization
5C PCC=-0.1181 0.0262 MCC (BiFC)=0.1232 0.1237 MCC (E-Cadherin)=0.0018 0.0020 E-Cadherin
5D PCC=0.0389 -0.1665 MCC (BiFC)=0.0089 0.0087 MCC (y-tubulin)=0.0015 0.0010 y-Tubulin
5E PCC=-0.0141  0.0647 MCC (BiFC)=0.0041 0.0034 MCC (Fz2)=0.2183 0.2186 Fz2
5F PCC=-0.0581 -0.0325 MCC (BiFC)=0.1027 0.1036 MCC (Arl8)=0.0112 0.0074 Arl8
5G PCC=-0.1027 0.0143 MCC (BiFC)=0.0260 0.0262 MCC (Rab7)=0.2636 0.2644 Rab7
5H PCC=-0.1753 -0.1591 MCC (BiFC)=0.0024 0.0034 MCC (Lysotracker)=0.0469 0.0481 Lysotracker
6A PCC=0.0288 0.0188 MCC (BiFC)=0.3629 0.3624 MCC (Wg)=0.0458 0.0383 Wg
PCC=0.1099 0.0410 MCC (BiFC)=0.3629 0.3624 MCC (o-catenin)=0.0527  0.0409 o-catenin
6B PCC=0.0580 0.0202 MCC (BiFC)=0.3360 0.3373 MCC (Wg)=0.0535 0.0484 Wg
PCC=0.3348 0.0438 MCC (BiFC)=0.3360 0.3373 MCC (o-catenin)=0.0784  0.0493 o-catenin
6C PCC=-0.0109 -0.0429 MCC (BiFC)=0.1215 0.2414 MCC (o-catenin)=0.0041 0.0166 Wg
PCC=0.4239 -0.0203 MCC (BiFC)=0.1215 0.2414 MCC (Wg)=0.0315 0.0184 o-catenin

BiFC, bimolecular fluorescence complementation; PCC, Pearson’s correlation coefficient; MCC, thresholded Manders’ correlation coefficient.
To determine CCs for triple colocalization, a colocalization mask was created for two channels, which was then used to determine the extent of colocalization
with the third channel. PCC and MCC control values were obtained by shifting one channel, which is expected to abolish meaningful co-localization.

active Wg®™ by shifting to permissive temperature (Fig. 3D-E,
Fig. S3A,D,E; Materials and Methods; Couso et al., 1994). Foci of
ectopic Wg* colocalized with Fz2 after 30 min of pulse initiation
(Fig. S3F), indicating likely receptor activation. As shown in
Fig. 2D, AxinM-Sgg BiFC was generally found to be cytoplasmic,
with little or no colocalization with Fz2 foci in a stable signaling
environment. However, 60 min after the induction of ectopic
Wg secretion, triple colocalization of Wg', Fz2 and Axin™M-Sgg
BiFC was detected, representing the first demonstration of DC
translocation to ligand-bound receptor complexes (Fig. 3F).

NAxin-APC2 BiFC reports the conformation of inactivated
DCs

Next, we examined whether BiFC could be used to detect Axin-APC
interactions. DC activity depends on APC (Clevers and Nusse, 2012;
Spink et al., 2000) and, as expected, APC2 colocalized with
AxinM-Sgg BiFC (Fig. 2E). However, whether inactivated DCs also
contain APC remains controversial (Li et al., 2012; Valvezan et al.,
2012). Accordingly, we tested a panel of different BiFC reporter
constructs of Axin and APC2 to address this issue (Materials
and Methods; Fig. S2E). BiFC was detected between N-terminally
tagged Ven2-Axin and C-terminally tagged APC2-Venl
(Fig. 4A-B). Unexpectedly, NAxin-APC2 BiFC signals appeared to
be positively regulated by Wg signaling, indicated by bright
NAxin-APC2 BiFC foci that are present in a gradient centered on
Wg-expressing cells (Fig. 4C). This distribution follows the pattern of
Wg signaling gradient (Fig. 1C2), which induces DC inactivation;
it is complementary to the distribution of active DC (Axin™-Sgg
BiFC; Fig. 1C3.J). Thus, only a subpopulation of DCs displayed
NAxin-APC2 BiFC. These results suggest that while Axin and APC2
are present in both the inactivated and active DCs, the conformation
yielding NAxin-APC2 BiFC signal dominates in cells with

inactivated DC, where it is induced by Wg signaling (Fig. 4C).
NAxin-APC2 BiFC foci were present in the part of the cytoplasm
located in the nuclear layer where we expect signaling to occur.
However, some accumulation in the basal cytoplasm was also evident
(Figs. 4A,D and 5A,D-F, Movie 4). Variation in apical-basal position
occurred within and between discs; its cause will require further
investigation. In the domain of strong Wg signaling, an average of
only about one to two relatively large NAxin-APC2 BiFC objects per
cell were evident (1.45+0.48; Fig. S4C-G), contrasting with an order
of magnitude more abundant Axin™M-Sgg BiFC foci per cell
in the domain of minimal Wg signaling (Fig. S4G; 29.51£10.46;
P<0.0005). As the more abundant AxinM-Sgg BiFC foci were of
smaller apparent size than NAxin-APC2 BiFC objects, we estimated
their apparent size with image analysis software (Imaris), using
fluorescence intensity as a proxy for size (Fig. S4H,I; Materials
and Methods). The apparent mean diameter for Axin™M-Sgg BiFC
objects is 0.26 um (£0.08; »=213) and 0.58 um (£0.10; n=96) for
NAxin-APC2 BiFC objects representing a significant difference
(P<3x107%%). Assuming spherical shape, one NAxin-APC2 BiFC
object may accommodate the combined volume of about ten
Axin™-Sgg BiFC objects (Fig. S4I). For these reasons, we consider
these large NAxin-APC2 BiFC foci to be super-complexes of
inactivated DCs.

The distribution of NAxin-APC2 BiFC signals in the wing disc
suggests Wg signaling induces DC inactivation concomitant
with induction of BiFC (Fig. 4). Therefore, loss of Wg signaling
should result in loss of NAxin-APC2 BiFC. When we inactivated
endogenous Wg signaling for 90 min (using temperature-sensitive
wg'), we observed greatly reduced levels of NAxin-APC2 BiFC
(Fig. 4D,E). In contrast, expression of Sens (a high-threshold
marker for Wg signaling) was maintained during this period
(Fig. 4D-E; yellow arrows, gray scale in merge). In this context,
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NAxin-APC2 BiFC functions as a rapid reporter for changes in Wg
signaling, preceding transcription-dependent changes in cell fate
determination that are regulated by Wg. Prolonged inactivation of
Wg expression (over 24 h, using the wg® allele) abolished both
NAxin-APC2 BiFC and Sens expression (Fig. S5). Conversely,
when we induced a band of localized ectopic Wg expression
orthogonal to endogenous Wg (using ptc>Gal4 to drive expression
of Wg) fused to the transmembrane protein Nrt (Nrt-Wg; Fig. S3A;
Zecca et al., 1996), we detected NAxin-APC2 BiFC associated with
ectopic Wg signaling (Fig. 4F). This provides further evidence that
NAxin-APC2 BiFC signal is induced by Wg-dependent changes in
the DC, which are associated with rapid inactivation.

As anticipated, APC2 was present in NAxin-APC2 BiFC foci
(Fig. 5A, Table 1), as well as in the domain of low Wg signaling
(Figs 1C and 5A, Table 1), consistent with the pattern of Axin™-Sgg
BiFC signals (Figs 1H,I and 2A,E, Table 1). As inactivated DC is
unable to turn over Armadillo, some accumulation of the protein at
the inactivated DC is expected (Li et al., 2012; Gerlach et al., 2014).
Indeed, the NAxin-APC2 BiFC foci colocalized with foci of both
o-catenin and Armadillo (Figs 4A and 5B, Table 1). Such foci of
o-catenin have been previously reported (Somorjai and Martinez-
Arias, 2008) but appear more pronounced upon expression of
NAxin-APC2 BiFC transgenes. This observation provided an
opportunity to evaluate the effect of BiFC on a-catenin foci. The
fluorescence intensity of o-catenin foci was compared between the
anterior and posterior wing pouch by limiting NAxin-APC2 BiFC
transgene expression to the posterior compartment. The fluorescence
intensity of o-catenin foci was increased by 25% if NAxin-APC2
BiFC constructs were expressed (Fig. S4A,B), indicating that while
expression of BiFC complex modestly affected endogenous
complexes, our near-physiological expression of BiFC constructs
does not cause artefactual aggregation of DC components.

We also investigated whether NAxin-APC2 BiFC signals
overlapped with other subpopulations of APC known to serve
non-signaling purposes. APC proteins function in adhesion and are
associated with adherens junctions, where they colocalize with
Cadherin (McCartney and Peifer, 2003). However, we detected no
colocalization of NAxin-APC2 BiFC with E-Cadherin at adherens
junctions (Fig. 5C, Table 1). APC proteins are also associated with
the centrosome, where they function in mitosis (McCartney and
Peifer, 2003). As with E-Cadherin, we detected no colocalization of
NAxin-APC2 BiFC with y-tubulin: a centrosomal marker (Fig. 5D,
Table 1). These results support our hypothesis that NAxin-APC2
BiFC signals are specifically produced by inactivated DCs.

Some prominent models of Wnt signaling postulate that activated
Wnat receptors cluster together and subsequently induce aggregates of
active DC, causing DC inactivation that depends on prolonged
interaction of Wnt receptor and DCs (Bilic et al., 2007; Li et al., 2012,
Piao etal., 2008; Roberts et al., 2011; Schwarz-Romond et al., 2007b;
Schwarz-Romond et al., 2007a). We therefore tested whether
inactivated complexes (revealed by NAxin-APC2 BiFC) colocalized
at the membrane with epitope-tagged Fz2. However, many NAxin-
APC2 BiFC foci were localized in basal cytoplasmic regions with
only a few juxta-membrane BiFC foci in the region of the nuclear layer
(Fig. 5E, arrows; Table 1), arguing against such a model.

Alternatively, DC inactivation may occur through its removal from
the cytoplasm and trafficking into multivesicular endosomes (MVE;
Taelman et al., 2010). However, no colocalization of NAxin-APC2
BiFC was detected with the MVE compartment marker Arl8 (Fig. SF,
Table 1; Rosa-Ferreira and Munro, 2011). Trafficking to the MVE is
also thought to require Rab7, yet no colocalization of NAxin-APC2
BiFC and Rab7 was detected (Fig. 5G, Table 1). Disruption of

trafficking to MVE by RNAi knockdown of Vpsl6
(Pulipparacharuvil et al., 2005) also did not cause the accumulation
of NAxin-APC2 in vesicles (not shown). In addition, labeling
lysosomes and associated components of the endocytic pathway with
Lysotracker revealed no colocalization with NAxin-APC2 BiFC
(Fig. 5H, Table 1). In summary, the NAxin-APC2 BiFC complex
is absent from MVE and endolysosomal compartments but instead
is present in large cytoplasmic complexes, where few are in
juxtamembrane positions in the nuclear layer.

Pulsed Wg signaling reveals dynamic changes in DC
conformation and localization

The initial events of Wnt signaling triggered by receptor activation
might be relatively short-lived. Under steady-state conditions,
signaling may be subject to feedback interactions, which may
obscure these short-lived events. To address this issue, we used
Wg" mutant protein to release a Wg pulse and imaged the
developing wing pouch after 0 min, 15 min or 40 min of Wg
secretion (as described above for ptc-Gal4 driven Wg' expression;
Fig. 3C-E, Fig. S3A-E). Changes in signaling would be most
evident in the region of low Wg signaling (Fig. 1C), where
NAxin-APC2 BiFC is normally absent, and early signaling events
in responding cells become evident as newly induced NAxin-
APC2 BiFC.

Prior to Wg secretion, NAxin-APC2 BiFC was at background
levels. Notably, when Wg was secreted for 15 min, colocalization
of newly formed NAxin-APC2 BiFC signal with Wg became
evident (Fig. 6A,B, Table 1). As these BiFC signals report
the inactivated DC, this represents the earliest functionally
significant event reported for the Wnt signaling pathway. Foci of
colocalization by Wg and NAxin-APC2 BiFC were infrequent,
consistent with short-lived transient events. While some
of these foci colocalized with o-catenin, a subpopulation of
these showed no o-catenin colocalization (Fig. 6B, Table 1).
Strikingly, 40 min after pulsed Wg expression, the NAxin-APC2
BiFC complexes no longer colocalized with Wg but instead
colocalized with a-catenin (Fig. 6C, Table 1). These results
highlight the fact that the initial steps in Wg signaling
involve different protein-protein interactions than can usually be
demonstrated under steady-state conditions, which may explain
discrepancies that have been reported in other studies.

DISCUSSION

BiFC reveals active and inactivated DCs in vivo

We demonstrated that BiFC methods using near-physiological
protein expression levels are able to resolve specific protein-protein
interactions as they occur during Wg pathway activation in vivo. The
specificity of this method is underscored by the different outcomes
observed with combinations of BiFC reagents: some construct
pairs lack detectable BiFC (Fig. S2G) whereas others yield BiFC
patterns regulated by long-range signaling (Figs 1-6). We detected
B-catenin DCs in vivo by their molecular interactions and identified
their subcellular location and dynamics through a combination of
BiFC-based detection methods, cryosectioning and pulsed Wnt
signaling. By focusing on the molecular interactions between Axin,
Sgg and APC2, we were able to visualize both active and inactivated
DCs in the context of an endogenous Wnt gradient, providing a
spatial and temporal framework for Drosophila Wnt signaling
(Fig. 7). We were surprised to find that BiFC detects conformational
differences within protein complexes, a degree of sensitivity difficult
to attain with in vivo methods (Figs 1G and 4B). Previous studies
relied on in vitro biochemical experiments to investigate molecular
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Fig. 7. Dynamics of Wnt signal transduction. (1) In the absence of Wnt, cytoplasmic DC actively targets Armadillo/B-catenin for destruction, thereby preventing
activation of the Wnt transduction pathway. (2) Ligand-dependent activation of Wnt receptor (Frizzled-Arrow/LRP complexes) induces translocation of DC to
activated receptors. (3) Conformational changes within the DC disrupt Axin-Sgg/GSK3p interactions, rendering the complex inactive. (4) Armadillo/p-catenin
accumulates and engages in nuclear signaling. (5) Inactivated DC is assembled into large cytoplasmic super-complexes that become saturated with o-catenin
(not shown) and Armadillo (B-catenin). These complexes are subsequently moved out of the cytoplasm from the cell body towards basal regions. This
conformation predominates under steady-state conditions and is maintained by continuous signaling.

interactions among DC components, but most of these methods
required overexpression protocols and only evaluated Wnt signaling
at steady-state without real cellular context. By revealing dynamic
interactions between Wnt pathway components iz vivo, our approach
provides an entirely new perspective on Wnt signaling. Therefore,
these BiFC-based methods reported herein to investigate Wnt
signaling also provide a new paradigm for investigating the
dynamic regulation of other signaling pathways in vivo.

DC activity controls -catenin near the nucleus

We found that active DCs, revealed by Axin™-Sgg BiFC, were
predominantly cytoplasmic and maximally present in cells with
minimal Wg signaling (Figs 1H-J and 2A,E). We infer that
localization of active DC around the nucleus plays a principal role
in preventing B-catenin from entering the nucleus. As cells are exposed
to higher concentrations of Wg, active DCs become less frequent,
disappearing entirely in cells exposed to maximal Wg signaling
(Fig. 2B,C). Interestingly, cells in intermediate positions display active
DC in apical and basal regions, indicating constitutive assembly of the
complex, but are depleted of active DC in the cytoplasm in the nuclear
layer (Fig. 2B,C). This non-uniform response suggests signaling is
localized to the nuclear layer of the epithelium, with concomitant
accumulation of endocytosed Wg (Figs 1E and 2A-C, Fig. S2N).
Similar observations of localized or asymmetric Wnt signaling have
been reported for mammalian stem cells in vitro and cell fate
determination in the C. elegans embryo (Sugioka et al., 2011; Habib
et al., 2013). In both instances, localized Wnt receptor activation
restricts signaling to only part of the cell. It occurs in the context of
asymmetric cell division and restricts nuclear B-catenin accumulation
to one of the two nuclei before completion of mitosis. Currently,
there is no evidence for Wnt-dependent asymmetric divisions in the
patterning of the wing disc.

Conformational changes inactivating DCs are induced during
transient interactions with the ligand-activated receptor
Active DCs are predominantly cytoplasmic and do not colocalize
with Fz2 receptors at steady state. However, active DCs and
ligand-activated receptors rapidly colocalize upon induced
signaling (by a pulse of Wg; Fig. 3F, Fig. S3F, Fig. 6B),
suggesting that DC translocation to the membrane is initiated by
an unrecognized signal originating from the activated receptor and
precedes DC inactivation and B-catenin/Armadillo signaling.
Active DCs, revealed by Axin™-Sgg BiFC, decline gradually in
cells exposed to more Wg ligand, indicating that Wg signaling
inhibits interactions between Sgg and Axin, a finding that is both
unexpected and significant (Figs 1H-J and 2B,C, Fig. S2H,M).
As Sgg/GSK3p must be bound to Axin for full DC activity
(Hedgepeth et al., 1999), the discovery that Wg signaling disrupts
this interaction provides a novel mechanistic model for how
the catalytic activity of the complex is rapidly downregulated
by the presence of Wnt ligand. In addition, once the DC becomes
inactivated, its components assume a new conformation that can be
detected as NAxin-APC2 BiFC. The physical interaction of Axin
with the Wnt co-receptor LRP5/LRP6 (Arrow, in Drosophila; Mao
et al.,, 2001, Tolwinski et al., 2003) depends on phosphorylation of
LRP5/LRP6/Arrow by GSK3p/Sgg (Zhang et al., 2006; Zeng et al.,
2008; Davidson et al., 2005; Bilic et al., 2007; Cliffe et al., 2003;
Piao et al., 2008). It is tempting to speculate that the interaction
between Axin and GSK3p/Sgg is disrupted and induces the
conformational change because GSK3p/Sgg binds substrate sites
on LRP5/LRP6/Arrow. This conformational change then allows for
BiFC between Axin and APC2 (schematically illustrated in Figs 4B
and 7). Two binding sites for APC on Axin have been identified
(Behrens et al., 1998; Tkeda et al., 1998; Pronobis et al., 2015). It
remains to be determined whether these differing binding sites are

10

DEVELOPMENT


http://dev.biologists.org/lookup/doi/10.1242/dev.164145.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.164145.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.164145.supplemental

RESEARCH ARTICLE

Development (2019) 146, dev164145. doi:10.1242/dev.164145

required for intramolecular NAxin-APC2 BiFC or whether
intermolecular BiFC occurs as inactivated DC aggregate into
super-complexes, as has been proposed (Schaefer et al., 2018;
Schaefer and Peifer, 2019).

While conformational changes inactivate the complex, Sgg/
GSK3p may still remain associated with the Axin complex (Gerlach
etal., 2014; Li et al., 2012). Following disruption of the Axin-Sgg/
GSK3p interaction in response to Wg stimulation, the inactivated
DC dissociates from the receptor. It colocalizes with o-catenin and
B-catenin, as we observed at steady state. Such colocalization is
significant because it is consistent with an inactivated DC that binds
but does not catalytically turn over B-catenin (Gerlach et al., 2014;
Li et al., 2012). In contrast, we did not detect colocalization of
Armadillo or a~catenin with the active DC. Similar foci of c-catenin
and Armadillo have been documented in the central wing pouch of
Drosophila (Somorjai and Martinez-Arias, 2008), although our
studies provide the first evidence that these foci colocalize with
inactivated DC. B-Catenin has non-overlapping binding sites for
Axin and o-catenin (Pokutta and Weis, 2000; Aberle et al., 1996;
Behrens et al., 1998) but it remains to be determined whether such
indirect recruitment occurs and is functionally significant for DC
inactivation. Alternatively, the inactivating conformational change
in the DC may allow APC proteins to bind o-catenin, which then
serves as a high-affinity binding site for B-catenin (Choi et al.,
2013), allowing for efficient accumulation of both proteins.

The architecture of wing disc cells, combined with pulsed Wnt
signaling and the ability to observe DCs with BiFC, revealed foci of
active DC in the cytoplasm of the cell body, as well as in apical and
basal cellular regions (Figs 1E,I and 2A). Proximity to the nucleus
suggests the surrounding cytoplasm is of particular importance
for active DC in preventing nuclear signaling by [B-catenin/
Armadillo. The ligand-activated receptor transiently interacts
with active DCs, inducing an inactivating conformational change,
which subsequently assembles inactivated DCs into one or two
large super-complexes per cell (Fig. 7, Fig. S4G-I). Although our
analysis suggests that these super-complexes are an order of
magnitude larger than active DCs (Fig. S41), a detailed analysis of
the precise size of DCs and super-complexes will require analysis by
electron microscopy. Irrespective of the precise size of complexes,
the model is consistent with the notion that active DCs are present
throughout the cytoplasm but are inactivated and assembled into
large complexes in response to Wnt signaling. A cytoplasm
depleted of active DC then allows for accumulation of and
nuclear signaling by B-catenin (Fig. 7).

Core pathway activity versus signal modulation

A prominent model postulates that ‘signalosomes’ are sites of DC
inactivation, where large DC aggregates form and persist at ligand-
activated receptors (Bilic et al., 2007; Taelman et al., 2010;
Yamamoto et al., 2006; Hagemann et al., 2014). However, this
model derives from studies that relied on overexpression of Axin,
Dishevelled or both. Under such conditions, aggregates of these
proteins form even in unstimulated cells, calling into question the
physiological relevance of the reported protein-protein interactions
(Bilic et al., 2007; Schwarz-Romond et al., 2005; Schwarz-Romond
et al., 2007a; Pronobis et al., 2015). Pivotal to both aggregation and
the signalosome model are DIX domains present in Axin and
Dishevelled, as they drive the formation of super-complexes. In the
signalosome model, interactions between the DIX domains of
Axin and Dishevelled are proposed to inactivate the DC, while
another proposed mechanism for DC inactivation invokes a
phosphorylation-induced conformational change involving the DIX

domain of Axin that prevents DC access to B-catenin (Kim et al.,
2013). However, rescue experiments demonstrate that the C terminus
of Axin (including the DIX domain) is largely dispensable both for
DC activity and its inactivation in vivo (Peterson-Nedry et al., 2008),
suggesting that the DIX domain does not play a crucial role in the core
signaling pathway. Rather, signaling mechanisms involving the DIX
domains of Axin and Dishevelled may represent accessory elements
involved in context-dependent signal modulation.

We expect that long-range patterning by the Wnt signaling
gradient depends on multiple modulatory mechanisms that cooperate
to refine the signal generated by the core pathway. Several of these
mechanisms, including localization, sequestration or intracellular
transport of signaling components, may function in different
contexts. The analysis of where and in what combination these
mechanisms function will derive from the investigation of Wnt
signaling in vivo, benefiting from the application of BiFC protocols.

MATERIALS AND METHODS

BiFC constructs

Axin was tagged N-terminally with Ven2 (Ven2-NAxin) or internally after
H427 (Axin™-Ven2; Peterson-Nedry et al., 2008). Ven1 and Ven2 were a gift
from S. Michnick, University of Montreal, QC, Canada (Benton et al., 2006).
Venl was fused to the C terminus of Sgg containing an N-terminal 3xHA-tag
(Sgg-Venl). Similarly, Venl was fused to the C terminus of APC2 (APC2-
Venl). Fusion fragments were cloned into tub-promoter vectors with a white*
flip-out cassette inserted for inducible expression, generating plasmids for
germ-line transformation (Peterson-Nedry et al, 2008). None of these
constructs interfered with endogenous Wg signaling, and Venus fusion
constructs were capable of rescuing null mutants of the target genes to the
extent expected from previous analyses (Peterson-Nedry et al., 2008): rescue
by Ven2-NAxin, embryonic rescue by Axin™-Ven2, rescue of apc apc2 by
Venl-APC2 and APC2-Venl (Sgg-Venl is inactive due to a kinase mutation
and does not interfere with development). BiFC signal was detected only
following co-expression of specific combinations (Ven2-NAxin+APC2-Venl
and AxinM-Ven2+Sgg-Venl, but not with Ven2-NAxin+Sgg-Venl)
(Fig. S2E-G), indicating stringent conformational and structural constraints
that underlie the specificity of BiFC technology.

Drosophila genetics

Larval genotypes

y w was used as control strain. tub>w+>Ven2-NAxin and tub>w+>APC2-
Venl were generated by P-element mediated transformation. phiC31 integrase-
mediated transformation was used to target tub>w+AxinMVen2 to PBac{y[+]-
attP-3B} VK00002 at chromosomal location 28E7 and tub>w+>3xHA-Sgg-
Venl to PBac{y[+]-attP-9A}VKO00019 at chromosomal location 68D2.
FlyBase lists wg' as wg"'? and wg®® as wg"'®. tub>w+>Fz2-myc and
tub>w+>Fz2-EGFP are from Baig-Lewis et al. (2007). The Sgg-GFP trap
sgg?CH1912 (BDSC #50887, a kind gift from L. Cooley, Yale University,
New Haven, CT, USA) was used for larval extracts (Fig. S1A).

Genotypes used were as follows: Fig. 1A,B and Fig. S3B, y w hs>flp
(FL122; ry+); wg>GaldMP738/Cy0; UAS>mCDS-GFP/+; Fig. 1D and
Fig. S2D, y w hs>flp (FL122; ry+); +/+; tub>HA-Sgg-Venl; Figs 1H-L, 2A,
S1A,C and S2H,M, y w hs>flp (FL122; ry+); [tub>AxinMVen2; tub>HA-
Sgg-Venl]/T(2;3) CyO-TM6B; Fig. 2A,C, y w hs>flp (FL122; ry+);
tub>AxinMVen2/ptc>Gald; tub>HA-Sgg-Ven1/UAS>Fz2-myc; Fig. 3A,B,
y w hs>flp (FL122; ry+); wg®, tub>AxinMVen2/wg®*4; tub>HA-Sgg-
Venl/+; Fig. 3C, y w hs>flp (FL122; ry+); ptc>Gald; UAS>WgWT; Fig. 3D,
E, y w hs>flp (FL122; ry+); ptc>Gald; UAS>Wg"; Fig. 3F, y w hs>flp
(FL122; ry+); ptc>Gal4, Gal80", tub>AxinMVen2/tub>AxinMVen2; tub>HA-
Sgg-Venl, UAS>Wg"/tub>HA-Sgg-Venl, tub>Fz2-myc; Figs 4A, 5A-D,F-H
and SID, y w hs>flp (FL122; ry+); tub>APC2-Venl; tub>Ven2-NAxin;
Fig. SE, y w hs>flp (FL122; ryt); tub>APC2-Venl/ptc>Gal4;
tub>Ven2-NAxin/UAS>Fz2-myc; Fig. 4D,E and Fig. S5, y w hs>flp
(FL122; ry+); wg®, tub>APC2-Venl/wg“*4; tub>Ven2-NAxin/+; Fig. 4F, y
w hs>flp (FL122; ry+); tub>APC2-Ven1/ptc>Gal4, G80; tub>Ven2-NAxin/
UAS>NrtWg; Fig. 6A-C, y w hs>flp (FL122; ry+); tub>APC2-Venl/
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ptc>Gald, G80; tub>Ven2-NAxin/UAS>Wg'; Fig. S2G, y w hs>flp (FL122;
ry+); ++; tub>Ven2-NAxin/tub>HA-Sgg-Venl; Figs S1B and S2I,
w; tub>APC2V1; apc?® apc28!%apc?® apc2e!®; Fig. S3F, y w hs>flp
(FL122; ry+); pre>Gald/+; UAS>We'/tub>Fz2-EGFP; Fig. 3A,B, y w
hs>flp (FL122; ry+); we', tub>AxinMVen2/wg©*4; tub>HA-Sgg-Venl/+
or y w Ubx>flp; wg', tub>AxinMVen2/wg®X3; tub>HA-Sgg-Venl/+; and
Figs. S4, y w hs>flp (FL122; ry+); tub>w+>APC2-Venl/UAS>flp;
tub>w-+>Ven2-Axin/Hh>Gal4, Gal80".

Control of expression

BiFC constructs were activated by removing the white+ cassette (Peterson-
Nedry et al., 2008). The Gal4/UAS system was used for pfc>Gal4 driven
expression of Wg and Wg®™ (Fig. S3; Brand and Perrimon, 1993; Hays et al.,
1997; Wilder and Perrimon, 1995). Temperature-sensitive Gal80" repressed
Gal4 at <25°C until its inactivation at 30°C, thereby averting lethality
associated with ectopic Wg expression. Pulsed Wg™ signal was generated in
third instar larvae carrying ptc>Gal4 Gal80" and UAS-Wg", by loading
cells in the prc stripe with Wg's protein that is secretion deficient at 30°C
(Fig. S3). A shift to 16°C allowed the timing of the release of Wg®.
Temperature shifts for timed incubations were performed by moving larvae
to vials with food equilibrated to the target temperature.

For timed inactivation of Wg signaling, Axin™M-Sgg BiFC constructs were
induced through heat-shock of brown pupae; resulting males were mated to
virgins of [wg'; +1/T(2;3)CyO-TMB (or [wg'; +]/T(2;3)CyO-TM6B; below).
Flies carrying the wg'* and wg®** alleles were reared at 16°C and shifted to
30°C. Non-balancer larvae were identified as Tb+, using the balancer T(2;3)
CyO-TMB6B. Viability was low for wg's/wg“** Axin™-Sgg animals although
three wing discs were obtained for each of both experiment and control
conditions (Fig. 3A,B). For better survival of animals and to confirm results,
signaling was also inactivated in wg'/wg“*® animals (Couso et al., 1993).
Fisher’s exact tests were used to determine statistical significance.

The timing of signaling events may be standardized to 25°C for
experiments performed at different temperature to facilitate comparisons.
As the rate of biological processes is temperature dependent, incubation times
obtained at 16°C may be multiplied by 0.5 while incubation times obtained at
30°C may be multiplied by 1.2 to obtain the approximate duration for the
biological process at 25°C. This approximation assumes that the length of the
life cycle scales linearly with temperature throughout development, including
the process of Wg signal transduction (~440 h at 16°C, ~220 h at 25°C and
~190 h at 30°C; Roberts, 1998). Currently, this has only been determined for
prolonged periods during Drosophila development (Kuntz and Eisen, 2014).

Immunohistochemistry and cryosectioning

Third instar wing disc dissections and staining were performed as described
(Klein, 2008), except that primary antibodies were incubated overnight
at 4°C and anti-Arl8 was incubated in PBS/5% normal donkey serum/
0.02% saponin (instead of 0.1% Triton X-100). For cryosectioning,
stained wing discs were post-fixed for 30 min at room temperature in
PBT/4% formaldehyde to immobilize antibodies, washed and embedded
in 10% gelatin/30% sucrose/PBS. Sections of 10-25 pm were cut on a
Leica CM1850 cryostat and mounted on slides with Fluoromount-G
(SouthernBiotech). For a detailed description of embedding and
cryosectioning protocols, see Petshow and Wehrli (2018).

Primary antibodies used in this study were: rat anti-APC2 (a gift from
M. Peifer, University of North Carolina, Chapel Hill, NC, USA; 1:1000;
McCartney et al., 1999), rat anti-o-catenin (DSHB, DCAT-1, concentrate
1:200), rat anti-E-Cadherin (DSHB, DCAD?2, concentrate 1:100), mouse
anti-Arm (DSHB, N2 7A1, concentrate 1:800), mouse anti-Wg (DSHB,
4D4, concentrate 1:600), rabbit anti-Arl8 (a gift from S. Munro,
MRC-Laboratory of Molecular Biology, Cambridge, UK; 1:2000; Rosa-
Ferreira and Munro, 2011), mouse anti-DIl (a gift from Dianne Duncan,
Washington University, St. Louis, MO, USA; 1:300; Diaz-Benjumea and
Cohen, 1995; Duncan et al., 1998), chicken anti-GFP (Aves Labs, GFP1020
#1223FP03, 1:1000), rabbit anti-GFP (Abcam, ab6556 #GR76756-1,
1:600), rat anti-HA (Roche, 3F10 #11447800, 1:2000), guinea pig
anti-Sens (a gift from H. Bellen, Baylor College of Medicine, Houston,
TX, USA, 1:1000; Jafar-Nejad et al., 2003), rabbit anti-myc (Abcam,
ab9601 GR20094, 1:2000) and mouse anti-y-tubulin (Sigma, GTU-88

096H4821, 1:10,000). Monoclonal antibodies that specifically detect the
assembled Venl/Ven2 complex were used to enhance the detection of weak
BiFC signals: GFP-20 (Sigma G-6539 112M4763, 1:2000; Gordon and
Scott, 2009), clone 3E6 (Invitrogen, A11120 1563696, 1:750, this study)
and rabbit monoclonal anti-GFP (ThermoFisher, G10362 1787904; 1:1200;
this study). Venl and Ven2 fragments were detected by goat anti-GFP
(Novus Biologicals, NB100-1770 33301; 1:1000; this study). Hoechst
33258 was used to label nuclear DNA. Fluorescently labeled secondary
antibodies were from Invitrogen (anti-rabbit A647, A21244 1463166,
1:1000; anti-rat A568, A11077 1512105, 1:750; anti-goat A568, A11057
93EI1-1; 1:1000) and Jackson ImmunoResearch (anti-rat A488, 712-545-
153 128270, 1:800; anti-ratA647, 712-605-153 127806 and 115022, 1:400;
anti-rabbit DyLight488, 711-485-152 83832, 1:200; anti-rabbit DyLight,
711-505-152 80373, 1:200; anti-guinea pig A647, 706-605-148 #113411,
1:200; anti-chicken DyLightA488, 703-485-155 84338, 1:200; and anti-
chicken DyLightA549, 103-505-155 81207, 1:200). Anti-mouse IgG
subtype-specific secondary antibodies were: anti-IgG1A488, 115-545-205
112835, 1:300; anti-Ig1RRX, 115-295-205 #113818, 1:300; anti-IgG1A647,
115-605-205 113613; anti-IgG2aA488, 115-545-206 109994, 1:300; anti-
IgG2aRRX, 115-295-206 109994, 1:300; anti-IgG2aA647, 115-605-206
128604, 1:400; anti-IgG2bA488, 115-545-207 120903, 1:300; and anti-
1gG2bA647, 115-605-207 119989, 1:200 (Jackson ImmunoResearch).
Double labeling to differentiate between different isotypes of mouse
monoclonal antibodies was achieved by using IgG subtype-specific
secondary antibodies (Jackson ImmunoResearch; Manning et al., 2012). Of
these, anti-IgG1A488 (115-545-205 112835) and anti-IgIRRX (115-295-
205 113818) cross-reacted with rat antibodies but anti-IgG1A647 (115-605-
205 113613) did not. Cross-reactivity was avoided by sequential staining. For
example, anti-IgG1RRX incubation was followed by washes and fixation
(15 min on ice) before incubations with rat primary and anti-rat secondary
antibodies were performed. Specificity of antibodies was confirmed
using differently labeled secondary antibodies, staining of tissue without
epitope (if applicable) or locally limited induction of construct expression.
For example, antibodies recognizing Venl and Ven2 were identified by
staining tissue after local induction of Venl and Ven2 constructs (using
ptc>GALAXUAS>flipase; Fig. S8).

Quantification of construct expression by immunoblotting
Larval lysates were prepares as described by Wang et al. (2016b). Briefly, third
instar larvae were dissected in ice-cold PBS; salivary glands, gut and fat body
were removed. PBS was removed and 8§ pl reducing sample buffer added for
each larval carcass. Samples were vortexed, incubated for 5 min at 95°C, 5 min
on ice, centrifuged, the supernatant transferred and loaded onto Criterion gels
(BioRad). Criterion 4-12% BisTris/MOPS gels were used to separate the Sgg
and APC2 proteins. Immunofluorescence was successful for Sgg but APC2
detection required the increased sensitivity provided by chemiluminescence.
Axin antisera detected background bands, where some co-migrated with
constructs on Criterion 4-12% BisTris/MOPS gels and Criterion 3-8% Tris-
Acetate gels. The separation was improved on Criterion 7.5% TGX gels.
Immunopositive bands were detected using Azure c600 (Azure Biosystems)
and quantified using automated band detection in AzureSpot. Automated
background subtraction was applied. Ven2-Axin and FLAG-AxinVen2
constructs co-migrated with background bands. The relative abundance of
these background bands to stronger background bands was determined
using reference samples. This relationship was then used in background
subtraction in order to reveal the amount of Axin present. Excel was used to
calculate mean and standard deviation values.

Antibodies for immmunoblotting

Anti-Sgg 4G-1E monoclonal was used at 1:1000 (EMD Millipore, 05-412,
3104249; identical to 4G1E11, Papadopoulou et al., 2004) and detected using
goat anti-mouse A680 at 1:1000 (Invitrogen, A21058 84C2-1). Guinea pig
anti-APC2 (GP10, 1:5000, Takacs et al., 2008) and guinea pig anti-Axin
(GP91, 1:1000, Wang et al., 2016b) antisera were kindly provided by
Y. Ahmed, Dartmouth Geisel School of Medicine, Hanover, NH, USA. They
were detected using donkey anti-guinea pig HRP conjugate (1:10000,
Jackson ImmunoResearch 706-035-148) and Supersignal West Pico Plus
Chemiluminescent Substrate (Thermo Scientific, 34580, TH271013).
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Sample size, replication and controls

At least six wing discs were analyzed for each condition (except where noted)
and findings confirmed in replicated experiments. BiFC signal versus
background was determined using restricted expression of constructs
(Fig. S4A-D; hi>Gald, G80', UAS>flp; ptc>Gald, G80™ UAS>flp; and
not shown). This approach was also used to verify the specificity of anti-GFP
and of secondary antibodies (Fig. S8). Surprisingly, we detected strong cross-
reactivity with Drosophila tissue using several commercially available
secondary antibodies, as well as two ascite preparations of primary antibodies,
suggesting exposure of host animals to stinging insects. To reduce potential
background and increase specificity in the detection of weak signals,
antibodies were pre-adsorbed using fixed Drosophila embryos.

Profiles of signal distributions across the curved epithelium of
the wing pouch

Confocal images were imported into ImageJ64, which was used to quantify
fluorescent intensities across the wing pouch. Using the inner and outer
boundary of the epithelium, an algorithm was used to divide the epithelium
into a predefined number of polygons (#=100; resembling columnar cells,
Fig. S2B-D; the source code of the ImagelJ plug-in has been deposited in
GitHub, see https://github.com/petshows/Imaginal-Disc-Profile). The sum
of pixel intensities was quantified and standardized to the area in each
polygon, then exported to Excel. For z-stacks, each section was quantified
separately, values exported to Excel, summed and averaged (typically three
to six discs). For comparison, maximal values were standardized to a value
of 1, representing arbitrary units (a.u.).

Collection fluorescent images and assessment of signal
colocalization

Samples were imaged on a Zeiss LSM 780 or Zeiss Elyra PS.1 with
Airyscan detection. Comparable settings were used to image all preparations
in an experiment (e.g. images in Fig. 3A,B were collected with identical
settings), except that the laser intensity for the BiFC detection in 2B had to
be reduced from 30% to 15% to obtain intensities within the linear range of
the detector.

Image analysis

Imaris (versions 8.4.2 and 9.0) was used to visualize and quantify
fluorescent objects using spot detection and object-based approaches, as
well as to determine signal intensity. Imaris was used on original images to
determine Pearson’s Correlation Coefficient (PCC) and thresholded
Manders’ Correlation Coefficient (MCC), which uses an algorithm for
automatic threshold detection (Costes et al., 2004). Additional verification
for CCs may be obtained if a shift of one channel relative to the other
significantly reduces CC values. We shifted one channel by the diameter of
the largest object (typically ~0.30 pm). Values are listed in Table 1.

Counting BiFC objects and determination of their apparent size
Airyscan super-resolution image stacks (.czi format) were imported into
Imaris and background subtracted (median filter, threshold cutoff). The
algorithm of the ‘spot” function was then used to identify BiFC objects. We
noticed that margin effects of the median filter function generated a large
number of artefactual spots in the outermost five pixels (0.35 um) of the
z-stack volume, which we eliminated from analysis. The number of spots
present in a volume of interest, identified using the ‘surface’ function, was
then determined. To measure the apparent size of BiFC objects, the surface
function was used to represent them as objects. Objects contained only
partly within the z-stack were excluded from the analysis, as they represent
partial BiFC objects. Imaris was also used to create videos and screen shots.
Figures were assembled using Adobe Photoshop CS3 and PowerPoint.
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