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Essential basal cytonemes take up Hedgehog in the Drosophila

wing imaginal disc

Weitao Chen, Hai Huang, Ryo Hatori and Thomas B. Kornberg*

ABSTRACT

Morphogen concentration gradients that extend across developmental
fields form by dispersion from source cells. In the Drosophila wing
disc, Hedgehog (Hh) produced by posterior compartment cells
distributes in a concentration gradient to adjacent cells of the
anterior compartment. We monitored Hh:GFP after pulsed
expression, and analyzed the movement and colocalization of Hh,
Patched (Ptc) and Smoothened (Smo) proteins tagged with GFP or
mCherry and expressed at physiological levels from bacterial artificial
chromosome transgenes. Hh:GFP moved to basal subcellular
locations prior to release from posterior compartment cells that
express it, and was taken up by basal cytonemes that extend to the
source cells. Hh and Ptc were present in puncta that moved along the
basal cytonemes and formed characteristic apical-basal distributions
in the anterior compartment cells. The basal cytonemes required
diaphanous, SCAR, Neuroglian and Synaptobrevin, and both the Hh
gradient and Hh signaling declined under conditions in which the
cytonemes were compromised. These findings show that in the wing
disc, Hh distributions and signaling are dependent upon basal
release and uptake, and on cytoneme-mediated movement. No
evidence for apical dispersion was obtained.

KEY WORDS: Hedgehog, Cytoneme, Patched, Smoothened,
Drosophila

INTRODUCTION

The existence of molecular inducers (morphogens) that direct
development and patterning was inferred more than 100 years ago
from grafting experiments (Browne, 1909; Spemann and Mangold,
1924). Well-studied examples now include the Decapentaplegic
(Dpp) and Hh proteins, which in the Drosophila wing imaginal disc
distribute to form concentration gradients (Tabata and Takei, 2004).
Dpp distributes from cells in a developmental organizer at the
anterior (A)/posterior (P) compartment border, and Hh distributes
from the P compartment, generating a gradient that extends over a
distance of approximately 10 A compartment cells. The mechanism
that disperses these proteins across their respective fields is the focus
of this study.

Dispersion of Hh is evident from the distribution of antigen
detected by antibody staining (Tabata and Kornberg, 1994; Taylor
etal., 1993), and from the expression patterns of target genes that Hh
signal transduction regulates (Strigini and Cohen, 1997). Among
these regulated genes in the third instar wing disc is pfc, which
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is expressed in a band of approximately five to seven cells along the
A/P border (Capdevila et al., 1994a; Mulloret al., 1997). Ptc is a Hh
receptor (Lu et al., 2006; Marigo et al., 1996; Stone et al., 1996).
dpp, another target, is expressed in a band of as many as five to six
cells that is displaced from the border by approximately two to three
cells (Raftery et al., 1991). Dpp also functions as a morphogen
and disperses to form concentration gradients across both A and P
compartments.

Reduced Hh signaling does not apparently directly affect the P
cells that express it, but affects cells in which targets of Hh signaling
are expressed (Strigini and Cohen, 1997). For example, both pzc and
dpp expression decline under conditions of reduced Hh signaling,
and the wings that develop have fewer cells in the region
immediately anterior to the compartment border where pzc and
dpp are expressed. Wing veins 3 and 4, which straddle the A/P
border, are closer together than normal, and the anterior cross vein
between veins 3 and 4 is frequently absent or malformed.

The 23kD Hh protein has palmitate and cholesterol
modifications that contribute to the high affinity of Hh for
membranes (Pepinsky et al., 1998; Porter et al., 1996) and
lipoprotein particles (Palm et al., 2013). Dispersion across A
compartment cells must therefore involve a mechanism that
accommodates its lipophilicity. It has been suggested that Hh is
released from cells in a multimeric form, the conformation of
which increases its hydrophilicity (Zeng et al., 2001). This model
posits that the soluble multimer, either alone or complexed with
chaperones, disperses in the extracellular milieu of the Hh-
responding cells. There is, however, strong evidence for a direct
transfer mechanism based on cytonemes that extend from the Hh-
expressing cells in the P compartment (Bischoff et al., 2013;
Callejo et al., 2011).

Cytonemes are specialized filopodia that link signal-producing
and signal-receiving cells, and mediate the exchange and transport
of signaling proteins (Kornberg and Roy, 2014). They protrude
from many cell types, including the Dpp-receiving cells of the wing
disc that have cytonemes that extend across the apical surface toward
the Dpp-expressing cells at the A/P border (Hsiung et al., 2005;
Ramirez-Weber and Kornberg, 1999; Roy et al., 2011). Disc cells
also have cytonemes that extend from the basolateral membrane that
have been implicated in Hh signaling (Callejo et al., 2011). These
basolateral cytonemes mostly orient toward the A/P compartment
border (Callejo et al., 2011; Roy et al., 2011), and some extend
across the A/P border and appear to transport Hh to A compartment
cells in motile puncta (Bilioni et al., 2013; Bischoff et al., 2013;
Callejo et al., 2011).

The path that Hh takes prior to release at cytoneme tips is
complex, initially involving placement in the apical membrane of
Hh-producing cells, and dynamin-dependent endocytosis prior to
transit to the basolateral compartment in a vesicular form (Callejo
et al., 2011). The Hh-containing vesicles require the functions of
Dispatched (Disp), Dally-like (DIp) and Interference hedgehog
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(Thog); without functional Disp, Dlp or Thog, cells do not generate
Hh-containing vesicles normally and do not release Hh. Little is
known about the form of Hh when it transfers between cells at
cytoneme points of contact, or the fate of Hh in A compartment
cells. Although travel in exosomes has been proposed (Matusek
et al., 2014), work from the Guerrero group suggests that Hh-
containing vesicles that are associated with cytonemes may appear
to be ‘exosomes’ if the cytonemes are not marked and
simultaneously imaged (Gradilla et al., 2014).

The complex choreography that prepares Hh for delivery to A
compartment cells was discovered in studies on Hh and Thog, which
were overexpressed as chimeras fused with either GFP or YFP
(Bischoff et al., 2013; Callejo et al., 2011). These studies used the
Gal4-UAS system, which elevates expression levels an estimated
10x (Yagi et al., 2010); the studies circumvented the cell lethality of
Thog overexpression with a time-limited pulse, and succeeded
despite the apparent partial functionality of Hh:GFP expressed by
this method (Torroja et al., 2004). In the work presented here, we
build on these findings by analyzing Hh:GFP, Ptc:mCherry and
Smo:GFP expressed by BAC transgenes. These constructs are
regulated in the context of the normal gene sequences, and are fully
functional. Histological characterizations both confirm the way Hh
moves in producing cells, as discovered by Callejo et al. (2011), and
show that motile puncta containing Hh and Ptc are present in
cytonemes that protrude from the basal side of A compartment cells
and extend across the A/P border. Hh moves together with Ptc in
these cytonemes, and transport mediated by these cytonemes is
required for Hh signaling and the Hh gradient. These findings
provide direct visual and genetic evidence that basal cytonemes are
essential conduits for Hh transport.

RESULTS

BAC transgenes that express fluorescent Hh, Ptc and Smo

To express active Hh:GFP, Ptc:mCherry and Smo:GFP at
physiological levels, we generated BAC transgenes (see Materials
and Methods). Each contains a genomic sequence that rescued
apparent amorphs hh4C, ptc’® or smo’, respectively, and for each,
flies with a single BAC-encoded allele were viable and had normal
morphology. The distance between wing veins 3 and 4, a measure of
Hh signaling (Mullor et al., 1997; Strigini and Cohen, 1997), was
the same in control and experimental wings (Fig. 1A-D). GFP and
mCherry fluorescence in embryo, larval, pupal and adult tissues that
express the Hh, Ptc and Smo fusion proteins was detectable by
confocal fluorescence microscopy, and the distributions of Hh:GFP,
Ptc:mCherry and Smo:GFP conformed to descriptions reported for
immunohistochemical staining, and for LacZ or GFP transgenes
expressed under either 44 or ptc enhancers (Fig. 1E, Fig. S1).

In third instar (L3) wing discs with Hh:GFP and Ptc:mCherry
BACs, P compartment cells had green fluorescence that appeared to
be membrane associated; levels of fluorescence in the wing pouch
were elevated along the dorsal/ventral boundary, but were otherwise
relatively uniform (Fig. 1E-G). Ptc:mCherry fluorescence was
present in a strip of five to seven A compartment cells juxtaposed to
the compartment border (Fig. 1E,F). Fluorescence was punctal, and
numbers of puncta declined with increasing distance from the
border. In a frontal optical plane near the basal surface, Hh:GFP was
mostly membrane associated in the P compartment and punctal in
the A compartment (Fig. 1H,H"). Many of these puncta had both
green and red fluorescence (Fig. 1H’). The distribution of
colocalized Hh:GFP and Ptc:mCherry is similar to the distribution
of Hh and Ptc in wild-type discs stained with o-Hh and o-Ptc
antibodies (Ramirez-Weber et al., 2000), and suggests that the BAC-

encoded Hh:GFP moves basally from the cells in which it is
expressed.

Fluorescence of BAC-encoded Hh: GFP was monitored in control
discs and in discs that lacked disp, which encodes a function that
is required by P compartment cells for Hh release (Burke et al.,
1999). In control discs in which P compartment cells also express
membrane-tethered mCherry, the P compartment-specific expression
of Hh:GFP is apparent in a frontal, basolateral plane (Fig. 11,J,K).
GFP fluorescence was also present in puncta as far as eight cell
diameters (~27 um), and in membranes of cells within five to
seven cells (~13 um), of the border; levels of fluorescence
declined with increasing distance from the border. By contrast,
no GFP fluorescence was detected anterior to the border in discs
that lacked disp function in the P compartment (Fig. 1L). Sagittal
sections revealed that the absence of Disp also changed Hh:GFP
localization in P cells. In normal, control discs, Hh:GFP was
present both in cell membranes and puncta, (Fig. 1I',J’,K’), but in
P compartment cells lacking Disp, membrane-association of Hh:
GFP was more uniform (Fig. 1L,L"). These distributions are
consistent with those reported in published studies (Burke et al.,
1999; Callejo et al., 2011).

Wing discs that coexpressed Ptc:mCherry and Smo:GFP had high
levels of green fluorescence in P compartment cells and in adjacent A
compartment cells that also express high levels of Ptc (Fig. 1M-P).
Green fluorescence was lower in other A compartment cells. These
patterns are consistent with immunohistochemical studies that
reported elevated Smo levels in P compartment cells and in A cells
adjacent to the A/P border (Denef et al, 2000). Smo:GFP
fluorescence appeared to be membrane associated in both A and P
compartment cells (Fig. 1P,P’).

Cytonemes project from Hh-receiving anterior cells into the
posterior compartment

To better characterize the relative distributions of Hh:GFP and Ptc:
mCherry, wing discs were analyzed at higher resolution and were
imaged for periods of several minutes. The epithelial sheets of wing
discs are not flat and develop complex folds during L3. Although
discs that have been flattened under cover slips generate higher
resolution images, flattening damages sensitive structures such as
cytonemes and potentially compromises spatial relationships of cell
constituents. To image unflattened discs, we mounted discs in
hanging drops and analyzed two types of preparation (Fig. 2A).
Owing to the concavity of the pouch region in late L3 discs, we
limited studies of the pouch cells to early L3 discs, which are
relatively flat, and limited analysis of late L3 discs to the wing hinge
primordium, which is also relatively flat.

Fig. 2B,C show images of the pouch region of an unfixed wing
disc from early L3 that expressed Ptc:mCherry. Many fluorescent
Ptc puncta were present in the A compartment; most were near the
compartment border. Fluorescent Ptc puncta (mean, 70; n=>5 discs)
were also present in the P compartment, with some as far as 30 um
from the border, although >50% were within 10 pm (Fig. 2D). The
concentration gradient of puncta in the P compartment is quantified
in Fig. 2D. The sagittal projection image (Fig. 2C) reveals the
polarized apicobasal distribution of Ptc:mCherry puncta. The
thickness of the pouch region was ~30-35 um; >50% of Ptc:
mCherry puncta were within 5 um of the basal surface, and ~80%
were within 10 pm (Fig. 2C,E). No fluorescent Ptc puncta were
observed at apical optical planes in the P compartment. The basal
Ptc puncta were motile, and in a 30 pm segment along the A/P axis;
approximately two puncta crossed the compartment border from the
A side per minute.
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PtcmCherry

Hh:GFP

To further characterize the fluorescent Ptc puncta, we examined
late L3 discs that had A cells with membranes marked with
membrane-tethered GFP (pfc>Gald UAS>CD8:GFP) and P cells
with nuclei marked with DsRed (hA-nlsDsRed). At a basolateral
optical plane, GFP and DsRed fluorescence was restricted to the
A and P compartments, respectively (Fig. 2F), and the juxtaposition
of green and red fluorescence appeared to define the A/P boundary.
However, at the basal surface, GFP fluorescence was not restricted
to the A compartment, but extended 2-20 um into the P
compartment. Cellular extensions could be resolved at the most
posterior regions of the GFP fluorescence (Fig. 2F’). Fig. 2F”
displays a sagittal view in which these fluorescent protrusions are
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Fig. 1. Distributions of Hh, Ptc and Smo
tagged with fluorescent proteins and
expressed from BAC transgenes.

(A-D) Diagrams illustrating the approximate
locations of GFP and mCherry tags, and
(below) micrographs of wings of

control (yw) (A), hh null (hh”C/hh"€) with Hh:
GFP BAC (B), ptc null ( ptc’®/ptc’®) with Ptc:
mCherry BAC (C) and smo®/smo? with Smo:
GFP BAC (D). The distances between veins 3
and 4 were indistinguishable in control and
mutant wings. (E-P’) BAC-encoded Hh:GFP,
Ptc:mCherry and Smo:GFP in wing discs.
(E-G) Distributions of Ptc:mCherry and Hh:GFP
conform to compartment-specific expression
patterns of respective endogenous genes
(Capdevila et al., 1994b; Tabata and Kornberg,
1994). Most Hh:GFP is in the P compartment,
but some (G, arrowheads, Z projection image) is
in the Ptc domain (F, green channel only).
(H,H’) Higher magnification images of basal
optical sections of the boxed areas in F and G.
The A/P compartment border is indicated by
dashed lines (H, green channel; H’, green+red
channel showing colocalization of Hh:GFP and
Ptc:mCherry in puncta, mostly in the A
compartment). (I-L) BAC-encoded Hh:GFP with
the P compartment marked by mCherry (hh-
Gal4 UAS-CD8:mCherry), disp* (1,J,K) or
depleted for disp (hh-Gal4 UAS-disp-RNAI) (L,L")
(I, red channel; J, green channel; K,L, merge).
(J,K) Brackets indicate Hh:GFP in the A
compartment. (I',J’,K’,L") Sagittal projections of |,
J, Kand L. (M-P) Elevated levels of Smo:GFP in
the P compartment and ptc domain (O,P’, green
channel; M,N,P, merge). (N-P’) Higher
magnification images of M; the dashed line marks
the A/P compartment border. (P,P’) Higher
magnification images of the boxed areas in N and
O reveal similar subcellular Smo:GFP distributions
in A and P cells. All discs in all figures are from late
L3 unless indicated; anterior, left; sagittal
projections, apical up. Scale bars: 200 pm in A;
40puminEand G; 10 umin H’, land I'.

apparent extending from the A compartment along the basal surface
of adjacent P compartment cells. The appearance of these
protrusions suggests that they may be basal cytonemes that have
roles in Hh signaling (Bischoff et al., 2013; Callejo et al., 2011).
The basal protrusions were mostly perpendicular to the A/P
compartment border. Although some were static, most were
dynamic, with rates of extension and retraction measured as 0.15+
0.03 pm/s and 0.12+0.02 pm/s, respectively (Fig. 2G,G’, Movie 1).
These rates are comparable to rates of filopodia extension and
retraction reported for the thin filopodia of sea urchin embryos
(Miller et al., 1995). To determine whether there is a correlation
between the presence of Ptc:mCherry puncta posterior to the
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Fig. 2. Basal cytonemes at the A/P
compartment border. (A) Left: line
drawing of a wing disc viewed from the
columnar epithelium basal side. The green
line indicates the A/P border; boxes mark
the hinge (upper) and pouch (lower). Right:
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poygh \| D - E . transverse sections showing the concavity
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/ ,.: P w E P (B,C) Frontal (B) and sagittal (C) optical
" ‘g;,s H projections of the pouch region of an
| i EI : © unfixed early L3 disc expressing BAC-
/ 8" B N = encoded Ptc:mCherry. Ptc:mCherry
£ E s puncta were present in the A compartment,
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compartment border and the presence of the cross-border basal
cytonemes, we examined disc preparations in which A compartment
cells had membranes marked with GFP (ptc>Gald UAS>CDS:
GFP) and also expressed Ptc:mCherry. The Ptc:mCherry puncta
appeared to travel along the cytonemes that track on the basal
surface of the disc, both within the A compartment and across the
compartment border. Images of the cytomemes that project into the
P compartment showed that some were populated by fluorescent Ptc
puncta (Fig. 2H). Although these images did not resolve whether
Ptc:mCherry puncta were inside or on the surface of the cytonemes,
the puncta could be monitored for movement (Fig. 2H,H',I,
Movie 2). Puncta moved in both anterograde and retrograde
directions and at a similar rate (~0.4 pm/s), with periods of
movement <40 s. There were also periods of apparent stalling, and
although we do not understand the significance of the intermittent
motion, the fact that puncta moved linearly with a consistent

Distance (um)

=

o5 e mus 1620
Distance to basal surface (um)

mostly near the compartment border; Ptc:
mCherry puncta were also present in the P
compartment. (D,E) Quantification of Ptc:
mCherry puncta along anteroposterior (D,
n=5 discs) and apicobasal (E, n=5 discs)
axes in the P compartment (standard box
plot and whisker diagrams based on
minimum, first quartile, median, third
quartile and maximum values; ‘whiskers’
show minima and maxima).

(F-F”) Frontal sections (F,F’) and sagittal
projection (F”) of the hinge region, showing
membrane-marked A cells ( ptc-Gal4 UAS-
CDB8:GFP) and marked P cells (hh-
nisDsRed). A cell cytonemes (dashed
line) project along the basal surface.
(G,G',H,H’) Hinge region, with marked
membranes of A cells ( ptc-Gal4 UAS-
CD8:mCherry; G,G’) and BAC-encoded
Ptc:mCherry (H,H’). Arrows indicate motile
cytonemes (G,G’); arrowheads indicate
motile Ptc:mCherry-containing

puncta (H,H’). (I) Kymograph describing
the movement of 12 Ptc:mCherry-
containing puncta. (J-J”) Motile puncta
with fluorescent BAC-expressed Ptc:
mCherry and Hh:GFP in A compartment,
and A compartment marked cytonemes
(ptc-Gald UAS-CD4:IFP2.0). Data set:
922 cytonemes in a 50x50 pm area of the
ventral hinge region (n=25 discs); 133
cytonemes had 386 Ptc:mCherry puncta,
114 of which also had Hh:GFP; 789
cytonemes had neither Ptc:mCherry nor
Hh:GFP puncta. Scale bars: 10 um in B;
S5uminF, G,Hand J".

sagittal

anterograde

retrograde

velocity in the range of known actin-based myosin motors (Mehta
etal., 1999) strongly suggests that cytoneme-mediated movement of
Ptc is motor dependent.

Cytonemes of Hh-responding cells transport Hh

We tracked BAC-encoded Hh:GFP and Ptc:mCherry in wing discs
that expressed membrane-tethered infrared fluorescent protein (Yu
et al., 2014) in the ptc expression domain ( ptc-Gal4 UAS-IFP2.0).
Cytonemes extending from A compartment cells were detected by
their infrared fluorescence (Fig. 2J). Many puncta with bright GFP
and mCherry fluorescence were detected in A and P cells,
respectively, and although most of the Hh:GFP puncta were in P
compartment cells, some were in A cells, and some colocalized with
cytonemes that extended into the P compartment. We also detected
motile puncta that had both green and red fluorescence in cytonemes
and in A compartment cells (Fig. 2J-J”, Movie 3). Not all cytonemes
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had Ptc:mCherry puncta, but Hh:GFP puncta were only detected in
the cytonemes that did. These results suggest that cytonemes
extending from A compartment cells can pick up Hh from P cells,
and that Hh associated with Ptc is present in these cytonemes.

The Hh concentration gradient and Hh function require
cytoneme-mediated transport

To assess the role of the basal A compartment cytonemes in Hh
signaling, we monitored signaling and cytonemes in mutant
genotypes that have been previously shown to impair cytonemes
and cytoneme-mediated signaling. Expression of diaphanous
(dia) RNAIi and Neuroglian (Nrg) RNAI in tracheal cells (Roy
etal., 2014), and expression of SCAR RNAI in P compartment disc
cells (Bischoff et al., 2013), reduce cytoneme number and length
as well as signaling in tracheal and disc cells, respectively. We
expressed dia RNA1, SCAR RNAiand Nrg RNAI in the ptc domain
(ptc-Gald tub-Gal80" and either UAS-dia RNAi, UAS-SCAR

-.\“‘

f \

Ptc:mCherry

control ptc>diaRNA

1 Q
2 g
g{ — control 81 — control
| — dia-RNAI g| — dia-RNAI
2 T
" - }—Jd
T o
- -
60 20 60 20
Distance (um) Distance (um)
F 7’, G
Q
g
g g
A — control 2 — control
z — Scar-RNAi 5| — ScarRNAi
2 T
- =
T o
o
60 20 60 20

Distance (um) Distance (um)

ptc>diaRNAI

control

RNAIi or UAS-Nrg RNAI), and marked cytonemes by expressing a
membrane-tethered fluorescent protein (UAS-CD8:mCherry or
UAS-CDS:GFP). As shown in Fig. 3, expression of the dia and
SCAR RNAI constructs in A compartment cells reduced Hh:GFP
fluorescence and Ptc levels in A compartment cells (Fig. 3A-G,0,
P,R) and reduced the number and length of A compartment
cytonemes (Fig. 3H-JM,N). No changes to cell lethality or
apicobasal organization in the RNAi-expressing cells were
detected (Fig. S2). Expression of Nrg RNAi in A compartment
cells reduced Ptc levels (Fig. 30,T), and reduced the number and
length of A compartment cytonemes (Fig. 3H,K,M,N).

We also investigated whether the v-SNARE Synaptobrevin (Syb)
is required for cytoneme-mediated signaling because of its role in
vesicle transport and fusion, and because of the vesicular state of Hh
as it is prepared for release from P compartment cells. The
Drosophila genome encodes two Syb homologs. Although
neuronal Synaptobrevin (nSyb) is expressed exclusively in

control

ptc>ScarRNAI Bica Al

. ptc>diaRNAi CD2:Hh
i
3
#*
L]
GEJOJ
s E ptc>ScarRNAI
| OB =
0.0-— T T T T
R
P R ptesScarRNAI CD2:Hh

ptc>nrgRNAI

hh>sybRNAi

cytoneme length (um)
. | | i

hh>sybRNAi

Fig. 3. Cytoneme transport is required for Hh dispersion and signaling. (A-G) Sagittal (A-C) images of L3 wing pouch, BAC-expressed Ptc:mCherry and
Hh:GFP. The spread of Hh:GFP into A cells and Ptc levels was reduced by dia RNAI ( ptc-Gal4 UAS-dia RNAI) (B,D,E) and SCAR RNAI ( ptc-Gal4 UAS-SCAR
RNAI) (C,F,G) in the ptc domain. (H-N) A compartment cytonemes marked with CD8:mCherry or CD8:GFP were shorter and less abundant under conditions of
dia (I), SCAR (J) and Nrg (K) depletion in the ptc domain ( ptc-Gal4), and under conditions of Syb depletion (L) in the P compartment (hh-Gal4, UAS-Syb RNAI
dpp-LexA lexO-mCherryCAAX). (M,N) Standard box plot and whisker diagrams based on minimum, first quartile, median, third quartile and maximum values;
‘whiskers’ show minima and maxima. P-values (t-test), n=8 for all genotypes: control and dia RNAi-treated length (P=5.8E-08) and number comparisons
(P=0.00025); control and SCAR RNAi-treated length (P=8.87E-08) and number comparisons (P=0.00042). SCAR RNAi- and dia RNAi-treated length (P=0.32)
and number comparisons (P=0.50); control and Syb RNAi-treated length (P=8.92E-17) and number comparisons (P=0.0018); control and Nrg RNAi-treated
length (P=1.28E-11) and number comparisons (P=0.00054). (O-U) o-Ptc staining at the wing pouch A/P compartment border for control (O), dia-depleted (P),
SCAR-depleted (R), Nrg-depleted (T) and Syb-depleted (U) discs. Hh:CD2 reverses the effects of dia RNAi and SCAR RNAi on Ptc (Q,S). Scale bars: 10 umin A;

5pumin H.
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neurons (DiAntonio et al., 1993), and Syb is ubiquitously expressed
and has a general role in membrane trafficking (Chin et al., 1993),
the two SNAREs appear to be functionally interchangeable
(Bhattacharya et al., 2002). Syb has been shown to play a role in
Wingless signaling in wing imaginal discs (Yamazaki et al., 2016).
Expression of Syb RNAI in the A compartment ( ptc-Gald UAS-Syb
RNAi UAS-CD8:mCherry) had no apparent effect (not shown), but
in the P compartment, Syb RNAi expression (hh-Gald UAS-Syb
RNAi and dpp-LexA lexO-mCherryCAAX) reduced Ptc in A
compartment cells and reduced the number and length of A
cytonemes at the compartment border (Fig. 3H,L-N,O,U). This
result suggests that A compartment cytonemes do not function
normally if vesicle transport in the cells they contact and synapse
with is compromised.

Features of the cuticle of the adult thorax that fail to develop
normally under conditions of abnormal Hh signaling include the
number of wing cells between wing veins 3 and 4, which decreases
under conditions of reduced Hh signaling and increases under
conditions of increased signaling (Mullor et al., 1997; Strigini and
Cohen, 1997). dia RNAi and SCAR RNAI expression in the ptc
domain significantly decreased the intervein 3-4 width and affected
the anterior cross-vein (Fig. S3A-C,G). In wings with reduced
Dia, the cell density in the 3-4 intervein region was also reduced
(Fig. S3B). Although other regions and structures of the wings were
not apparently affected, SCAR RNAI expression in the ptc domain
reduced the size of the scutellum and eliminated the four scutellar
bristles (Fig. S3H,I).

To determine if cells deficient for Dia or SCAR are competent for
Hh signal transduction despite their inability to take up Hh from P
compartment Hh-expressing cells, we expressed a membrane-
tethered form of Hh (CD2:Hh) together with dia RNAi or SCAR
RNAIi. CD2:Hh is active but does not signal efficiently at long range
and does not disperse at normal levels (Strigini and Cohen, 1997).
Expression of CD2:Hh in the pfc domain increased levels of Ptc
(Fig. 3Q,S), and rescued the 3-4 intervein region phenotypes of dia
RNAi and SCAR RNAi (Fig. S3E-G). Expression of CD2:Hh
restored the scutellum morphology and the scutellar bristles
(Fig. S3J). We conclude that the A compartment cytonemes that
take up Hh are required for the dispersal of Hh that forms the Hh
concentration gradient in the wing disc. Note that expression of
CD2:Hh increased Ptc above normal levels, presumably a
consequence of positive feedback. The number of Ptc fluorescent
puncta in the P compartment also increased, but we could not
resolve whether these dots are background or a consequence,
perhaps, of an associated increase in the number of cytonemes that
these cells extend.

Cell-cell contacts at the A/IP compartment border

We used the GRASP technique (GFP Reconstitution Across
Synaptic Partners) (Feinberg et al., 2008; Gordon and Scott,
2009) to image contacts that cells make at the A/P compartment
border. We expressed CD4:GFP!'! (transmembrane domain of
mouse lymphocyte protein CD4 fused with a GFP fragment that
includes the 11th strand of the 11-stranded photocenter) in the dpp
domain (dpp-LexA lexO-CD4:GFP'!), and expressed CD4:GFP!-1°
(a fusion with a fragment that includes GFP photocenter strands
1-10) in the P compartment (hh-Gal4 UAS-CD4:GFP'-!19),
Expression of mCherry marked the membranes of either A
(dpp>LexA lexO-mCherryCAAX) or P (hh-Gal4 UAS-CDS:
mCherry) cells, and although the membrane-tethered GFP
fragments are not themselves fluorescent, reconstitution of GFP
generates fluorescence at points of cell-cell contact (Fig. 4).

We detected GFP fluorescence in discs in which A cells at
the compartment border expressed GFP'! and P cells expressed
GFP!"'0 Fluorescence was present in a thin strip along the
apicobasal axis at the apparent juxtaposition of the A and P
compartments, and more broadly at the basal surface (Fig. 4A,B).
Fluorescent cytonemes were detected at the basal surface extending
in both anterior and posterior directions as far as 15-20 um. By
locating the approximate position of the compartment border with
o-Ptc antibody staining (Fig. 4D,E), we estimated that the
fluorescence intensity profile is roughly symmetric to either side
of the compartment border. GRASP fluorescence appeared to mark
the entire length of the cytonemes. In addition to the GRASP-
marked cytonemes, cytonemes were present that were marked by
mCherry, but not GFP, fluorescence (Fig. 4D); their relative
mCherry fluorescence in successive apicobasal optical planes
suggested that they were more basal than the GRASP-marked
cytonemes and, therefore, might not track along the basal cell
surfaces. Points of GFP fluorescence were also observed in
basolateral optical planes (Fig. 4A’-A"); their lack of association
with GRASP-marked extensions might indicate that cytonemes in
the basolateral region do not track in the same manner as the basal
cytonemes, that they have lower fluorescence or greater curvature,
or that they are more sensitive to breakage and to the manipulations
that were used to prepare the discs for imaging. Although we cannot
dismiss the possibility that these points of fluorescence are free
exosomes (Gradilla et al., 2014; Matusek et al., 2014), we favor the
idea that they are puncta associated with unmarked cytonemes.
Fig. 4F shows GRASP fluorescence for Syb:GFP!-!? expressed in P
compartment cells, suggesting that the cytoneme-mediated, Syb-
dependent signaling (Fig. 3H-J,Q) is contact dependent, and that
one of the subcellular destinations of Syb in Hh-expressing cells
may be the synapse from which Hh is released and translocates to
the receiving cell.

Intracellular Hh routes in producing and receiving cells

The discovery of the multi-stage intracellular route that Hh takes
prior to its release from producing cells (Callejo et al., 2011) showed
that newly synthesized Hh first moves to the apical membrane, and
that it is encapsulated in endocytic vesicles that translocate to
basolateral and basal cytonemes. We investigated the intracellular
movement of Hh further by taking advantage of tools that we
developed to characterize fluorescent proteins.

Because Hh protein moves from cells in the P compartment that
produce it, the source of Hh that is detected in steady-state
preparations of discs is uncertain. For example, the panels in
Fig. 5A,B show frontal and sagittal sections of the pouch region
from a wing disc that expressed BAC-encoded Hh:GFP and has a
clone in the P compartment with ~40 cells that lack the transgene.
Hh:GFP is present and distributed in the apicobasal axis of the
normal P compartment cells, but it is not absent from the region of
the clone. Hh levels are significantly reduced and, in contrast to
normal cells, Hh:GFP is strongly biased to the basal side of clone
cells. We suggest that this Hh:GFP was produced by neighboring
cells, and that it is in the region of the clone because of movement
along basal and basolateral cytonemes. The images do not
distinguish whether Hh:GFP in the region of the clones is inside
or outside the mutant cells; we assume that it is outside (and
cytoneme associated).

To better characterize how Hh moves in P cells that make it and A
cells that receive it, we examined the distribution of Hh:GFP
produced during a time-limited pulse. The panels in Fig. 5C show
sagittal and frontal sections of the pouch region of a wing disc that
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dpp>GFP” hh>mCherry, GFp™1°

dpp>GFP'! , a-Dlg dpp>mCherry, GFP'!

hh>GFp'°

app>mCherry, CD4:GFP'!
hh>syb:GFP! 10

Fig. 4. Cytonemes extend direct contacts across the A/P compartment border. (A-A”) Optical sections at basal (A) and more apical elevations of unfixed
disc (A’-A") with the P compartment marked with mCherry (hh-Gal4 UAS-CD8:mCherry), membrane-tethered GFP'" in the dpp domain (dpp-LexA lexO-
CD4:GFP'"), and membrane-tethered GFP'-'° in the P compartment (hh-Gal4 UAS-CD4:GFP'-'%). GRASP marked the juxtaposition of A and P
compartments at basolateral elevations, and broader domain and cellular projections (asterisk) at the basal surface. Arrowheads indicate GRASP
displaced from the border in more apical sections (A,A’,A”). (B) Sagittal image of disc fixed and stained with a-Dlg antibody and with GRASP fluorescence
(dpp-LexA lexO-CD4:GFP'" hh-Gal4 UAS-CD4:GFP'-19) that extends basolaterally and along the basal surface (arrow). (C) GRASP fluorescence of an
unfixed disc with the A compartment marked with mCherry (dpp-LexA lexO-CD4:GFP'" JexO-mCherryCAAX hh-Gal4 UAS-CD4:GFP-19),

(D,E) GRASP fluorescence of fixed discs with the A/P compartment border identified by o-Ptc (blue) staining and marked with dashed lines. Arrowheads in
E indicate cytonemes lacking GRASP fluorescence. (D,D’) Genotype: dpp-LexA lexO-CD4:GFP"" JexO-mCherryCAAX hh-Gal4 UAS-CD4:GFP'-10;
(E,E’) genotype: dpp-LexA lexO-CD4:GFP'" hh-Gal4 UAS-CD4:GFP'-'°© UAS-CD8:mCherry. (F) GRASP fluorescence with membrane-tethered GFP'" in
A compartment cells marked with mCherry and Syb-tethered GFP'-"? in P compartment cells (dpp-LexA lexO-CD4:GFP'! JexO-mCherryCAAX hh-Gal4

UAS-Syb:GFP'-9). Scale bars: 5 umin A, D and E; 10 umin C.

expressed Hh:GFP for 8-16 h. At 8 h, most fluorescence in the P
compartment was apical, and fluorescence was not detected in A
compartment border cells. However, fluorescence in the basolateral
and basal portions of the P cells increased with longer times of
expression, and appeared to be uniform in intensity along the
apicobasal axis at 14-16 h. Fluorescence in the A border cells also
increased, and was significantly greater at and near the basal surface
(Fig. 5D). These distributions are consistent with the Guerrero
group’s model of basal dispersion (Callejo et al., 2011).

To better resolve the apicobasal distribution of Hh in A and P cells,
we imaged Hh:GFP and stained with o-Cad and o-Dlg antibodies to
delineate the apical domain of the columnar disc cells. Cad and Dlg
are components of the adherens and septate junctions, respectively. In
the P compartment, Hh:GFP was present throughout the basolateral
membranes, and was prominent in the apical band that stained for Cad
(Fig. 6A). This apical accumulation of Hh:GFP partially overlapped
with the band of Dlg staining (Fig. 6B). In the A compartment cells at
the border, Hh:GFP fluorescence was basal and basolateral, and was
also detected coincident with the Dlg domain.

To relate these distributions to Ptc and Smo, we also imaged Ptc:
mCherry and Smo:GFP (Fig. 6C,D). Ptc:mCherry colocalized with
Hh:GFP to the anterior side of the A/P border and distributed over
most of the apicobasal axis (Fig. 6B,D). Neither Ptc:mCherry nor
Hh:GFP was detected apical to the Dlg-staining domain. Ptc:
mCherry and Smo:GFP did not appear to colocalize (Fig. 6D).
Levels of Smo were higher in P cells and in A cells adjacent to the
border, and were lower in more anterior cells (Fig. IM-P’ and
Fig. 6D). In both A and P cells, fluorescent Smo puncta were present
in the membranes extending apically to the Dlg domain (Fig. 6D).
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These distributions suggest that Hh movement in A cells involves
direct association with Ptc, and with basal uptake and apical
translocation. The distribution of Smo strongly correlated with the
presence of Hh, and was high in both A and P cells that have Hh, and
low in A cells that lack Hh.

DISCUSSION

Two striking aspects of Hh signaling evident in the images presented
in this paper are the elaborate choreography that directs Hh to its
destination in receiving cells (Fig. 5), and the spatial and quantitative
regulation of Ptc and Smo (Figs 1 and 2). These features make it
essential to use sensitive methods to precisely monitor the
components of Hh signaling at physiological levels in tissues that
are minimally disturbed. The BAC-encoded, fluorescent protein
chimeras of Hh, Ptc and Smo we characterized in unflattened wing
discs address this imperative, and open the analysis of morphogen
distribution to real-time imaging of fully functional morphogens. We
show that Hh dispersion is dependent on cytonemes that extend from
the basal surface of A cells and that move Hh from P cells that express
it to A cells that activate signal transduction. The distinctive
subcellular distributions of Hh, Ptc and Smo suggest that after Hh is
transported to the basal and basolateral membranes of P compartment
cells for release, and after uptake, Hh is transported apically by A
compartment cells for processing and signal transduction.

Direct imaging of functional Hh protein

A variety of direct imaging approaches have been used with
recombinant fluorescent protein-morphogen chimeras. Spatially
localized expression has been achieved by electroporation of
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Basolateral
H

Fig. 5. Hh dispersion in the A and P compartments.
(A-B’) BAC-encoded Hh:GFP and Ptc:mCherry at

frontal (A-A”) and sagittal (B-B’) planes. White dashed lines
surround a clone lacking Hh:GFP BAC; red dashed lines
indicate the A/P compartment border. GFP fluorescence is
reduced in the clone except at the basal surface. (B”) GFP
fluorescence intensity in regions bounded by the yellow
dashed lines in B’ at the indicated planes. (C,D) Frontal
images showing Hh:GFP expressed by the transgene

(hh-Gal4 tub-Gal80's UAS-Hh:GFP) following a shift to
29°C. Red dashed lines indicate the A/P compartment
border. The subcellular localization of Hh:GFP in the P
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c¢DNAs into living embryos (Sanders et al., 2013; Toyoda et al.,
2010), by injection of in vitro-synthesized mRNAs into embryos
(Muller et al., 2012), and from transgenes under heterologous
regulation such as the Gal4-UAS system (Callejo et al., 2011,
Kicheva et al., 2007; Zhou et al., 2012). Protein dispersing from
expressing cells has been detected by fluorescent imaging, but
because expression at an ectopic site can have unforeseen
consequences if the systems that normally process and release the
morphogen are overwhelmed, or if subcellular structures that are
involved are influenced by expression levels, even these direct
measures can be problematic in contexts of overexpression and
abnormal regulation. The critical metric is function.

The BAC-encoded Hh:GFP, Ptc:mCherry and Smo:GFP fully
rescue respective genetic nulls. We could not detect abnormalities in
rescued flies, and therefore dispense with concerns about either
aberrant activity of the protein chimeras or abnormal regulation of
their expression, processing and dispersion. The 173-residue Hh

compartment was mostly apical at 8 h, and more basal later.
The localization of Hh:GFP in A compartment cells was
mostly basal at 12 h and spread more apical later.

(D) Graphical representation of Hh:GFP fluorescence at the
indicated planes.

— — —
Fluorescence

N

w
oy —

moiety of chimeric protein comprises only 35% of Hh:GFP, yet its
dispersion and capacity to bind receptor and activate signal
transduction are not significantly impaired, and its activity is not
significantly reduced. It is also impressive that confocal microscopy
is now sufficiently sensitive to detect fusion proteins expressed at
normal physiological levels.

Cytonemes take up and transport Hh protein in the wing disc

We found that cells at the wing disc A/P border extend basal
cytonemes that take up Hh from P cells, and transport Hh together
with Ptc in motile puncta. Previous work from our laboratory
described apical cytonemes that extend toward the A/P border from
both A and P compartment cells (Ramirez-Weber and Kornberg,
1999). These cytonemes have motile, Dpp receptor-containing
puncta and depend on Dpp expression (Hsiung et al., 2005; Roy
et al., 2011). Basal cytonemes that also orient perpendicular to the
A/P axis, but differ from the apical cytonemes in composition and
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Ptc:Cherry

Ptc:Cherry

shape, were also described, but their function was not known.
The Guerrero group has, more recently, shown that basal cytonemes
traffic Hh (Bilioni et al., 2013; Bischoff et al., 2013; Callejo et al.,
2011), giving further support to the idea that cells make multiple
types of cytonemes that are tailored to specific signaling pathways
(Roy et al., 2011).

The Guerrero group reported that basal cytonemes emanating
from both A and P cells can be visualized with various membrane
and cytoskeletal markers under conditions of Thog overexpression
(Bilioni et al., 2013; Bischoff et al., 2013; Callejo et al., 2011), and
showed that several Hh pathway components mark cytonemes as
well. Our observations with BAC-encoded Hh:GFP and Ptc:
mCherry also suggest cytoneme-mediated trafficking that involves
direct transfer of Hh to A compartment cytonemes. Colocalization
of Hh and Ptc in the cytonemes suggests that Hh may bind directly
to Ptc prior to arrival at the cell body of the A cell. The model of
signal protein transfer that we favor is that uptake occurs at contacts
that cytonemes make with target producing cells, and that signal
transduction is temporally and physically separate from signal
reception. Previous studies of Dpp signaling identified similar
behaviors (Roy et al., 2014).

Cytonemes are required for the wing disc Hh gradient

We obtained evidence of an essential role for cytonemes in cells that
lack either Dia, SCAR or Nrg function: mutant cells lacked basal
cytonemes that normally extend posteriorly into the P compartment,
and their Hh content was severely reduced, as was their level of Hh
signaling. We also observed that A compartment cytonemes and Hh
signaling are reduced in discs with P compartment cells deficient for
the SNARE Syb. These phenotypes implicate A compartment
cytonemes in Hh signaling and gradient formation, but they do not
negate a role for P compartment cytonemes that deliver Hh to target
A compartment cells. The Hh gradient is reduced after
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Fig. 6. Apicobasal distributions of Hh, Ptc and Smo in wing
discs. (A-D) Sagittal images of BAC-encoded Hh:GFP, Ptc:
mCherry and Smo:GFP. Dashed lines indicate the A/P
compartment border. (A,B) Wing discs expressing Hh:GFP
stained with a-Dlg (blue, B) and a-Cad (red, A,B). P
compartment Hh:GFP was detected throughout basolateral
membranes and overlapped with Cad- and DIg-staining bands.
A compartment Hh:GFP was membrane associated and
extended to the Cad domain. (C) Ptc:mCherry puncta
distributed along the apicobasal axis and colocalizing with Hh:
GFP in the A compartment. (D) Ptc:mCherry was detected
apically to the Dlg-staining domain (purple) and did not
colocalize with Smo:GFP.
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downregulation of SCAR, Pico, Flotillin 2 and the Capping
proteins (Bischoff et al., 2013) in P compartment cells, indicating
that cytonemes that extend anteriorly from the P compartment are also
required. We do not have data to reconcile these findings, but we
observed that under the conditions of Dia and SCAR depletion, some
Hh was present in A compartment cells and these cells had a low level
of'signaling. It could be that the residual spread of Hh and the residual
signaling is contributed by P compartment, cytoneme-mediated
trafficking. This model posits that Hh transport and signaling are
mediated both by cytonemes that extend from producing and from
receiving cells. In addition, although cytonemes that take up signaling
proteins have been observed to make direct contact with the cell
bodies of target cells (Roy et al., 2014), the known properties of
cytonemes are also compatible with cytoneme to cytoneme contacts.
Further characterization of signaling protein movement should
resolve the mechanisms involved.

The circuitous path from production to signal transduction

Histochemical analysis of a protein in fixed tissues can be used to
provide precise information about steady-state distributions, but
inferring kinetics is problematic without knowing the relative half-
life or residence times for the protein in each location, or without
knowing which stages might be rate limiting. For the Hh pathway in
the wing disc, one of the key issues is to understand how Hh moves
from P compartment cells in which it is made to the A compartment
cells that it regulates. Antibody staining of normal L3 discs has
revealed significant apical accumulation of Hh in both A and P
compartment cells, and it was proposed that apical Hh release,
spreading and uptake account for these distributions (Ayers et al.,
2010). This model assumes that the route Hh takes between the
apical domain of P cells to the apical domain of A cells is direct.
However, the Guerrero group’s discovery of a complex, circuitous
path in P cells that involves endocytosis from the apical membrane,
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encapsulation in vesicles, and basal translocation (Callejo et al.,
2011) raises that possibility that Hh in the apical domain of A cells
has also taken an indirect path, one that involves translocation after
basal uptake (Kornberg, 2014). The analysis we report here supports
this model of an indirect path in both A and P cells.

By following the evolving distribution of Hh:GFP expressed in a
time-limited pulse, we found that Hh is initially apical in P
compartment cells prior to its accumulation in the basal domain. This
behavior is consistent with the Guerrero group’s observations (Callejo
et al., 2011). We also found that Hh:GFP taken up by A compartment
cell cytonemes travels together with Ptc in vesicles that appear first in
the basal domain, and that subsequent accumulations are more apical
(Fig. 6). This choreography has hallmarks of sonic hedgehog (Shh)
signaling in the vertebrate neural tube, where Shh is produced basal to
the neural tube but signal transduction is localized to apical primary
cilia (Chamberlain et al., 2008). We speculate that Drosophila Hh may
also be targeted to specific apical locations for signal processing in
A compartment cells, and it will be important to further characterize
the intracellular localization of Hh relative to the other components
of signal transduction to resolve the details of this process.

MATERIALS AND METHODS

BAC constructs and transgenesis

For Hh:GFP BAC, the 101.2 kb genomic insert in P[acman] clone CH321-
61HO5 (Venken et al., 2009) was reduced to 39.5 kb (chromosome 3R
nucleotides 18950000 to 18989500) by recombineering (Venken et al.,
2009), and sfGFP cDNA (Pedelacq et al., 2006) was inserted after the H254
codon. For Ptc:mCherry BAC, CH321-80E09 was recombineered to remove
the ptc stop codon, and linker GGAGTG and mCherry cDNA were inserted.
For Smo:GFP BAC, sfGFP ¢cDNA was inserted after Ser33 in CH322-
98K24. For Syb GRASP, GFP!-1? was fused in frame to the 3’ end of the Syb
c¢DNA coding sequence and the chimera was inserted into pUAST.

Drosophila stocks

hh-Gal4, hh-nlsDsRed and ptc-Gal4 enhancer trap lines express in wing discs in
patterns that mimic 44 and ptc, respectively (Akimoto et al., 2005; Ramirez-
Weber et al., 2000; Tanimoto et al., 2000). Stocks were obtained from
Bloomington Drosophila Stock Center (BDSC): UAS-disp RNAi (#27247),
UAS-dia RNAI (#28541), tub-Gal80® (#7018), UAS-CD8:GFP (#5137), yw,
ubi-RFP.nls FRT40A/CyO (#34500) and UAS-Nrg RNAI (#37496). UAS-CDS:
mCherry (described in Roy et al., 2011); UAS-Hh:CD2 (described in Strigini and
Cohen, 1997); and UAS-CD4:1FP2.0-T2A-HO1 (described in Yu et al., 2014).
Stocks were also obtained from Vienna Drosophila Research Center (VDRC)
Stock Center: UAS-SCAR RNAIi (#21908) and UAS-Syb RNAi (102922KK).
dpp-LexA lexO-CD4:GFP!! and UAS-CD4:GFP'"1° were provided by K. Scott
(University of California, Berkeley, USA), and /exO-mCherryCAAX was
provided by K. Basler (University of Ziirich, Switzerland). All crosses were
incubated at 25°C except for experiments with pulsed expression of UAS-Ah:
GFP or Gal80"-regulated expression of RNAi (4 h embryo collection at 25°C,
8 days at 18°C, and 36 h at 29°C for analysis of discs; for analysis of adults,
incubation was at 25°C following the term at 29°C).

Immunochemistry

Wing discs were processed as described (Rao et al., 2015). Primary
antibodies used were o-Ptc (1:200, Apal, Developmental Studies
Hybridoma Bank, DSHB), o-cleaved Caspase 3 (1:200, 9661, Cell
Signaling Technology), o-DE-Cadherin (1:200, DECAD2, DSHB),
a-Discs large (1:50, 4F3, DSHB) and o-Engrailed (1:100, 4D9, DSHB).
Secondary antibodies (Invitrogen) used were goat o-mouse antibody (1:400,
Alexa Fluor 555, 647), goat a-rabbit (1:400, Alexa Fluor 488) and donkey
o-rat (1:400, Alexa Fluor 488).

Drosophila wing disc culture and imaging
Third instar wing discs were dissected in WM1 medium (Zartman et al.,
2013) and placed in a chamber formed by double-sided 3M tape mounted on

a glass slide and sealed with a coverslip. Live imaging was performed with a
Nikon spinning-disc confocal microscope. Imaging of fixed samples was
performed with a point laser confocal microscope (Leica SPE). GRASP
analysis was conducted as described in Roy et al. (2014).

Cytoneme characterizations in mutant discs

To analyze Hh:GFP and Ptc gradients, projection images spanning the
apicobasal axis were processed with Image J (maximal intensity). A P
compartment area (100x40 um area 10 um from the A/P compartment
border, marked by a-Ptc or mCherry expression) was quantified (Image J
Plot Profile). Values were averages from eight discs.

Generation of clones lacking BAC-encoded Hh:GFP and time-
limited pulsed expression of Hh:GFP

Mitotic clones not expressing BAC-encoded Hh:GFP were generated at L1
(hsFLP; hh:GFP FRT40A/ubi-RFP.nls FRT40A) by heat shock (37°C,
30 min). Expression of Hh:GFP was with hh-Gal4 ub-Gal80" UAS-hh:GFP
from a 2 h embryo collection incubated for 11 days at 18°C and for 24 h
at 29°C.
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Figure S1. Distributions of Hh:GFP and Ptc:mCherry

Hh:GFP and Ptc:mCherry fluorescence in preparations of a late stage embryo (A),
germarium (B), L3 leg disc (C), L3 eye-antennal disc (D-F’). (F-F”’) Successively later
stages of early L3 eye disc showing increase in number of ommatidial clusters. Scale

bars: (A) 100 um; (B) 10 um
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Figure S2

control dia-RNAi nrgRNAi control Scar-RNAi

Ptc—
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Figure S2. Neither cell death nor apicobasal polarity affected by expression of
diaRNAI, ScarRNAi and nrgRNAi

(A,C.E,G,]) Frontal images of the pouch region of late L.3 wing discs with dying cells
marked with a-cleaved Caspase 3 staining (green); ptc domain (red); posterior
compartment marked with a-Engrailed (blue). (B,D,F,H-J’) Sagittal images of the pouch
region of late L3 discs marked with a-Cad2 (green); a-Discs large (blue in B,D,F; red in
H.J); ptc domain (red in B,D,F); posterior compartment marked with a-Engrailed (blue in
H.J). Genotypes: (A-D) ptc-Gal4 tub-Gal80" UAS-CD8:mCherry UAS-diaRNAi; (E,F)
ptc-Gald tub-Gal80® UAS-CDS8:GFP UAS-nrgRNAI; (G-J) ptc-Gald tub-Gal80“UAS-
ScarRNAI. (A,B,G,H) incubated at 18°C; (C-F,I,J) incubated at 18°C for approximately
eight days followed by incubation at 29°C for 24-36 hrs prior to dissection. Dotted lines

mark the A/P boundary. Scale bars: 20 wm.
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Figure S3
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Figure S3. Wing blade and scutellum morphology of dia- and Scar-depleted flies
(A-F) Images of wings show that depletion of Dia and Scar in the pfc domain reduces Hh
signaling. The intervein region between veins 3 and 4 (marked by double sided arrows)
was reduced and the anterior cross vein (ACV) was absent in wings depleted for Dia (ptc-
Gald UAS-Gal80" UAS-diaRNAi (B) or Scar (ptc-Gald UAS-Gal80" UAS-ScarRNAi (C)
compared to control (A). The density of hairs in Dia-depleted wings was less that control
(see high magnification insets of region boxed by dashed white line). Expression of
CD2:Hh did not affect control wings (D) (ptc-Gald UAS-Gal80® UAS-Hh:CD?2), but
restored the 3-4 intervein region to normal size in Dia- and Scar-depleted wings (ptc-
Gald UAS-Gal80" UAS-diaRNAi UAS-Hh:CD2 (E); ptc-Gald UAS-Gal80" UAS-
ScarRNAi UAS-Hh:CD2 (F). Hair density in dia-depleted wings was also restored (E).

(G) Bar graph showing normalized size of 3-4 intervein region in control and mutant
wings. n=11 for all genotypes except n=10 for (D). The symbol (***) denotes P<0.001,

two-tailed t-test; Bar value shown as mean + s.d. (H-I) Depletion of Scar reduces the
scutellum (I), but expression of Hh:CD?2 (J) restores both scutellum morphology and the
four scutellar macrochaetes (*) to normal (H). Genotypes are as in (A, C, F). Incubation
was at 18°C for 8 days after egg laying, 29°C for 36 hrs, and 25°C until eclosion. Scale
bars: (A) 200 um; (H) 100 um.
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Movie 1. Cytoneme extension and retraction

Cytonemes from A compartment cells marked with membrane-tethered Cherry (ptc-Gal4
UAS-CDS8:Cherry) orient towards the P compartment in the hinge region of this late 3™
instar wing disc. Their dynamic extension and retraction is recorded in this movie, which

was taken at 12 second intervals in a 10 min period and is shown at 10 frames/second.
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Movie 2. Ptc moves along cytonemes

BAC-encoded Ptc:mCherry marks motile puncta that travel in anterograde and
retrograde directions along cytonemes that extend from A compartment cells marked
with CD8:GFP (ptc-Gal4 UAS-CD8:GFP). The video was taken at the hinge region of a
late 3" instar wing disc; images were acquired every 15 seconds during an 8 min period

and are shown at 10 frames/second.

C
o
)

©

£
fe
qC_)
£
>
|4
©
)

C

(0]

£
Q

Q

Q

>
(7p]

L]
e

[

Q

£

Q
o

(]

>

(0]
o


http://movie.biologists.com/video/10.1242/dev.149856/video-2
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Movie 3. Hh and Ptc colocalize in cytoneme-associated motile puncta

Puncta containing BAC-encoded Hh:GFP and BAC-encoded Ptc-mCherry move in
cytonemes marked with CD4:1FP2.0-HO1 (ptc-Gal4 UAS-CD4:1FP2.0-HO1; blue) that
extend from A compartment cells in the hinge region of a late 3 instar wing disc.
Movement is in a net retrograde direction towards the A compartment. Pictures were

taken every 4 seconds during a 6.5 min period and are shown at 10 frames/second.
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http://movie.biologists.com/video/10.1242/dev.149856/video-3

