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SUMMARY

Morphogens are secreted molecules that regulate and coordinate major developmental processes, such as
cell differentiation and tissue morphogenesis. Depending on the mechanisms of secretion and the nature of
their carriers, morphogens act at short and long range. We investigated the paradigmatic long-range activity
of Hedgehog (Hh), a well-known morphogen, and its contribution to the growth and patterning of the
Drosophila wing imaginal disc. Extracellular vesicles (EVs) contribute to Hh long-range activity; however,
the nature, the site, and the mechanisms underlying the biogenesis of these vesicular carriers remain un-
known. Here, through the analysis of mutants and a series of Drosophila RNAi-depleted wing imaginal discs
using fluorescence and live-imaging electron microscopy, including tomography and 3D reconstruction, we
demonstrate that microvilli of the wing imaginal disc epithelium are the site of generation of small EVs that
transport Hh across the tissue. Further, we show that the Prominin-like (PromL) protein is critical for microvilli
integrity. Together with actin cytoskeleton and membrane phospholipids, PromL maintains microvilli archi-
tecture that is essential to promote its secretory function. Importantly, the distribution of Hh to microvilli and
its release via these EVs contribute to the proper morphogenesis of the wing imaginal disc. Our results
demonstrate that microvilli-derived EVs are carriers for Hh long-range signaling in vivo. By establishing
that members of the Prominin protein family are key determinants of microvilli formation and integrity, our
findings support the view that microvilli-derived EVs conveying Hh may provide a means for exchanging
signaling cues of high significance in tissue development and cancer.

INTRODUCTION

Hedgehog (Hh) is a well-known morphogen acting at short and at
long range to control tissue patterning as well as cell growth and
differentiation during embryonic development.’ The effects of Hh
are well exemplified in the Drosophila wing imaginal discs that
give rise to the adult wings. The wing imaginal disc is subdivided
into anterior (A) and posterior (P) compartments, with different
molecular and cellular identities. Hh is exclusively produced in
P cells and signals across the A/P compartment boundary to
induce the expression of short- (i.e., engrailed [En] and Patched
[Ptc]) and long-range (i.e., decapentaplegic [dpp]) target genes in
A recipient cells.

The secretion of Hh involves dual lipid modifications, consist-
ing in the addition of a cholesterol moiety at the C terminus and
a palmitic acid at the N terminus of the mature protein.”® These
lipid modifications that firmly anchor Hh to the membrane lipid
bilayer are nevertheless essential for the morphogenetic
signaling activity of Hh. Given this lipid anchorage, several

studies have addressed the question as to how Hh is released
from producing cells to elicit its long-range activity at a dis-
tance up to 50 um in A recipient cells. These last few years,
different modes of carrier-mediated Hh long-range signaling
have been proposed,’ including extracellular vesicles (EVs),
that arise either from the fusion of multivesicular body (MVB)
with the plasma membrane (exosomes) or from budding of
the plasma membrane (ectosomes or microvesicles)."* Evi-
dences have been provided to suggest that both types of
EVs, whose nature is tightly dependent on the site of Hh secre-
tion (basolateral secretion for the former® and apical secretion
for the other®’) could mediate Hh long-range activity in
Drosophila epithelia.®'® They could act either via their release
into the extracellular space, mostly from the apical surface of
the cells, or via their transport along cytonemes (thin filopo-
dia-like protrusions)'’ that transiently form at the basal plane
of the wing disc epithelium.>®'%"® Whether the long-range
signaling of Hh depends on its apical or basolateral secretion
or on both remains a matter of debate.>"*"*
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Figure 1. Hh long-range activity relies on microvilli integrity

(A) Schematic of the larval wing imaginal disc epithelium and a transverse section. The disc is oriented anterior (A) to the left, posterior (P) to the right. The wing
imaginal disc consists of two layers of cells with apical surfaces facing each other: the columnar epithelium (CE) of the wing disc pouch overlayered by the
squamous epithelium (SE), separated by the extracellular space (lumen). Microvilli cover the apical surface of the wing imaginal disc.

(legend continued on next page)
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The apical membrane of epithelial cells is enriched in choles-
terol, glycosphingolipids, and PiP2'°""® and characterized by
the presence of microvilli that have been shown to give rise to
EVs.'®?° Among the molecular components associated to EVs,
members of the Pentaspan Prominin protein family are of partic-
ular interest. In mammals, the direct binding of prominin-1 to
membrane cholesterol determines its specific retention to micro-
villi,?'?? and the cholesterol content regulates the microvilli
morphology as well as the budding and fission of prominin-1-
containing EVs.?® However, our understanding of the mecha-
nisms of microvilli-EV biogenesis and its potential contribution
to intercellular communication during development is presently
unclear.

To examine the relationship between microvilli, EV biogenesis,
and their potential significance, we investigated the origin of EVs,
the molecular mechanisms underlying their biogenesis, and their
function in Hh long-range signaling during development by using
the epithelium of the Drosophila wing imaginal disc as an exper-
imental model. By loss- and gain-of-function experiments, we
showed that PromL protein is crucial for both the maintenance
of microvilli architecture and the generation of EVs in epithelial
cells of the wing imaginal disc. Not unlike PromL, Hh is ad-
dressed to microvilli and secreted associated to EVs, as shown
by fluorescence, live imaging, electron microscopy, and tomog-
raphy. Finally, the loss of PromL and other proteins interacting
with the actin cytoskeleton and phospholipids of the plasma
membrane impaired the distribution of Hh to microvilli and EV
secretion, compromising therefore Hh long-range signaling in
the A recipient cells. Based on these findings, we propose that
microvilli-derived EVs contribute to Hedgehog long-range
signaling activity, highlighting their physiological importance in
tissue development in vivo.

RESULTS

PromL distributes to microvilli of the wing imaginal disc
epithelium

We tested whether the sorting of Hh to microvilli and their ability
to generate EVs could be prerequisites for the deployment of Hh
long-range signaling in the Drosophila wing imaginal disc (Fig-
ure 1A). To investigate the formation of microvilli-derived EVs,
we monitored the PromL protein that has been reported, upon
overexpression, to distribute to apical protrusions of Drosophila

¢ CellP’ress

wing imaginal discs.”® To validate the newly generated anti-
bodies raised against the PromL protein (this study; STAR
Methods; Figure S1A), we analyzed the subcellular distribution
of the corresponding immunoreactivity in the dorsal (D) wing
disc compartment expressing GFP-tagged PromL>* driven by
the apterous-Gal4 driver (ap>PromL-GFP) and compared it to
the ventral (V) wild-type (WT) compartment within the same
discs.

Endogenous PromL immunolabeling massively colocalized
with PromL-GFP and distributed at the uppermost apical surface
of the cells above E-cadherin (E-cad) (a subapical marker; Fig-
ure S1B). In contrast, PromL was not detected at the basolateral
side where PromL-GFP was previously observed.?® It did not
overlap with GFP-tagged Viking (GFP-VKg) (a collagen IV type
molecule that labels the basement membrane),24 but instead, it
colocalized with Cad99c, a specific marker of microvilli of wing
imaginal disc and ovarian follicle epithelial cells (this study; Fig-
ures S1B-S1D).?>° The strong Cad99¢ expression in the dorsal
compartment might result from an effect of overexpressed
PromL-GFP on the distribution and/or stability of Cad99c. In
addition, a substantial reduction of PromL immunolabeling was
detected in the conditional promL2xsgRNA (this study; STAR
Methods) or in promL? 7 mutant wing discs,?” further
evidencing the specificity of the PromL antibodies (Figures
S1E-S1J). Overall, these results show that PromL is associated
with the apical compartment of epithelial wing disc cells, consis-
tent with an association and distribution to microvilli, and
excluded from the basal plane of the wing disc epithelium.

PromL is required for the maintenance of microvilli
architecture and integrity

Next, we functionally tested the impact of PromL protein on
microvilli architecture and integrity through knockdown using
RNA interference (RNAI) driven by ap > or hedgehog-Gal4 (hh
>) to target D or P cells, respectively, and in the two promL mu-
tants. We found that, in all these genetic backgrounds, PromL
signal was specifically abrogated (Figures 1B, S1E, S1G, S1l,
S1J, S2A, and S2D; compare to WT compartment in Figures
1B, S1G, S2A, and S2D). However, cell polarity (as revealed by
aPKC, E-cad, and DIg staining—apical, subapical, and basolat-
eral markers, respectively) was not perturbed and apoptosis
levels were not increased (as revealed by caspase Il staining),
indicating an absence of tissue stress in such conditions (Figures

(B and E-J) Single confocal sections of discs of the indicated genotypes stained for PromL (red; white), aPKC (green), E-cad (blue), Hh (green), En (blue; white), Ptc
(red; white), and B-gal (reflecting the expression of the reporter gene dpp-lacZ; green; white).

(B) Transverse confocal sections of wing discs depleted for PromL in the dorsal (D) compartment. Yellow arrows mark the substantial decrease of PromL signal in
the D compartment as compared to the V control compartment within the same disc. Yellow broken line delineates the apical surface. Brightness and contrast
have been increased for a better visualization of the overall PromL signal (lowest panel).

(C) TEM of hh > PromL RNA°"957GP wing disc showing the absence of microvilli in PromL-depleted P compartment (arrows). Asterisks point to adherent junctions.
(D) Graph showing the length of microvilli for the indicated genotypes (Figure S4A; STAR Methods). Mean + SEM analyzed by unpaired t test is shown; ***p <
0.0001.

(E-H) Transverse confocal sections of WT, promL4%", hh > promL2xsgRNA, and hh > PromL RNA®"%°7%P wing discs, respectively. Yellow arrows (E), WT A
compartment (G), and arrowheads (F) are shown; PromL-depleted P compartment in (G) and (H) mark the apical and subapical subcellular distribution of Hh,
respectively.

(I and J) Confocal XY single sections showing Hh target gene expression in hh > PromL RNAP"%57CP (1) and in WT (J) discs. Red dots in the insets depict the
number of cells expressing En, Ptc, and dpp-lacZ for the shown discs but representative of all examined discs (WT, n = 8; PromL RNAi®"%7CP 1 = 6; Table 1).
(K-M) Quantification of En, Ptc, and dpp-lacZ intensity plotted as a function of distance from A/P boundary representative for all examined discs (WT, n = 8; PromL
RNAP™9576P 1 = 6). Note the decrease of dpp-LacZ intensity in PromL-depleted discs. Broken lines delimit V/D and A/P compartments.

Scale bars, 1 um (C); 10 um (E-H); 20 um (B, |, and J). See also Figures S1-54.
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Table 1. En, Ptc, and ddp-lacZ expression in different genotypes

Mean number of cells expressing genes

Genotype En Ptc dpp-lacz
WT (n = 12) 2 (+0.42) 3.7 (+0.4) 7.6 (+0.5)
hh > PromL RNAjP957GP 22 3.8 (x0.3° 2.6 (+0.5)°
hh > PromL RNA;"9%672KK 2 (+0.4)* 3.7 (£0.4° 3 (x0.3)°
dispSe37707 n.d. n.d. 2.5 (+0.5)°
hh > ATP8B RNAi"264KK 1 92 (+0.29) 3.7 (+0.4)* 4 (+0.3)°
hh > Qua RNAIGD®"%57CP 1,92 (+0.3)° 42 3.8 (x0.3)°
hh > Qua RNAi"%%%6KK 1 91 (x0.3)° 3.8 (x0.3) 4 (x0.3)°
hh > Fim RNA;*#7°14GD 1.9 (0.3 3.9 (0.4 4 (x0.3°
hh > Fim RNA;*#7°116P 1.97 (+0.3)* 3.8 (+0.4) 4.2 (£0.4)°
hh > Fim RNA[#6028GD 2.2(x0.5° 3.9 (x0.3% 4.1 (x0.4)°
hh > Fim RNA; 4602960 1.97 (+0.3)* 3.7 (0.4 4.1 (x0.4)°
promL 437 22 3.98 (+0.06)" 3.6 (+0.6)°
hh > UASPromL GFP n.d. 3.9 (x0.2°  10.3 (+0.4)°

The number of cells expressing En, Ptc, and dpp-lacZ was assessed in
the rectangles in Figures 11, 1J, 2K, 3G, 3H, 4H, S2F, S2G, and S3A-
S3D in at least 8 different discs for each genotype. Mean + SEM analyzed
by unpaired t test. n.d., not determined; n.s., not significant.

%p < 0.0001

Pn.s.

1B, S2B, and S2C). Quantitative analysis revealed that the RNAI
against PromL protein reduced the PromL signal similarly to that
measured in the promL mutant discs (50%-60%), validating the
use of this genetic tool (Figure S1J). In contrast, WT discs or WT
compartments displayed a dot-like pattern of PromL, presum-
ably resulting from cross-sections of the apical protrusions, re-
flecting a correct organization of microvilli (Figures 1A, 1B,
S1F, S1G, S1K, and S2D). We concluded that the absence or
knockdown of PromL compromises the proper organization of
the apical membrane.

A closer inspection of the ultrastructure of the wing imaginal
disc epithelium by transmission electron microscopy (TEM)
showed that P cells of hh > PromL RNAi wing discs displayed
abnormal microvilli or severely atrophic protrusions with a
length 98% shorter than that of microvilli from WT discs (Fig-
ures 1C, 1D, S4A, S4C, and S4D). In contrast, in A WT cells,
microvilli length, density, and morphology were similar to that
of the WT discs (Figures 1C, 1D, and S4B). These findings point
to the requirement of PromL for the maintenance and integrity
of the proper microvilli architecture in the wing disc epithelium,
consistent with the recent observation that the homologous
prominin-1 modulates microvilli architecture in mammalian
cells.?® Furthermore, our results establish that members of
the Prominin protein family are key determinants of microvilli
formation and integrity, putting forward the existence of a
conserved function of the Prominin protein family through
evolution.

PromL depletion impairs Hh distribution to microvilli and
its long-range activity

Having established that PromL localizes to and is required for the
maintenance and integrity of microvilli, we explored its relation-
ship with the distribution of Hh as well as its impact on the

4 Current Biology 32, 1-13, January 24, 2022
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signaling properties of the morphogen. We first examined the
subcellular distribution of Hh in WT, promL43-" mutant, as well
as in the P (hh >) PromL depleted compartment of wing imaginal
discs by using both the conditional promL2xsgRNA mutant and
the induced PromL RNAI. We found that, in WT discs and in AWT
compartment, Hh distributed at the uppermost apical surface
above E-cad (Figures 1E and 1G). Such distribution was not
observed in promL“3" mutant discs (Figure 1F) or in PromL-
depleted compartment (Figures 1G, 1H, S2B, and S2D), in which
microvilli were absent or misshapen (Figures 1C and 1D), sug-
gesting therefore that these structures support the apical
distribution of Hh. Consistently, in PromL-depleted cells, Hh
was detected at the level of DIg and below E-cad (Figures 1F-
1H and S2B). A subsequent quantitative analysis of the signal
distribution revealed a substantial reduction of Hh staining at
microvilli in P cells (Figures S2D and S2E; STAR Methods),
further supporting that the apical distribution of Hh relies on
the presence of intact microvilli.

To examine the consequences of the subcellular redistribu-
tion of Hh in PromL-depleted cells on Hh signaling properties,
we monitored the expression of long- and short-range Hh
target genes simultaneously in promL4%? and hh > PromL
RNAI wing imaginal discs. The dpp-lacZ reporter expression re-
flects the apical secretion and the long-range Hh signaling,
whereas En and Ptc expression is attributed to Hh short-range
activity mediated by its basolateral secretion.®” We found that,
in both promL“3" and in PromL knockdown discs, the short-
range target genes, En and Ptc, remained unaltered (Figures
11-1L, S2F, S2G, S2I, and S2J; Table 1). In contrast, Hh long-
range signaling was impaired, as evidenced by a severe
decrease of dpp expression ranging from 60% to 65% (Figures
11, 1M, S2F-S2H, and S2K; Table 1). This is associated with a
60%-65% reduction of the wing pouch size (Figure S2L),
further confirming that decreasing apical Hh secretion is suffi-
cient to affect the growth of the wing disc. This growth defect
is partially compensated later during development: the adult
wing size is decreased by only 15%, and it is unrelated to
vein pattern defects (Figures S3F and S3G). These results
consistently establish that PromL, and hence intact microuvilli,
are not only required for the apical distribution of Hh but also
critically involved in Hh long-range signaling in the wing disc
epithelium.

Dispatched mutants exhibit both altered microvilli and
impaired Hh long-range signaling

To substantiate the requirement of microvilli integrity for Hh
long-range signaling, we chose to analyze the effect of Dis-
patched (Disp) protein on the microvillar localization of Hh as
well as on microvilli integrity. Disp is a sterol-sensing domain
(SSD)-containing protein involved in cholesterol homeostasis®’
and a positive regulator of Hh secretion and trafficking.>"*° We
reasoned that, in disp mutant discs in which Hh is retained in
producing cells and dpp expression is severely restricted (Fig-
ure 2A; Table 1; compare to Figure 1J), the distribution of Hh to
microvilli might also be impaired. The analysis of Hh distribution
confirmed that, in disp mutant discs, Hh evenly distributed
along the apico-basal axis at the level of E-cad,” but not to
microvilli (Figures 2B and 2C), at odds with WT discs, in which
Hh distributed to microvilli and colocalized with PromL (50% of
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the uppermost apical Hh signal; Figures 2D and 2E). Accord-
ingly, long-range Hh signaling is impaired in disp mutants (Fig-
ure 2A). We also noticed that PromL signal was more punctate
and irregularly spiky in disp mutant wing discs (Figure 2C), as
compared to WT discs (Figures 2D and S1K). In agreement
with previous reports,’>®" these observations point to a redis-
tribution of PromL over non-protruding areas of the plasma
membrane that could be likely correlated to a shortening of
microvilli.

Additional ultrastructural analysis of disp mutant discs indeed
showed that microvilli were shorter and less numerous in this ge-
netic background (66% of that of the WT; Figure 2G), with an

8

W
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o
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Figure 2. The absence of Disp and dATP8B
activity perturbs microvilli integrity and im-
pairs Hh long-range signaling

(A-D, 1, and J) Single confocal sections of discs of
the indicated genotypes stained for Hh (green;
white), B-gal (red; green; white), E-cad (blue),
PromL (red; white), En (blue; white), and Ptc (red;
white).

J (A) Hh is retained in P compartment, and dpp-lacZ
expression is reduced to 4 cells (red dots in the
inset; Table 1; compare to WT discs in Figure 1J).
(B and C) In disp mutant discs, Hh distributes
along the apico-basal axis at the level of E-cad
(white arrow) and below PromL (yellow arrow).
(C) Red arrow points to PromL staining, reflecting
changes in microvillus length. The sharpness has
been increased for a better visualization of the
overall PromL staining.

(D) In WT discs, Hh colocalizes with PromL
(asterisk, lowest panel and STAR Methods).
PromL signal is typical of an intact organization of
microvilli (yellow arrow).

(E) Quantification of the intensity colocalized Hh
and total Hh (STAR Methods). Mean + SEM
analyzed by unpaired t test (***p < 0.0001) is
shown; n.s., not significant (n = 18; 6 discs/geno-
type).

(F-H) TEM of disp mutant, WT, and hh>ATP8BR-
NAi wing discs. In disp mutant (F) and in the P
compartment of hh>ATP8BRNAI disc (H), micro-
villi are shorter (black arrows) than in control disc
(G) and A compartment in (H) (yellow arrows).
Asterisks depict adherent junctions.

(I) Graph reporting microvilli length. Mean + SEM
analyzed by unpaired t test (***p < 0.0001) is
shown.

(J) In ATP8B depleted disc, Hh distributed sub-
apically (arrow) and Hh/PromL colocalization is
reduced as compared to WT (D).

(K) Confocal sections showing Hh target gene
expression in hh>ATP8BRNAI disc. Red dots in
the insets indicate the cells expressing En, Ptc,

dpp-lacZ and dpp-lacZ for the shown discs but represen-
_ATP8B RNAi 102646xK tative of all examined discs (n = 5; Table 1).
—wt , (L) Quantification of dpp-lacZ intensity plotted as a

function of distance from A/P boundary repre-
sentative for all examined discs.

Scale bar, 20 um (A-D, J, and K); 1 um (F-H). White
dashed line delimits A/P compartments. See also
Figures S1-S4.

o
o

25 5
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average of 2.9 + 1.16 microvilli per cell (Figures 2F, 2G, 2I, and
S4B). Together, these experiments reinforce the idea that a
proper organization of apical membrane and the maintenance
of microvilli architecture is critical for Hh-long-range signaling.
They also suggest that, in addition to its role on Hh secretion
and trafficking,>”*° Disp modulates microvilli architecture,
possibly by controlling the distribution of cholesterol in the
plasma membrane leaflets,'? facilitating thereby the selective
localization of PromL to microvilli through cholesterol binding.
Consistent with this hypothesis, extraction of plasma membrane
cholesterol results in the loss of the specific distribution of prom-
inin-1 to microvilli."®
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Integrity of plasma membrane phospholipids and of
actin cytoskeleton is required for maintaining microvilli
integrity and Hh long-range signaling

The maintenance of the structure of the apical plasma mem-
brane relies on the asymmetrical distribution of specific phos-
pholipids between the outer and inner leaflets of the plasma
membrane.*® This is controlled by members of the P4-type
ATPases, known as phospholipid flippases, which include
four members (ATP8B1-4) in human and only one in Drosophila
(dATP8B).>® In mammals, depletion of ATP8B1 perturbs the
organization of the apical membrane, stereocilia, and microvilli
integrity.>**° It is thus expected that abrogation of dATP8B
activity could perturb microvilli organization and hinder Hh
long-range signaling also in the wing imaginal disc. Indeed,
the qualitative and quantitative TEM analysis revealed that
dATP8B depletion in P cells (hh > ATPB8 RNAI) resulted in an
alteration of microvillinumber, length, and morphology (Figures
2H, 2I, and S4B and compare to A control compartment in Fig-
ure 2H) and perturbed the characteristic dot-like staining
pattern of PromL, indicative of the proper microvilli integrity
(Figure 2J and compare to Figures 2D and S1K). This was
accompanied by a subapical redistribution of Hh, an impair-
ment of PromL-Hh colocalization (Figures 2E and 2J), the
reduction of dpp expression in recipient cells (Figures 2K and
2L; Table 1; compare to Figure 1J) and by the decrease of the
wing pouch size (Figure S2L) as a consequence of the compro-
mised Hh long-range signaling. In contrast, no effect on the
short-range Hh target genes (i.e., En and Ptc) was observed
(Figure 2K; Table 1; compare to Figure 1J). However,
dATP8B-depleted cells exhibit well-developed adherent junc-
tions, indicating that they are still able to establish a correct po-
larity (Figure 2H). These results show that a deficiency of
dATP8B activity in the wing disc epithelium interferes with the
distribution of PromL to microvilli and, as a consequence, per-
turbs Hh long-range signaling. They also suggest the involve-
ment of phospholipids in this process. In line with this,
ATP8B1, which specifically localizes in the stereocilia, main-
tains the phospholipid asymmetry of the cellular membranes
by possibly translocating phosphatidylserine from the outer to
the inner leaflet of the membrane.®* However, the nature of
the phospholipids that dATP8B is predicted to translocate in
the wing disc epithelium remains to be established.

The cellular protrusions, including microvilli, that occur at
the apical plasma membrane of epithelial cells are known to
depend on the formation of actin bundles regulated by
actin-binding proteins, such as villin and Fimbrin (Fim).*’
To test this possibility, we silenced two actin-binding pro-
teins, quail (Qua), the Drosophila villin-like protein, and Fim
in the D (ap >) or the P (hh >) compartments of the Drosophila
imaginal discs. In both conditions, PromL levels were drasti-
cally reduced in the depleted D compartment (Figures 3A-
3C; compare to WT V compartment), and microvilli, when
present, were strongly defective (Figures 3D-3F and S4B).
Accordingly, Hh long-range signaling was impaired to similar
extents in both genetic backgrounds, as confirmed by the
subapical distribution of Hh and PromL (Figures 3A and 3B),
by the reduction of dpp expression (Figures 3G-3l and
S3A-S3E; Table 1; compare to Figure 1J), and of the wing
pouch size (Figure S2L).
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This indicates that the disassembly of actin filaments caused
profound structural alterations on the microvillar architecture
and put forward the positive contribution of actin cross-linking
factors in this process. Moreover, this reveals that an interplay
between PromL and cytoskeleton components contributes to
the biogenesis and maintenance of microvilli and is critical for
Hh long-range signaling.

Microvilli are the site of EV biogenesis and release

While previous work has established that microvilli give rise to
prominin-containing EVs,'® their contribution to intercellular
communication during development was never directly demon-
strated. Considering the requirement of microvilli for Hh long-
range signaling (as shown above), we reasoned that EVs could
bud from microvilliand serve as a means to transport Hh to distant
recipient cells. To test this assumption, we performed an EM anal-
ysis of serial sectioning of the WT wing imaginal discs epithelium
(Figures 4A, 4C, and S4C). We noticed the presence of small ve-
sicular structures of 60-150 nm diameter free within the lumen
and distant from microvilli. The content of these small vesicular
structures is less electron dense than the cytoplasm of microvilli,
indicating that they do not represent horizontal sections of adja-
cent microvilli (Figures 4A, 4C, and S4C; STAR Methods).

Importantly, such vesicular structures were not detected in
discs depleted for PromL, dATP8B, Qua, Fim, or disp mutant
discs, in which microvilli are absent or atrophic (Figures 1C,
2F, 2H, 3D, 3E, S4B, and S4E). In addition, dpp expression
and the wing pouch size were substantially decreased (Figures
11, 1M, 2A, 2K, 2L, 3G-3I, S2F-S2H, S2K, S2L, and S3A-S3E;
Table 1; compare to Figure 1J), underscoring the correlation be-
tween the presence of microvilli, the occurrence of these
secreted vesicles, and Hh long-range activity (STAR Methods).
We also observed that MVB with intraluminal vesicles (ILVs) of
smaller diameter (25-40 nm) were consistently found at close vi-
cinity of the basolateral plasma membranes (Figures 4A, 4B, and
S4D), but not at the apical site, indicating that MVBs probably do
not contribute to an apical secretion of “endosome-derived”
exosomes.”

A closer inspection of the microvilli in WT discs revealed the
presence of buds at the microvillar membrane (Figures 4C and
S4C). Electron tomography and 3D reconstructions of the apical
plasma membrane confirmed the existence of buds still
connected to the microvillar membrane but also of isolated
free vesicles within the extracellular space certainly after fission
(Figure 4D; Videos S1 and S2). Together, these results substan-
tiate microvilli as a site of EV biogenesis and demonstrate that
the active interplay between PromL, actin cross-linking proteins,
and microvilli lipids is critical for the maintenance of microuvilli
integrity and the biogenesis of EVs. Consistent with these find-
ings, prominin-1-containing EVs were shown to originate from
microvilli and cilia of neuroepithelial and neural progenitor cells,
respectively.'®® In addition, actin mediates EV release from the
tip of cilia®® and dATP8B protein is concentrated in the cilia of ol-
factory neuron dendrites,’® where it could play similar roles as
the one shown here in microvilli.

EVs mediate Hh long-range signaling
Given that PromL is critical for microvilli biogenesis and that Hh
distributed to microvilli where it colocalizes with PromL (Figures
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Figure 3. Actin cytoskeleton components
contribute to microvilli architecture and Hh
long-range signaling

(A, B, G, and H) Single confocal sections of discs
of the indicated genotypes stained for PromL (red;
white), aPKC (green), E-cad (blue), Hh (green;
white), Wg (blue), En (blue; white), Ptc (red; white),
and B-gal (red; white).

(A and B) Distribution of Hh and PromL for the
indicated genotypes. In D compartment, where
PromL was depleted, white and yellow arrows
depict the absence of PromL staining at microvilli
and the basolateral distribution of Hh, respec-
tively, as compared to WT V control compartment.
Note also the absence of colocalization of Hh and

-n

length of protrusions (nm)

H  hh>Fim RNA;j 4751460

Relative intensity

S2D, S2E, 2C-2E, 2I, and 3A-3C), we reasoned that an increase
of EV biogenesis might be correlated with an increase of Hh long-
range activity. To test this assumption, we examined the conse-
quences of the overexpression of PromL-GFP in Hh-producing
cells (hh > PromL-GFP). TEM analysis revealed a substantial in-
crease in EV number in PromL-GFP discs (35% as compared to
WT), which is accompanied by a slight, but not significant, reduc-
tion in microvilli number and length (Figures 4E, 4F, S4B, and
S4E). We also found that overexpression of PromL-GFP pro-
moted a massive Hh release into the lumen, correlated with a sig-
nificant expansion of the dpp expression domain (Figures 4G-4l;
Table 1; compare to Figure 1J). The correlation coefficient
between Hh-PromL colocalization and the number of microvilli
per cell (0.8789) on the one hand and, on the other hand,

PromL in D compartment.

(C) Quantification of the intensity of colocalized Hh
and total Hh (STAR Methods). Mean + SEM
analyzed by unpaired t test (***p < 0.0001) is

anne

2500) shown. Between 8 and 15 discs were analyzed.

(D and E) TEM of transverse sections of wing

imaginal discs of the indicated genotype showing

microvilli in the A compartment (black arrows) and

adherent junctions (asterisk). Note that, in the P

compartment, microvilli are reduced in size or
absent.

— n.s.{0.2768) (F) Histogram of microvilli length. Mean + SEM

2 P analyzed by unpaired t test (***p < 0.0001) is

. wt
e oua RNA,'!ELZ:!.’vﬁA.\
Fim RNA75140

0 shown.

(G and H) XY confocal sections of wing imaginal
discs from the indicated genotypes stained for En
(blue; white), Ptc (red; white), and B-gal (green;
white) showing Hh target gene expression. Red
dots in the insets indicate the cells expressing En,
Ptc, and dpp-lacZ for the shown discs but repre-
sentative of all examined discs (Quail RNAT0856KK
n = 7; Fim RNA*’®74GP n = 6; see Table 1 and
compare to WT disc in Figure 1J).

(I) Quantification of dpp-lacZ intensity plotted as a
function of distance from A/P boundary repre-
sentative for all examined discs.

White (A, B, G, and H) and black broken lines (D
and E) delimit the V/D or A/P compartments,
respectively. Scale bar, 1 um (D and E); 20 um (A,

dpp-lacZ

— Qua RNA"09856KX
Fim RNA##7514G0
-wt

B

25 B, G, and H). See also Figures S2-S4.

distance (um)

the correlation coefficient between Hh-

PromL colocalization and the number of

cells expressing dpp (0.9624) uncover
the significant relationship between these events and further
support our findings (STAR Methods). Altogether, these results
emphasize the interdependence between microvillar distribution
of PromL, EV biogenesis, and Hh long-range activity that might
fine-tune Hh long-range signaling.

In light of these results, we anticipated that microvilli-derived
EVs, containing both Hh and PromL protein, could be released
into the extracellular medium. To formally validate this hypothe-
sis, we investigated their occurrence and their potential proper-
ties in wing discs overexpressing PromL-GFP and Hh tagged
with red fluorescent protein (Hh-RFP) in Hh-producing cells (hh
> Hh RFP; PromL GFP). In afirst round of experiments, we exam-
ined the distribution of Hh-RFP and Prom-GFP using immunoe-
lectron microscopy (IEM) for a qualitative analysis. In agreement
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with all our above observations (Figures S2D, S2E, 2C-2E, 2I,
and 3A-3C), both proteins localized not only to microvilli but
also to the surface of EVs (Figures 5A and 5B). To follow their dy-
namics, we monitored by confocal live imaging the movement of
EVs released by the P compartment within the extracellular
space. These experiments, performed in hh > Hh RFP; PromL
GFP discs, revealed that particles enclosed in a membranous
structure emanate from the P compartment where they are
produced, move toward the A compartment, and are detected
between the squamous and the columnar epithelium (Figures
5C-5G and S5A-S5F; Video S3). The majority of EVs released
by the P compartment were positive for Hh-RFP and Prom-
GFP (80%), whereas the others only displayed Hh-RFP (Fig-
ure 5E). These EVs were not static but engaged in a dynamic
movement from the P toward the A compartment and trafficked
associated to one another within the extracellular space (Figures
5C-5G and S5A-S5F; Video S3). The EVs are very likely the
extracellular carriers of Hh, facilitating thereby its long-range ac-
tivity. These results are consistent with our hypothesis that
microvilli of the wing disc epithelium are the site of generation
of small EVs, which are critically involved in the transport of Hh
across the tissue to facilitate its long-range activity.

DISCUSSION

Understanding the origin and function of EVs in vivo during
development has so far been limited. Previous studies, based
on ultrastructural, biochemical, and pharmacological observa-
tions, revealed only part of the mechanisms of EV biogenesis
and did not directly investigate their functions in developmental
processes in vivo.'%?° Here, the combination of electron and
fluorescence microscopy, live imaging, cell biology, and genetic
approaches allowed us to unveil that microvilli-derived EVs pro-
vide means for exchanging signaling cues between cells at a
distance.

We found that PromL, by interacting with lipids and cytoskel-
eton components, is a key determinant of microvilli formation
in vivo, whose integrity is critical for the biogenesis of EVs and
their signaling role. We uncovered that microvilli are the preferen-
tial site for the generation of small EVs—different from exo-
somes—that ferry Hh from producing to recipient cells. Finally,
we demonstrated that microvilli-derived EVs contribute to Hh

¢ CellP’ress

long-range, but not to short-range, activity in the wing disc
epithelium. These findings provide firm evidence for a previously
unidentified mechanism of Hh release and transport mediating
Hh long-range activity.

Previous reports suggested that a mixed population of EVs
(exosomes and ectosomes) is released at the basolateral site
of epithelial cells, travels along cytonemes, and contributes
thereby to the graded Hh distribution that mediates its short-
and long-range activity.>'%'® Such Hh distribution and release
requires, first, the recycling of Hh from apical to basal compart-
ments and, second, the loading of Hh-coated EVs on
cytonemes.®'®

In the presented work, we did not examine the presence of cy-
tonemes that are only detectable upon forced expression of the
Hh co-receptor interference hedgehog (Ilhog).”'%'® Instead, we
demonstrate that small EVs bearing Hh and PromL (ectosomes
or microvesicles) are released from the apical pole of Hh-pro-
ducing cells and are detected within the lumen between squa-
mous and columnar cells of the wing discs in the A compartment
(Figures 4A, 4C, 4D, and S4C). This also validates our previous
observations establishing that Hh is recycled back to the apical
membrane of producing cells before it is secreted at the apical to
deploy its long-range activity.®® Here, we observed that small
EVs bud from microvilli, but not from ILVs (Figures 4A-4D).
Thus, impeding the apical distribution of Hh and EVs biogenesis
at microvilli solely interferes with Hh long-range activity, but not
with its short-range activity.

Because (1) microvilli and cytonemes are two different struc-
tures; (2) in epithelial cells, prominin distributes to microvilli and
cilia at the apical surface, but not to the basolateral compartment
(this study and Dubreuil et al.*® and Corbeil et al.*'); and (3) no
data have reported a requirement of PromL for cytoneme forma-
tion, we reasoned that it is very unlikely that microvilli-derived
EVs could be loaded on cytonemes.

We thus propose that exosomes produced at the basolateral
site only convey Hh short-range activity and that the small EVs
produced from microvilli at the apical pole of the epithelial cells
mediate the long-range effect of the morphogen. This highlights
an important role of epithelial cell polarity in segregating different
categories of cell signaling systems.

Finally, microvilli-derived EVs are not involved in a general
transport of lipid-modified morphogens because, in promL

Figure 4. EVs mediate Hh long-range signaling across the disc epithelium

(A, C, and E) TEM images of a transverse section of a WT wing imaginal discs.

(A) Microvilli (black arrows) and adherent junction (red arrowhead). Top right: magnification of the white boxed region shows vesicular structures in the lumen at
the vicinity of the microvilli (asterisks). Bottom right: magnification of the black boxed region shows an MVB. Yellow arrows point to ILVs.

(B) Distribution of ILVs and EVs based on their diameter size (ILVs, n = 38; EVs, n = 32). Note that the diameter of ILVs is smaller than the one of EVs.

C) EVs (asterisks) into the lumen close to microvilli where a bud is also visible (yellow arrows). Note that EVs are less electron dense than sections of microvilli

black arrowheads), indicating a different origin.

D) 3D reconstruction and modelization of vesicles budding at microvilli. The buds (red) are still connected to the microvillar membrane (yellow), and free vesicles
red) are detected into the lumen. Right: vesicles 1-3 budding at microvilli correspond to the vesicles in (D).

F) Histogram reporting the length of microvilli. Mean + SEM analyzed by unpaired t test is shown.

and H) ap>PromL-GFP (G) or hh>PromL-GFP (H) discs stained for E-cad (blue), Hh (red; white), GFP (green; white), and p-gal (red; white).

(
(
(
(t
(E) TEM of hh>PromL-GFP disc showing EVs (yellow asterisks) into the lumen and close to microvilli (yellow asterisks).
(
(
(G) Hh (yellow arrow) is detected within the lumen (delimited by a white dotted line) in both D and V compartments.

(

H) XY confocal section. Left: PromL-GFP is detected in A cells (yellow arrow). Right: cells expressing dpp-lacZ (red dots) in the inset are shown. Six to eight discs

from each genotype were analyzed (see Table 1 and compare to Figure 1J).

(I) Quantification of dpp-lacZ intensity plotted as a function of distance from A/P boundary representative for all examined discs.
Broken lines delimit the V/D (G) or A/P (H) compartments. Scale bar, 0.2 um (A and C-E); 20 um (G and H). See also Figures S2-S4 and Videos S1 and S2.
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Figure 5. Hh/PromL-EVs move into the extracellular field

(A) Ultrathin cryosection of hh > Hh RFP; PromL-GFP disc immunolabeled for Hh (PAG 10, black arrows) and GFP (PAG 15, yellow arrows) showing both proteins
at microvilli.

(B) EVs detected into the lumen are positive for Hh (black arrow) and PromL (yellow arrow).

(C) Maximum intensity z projection of 167 slices spaced 1 um apart of hh > Hh-RFP; PromL-GFP disc recorded every 3 min. Plasma membrane was stained with
CellMask (cyan).

(legend continued on next page)
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mutant wing discs, neither the distribution of Wingless (Wg)
(another lipid-modified morphogen that patterns the D/V axis in
the wing imaginal disc) nor the expression of its short- and
long-range target genes (Cut and DlI, respectively) was affected
(Figure S6).

Considering that Hh morphogen controls a variety of
conserved functions in invertebrates and vertebrates and that
the dysregulation of the Hh pathway promotes developmental
defects but also contributes to several cancer types, our study
opens new perspectives to investigate the contribution of the
EV-mediated Hh signaling to such physiological and patholog-
ical processes.
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(D) Magnified area of z projections of 167 plans, spaced 1 um apart, displaying a XY view of the A compartment of hh > Hh-RFP; PromL-GFP disc recorded every 3
min for 90 min. Bottom: magnification of the inset shows examples of Hh/PromL-containing EVs (white circles) or Hh-containing EVs (yellow circles). Pink circles

delimited the membrane of squamous cells.

(E) Histogram of Hh/PromL-EVs or Hh-EVs counted in the A compartment at different times and in different regions (n = 894).

(F) Frames from Video S2 of hh > Hh-RFP; PromL-GFP disc at the indicated time points.

(G) The travel distance of Hh/PromL-EVs (white arrowheads) gradually increased with time and is of 10 um in 80 min for the shown vesicle.

The manual tracking of EVs was performed in the boxed region in (C). Scale bar, 0.2 um (A and B); 20 um (C and F); 5 um (D and F). See also Figures S4 and S5 and

Video S3.
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Continued
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Forward primer targeting the exon 1 of the This paper N/A

promL gene: CGGCCCGGGTTCGATTCC

CGGCCGATGCAtaggcgacaaatagcctaccG

TTTCAGAGCTATGCTGGAAAC (lower cases

for CRISPR targeted the exon 1)

Reverse primer targeting the exon 8 of the This paper N/A
promL gene: ATTTTAACTTGCTATTTCTAG
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Software and algorithms
Excel Microsoft https://www.microsoft.com
Fiji NIH https://imagej.net
MetaMorph Molecular Devices https://www.moleculardevices.com
GraphPad Prism GraphPad Software http://www.graphpad.com/

scientific-software/prism
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IMOD University of Colorado https://bio3d.colorado.edu
Other
Ni-NTA resin Thermo Fisher Scientific #88223
Glass bottom dish Mat Tek Corporation P35G-1.5-1.4-C

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Gisela
D’Angelo (gisela.dangelo@curie.fr).

Materials availability
Plasmids, Drosophila strains, and anti-PromL antibodies used and generated in this study are available upon from the Lead Contact
without restriction.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila melanogaster strains were raised on standard media (cornmeal, yeast, molasses, and agar) at 22°C, and experimental
crosses at 25°C. w''"®, apGal4 (Il), hhGal4 (Ill), UAS-Dicer2 (lli) from the Bloomington Stock Center and are listed in Flybase
(http://flybase.org:80/) and, promL“3" mutant®” kindly provided by K. Yu (Korea Institute of Science and Technology), protein-
trap vkg®4%* (GFP-Vkg),>* UAS-Cas9; hh-Gal4 from S. Bullock (MRC Laboratory of Molecular Biology, Cambridge), UAS-Hh-RFP
(1) from X. Lin (Cincinnati Children’s Hospital Medical Center), UAS-PromL-GFP (Ill) from C. Dahmann (Dresden University of Tech-
nology). disp®°377%7 is a null allele.>° The UAS-RNAI lines against ATP8B (ATP8B02648KK) ' promL (PromL102612KK  prom| 51957GD)
Fimbrin (Fim?#6028GD | Fjm#6029GD Ejm47811GD - Fim47514GD) Qi (Qua'®%%%%KK, Qua®"23SP) were from Vienna Drosophila Resource
Center. Recombinant chromosomes were created for dpp-lacZ; promL"S", ap-Gal4;UAS-Dicer2, and UAS-Hh-RFP; UAS-PromL-
GFP by classical genetic techniques. All stocks were raised at 25°C, unless otherwise mentioned.
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METHOD DETAILS

Establishment of promL2xsgRNA conditional mutant

To edit the genome specifically in wing imaginal tissues, CRISPR/Cas9 system was used. In order to generate a deletion of promL
gene, the gRNA targeting the exon 1 and exon 8 of the promL was synthesized using a forward primer (5'-CGGCCCGGGTTCGATT
CCCGGCCGATGCAtaggcgacaaatagcctaccGTTTCAGAGCTATGCTGGAAAC —3', lower case for CRISPR targeted the exon 1) and a
reverse primer (5’ATTTTAACTTGCTATTTCTAGCTCTAAAACtgatagaaacgttgtcagccTGCACCAGCCGGGAATCGAACC -3, lower
case for CRISPR targeted the exon 8). Both gRNAs targeting PromL were cloned in Bbsl site of pCFD6 vector as previously
described.*” Transgenic fly lines were generated by standard procedures, and were integrated on the second chromosome using
the PhiC31-integrase-mediated transformation.® The transgenic flies expressing promL gRNAs (promL2xsgRNA) were crossed
with UAS-Cas9; hhGal4 individuals at 25°C. The wing imaginal discs from the progeny were collected, fixed and immunostained.

Antibody Generation

cDNAs encoding two different regions (aa 53-214; aa 556-851) of the D. melanogaster PromL full length cDNA (UFO07496 clone;
Drosophila Genomics Resource Center), were cloned into pStaby1.2 vector (Eurogentec) such as the peptides were tagged C-termi-
nally with 6xHis. Both 6xHis peptides were expressed in E. coli using StabyExpress T7 expression kit, (Eurogentec) and purified on
Ni-NTA resin (Invitrogen) by standard protocol. The peptides were soluble and injected individually into two guinea pigs (Eurogentec).
To increase the antigenicity the obtained antisera were mixed, and the antisera were screened for antibodies against PromL using
immunostaining of wing imaginal discs.

Extraction and analyzis of promL2xsgRNA by WB

10 third-instar larvae of each genotype were crushed and lysed on ice in lysis buffer (20mM Tris-HCL pH8, 150mM NaCl and 1%
Triton) supplemented with phosphatase and protease inhibitors. The lysates were resolved by SDS-PAGE and western blotting
were performed with antibodies against PromL (1/5000) and against GMAP*° (1/2500) for loading gel control.

Immunohistochemistry and fixed tissue imaging

Third-instar wing imaginal discs were dissected and immunostained as previously described.” Briefly, imaginal discs were dissected in
PBS and fixed in 4% paraformaldehyde (PFA, Electron Microscopy Science - EMS) diluted in PBS for 20 minutes at room temperature.
Fixed tissues were washed and permeabilised three times for 10 minutes with PBS-T (PBS, 0.1% Triton X-100, Euromedex), and incu-
bated with primary antibodies overnight at 4°C. After washing in PBS-T three times, discs were incubated with secondary antibody 1h at
room temperature, and washed in PBS-T three times, rinsed in PBS before mounting in Vectashield antifade mounting media (Vector
Laboratories). Antibodies were used as follows: mouse anti-En (1:1000, Development Studies Hybridoma Bank University of lowa —
DSHB), rabbit anti-En (1:1000, Santa Cruz), mouse anti-Ptc*? (1/400), chicken anti-pgal (1:1000, Gen Tex), affinity-purified rabbit
“Calvados” polyclonal anti-Hh*® (1:200), mouse anti-Cut (1:100, DSHB), mouse anti-Wg (1:50, DSHB), guinea pig anti-PromL (1:150,
this study), mouse anti DII** (1:100), rabbit anti-aPKC (1:500, Santa Cruz), rat anti-DE-cadherin (1:50, DSHB), mouse anti-Dlg (1:100,
DSHB); mouse anti-Arm (1:100,DSHB), mouse anti-GFP (1:1000, Roche), rabbit anti-Cad99¢>° (1:1000, D. Godt, University of Toronto),
rabbit anti-Caspase 3 (1:500, Cell Signaling). Fluorescent secondary antibodies were anti-mouse Alexa Fluor 488, anti-mouse Alexa 647,
anti-rabbit Alexa 488, anti-rabbit Alexa 546, anti-rat Alexa 546, anti-rat Alexa 647, anti-guinea pig 488, anti-guinea pig 647 (1:250,
Thermo Fisher Scientific), and anti-chicken Cy3 (1:100, Jackson Immuno Reaseach). Images were obtained with a Leica TCS SP5 or
SP8 confocal microscope and processed with Imaged. XY and Z-sections are single sections captured at the appropriate level (apical,
subapical, or lateral). Data analyzis, curve fitting, and presentation were done with Imaged, Excel and GraphPad Prim software.

Adult wing preparation
Adult flies were collected in ethanol. Wings were removed, mounted in Euparal Medium (Carl ROTH). Bright-field images were taken
with a Leica Axioplan2 microscope (objective, x 5; Plan NEOFLUAR; NA = 0.15) equipped with a Leica DFC490 digital camera.

Transmission Electron Microscopy (TEM)
Third-instar wing imaginal discs were dissected in Schneider’s Drosophila medium (GIBCO) supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS, GIBCO), penicillin (100 U/ml) and streptomycin (100 pg/ml), and fixed in 1.5% glutaraldehyde
(EMS) in 0.075 M cacodylate buffer (pH 7,2, EMS) overnight at 4°C, and post fixed in 1% osmium (EMS) — 1.5% potassium ferrocy-
anide (Sigma). The discs were then dehydrated in increasing concentrations of ethanol solutions, positioned perpendicularly (with the
apical surface facing the top) and embedded in EPON (EMS). Ultrathin EPON sections (40-60 um-thick sections depending on the
genotype and the size of the wing discs), along the A/P axis were collected on formvar-coated slot grids and contrasted with uranyl
acetate (LFG) and lead citrate (EMS). To determine the origin of EVs, serial sections of 65 nm thickness (over 260 nm) were collected
from wt wing discs. Electron micrographs were acquired on a Tecnai Spirit transmission electron microscope (Tecnai Spirit, Thermo
Fischer Scientific) equipped with 4k CCD camera (Quemesa, Soft Imaging System). Images were taken along the A/P axis enabling
the visualization of the entire discs.

For Electron Tomography 300 nm thick sections were randomly labeled on the 2 sides with protein A-gold 15-nm (Cell Microscopy
Center — CMC -, Utrecht University and poststained with 2% uranylacetate (LFG). Tilt series (angular range from —60° to + 60° with
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1° increments) were recorded by using EMtools (TVIPS) on a 200-kV transmission electron microscope (Tecnai 20 LaBg, Thermo
Fischer Scientific) and used for reconstructing tomograms. Projection images (2024 x 2024 pixels) were recorded with a CCD cam-
era (Temcam F416; TVIPS). Alignment of the tilt series and tomogram computing (resolution-weighted back-projection) were carried
out by using the eTomo (IMOD, University of Colorado). The 15 nm gold particles at the surface of the sections were used as fiducial
markers. Manual contouring of the tomograms was done by using the IMOD program.*®

For Immunoelectron Microscopy (IEM), third-instar wing imaginal discs were dissected in Schneider’s Drosophila medium (GIBCO)
supplemented with 10% heat-inactivated FBS (GIBCO), penicillin (100 U/ml) and streptomycin (100 pg/ml), fixed in a mixture of 2%
PFA (EMS) and 0,2% glutaraldehyde (EMS) in a 0,1M phosphate buffer pH 7,4 for 2h at room temperature, followed by overnight
incubation at 4°C in 1% PFA in phosphate buffer. Discs were very lightly stained with 1% Toluidine Blue and individually embedded
in 15% gelatin (EMS), and processed for ultracryomicrotomy as described.’® Ultrathin sections (60-80 nm) were prepared with an
ultracryomicrotome UC7 (Leica) and double labeling with rabbit anti- Hh (1/500, T. Kornberg, University of California, San Fran-
scisco), and rabbit anti-GFP (1:120, Molecular Probes) were performed sequentially as described.®’ Rabbit antibodies were recog-
nized by protein A conjugated to 10 or 15 nm gold particles (protein A gold, CMC).

Live imaging

Third-instar wing imaginal discs were dissected in Schneider’s Drosophila Medium (GIBCO) supplemented with 10% heat-inacti-
vated fetal bovine serum (GIBCO), Penicillin (100 units ml~") and Streptomycin (100 ng mi~") (Penicillin-Streptomycin, GIBCO).
Two to four wing discs were placed on a glass bottom 35 mm dish (MatTek Corporation) with 10 pl of medium containing CellMask
(deep red plasma membrane stain; 1:1000, Molecular Probes), covered with a permeable membrane (Standard membrane kit,
YSI), and sealed around the membrane borders with oil 10S Voltalef (VWR Chemicals). Images were recorded using a Yokagawa
CSU-W1 spinning head mounted on a Nikon TiE inverted microscope. The microscope was equipped with an EMCCD 1200 x1200
Prime95B (Photometrics) and controlled by the Metamorph software (Molecular Devices). In most experiments, z stacks at 1 um
intervals were acquired every 3 min using a 40 x NA 1.15 water immersion objective, but only the most in-focus planes were used
for image analyzis. Images were processed with Imaged. All movies were analyzed with Fiji and displayed at a rate of 7 frames per
second.

Manual tracking of extracellular vesicles

EVs were tracked using the MTrackdJ plugin of Imaged. The tracking was performed in a summed z-projections taking into account
167 plans at 1 um intervals and recorded every 3 min within a 25 um x 30 um delimited regions. Travel distances were analyzed within
the indicated time-window, measured using the line tool in Imaged and then calculated using the following formula:

distance (ab) = \/(xb — xa)2 + (yb — ya)2

where (xa, ya) and (xb, yb) are the coordinates of the initial and end points respectively.
QUANTIFICATION AND STATISTICAL ANALYSIS

The colocalization of PromL and Hh was measured on single z-sections within a region of interest (ROIs) of 10 x 40 um. The width
(10 um) was centered on either side of the subapical marker E-cad. Manual thresholding was applied to each channel using Im-
ageJ/Fiji. The overlay of the two images enabled to determine the colocalization between Hh and PromL. The Hh signal overlap-
ping with PromL (colocalized Hh) was compared to the total Hh intensity within the ROI. The ratio between the two values was
calculated. Where comparison between separate discs was required, fluorescence intensity was measured in regions of interest
(ROIs) of identical sizes and shapes and drawn at equivalent locations within each disc and for all genotypes. Data represent
mean + SEM.

To evaluate the strength of the relationship between microvilli length/number, Hh-PromL colocalization, number of cells expression
dpp and number of EVs was computed on the mean values obtained for each genotype. The correlation coefficient was determined
between two variables at a time.

Different sections of TEM micrographs for the different genotypes were used to manually quantify the number of microvilliand EVs
observed, except for wt discs for which serial sections were collected to identify the origin of EVs. Since the microvilli were often tilted,
we measured their length from their tip to the planar cell surface with an angle of 90°C (Figure S4A). The EM analysis also revealed a
different electron density between the content of EVs in the lumen and the cytoplasm of microvilli, excluding therefore a possible
sectioning problem.

The diameter of EVs and ILVs was evaluated using iTEM software (Soft Imaging System, EMSIS GmbH, Germany). Data represent
generally mean + SEM.

The presence of Hh, PromL or both on EVs in A compartment was estimated using the algorithm described below. Given the po-
sitions of the x; particles clicked in the red channel, the algorithm defines the particle as a vesicle if the maximum intensity in the blue
channel I, in the vicinity of the radius (r), is greater than a fixed threshold, such that:

gpa}gélb > Ty, where B(x;,R) is the ball of radius r and center x;.
Xj
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The algorithm defines that the vesicle is also green on the same principle, based on the intensity on the green channel I, in the same
vicinity:
naxlo>Ts

We defined r =5 pixels, T, =800, T, =170, and manual validations were performed to obtain more accurate results.
Data analyzis, curve fitting, and presentation were done with ImagedJ, Excel and GraphPad Prism software.
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Figure S1. PromL distributes to microvilli of the wing imaginal disc epithelium. Related to
Figure 1. (A) Topology of the PromL protein. Dark grey boxes denote the predicted transmembrane



domains. EL, extracellular loops. Red lines indicate the chosen sequences for the antibody generation.
(B-H, K) Transversal and XY confocal single sections of wing imaginal disc of the indicated genotypes
stained for GFP (green; white), PromL (red; white), E-cad (blue), Cad99c (blue), and DIg (green). (B, D,
G) The wt compartment (V or A control), allows the comparison between both compartments within the
same disc. (B) PromL distributes to the squamous epithelium (asterisk; cyan boxed area), and to the
apical surface of columnar cells (CE) (yellow boxed area; white arrows) above the subapical marker E-
cad. No PromL signal is detected at the basal pole (red arrows), where a weak PromL-GFP signal (9%
of the PromL-GFP signal at the apical) is observed (green arrows). (C) Right: PromL distributes above
E-cad and below endogenous Viking protein which labels the basal membrane (arrows). Bottom: 3D
volumetric reconstruction (19 plans, spaced 1 um apart). (D) XY and Z-section showing PromL, Cad99c
and PromL-GFP distribution at the apical. The high magnification images of the white boxed region in
D compartment, where PromL-GFP was overexpressed, show the distribution of the indicated proteins
and their colocalization in a XY view (left and right middle panels respectively). In V and D compartment
Cad99c and PromL distribute to microvilli (magnification of the yellow boxed area of the z-plane view ;
right panel). Brightness and contrast were increased for a better visualisation. (E-H) Note the specific
dot-like pattern of PromL in wt wing imaginal discs (F) and in control A cells (G, H) (yellow arrows), and
the absence of PromL staining in promlLA%" mutant (E) and in the P compartment of the conditional
mutant promL2xsgRNA (G) (yellow arrowheads). (I) Quantification of PromL intensity in wing imaginal
disc of the indicated genotypes. Mean +/- SEM analyzed by unpaired t test (****p <0.00001). The number
of discs examined for each genotype is indicated in each column bar. (J) Western blot on wt and
promlLA>" wing imaginal discs. Lysates were probed with anti-PromL (this study) and anti-GMAP for
loading control. (K) PromL distributed above E-cad and Dlg. The dot-like pattern of PromL (white arrow)
at the interface between SE and CE reflects the pseudostratified array of columnar cells, and is
compatible with the organization of microvilli at the apical plasma membrane. Dotted lines in (B, D)
delimit V and D compartments. Scale bars: 20 um; 5 ym in magnified images in (D). Images shown in
B and E are representative of n = 5 independent experiments. Images shown in C and D are
representative of n=3 independent experiments.
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Figure S2. Effects of PromL depletion. Related to Figures 1-3. (A-D, F, G) Confocal images
of discs of the indicated genotypes stained for PromL (white), Hh (green; white), E-cad (blue), DIg



(red), Caspase lll (magenta, Ptc (yellow; red; white), En (blue; white) and for p-gal (reflecting the
expression of the reporter gene dpp-lacZ; green; white). (A) Note the specific dot-like pattern of PromL
in A control cells (magenta arrow), and the absence of PromL staining in P depleted cells (yellow arrow).
The lumen is indicated by an asterisk. CE, columnar epithelium; SE squamous epithelium. (B) In D cells,
Hh distributed at the basolateral, below E-cad, at the level of DIg (white arrows). The distribution of E-
cad and Dlg is not affected upon PromL depletion (compare V/D compartment). (C) Note that apoptosis
levels were not increased upon PromL depletion, indicating and absence of tissue stress. (D) Distribution
of Hh, and PromL in hh>PromL RNAP%57CP discs showing their colocalization. (E) Quantification of Hh
intensity in the colocalization region over the total Hh intensity (see methods). Mean + SEM analyzed
by unpaired t test (**** p < 0.0001) (n=24 uppermost apical regions, 8 discs). (F, G) Confocal XY single
sections of discs from the indicated genotypes showing Hh target gene expression. Depletion of PromL
triggers a decrease in the range of cells expressing dpp, reducing it to 3—4 cells. The short-range targets
En and Ptc are not changed. Red dots in the inserts depict the number of cells expressing En, Ptc and
dpp (see Table 1, and compare to wt disc in Fig 1J). (H-K) Quantification of dpp (H, K) En (), and Ptc
(J) intensity plotted as a function of distance from A/P boundary representative for all examined discs
(wt n=8; PromL RNA°"%°76P n=6). (L) Graph reporting the size of the wing pouch size of the discs of the
indicated genotypes. Mean £ SEM analyzed by unpaired t test (**** p < 0.0001). Broken lines delimit the
A/P compartments. Scale bar: 10 um.
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Figure S3. Disruption of microvilli integrity reduces long- but not short-Hh target gene
expression. Related to Figures 1-3. (A-D) XY single confocal sections of discs of the indicated



genotypes stained for En (blue; white), Ptc (green; white), and B-gal (red; white). Insets depict the
number of cells expressing En, Ptc and dpp-lacZ. Note the decrease in the range of cells expressing
dpp in all genotypes as compared to wt (Figure 1J, Table 1). No changes are observed for En and Ptc.
Red dots in the insects indicate the number of cells. Broken lines delimit the A/P compartments. (E)
Quantification of dpp intensity plotted as a function of distance from A/P boundary representative for all
examined discs (between 6 - 8 discs). (F) Adult wings of the indicated genotypes. (G) Histogram
reporting the size of the adult wings. Mean + SEM analyzed by unpaired ¢ test (n.s., not significant), (n=
12 — 15 adult wings). Broken lines delimit the A/P compartment. Scale bars: 20 uym.
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Figure S4. Ultrastructure of the wing imaginal disc epithelium. Related to Figures 1- 4. (A) The
length of microvilli was measured by drawing a perpendicular line from their tip to the planar cell
surface with an angle of 90° as illustrated in the cartoon. (B) Graph showing the number of microvilli /
cell for the indicated genotypes. Mean + SEM analyzed by unpaired t test **** p < 0.0001, n.s., not
significant; from n.s2-n.s.9.: 0.0269; 0.0812; 0.1050; 0.2724; 0.5647; 0.4023; 0.8096. The number of
cells counted for each genotype is indicated in each column bars. (C, D) TEM micrograph of a wt wing



disc showing (C) serial sections of 65 nm thickness (260 nm total). Asterisk indicate free EVs within the
lumen. Note that EVs are less electron dense than fragmented microvilli (arrows), and a bud at microvilli
(yellow arrow). (C, D) Arrows point to microvilli, white arrowheads to basolateral junctions, red arrows
to MVBs, magnified in lower panels. CE, columnar epithelium. Scale bar: 1um (D); 200 nm (C). (E)
Graph reporting the number of EVs / cell for the indicated genotypes. Mean + SEM analyzed by unpaired
t test **** p < 0.0001, n.s., not significant; from n.s?-n.s.%.: 0.2265; 0.1400; 0.5391; 0.3432; 0.5647. 50-
60 cells were counted for each genotype.
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Figure S5. Hh-PromL vesicles travel across the wing disc epithelium. Related to Figure 5.
(A-E) Frames from of hh>Hh-RFP; PromL-GFP discs imaged at 1 um intervals every 3 min,
showing additional examples of Hh/PromL-EV movement in the A compartment. PromL-GFP
(green), Hh-RFP (red) and plasma membrane (Cell Mask; Cyan). Arrows depict the EVs. Scale
bar: 5 ym. (F) The distances traveled by Hh/PromL-EV from panels (A-E) were linearly fitted.
Note that the distance gradually increased with time.



F proml43-1

G g H py I cut
.50 =t >60 - wt .30 - wt
B k%) — prom[43-1 B = promL43;1
5 3 5 A
[} 2 [} \
€ £40 - € 20 + /i
2 2 2 / \
5 320 - 10 Manmaed | S A
o o v |
0 T ! 0 . )
0 . 20 40 0 20 40
distance (um) distance (um) distance (um)

Figure S6. Microvilli integrity does not alter Wg signaling in the wing imaginal disc. (A-
F) XY single confocal sections of wt (A-C) or promL43-" mutant discs (D-F) stained for Wg (red;
white), PromL (green), E-cad (blue), arm (blue), DIl (red; white), cut (red; white). (G-H) Quantification
of Wg (G), DIl (H) and Cut (I) intensity plotted as a function of distance from V/D boundary
representative for all examined discs (between 6 - 8 discs). No changes are observed for Wg, DIl and
cut expression in both genetic backgrounds. Dotted yellow lines delimit the V/D compartment. Scale
bars: 20 um.
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