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=?@ABC")5"1JC".BH/"TNB@?K"OJCKGIPOC"?M"CKJNKQCU"SP"*"M?@KNLL?K@"#####################################################################"20!
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!#" "#$%&'&!
!$!%&" "()*"+!,-'$!./-0&12./-03!"456(-4!7&8&%'!"41!+9!:/;%-4<!=!
!'!(" "!1-<-4'&>(-4!%41!;&'%00/8(/'&-4%<&!
!)" "8'&(/?<!
!%&*+" "1%8'/(!8(/'&-4!=@A!
!%$" "1&4/;%'/?<!8/068/<-<!#/0-!
!,-" ":+2(-B/<60%'-/4!)%#'/(!
!,-.)" "()%8'-4!
!/012!%&3" 7$/!*C+%<&2%#'-D%'-4>!8(/'&-4!=E!
!,4" "(;%1-00/!
!/56" "7F!4?#0&/'-1&2B-41-4>!<-'&!/8&4&(!
!,," "((/G!
!71$" "#$%&'&2<#?'&!#/;80&H!
!7!%" "()*"+!,-'$!I9J!:/;%-43!"456(-4!7&8&%'!"41!+9!:/;%-4!
89:" "B4/(;%0!G-4>!1-<#<!

;"
<0=0" K%<-#!$&0-H20//82$&0-H!
;>2" K(&)&01-4!"2-4$-B-'&1!>?%4-4&!4?#0&/'-1&!&H#$%4>&!8(/'&-4!)%;-06!
;>6" L2B(/;/-41-(?B-42JE2/H-;&!
;/!2" K(&)&01-4!7&<-<'%4'!"()!*MF<!
;7!" K/D-4&!<&(?;!%0B?;-4!

$"
$.?:," .NOPQ!%41!.:A"+!(&0%'&1!
$@&" .%<&-4!5-4%<&!=!
$@+" .%<&-4!5-4%<&!A!
$(" ./41-'-/4&1!;&1-?;!
$7=" @KF2=@I?88(&<</(!/)!9%-(0&<<@R%>2=!
$A" .?'!

'"
'*B" :/(<%0@D&4'(%0!
'@@1&" :-#55/8)!=!
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2&:&2/C!*(+!0(+9.&!$fEN2*/%!*.)0:0)5C!0/!/96360/0(1r!0(!)%&!*>/&(.&!-7!'()R*!/)0892*)0-(C!)%&!!J.*)&(0(!

6&2&*/&+!76-8!)%&!*+%&6&(/! X9(.)0-(/!/%-92+!>&!&L3&.)&+!)-!>&!6*30+25!+&16*+&+!>5!)%&!!J.*)&(0(!

+&/)69.)0-(!.-832&L!At*2&()*!&)!*2<C!#q"#B<!$%0/!0/!/933-6)&+!>5!36&:0-9/!/)9+0&/!/%-40(1!)%*)!/08325!

6&8-:0(1!QJ.*+%&60(!.-92+!-(25!3-)&()0*)&!)%&!&L36&//0-(!-7!'()!6&/3-(/0:&!1&(&/!0(!)%&!36&/&(.&!-7!

'()!*.)0:*)0-(!!*(+!*2-(&!0/!(-)!/9770.0&()!)-!*.)0:*)&!'()!/01(*220(1!Aa&9>&61&6!*(+!k06.%8&0&6C!#q"qs!

u93%*2!*(+!k&%6&(/C!#qqGs!t*(!H&!'&)&60(1!&)!*2<C!#qq"B<!F2)&6(*)0:&25C!)%&!/9770.0&(.5!-7!F67G)*'+!)-!

)6011&6! '()! /01(*220(1! 8*5! >&! *! 6&/92)! -7! '()J0(+&3&(+&()! PiEG! 3%-/3%-652*)0-(! 2&*+0(1! )-!
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QiuJMu#!/01(*220(1!*.)0:0)5!4*/!/911&/)&+!)-!36-:0+&!)%&!79(.)0-(*2!20(?!>&)4&&(!F67G!*(+!)%&!

0(.6&*/&!0(!.5)-32*/80.!!J.*)&(0(!AE&22-(JM*6+&(*/!&)!*2<C!#q"RB<!E%-/3%-JQiu!2&:&2/!4&6&!0(.6&*/&+!

0(! 6&/3-(/&! )-! '()R*! -6! F67G)*'+C! 4%02&! &L36&//0(1! F67G&#'(! >2-.?&+! )%&! 0(.6&*/&+! E%-/3%-JQiu!

3%-/3%-652*)0-(!0(!6&/3-(/&!)-!'()R*<!$%&!0(.6&*/&!0(!Qiu!*.)0:*)0-(!4*/!)%&(!/911&/)&+!)-!2&*+!)-!

)%&!Mu#J8&+0*)&+!3%-/3%-652*)0-(!-7!!J.*)&(0(C!+&/)*>020/0(1!)%&!*+%&6&(/!X9(.)0-(/!*(+!0(.6&*/0(1!
)%&! .5)-32*/80.! 3--2! -7! !J.*)&(0(! AE&22-(JM*6+&(*/! &)! *2<C! #q"RB<! F67G! 4-92+! 3-)&()0*225! *.)! >5!

36-8-)0(1! )%&! 0()&6(*20/*)0-(! -7! .J=&)C! )6011&60(1! Qiu! 3%-/3%-652*)0-(! -(! &(+-/-8&/! AE&22-(J

M*6+&(*/!&)!*2<C!#q"RB<!!

F2)%-91%!)%&/&!70(+0(1/!*6&!/911&/)0:&!-7!*!6-2&!-7!F67G!0(!/9332&8&()0(1!)%&!.5)-32*/80.!3--2!

-7!!J.*)&(0(C!3-)&()0*)0(1! )%&!'()! /01(*220(1! 6&/3-(/&C! )%&!*>020)5!-7!F67G&#'(! )-! 79225! /9336&//! )%&!

.5)-32*/80.! 0(.6&*/&! 0(!!J.*)&(0(! 0(! 6&/3-(/&! )-!'()! M=! 0/! /96360/0(1<! $%0/! 0/! &0)%&6! 0(+0.*)0:&! -7!

F67G&#'(% 0(+9.0(1!*! .-832&)&! 2-//!-7! 6&/3-(/0:&(&//! )-! )%&!'()R*! 201*(+C!-6!*2)&6(*)0:&25C! )%*)! )%&!

0(.6&*/&!0(!!J.*)&(0(!2&:&2/!0(!6&/3-(/&!)-!'()!/01(*220(1!*6&!&L.29/0:&25!*!6&/92)!-7!!J.*)&(0(!6&2&*/&!

76-8!)%&!*+%&6&(/!X9(.)0-(/<!$-1&)%&6!40)%!)%&!*>020)5!-7!F67G)*'+!)-!.&22!*9)-(-8-9/25!*.)0:*)&!'()!

/01(*220(1C! )%&/&! 6&/92)/! %0()! )%*)! F67G! .-92+! >&! 0(:-2:&+! 0(! 6&192*)0(1! /&:&6*2! /)&3/! -7! )%&! '()!
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'()!/01(*220(1!0(!*(!*9)-.60(&!8*((&6C!+60:0(1!*(!0(:*/0:&!3%&(-)53&!AD6-//8*((!&)!*2<C!#q"Rs!b-9!&)!

*2<C! #qq_B<! u(-.?0(1J+-4(! F67G!4*/! /%-4(! )-! 0(+9.&! *(! 0(.6&*/&! 0(! )%&!8&8>6*(&J*//-.0*)&+!!J

.*)&(0(! 76*.)0-(C! 40)%! *! .-66&/3-(+0(1! +&.6&*/&! 0(! >-)%! )%&! (9.2&*6! *(+! .5)-32*/80.! 76*.)0-(/!

AD6-//8*((! &)! *2<C! #q"RB<! i&+9.0(1!."/0+ &L36&//0-(!4*/! *2/-! *//-.0*)&+!40)%! *! 6&+9.)0-(! 0(!'()!

/01(*220(1! *.)0:*)0-(C! 6&:&*2&+! 9/0(1! *! '()! *.)0:0)5! 6&3-6)&6! An$NEJ29.07&6*/&C! *! 8-+070&+! 7-68! -7!

$fEN2*/%! AN9&6&6!*(+!,9//&C!#q"qBB!*(+! )%&! 6&+9.&+!&L36&//0-(!-7!*(!&(+-1&(-9/!'()! /01(*220(1!

)*61&)C!.HJKL7+M-(:&6/&25C!&L36&//0(1!F67G)*'+!4*/!/%-4(!)-!6&/.9&!)%&!6&+9.)0-(!0(!.5)-32*/80.!*(+!

(9.2&*6!!J.*)&(0(C! *(+!.HJKL+&L36&//0-(! 6&/92)0(1! 76-8! ?(-.?0(1J+-4(!M*-N)! AD6-//8*((! &)! *2<C!

#q"RB<!$%&!*>020)5!-7!F67G)*'+!)-!0(+9.&!'()!/01(*220(1!0/!-(.&!*1*0(!/96360/0(1!0(!)%&!*>/&(.&!-7!)%&!

+&*.)0:*)0-(! -7! )%&! !J.*)&(0(! +&/)69.)0-(! .-832&L<! I(! )%&! .-()&L)! -7! Pfm! 8&2*(-8*! .&22/C! )%&!

&(+-1&(-9/! '()#! &L36&//0-(! 8*5! >&! /9770.0&()! )-! 3*6)0*225! /9336&//! )%&! +&/)69.)0-(! .-832&LC!

3&680))0(1! )%&! !J.*)&(0(! 6&2&*/&+! 76-8! )%&! *+%&6&(/! X9(.)0-(/! )-! *.)0:*)&! '()! /01(*220(1<! $%&!

+&*.)0:*)0-(!-7!)%&!+&/)69.)0-(!.-832&L!.-92+!*2/-!3-)&()0*225!>&!&L32*0(&+!>5!*!.&22!*9)-(-8-9/!6-2&!
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!
!

_R!

&77&.)!-7!F67G)*'+!&L36&//0-(!-(!PiEG!3%-/3%-652*)0-(!4*/!(-)!)&/)&+<!$%&!&77&.)!-7!?(-.?0(1J+-4(!

."/0+ -(! )%&! 2&:&2/! -7! (9.2&*6! !J.*)&(0(! *33&*6/! +6*8*)0.C! 40)%! *28-/)! *! .-832&)&! 2-//! -7! /01(*2C!
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F67"!0(!)%&!6&2&*/&!-7!!J.*)&(0(!76-8!)%&!*+%&6&(/!X9(.)0-(/!4*/!(-)!*//&//&+C!8*?0(1!0)!+0770.92)!)-!
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*(+!t*(!F8&6-(1&(C!#q#qB<!I83-6)*()25C!?(-.?0(1J+-4(!QJ.*+%&60(!0/!(-)!/9770.0&()!)-!0(+9.&!'()!
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0(+0.*)0(1! )%*)! 4%02&! )%&! !J.*)&(0(! +&/)69.)0-(! .-832&L! 0/! *.)0:&C! !J.*)&(0(! 6&2&*/&+! 76-8! )%&!
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*!.-66&2*)0-(!>&)4&&(!)%&!6&+9.&+!2&:&2/!-7!!J.*)&(0(!0(!)%&!*+%&6&(/!X9(.)0-(/C!*(+!*(!0(.6&*/&!0(!

)%&!.5)-32*/80.!*(+!(9.2&*6!3--2/<!a-4&:&6C! 0)! 0/!+0770.92)! )-!+06&.)25!*))60>9)&!)%&! 0(.6&*/&! 0(!'()!
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+-4(! PGE09+4%02&! &L36&//0(1! F67G)*'+<! $%&! /)9+0&/! +-! (-)! &L.29+&! )%&! 3-//0>020)5! )%*)! F67G! 0/! *2/-!

6&@906&+! 0(! *! +-4(/)6&*8! /)&3! 0(! )%&! )6*(/+9.)0-(!-7!'()! /01(*220(1C! */! *! 6&+9.)0-(! 0(! /01(*220(1J

.-83&)&()!!J.*)&(0(! 4022! 8*/?! *! 3-)&()0*2! +-4(/)6&*8! 6-2&! 7-6! F67G<! $%&! 6&192*)0-(! -7!'()O'1!

/01(*220(1!>5!F67GC!*(+!)%&!6&.036-.*2!6&192*)0-(!-7!F67G!>5!'()!/01(*220(1!%*:&!(-)!>&&(!/)9+0&+!0(!*(!
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!
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REVIEW

Functions of Wnt and Hedgehog-containing extracellular vesicles
in development and disease
Tamás Matusek, Julien Marcetteau and Pascal P. Thérond*

ABSTRACT
Secreted morphogens play a major role in the intercellular
communication necessary for animal development. It was initially
thought that, in order to organize tissuemorphogenesis and control cell
fate and proliferation, morphogens diffused freely in the extracellular
space. This view has since changed following the discovery that
morphogens of the Wnt and Hedgehog (Hh) families are modified by
various lipid adducts during their biosynthesis, providing themwith high
affinity for the membrane bilayer. Recent work performed in model
organisms suggests that Wnt and Hh proteins are carried on
extracellular vesicles. In this Review, we provide our perspectives on
the mechanisms of formation of Wnt- and Hh-containing extracellular
vesicles, and discuss their functions during animal development, as
well as in various human physiopathologies.

KEY WORDS: Hedgehog, Wnt, Extracellular vesicles, Morphogen

Introduction
Intercellular communication is crucial for tissue homeostasis under
both physiological and aberrant conditions. Paracrine signaling, in
which a ligand is released from its site of production and travels
through the extracellular environment, plays an instructive role during
morphogenesis (Wolpert, 2016). Paracrine signaling is also
implicated in pathological disorders, including cancer progression,
the regulation of cancer stem cell homeostasis and in passing directive
cues to the surrounding stromal cells (Hanahan andWeinberg, 2011).
Under both normal conditions and during cancer development,
cell-fate decisions and tissue homeostasis require precise input of
combinatorial information received from the extracellular space.
Secreted morphogens act in a paracrine manner during

embryogenesis (Wolpert, 2016). These molecules define cellular fate
and organize tissues over both short and long ranges by establishing a
functional gradient of activity through a variety of transportation
mechanisms. Failures in secretion, extracellular transport or
transduction of these morphogenetic signals lead to severe
developmental disorders and can induce tumorigenesis (Beachy et al.,
2004; Briscoe and Thérond, 2013; Nusse and Clevers, 2017).
The Hedgehog (Hh) and Wnt families of secreted molecules are

classic morphogens originally identified in Drosophila. Only one Hh
gene is present in Drosophila, whereas vertebrates express three
paralogues, i.e. sonic hedgehog (Shh), indian hedgehog (Ihh) and
desert hedgehog (Dhh). Wingless (Wg) is the main Wnt gene
expressed in Drosophila, whereas 19 Wnt homologs have been
identified in vertebrates (Nusse and Clevers, 2017). Hh and Wg
proteins are responsible for directing cell-fate decisions and patterning
processes during embryonic segmentation, and the development of the

Drosophila larval imaginal discs (Lee et al., 2016; Swarup and
Verheyen, 2012). Their vertebrate orthologs also fulfill essential roles
in developmental patterning, such as during limb development and
morphogenesis of the neural tube (Briscoe and Small, 2015; Briscoe
and Thérond, 2013). Furthermore, they are essential for stem-cell
maintenance in different tissues, including the adult intestine,
epidermis and brain (Álvarez-Buylla and Ihrie, 2014; Nusse and
Clevers, 2017; Shyer et al., 2015; Strzyz, 2016).

In addition to its various morphogenetic roles, the deregulated
secretion of Hh family proteins drives the proliferation ofmany cancer
types, including breast, prostate, pancreatic, lung, hepatocellular and
digestive tract cancers (Beachy et al., 2004; Briscoe and Thérond,
2013). Hh production also influences the tumor microenvironment in
a paracrine manner by signaling to the stroma, which then
communicates back to the tumor, promoting its growth (Rubin and
de Sauvage, 2006; Yauch et al., 2008). Wnt signaling is well known
for its prominent role in colorectal cancer but is also important in
various other cancers (Clevers et al., 2014; Nusse and Clevers, 2017).
Since these morphogen-mediated signals influence tumor formation,
to understand how they are transported from cell to cell will improve
our knowledge of these deleterious pathologies.

During their biosynthesis, the Hh and Wnt protein families are
modified by lipid adducts, providing them with a high affinity for
biological membranes and cell surface proteins. The mature Hh
peptide has a cholesterol moiety covalently attached to its C-terminus
and a palmitic acid (saturated fatty acid) on its N-terminus (Pepinsky
et al., 1998; Porter et al., 1996). By contrast, Wnt proteins are
lipidated with the monounsaturated fatty acid palmeolic acid (Takada
et al., 2006; Willert et al., 2003). Hh molecules also appear to exist in
many different post-translationally modified forms in vivo and have
been found to havemore than one type of fatty-acid attachment (Long
et al., 2015). These modifications could greatly influence the affinity
or localization of morphogens to specific membrane microdomains,
which raises the possibility that various pools of morphogens with
different activity are present in the same tissue (Palm et al., 2013).

Paradoxically, lipid modifications of Hh and/or Wnt do not restrict
their extracellular diffusion and, instead, promote controlled long-
range signaling activity (Callejo et al., 2006; Gallet et al., 2006; Lewis
et al., 2001; McGough and Vincent, 2016). This phenomenon
prompted research into alternative transport mechanisms to free
diffusion. Both Hh and Wnt proteins bind to heparan sulfate
proteoglycans (HSPGs) with high affinity at the cell surface (Yan and
Lin, 2009). HSPGs prevent their rapid, unregulated dilution in the
extracellular space, maintaining the local high concentration that is
necessary for signal activation, while still promoting their spread
along the tissue surface (Baeg et al., 2001; Gallet et al., 2006; Han
et al., 2004a,b). A recent study demonstrated that the core protein of a
Drosophila HSPG, Dally-like protein (Dlp), acts as a Wg chaperone,
shielding the lipid moiety (McGough et al., 2020). The authors
proposed a model in which Wg spreads by sequentially passing
between the heparan sulfate chains to the protein core of Dlp
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molecules to eventually reach its receptor. Several other mechanisms
that allow extracellular transport by shielding the Hh and Wnt lipid
anchors from the aqueous environment have been proposed (Box 1).
However, a number of independent studies have suggested that Hh
and Wnt are secreted on extracellular vesicles (EVs) in order to exert
their long-range signaling function (see Fig. 1 and Box 2 for
mechanisms of EVs formation), in animal model systems and in
human cerebrospinal fluid (Beckett et al., 2013; Coulter et al., 2018;
Gradilla et al., 2014; Gross et al., 2012; Koles et al., 2012; Korkut
et al., 2009; Liégeois et al., 2006;Matusek et al., 2014; Parchure et al.,
2015; Tanaka et al., 2005; Vyas et al., 2014).
Owing to space constraints, in this Review we will focus on four

main questions related to these new discoveries. First, how does
intracellular trafficking contribute to the generation of functional
EVs carrying the Hh and Wnt morphogens? Second, which
EV-generating mechanisms are involved in the establishment of
morphogen gradients? Third, how are Hh- andWnt- containing EVs
linked to human disease models? Last, what are the main technical
hurdles for the functional study of EVs in vivo?

Hh and Wnt trafficking in secreting cells – primary and
secondary secretion
Growth and patterning of the Drosophila wing imaginal disc relies
on the activity of a range of morphogens, including Hh andWg, and
impaired secretion of these proteins results in strong tissue
morphological defects (Box 3). After their secretion, Hh and Wg
induce the expression of target genes in a concentration-dependent
manner within responsive cells. Several lines of evidence suggest
that, following their maturation inside conventional secretory
compartments, Hh and Wg reach the extracellular leaflet of the
apical plasma membrane within the subset of cells that produce Hh

and Wg (hereafter referred to as producing cells; Fig. 2, route 1,
Box 3). From there, they are then re-internalized and follow a
secondary secretion to form a functional extracellular gradient of
activity (Fig. 2, route 2). We present and discuss experimental
evidence, and possible routes following endocytosis of Hh and Wg.

By overexpressing Hh (tagged with GFP or CFP) in Drosophila
wing discs, it was shown that Hh traffics to the plasma membrane of
producing cells where it forms nanoclusters (Vyas et al., 2008).
Tagged Hh is then re-internalized by producing cells (Callejo et al.,
2011; D’Angelo et al., 2015; route 2 in Fig. 2A). Consistently,
endogenous Hh accumulates at the surface of producing cells when
endocytosis was blocked by using a dominant-negative form of
dynamin (Ayers et al., 2010; Callejo et al., 2011). Hhwas also found in
the early endocytic and recycling compartments (marked by Rab5 and
Rab4, respectively) of producing cells (D’Angelo et al., 2015).
Accordingly, expressing a dominant-negative form of Rab5 inhibits
Hh endocytosis, trapping it inside producing cells and resulting a
reduction in long-range Hh activity (Callejo et al., 2011; D’Angelo
et al., 2015; Eugster et al., 2007). Moreover, interfering with the
recycling machinery by using RNA interference (RNAi) against Rab4
also reduced long-range signalling activity and target-gene expression
(D’Angelo et al., 2015). Altogether, these data suggest that perturbing
Hh endocytosis leads to a defect in its long-range activity, and that the
recycled pool of endocytosed Hh (Fig. 2A, routes 2 and 3) contributes
to the activity of the extracellular pool of Hh.

Interestingly, tagged-Hh expressed in cells was observed by
immunoelectron microscopy to localize to intraluminal vesicles
(ILVs) of multivesicular bodies (MVBs), both in vitro and in vivo
(Gradilla et al., 2014; Parchure et al., 2015). Moreover, endogenous Hh
was observed in enlarged defective endosomes positive for the
endosomal sorting complex required for transport (ESCRT)-0 subunit
Hrs andRab7 aswell as on ILVmembranes (Parchure et al., 2015). This
suggests that, after its internalization, Hh follows an endocytic route
destined for degradative MVBs (Fig. 2A, routes 4 and 6). This was
tested in vivo by using a loss-of-function mutation in the Drosophila
class C vacuolar sorting protein deep orange (dor), which impairs
lysosomal degradation, resulting in accumulation of polyubiquitylated
proteins that are no longer degraded. In the absence of deep orange, the
level of endogenous Hg in producing cells is not increased (Callejo
et al., 2011; D’Angelo et al., 2015). Altogether, these data suggest that
endocytosed Hh is not targeted for degradation inMVBs but follows an
MVB-dependent secretion route after it has been re-internalized by
producing cells (Fig. 2A, routes 4 and 5).

Wnt proteins also undergo extensive trafficking before being
released into the extracellular milieu. During their primary secretion,
Wnts are first palmitoylated in the endoplasmic reticulum (ER) and are
then introduced to the apical surface of the plasmamembrane (Fig. 2B,
route 1; Langton et al., 2016). This trafficking process requires the
activity of the shuttlingWnt-binding protein wntless (Wls, also known
as Evi or Sprinter) and the retromer complex (Franch-Marro et al.,
2008; Port et al., 2008). Similar to Hh, Drosophila Wg is then
endocytosed from the apical membrane in a dynamin-dependent
manner (Fig. 2B, route 2) and transcytosed to the basal side of the
epithelium (Fig. 2B, route 2b). In Drosophila, this process is mediated
by a membrane-anchored E3 ubiquitin ligase of the ring finger (RNF)
protein family, called Godzilla (gzl) (Yamazaki et al., 2016).
Inactivation of Wg on the basal surface of the Wg-producing
epithelium by ectopic expression of Notum – an enzyme that removes
palmitoleate and, therefore, inactivates Wg – greatly abrogates the
expression of the Wg target gene senseless in receiving cells. This
suggests that the basal release of Wg is necessary to establish a
functional Wg-signaling response in the receiving tissue (Yamazaki

Box 1. Alternative carriers of Hh and Wnt morphogens
Several alternative mechanistic models have been proposed for the
extracellular transport of Hh andWnt. Secreted lipid-modified Hh is found
in soluble multimers, in which the lipids could be shielded from the
hydrophilic environment (Zeng et al., 2001). It has also been proposed
that Hh and Wnts associate with lipoprotein particles, a carrier of
circulating lipids including cholesterols, whose association with
morphogens is promoted by cell-surface glypicans (Eugster et al.,
2007; Panáková et al., 2005; Kaiser et al., 2019). Both morphogens may
be anchored in the phospholipid monolayer of lipoprotein particles
through lipid or sterol anchors. In themouse hindbrain choroid plexus, for
example, Wnt5A is expressed and secreted into the cerebrospinal fluid
mainly on lipoprotein particles. Immunofluorescence quantification
experiments have shown that this secretion mechanism accounts for
20–30% of extracellular Wnt5A produced in this tissue, whereas
exovesicle-associated Wnt5A represents only 3–7% (Kaiser et al.,
2019). Strikingly, primary choroid plexus cell culture supernatant
contains Wnt5A exclusively associated to lipoproteins and not
extracellular vesicles (EVs) (Kaiser et al., 2019).

Moreover, extracellular, soluble, monomeric Hh and Wnt have also
been observed. For instance, the lipid adduct of monomeric Wnt
associates with the soluble lipocalin family member secreted Wg-
interacting molecule (SWIM) in Drosophila (Mulligan et al., 2012).
Similarly, soluble monomeric Shh is associated with the vertebrate-
specific secreted glycoprotein Scube2 (Creanga et al., 2012; Tukachinsky
et al., 2012). Similarly, extracellular Drosophila Hh associates with the
soluble protein shifted (shf) (Glise et al., 2005; Gorfinkiel et al., 2005;
Hsieh et al., 1999). In each of these examples, the lipid and cholesterol
anchors are shielded from the aqueous environment, resulting in
morphogen solubilization and extracellular spreading. These different
carriers provide alternative extracellular transport mechanisms for
morphogens, independently of EVs.
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et al., 2016). However, it appears that active Wnt proteins can also be
released apically (Yamamoto et al., 2013). In 2D or 3D cultures of
Madin-Darby canine kidney (MDCK) cells, different Wnt proteins
follow different routes. Whereas Wnt11 is preferentially secreted
from the apical surface, Wnt3a is predominantly secreted basally
(Yamamoto et al., 2013). Importantly, these different trafficking
pathways coincidewith the selective loading ofWnt11 andWnt3a into
distinct EV populations in vitro (Chen et al., 2016). Basolaterally
secretedWnt3a co-fractionates with ESCRTproteins at a density that is
typical for exosomes (see Box 4). By contrast, apically secretedWnt11
and Wnt3a co-fractionate with CD63 and Hsp70 on EVs of different
densities. Additionally, lipidation of Wnt3a also influences its
trafficking, as removal of the lipid adduct specifically perturbs its
secretion on EVs originating from the basal surface (Chen et al., 2016).
Whether recycling endosomes are involved in Wg trafficking has

not yet been tested (Fig. 2B, route 3), but intracellular Wg has been
shown to be present in MVBs (Fig. 2B, route 4), suggesting that,
instead of being degraded (Fig. 2B, route 6), Wg follows MVB-
dependent secretion after its internalization in producing cells
(Fig. 2B, routes 4 and 5; Gross et al., 2012). Taken together, these
findings suggest that the formation and function of extracellular Hh
and Wg gradients depend not only on primary secretion but require
secondary secretion after re-internalization.

Secretion of Wnt and Hh on EVs
In Drosophila, the need for Hh and Wg to be endocytosed in
producing cells and then re-secreted into the extracellular space is
still not fully understood. One possibility is that, following their
primary secretion, morphogens require further packaging into a
final form that is responsible for their long-range signaling activity.
EVs containing Hh and Wg were first identified following the
biochemical fractionation of conditioned medium of naïve or Hh-
and Wg-expressing insect cultured cells. The proteomic analysis of
these vesicles identified known regulators of EVs formation, such as
members of the ESCRT machinery (Box 2) and the small GTPase
Rab superfamily (Beckett et al., 2013; Gradilla et al., 2014; Gross
et al., 2012; Matusek et al., 2014; Parchure et al., 2015; Vyas et al.,
2014). Depleting these proteins in cultured cells led to a decrease in
morphogen secretion on EVs (Beckett et al., 2013; Gross et al.,
2012; Parchure et al., 2015). Importantly, purified Hh- and Wg-
containing EVs share the biophysical characteristics of exosomes,
such as their size and density (see Box 4). It was concluded that
overexpressed Hh and Wg are secreted on EVs in cultured cells
(Beckett et al., 2013; Gradilla et al., 2014; Gross et al., 2012;
Matusek et al., 2014; Parchure et al., 2015; Vyas et al., 2014).

In the Drosophila wing imaginal disc, secreted Hh and Wg were
both observed far away from their sites of production, and

Endocytosis

PM budding

PM budding

Exosome release

Exosome release

Cytonemes

Degradation

Primary 
secretion

MVB
formation

Fig. 1. Schematic representation of the mechanisms for EV generation. Following primary secretion (1), cargoes (red) are loaded onto plasma membrane
buds or follow endocytic routes (2–6). ESCRT-dependent plasma membrane budding takes place directly following primary secretion (1); alternatively, signaling
molecules can be re-endocytosed and recycled back to the plasma membrane for release (2). Intraluminal vesicles (ILVs) bud inwardly from the limiting
membrane of endosomes (3), resulting in the formation of multivesicular bodies (MVBs) that, typically, culminate in cargo degradation (4). MVBs can also function
as secretory compartments (5) by fusing their limiting membrane to the plasma membrane; this releases ILVs and their cargos into the extracellular space. Both
MVB fusion and plasma membrane budding can also take place along or at the tips of filopodial extensions, also referred to as cytonemes (6).
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associated with exosome markers – Hh with ESCRTs (Matusek
et al., 2014) or the tetraspanin CD63-GFP (Gradilla et al., 2014) and
Wg with CD63-GFP and Rab4 (Gross et al., 2012). Further in vivo
analysis showed that endogenous Hh secretion depends on ESCRT
function (Gradilla et al., 2014; Matusek et al., 2014; Parchure et al.,
2015). To challenge their role in vivo and to avoid pleiotropic
functions of ESCRTs – as complete loss of ESCRT function
strongly affects cell architecture and viability (see Box 2) – mild,
spatially and temporally controlled depletion of ESCRTwas used in
Hh-producing cells, which resulted in a retention of Hh at the external
cell surface and a concomitant reduction in long-range Hh activity
(Gradilla et al., 2014; Matusek et al., 2014; Parchure et al., 2015). In
addition, the number of Hh-containing endocytic structures within
Hh-receiving cells was reduced (Gradilla et al., 2014). Interestingly,
endogenous secreted Hh and ESCRT subunits, such as charged
multivesicular body protein 1 (Chmp1) were observed at the surface
of Hh-receiving cells, confirming that these proteins travel together to
their target cells (Matusek et al., 2014). However, the role of ESCRTs
in Wg secretion is yet to be assessed in vivo.
Howmorphogens transported on EVs interact with their receptors

is not known, nor do we know whether morphogen EVs need to be
endocytosed to trigger signaling. However, we believe that Hh
present on EVs is accessible to its receptor Patched (Ptc) at the
surface of receiving cells for two reasons. First, non-permeabilized
purified EVs revealed that Hh is associated to the surface of EVs in
Drosophila (Matusek et al., 2014). Second, the forced expression of
a mutant form of Ptc that cannot be endocytosed in the wing disc,
lead to the trapping of Hh associated to ESCRT Chmp1 particles,
suggesting that Ptc interacts with Hh-EVs and sequesters them
(Matusek et al., 2014).

Although multiple studies have addressed the processes
necessary for the production and secretion of EV-associated Wnts
(Parchure et al., 2018), in bothDrosophila and in vertebrates, little is
known regarding the mechanism through which these EVs
transduce Wnt signaling in receiving cells. The Wnt palmitoleate
moiety contributes to the binding of Wnts to FZD receptors
(DeBruine et al., 2017), suggesting that Wnts must be extracted
from EV membranes to signal; yet, how this process would be
mediated is unknown. Alternatively, active Wnts could be cleaved
from the surface of EVs; a recent study suggested that Wg is cleaved
by the ADAMTS family protein Sol narae (Sona), resulting in the
formation of an active C-terminal Wg fragment (Won et al., 2019).
Expression of this fragment in the Drosophilawing imaginal disc is
sufficient to activate the expression of low, but not high, threshold
Wg targets, suggesting that other processes need to act in tandem.
Interestingly, the authors showed that Sona is secreted on EVs. Hh
and Wg dispersion through EVs might also be regulated by long
dynamic cellular extensions, called cytonemes (Bischoff et al.,
2013; Gradilla et al., 2014; Rojas-Ríos et al., 2012; Sanders et al.,
2013; Stanganello et al., 2015). Such cytonemes could specifically
transport Wg- or Hh-containing EVs. Indeed, there is evidence
suggesting that EVs originating from MVBs are released from
cytonemes or bud from their tips (González-Méndez et al., 2017).

Studies of cytonemes have provided complementary information
regarding the interaction of Hh with Ptc (Kornberg, 2017). In the
wing imaginal disc, Ptc was found to be present at the surface
of receiving cells on cytonemes that are directed towards
Hh-containing EVs (Chen et al., 2017; González-Méndez et al.,
2017, 2020). Interestingly, it has been shown that, in vitro, filopodia

Box 2. Mechanisms of EV formation
Extracellular vesicles (EVs) form and can be secreted through several
alternative mechanisms (see also Fig. 1). EVs can be released through
budding of the plasma membrane, an ESCRT-dependent process,
similar to the mechanism of retrovirus budding from infected cells (Fig. 1,
route 1) (Christ et al., 2017). The cargos present on these EVs originate
from primary secretion at the plasma membrane or from recycling
following endocytosis (Fig. 1, route 2). An alternative route involves the
formation of intraluminal vesicles (ILVs) in the lumen of endosomes,
which results in multivesicular bodies (MVBs) (Fig. 1, route 3). Some of
these MVBs are degradative (Fig. 1, route 4), whereas others behave as
secretory compartments by fusing their limiting membrane with the
plasmamembrane (Fig. 1, route 5); this releases the ILVs and associated
cargoes into the extracellular space. Once in the extracellular space,
secreted ILVs are termed exosomes (Yáñez-Mó et al., 2015). The
intracellular sorting of the cargoes and formation of the inward bud at the
endosome-limiting membrane requires the activity of endosomal sorting
complex required for transport proteins (ESCRTs) 0 to III (ESCRT0-III).
We do not aim to provide a comprehensive description of ESCRTs here,
as their function has been summarized in many excellent reviews (see,
for example, Stoten et al., 2018; Radulovic and Stenmark, 2018; Vietri
et al., 2020). Wewould like to emphasize, however, that ESCRT function
is highly pleiotropic. ESCRTs are required in numerous processes
involving membrane deformation, constriction and scission, such as the
final step of cytokinesis, membrane repair and nuclear membrane fusion
during cell division (Campsteijn et al., 2016; Vietri et al., 2020.
Interestingly, MVBs can also be generated independently of ESCRT
activity through sphingolipid ceramides (Trajkovic et al., 2008). Both
budding of the plasma membrane or fusion of MVB with the plasma
membrane can also occur along or at the tip of long filopodia extensions,
also called cytonemes (Fig. 1, route 6). After membrane scission (inward
or outward), ESCRTs become trapped inside the generated EVs and
can, therefore, be used as protein markers (see Box 4).

Box 3. Drosophila imaginal disc epithelium as model
tissue to study morphogen activity
Most functional studies describing the roles of Hh and Wg extracellular
vesicles (EVs) have been carried out in the Drosophilawing imaginal disc
(Beckett et al., 2013; Gradilla et al., 2014; Gross et al., 2012; Matusek
et al., 2014; Parchure et al., 2015). In this tissue, Hh andWg are produced
by a subset of cells (producing cells), and trigger the fate of receiving cells
that participate in the control of tissue patterning. Cells close to the source
of Hh and Wg morphogen respond to high morphogen levels, whereas
cells that are further away are able to respond to intermediate and low
levels. These graded levels of activation, which specify different cell fates,
led to the proposal that a gradient of secreted morphogen is responsible
for the overall patterning of the tissue (Wolpert, 2016). Impaired secretion,
spreading or transduction of one of these morphogens results in strong
morphological tissue defects, such as the lack of wings in the mutant
animals (hence the name wingless), or outgrown and/or duplicated
wings in case of increased or ectopic signaling activity. Although work
carried out in C. elegans – in which the Wg orthologue EGL-20 had been
endogenously fluorescently tagged– provided evidence thatWnt forms an
extracellular gradient (Pani and Goldstein, 2018), it has recently been
suggested that Wg secretion is not essential for wing disc patterning in
Drosophila (Alexandre et al., 2014). Indeed, replacing the endogenous
genewith one that resulted inWg being tethered to the plasmamembrane
was sufficient to rescue most developmental defects of Wg loss-of-
function, including patterning, but not full growth of the wing (Alexandre
et al., 2014). On the basis of this study, it was proposed thatWg is, indeed,
secreted but that its patterning activity does not depend on its secretion
and long-range activity. In response to these findings, a more-recent study
demonstrated that the membrane-tethered Wg protein appears to have
greater stability than its wild-type counterpart, resulting in membrane-
tethered Wg being present in cells that otherwise do not express Wg
(Chaudhary et al., 2019), suggesting that this property of membrane-
boundWgprotein explains its ability to rescuewing patterning (Chaudhary
et al., 2019).
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can be hot-spots for the endocytosis of EVs (Heusermann et al.,
2016). It is, therefore, possible that Hh-containing EVs are taken up
by Ptc-containing cytonemes present on target cells. This interesting
possibility implies that Hh-EVs are not simply dispersed into the
extracellular space but transit from one filopodia to another through
direct contact. Whether, in this context, Hh-containing EVs mediate
the entire patterning activity of Hh or only a subset of it will be an
interesting challenge to resolve.
Taken together, there is increasing evidence that Hh and Wg are

secreted through a secondary secretory pathway that leads to their
secretion on EVs; the latter might correspond to exosomes or
microvesicles (Box 4) but their function still warrants further
investigation.

Biogenesis of functional Wnt- and Hh-containing EVs
The biogenesis of morphogen-containing EVs is still poorly
understood. As discussed above, there is a clear link between Hh
and Wg endocytosis, and their extracellular gradient formation, but
what is the evidence that modifying the endocytosis of Hh or Wg
influences their release on EVs?

In the case of Hh, blocking endocytosis by depleting dynamin
and Rab5 in Schneider insect (S2R+) cells by using RNAi leads to a
reduction in the release of Hh-containing EVs into the cell-culture
medium (Parchure et al., 2015). Interestingly, mutant variants of Hh
that are unable to nanocluster are internalized and secreted in EVs
to a lesser extent in vitro, and display decreased long-range activity
in vivo (Parchure et al., 2015; Vyas et al., 2008).
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Fig. 2. Summary of Hh and Wg
trafficking routes in Drosophila.
(A,B) Hh (A) and Wg (B) proteins
undergo signal sequence cleavage
and enter the secretory pathway.
Subsequently, Hh and Wg are lipid-
modified (see main text).
Autoproteolytic cleavage of the Hh
precursor protein occurs in the
endoplasmic reticulum (ER), resulting
in two peptides, C–terminal Hh
peptide (Hh-C) that translocates out of
the ER and undergoes degradation
through the activity of the proteasome,
and an N–terminal Hh peptide (Hh-N)
that is covalently attached to
cholesterol. Following maturation, Hh
(A) and Wg (B) are both trafficked to
the extracellular leaflet of the apical
plasma membrane within the Hh- and
Wg-producing cell, where their soluble
forms are secreted (1). Primary
secretion of Wg is mediated by the
shuttling protein Wntless (Wls), which
is then endocytosed via a clathrin-
dependent mechanism and recycled
back to the Golgi through the activity of
the retromer complex. Subsequently,
both morphogens can be re-
internalized, upon which they are
found in Rab5-positive early
endosomes (2). From there – via
recycling endosomes positive for
Rab4 in the case of Hh (A) or positive
for Rab11 in the case of Wg (B) – they
can be recycled to the plasma
membrane before undergoing
secondary secretion after plasma-
membrane budding (3). However,
Wg can also be transcytosed via Rab5
from the apical to the basal membrane
(2 and 2b), a process dependent on
the activity of the E3 ubiquitin ligase
Godzilla. In addition, both Wg and
Hh can pursue an alternative
endocytic route via multivesicular
bodies (4), followed by either apical or
basal release on EVs (5), or become
degraded in lysosomes (6). Note that
the apical secretion of Wg requires the
SNARE protein YKT6 (5).
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Furthermore, the requirement for both Rab4 and ESCRTs for long-
range Hh activity raises the possibility that, following endocytosis
from the early endosomal compartment, Hh can take two routes to be
released. It can either be recycled back to the plasma membrane
in Rab4-containing vesicles that then bud off from the membrane, or
it can be incorporated into secretory MVBs – together with other
regulatory components for subsequent release on exosomes (Fig. 2).
Our data support the first route (Matusek et al., 2014). First, under
conditions of impaired MVB activity, long-range Hh activity is not
affected. However, although weak depletion of the Drosophila
ESCRT proteins Alix (PDCD6IP in humans) or Vps32 (officially
known as Shrub; CHMP4A, CHMP4B and CHMP4 in humans) does
not affect MVB homeostasis, it leads to the accumulation of the Hh at
the plasmamembrane and defects in long-range Hh activity (Matusek
et al., 2014). However, there is no apparent correlation between the
loss of Hh activity and defects in MVB formation, suggesting that
ESCRT-mediated regulation on Hh is independent of MVBs
(Matusek et al., 2014).
Another pertinent argument relates to the differential requirement

of ESCRT sub-complexes for Hh secretion. Depletion of ESCRT-I
and ESCRT-III but not ESCRT-II subunits affects Hh secretion and
its long-range activity (Matusek et al., 2014). This is of interest
because, although ESCRT-II subunits are necessary for endosomal
sorting, only the ESCRT-II complex is dispensable in budding events
at the plasma membrane during retrovirus release (Martin-Serrano
and Neil, 2011). Interestingly, the ESCRT-III component Vps32 has

been detected in Hh-containing EVs in vivo and in vitro, whereas the
secreted ESCRT-II component Vps36 has not been associated with
extracellular Hh (Matusek et al., 2014). Furthermore, ESCRT-II
proteins were not observed in Hh-containing EVs purified from
cultured cells (Matusek et al., 2014).

Together, these findings support a model in which Hh is released
through budding of Hh-containing vesicles from the plasma
membrane in a manner that is independent of secretory MVBs.

Research dissecting the roles of EV-bound members of the Wnt
morphogen family have also provided conflicting results. Although
numerous studies have identified new function for EVs containing
Wnt proteins (see below), in Drosophila the contribution of EV-
bound Wg to patterning events is less clear. Although several studies
suggested that, in vitro, Wg being present on EVs, no agreement was
found regarding their functional relevance (Beckett et al., 2013; Gross
et al., 2012). Endogenously secreted Wg colocalizes with exosomal
markers, such as Rab4 and GFP-tagged CD63 in the extracellular
space of thewing disc (Gross et al., 2012). This, together with the fact
that intracellular Wg colocalizes with GFP-tagged MVB markers,
such as CD63 and Lamp1, when overexpressed in wing discs, led to
the proposal that, in vivo, Wg is secreted on exosomes (Gross et al.,
2012). Gross and colleagues also reported that only 8% of
extracellular Wg colocalizes with secreted CD63-GFP. This, if
representative of the proportion of exosome-association, raises the
question as to how the overall patterning activity of secreted Wg is
affected when the exosomal secretion of Wg is blocked. Moreover,
depletion of the SNARE protein YKT6 in Wg-producing cells
reduces the short-range activity of Wg (Gross et al., 2012). As
SNARE proteins promote the fusion between vesicles and
membranes, it is possible that they are required for the fusion of the
MVB-limiting membrane with the plasma membrane in order to
release ILVs (Fig. 2B, route 5). However, as SNAREs are involved
in all steps of membrane fusion during secretory and endocytic
processes, such a specific role in exosome production still needs to be
confirmed.

In summary, although there is good evidence that Hh-containing
EVs participate in Hh-dependent patterning of the wing disc in
Drosophila, the requirement of EV-mediated transport in Wg in
patterning is less well understood.

Hh and Wnt EVs in development and human pathologies
In this section, we present more examples illustrating the context-
dependent function for EVs containing Hh and Wnt. These two
morphogens have been found to be secreted on different types of EV,
the origins of which are not always known. For example, Shh has
been observed in EVs derived from apical microvilli budding at the
surface of the mouse ventral node during development and was
initially thought to be necessary to break symmetry during embryonic
development (Tanaka et al., 2005). Interestingly, exosomes can also
be carriers of Hh-related peptides that are required for cuticle
formation in the nematode Caenorhabditis elegans. Indeed, the
membrane-bound V0 sector of the vacuolar H+ ATPase (V-ATPase),
an integral membrane component of MVBs, is required for the apical
secretion of exosomes containing Hh-related peptides in nematodes
(Liégeois et al., 2006).

Shh-containing EVs have been intensively studied owing to their
roles in various human pathologies (Table S1). EVs carrying Shh are
released into circulation following apoptosis and/or T-cell stimulation
(Martínez et al., 2006), and similar EVs have a protective effect by
activating the nitric oxide (NO) pathway following endothelial injury
(Agouni et al., 2007; Bueno-Betí et al., 2019). Shh-containing EVs
also promote angiogenesis by stimulating the expression of

Box 4. EV purification protocols and protein markers
Extracellular vesicles (EVs) can be further classified into small and large
EVs based on their size, physical characteristics (floating density),
isolation properties (centrifugation speed/force) and biogenesis. Small
EVs, commonly referred to as exosomes have a diameter of 30–150 nm
and a density of 1.13–1.19 g/ml (Théry et al., 2018). Small EVs are,
typically, pelleted at higher centrifugation forces (100,000–200,000 g;
Théry et al., 2006); they are formed in cells as ILVs within MVBs, and are
released following the fusion of MVBs with the plasmamembrane. Small
EVs are often associated with tetraspanins, such as CD63, CD9 and
CD81, as well as heat shock proteins and ESCRT components,
including Alix and TSG101 (Théry et al., 2018).

Large EVs (also termed microvesicles or ectosomes), are between
200 nm and 2 μm in diameter, and are generated by budding and/or
blebbing from the plasma membrane (Mathieu et al., 2019). Large EVs
can be pelleted at amuch lower centrifugation force, i.e. 10,000–20,000 g,
but are also present in high-speed fractions (Mathieu et al., 2019).
However, there is no clear consensus in the EV community regarding the
floating density of large EVs, and precise size-based classification of
microvesicles can be quite heterogenous (Théry et al., 2018).

It is worth emphasizing that the origin of the different types of EVs
cannot always be deducted from their size or density. For example, small
EVs shed from the plasma membrane can overlap in their physical
properties with those of exosomes (Hara et al., 2010; Maguire et al.,
2015; McConnell et al., 2009; Thouverey et al., 2009).

Importantly, EV preparations can also include other particles of similar
size and density, such as enveloped viruses or high-density lipoproteins
and exomeres, i.e. non-membranous nanoparticles <50 nm (Zhang
et al., 2018). Most EV preparations are, therefore, likely to consist of a
mixture of different types of small EVs and of non-EVs. Therefore,
deciphering the differences in the biogenesis of EV subtypes could
permit exosomes to be distinguished from plasma membrane-derived
EVs owing to the presence of distinct markers, but such an approach has
to be taken very cautiously. For further details, we refer the reader to the
guidelines published by the International Society of Extracellular
Vesicles (ISEV), which provides a regularly updated, curated resource
for the isolation and classification of EVs (Théry et al., 2018).
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pro-angiogenic factors, such as vascular endothelial growth factor
(VEGF) (Soleti et al., 2009). Shh has been observed on liver cell-
derived EVs, and a role for Shh-EVs in vascular remodeling during
cirrhosis has been suggested (Witek et al., 2009). Evidence for
protective and angiogenic effects of Shh-EVs was also provided by
using mouse models of ischemic injury and angiotensin II-induced
hypertension, respectively (Benameur et al., 2010; Marrachelli et al.,
2013). However, it is worth noting that, in most of these studies, the
effect of Shh-EVs was compared to that of soluble recombinant Shh
that, unlike endogenous Shh, is not cholesterol modified. Therefore,
activities of Shh-EVs with that of physiological secreted, lipidated
form of Shh – which is soluble but lipidated – were not compared in
these studies.
More surprisingly, Shh produced in epithelial hair follicle cells

mediates the development of the embryonic dentate gyrus in the
mouse hippocampus (Choe et al., 2015). Here, the uncleaved Shh
precursor molecule is packaged into EVs within platelets and
delivered to the dentate gyrus by crossing the semipermeable blood
brain barrier (Choe et al., 2015). However, whether platelets release
active mature Shh on EVs in this case remains to be answered.
Further examples of the functions of Shh EVs are presented in
Table S1.
Various Wnt ligands are also secreted on EVs (Table S1). For

instance, in Caenorhabditis elegans, EVs carrying Wnt are released
from the cilia of neurons, and disruption of this process leads to
behavioral disorders (Wang et al., 2015). In Drosophila
neuromuscular junctions, EVs carrying Wg are responsible for
tuning the level of postsynaptic sensitivity (Kerr et al., 2014). One
example in vertebrates is Wnt3a, a hematopoietic growth factor that
stimulates acute myeloid leukemia progression (van den Berg et al.,
1998; Reya et al., 2003; Valencia et al., 2009). EV-bound Wnt3a
also stimulates clonogenic growth of the so-called side population
(SP) of B-cell lymphoma cells, which are considered to have cancer
stem cell-like properties (Koch et al., 2014). In this scenario,
Wnt3a-expressing SP cells provide the ligand to surrounding
stromal-like non-SP cells, promoting growth of the entire cell
population (Koch et al., 2014). Wnt3a is also secreted on EVs
derived from activated platelets upon co-culture with HT29 colon
carcinoma cells and is able to mediate their growth (Dovizio et al.,
2015). Moreover, the self-renewal properties of mammary stem or
progenitor cells (MaSCs) are dependent on Wnt signaling and can
be improved upon treatment with MaSC-derived EVs that contain
Wnt3a and Wnt1 (Bussche et al., 2016). Moreover, these EVs have
an even greater capacity to promote growth than recombinant Wnt
proteins alone, highlighting that Wnt-containing EVs have
enhanced signaling activity in this system (Bussche et al., 2016).
Wnts are also known to contribute to fibrotic changes within cardiac
tissue, induced by disruptions to the heart morphology, through the
activation of cardiac fibroblasts (Działo et al., 2019). It has recently
been demonstrated that exogenous Wnt3a-containing EVs purified
fromL-cells, i.e.Wnt-expressing fibroblasts of mouse subcutaneous
connective tissue can trigger the canonical Wnt pathway in cultured
human cardiac fibroblasts (Działo et al., 2019). However, the in vivo
contribution of Wnts transported on EVs to sites of cardiac fibrosis
remains unclear.
The Wnt4 ligand was also found on EVs in several studies. In

human umbilical cord mesenchymal stem cells, Wnt4-containing
EVs mediate the activation of β-catenin in the surrounding
endothelial cells and display proangiogenic effects, thereby
establishing a paradigm for cutaneous wound healing (Zhang et al.,
2015a). In a rat skin-burn model, such Wnt4-containing EVs induce
an accelerated rate of re-epithelialization in vivo (Zhang et al., 2015b).

Furthermore, Wnt4 secreted on EVs from colorectal cancer cells
under hypoxic conditions is important in the promotion of
angiogenesis and enhanced tumor growth (Huang and Feng, 2016).

In a mouse radiation-injury model, other EVs containing
macrophage-derived Wnts (Wnt5a, Wnt6, Wnt9a) were identified
to be responsible for the maintenance of the intestinal epithelium
upon irradiation (Saha et al., 2016). The role of EV-associated
Wnt5b in vitrowas recently investigated in cancer cell migration and
proliferation (Harada et al., 2017). EVs purified from the
conditioned medium of cultured lung adenocarcinoma or Wnt5b-
expressing L-cells efficiently activate Wnt signaling in Chinese
hamster ovary cells, and enhance the migration and proliferation of
A549 lung adenocarcinoma cells (Harada et al., 2017).

Collectively, these lines of evidence confirm that Shh- and Wnt-
containing EVs are involved not only in developmental processes in
animal models but also in several human physiopathologies,
including cancers.

Components of morphogen signal transduction pathways
in EVs
An interesting new development comes from studies showing that
EVs not only carry Hh and Wnts but also the corresponding signal
transduction pathway components that modulate their activities. For
example, the Shh antagonist hedgehog-interacting protein (HHIP,
hereafter referred to as HIP), directly binds to Shh (Chuang and
McMahon, 1999). In mice, HIP is released on EVs from damaged
endothelial cells during acute graft-versus-host disease (aGVHD)
(Nie et al., 2016). HIP binds to Shh on circulating EVs, blocking the
protective effect of Shh, NO release and the subsequent decrease of
reactive oxygen species during aGVHD (Nie et al., 2016).

Other Hh pathway components have also been found on EVs
in vitro. Human cervical cancer cells release not only Shh on EVs
but also its receptor patched homolog 1 (PTCH1) and, further
downstream, the positive regulator and G protein-coupled receptor
smoothened homolog (SMO) (Bhat et al., 2018). In Drosophila, the
polarized basal transport and the release of Ptc on EVs has been
implicated in shaping the Hh gradient in the wing imaginal disc
epithelium (González-Méndez et al., 2020). Another interesting
finding is related to the primary cilium, which is necessary for
activation of Shh signaling in vertebrates (Nager et al., 2017).
Binding of Shh to its receptor PTCH1 at the cilium triggers the
trafficking of the G-protein-coupled receptor GPR161, a negative
regulator of the Hh pathway, from the cilium back into the cell
(Nager et al., 2017). Alternatively, transfer of GPR161 from cilia to
EVs has also been observed under pathological conditions. Transfer
of GPR161 to EVs is regulated through activation of Shh at the
primary cilium, suggesting that signal-dependent EVs remove
activated signaling molecules, such as GPCRs, from the cilium
(Nager et al., 2017).

EVs have also been shown to contain other components and
regulators of the Wnt-signaling pathway, including β-catenin and
frizzled-10 (FZD10, also known as FZ10) (Chairoungdua et al., 2010;
Kalra et al., 2019; Scavo et al., 2019). β-Catenin, carrying several
activating mutations, was observed in EVs released from colorectal
cancer cells, and β-catenin from EVs purified from the human colon
cancer cell line LIM1215 was able to transfer to the cytoplasm and
nucleus of human colon carcinoma cells (Kalra et al., 2019). An
increase in the expression of Wnt target-genes was also observed
(Kalra et al., 2019). In a different study, the negative regulator of Wnt
signaling proline-rich protein 7 (PRR7), was found to be secreted in
EVs from rat hippocampal neurons (Lee et al., 2018). Overexpression
of PRR7 in these neurons was sufficient to block the synaptogenic role
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of Wnt5a and Wnt7a in a non-cell autonomous manner. Furthermore,
the RNAi-mediated knockdown ofPrr7 led to an increase in the levels
of Wnt5a and Wnt7a in the exosomal fraction secreted from cultured
rat hippocampal neurons, whereas overexpression of PRR7 in human
embryonic kidney 293 cells decreased the secretion of Wnt7a
(Lee et al., 2018). Interestingly, increased Wnt signaling activity
resulted in reduced levels of PRR7 on EVs, suggesting a Wnt
-signaling-dependent feedback mechanism that controls the activity
and secretion of Wnts on EVs. (Lee et al., 2018). Similarly, activating
Apc mutations in mouse colorectal cancer cell organoids led to
increased secretion of Wnt3a-containing EVs (Szvicsek et al., 2019).
The Wnt-binding protein Wls is also secreted in EVs at

glutamatergic synapses in Drosophila motorneurons from where it
is, subsequently, transferred to postsynaptic cells (Korkut et al., 2009;
Koles et al., 2012). Although the conserved role of Wls in the
trafficking of Wnts from the Golgi to the plasma membrane is well
established (Bänziger et al., 2006; Bartscherer et al., 2006; Goodman
et al., 2006; Port et al., 2008), the requirement for secreted Wls
remains unclear and technically challenging to test (Beckett et al.,
2013). A model has been proposed, in which Wnt-associated Wls
helps to targetWnts to secretoryMVBs, andWnt-freeWls is recycled
back to the Golgi (Beckett et al., 2013; Gross et al., 2012). The
functional relevance of the presence of Wls on extracellular EVs is
not yet clear (Beckett et al., 2013) but the presence of Wls in only a
small subset of Wg EVs might modulate the signal carried by Wg
EVs (Gross et al., 2012) – although, this model remains to be tested.
Altogether, these findings suggest the existence of additional levels
regarding the regulation of morphogen signaling, mediated by EVs.

Technical limitations to the characterization of EVs in vivo
Our current understanding of EV biology relies heavily on a range of
isolation techniques that, although they can provide insights into EV
morphology and composition, offer little insight into their
functional relevance. Below, we outline some of the technical
limitations currently restricting our understanding of how Hh- and
Wnt-containing EVs function in vivo.

The need for new morphogen-carrying EV markers
The presence of certain surface-protein markers as well as the
fractionation of EV pools using sizing columns and
ultracentrifugation are typically used to differentiate between
exosomes of probable MVB origin and EVs originating from the
plasma membrane (Théry et al., 2018). These techniques are based
on the physical but not biological properties of EV pools.
Nevertheless, until now, no specific protein marker has been
identified that definitively allows the origin and nature of EVs to
be determined (Box 4). Moreover, the density and size of EVs of
different origins can be very similar or even overlapping (see
Box 4 and references therein).
One of the most frequently used protein markers to identify

secreted exosomes, i.e. small EVs released from secretory MVBs
(Box 4), in Drosophila is the human tetraspanin CD63 antigen
(CD63) a protein without a fly homolog, which was originally
identified as a late endosomal/lysosomal protein (Pols and
Klumperman, 2009). In Drosophila, the use of CD63 for the
purpose of exosome purification is based on the assumption that it
behaves similarly in Drosophila and human cell cultures, and
accumulates in exosome fractions. Unfortunately, the colocalization
of CD63 with Hh and Wg morphogens depends on the level of
forced CD63 expression, which gives rise to conflicting conclusions
(see above; Beckett et al., 2013; Gradilla et al., 2014; Gross et al.,
2012; Panáková et al., 2005).

It is, therefore, important to identify protein signatures of EVs
pools and identify specific markers in experimental model animals.
This knowledge would help in the characterization of EVs not only
based on size and composition, but also on function.

Standardization of differential purification and classification methods
Biochemical and physical characterizations of purified EVs still need
to be improved, as different EV populations appear to have distinct
biological activities. For example, ultracentrifugation of Shh-
containing EVs secreted from cultured human embryonic kidney
(HEK293T) cells results in two distinct EV pools that vary in size,
protein and miRNA composition as well as signaling activity (Vyas
et al., 2014). Incubation of mouse embryonic stem cells with purified
Shh-EVs induced Shh gene targets and the subsequent differentiation
of ventral neural progenitors. However, only Shh-containing EV
fractions obtained from centrifugation at 150,000 g, which are also
enriched in β1-integrins – but not those obtained from centrifugation
at 250,000 g – displayed such activity (Vyas et al., 2014).
Interestingly, β1-integrins are necessary for this activation,
suggesting that other proteins present at the surface of EVs
participate in morphogen activity (Vyas et al., 2014). Similarly,
Shh EVs purified from a human fetal glial cell line or cerebrospinal
fluid have unique protein signatures that differ from the classic CD63-
containing exosome populations (Coulter et al., 2018). This
observation might be of great importance for future EV
characterization studies, as the presence of Shh on EVs does not
necessarily result in canonical Shh activity. For example, Shh-EVs
inhibit adipocyte differentiation via a non-canonical Shh signaling
route, i.e. via Smo, STK11 and PRKAA2 (also known as the Smo–
LKB1–AMPK pathway) (Fleury et al., 2016). Similarly, when
investigating the morphogenetic role of Shh-EVs in developing rat
brains, no measurable canonical Shh activity was found in EVs
purified from the medium of cultured hippocampal neurons (Eitan
et al., 2016).

Further technical advances regarding the characterization of the
molecular signatures of EVs and their physical properties are,
therefore, of primary importance. Nanoflow cytometry coupled
with structured illumination and atomic force microscopy studies
(Choi et al., 2019; Yokota et al., 2019), as well as label-free
identification of EVs on nanoparticle substrates by using surface-
enhanced Raman scattering (Fraire et al., 2019), represent
significant innovations. Great effort is made to further develop
such methods by using fluorescently tagged EV-specific membrane
proteins; here, the molecular signature of the combined fluorescent
tags can be analyzed using fluorescence correlation spectroscopy at
the level of individual EVs (Corso et al., 2019). EVs of different
cellular origin and function could, thus, be distinguished with high
specificity by using a combination of these methods.

Development of in vivo purification methods optimized for small-
sample volumes
Current EV purification methods to isolate EVs with high purity, i.e.
ultracentrifugation and sucrose density gradient purification, require
large amounts of initial material, complicating the analysis of in vivo
EV function in animals with limited extracellular space and body
fluids. Indeed, morphogen-containing EVs are commonly purified
from the conditioned medium of cultured cells overexpressing Wg
or Hh. Attempts to purify Shh-containing EVs from ex vivo cultured
primary notochord cells derived from early chick embryos, does not
yield sufficient quantities of pure EVs with which to perform
functional assays (Vyas et al., 2014). To tackle this issue, EV
isolation methods tailored to the analysis of small volumes of
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biological fluids are currently under development (Shi et al., 2019).
As Hh and Wnt morphogens also use alternative carriers, such as
lipoproteins that fractionate together with EVs (see Box 1 and
Box 4), methods to distinguish these different carriers are also very
important. This would greatly facilitate the analysis of biofluids,
such as blood or Drosophila haemolymph, which contain a mixture
of these morphogen carriers. Assuming that sufficient material is
available, purification from small-volume biofluids will allow
analysis of the proteomic, lipidomic, DNA and miRNA
composition of EVs - and, ultimately, their function.

Conclusions and perspectives
Although there is a growing number of in vitro examples that illustrate
the roles of EVs carrying Wnt and Hh morphogens in different cell
types, there is still a lack of functional assays to assess the
physiological roles of these EVs. This is, in part, due to our limited
understanding of EV biogenesis, their efficacy in signal transduction,
how they travel within tissues (i.e. stability, dynamics and turnover)
and how their transported signals are processed in receiving cells.
Specific regulators of each EV class (Box 4) will need to be identified
as, in vivo, distinct mechanisms of EV biogenesis might
simultaneously operate in the same producing cell. New tools are,
therefore, needed to determine the contribution of each distinct EV
pool to morphogen secretion and signaling. Further work focusing on
the isolation of Hh- andWg-containing EVs from in vivo sources will
help to clarify how the protein composition of EVs influences their
signaling activity. Understanding the biogenesis of these EVs is also
important for the development of therapeutic strategies targeting the
(patho) physiological consequences of their dysregulation. A step in
the right direction is the high-throughput testing of drugs to identify
specific regulators of EV release. Screening of pharmacologically
active molecules for modifiers of GFP-tagged CD63 exosome release
in a stable C4-2B cell line, has already identified 22 compounds with
a significant effect on EV release in vitro (Datta et al., 2018). This
study is pioneering work of high value and highlights the need for
further testing of new and existing drug libraries. However, in vivo
validation of these compounds is also necessary, as the ultimate goal
is to find specific inhibitors of EV release and to develop methods to
deliver them to a certain population of cells, such as cancer cells,
tissues or organs. To understand the mechanisms through which EVs
carry and transmit morphogenetic signals is, therefore, crucial, not
only from the perspective of basic science but also for the
development of applied therapeutics that use EVs for targeted drug
delivery.
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Gradilla, A.-C., González, E., Seijo, I., Andrés, G., Bischoff, M., González-
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Panáková, D., Sprong, H., Marois, E., Thiele, C. and Eaton, S. (2005). Lipoprotein
particles are required for Hedgehog and Wingless signalling. Nature 435, 58-65.
doi:10.1038/nature03504

Pani, A. M. and Goldstein, B. (2018). Direct visualization of a native Wnt in vivo
reveals that a long-range Wnt gradient forms by extracellular dispersal. eLife 7,
e38325. doi:10.7554/eLife.38325

Parchure, A., Vyas, N., Ferguson, C., Parton, R. G. and Mayor, S. (2015).
Oligomerization and endocytosis of Hedgehog is necessary for its efficient
exovesicular secretion. Mol. Biol. Cell 26, 4700-4717. doi:10.1091/mbc.E15-09-
0671

Parchure, A., Vyas, N. andMayor, S. (2018). Wnt and Hedgehog: secretion of lipid-
modified morphogens. Trends Cell Biol. 28, 157-170. doi:10.1016/j.tcb.2017.10.
003

Pepinsky, R. B., Zeng, C., Wen, D., Rayhorn, P., Baker, D. P., Williams, K. P.,
Bixler, S. A., Ambrose, C. M., Garber, E. A., Miatkowski, K. et al. (1998).
Identification of a palmitic acid-modified form of human Sonic hedgehog. J. Biol.
Chem. 273, 14037-14045. doi:10.1074/jbc.273.22.14037

Pols, M. S. and Klumperman, J. (2009). Trafficking and function of the tetraspanin
CD63. Exp. Cell Res. 315, 1584-1592. doi:10.1016/j.yexcr.2008.09.020

Port, F., Kuster, M., Herr, P., Furger, E., Bänziger, C., Hausmann, G. and Basler,
K. (2008). Wingless secretion promotes and requires retromer-dependent cycling
of Wntless. Nat. Cell Biol. 10, 178-185. doi:10.1038/ncb1687

Porter, J. A., Young, K. E. and Beachy, P. A. (1996). Cholesterol modification of
hedgehog signaling proteins in animal development. Science 274, 255-259.
doi:10.1126/science.274.5285.255

Radulovic, M. and Stenmark, H. (2018). ESCRTs in membrane sealing. Biochem.
Soc. Trans. 46, 773-778. doi:10.1042/BST20170435

Reya, T., Duncan, A. W., Ailles, L., Domen, J., Scherer, D. C., Willert, K., Hintz,
L., Nusse, R. andWeissman, I. L. (2003). A role for Wnt signalling in self-renewal
of haematopoietic stem cells. Nature 423, 409-414. doi:10.1038/nature01593

Rojas-Rıós, P., Guerrero, I. and González-Reyes, A. (2012). Cytoneme-mediated
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Pálóczi, K., Harsányi, L., Tölgyes, T., Dede, K. et al. (2019). Extracellular
vesicle release from intestinal organoids is modulated by Apc mutation and other
colorectal cancer progression factors. Cell. Mol. Life Sci. 76, 2463-2476. doi:10.
1007/s00018-019-03052-1

Takada, R., Satomi, Y., Kurata, T., Ueno, N., Norioka, S., Kondoh, H., Takao, T.
and Takada, S. (2006). Monounsaturated fatty acid modification ofWnt protein: its
role in Wnt secretion. Dev. Cell 11, 791-801. doi:10.1016/j.devcel.2006.10.003

Tanaka, Y., Okada, Y. and Hirokawa, N. (2005). FGF-induced vesicular release of
Sonic hedgehog and retinoic acid in leftward nodal flow is critical for left-right
determination. Nature 435, 172-177. doi:10.1038/nature03494
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Table S1. Summary of the functions of Hh/Wg-containing EVs in vertebrate 
pathologies and developmental models 
 

Morphogen Origin Cell/tissue 
type/model 

Effect Reference 

Shh 3T3-L1 
adipocyte cell 
line 

Type II diabetes Stimulation of 
macrophage 
activation 

Song et 
al., 2018 

Shh Peripheral 
blood; human 
lymphoid 
CEM T cell 
line; 
lymphocytes 

Apoptosis/T-cell 
stimulation 

Release into the 
circulation 
through 
microvesicles 

Martinez et 
al., 2006 

Shh 
 

Human 
lymphoid 
CEM T cell 
line 
 

Endothelial 
injury 

Protective effect 
(through the NO 
pathway) 

Agouni et 
al., 2007 

Endothelial 
injury 

Promotion of 
angiogenesis  

Soleti et 
al., 2009 

ischemic injury Protective and 
angiogenic effect 

Benameur 
et al., 2010 

Angiotensin-II 
induced 
hypertension 

Protective and 
angiogenic effect 

Marrachelli 
et al., 2013 

Adipocyte 
differentiation 

Inhibition through 
non-canonical Hh 
signaling 

Fleury et 
al., 2016 

Shh Peripherial 
blood 

Acute 
myocardial 
infraction 

Improving 
vasculogenic 
capacity of 
endothelial 
progenitor cells 

Bueno-Beti 
et al., 2019 

Shh Liver bile duct ligation Vascular 
remodeling 
during cirrhosis 

Witek et 
al., 2009 

Shh  Primary 
hippocampal 
neuron 
culture 

Developing rat 
brain 

(no functional 
effect described) 

Eitan et 
al., 2016 

HIP Blood plasma aGVHD inhibition of NO 
release 

Nie et al., 
2016 

Shh precursor Hair follicle 
cells/platelets 

Dentate gyrus, 
from hair follicle 
cells and 
packaged into 
platelets 

Stimulation of 
dentate gyrus 
development 

Choe et 
al., 2015 

Wnt3a SP cells 
purified from 
DLBCL 

DLBCL stromal 
cells 

Stimulation of 
clonogenic 
growth 

Koch et 
al., 2014 
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Wnt3a Activated 
platelets 

HT29 colon 
carcinoma cells 

Growth 
stimulation by 
upregulating 
COX-2 

Dovizio et 
al., 2015 

Wnt3a, Wnt1 eMaSC cMaSC culture Enhancing cell 
renewal 
properties 

Bussche et 
al., 2016 

Wnt4 hucMSC Endothelial cells Activation of -
catenin, 
proangiogenic 
effects 

Zhang et 
al., 2015a 

Wnt4 hucMSC Rat skin burning 
model 

Acceleration of 
reephitelialization 

Zhang et 
al., 2015b 

Wnt4 Colorectal 
cancer cells 

Hypoxia Promotion of 
angiogenesis 
and tumor growth 

Huang et 
al., 2016 

Wnt5a,Wnt6, 
Wnt9 

Bone marrow 
macrophages 

Irradiation 
induced 
intestinal 
damage 

Suppression of 
irradiation 
defects 

Saha et 
al., 2016 

Wnt5b PANC-1 and 
Caco-2 cells 

CHO cells and 
A549 lung 
adenocarcinoma 
cells 

Enhanced 
migration and 
proliferation 

Harada et 
al., 2017 
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SPOTLIGHT

Circulating Hedgehog: a fresh view of a classic morphogen
Elodie Prince, Julien Marcetteau and Pascal P. Thérond*

ABSTRACT
Members of the Hedgehog family of morphogens mediate the
intercellular communication necessary for the organisation and
development of many animal tissues. They are modified by various
lipid adducts, rendering them insoluble in hydrophilic environments
and leading to the contentious question of how these molecules travel
in the aqueous extracellular space. Seminal work carried out by
Suzanne Eaton and her colleagues has shed light on how these
morphogens can spread over long distances through their association
with lipoprotein particles. In this Spotlight article, we discussSuzanne’s
pioneering work and her contribution to our understanding of the
transport and activity of morphogens, in particular Hedgehog. We also
describe two other essential aspects of her work: the discovery and
characterisation of endogenously present Hedgehog variants, as well
as her proposition that, in addition to its role as a morphogen,
Hedgehog acts as an endocrine hormone.

KEY WORDS: Endocrine hormone, Hedgehog/Wingless,
Lipoproteins, Morphogens, Signalling, Endocannabinoids

Introduction
Secreted morphogens are classically thought to diffuse from their
source, forming an extracellular gradient through which they
communicate spatial information to surrounding tissues (Wolpert,
2016). The local morphogen concentration is then interpreted by
receptive cells, triggering changes in cell fate and tissue patterning.
Morphogens typically signal in a paracrine manner, acting over both
short and long ranges (Ashe and Briscoe, 2006). This raises the
question of how morphogens travel from their source to receiving
cells, and how a functional morphogen gradient is established and
maintained. Answering these questions has long presented both
intellectual and technical challenges.
Hedgehog (Hh) family secreted proteins are classical morphogens

that were originally identified in Drosophila. In Drosophila, Hh is
responsible for patterning processes during embryonic segmentation
and the development of the larval imaginal discs (Lee et al., 2016). Its
close vertebrate orthologue, sonic hedgehog (Shh), is also essential
for developmental patterning, for example during limb development
and neural tube morphogenesis (Briscoe and Thérond, 2013). Hh
family proteins are modified by lipid adducts: a palmitic acid
(saturated fatty acid) on their amino terminus and a cholesterol moiety
covalently attached to their carboxy terminus (Pepinsky et al., 1998;
Porter et al., 1996). These lipid modifications render Hh proteins
hydrophobic, providing themwith a high affinity for cell membranes.
These characteristics would seem somewhat paradoxical for
extracellular signalling molecules, and suggest the existence of

mechanisms to transport Hh proteins in the aqueous extracellular
space.

As we highlight below, Suzanne Eaton (1959-2019) addressed this
paradox during her career, approaching it using a variety of
interdisciplinary approaches and yielding fundamental insights into
our understanding of Hh release, spread and activity.

Lipoprotein particles as morphogen carriers
Suzanne’s group initially proposed that Hh spreads in association
with extracellular lipidic particles (Greco et al., 2001), which they
later identified as lipoprotein particles (Panáková et al., 2005).
Lipoprotein particles allow Hh to spread by providing a carrier to
which Hh can bind, shielding its lipid hydrophobic moieties. This
transport mechanism came as a surprise, as lipoproteins had
primarily been studied for their roles in the transport of dietary and
endogenous lipids between tissues.

InDrosophila, the major lipoprotein Lipophorin (Lpp; also known
as Apolipophorin) is mainly produced in the fat body (Palm et al.,
2012; Prasad et al., 1986), an energy storage and endocrine organ that
controls nutrient response, before being released into the blood
(haemolymph). By biochemically fractionating the wing imaginal
disc, a classical model of Hh signalling, Suzanne and co-workers
demonstrated that a portion of Hh could be isolated from the
supernatant in association with lipoprotein particles (Panáková et al.,
2005). Reducing the total level of circulating Lpp in larvae by
specifically depleting Lpp expression in the fat body led to a decrease
in the intercellular movement of Hh. This treatment did not cause a
general suppression of Hh signalling; instead, only long-range Hh
targets were reduced. This may have been the consequence of
complementary mechanisms acting in parallel. Indeed, it has since
been shown that Hh can also be secreted on extracellular vesicles
(EVs), or transported along cellular extensions, called cytonemes, in
order to carry out its patterning function (Bischoff et al., 2013;
Gradilla et al., 2014; Kornberg, 2017; Matusek et al., 2014; Parchure
et al., 2018). The association of Hh with these various carriers could
fulfil distinct but complementary signalling roles, which together
could make up the functional morphogen gradient. The molecular
machinery responsible for selectively loading Hh onto its carriers is
still poorly understood but is likely to be cell or tissue dependent and
remains an important question in the field.

In order to test whether these findings could be generalised to other
morphogens, Suzanne’s group also looked at the impact of disrupting
Lpp expression on another lipid-modified morphogen, Wingless
(Wg) – aDrosophilaWnt family protein (Takada et al., 2006; Willert
et al., 2003). They found that Wg was associated with lipoproteins,
and that a reduction in Lpp was associated with a reduced range of
Wg activity in the wing imaginal disc (Panáková et al., 2005). Since
then, vertebrate Wnts have also been found to be associated with
lipoprotein particles in different fluids, including the cerebrospinal
fluid (Kaiser et al., 2019; Neumann et al., 2009).

In linking the fields of lipoprotein metabolism and morphogen
signalling, this work provided a first glimpse at a new mechanism
regulating the spread of morphogens. Moreover, as Lpp is not
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expressed in the wing imaginal disc, this study also highlighted for
the first time that morphogen patterning activity, previously thought
to be autonomously controlled within a tissue, could in fact be
remotely regulated by another peripheral tissue source. It also
provided evidence for a tight link between lipoprotein metabolism
and animal development.

How Hedgehog and lipoproteins meet
As mentioned above, Lpp is not produced in the same tissue as Hh,
naturally raising the question of how these molecules meet.
Suzanne’s group hypothesised that Lpp might regulate
membrane-bound molecules involved in Hh spreading and
signalling. Around that time, heparan sulphate proteoglycans
(HSPGs) had been shown to bind lipidated Hh at the cell surface,
and to be essential for both morphogen spreading and signalling
(Yan and Lin, 2009), making them likely candidates. Suzanne’s
group demonstrated that the membrane-associated HSPGs Dally
and Dally-like protein (Dlp) recruit circulating Lpp particles to the
wing imaginal discs via their heparan sulphate moieties (Eugster
et al., 2007). Importantly, the HSPGs remain associated with Lpp
particles even upon their release from the membrane. The released
form of Dally associates not only with Lpp but also with Hh in the
same particles, and is found in endosomes with the Hh receptor
Patched (Ptc). Suzanne’s group found that released Dally increases
the signalling activity of Hh on lipoprotein particles without
affecting its spread or stability (Eugster et al., 2007). Soluble
heparin is known to induce the dimerisation of Interference
Hedgehog (Ihog), a Hh co-receptor, and increase Ihog-Hh binding
in vitro (McLellan et al., 2006). Thus, the presence of Dally on
lipoprotein-associated Hh could bridge heparin sulphate, Hh and
Ihog, thereby promoting signalling.

Identification of Hh variants
Through detailed analyses of Drosophila tissues and mammalian
cell lines by biochemical fractionation (Palm et al., 2013),
Suzanne’s group also uncovered additional, conserved forms of
Hh/Shh: one sterol-modified, lipoprotein-associated variant and a
second, lipoprotein-free form that is not sterol modified.
Understanding how these different variants of Hh act together in
vivo is a pressing question in the field.
In order to assess the functional relevance of these two secreted

Hh/Shh variants, the Eaton group employed a signalling assay both
in mammalian cells and in Drosophila. They found that the two
released forms of Hh have complementary signalling activities,
acting synergistically to fully activate the Hh pathway. Although the
lipoprotein-associated Hh could induce the first step in signal
transduction, it was not sufficient to activate downstream target
genes. However, by adding low levels of the second, lipoprotein-
free Hh in addition to the lipoprotein-associated Hh, the pathway
could be fully activated (Palm et al., 2013). Although morphogen
gradients had historically been considered to consist of a gradient of
a single protein, these findings introduced the possibility that the Hh
morphogen gradient is heterogeneous, integrating the activities of
distinct Hh variants. These variants may differ in their ability to
spread in tissues, or in their interaction with receptors and other
regulators. The conclusions of these studies are based heavily on
extensive in vitro and biochemical characterisations, and testing
their observations in a tissue-specific, in vivo context has been
restrained by technical limitations. Ongoing developments in high-
resolution imaging and proteomics technologies will hopefully
provide a means to gain a more fundamental understanding of these
processes.

The role of lipoprotein-derived lipids in the Hh signalling
pathway
A central process regulating the Hh signalling cascade is the
inactivation of the transmembrane protein Smoothened (Smo), a G
protein-coupled receptor, by the Hh receptor Ptc (Briscoe and
Thérond, 2013). In the absence of Hh, Ptc enzymatically inhibits
Smo activity and induces its degradation (Taipale et al., 2002). By
contrast, the binding of Hh to Ptc inactivates Ptc, resulting in the
stabilisation and activation of Smo. In Drosophila, Smo activation
prevents proteolysis of the transcriptional mediator of the Hh
pathway, Cubitus interruptus [Ci, a member of the GLI protein
family, simultaneously cloned by Suzanne and Kornberg and by
Orenic and colleagues (Eaton and Kornberg, 1990; Orenic et al.,
1990)], promoting the conversion of Ci from a transcriptional
repressor to an activator.

Ptc is a member of the resistance-nodulation-division (RND)
protein family and contains a sterol-sensing domain essential for
Smo repression. Based on comparative structural analyses, it has
been proposed that Ptc transports sterol or other small lipidic
molecules (Chen et al., 2002; Frank-Kamenetsky et al., 2002;
Kowatsch et al., 2019), and can act as a lipoprotein receptor in
addition to being a Hh receptor (Callejo et al., 2008). Interestingly,
several small lipidic molecules that could act as Smo agonists or
antagonists were identified in chemical screens (reviewed by Peer
et al., 2019). Although this suggested that lipid transport could be
involved in the regulation of Smo by Ptc, the molecules mediating
this process remained elusive.

Suzanne’s group became interested in whether the sterol or lipid
components of lipoprotein particles could act in the Ptc-mediated
inhibition of Smo in the absence of Hh. Their experiments revealed
that Ptc could sequester Lpp into an endosomal compartment
(Eugster et al., 2007; Khaliullina et al., 2009) and that this process
depends on the Ptc sterol-sensing domain. Moreover, when they
mutated this domain, they observed an accumulation of lipids and
Smo in Ptc-containing endosomes, suggesting that by trafficking
through this compartment, Smo could be exposed to the lipids
mobilised by Ptc (Khaliullina et al., 2009). The Eaton group also
showed that reducing the levels of circulating Lpp in Drosophila
larvae led to the accumulation of Smo and the stabilisation of both
Smo and Ci, but was insufficient for Hh pathway target gene
activation (Khaliullina et al., 2009), suggesting that Smo and Ci
stabilisation can be regulated by Lpp-derived lipids but that their
full-strength activation requires an additional level of regulation.
This inhibitory function of lipoprotein-derived lipids could be
blocked by the presence of Hh on lipoprotein particles (Palm et al.,
2013). This led Suzanne’s group to propose a model in which Ptc
mediates Smo activity through lipoprotein-derived lipids, tuning the
balance between the degradation and recycling of Smo (Khaliullina
et al., 2009).

Lipoproteins therefore have two contrasting roles in Hh signalling:
they help mobilise Hh ligands from the cell membrane, promoting
their spread, but they also provide the lipids necessary for Ptc activity.
In this model, the presence of Hh on lipoprotein particles acts as
a switch, blocking the Ptc-mediated mobilisation of lipids from
the lipoprotein particles, and inhibiting the Ptc-dependent repression
of Smo.

Having established that lipoprotein-derived lipids could
negatively regulate Hh signalling, Suzanne’s group then worked
to identify the inhibitory lipids using biochemical fractionation and
mass spectrometry on human very-low-density lipoprotein particles
(Khaliullina et al., 2015). In doing so, they identified lipoprotein-
derived endocannabinoids as novel endogenous Smo inhibitors. As
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endocannabinoids are present in the circulation, the link that
Suzanne established suggested that systemic metabolism could
directly influence development and tissue homeostasis.
Endocannabinoids are unlikely to be the only endogenous Smo
regulators, as recent structural and biochemical studies suggest that
a sterol lipid, probably cholesterol, is one of the second positive
messengers that communicate signals between Ptc and Smo
(Kowatsch et al., 2019).

Hh can act as an endocrine hormone
Morphogens are typically thought to act in a paracrine manner,
travelling a relatively short distance from their source cells to
form a gradient that induces signalling in the receiving tissue. In
contrast to the traditional model of morphogen signalling,
Suzanne’s group found Hh circulating in the haemolymph in
association with Lpp (Palm et al., 2013; Panáková et al., 2005). By
depleting Hh in a tissue-specific manner, they identified midgut
enterocytes (ECs) as a major source of circulating Hh (Rodenfels
et al., 2014). In this context, Hh is produced by ECs, secreted, and
packaged with lipoproteins. Suzanne’s group also showed that
circulating Hh did not regulate tissue patterning but instead
coordinated larval growth and pupariation timing by acting on two
different tissues, the fat body and the prothoracic gland,
respectively (Rodenfels et al., 2014). Specifically, Hh signalling
in the fat body leads to the release of stored triacylglycerides
(TAGs) and to a reduction in larval growth rate, whereas Hh
signalling in the prothoracic gland inhibits production of the
ecdysone hormone involved in pupariation timing, thereby
increasing the duration of growth.
Previous studies have shown that growth and developmental

timing are intrinsically linked to nutrient availability. The role of the
gut in nutrient absorption hinted that midgut Hh could respond to
the nutrient status of the animal, coupling it with growth and
development. Interestingly, Suzanne’s group showed that Hh
production in the midgut, and consequently its secretion into the
haemolymph, is physiologically increased upon protein and sugar
starvation (Rodenfels et al., 2014). This elevated circulating Hh is
essential for normal survival under starvation conditions, and thus
provides a protective function against nutrient shortage by
extending the larval growth period.
This pioneering work broke away from the established model of

morphogen signalling, identifying not only a new function for Hh in
the control of developmental timing but, more fundamentally, a new
mode of action for Hh as an endocrine metabolic hormone able to
facilitate inter-organ communication. This work also introduced Hh
into a network that couples larval growth with developmental
timing (Boulan et al., 2015). Importantly, the loading of Hh onto
lipoprotein particles was also observed in mammalian tissues (Palm
et al., 2013), suggesting that the endocrine function of Hh is
conserved (Matz-Soja et al., 2014; Song et al., 2018). Suzanne was
keen to expand on these findings, exploring a new role for
circulating Shh and establishing a project analysing the role of Shh
as a regulator of adult adrenal gland homeostasis (Swierczynska
et al., 2013).

Conclusions
Together with her lab and collaborators, Suzanne catalysed the
bridging of fields – from nutrition, lipidomics and metabolism, to
biochemistry, cell biology and developmental biology – with the
aim of understanding how morphogens, notably Hh, are transported
and signal. Her group’s studies, integrating lipoprotein particles into
the Hh signalling pathway, formed the basis for a series of

discoveries revealing novel mechanisms of Hh function. First, they
demonstrated that Lpp could regulate the spread and activity of Hh
non-autonomously. Second, their work revealed that the Hh
morphogen gradient consists of functionally distinct forms of Hh:
one sterol modified and Lpp dependent, and another non-sterol
modified and Lpp independent. Finally, contrary to the previously
described models of morphogen activity, Suzanne and colleagues
discovered that Lpp-associated Hh could act systemically as an
endocrine factor, regulating organismal development. These
innovative, thought-provoking studies added another level of
complexity into the Hh field, pushing our thinking further and
motivating the community to adopt novel, more integrative
approaches.

Final remarks
‘What a powerful thing it is to take two supposedly separate
fields – cell biology and developmental biology – and wear both
hats at the same time.’

The above phrase, taken from a 2013 interview with Suzanne
(Sedwick, 2013), succinctly describes her approach to research. In
this Spotlight, we have discussed representative work carried out at
the interface of disparate fields, which yielded results that often
provided answers to questions that had long remained enigmatic in
the field, or renewed our understanding of classically established
concepts. These answers were invariably accompanied by many
more questions, but they laid the foundation for ongoing projects
across many research groups.

Through the examples we have provided, we hope to convey
the level of originality present in Suzanne’s approaches to
understanding the mechanisms of morphogen signalling. She was
one of the first to embrace and link fields such as developmental
biology, cell biology, organismal growth control and metabolism.
Through her work on morphogen regulation, she successfully
integrated different scales of biological organisation from the
molecular, to the organismal.

We have had the privilege of being associated with Suzanne’s
career for a long time, and to work on similar questions regarding Hh
regulation. Her sudden disappearance was a shock to us all. We
will never forget our lively and passionate discussions during
international meetings and PhD jury committees. Just knowing that
Suzanne would be present at a conference provided an incentive to
attend and we would encourage students and colleagues to seek her
input on their own projects. Despite our often differing views on the
ways in which Hh is transported, and how the different vehicles
cooperate, our discussions invariably remained respectful and, above
all, inspiring. We shared in her desire to confront dogmas and
established concepts in the field. Suzanne’s passion for scientific
discussion transcended scientific rivalry; she amplified our own
excitement, opened our eyes to new ideas and, always positively,
encouraged us to explore new avenues. We deeply appreciated her
endless, contagious curiosity and drive to solve scientific puzzles,
without inflating her own ego, simply to share the joy of contributing
her reflections and inspire research. Discussions with Suzanne were
not limited to scientific exchanges but embraced subjects ranging
from art and literature to more personal exchanges on personal and
family lives, subjects on which she was also a source of inspiration.
This combination of rare qualities made her an exceptional friend and
colleague whose spirit will stay with us forever.

This article is part of a collection that commemorates the work of Suzanne Eaton.
See also Dahmann and Classen (2020), Mlodzik (2020), and Palm and Rodenfels
(2020) in this issue.
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(2019). WNT5A is transported via lipoprotein particles in the cerebrospinal fluid to
regulate hindbrain morphogenesis.Nat. Commun. 10, 1498. doi:10.1038/s41467-
019-09298-4
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