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Lipid phosphate phosphatases (LPPs) 
are a class of enzymes that can 

dephosphorylate a number of lyso-
phopholipids in vitro. Analysis of 
knockouts of LPP family members 
has demonstrated striking but diverse 
developmental roles for these enzymes. 
LPP3 is required for mouse vascular 
development while the Drosophila LPPs 
Wunen (Wun) and Wunen2 (Wun2) 
are required during embryogenesis for 
germ cell migration and survival. In a 
recent publication we examined if these 
fly LPPs have further developmental 
roles and found that Wun is required for 
proper tracheal formation. In particular 
we highlight a role for Wun in septate 
junction mediated barrier function in 
the tracheal system. In this paper we 
discuss further the possible mechanisms 
by which LPPs may influence barrier 
activity.

Introduction

The ability of cells to organize themselves 
into tubes is critical to generate many ani-
mal tissues including the kidney, lungs 
and vasculature. The Drosophila trachea is 
a genetically tractable system that can be 
used to study not just tube formation but 
also the regulation of tube size and tube 
maintenance. The trachea arises from iso-
lated placodes of cells that invaginate from 
the ectoderm of the embryo, undergo cell 
rearrangements and eventually fuse and 
form a continuous lumen. The lumen 
expands in both diameter and length due 
to tracheal cell surface expansion and 
secretion and modification of a chitin 
cable (reviewed in ref. 1).
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In our recent paper,2 we identify a 
novel role for Wun, a LPP, in the forma-
tion of the Drosophila trachea. LPPs are a 
class of enzymes that can dephosphorylate 
lysophosphatidic acid (LPA), phospha-
tidic acid (PA), sphingosine 1-phosphate 
(S1P) and ceramide 1-phosphate (C1P) 
in vitro.3-6 These enzymes have multiple 
transmembrane domains and if they are 
present on the cell surface, the catalytic 
domain would face outside of the cell.

Wun and its closely related homolog 
Wun2 act redundantly in germ cell migra-
tion where they are required both in the 
germ cells themselves and also in sur-
rounding somatic tissues.7 Somatic Wun 
and Wun2 are hypothesized to produce 
an extracellular lipid gradient in the meso-
derm that directs migration of germ cells, 
which require Wun or Wun2 for survival.

Wunen is Required Tissue  
Autonomously for Proper Trachea 

Formation

Trachea lacking Wun exhibit disconti-
nuities in the lumen and bulbous chitin 
accumulations, and they do not gas fill 
at the end of embryogenesis.2 wun RNA 
is maternally provided and expressed in 
a dynamic pattern during embryogen-
esis but is not specifically enriched in tra-
cheal cells.8 To determine whether Wun 
is required autonomously in the trachea 
itself or whether, like in germ cell migra-
tion, it acts non-cell autonomously, we 
expressed Wun or Wun2 in the trachea or 
surrounding tissues in an otherwise wun 
null background. Expression of these LPPs 
in the trachea fully rescued the tracheal 
defects while expression in the mesoderm 
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hemolymph in wun mutant embryos. This 
hemolymph staining is not seen in serp and 
verm deficiency flies, indicating that this is 
not non-specific antibody binding. Second 
we do not see intracellular accumulation of 
Verm-RFP when expressed in wun mutant 
tracheal cells. Such tagged protein is sta-
ble in tracheal cells because it accumu-
lates intracellularly when COP mediated 
vesicle trafficking is disrupted.19,20 Third, 
when ANF-GFP, a heterologous secre-
tion marker, is expressed in trachea cells, 
instead of accumulating in the lumen as 
in wild type, it becomes abundant in the 
hemolymph in wun mutant embryos.

In conclusion, the lack of luminal 
Serp and Verm in different mutant back-
grounds can result from a failure or reduc-
tion in secretion and/or a failure of the 
secreted proteins to remain in the lumen.

Trachea of Wun and a Septate 
Junction Mutant are Permeable  

to 70 kDa Molecules

Our hypothesis that Serp and Verm leak 
out of the wun trachea is based on the 
assumption that the SJ defects lead to large 
enough pores that Serp and Verm can leak 
out between tracheal cells. The dextran 
exclusion assay used to test SJ integrity 
is normally performed with fluorescently 
labeled 10 kDa dextran.2,10,14,21,22 However 
Serp and Verm are 65 and 70 kDa respec-
tively, so this assay does not predict 
whether Serp and Verm can leak through 
defective SJs. Therefore, we tested whether 
a 70 kDa dextran was capable of leak-
ing into the trachea of wun wun2 or cora 
(which encodes a SJ component) mutant 
embryos. We found that within 10 min 
after injection, the 70 kDa dextran was 
visible in the tracheal lumen of cora and 
wun wun2 mutants, but not a wild-type 
control (Fig. 1). The fluorescence inten-
sity of dextran in the tracheal lumen was 
less than that in the hemolymph, and this 
difference was seen even 1 h after injec-
tion. This contrasts to the 10 kDa dex-
tran in which the fluorescence intensity 
was equivalent in both the hemolymph 
and tracheal lumen 10 min after injec-
tion.2 Though the leakage of the 70 kDa 
marker into the tracheal lumen is less than 
with the 10 kDa marker, the presence of 
70 kDa dextran in the tracheal lumen of 

Serpentine (Serp) and Vermiform (Verm) 
from the tracheal lumen.

The latter phenotype in SJ mutants 
is reported to result from a failure of the 
tracheal cells to secrete these particu-
lar proteins, leading to the concept of a 
SJ-dependent secretion pathway.12 This 
hypothesis is supported by the presence of 
intracellular Verm staining in the tracheal 
cells of certain SJ mutants including Atpα, 
lachesin/bulbous (lac), sinuous (sinu)12 and 
varicose (vari).13 Such intracellular Verm 
staining, however, is not detectable in 
the wun mutant2 or in other SJ mutants 
including kune kune (kune),14 coracle 
(cora)11 and nervana 2 (nrv2).15 In con-
trast, Serp is not reported to be intracellu-
lar in any mutant backgrounds including 
lac,12,13 vari13 and kune.14

These differing observations may 
reflect differences in the affinity of the 
antibodies used and on the precise embry-
onic stage examined, particularly if intra-
cellularly accumulating Serp or Verm 
becomes a target for degradation. It should 
be noted, however, that Serp protein can 
be detected intracellularly when COP 
mediated vesicle trafficking is disrupted,16 
so low antibody affinity or rapid degrada-
tion cannot entirely explain the lack of 
Serp protein in SJ mutants. Interestingly 
another luminal component, the 2A12 
antigen, accumulates in the lumen nor-
mally in SJ mutants.12 This implies that 
luminal proteins are packaged into differ-
ent secretory vesicles and these vesicles are 
differentially affected by the loss of SJs. 
This is supported by the observation that 
mutants in diaphanous (which encodes a 
Formin actin-nucleating factor) have no 
luminal 2A12 staining but normal lumi-
nal levels of Verm.17

It is also theoretically possible that the 
2A12 antigen is expressed and secreted 
slightly earlier than Serp or Verm, before 
the defects in SJs would start to affect secre-
tion. However by live and fixed tissue anal-
ysis the timing of secretion of the various 
luminal proteins seems to be identical.18

In contrast with these scenarios, we find 
evidence that Serp and Verm are simply 
leaking out of the tracheal lumen rather 
than not being secreted in wun mutants. 
First we do not detect intracellular Serp 
and Verm but instead we observe abnor-
mal accumulation of Serp and Verm in the 

or hindgut had no effect. Therefore, Wun 
is required tissue autonomously.

Where in the cell is Wun working? 
We expressed tagged versions of LPPs 
in tracheal cells and found that Wun-
GFP localizes to the apical surface and 
a lateral membrane region that colocal-
izes with septate junction (SJ) markers. 
Interestingly, although other Drosophila 
and mammalian LPPs can rescue the wun 
phenotype, these LPPs generally localize 
over the entire plasma membrane. Thus, 
although the specific membrane domain 
localization of Wun is intriguing, the 
restriction of Wun to this domain is not 
critical for its function.

Wunen Affects Septate Junctions 
and Tracheal Permeability

SJs are intercellular junctions made up 
of at least 13 proteins9 that form a tight 
barrier between cells which prevents 
exchange of molecules across an epithelia. 
These junctions are functionally analo-
gous to mammalian tight junctions. In 
the trachea, SJ components are restricted 
to a subapical region on the lateral mem-
brane and prevent molecules from diffus-
ing between the tracheal lumen and the 
surrounding hemolymph. Mutations in 
single SJ components are sufficient to crip-
ple barrier function and the remaining SJ 
components lose their restricted localiza-
tion and become present along the entire 
lateral membrane. Loss of SJs also results 
in an excessively long and convoluted dor-
sal trunk (the widest tracheal tube which 
runs along the anterior posterior axis on 
either side of the embryo). However this 
phenotype is reported to be independent 
of the failure in barrier function.10,11

Because Wun-GFP co-localizes with 
SJ markers, we examined SJ integrity in 
wun mutants. We found that all SJ com-
ponents examined were mislocalized 
along the entire lateral membrane of tra-
cheal cells in wun mutants. This is not 
due to overall polarity defects; the polarity 
marker Crumbs localizes normally in wun 
mutants. The wun trachea also display 
two other phenotypes associated with loss 
of SJ integrity: a loss of barrier function, as 
measured by permeability to injected fluo-
rescently labeled dextran, and an absence 
of the putative chitin modifying enzymes 
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of SJ complexes, which is necessary to 
restrict them in the lateral membrane. For 
example, sphingolipids can influence 
vesicle trafficking.26-28 One way to better 
understand the mode of action for Wun 
would be through fluorescence recovery 
after photobleaching (FRAP) studies, 
such as those described in reference 23. SJ 
core components show very little lateral 
membrane movement as compared with 
SJ-associated polarity proteins such as 
Lgl and Dlg, so the kinetics of Wun-GFP 

of a particular substrate. Alternatively it 
has been demonstrated that dephosphory-
lation by LPPs renders the products favor-
able to entering the cell.7,25 If this holds 
true for tracheal cells, the intracellular 
accumulation of the lipid product, or a 
metabolite arising from such a product, 
may be the critical function of Wun.

In the later case, a particular lipid envi-
ronment may help mediate core SJ com-
plex formation. Alternatively, Wun could 
provide a lipid necessary for trafficking 

cora and wun wun2 mutants leads us to 
conclude that loss of SJ function causes 
permeability to 70 kDa molecules.

If the Serp and Verm can leak out of 
wun and SJ mutant trachea, this raises the 
question of why the 2A12 antigen remains 
in the tracheal lumen. Without knowing 
the molecular identity of the 2A12 anti-
gen, we can only postulate that the protein 
is either too large to diffuse out of the tra-
chea or it binds tightly to chitin or other 
trachea luminal components.

Proteins Involved in SJ Formation 
and Maintenance

The proteins that are required for func-
tional SJs can be divided into different 
classes (Fig. 2): First, there are the “core 
components” including Megatrachea/
Pickel (Mega), Sinu, ATPα, Nrv2, 
Neurexin IV (NrxIV), Neuroglian (Nrg), 
Vari and Cora.23 These components are 
thought to interact to form a tight com-
plex. Second, several cell polarity pro-
teins, such as Lethal giant larvae (Lgl) 
and Discs large (Dlg), co-localize with 
SJ markers and are required for proper 
localization of SJ components and hence 
barrier function. However, these polarity 
proteins are not part of the core complex 
and the core SJ can form in their absence 
(though it mislocalizes).23 Finally, sev-
eral classes of proteins that do not local-
ize to SJs are nevertheless required for 
its proper formation and/or localization. 
One group is the Ly6 family members, 
which are thought to help the SJ compo-
nents assemble in an internal compart-
ment of the cell. Another group are those 
required for intracellular vesicle traffick-
ing, such as Clathrin heavy chain and 
Dynamin (encoded by shibire), which are 
not required for SJ components to form a 
complex, but are required for the complex 
to localize properly.23,24

Wun could be affecting SJs via one or 
more of above pathways. Wun itself prob-
ably does not play a strictly structural role 
in the SJ since a catalytically dead Wun or 
Wun2 (resulting from a single amino acid 
change) cannot rescue the SJ defects of a 
wun mutant (ref. 2 and our unpublished 
data). The presence of Wun-GFP at the 
apical and apicolateral surface means it 
can potentially reduce the luminal levels 

Figure 1. 70 kDa dextran can leak into the trachea of cora and wun mutants. 70 kDa dextran was 
injected into the hemolymph of stage 16 wild-type and cora1 and wun wun2 mutants, and em-
bryos were imaged 10 min after injection. 70 kDa dextran is visible in the trachea of cora1 and wun 
wun2 embryos, but not wild type embryos. Arrows indicate the tracheal dorsal trunk.
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lipids. As further evidence for distinct 
mechanisms of Wun in germ cell migra-
tion and trachea formation, we find that 
germ cell migration is normal in embryos 
lacking maternal and zygotic Cora (our 
unpublished data), indicating that Wun is 
not acting through SJs to affect germ cells.

A General Role for LPPs  
in Promoting Barrier Function?

A role for LPPs in tube formation is also 
seen in mammals. Mice lacking LPP3 die 
during embryogenesis and exhibit defects 
in placenta and yolk vasculature forma-
tion. Though the vasculature cells are 
specified correctly, they are not able to 
form the capillary tubes.31 More recently, 
mice with postnatal inactivation of the 
LPP3 gene specifically in the vascular 
endothelium are viable but have impaired 
vascular endothelial barrier function lead-
ing to increased vascular leakage, particu-
larly in the lungs (M. Panchatcharam, A. 
J. Morris and S.S. Smyth, personal com-
munication). Vascular endothelial cells 
contain tight junctions as well as adherens 
junctions, and it will be exciting to see if 
either of these is affected in the mutant 
animals. While septate junctions and 
tight junctions are ultrastructurally dis-
tinct they do contain a common family of 
proteins (the claudins).22 A more general 
role for LPPs in tube formation or main-
tenance is suggested by their expression 
pattern. Mouse LPP2 is enriched in lung 
and kidney32 while mouse LPP3 is also 
expressed in the mammary gland.33

In mammals, S1P and LPA have dem-
onstrated roles in forming and protecting 
vascular endothelium.34,35 Most of the 
known effects of these lipids are through 
activation of G-protein coupled recep-
tors (GPCRs). However, there are no 
S1P or LPA activated GPCR homologs in 
Drosophila and it is not yet clear whether 
there are GPCR-independent LPA and/or 
S1P pathways in mammals or Drosophila. 
The identification of either the LPP lipid 
substrate or its receptor in Drosophila will 
allow us to further examine whether LPP 
function is analogous in these systems.
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be necessary to look at these enzymes in 
maternal loss-of-function conditions.

Little is yet known about the comple-
ment of lipids present in tracheal lumen or 
in the Drosophila hemolymph. However, 
recent advances in lipid mass spectrom-
etry have allowed identification of lipids 
in specific tissues of Drosophila larvae, 
indicating that analysis of tissue-specific 
embryonic lipids may soon be possible.30

While efforts to identify the particular 
substrates are ongoing, our work already 
suggests that the lipid substrate for Wun 
is different in germ cell migration and 
tracheal development. A mammalian LPP 
(mouse LPP2) that is capable of rescuing 
the wun mutant tracheal phenotype does 
not rescue the germ cell phenotype.2 We 
hypothesize that LPP2 dephosphorylates 
a particular lipid that is essential for tra-
cheal formation but it cannot dephosphor-
ylate the particular lipid that is essential 
for germ cell migration, implying these 
two lipids are different. In this scenario, 
Wun and Wun2 would show less sub-
strate specificity and be able to act on both 

recovery after photobleaching could be 
used to determine whether it is a compo-
nent of the SJ core complex. Further, when 
SJ core complexes do not form properly, 
the SJ components show a greater mobility 
in the membrane. Therefore, by perform-
ing FRAP on SJ core components in a wun 
null background, it could be determined 
whether Wun is required for the forma-
tion of the SJ core complex.

Potential Wun Lipid Substrates

Another question raised by our studies is 
which lipid(s) are the critical Wun sub-
strate. Because enzymes that synthesize 
and degrade potential Wun substrates are 
known,8,29 genetic approaches could be 
used to identify lipids important in tra-
cheal development. So far, there are no 
reports of tracheal phenotypes in lipid 
modifying enzyme mutants, however 
many of these enzymes are not well stud-
ied. Additionally, because the wun tracheal 
phenotype is seen only in the absence of 
both maternal and zygotic wun, it may 

Figure 2. Pathways that contribute to SJ formation and localization. The proteins required for SJ 
formation and localization can be divided into four classes (see text). The proteins indicated with 
the dotted line box are necessary for the interaction and formation of the SJ “core”. The other 
groups of proteins are not required for SJ core complex formation, but are instead required for 
proper SJ localization. A failure in SJ complex formation or localization causes Serp and Verm to 
no longer accumulate in the tracheal lumen, while the 2A12 antigen is unaffected. We hypothesize 
that Wun acts to produce a lipid product (indicated by a gray circle), which could affect SJs via one 
or more of the aforementioned pathways.
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