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Lipid-modiﬁed Wnt/Wingless (Wg) proteins can signal to their
target cells in a short- or long-range manner. How these hydrophobic proteins travel through the extracellular environment remains
an outstanding question. Here, we report on a Wg binding protein,
Secreted Wg-interacting molecule (Swim), that facilitates Wg diffusion through the extracellular matrix. Swim, a putative member of
the Lipocalin family of extracellular transport proteins, binds to Wg
with nanomolar afﬁnity in a lipid-dependent manner. In quantitative signaling assays, Swim is sufﬁcient to maintain the solubility
and activity of puriﬁed Wg. In Drosophila, swim RNAi phenotypes
resemble wg loss-of-function phenotypes in long-range signaling.
We propose that Swim is a cofactor that promotes long-range Wg
signaling in vivo by maintaining the solubility of Wg.
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nt proteins comprise a conserved family of secreted signaling molecules with key functions during embryonic development and adult homeostasis (1). Wnt signaling is initiated
by the binding of Wnt to its receptors, Frizzled (Fz) and Arrow/
LRP5/6 (2, 3), which leads to the stabilization and subsequent
translocation of β-catenin to the nucleus where it associates with
members of the Tcf/Lef family of transcription factors to regulate
target genes (4, 5). Aberrant Wnt signaling contributes to a variety
of developmental abnormalities and adult diseases (6); therefore, elucidating the mechanisms of Wnt signal transduction is an
area of intense research.
Wnt proteins can act as morphogens (7–9), secreted molecules
that affect tissue organization by providing spatial information in the
form of a concentration gradient. In the developing Drosophila wing
imaginal disc, Wingless (Wg) is secreted by a narrow stripe of cells at
the dorsoventral (DV) boundary. It then diffuses through a ﬁeld of
cells to activate transcription of high-threshold target genes such as
senseless (sens) close to the Wg-producing cells and low-threshold
genes such as distalless (dll) farther away (10–12). This ﬁnding
implies that Wg travels away from its site of production through the
extracellular environment while maintaining an active conformation.
Wnt proteins are dually lipid modiﬁed by the covalent attachment
of palmitic acid (9, 13, 14) and palmitoleic acid (15), causing them to
be hydrophobic (14), and Wnts may be membrane-associated under
many circumstances (16, 17). This ﬁnding presents a paradox: how is
it possible that Wnts affect cells at a distance if their lipid moieties
confer high afﬁnity for cell membranes? Experiments in Drosophila
show that a membrane-tethered form of Wg is sufﬁcient to function
as a short-range inducer as it can rescue wg-null embryos and induce
transcription of short- but not long-range target genes in larval wing
discs (12). This absence of transcriptional activation of long-range
Wg target genes indicates that diffusion away from the site of production is necessary for proper Wg signaling. Extracellular Wg has
been detected in membranous lipoprotein particles (18), which may
contribute to Wg transport; however, Wg signaling activity of these
particles has not been reported. Another possibility is that Wnts
diffuse freely from membranes, but this possibility raises the queswww.pnas.org/cgi/doi/10.1073/pnas.1119197109

tion of how a hydrophobic protein is able to travel through the
aqueous extracellular environment without aggregating.
In this paper, we describe an extracellular Wg binding protein
called Secreted Wg-interacting molecule (Swim), a putative
member of the Lipocalin family of transport proteins. We show that
Swim binds to Wg with nanomolar afﬁnity in a palmitate-dependent manner and maintains Wg solubility and signaling activity.
Reduction of swim expression in vivo shortens the distribution of
extracellular Wg and leads to impaired long-range Wg signaling
activity. These data suggest a unique carrier function of Swim to
mediate the morphogenetic activity of the hydrophobic Wg protein.
Results
Swim Is Necessary for the Maintenance of Wg Signaling Activity in
Vitro. Evidence for the existence of a cofactor for Wg signaling

activity arose during the puriﬁcation of Wg from a Schneider2
(S2) cell line overexpressing wg. On puriﬁcation of Wg (Fig. 1A),
we observed a loss of Wg-dependent signaling activity (Fig. 1B)
using Wg reporter cells (an S2 cell line stably transfected with fz,
SuperTOPFlash, and LacZ) (19, 20). This ﬁnding suggested that
a necessary endogenous cofactor secreted by S2 cells was lost
during the puriﬁcation process. Consistent with this hypothesis,
we found that the signaling activity of puriﬁed Wg was restored
in medium conditioned by S2 cells (S2CM) (Fig. 1B).
We reasoned that putative Wg-interacting factors could be
present as minor fractions in our puriﬁed Wg preparations. On
examination of mass spectrometry data generated from puriﬁed
Wg, we detected peptides of a protein encoded by CG3074. Interestingly, preparations of mammalian Wnt3a and Wnt5a puriﬁed
from mouse L cells also contained peptides of the mammalian
homolog of CG3074, Lipocalin7 (Lcn7) (21). The Drosophila
CG3074 locus encodes a 431-aa protein (Fig. 1C) that has a Somatomedin B domain (amino acids 38–86), which is implicated in
protein–ECM interactions, a Lipocalin Signature Motif (amino
acids 252–265), which is common to Lipocalin family members, and
a Cathepsin B protease domain (amino acids 186–409), although
the lack of a conserved residue in the active site likely renders it
catalytically inactive (21). The amino acid sequence also includes
a putative N-linked glycosylation site and an N-terminal signal
peptide, consistent with this protein being secreted. BLAST
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Fig. 1. Swim potentiates puriﬁed Wg activity in vitro. (A) Coomassie bluestained gel of puriﬁed Wg. (B) Wg reporter assay of starting WgCM and puriﬁed Wg protein. (C) Schematic of the Swim protein with predicted domains.
(D) Anti-V5 immunoblot of V5-tagged Swim and swim-hairpin CM. (E) Wg
reporter assay of puriﬁed Wg in SwimCM, S2CM, or swim-hairpinCM.

analysis revealed orthologs in species ranging from worms to
humans (Fig. S1).
Because Lipocalins facilitate the extracellular transport of
hydrophobic proteins (22, 23), we hypothesized that CG3074
could be a potential binding partner of Wg. We overexpressed
a tagged form of CG3074, which we refer to hereafter as Swim,
and found that full-length Swim (SwimFL) was readily secreted
from S2 cells together with a C-terminal cleavage product
(SwimCT) (Fig. 1D), consistent with studies of mammalian Lcn7
(24). Because Swim contains a putative peptidase domain, we
tested whether the cleavage of Swim is caused by an autocatalytic
event but found no evidence of this (Fig. S2).
To examine the requirement of Swim for Wg signaling activity
in vitro, we created a short hairpin construct targeted against
swim RNA that efﬁciently eliminated detectable levels of Swim
when overexpressed in S2 cells (Fig. 1D). We generated conditioned media (CM) from these cells (swim-hairpinCM), WT S2
cells (S2CM), and swim-overexpressing cells (SwimCM) and
added a constant concentration of puriﬁed Wg to increasing
concentrations of each type of CM. When assayed on Wg reporter cells (Fig. 1E), SwimCM enhanced Wg signaling activity,
whereas swim-hairpinCM diminished Wg signaling activity.
Without the addition of Wg, neither S2CM nor SwimCM had an
effect on reporter expression, showing that the enhanced response is a Wg-dependent phenomenon. Thus, Swim is a necessary component of S2CM for the maintenance of Wg activity.
Puriﬁed Swim Binds to Wg with Nanomolar Afﬁnity in a PalmitateDependent Manner and Maintains Wg Solubility. We puriﬁed Swim

protein from swim-overexpressing S2 cells using a combination
of afﬁnity and size exclusion chromatography (Fig. 2 A and B).
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We measured the binding afﬁnity of Wg for full-length Swim or
its C-terminal fragment using a modiﬁed ELISA-based assay. Wg
had nanomolar binding afﬁnities for SwimFL (1.70 ± 0.32 nM)
and SwimCT (2.44 ± 0.22 nM) (Fig. 2C). As a comparison, the
Drosophila Fz2 Cysteine-Rich Domain (DFz2CRD), a known
high-afﬁnity binding domain of the Wg receptor (2), had an afﬁnity of 1.29 ± 0.22 nM, similar to previous ﬁndings (25). SwimWg binding was also detected on intact cells using a chimeric Fz
receptor system (19), in which the ligand binding domain of Fz
(the CRD) was replaced with full-length Swim. The chimeric Fz::
Swim receptor was able to bind and transduce the Wg signal
(Fig. S3), conﬁrming that Wg binds to Swim.
We next asked if Swim maintains Wg activity by preserving Wg
solubility. Puriﬁed Wg was incubated with increasing amounts of
Swim or, as controls, BSA (a known lipid binding protein) and
β-lactoglobulin (a Lipocalin family member that can bind palmitate) (26). In the absence of detergent, Wg is largely insoluble
and is found mainly in the pellet fraction of aqueous media after
centrifugation. However, Wg remained in solution when increasing amounts of Swim were added (Fig. 2D), whereas neither
BSA nor β-lactoglobulin exhibited this effect. Importantly, the
soluble receptor domain DFz2CRD, although able to bind to Wg
(Fig. 2C), was unable to keep Wg in solution, underscoring the
speciﬁcity of Swim activity.
Lipocalin family members usually bind to and conceal the lipid
component of their target molecule(s) (22, 27). To test if Swim
contains a lipid-binding site to mediate Wg binding, we measured
the ability of Wg to bind to Swim in the presence of increasing concentrations of palmitic acid (free palmitate), palmitoleic
acid (free palmitoleate), or BSA (Fig. 2E) to determine if these
molecules could compete with Wg for access to Swim. Palmitic
acid reduced the binding of Swim to Wg with an IC50 of 1.54 nM.
The effect of palmitoleic acid did not register an IC50, indicating
that the slight binding interference observed may be artifactual.
Taken together, these results suggest that Swim binds to Wg
through an association with at least one of the lipid moieties
(palmitate) to maintain Wg solubility.
Swim Does Not Inﬂuence WgC93A Activity. To further address the
requirement of the Wg palmitate modiﬁcation for Swim-mediated
solubility and activity, we generated a FLAG-tagged expression
construct of WT Wg (FWg) and introduced a point mutation that
prevents palmitoylation (14, 28), resulting in a change from Cys-93
to alanine (FWgC93A). To compare signaling activities of WT
and mutant Wg, we used a coculture assay in which we incubated
Wg reporter cells with either FWg- or FWgC93A-secreting cells. In
this paracrine assay, FWgC93A signaled to neighboring cells, although the level of activity was reduced 10-fold compared with
FWg (Fig. 3A). The decrease in activity was not caused by lower
levels of FWgC93A protein, because comparable amounts of FWg
and FWgC93A were produced (Fig. S4).
To compare the activities of FWg and FWgC93A in solution,
media conditioned by WT S2 or FWg- or FWgC93A-producing cells
were added to Wg reporter cells. Although the FWg-conditioned
medium exhibited robust Wg signaling activity, no activity could be
detected with the FWgC93ACM (Fig. 3B); however, the overall level
of FWgC93A protein was higher than the level of FWg (Fig. 3B,
Inset). This ﬁnding suggests that FWgC93A quickly loses activity after
being secreted into the medium. To further analyze the mutant
protein, we fractionated CM of FWgC93A-producing cells using size
exclusion chromatography. In contrast to WT Wg, which is eluted
from the size exclusion column at an apparent molecular mass of
50–100 kDa, FWgC93A was detected in higher molecular mass
fractions, close to the excluded volume of the column (>1,300 kDa)
(Fig. 3C), suggesting that secreted FWgC93A readily aggregates.
We hypothesized that the insolubility of WgC93A would explain
the discrepancy between the previous experiments, where FWgC93A
was able to trigger Wg signaling when expressed in cells immediately adjacent to Wg reporter cells (Fig. 3A) but not when
provided in the form of CM (Fig. 3B). To test this hypothesis, we
plated Wg reporter cells and Wg-secreting cells together at
Mulligan et al.
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different densities and analyzed reporter gene activation. As
schematized in Fig. 3D, a diffusible, soluble factor should trigger
signaling to distant cells and accumulate in the culture medium.
An insoluble factor should trigger signaling only when secreting
cells are in contact with reporter cells, and this reporter activity
should remain constant at higher densities, because no active
protein can accumulate in the culture medium (Fig. 3D). Although FWg-secreting cells showed the expected results for a
soluble factor (Fig. 3E), FWgC93A-secreting cells were only able to
activate Wg signaling in Wg reporter cells when the total cell
density permitted cell–cell contact, and the response did not increase at higher cell densities (Fig. 3E). These experiments suggest that WgC93A is able to signal but aggregates in solution, thus
losing its signaling activity.
The WT protein, palmitoylated at Cys-93, is more soluble in the
aqueous extracellular environment despite being more hydrophobic than WgC93A. To explain this paradoxical ﬁnding, we propose
that Swim maintains Wg solubility through a direct association with
the Wg palmitate moiety. If true, loss of the necessary acylation site
should prevent Swim-mediated activity. We performed a low cell
density coculture assay by mixing Wg reporter cells with either
FWg- or FWgC93A-secreting cells in the presence or absence of
swim-overexpressing cells. We found that higher amounts of extracellular Swim increased FWg but not FWgC93A signaling activity
(Fig. 3F). These results, together with data from previous experiments (Fig. 2 D and E), suggest that Swim prevents Wg from aggregating by binding to the signaling molecule in a manner that is
dependent on the palmitate modiﬁcation.
Puriﬁed Swim Is Sufﬁcient for Wg Signaling Activity in Vitro. Swim is
necessary for Wg signaling activity in S2 cells (Fig. 1E), and puriﬁed
Swim maintains Wg solubility through a high-afﬁnity interaction
(Fig. 2 C and D). We therefore reasoned that Swim would be
Mulligan et al.

Fig. 2. Puriﬁed Swim protein binds directly
to Wg in a palmitate-dependent manner and
maintains its solubility in vitro. (A) Coomassie
blue-stained gels of the Swim puriﬁcation
scheme. (B) Anti-V5 immunoblot of puriﬁed
Swim. (C) ELISA-based binding assay shows
that Wg binds to full-length Swim (SwimFL),
the C-terminal Swim fragment (SwimCT), and
DFz2CRD with nanomolar afﬁnities. (D) AntiWg immunoblots show soluble, S, vs. insoluble, P, Wg after incubations with SwimFL,
BSA, β-lactoglobulin, or DFz2CRD. (E) Competition experiment using palmitic acid (free
palmitate; IC50 = 1.54 nM), palmitoleic acid
(free palmitoleate; IC50 does not converge), or
BSA (IC50 does not converge).

sufﬁcient to sustain Wg signaling activity. To investigate this possibility, we incubated Wg reporter S2 cells with puriﬁed Wg and increasing concentrations of puriﬁed SwimFL or SwimCT, as well as
BSA or β-lactoglobulin as controls. We found that puriﬁed SwimFL,
but not SwimCT, was sufﬁcient to maintain Wg signaling activity
in the absence of conditioned media (Fig. 4A). This effect was
concentration-dependent, because increasing the amount of
SwimFL ultimately led to a decrease in Wg activity. Swim exhibits a
nanomolar binding afﬁnity for Wg (similar to DFz2CRD); therefore, we hypothesized that high concentrations of Swim were
outcompeting DFz2 for access to Wg. To examine this hypothesis,
we immobilized DFz2CRD or as a positive control, Swim, and then
measured the ability of puriﬁed Wg to bind to these proteins in the
presence of increasing concentrations of free Swim. Swim effectively competed the interaction between Wg and DFz2CRD (Fig.
4B), although BSA could not (Fig. S5), showing that the observed
dose sensitivity of the Swim–Wg interaction is likely caused by
a molecular competition event between Swim and at least one of
the Wg receptors, DFz2.
We used a cell surface binding assay to visualize how increasing
concentrations of Swim affect the ability of Wg to interact with its
receptors and quantiﬁed Wg binding by measuring the pixel intensities of each DFz2-expressing cell and puriﬁed Wg protein
bound to them. In the absence of Swim, puriﬁed Wg did not bind to
the surface of DFz2-expressing cells (Fig. 4 C, C′, and C″) and
exhibited a Wg:Fz ratio of 0.55 (Fig. 4D). In accordance with the
in vitro activity assay (Fig. 4A), we found that Wg bound maximally
to DFz2-expressing cells in the presence of 3 nM Swim (Fig. 4 E, E′,
and E″) and displayed an increased Wg:Fz ratio of 1.3 (Fig. 4F).
Increasing the concentration of Swim to 8 nM decreased Wg
binding (Fig. 4 G, G′, and G″) and reduced the Wg:Fz ratio to
below the ratio observed in the absence of Swim (Fig. 4H).
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Fig. 3. WgC93A can signal in a paracrine manner but loses activity once secreted because of aggregation. (A) Activity of FWg or FWgC93A was measured by
incubating the ligand-expressing cells with Wg reporter cells. (B) FWgC93ACM has no signaling activity when tested on Wg reporter cells. (Inset) Anti-FLAG
immunoblot of FWg, FWgC93A, and plain S2 (−) CM (all lanes are from the same immunoblot). (C) Size exclusion chromatography of puriﬁed FWgC93A (Upper;
anti-FLAG) and puriﬁed Wg (Lower; anti-Wg). (D) Description of the dilution experiment. Wells were seeded with an 8:1:1 mixture of Swissi (a Wg nonresponsive S2 cell line; yellow), Wg reporter (red), and Wg-producing (green) cells (schematic). Expected signaling activities are represented by the symbols −
and + for diffusible or not diffusible factors. (E) Reporter activity of Wg reporter cells cultured in the presence of FWgC93A or FWg cells as described in D. (F)
Wg reporter cells cultured with S2 (−) or FWg- or FWgC93A-expressing cells in absence (black bars) or presence (gray bars) of Swim-overexpressing cells.

These results are consistent with a model in which Wg can
exist in two different complexes: a Wg-Swim and a Wg-Receptor
complex; the relative concentrations of these complexes are
dependent on the dissociation constants and the concentrations
of the individual components. At functional concentrations,
Swim maintains the solubility of extracellular Wg, thereby promoting its ability to interact with its receptors. However, at high
concentrations, although Swim still maintains Wg solubility (Fig.
2D), productive Wg-Receptor complex formation is reduced
because of competition by Swim.
In Vivo Reduction of swim Decreases the Range of Extracellular Wg
Diffusion and Leads to wg Loss-of-Function Phenotypes. To analyze

the function of Swim in vivo, we ﬁrst surveyed a number of Drosophila tissues for swim RNA levels (Fig. 5A) and found it to be
expressed in the wing imaginal disc in a diffuse pattern, with
higher levels at the DV boundary (Fig. 5B). Because the morphogen activity of Wg is well-established in the wing tissue, we
chose to study Swim activity here (7, 11, 12). To examine possible
phenotypes, we created two nonoverlapping Upstream Activation
Sequence (UAS)-RNAi constructs (Fig. S6) (29) and acquired
a swimRNAi line (TRiP-cg3074; referred to TRiP-swim) from the
Drosophila RNAi Screening Center (http://insitu.fruitﬂy.org). We
expressed the swimRNAi constructs using the ubiquitous driver
actin-Gal4 (act-Gal4) and detected decreased levels of swim
transcript in the wing imaginal disc using in situ hybridization
(Fig. 5C) and quantitative RT-PCR (Fig. S7). Expression of
swimRNAi was partially lethal (Table S1), with lethality occurring
during larval to pupal but not embryonic stages (Table S2). Although Wg has essential functions during embryogenesis, many of
those functions are thought to be short-range signal-dependent
4 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1119197109

functions (12, 30). In situ analysis of swim expression indicates
that swim is not expressed until embryonic stage 13 (http://www.
fruitﬂy.org/cgi-bin/ex/insitu.pl), which is subsequent to critical Wg
signaling events. To eliminate potential maternal contribution of
Swim, we expressed swimRNAi in the germ line using nanos-Gal4
(nos-Gal4). The cuticles of embryos with maternally expressed
swimRNAi were indistinguishable from WT (Fig. 5E compared
with Fig. 5D). Although we cannot exclude that a possible maternal Swim contribution was not completely eliminated by the
swimRNAi-nos-Gal4 combination, the lack of embryonic phenotypes is in concordance with the ﬁnding that Swim is not required for short-range signaling events (below).
To examine the molecular phenotypes caused by reduction of
swim expression, we measured the ability of extracellular Wg to
diffuse and signal in swimRNAi third instar larval wing discs. In
swimRNAi wing discs, the range of extracellular Wg protein distribution seemed to be diminished compared with WT (Fig. 5 F and
G). On quantiﬁcation, we found that levels of extracellular Wg were
signiﬁcantly lower in swimRNAi discs in every region of the wing
pouch, except at the DV boundary where Wg is produced (Fig. 5 H
and I and Fig. S8). Notably, although reducing swim expression
disrupted Wg diffusion, Wg secretion seemed to be unaffected,
which was observed at the DV boundary (Fig. 5 G and I) and
measured in cell culture (Fig. S9).
We expressed swimRNAi using engrailed-Gal4 (en) to see if decreasing swim speciﬁcally within the posterior domain of the wing
pouch would lead to a discernable effect on the extracellular distribution of Wg within the posterior but not the anterior domain.
Because of potential compensation from anteriorly produced
Swim, we examined the difference in Wg diffusion across a section
of cells distant from the anteroposterior (AP) boundary within
Mulligan et al.
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Fig. 4. Puriﬁed Swim is sufﬁcient for Wg activity in vitro, but the interaction
is dose-sensitive. (A) Wg reporter assay of puriﬁed Wg (0.5 nM) with increasing amounts of puriﬁed SwimFL, SwimCT, BSA, or β-lactoglobulin (β-Lg;
controls were tested in a broad range of concentrations but are depicted as
one representative bar here). (B) Competition assay. Wg binding to a constant concentration of immobilized DFz2CRD or SwimFL was assessed in the
presence of increasing concentrations of free puriﬁed SwimFL. (C) S2 cells
transiently transfected with DFz2 (red). (C′) Binding of puriﬁed Wg (green) in
the absence of Swim. (C″) Overlap (yellow). (D) Quantiﬁcation of Wg cell
surface binding to DFz2-expressing cells in the absence of Swim. The pixel
intensity of each DFz2-expressing cell (red bar) was compared with the pixel
intensity of Wg bound to the corresponding cells (green bar) and expressed
as a ratio of Wg:Fz pixel intensity (0.55 here). (E and F) Wg binds to DFz2expressing cells more robustly in the presence of 3 nM Swim. (G and H) Wg
binding is inhibited in the presence of 8 nM Swim. *P < 0.05.

these two domains (Fig. 5J). Extracellular Wg in the posterior region of the wing had a shortened range of extracellular distribution
relative to Wg in the anterior region (Fig. 5 J and K). To quantify
the observed effect, the ratio of extracellular Wg in these posterior
and anterior regions of en>swimRNAi wing discs was compared
with WT discs and found to be signiﬁcantly lower in regions farther
from the DV boundary (Fig. 5 L and M).
The shortened range of extracellular Wg distribution had corresponding effects on the expression of Wg target genes. In wing
discs of act>swimRNAi third instar larvae, expression of Sens,
a short-range Wg target gene (31), was unaffected (Fig. 5 N and O).
However, the range and intensity of Dll, a long-range Wg target
gene, was decreased (Fig. 5 P–R and Fig. S10) in wing discs that
were age-matched by Sens expression (Fig. S11). Based on the diminished range of extracellular Wg diffusion and shortened longrange signaling activity, we propose that Swim promotes long-range
Wg signaling by maintaining Wg solubility in vivo.
Reduction of Swim Leads to a Decrease in the Size of the Wing Disc
Pouch. We noticed that swimRNAi larvae reared at higher tem-

peratures had smaller wing disc pouches (Fig. S12A). When we
calculated the area of wing disc pouches of age-matched third instar
larvae, we found the area of act>swimRNAi wing pouches to be
signiﬁcantly smaller than the area of WT wing pouches from larvae
Mulligan et al.

reared at 29 °C (Fig. S12B). This phenotype may be attributed to
a defect in Wg distribution, because Wg has mitogenic properties
and controls early growth of the wing disc (32–35).
In addition to Wg, other signals inﬂuence the growth of the wing
disc. Decapentaplegic (Dpp), a Hedgehog target gene, is a wellcharacterized mitogenic factor important for wing disc growth (33,
36, 37). To assess if the observed decrease in wing pouch size might
be because of a putative interaction between Swim and Hedgehog
or Dpp pathway components, we assessed phosphorylation of
Mothers Against Dpp (MAD) in swimRNAi wing discs. MAD is
a cytoplasmic protein that is phosphorylated in response to Dpp
signaling (38). Levels of phosphorylated MAD were similar in WT
and swimRNAi wing discs from larvae reared at different temperatures (Fig. S12C), indicating that decreasing swim does not impact
Dpp activity. However, it remains possible that the small wing
pouch phenotype may be caused by an uncharacterized interaction
or activity of Swim on pathways unrelated to Wg signaling.
Overexpression of Swim Interferes with Wg Signaling. Wing discs
from larvae overexpressing swim displayed an extracellular Wg
distribution indistinguishable from the distribution of Wg in WT
wing discs (Fig. 6 A–C and Fig. S13); however, there was a measurable difference in the Wg signaling activity between these two
genotypes. In WT wing discs, the expression pattern of Dll is graded
in direct response to the Wg gradient (Fig. 6D and Fig. S14A).
When swim was overexpressed, Dll had a similar range of expression; however, its expression was lower at the DV boundary, and its
intensity gradient was more shallow (Fig. 6 E and F and Fig. S14B).
This ﬁnding suggests that, although Wg diffusion is unaffected in
the presence of excess Swim, its signaling activity is impaired, most
prominently at or near its site of production (Fig. 6F). In agreement
with this observation, Sens expression was also disrupted (Fig. 6 G
and H and Fig. S15), and adult wings suffered loss of margin tissue
(Fig. 6I). These results complement our in vitro biochemical
analyses (Fig. 4) and indicate that excess concentrations of Swim
reduce Wg signaling activity, likely by interfering with the ability of
Wg to bind its receptors. Altogether, these in vivo experiments
show that Swim is necessary for the proper formation of the Wg
morphogen gradient.

Discussion
This study shows that Swim, a putative member of the Lipocalin
family of extracellular transport proteins, is both necessary and
sufﬁcient to potentiate Wg activity in vitro and promote longrange Wg signaling in vivo. We provide evidence that the highafﬁnity binding interaction between Swim and Wg is palmitatedependent and that Swim acts, at least in part, to maintain Wg
solubility, presumably by concealing the palmitate side chain
from the aqueous extracellular environment.
Swim, the Drosophila ortholog of Lcn7, was initially identiﬁed as
a trace contaminant of our puriﬁed Wg preparation. This ﬁnding
piqued our interest not only because Lipocalins comprise a family
of extracellular transport proteins for hydrophobic molecules but
also because of the subsequent identiﬁcation of Lcn7 as a contaminating agent in both mammalian Wnt3a- and Wnt5a-puriﬁed
protein preparations.
Although it is clear that lipid modiﬁcation has profound implications on the secretion and activity of Wnt proteins, reports
on the role of the palmitate modiﬁcation using mutant Wnt proteins lacking the necessary acylation sites have been partially
contradictory. Our laboratory previously showed that mouse
Wnt3aC77A was able to signal in an autocrine manner (14), an
observation that was later conﬁrmed by others (13). In contrast,
two other groups described mouse Wnt5aC104A (39) and Drosophila WgC93A (28) as devoid of any signaling ability.
In agreement with reports on Wnt3aC77A, Wnt5aC104A, and
WgC93A (14, 28, 39), we conﬁrmed that WgC93A is secreted at levels
comparable with the levels of WT Wg in vitro. However, although
secreted in an active form, WgC93A aggregates in the extracellular
space and loses its signaling capabilities. We suspect that this aggregation happens quickly, because activity could be detected in
PNAS Early Edition | 5 of 8
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Fig. 5. In vivo reduction of Swim decreases extracellular Wg distribution and impairs long-range signaling. (A) Quantitative RT-PCR of relative levels of swim
transcript in larval tissues. (B) Swim in situ analysis of a WT larval wing disc (white lines demarcate the DV boundary). (C) Swim in situ of an act>swimRNAi
larval wing disc. (D) WT embryonic cuticle prep (TRiP-swim). (E) swimRNAi embryonic cuticle prep (nanos>TRiP-swim). (F–M) Reduction of Swim reduces the
extracellular distribution of Wg. (F) WT and (G) act>swimRNAi wing discs stained for extracellular Wg. (H) Diagram of the sectional analysis used for the
quantiﬁcation of protein distribution. (I) Quantiﬁcation of extracellular Wg in WT and act>swimRNAi wing discs (n = 5 discs; *P value < 0.05). (J) Extracellular
Wg protein distribution in en>swimRNAi wing disc. (K) Zoom of anterior (A) rectangle compared with the posterior (P) rectangle. (L) Diagram of regions used
for quantiﬁcation of en>swimRNAi wing discs. (M) Ratio of extracellular Wg in P compartments to A compartments measured in WT and en>swimRNAi wing
discs (n = 5 discs; *P value < 0.05). (N–R) Reduction of Swim affects long- but not short-range Wg signaling. (N) Expression pattern of Sens (red) in WT and (O)
act>swimRNAi larvae. (P) Expression pattern of Dll (green) in WT and (Q) act>swimRNAi. (R) Quantiﬁcation of Dll intensity in WT and act>swimRNAi wing
discs (n = 5 discs; *P value < 0.05).

coculture experiments only when the cells contacted (or were very
close to) each other. This ﬁnding implies that WgC93A cannot travel
freely (if at all) between cells and that its activity cannot build up in
the culture media like the activity of WT Wg. We believe that this
observation reconciles most of the experiments published on the
corresponding cysteine point mutants of Drosophila Wg as well as
mouse Wnt5a and Wnt3a by providing an explanation for the loss
of activity seen in CM or with puriﬁed protein.
Addition of a lipid moiety should increase hydrophobicity;
therefore, it seems counterintuitive that elimination of Cys-93 acylation promotes Wg protein aggregation. Loss of the palmitate
modiﬁcation could lead to structural impediments that cause Wg
aggregation, but WgC93A can signal in a paracrine manner, suggesting that the protein is properly folded upon secretion. Another
explanation is that the palmitate modiﬁcation serves as a binding
site on Wg for a protein that would function as a chaperone to prevent extracellular aggregation. Our identiﬁcation and characterization of Swim as a necessary cofactor that binds to Wg in a palmitate-dependent manner to maintain Wg solubility and activity is
consistent with this model. We propose that loss of the palmitate
6 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1119197109

side chain leads to decreased Wg signaling activity because it
abolishes the binding site for this necessary cofactor.
We did not study the biochemistry of the nonpalmitoleoylated
form of Wg because loss of the palmitoleate modiﬁcation inhibits
Wg secretion (9, 15), thereby preventing a detailed analysis of the
potential role of the palmitoleate moiety in the extracellular Swim–
Wg interaction. A competition experiment using free lipid molecules showed that high concentrations of palmitic acid, but not
palmitoleic acid, interfere with Swim-Wg binding, suggesting that
the palmitoleate moiety may not participate in this interaction. This
ﬁnding is consistent with the previous ﬁndings that the palmitoleate
modiﬁcation is important for Wg secretion but not activity (9, 15)
and the previous and current ﬁndings that the palmitate modiﬁcation is important for Wg activity but not secretion (13, 14, 39). In
further agreement with these models, we found that Swim does not
affect Wg secretion. Our data suggests that the function of Swim, as
it relates to Wg, is exclusively to facilitate extracellular transport
after secretion.
Using in vivo RNAi, we showed that reduction of Swim leads
to a shortened distribution of extracellular Wg and a consequent
Mulligan et al.
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decrease in the expression of the long-range target gene dll but
not the short-range target gene sens. No phenotype was observed
in the embryo in accordance with previous evidence that embryonic development relies solely on short-range Wg signaling
(12). However, it is notable that a membrane-tethered form of
Wg is sufﬁcient to rescue Wg-null embryos (12). In the absence
of Swim, Wg likely remains tethered to the extracellular surface
of Wg-secreting cells. Thus, although our data indicate that Swim
is not required for short-range Wg signaling, it does not exclude
the possibility that Swim may normally mediate this activity.
Overexpressing Swim had no detectable effect on the distribution
of extracellular Wg; however, increasing the concentration of Swim
impaired Sens expression and affected the gradient of Dll expression. These observations are consistent with our in vitro analysis that
show increased concentrations of Swim can outcompete the Wg
receptors for access to the ligand. The impairment of the Dll expression gradient and disruption of Sens expression indicate that the
consequences of Swim overexpression were most dramatic at the
DV boundary. The expression of Sens at the DV boundary requires
a high concentration of Wg (31), and we found that a local decrease
in the concentration of available Wg interfered with its expression.
The expression of Dll requires a relatively low concentration of Wg
(11, 12, 40), and competition from an elevated concentration of
Swim had a more dramatic effect at the DV boundary where Dll is
more highly expressed in response to the high local concentration of
Wg. At the periphery of the pouch, where Dll is usually expressed at
low levels, there was no measurable effect on Dll expression. We
provide evidence that high concentrations of Swim favor the formation of the Wg-Swim complex. However, complex formation
occurs in a state of ﬂux, and because a relatively low concentration of
Wg is required for the expression of Dll, which is then maintained by
additional means (40), a lower rate of Wg-receptor complex formation at the wing disc periphery is sufﬁcient for Dll expression.
Taken together, the ﬁndings that increasing or decreasing the concentration of Swim in vivo impairs Wg signaling indicate that Swim is
important for the proper formation of the Wg morphogen gradient.
There are a number of other factors known to have important
roles in the transport of Wg from secreting to responding cells.
Two membrane-tethered Heparan Sulfate Proteoglycan molecules, Dally (division abnormally delayed) and Dally-like protein,
are essential in shaping the Wg gradient (41–44). In the wing disc
the primary role of Dally and Dally-like protein is not to transduce
the Wg signal but to stabilize the protein in the extracellular space
(42, 45). In the larval neuromuscular junction, there is evidence
that Wg travels between cells on exosome-like vesicles containing
the Wnt-binding transmembrane protein Evenness Interrupted/
Wntless/Sprinter (46). Lipoprotein particles composed of
Mulligan et al.

Lipophorin also play a role in the transport of two lipid-linked
morphogens, Wg and Hh (18). Depletion of Lipophorin from
Drosophila imaginal discs leads to a reduction of transcriptional
activity of long-range but not short-range Wg target genes (18),
suggesting that Lipoprotein particles are important for long-range
Wg signaling activity. It is possible that Lipoprotein particles and
Swim have similar but parallel roles in facilitating the extracellular
transport of Wg, or they could exist in a complex together. Presently, activity assays exhibiting a direct effect of Lipoprotein
particles on Wg as an active ligand are lacking, and therefore, the
mechanism of how they mediate Wg activity is still unclear.
In summary, Swim is necessary and sufﬁcient to maintain the
signaling activity and solubility of Wg in vitro and promote longrange Wg signaling in vivo. The binding of Swim to Wg is mediated
by the palmitate side chain, and we propose a mechanism of action
that is similar to the mechanism of guanosine nucleotide dissociation inhibitors (GDI) proteins, which bind to prenylated Rab proteins to maintain their solubility during intracellular transit between
membranes (47). Although several other mechanisms have been
proposed to explain long-range Wg signaling, this mechanism is the
ﬁrst to include a factor that has a measurable effect on Wg as an
active ligand. We propose that Swim plays a critical role in the
extracellular transport of Wg to maintain formation of a proper
signaling gradient.
Materials and Methods
Reagents (Antibodies and Plasmids). All antibodies and plasmids used in this
study are described in SI Materials and Methods.
Luciferase Reporter Assays. In luciferase reporter assays, 2 × 105 reporter cells/
well were incubated for 16 h with CM and/or puriﬁed protein before luciferase measurement. Swim/Wg reporter assays were performed in serumfree medium.
Protein Puriﬁcation. Wg was puriﬁed as previously described (14). Swim was
puriﬁed from SwimCM produced by pIB-Swim S2 cells using a three-column FPLCbased puriﬁcation (Blue Sepharose afﬁnity, Nickel afﬁnity, and Gel Filtration).
Solubility Assay. Puriﬁed Wg (0.5 nM) was incubated at room temperature in
serum-free media with puriﬁed Swim, BSA, β-lactoglobulin, or DFZ2CRD and
then centrifuged at 20,000 × g for 45 min at 4 °C. Sample buffer was added
to the pellet. Blue Sepharose beads were used to pull down the soluble Wg,
which was eluted using sample buffer.
Cell Surface Binding Assays. S2 cells transiently transfected with receptor
plasmids were incubated with either WgCM or puriﬁed Wg before ﬁxing.
Immunostaining was performed using standard techniques in detergent-free
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Fig. 6. Overexpression of swim decreases Wg activity in vivo.
(A) Extracellular Wg protein distribution in WT and (B) act>swim wing discs. (C) Quantiﬁcation of extracellular Wg in WT
and act>swim wing discs (n = 5 discs). (D) Expression pattern of
Dll in WT and (E) act>swim wing discs. (F) Quantiﬁcation of Dll
in WT and act>swim wing discs (n = 5 discs; *P value < 0.05). (G)
Expression pattern of Sens in WT and (H) act>swim wing discs.
Arrows indicate discrete cells lacking Sense expression.
Arrowheads indicate large regions lacking Sens expression. (I)
Overexpression of swim causes large wing notches.

PBS, and cells were imaged on a Zeiss Axioplan2 ﬂuorescence microscope
equipped with an Axiocam MRm camera.

described method (29). act>swimRNAi-1 was used to generate all disc
images. All ﬂies were reared at 23 °C unless otherwise noted.

Modiﬁed ELISA Protein–Protein Interaction and Competition Assays. Puriﬁed
Swim or DFz2CRD was bound to a Nunc Maxisorp plate and then exposed
to puriﬁed Wg. A saturating amount of Wg antibody (1:50) and 2° antibody (1:2,000, goat anti-Mouse IgG speciﬁc alkaline phosphatase, Catalog
#A2429; Sigma) were used. AP activity was measured with a FluoStar
Optima ﬂuorimeter. For competition experiments, Wg was preincubated
with competitor molecules. Binding afﬁnity and IC50 values were determined using Prism GraphPad nonlinear regression analysis software.

Immunohistochemistry. Imaginal wing discs of third instar larvae reared at
23 °C (unless otherwise noted) were stained for Dll and Sens using standard
techniques. The extracellular Wg staining method was previously described
(7); Wg antibody was used at a dilution of 1:2.

Swim in Vitro RNAi. An established method (48) was used for S2 cell RNAi. A
23-nt region of swim (5′-AAGAGCCATGTCCATCAAGTGCG-3′) was PCR-ampliﬁed and cloned into the DmU6-2 pSK vector in a two-step cloning method
that created a 5′–3′ to 3′–5′ 23-nt short hairpin.

Image Analysis. ImageJ (http://rsb.info.nih.gov/ij/) was used to measure the
pixel intensity of Dll or Wg along 11 discrete anteroposterior slices centered
around and with relative distance to the DV boundary, covering the area of
each wing disc pouch (n = 5 for each experiment). Plots were generated
using Prism GraphPad. All images within the same dataset were imaged
under identical conditions (extracellular Wg imaged for 900 ms; Dll imaged
for 1.3 s).

Genetics. Drosophila lines used are as follows: yellow-white WT, actinGAL4/
TM6B, nanosGal4/nanosGal4, enGal4/enGal4, UAS-swim, and Trip-cg3074.
UAS-swimRNAi-1 and UAS-swimRNAi-2 were generated using a previously
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