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a b s t r a c t

The highly conserved janus kinase (JAK)-signal transducer and activator of transcription (STAT)

pathway is a well-known signaling system that is involved in many biological processes. In Drosophila,

this signaling cascade is activated by ligands of the Unpaired (Upd) family. Therefore, the regulation of

Upd distribution is one of the key issues in controlling the JAK/STAT signaling activity and function.

Heparan sulfate proteoglycans (HSPGs) are macromolecules that regulate the distribution of many

ligand proteins including Wingless, Hedgehog and Decapentaplegic (Dpp). Here we show that during

Drosophila eye development, HSPGs are also required in normal Upd distribution and JAK/STAT

signaling activity. Loss of HSPG biosynthesis enzyme Brother of tout-velu (Botv), Sulfateless (Sfl), or

glypicans Division abnormally delayed (Dally) and Dally-like protein (Dlp) led to reduced levels of

extracellular Upd and reduction in JAK/STAT signaling activity. Overexpression of dally resulted in the

accumulation of Upd and up-regulation of the signaling activity. Luciferase assay also showed that

Dally promotes JAK/STAT signaling activity, and is dependent on its heparin sulfate chains. These data

suggest that Dally and Dlp are essential for Upd distribution and JAK/STAT signaling activity.

& 2013 Elsevier Inc. All rights reserved.
Introduction

The JAK/STAT signaling pathway is a well-known signaling
system that plays essential roles in a number of biological
processes including cell proliferation, immune response, hemato-
poiesis and germ/stem cell development (reviewed in Arbouzova
and Zeidler, 2006; Levy and Darnell, 2002; Mui, 1999). Activation
of JAK/STAT signaling is initiated by the binding of extracellular
ligands to a pair of transmembrane receptors (Darnell et al., 1994;
Schindler and Plumlee, 2008). The conformational change of the
receptors leads to the phosphorylation of associated protein JAKs,
which then recruit STATs to the receptor/JAKs complex, and
phosphorylate the STATs. Activated STATs dimerize, translocate
to the nucleus and bind to the enhancer of target genes to initiate
the transcription of target genes (Arbouzova and Zeidler, 2006;
Kisseleva et al., 2002).

The JAK/STAT cascade is highly conserved between mammals and
Drosophila, in both mechanism and function (Arbouzova and Zeidler,
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2006). In Drosophila, hopscotch (hop) and STAT92E/marelle encode for
Drosophila JAK and STAT, respectively (Binari and Perrimon, 1994;
Hou et al., 1996; Yan et al., 1996), while domeless (dome) encodes for
the only receptor (Brown et al., 2001). Three genes encode for
cytokine-like ligands, unpaired (upd), upd2 and upd3 (Agaisse et al.,
2003; Gilbert et al., 2005; Harrison et al., 1998; Hombria et al., 2005).
This low-redundancy pathway is involved in multiple biological
events including immune response, stem cell maintenance, and eye
development (Ekas et al., 2006; Jiang et al., 2009; Liu et al., 2010;
Singh et al., 2005; Tsai et al., 2007). Although the function of the JAK/
STAT signaling pathway is largely characterized, less is known about
the mechanisms controlling the activities of JAK/STAT signaling
components.

In Drosophila eye development, Upd is the major ligand that
activates the JAK/STAT signaling pathway (Wright et al., 2011).
Although Upd2 and Upd3 are also known to be ligands of the JAK/
STAT pathway, their roles in eye development are largely
unknown (Agaisse et al., 2003; Gilbert et al., 2005; Hombria
et al., 2005). In the 1st and early 2nd instar larval stage, upd is
expressed in the ventral eye disc, coordinating with Iroquois

Complex (Iro-C) to establish the dorsal–ventral organizer
(Gutierrez-Avino et al., 2009; Reynolds-Kenneally and Mlodzik,
2005). During the 2nd instar larval stage, activation of Notch
signaling in the organizer promotes the second wave of upd
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expression in the posterior center (PC) next to the optical stalk
(Chao et al., 2004; Reynolds-Kenneally and Mlodzik, 2005).
During the late 2nd instar larval and early 3rd instar larval stage,
expression of upd in the PC leads to activation of the JAK/STAT
signal in the posterior eye discs, which antagonizes Wg signaling
to facilitate the initiation and progression of the morphogenetic
furrow (MF) (Ekas et al., 2006; Tsai et al., 2007). In the late 3rd
instar larval stage, expression of upd is turned off, and the JAK/
STAT signal is no longer activated (Bach et al., 2007; Tsai and Sun,
2004; Zeidler et al., 1999). Although the functions and expression
patterns of upd are characterized, little is known about the
regulation of Upd distribution.

Previous studies in Drosophila showed that heparan sulfate
proteoglycan (HSPG) is required for the distribution of several
well-known morphogens (reviewed in Yan and Lin, 2009) including
Wingless (Wg) (Binari et al., 1997; Hacker et al., 1997; Haerry et al.,
1997; Lin and Perrimon, 1999), Hedgehog (Hh) (Bellaiche et al., 1998;
Bornemann et al., 2004; Han et al., 2004b; Takei et al., 2004) and
Decapentaplegic (Dpp) (Belenkaya et al., 2004; Fujise et al., 2003;
Jackson et al., 1997). HSPGs are macromolecules in the extracellular
matrix (ECM) and on the cell surface, and comprise a core protein to
which heparan sulfate (HS) glycosaminoglycan (GAG) chains are
attached (Bernfield et al., 1999; Lin, 2004). Three major families of
HSPGs, which are classified by their core protein structure, are
glypican, perlecan and syndecan (Lin, 2004). Two genes, division

abnormally delayed (dally) and dally-like protein (dlp), encode for
Drosophila glypicans. Both dally and dlp are involved in the regulation
of Wg, Hh and Dpp distribution and signaling activity (reviewed in
Yan and Lin, 2009). Similar to Wg, Hh and Dpp, Upd is also a secreted
ligand protein, and is tightly associated with the ECM once secreted
(Harrison et al., 1998). In addition, Upd could be released from the
ECM by adding heparin which usually prevents binding of proteins to
y w hsp70�f lp=þ or Y ; hsp70�dsRedFRTG13=botv103 FRTG13; 10XSTAT92E�GFP=þ ;

y w hsp70�f lp=þ or Y ; 10XSTAT92E�GFP=þ ; hsp70�dsRed FRT2A=sf l9B4 FRT2A;

y w hsp70�f lp=þ or Y ; 10XSTAT92E�GFP=þ ; hsp70�dsRed FRT2A=dally80 FRT2A;

y w hsp70�f lp=þ or Y ; 10XSTAT92E�GFP=þ ; hsp70�dsRed FRT2A=dlpA187FRT2A; and

y w hsp70�f lp=þ or Y ; 10XSTAT92E�GFP=þ ; hsp70�dsRed FRT2A=dally80 dlpA187 FRT2A:
GAG chains by competition (Harrison et al., 1998). These studies
indicate that Upd may interact with HSPGs, raising the possibility
that HSPGs are involved in the regulation of Upd distribution and
JAK/STAT signaling activity.
y w hsp70�f lp=þ or Y ; act�Gal4 UAS�mRFP 10XSTAT92E�GFP=UAS�dally; tub�Gal80

FRT2A=dally80 dlpA187 FRT2A;

y w hsp70�f lp=þ or Y ; act�Gal4 UAS�mRFP 10XSTAT92E�GFP=UAS�dlp; tub�Gal80

FRT2A=dally80 dlpA187 FRT2A;
Here we show that in the Drosophila eye imaginal disc, Upd
was distributed away from its secreting cells and had a long-
range effect on the activation of JAK/STAT signaling. Loss of dally

and dlp led to the reduction of JAK/STAT signaling activity.
Overexpression of dally resulted in the accumulation of Upd
protein and subsequently up-regulated JAK/STAT signaling activ-
ity in the eye discs. In cell culture, expression of dally enhanced
the JAK/STAT signaling activity. Taken together, these data sug-
gest that Dally and Dlp are essential regulators for Upd distribu-
tion and JAK/STAT signaling activity.
Materials and methods

Fly strains

The following null alleles of botv, sfl, dally and dlp were used:
botv103 (Han et al., 2004a), sfl9B4 (Lin and Perrimon, 1999), dally80 and
dlpA187 (Han et al., 2004b). The mirr-Gal4 line was used to express
genes in the dorsal compartment of the eye discs (Morrison and
Halder, 2010). The following UAS lines were used to express
corresponding transgenes: UAS-dally (Tsuda et al., 1999), UAS-dlp

(Baeg et al., 2001), UAS-upd-GFP (gift from Henry Sun), UAS-upd

(developed in this study), UAS-botv RNAi (developed in this study),
UAS-sfl RNAi (Bloomington stock BL34601), UAS-dally RNAi (BL33952),
UAS-dlp RNAi (BL34089) and UAS-dome RNAi (BL34618). 10XSTAT92E-

GFP line was used to detect JAK/STAT signaling activity (Bach et al.,
2007). Upd-lacZ (Sun et al., 1995) was used to detect cells expressing
upd. Act4yþ4Gal4 UAS-mRFP was used to generate clones over-
expressing dally or dlp, and was modified from act4yþ4Gal4m,
UAS-GFP (Ito et al., 1997) by replacing GFP with mRFP.
Generation of clones

Mutant clones in the eye discs were generated by the FLP–FRT
method (Golic, 1991; Xu and Rubin, 1993). Clones were induced
in first or second instar larvae by heat-shock at 37 1C for 1.5 h. The
expression of dsRed marker was induced at early third instar
larval stage by a second heat shock at 37 1C for 90 min. Larvae
were allowed to recover for 4 h at room temperature before
dissection. The genotypes used for botv103, sfl9B4, dally80, dlpA187

and dally80–dlpA187 clones marked by the absence of dsRed
(Figs. 2D–G0 and Fig. 3C–E0) are listed below:
Dally–dlp double mutant clones with expression of dally or dlp

(Fig. 4A and B), which were marked by mRFP were generated with
the MARCM system (Lee and Luo, 2001), and their genotypes are
listed below:
Clones ectopically expressing dally and dlp in the eye
discs were generated by FLP-OUT technique (Ito et al., 1997).
First or second instar larvae were given heat-shock at 37 1C for 1 h
and dissected in the early 3rd instar stage. Genotypes of clones
expressing dally and dlp marked by mRFP are

y w hsp70�f lp=þ or Y ; act4yþ4Gal4 UAS�mRFP=UAS�dally; and

y w hsp70�f lp=þ or Y ; act4yþ4Gal4 UAS�mRFP=UAS�dlp



Fig. 1. Upd activated long-range JAK/STAT signaling. (A–B) The JAK/STAT signaling pathway was activated in eye discs in 2nd instar larval stage (A–A0 0) and early 3rd instar

larval stage (B–B0 0), which was shown by 10XSTAT92E-GFP (green) and pSTAT staining (red). (C–D) JAK/STAT signal can be activated in the cells distant to cells expressing

upd in both 2nd instar larval stage (C–C0 0) and early 3rd instar larval stage (D–D0 0). Upd-lacZ expression at the posterior center (red in C0 and D0) marks the cells secreting

Upd. (E–F) Upd was distributed far from secreting cells in both 2nd instar larval stage (E–E0 0) and 3rd instar larval stage (F–F0 0). Extracellular Upd staining (green in E0 and

F0) can be detected in the entire eye disc. In all images, the anterior compartment faces left, and the dorsal compartment faces up.
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Antibodies and immunofluorescence

Fixation and antibody staining of eye imaginal discs were
performed as described (Belenkaya et al., 2002). Primary antibodies
were used at the following dilutions: Mouse anti-pSTAT 1:3000
(developed in this study); rabbit anti-b-galactosidase 1: 200
(Cappel). Extracellular Upd staining was performed as described
(Baeg et al., 2001; Strigini and Cohen, 2000). Mouse anti-Upd
antibody was used at 1:50 (developed in this study, same antigen
sequence used as in Harrison et al., 1998). The primary antibodies
were detected by fluorescent-conjugated secondary antibodies
from Jackson ImmunoResearch Laboratories. Zeiss 780 laser con-
focal microscope was used to observe samples and take images.

10XSTAT92E-luciferase assay

10XSTAT92E-luciferase reporter construct was generated in
this study and had the same structure as the one described in



Fig. 2. HSPG biosynthesis was required for normal JAK/STAT signaling activity and Upd distribution. (A–G) Disruption of HSPG biosynthesis genes botv and sfl led to the

reduction of 10XSTAT92E-GFP. Botv (B–B0) and sfl (C–C0) were knocked down with RNAi by mirr-Gal4 in dorsal eye discs (marked by mRFP, red in A0–C0). In botv mutant

clones marked by the absence of dsRed (D0 and E0), levels of 10XSTAT92E-GFP were obviously reduced (D and E). Similar phenomenon can be observed in sfl mutant clones

(F–G0). Clones were shown in both superficial section (D and G) and cross section (E and F). (H–J) Knocking down of botv (H and H0) or sfl (I and I0) in the dorsal area

(marked by GFP, green in H0–J0) led to the reduction of extracellular Upd levels (red in H–J). Dotted lines in (A–C) and (H–J) mark the dorsal–ventral boundary. Dotted lines

in (D–G) mark the boundary of clones. In all images, the anterior compartment faces left, and the dorsal compartment faces up.

Y. Zhang et al. / Developmental Biology 375 (2013) 23–3226
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Baeg et al. (2005). S2 cells were placed in 24-wells plate and
transfected using Effectene (Qiagen) reagent. Cells in each well were
transfected with 60 ng 10XSTAT92E-luciferase, 4 ng Act-Renilla, and
60 ng of one of the following: pAC5.1-HA-dally, pAC5.1-GFP-dlp, or
pAC5.1-GFP-GPI (all developed in this study). In the negative control,
120 ng pAC5.1-GFP were transfected without 10XSTAT92E-
luciferase. To obtain high levels of Upd, 200 ng pAC5.1-Upd-V5
(developed in this study) were transfected to S2 cells in a 60 mm
dish. Twelve hours later, Upd transfected cells were washed three
times with PBS, and then added to each well in equal amounts. In
the experiments with endogenous levels of Upd, equal amounts of
S2 cells without Upd transfection were added to each well. Heparin
was added to a final concentration of 50 mg/ml if needed. After 48 h,
cells were lysed, and relative luciferase activities were measured
with GLOMA Multi Detection System (Promega). Each experiment
was repeated six times, and the results were quantified with PEMS
statistical software.
Results

Upd activates long-range JAK/STAT signaling in eye discs

The Drosophila eye is a widely used model to study the
JAK/STAT signaling pathway (Chao et al., 2004; Tsai and Sun,
2004; Tsai et al., 2007). During eye development, activation of
JAK/STAT signaling can be detected by the 10XSTAT92E-GFP line
(Bach et al., 2007). In the 2nd instar larval stage, JAK/STAT signaling
was activated in the entire eye disc (Fig. 1A). In the early 3rd instar
larval stage, 10XSTAT92E-GFP was only detected in the posterior
region and was stronger at the posterior center next to the optical
stalk (Fig. 1B). We next stained eye discs with antibody against
phosphorylated STAT (pSTAT) (Fig. S1) to examine the activation of
JAK/STAT signaling. In the 2nd instar stage, pSTAT staining largely
overlapped with 10XSTAT92E-GFP (Fig. 1A0). In the early 3rd instar
larval stage, pSTAT staining was positive in both the posterior and
the anterior parts of the eye discs (Fig. 1B0).

Previous studies showed that Upd is secreted by a few cells at
the PC in the eye disc (Bach et al., 2007; Tsai and Sun, 2004). Here
we showed that in both the 2nd instar larval and early 3rd instar
larval stages, only a few cells at the PC expressed upd (Fig. 1C0 and
D0). Taken together with the expression pattern of 10XSTAT92E-
GFP and pSTAT staining, results here indicate that JAK/STAT
signaling can be activated in cells many cell diameters away from
upd expressing cells (Fig. 1C0 0and D0 0).

In order to determine how JAK/STAT signaling activity is
activated in the cells distant to the upd expressing cells, we
examined the extracellular distribution of Upd by staining Upd
with an extracellular staining protocol (Baeg et al., 2001; Strigini
and Cohen, 2000) (Fig. S2). In both the 2nd and 3rd instar larval
stages, extracellular Upd can be observed in the entire eye discs
(Fig. 1E and F). These data indicate that although Upd is secreted
by only a few cells at the PC, it is distributed to the area far from
the expressing cells and activates long-range JAK/STAT signaling
activity (Fig. 1E0 0 and F0 0).
Fig. 3. Glypican genes dally and dlp were required for JAK/STAT signaling activity

and Upd distribution. (A–B) dally was expressed in the eye discs in both 2nd instar

larval stage (A–A0 0) and early 3rd instar larval stage (B–B0 0). Expression of dally was

marked by dally-lacZ (red in A0 and B0), and overlapped with pSTAT staining (green

in A–B). (C–H) Loss of dally and dlp led to the reduction of 10XSTAT92E-GFP. In

dally–dlp double mutant clones marked by the absence of dsRed (C0), levels of

10XSTAT92E-GFP were reduced (C). Similar reduction of 10XSTAT92E-GFP can be

observed in both dally (D and D0) and dlp (E and E0) single mutant clones. When

dally (G) or dlp (H) was knocked down by RNAi in the dorsal part of the eye discs

(marked by mRFP, red in F0–H0), JAK/STAT signaling activity was also reduced.

(I–K) Extracellular Upd levels (red in I–K) were reduced once dally (J) or dlp (K)

was knocked down in the dorsal area (marked by GFP, green in I0–K0). Dotted lines

in (C–E) mark the boundary of clones. Dotted lines in (F–K) mark the dorsal–

ventral boundary. In all images, the anterior compartment faces left, and the

dorsal compartment faces up.



Fig. 4. Expression of dally led to the activation of JAK/STAT signaling. (A–B) Dally alone was able to rescue the reduction of 10XSTAT92E-GFP in dally–dlp double mutant clones but

dlp alone was not. When dally was expressed in the dally–dlp double mutant clones (marked by mRFP, red in A and B), the levels of GFP were up-regulated (A1 and A2). When dlp

was expressed in the dally–dlp mutant clones, the reduction of GFP was still observed (B1 and B2). (C–F) Overexpression of dally was able to up-regulate JAK/STAT signaling activity.

Dally (C) or dlp (D) was overexpressed in the clones marked by mRFP (red in C and D). Levels of 10XSTAT92E-GFP were increased in dally overexpression clones (C1 and C2) but not

in dlp overexpression clones (D1 and D2). When dally was overexpressed by mirr-Gal4 in the dorsal compartment (marked by mRFP, red in E0–G0), the levels of 10XSTAT92E-GFP

increased (F). However, when dlp was overexpressed, the levels of 10XSTAT92E-GFP did not show an obvious difference (G). (A1–D1) Clones in the posterior compartment of the

eye discs, and (A2–D2) clones in the anterior region. (A1–D2) Enlarged images from the rectangle areas in (A–D). Dotted lines in (A1–D2) mark the boundary of clones. Dotted lines in

(E–G) mark the dorsal–ventral boundary. In all images, the anterior compartment faces left, and the dorsal compartment faces up.

Y. Zhang et al. / Developmental Biology 375 (2013) 23–3228



Fig. 5. Expressions of dally or dlp led to the accumulation of extracellular Upd. (A–

C) Compared with that of the control (A–A0 0), extracellular levels of Upd (red) were

up-regulated when dally (B–B0 0) and dlp (C–C0 0) were overexpressed by mirr-Gal4

in the dorsal compartment of eye discs (marked by GFP, green in A0–C0 and A0 0–C0 0).

(A0 0–C0 0) Cross section from the area marked by the yellow line in (A–C). Dotted

lines in (A–C) mark the dorsal–ventral boundary. In all images, the anterior

compartment faces left, and the dorsal compartment faces up.
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HSPG biosynthesis is required for normal JAK/STAT signaling activity

As mentioned in introduction, HSPGs are required for distribu-
tion of several secreted morphogens and their subsequent signal-
ing activities (Yan and Lin, 2009). Here we proposed that HSPGs are
also involved in the regulation of Upd distribution and JAK/STAT
signaling activity. To test this possibility, we knocked down brother

of tout-velu (botv) and sulfateless (sfl), and then examined the levels
of 10XSTAT92E-GFP. Botv belongs to the Drosophila EXT family and
is required to initiate the synthesis of HS chains on HSPGs (Han
et al., 2004a; Takei et al., 2004) while Sfl is required for the
sulfation on HS chains (Lin, 2004; Lin and Perrimon, 1999). As
shown in Fig. 2A and B, in cells expressing botv RNAi as marked by
mRFP (Fig. 2A0 and B0), levels of 10XSTAT92E-GFP were obviously
reduced. Similarly, when sfl was knocked down by RNAi, levels of
10XSTAT92E-GFP were also largely reduced (Fig. 2C and C0). We
also examined levels of 10XSTAT92E-GFP in botv and sfl mutant
clones. In both botv mutant clones and sfl mutant clones, levels of
10XSTAT92E-GFP were reduced (Fig. 2D–G0). Together these data
suggest that the normal biosynthesis of HSPGs is required for
proper JAK/STAT signaling activity.

To determine whether the reduction of JAK/STAT signaling
activity is due to the abnormal distribution of the ligand Upd, we
examined the levels of extracellular Upd in botv or sfl knockdown
cells. Compared with control (Fig. 2H), levels of extracellular Upd
were reduced in the botv knockdown cells as labeled by GFP
(Fig. 2I). Similarly, when sfl was knocked down, levels of extra-
cellular Upd were also dramatically reduced (Fig. 2J). Taken
together, these data suggested that HSPGs are required in normal
JAK/STAT signaling activity by regulating Upd distribution.

Glypicans Dally and Dlp are required for normal JAK/STAT signaling

activity and Upd distribution

Glypican is one of the major families of Drosophila HSPGs (Lin,
2004) and is known to be involved in the regulation of many signaling
pathways. Two genes encode for Drosophila glypican, dally and dlp. To
study the functions of Dally and Dlp in the JAK/STAT signaling
pathway, we first examined the expression pattern of dally and dlp

in eye discs. In both the 2nd and early 3rd instar larval stages, dally

was ubiquitously expressed in eye discs, overlapping with cells
positive for pSTAT staining (Fig. 3A–B0 0). Similarly dlp was expressed
all over the eye discs (data not shown). To determine whether dally

and dlp are required for normal JAK/STAT signaling activity, we
examined the levels of 10XSTAT92E-GFP in dally and dlp double
mutant clones, and found JAK/STAT signaling activity was down-
regulated (Fig. 3C and C0).

To further investigate which glypican is involved in the
regulation of JAK/STAT signaling activity, we examined the levels
of 10XSTAT92E-GFP in dally/dlp single mutant clones. We showed
that levels of 10XSTAT92E-GFP were reduced in all of these
mutant clones (Fig. 3D–E0). In addition, when dally was knocked
down by RNAi, levels of 10XSTAT92E-GFP were obviously reduced
(Fig. 3F–G0). In dlp RNAi knockdown cells, reduction of
10XSTAT92E-GFP was not as obvious as that in dally knocked
down cells (Fig. 3H and H0). These results indicate that both dally

and dlp are involved in the regulation of JAK/STAT signaling
activity.

Upd distribution was also examined in dally or dlp knockdown
cells. Compared with control (Fig. 3I and I0), levels of extracellular Upd
were obviously reduced in dally knockdown cells as labeled by GFP
(Fig. 3J and J0). In dlp knockdown cells, levels of extracellular Upd were
slightly reduced but not as obvious as those seen in the dally

knockdown cells (Fig. 3K and K0). These results indicated that dally

and dlp may function through regulating Upd distribution.

Overexpression of dally results in activation of JAK/STAT signaling

Since both dally and dlp contribute to the regulation of
JAK/STAT signaling activity, it is possible that they can compen-
sate for each other. To test this possibility, we rescued dally–dlp

double mutant clones with expressing either dally or dlp. As
shown in Fig. 4A, when dally was expressed in dally–dlp double
mutant clones in the posterior eye disc, levels of 10XSTAT92E-GFP
were slightly increased (Fig. 4A1). This data suggests that in
addition to rescuing the reduction in JAK/STAT signaling activity
in the dally–dlp double mutant clones, extra Dally may induce an
overactivation of JAK/STAT signaling. Consistent with this, in the
anterior eye discs where normally no 10XSTAT92E-GFP was
observed, expression of dally in dally–dlp double mutant clones
induced ectopic expression of 10XSTAT92E-GFP (Fig. 4A2). When
dlp was expressed in dally–dlp double mutant clones in the
posterior area, it was not able to rescue the reduction in JAK/
STAT signaling activity (Fig. 4B1). In the anterior eye discs, levels
of 10XSTAT92E-GFP did not change in the dally–dlp double
mutant clones which expressed dlp (Fig. 4B2). These data indicate
that the expression of dally is able to compensate for the loss of
dlp to activate JAK/STAT signaling, but not vice versa.

We also generated clones that overexpressed dally or dlp, and
examined levels of 10XSTAT92E-GFP. In the clones overexpressing
dally in the posterior area (Fig. 4C1), enhanced levels of
10XSTAT92E-GFP were observed. In the anterior area, overexpres-
sion of dally led to ectopic expression of 10XSTAT92E-GFP (Fig. 4C2).
Consistent with this, when mirr-Gal4 was used to drive the expres-
sion of dally, levels of 10XSTAT92E-GFP were obviously increased in
the dally-expressing areas as labeled by mRFP (Fig. 4E–F0). These
results suggest that extra Dally led to overactivation of JAK/STAT
signaling. On the other hand, in clones overexpressing dlp, levels of
10XSTAT92E-GFP remained the same in either the posterior
(Fig. 4D1) or anterior area (Fig. 4D2). When expression of dlp was
driven by mirr-Gal4, no obvious difference in 10XSTAT92E-GFP
levels was observed (Fig. 4G and G0). Taken together, although both



Fig. 6. Expression of dally up-regulated JAK/STAT signaling activity in cell culture.

(A–B) S2 cells were transfected with 10XSTAT92E-luciferase reporter to detect

JAK/STAT signaling activity. The relative luciferase activity showed the endogen-

ous JAK/STAT signaling activity in ‘‘Upd cell- group’’ (A) and enhanced JAK/STAT

signaling activity with extra upd expressing cells added in ‘‘Upd cellþ group’’ (B).

Under low levels of Upd (A), with the expression of dally-HA (lane 3) or dlp-GFP

(lane 5), JAK/STAT signaling activity increased by seven fold. This enhancement

was compromised once heparin was added (lane 4 and lane 6). With high levels of

Upd (B), expression of dally-HA (lane 3) can further up-regulate JAK/STAT signaling

while expression of dlp-GFP (lane 5) cannot. In lane 2, GFP constructs were

transfected to the cells without 10XSTAT92E-luciferase reporter as negative

controls. In lane 7, with expression of GPI–GFP, the levels of JAK/STAT signal

did not change. Statistical significance comparisons are marked by horizontal

bars, and statistical significance is indicated. (nnnPo0.001, nnPo0.01, and n.s. for

non-significant difference).
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dally and dlp are required for normal JAK/STAT signaling activity,
only overexpression of dally up-regulates JAK/STAT signaling
activity.

Overexpression of dally or dlp led to the accumulation of Upd

We examined levels of extracellular Upd to study the roles of dally

and dlp in the regulation of Upd distribution. Compared with that in
control, the levels of extracellular Upd were obviously elevated in
cells ectopically expressing dally (Fig. 5B–B0 0 as labeled by GFP).
Interestingly, when dlp was overexpressed, levels of extracellular Upd
were also largely enhanced (Fig. 5C–C0 0), although dlp overexpression
did not result in increased 10XSTAT92E-GFP levels (Fig. 4G and G0).
These results suggest that overexpression of either dally or dlp can
lead to accumulation of the ligand protein Upd.

Dally and Dlp can up-regulate JAK/STAT signaling activity

in cell culture

To further investigate the roles of Dally and Dlp in the regulation
of JAK/STAT signaling activity, we performed STAT92E-reporter
luciferase assay in S2 cells. The 10XSTAT92E-luciferase construct
consists of the same STAT92E biding sites as the10XSTAT92E-GFP
construct (Baeg et al., 2005), and a cDNA fragment encoding the
firefly luciferase gene. Since S2 cells exhibit endogenous JAK/STAT
activity (Baeg et al., 2005), we first examined the effects of Dally and
Dlp on endogenous JAK/STAT signaling activity. 10XSTAT92E-
luciferase and Renilla luciferase expression vectors were transfected
to S2 cells, and then the relative luciferase units (RLU), (the ratio of
firefly luciferase to Renilla luciferase), were measured to show the
endogenous levels of JAK/STAT signaling activity (Fig. 6A lane1).
When dally or dlp was co-transfected with the luciferase reporter,
JAK/STAT signaling activities were increased dramatically (Fig. 6A lane
3 and lane 5), indicating that both dally and dlp can up-regulate the
endogenous JAK/STAT signaling activity. However, when heparin was
added, the activation of JAK/STAT signaling by Dally or Dlp was
compromised (comparing Fig. 6A lane 3 and lane 4, lane 5 and lane
6). These results suggest that the activation of JAK/STAT signaling by
Dally or Dlp requires the attached HS GAG chains. The activation of
JAK/STAT by Dally or Dlp is not due to the GPI anchor as expression of
GFP-GPI did not activate the signaling (Fig. 6A lane 7).

We further examined the roles of Dally and Dlp in the regulation
of JAK/STAT signaling activity with high levels of Upd. To achieve high
levels of Upd, we co-cultured cells transfected with 10XSTAT92E-
luciferase reporter with upd expressing cells (refer to Materials and
methods). High levels of Upd led to dramatically increase of the JAK/
STAT signaling activity (comparing Fig. 6A lane 1 and Fig. 6B lane 1).
Expression of dally mildly up-regulated JAK/STAT signaling activity
(comparing Fig. 6B lane 1 and lane 3), while expression of dlp did not
lead to a significant increase in JAK/STAT signaling activity (compar-
ing Fig. 6B lane 1 and lane 5). When heparin was added, the activation
of JAK/STAT by dally was compromised (comparing Fig. 6B lane 3 and
lane 4). These data suggest that with high levels of Upd, the effects of
Dally and Dlp on JAK/STAT signaling were not as dramatic as that
with low levels of Upd.
Discussion

Upd distribution is essential for the JAK/STAT signaling path-
way, but its regulation is largely unknown. Here we show that the
glypicans Dally and Dlp are required for the normal Upd distribu-
tion and JAK/STAT signaling activity. Overexpression of dally

activated the JAK/STAT signal in eye discs. Dally and Dlp also
up-regulated JAK/STAT signaling activity in cell culture, and its
function was dependent on their attached HS chains. Together,
these data indicate that Dally and Dlp are essential regulators for
JAK/STAT signaling activity.
Dally and Dlp are required for Upd distribution and retention

on the cell surface

One of the most important findings in this work is that Dally
and Dlp regulate Upd distribution and may be required for the
retention of Upd on the cell surface. Previous studies of Upd
mainly focused on its transcriptional regulation and function, but
little is known about the regulation of Upd distribution. It is
known that Upd has a long-range effect on JAK/STAT signaling but
the mechanism(s) behind is unknown (Bach et al., 2007; Tsai and
Sun, 2004). Here we found that the long-range effect of Upd in eye
development was due to the long-range extracellular distribution
of Upd (Fig. 1E–F0 0). Loss of dally or dlp led to reduction of
extracellular Upd levels (Fig. 3I–K0), while overexpression of dally

or dlp was able to increase the extracellular levels of Upd (Fig. 5).
Therefore, we concluded that the long-range distribution of Upd
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and subsequent JAK/STAT signaling activity are controlled by
Dally and Dlp in Drosophila eye discs.

Data from cell culture experiments suggested that dally and dlp

may be required for the retention of Upd on the cell surface and
subsequent signaling activity. With high levels of Upd, Dally and Dlp
had mild effects on JAK/STAT signaling activity (Fig. 6B lane 3 and
lane 5). With low levels of Upd, Dally and Dlp dramatically up-
regulated JAK/STAT signaling activity (Fig. 6A lane 3 and lane 5).
These results indicate that dally and dlp help to retain Upd on the cell
surface and activate JAK/STAT signaling activity.

Dally is the major regulator of JAK/STAT signaling activity

Although both Dally and Dlp play roles in the regulation of Upd
distribution, our studies show that Dally is likely the major
regulator of JAK/STAT signaling activity. First, loss of dally showed
a stronger reduction in JAK/STAT signaling activity than loss of dlp

(Fig. 3F–H0). Second, expression of dally rescued the reduction of
JAK/STAT signaling in dally–dlp double mutant clones, but expres-
sion of dlp alone did not (Fig. 4A–B). Third, overexpression of dally

but not dlp induced ectopic JAK/STAT signaling activity (Fig. 4C–G0).
Fourth, in cell culture, with high levels of Upd Dally but not Dlp can
further up-regulate JAK/STAT signaling activity (Fig. 5B). All of
these data support the view that Dally is the major regulator of
JAK/STAT signaling activity in eye development. More experiments
are needed to figure out why Dally has higher signaling activity in
JAK/STAT pathway than Dlp.

Roles of HS chains in the regulation of the JAK/STAT signal pathway

Our studies also show that HS chains of HSPGs play important
roles in the regulation of JAK/STAT signaling activity. In eye discs, the
loss of botv or sfl led to the reduction in JAK/STAT signals (Fig. 2A–G0),
indicating that biosynthesis of HS chains is required for normal
JAK/STAT signaling activity. Previous studies in cell culture showed
that Upd may be associated with HS chains, and this association can
be released by the addition of heparin (Harrison et al., 1998). Here we
show that in the presence of heparin, the activation of JAK/STAT by
Dally and Dlp was compromised (Fig. 6). Our findings support the
view that the activation of JAK/STAT signaling is dependent on the
association of Upd with HS chains.
Acknowledgments

We thank E.A. Bach, G.H. Baeg, D. Harrison, S.X. Hou, H. Nakato,
and Y.H. Sun for reagents; the Iowa Developmental Studies
Hybridoma Bank (DSHB) for antibodies; the Bloomington Stock
Center and VDRC for Drosophila stocks; Tatyana Belenkaya and
Lorraine Ray for comments on the manuscript. This work was
partially supported by grants from the National Basic Research
Program of China (Nos. 2011CB943901 and 2011CB943902), the
National Natural Science Foundation of China (No. 31030049) and
the NIH grants (Nos. 2R01 GM063891 and 1R01GM087517).
Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ydbio.2012.12.019.
References

Agaisse, H., Petersen, U.M., Boutros, M., Mathey-Prevot, B., Perrimon, N., 2003.
Signaling role of hemocytes in Drosophila JAK/STAT-dependent response to
septic injury. Dev. Cell 5, 441–450.
Arbouzova, N.I., Zeidler, M.P., 2006. JAK/STAT signalling in Drosophila: insights
into conserved regulatory and cellular functions. Development 133,
2605–2616.

Bach, E.A., Ekas, L.A., Ayala-Camargo, A., Flaherty, M.S., Lee, H., Perrimon, N., Baeg,
G.H., 2007. GFP reporters detect the activation of the Drosophila JAK/STAT
pathway in vivo. Gene Expression Patterns 7, 323–331.

Baeg, G.H., Lin, X., Khare, N., Baumgartner, S., Perrimon, N., 2001. Heparan sulfate
proteoglycans are critical for the organization of the extracellular distribution
of Wingless. Development 128, 87–94.

Baeg, G.H., Zhou, R., Perrimon, N., 2005. Genome-wide RNAi analysis of JAK/STAT
signaling components in Drosophila. Genes Dev. 19, 1861–1870.

Belenkaya, T.Y., Han, C., Standley, H.J., Lin, X., Houston, D.W., Heasman, J., Lin, X.,
2002. Pygopus Encodes a nuclear protein essential for wingless/Wnt signaling.
Development 129, 4089–4101.

Belenkaya, T.Y., Han, C., Yan, D., Opoka, R.J., Khodoun, M., Liu, H., Lin, X., 2004.
Drosophila Dpp morphogen movement is independent of dynamin-mediated
endocytosis but regulated by the glypican members of heparan sulfate
proteoglycans. Cell 119, 231–244.

Bellaiche, Y., The, I., Perrimon, N., 1998. Tout-velu is a Drosophila homologue of
the putative tumour suppressor EXT-1 and is needed for Hh diffusion. Nature
394, 85–88.

Bernfield, M., Gotte, M., Park, P.W., Reizes, O., Fitzgerald, M.L., Lincecum, J., Zako,
M., 1999. Functions of cell surface heparan sulfate proteoglycans. Annu. Rev.
Biochem. 68, 729–777.

Binari, R., Perrimon, N., 1994. Stripe-specific regulation of pair-rule genes by
hopscotch, a putative Jak family tyrosine kinase in Drosophila. Genes Dev. 8,
300–312.

Binari, R.C., Staveley, B.E., Johnson, W.A., Godavarti, R., Sasisekharan, R., Manou-
kian, A.S., 1997. Genetic evidence that heparin-like glycosaminoglycans are
involved in wingless signaling. Development 124, 2623–2632.

Bornemann, D.J., Duncan, J.E., Staatz, W., Selleck, S., Warrior, R., 2004.
Abrogation of heparan sulfate synthesis in Drosophila disrupts the Wingless,
Hedgehog and Decapentaplegic signaling pathways. Development 131,
1927–1938.

Brown, S., Hu, N., Hombria, J.C., 2001. Identification of the first invertebrate
interleukin JAK/STAT receptor, the Drosophila gene domeless. Curr. Biol. 11,
1700–1705.

Chao, J.L., Tsai, Y.C., Chiu, S.J., Sun, Y.H., 2004. Localized Notch signal acts through
eyg and upd to promote global growth in Drosophila eye. Development 131,
3839–3847.

Darnell Jr., J.E., Kerr, I.M., Stark, G.R., 1994. Jak-STAT pathways and transcriptional
activation in response to IFNs and other extracellular signaling proteins.
Science 264, 1415–1421.

Ekas, L.A., Baeg, G.H., Flaherty, M.S., Ayala-Camargo, A., Bach, E.A., 2006. JAK/STAT
signaling promotes regional specification by negatively regulating wingless
expression in Drosophila. Development 133, 4721–4729.

Fujise, M., Takeo, S., Kamimura, K., Matsuo, T., Aigaki, T., Izumi, S., Nakato, H., 2003.
Dally regulates Dpp morphogen gradient formation in the Drosophila wing.
Development 130, 1515–1522.

Gilbert, M.M., Weaver, B.K., Gergen, J.P., Reich, N.C., 2005. A novel functional
activator of the Drosophila JAK/STAT pathway, unpaired2, is revealed by an
in vivo reporter of pathway activation. Mech. Dev. 122, 939–948.

Golic, K.G., 1991. Site-specific recombination between homologous chromosomes
in Drosophila. Science 252 (5008), 958–961.

Gutierrez-Avino, F.J., Ferres-Marco, D., Dominguez, M., 2009. The position and
function of the Notch-mediated eye growth organizer: the roles of JAK/STAT
and four-jointed. EMBO Rep. 10, 1051–1058.

Hacker, U., Lin, X., Perrimon, N., 1997. The Drosophila sugarless gene modulates
Wingless signaling and encodes an enzyme involved in polysaccharide
biosynthesis. Development 124, 3565–3573.

Haerry, T.E., Heslip, T.R., Marsh, J.L., O’Connor, M.B., 1997. Defects in glucuronate
biosynthesis disrupt Wingless signaling in Drosophila. Development 124,
3055–3064.

Han, C., Belenkaya, T.Y., Khodoun, M., Tauchi, M., Lin, X., Lin, X., 2004a. Distinct and
collaborative roles of Drosophila EXT family proteins in morphogen signalling
and gradient formation. Development 131, 1563–1575.

Han, C., Belenkaya, T.Y., Wang, B., Lin, X., 2004b. Drosophila glypicans control the
cell-to-cell movement of Hedgehog by a dynamin-independent process.
Development 131, 601–611.

Harrison, D.A., McCoon, P.E., Binari, R., Gilman, M., Perrimon, N., 1998. Drosophila
unpaired encodes a secreted protein that activates the JAK signaling pathway.
Genes Dev. 12, 3252–3263.

Hombria, J.C., Brown, S., Hader, S., Zeidler, M.P., 2005. Characterisation of Upd2, a
Drosophila JAK/STAT pathway ligand. Dev. Biol. 288, 420–433.

Hou, X.S., Melnick, M.B., Perrimon, N., 1996. Marelle acts downstream of the
Drosophila HOP/JAK kinase and encodes a protein similar to the mammalian
STATs. Cell 84, 411–419.

Ito, K., Awano, W., Suzuki, K., Hiromi, Y., Yamamoto, D., 1997. The Drosophila
mushroom body is a quadruple structure of clonal units each of which
contains a virtually identical set of neurones and glial cells. Development
124, 761–771.

Jackson, S.M., Nakato, H., Sugiura, M., Jannuzi, A., Oakes, R., Kaluza, V.,
Golden, C., Selleck, S.B., 1997. dally, a Drosophila glypican, controls cellular
responses to the TGF-beta-related morphogen, Dpp. Development 124,
4113–4120.

http://dx.doi.org/10.1016/j.ydbio.2012.12.019


Y. Zhang et al. / Developmental Biology 375 (2013) 23–3232
Jiang, H., Patel, P.H., Kohlmaier, A., Grenley, M.O., McEwen, D.G., Edgar, B.A., 2009.
Cytokine/Jak/Stat signaling mediates regeneration and homeostasis in the
Drosophila midgut. Cell 137, 1343–1355.

Kisseleva, T., Bhattacharya, S., Braunstein, J., Schindler, C.W., 2002. Signaling
through the JAK/STAT pathway, recent advances and future challenges. Gene
285, 1–24.

Lee, T., Luo, L., 2001. Mosaic analysis with a repressible cell marker (MARCM) for
Drosophila neural development. Trends Neurosci. 24, 251–254.

Levy, D.E., Darnell Jr., J.E., 2002. Stats: transcriptional control and biological
impact. Nat. Rev. Mol. Cell Biol. 3, 651–662.

Lin, X., 2004. Functions of heparan sulfate proteoglycans in cell signaling during
development. Development 131, 6009–6021.

Lin, X., Perrimon, N., 1999. Dally cooperates with Drosophila frizzled 2 to
transduce Wingless signalling. Nature 400, 281–284.

Liu, W., Singh, S.R., Hou, S.X., 2010. JAK-STAT is restrained by Notch to control cell
proliferation of the Drosophila intestinal stem cells. J. Cell. Biochem. 109,
992–999.

Morrison, C.M., Halder, G., 2010. Characterization of a dorsal-eye Gal4 Line in
Drosophila. Genesis 48, 3–7.

Mui, A.L., 1999. The role of STATs in proliferation, differentiation, and apoptosis.
Cell. Mol. Life Sci. 55, 1547–1558.

Reynolds-Kenneally, J., Mlodzik, M., 2005. Notch signaling controls proliferation
through cell-autonomous and non-autonomous mechanisms in the Drosophila
eye. Dev. Biol. 285, 38–48.

Schindler, C., Plumlee, C., 2008. Inteferons pen the JAK-STAT pathway. Semin. Cell
Dev. Biol. 19, 311–318.

Singh, S.R., Chen, X., Hou, S.X., 2005. JAK/STAT signaling regulates tissue outgrowth
and male germline stem cell fate in Drosophila. Cell Res. 15, 1–5.

Strigini, M., Cohen, S.M., 2000. Wingless gradient formation in the Drosophila
wing. Curr. Biol. 10, 293–300.
Sun, Y.H., Tsai, C.J., Green, M.M., Chao, J.L., Yu, C.T., Jaw, T.J., Yeh, J.Y., Bolshakov,
V.N., 1995. White as a reporter gene to detect transcriptional silencers
specifying position-specific gene expression during Drosophila melanogaster

eye development. Genetics 141, 1075–1086.
Takei, Y., Ozawa, Y., Sato, M., Watanabe, A., Tabata, T., 2004. Three Drosophila EXT

genes shape morphogen gradients through synthesis of heparan sulfate
proteoglycans. Development 131, 73–82.

Tsai, Y.C., Sun, Y.H., 2004. Long-range effect of upd, a ligand for Jak/STAT pathway,
on cell cycle in Drosophila eye development. Genesis 39, 141–153.

Tsai, Y.C., Yao, J.G., Chen, P.H., Posakony, J.W., Barolo, S., Kim, J., Sun, Y.H., 2007.
Upd/Jak/STAT signaling represses wg transcription to allow initiation of
morphogenetic furrow in Drosophila eye development. Dev. Biol. 306,
760–771.

Tsuda, M., Kamimura, K., Nakato, H., Archer, M., Staatz, W., Fox, B., Humphrey, M.,
Olson, S., Futch, T., Kaluza, V., Siegfried, E., Stam, L., Selleck, S.B., 1999. The cell-
surface proteoglycan Dally regulates Wingless signalling in Drosophila. Nature
400, 276–280.

Wright, V.M., Vogt, K.L., Smythe, E., Zeidler, M.P., 2011. Differential activities of the
Drosophila JAK/STAT pathway ligands Upd, Upd2 and Upd3. Cell. Signal. 23,
920–927.

Xu, T., Rubin, G.M., 1993. Analysis of genetic mosaics in developing and adult
Drosophila tissues. Development (4), 1223–1237.

Yan, D., Lin, X., 2009. Shaping morphogen gradients by proteoglycans. Cold Spring
Harbor Perspect. Biol. 1, a002493.

Yan, R., Small, S., Desplan, C., Dearolf, C.R., Darnell Jr., J.E., 1996. Identification of a
Stat gene that functions in Drosophila development. Cell 84, 421–430.

Zeidler, M.P., Perrimon, N., Strutt, D.I., 1999. Polarity determination in the
Drosophila eye: a novel role for unpaired and JAK/STAT signaling. Genes
Dev. 13, 1342–1353.


	Drosophila glypicans Dally and Dally-like are essential regulators for JAK/STAT signaling and Unpaired distribution in...
	Introduction
	Materials and methods
	Fly strains
	Generation of clones
	Antibodies and immunofluorescence
	10XSTAT92E-luciferase assay

	Results
	Upd activates long-range JAK/STAT signaling in eye discs
	HSPG biosynthesis is required for normal JAK/STAT signaling activity
	Glypicans Dally and Dlp are required for normal JAK/STAT signaling activity and Upd distribution
	Overexpression of dally results in activation of JAK/STAT signaling
	Overexpression of dally or dlp led to the accumulation of Upd
	Dally and Dlp can up-regulate JAK/STAT signaling activity in cell culture

	Discussion
	Dally and Dlp are required for Upd distribution and retention on the cell surface
	Dally is the major regulator of JAK/STAT signaling activity
	Roles of HS chains in the regulation of the JAK/STAT signal pathway

	Acknowledgments
	Supporting information
	References




