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SUMMARY

yki-induced gut tumors in Drosophila are associated with host wasting, including muscle dysfunction, lipid
loss, and hyperglycemia, a condition reminiscent of human cancer cachexia. We previously used this model
to identify tumor-derived ligands that contribute to host wasting. To identify additional molecular networks
involved in host-tumor interactions, we develop PathON, a web-based tool analyzing the major signaling
pathways in Drosophila, and uncover the Upd3/Jak/Stat axis as an important modulator. We find that yki-
gut tumors secrete Upd3 to promote self-overproliferation and enhance Jak/Stat signaling in host organs
to cause wasting, including muscle dysfunction, lipid loss, and hyperglycemia. We further reveal that
Upd3/Jak/Stat signaling in the host organs directly triggers the expression of ImpL2, an antagonistic binding
protein for insulin-like peptides, to impair insulin signaling and energy balance. Altogether, our results
demonstrate that yki-gut tumors produce a Jak/Stat pathway ligand, Upd3, that regulates both self-growth

and host wasting.

INTRODUCTION

Tumor-induced host organ wasting is a general phenomenon
observed in both vertebrates and invertebrates. Patients with
advanced cancers frequently develop severe organ wasting,
referred to as “cancer cachexia,” including muscle dysfunction,
lipid loss, and hyperglycemia. Organ wasting is associated with
resistance to chemotherapy, reduced quality of life, and mortal-
ity among patients with cancer (Fearon et al., 2013). Recent
studies based on cultured cells and tumor-bearing mice have
implicated a number of tumor-secreted cachectic proteins
(e.g., PTHrP, activins, LIF, IL-6, and Hsp70/90), which remotely
crosstalk to muscle and adipose tissues and modulate their
metabolic homeostasis. In support of their roles, antibody
neutralization of some of these proteins has been shown to
improve organ wasting and survival of tumor-bearing subjects
(Hirata et al., 2013; Kandarian et al., 2018; Kir et al., 2014; Zhang
etal.,2017; Zhou et al., 2010). Despite these advances, however,
there remains a need for genetic animal models that facilitate
comprehensive evaluation of tumor-secreted proteins, associ-
ated signaling pathways, and their effects in host organs.
Drosophila is emerging as an excellent model to decipher the
molecular mechanisms of tumor-induced host wasting. For
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example, aberrant activation of yki®>*, a homolog of the human

oncogene YAPT, in intestinal stem cells (ISCs) results in severe
tumor cell overproliferation in the gut and subsequent muscle
dysfunction, lipid loss, and hyperglycemia (Kwon et al., 2015).
Similar host wasting effects were also reported in other fly tumor
models (Figueroa-Clarevega and Bilder, 2015; Katheder et al.,
2017; Newton et al., 2020; Nie et al., 2019). As there is no evi-
dence of metastasis from yki*>-gut tumors, a likely explanation
is that host wasting is caused by tumor-secreted proteins that
act remotely on host tissues. Previously, we identified two tu-
mor-secreted proteins, the insulin-like polypeptide binding pro-
tein ImpL2 and the Pvr receptor tyrosine kinase ligand Pvf1,
that impair the anabolism/catabolism balance of host organs
(Kwon et al., 2015; Song et al., 2019). However, removal of either
ImpL2 or Pvfl from yki®*** tumors only partially alleviates host
wasting, suggesting that additional secreted proteins are
involved in tumor-host interactions. Moreover, despite the im-
pacts of tumor-derived ImpL2 and Pvf1 on host organs, they
fail to affect growth of the gut tumor. Whether and how tumor-
secreted ligands coordinate host wasting and tumor growth
remain unclear.

Hormone/ligand-induced signaling plays a major role in inter-
organ communication. Classically, hormones/ligands trigger
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specific intracellular signaling pathways, including via activation
of receptors, kinases/phosphatases, and transcriptional factors,
and eventually regulate downstream gene expression. For
example, the Unpaired 1, 2, and 3 (Upd1/2/3) ligands bind to
their common receptor Dome and activate downstream kinase
Jak/Hop and transcriptional factor Stat92E to regulate expres-
sion of Stat target genes such as Socs36E and Dome (Herrera
and Bach, 2019). Thus, monitoring ligand expression in a
sending organ and signature target gene expression of associ-
ated signaling pathways in a receiving organ can help identify
the secreted ligands and corresponding signal reception and
transduction pathways involved in interorgan communication.

In this study, we developed PathON, a web-based tool for
analysis of ligands, signaling components, and signature target
genes for 14 common canonical Drosophila signaling pathways:
EGFR/FGFR/PvR, Hedgehog, Hippo, insulin, Jak/Stat, NF-xB/
Imd, and NF-«B/Toll, Notch, TGF-B/BMP and TGF-p/Activin,
TNF-a, and Wnt. We found that Jak/Stat signaling participates
in tumor-host interactions. Combining genetic and molecular as-
says, we demonstrate that yki®*>A-tumor-derived Upd3 promotes
both tumor growth and host wasting, including muscle dysfunc-
tion, lipid loss, and hyperglycemia, via systemic activation of
Jak/Stat signaling. The results demonstrate that Upd3 acts as
a tumor-secreted ligand that affects both tumor growth and
host wasting.

RESULTS

Potential signaling pathways involved in tumor-host
crosstalk

To develop PathON (https://www.flyrnai.org/tools/pathon/web),
we compiled a list of ligands (agonists and antagonists) and
signaling components (receptors, kinases/phosphatases,
adaptor proteins, and transcriptional factors) for 14 canonical
Drosophila signaling pathways on the basis of the published liter-
ature (Table S1). Signature target genes for these pathways were
selected if they had been previously validated by more than two
of the following criteria: physiological function, gene expression,
promoter activity, and direct binding to transcriptional factor(s)
(Table S2).

On the basis of our hypothesis that yki-induced gut tumors
produce specific ligands that activate associated signaling path-
ways and induce target gene expression in host organs, we
applied PathON to analyze the expression levels of ligands and
signature target genes of 14 signaling pathways in published
RNA sequencing (RNA-seq) datasets from yki*>*-tumor guts
(GSE113728) and muscles (GSE65325) of yki°®>A-tumor-bearing
flies. Interestingly, a Jak/Stat signaling ligand (upd3, 37-fold in-
duction) is one of the top genes upregulated in yki*SA-tumor
guts (Figure 1A). Signature target genes of Jak/Stat signaling
are also significantly enriched among differentially expressed
genes in the muscles of yki*>*-tumor-bearing flies (Figure 1A).
Together, this suggests that Upd3 from yki®SA-gut tumors acti-
vates Jak/Stat signaling in muscles.

We note that the ligands of insulin (/mpL2, 58-fold induction;
and /lp3, 2.5-fold induction), PvR (Pvf2, 20-fold; Pvf1, 14-fold),
EGFR (aos, 8-fold; spi, 4-fold; vn, 3.5-fold; Krn, 2.6-fold), Hedge-
hog (hh, 7-fold), TGF-B/BMP (cv-2, 6-fold; sog, 4-fold; gbb, 2.5-

2 Cell Reports 36, 109553, August 17, 2021

Cell Reports

fold; cv, 2.2-fold), Wnt (Wnt5, 6-fold and Wnt6, 1.8-fold), Notch
(DI, 5-fold), and TNF-a. (egr, 2.5-fold) signaling pathways are
also significantly increased in yki*>A-tumor guts (Figure 1A). In
addition, signature target genes of TGF-B/BMP, NF-«kB/Imd,
NF-kB/Toll, insulin, EGFR/FGFR/PvR, and TNF-« signaling path-
ways are significantly enriched among differentially expressed
genes in the muscles of tumor-bearing flies (Figure 1A). As we
previously analyzed the roles of ImpL2 and Pvf1 in tumor-host
interaction (Kwon et al., 2015; Song et al., 2019), we decided
to focus on upd3, the second most increased ligand, and its
associated Jak/Stat signaling pathway.

We first examined the target genes of Jak/Stat signaling and
found that the transcriptional levels of most of these genes were
significantly changed in the muscles of yki*>-tumor-bearing flies,
as indicated by RNA-seq (Figure 1B; Figure S1). For example,
Socs36E was robustly increased. Upregulation of Socs36E in
this context was further validated by gPCR (Figure 1C). We also
examined activation of Jak/Stat signaling in the muscles of
yki*SA-tumor-bearing flies using reporter assays. To do this, either
control or yki®*SA flies without GFP labeling in ISCs were crossed to
10XStat-GFP reporter lines. The muscles from yki®* flies ex-
hibited abnormal myofibril morphology, and more Stat-GFP accu-
mulated in the space between myofibrils and nuclei compared
with control (Figure 1D), confirming that muscle Jak/Stat signaling
is enhanced. Stat-GFP signaling was also increased in the fat
body and in tumor-bearing guts in yki®> flies (Figure 1D).

We next validated ligand induction in yki*>*-gut tumors. The

transcriptional level of upd3, but not upd1 or upd2, was dramat-
ically increased in tumors, as revealed by RNA-seq (>20-fold;
Figure 1E). This result was further confirmed using gPCR,
upd3-LacZ reporter, and MARCM clones (Figures 1F-1H). Alto-
gether, the changes in transcription of the Jak/Stat ligand upd3
in yki®>*-gut tumors and of Jak/Stat target genes in muscles sug-
gest that Upd3/Jak/Stat signaling is involved in tumor-host
interactions.
Upd3 is essential for yki®>-gut tumor growth
To test whether yki®>*-tumor-derived Upd3 directly regulates
host wasting, we knocked down upd3 expression specifically
in yki®*SA tumors. Interestingly, the growth of yki®>*-gut tumors
and Socs36E expression indicating Jak/Stat pathway activity
in the muscle were potently suppressed under these conditions
(Figure 11; Figure S2A). Consistent with this result, the growth of
ykissA-gut tumors in upd3 mutant flies was also diminished (Fig-
ure S2B). Previous studies have indicated that Upd3 triggers
Jak/Stat signaling in ISCs to promote proliferation in response
to tissue damage and infection (Shaw et al., 2010). We
found that knockdown of dome, hop (Jak), or Stat92E (Stat) in
yki*SA-gut tumors also suppressed tumor growth (Figure 1l).
Taken together, our results show that yki®># tumors produce
Upd3 and activate Jak/Stat signaling to promote self-growth in
an autocrine/paracrine manner.

Tumor-derived Upd3 is essential for host wasting

To investigate the role of Upd3 in tumor-induced host wasting,
we expressed a constitutively active form of hop (hop™™) in
yki®**-gut tumors, creating a situation in which Jak/Stat

signaling and tumor growth are sustained independent of
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Figure 1. Upd3/Jak/Stat signaling is involved in tumor-host interactions

(A) Results of analysis with PathON, a software resource covering 14 canonical signaling pathways in Drosophila, reveal transcriptional changes in ligands and
signature target genes of the indicated signaling pathways in gut tumors and muscles of yki®>*-tumor-bearing flies, respectively, at day 8.

(B and C) Expression levels of target genes of Jak/Stat signaling in the muscles of control flies (+: esg-GALI4, UAS-GFP, tub-GAL80"5/+) or yki*>*-tumor-bearing
flies (yki®S": esg-GAL4, UAS-GFP, tub-GAL80"S/+; UAS-yki®S*/+) at day 8. (B) Heatmap generated from GSE65325 RNA-seq data. (C) qPCR results (n = 3, 5 flies/
replicate).

(D) 10XStat-GFP signals in the muscle, fat body, midgut, and whole fly. Scale bars: muscle, fat body, 10 um; midgut, 50 um.

(E-G) Expression levels of Upd ligands in the midguts of control (+) and yki*>A-tumor-bearing flies (yki°>*) at day 8. (E) Heatmap generated from GSE113728 RNA-
seq data. (F) gPCR results (n = 3, 10 flies/replicate). (G) Immunostaining indicating Upd3-LacZ expression (green) in the midgut. Scale bar: 50 um.

(H) MARCM assays indicating that upd3-LacZ expression (red) is increased mainly in the yki-tumor cells (green) and marginally in other gut cells. Scale bar: 20 um.
(I) Changes in the bloating phenotype (top) and gut tumors (bottom) of indicated genotypes at day 8. Scale bar: 50 um.

Data are presented as mean + SEM. *p < 0.05.

extracellular Upd3, and then removed tumor-derived upd3 (Fig-

ure 2A). Consistently, compared with flies bearing either yki®>* or

yki*SA+hop™™t gut tumors, specific upd3 knockdown in yki*S4+
hop™™- tumors using two different RNAi lines no longer sup-
pressed tumor growth (Figure 2B; Figure S2C). Strikingly,
removal of upd3 in yki*>*+hop™"™" tumors sufficiently alleviated
the effects of systemic wasting, including the bloating
phenotype, reduction in TAG levels, elevation of carbohydrate
levels, and decreased climbing ability (Figures 2B-2D and 3A;
Figures S2C and S2D). We note that removal of upd3 from
yki®**+hop™™ tumors does not affect the expression levels of
ImpL2 or Pvf1, two previously identified tumor-derived cachectic
ligands (Figure 2E).

We also asked whether inhibition of Upd3/Jak/Stat signaling in
host organ tissues is sufficient to suppress tumor-induced
wasting. To do this, we fed yki®>*-gut tumor flies methotrexate
(MTX), a potent small-molecule inhibitor of Jak/Stat signaling

(Thomas et al., 2015), simultaneously with yki*>*-tumor induction

and found that treatment with 10 or 100 uM MTX strongly sup-
pressed Jak/Stat signaling in both host organs and yki®*SA-gut tu-
mor and decreased tumor growth at day 8 of tumor induction (Fig-
ures S3A and S3B). In order to reduce the impact of the drug on
tumors and investigate its roles in host organs, we constitutively
enhanced Jak/Stat signaling in yki*>* tumors by inducing hop ™™
and decreased the MTX dose. Interestingly, although treatment
with 0.1 or 1 uM MTX rarely suppressed the growth of yki®>+
hop™™- tumors, it significantly reduced bloating and improved
wasting effects, including climbing defects, lipid loss, and hyper-
glycemia (Figures S3C and S3D). These results collectively indi-
cate that gut tumor-derived Upd3 acts remotely to induce Jak/

Stat signaling in host organs, resulting in bloating/wasting.

Upd3/Jak/Stat signaling perturbs muscle mitochondrial
homeostasis

As upd3 removal from yki®*# tumors significantly restored fly
climbing rates (Figure 3A), we asked how tumor-derived Upd3
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Figure 2. Tumor-produced Upd3 causes bloating and muscle dysfunction
(A) Experimental strategy for uncoupling Jak/Stat signaling in the tumors and host organs.
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(B-D) Wasting effects in flies bearing yki

+hop™™- tumors with upd3 RNAi (HMS00646) at day 6: (B) bloating phenotype (top) and gut tumors (bottom; scale bar:

50 pm), (C) midgut gene expression of upd3 (n = 3, 10 flies/replicate), and (D) bloating rates (n = 4, 20 flies/replicate) and TAG and trehalose levels (n = 3, 5 flies/

replicate).
(E) Midgut gene expression of ImpL2 and Pvf1 (n = 3, 10 flies/replicate).
Data are presented as mean + SEM. *p < 0.05.

regulates muscle function. We first investigated muscle mito-
chondrial activity, which has been shown to be remotely
impaired by yki®>-gut tumors (Kwon et al., 2015). As expected,
transmission electron microscopy (TEM) revealed normal mito-
chondrial integrity (M) in control muscles. In contrast, we
observed swelling mitochondria with fragmented cristae (C)
and low-density inner space (S) in the muscles of flies bearing
yki®A-tumors, suggesting a classic degenerative phenotype of
mitochondria (Figure 3B). Flies bearing yki®>*+hop™™" tumors
exhibited severer mitochondrial degeneration, as indicated by
the absence of cristae and blank inner space (S) in the muscle
(Figure 3B). Strikingly, upd3 removal in yki*>*+hop ™™ tumors
robustly eliminated mitochondrial degeneration and restored
mitochondrial morphology, almost to control levels (Figure 3B).
Moreover, upd3 knockdown in yki®>*+hop™™ tumors also
increased muscle ATP production, another important indicator
of mitochondrial dysfunction (Figure 3C).

We next wondered whether Upd3/Jak/Stat signaling directly
impairs muscle function. To address this, we genetically
activated Jak/Stat signaling in adult muscles via hop™“™ overex-
pression driven by Mhc-GAL4. Interestingly, obvious morpho-
logical changes indicative of mitochondrial degeneration was
observed in adult muscle (Figure 3D). Muscle ATP production

was also decreased and fly climbing ability was impaired (Fig-
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ures 3E and 3F). These results were further confirmed using
another temperature-sensitive muscle driver tub-GAL80™S;
dMef2-GAL4 (dMef2™) (Figures 3E and 3F). Taken together,
our results indicate that the Upd3/Jak/Stat cascade mediates tu-
mor-induced muscle mitochondrial degeneration and muscle
dysfunction.

Excessive ubiquitin-associated protein degradation has also
been associated with tumor-induced muscle dysfunction with
(Acharyya and Guttridge, 2007). In line with this observation,
we observed an increase in protein ubiquitination in the muscles
of yki®>* flies (Figure S4A). However, neither upd3 knockdown in
the yki*SA+hop™™ tumors nor activation of Jak/Stat signaling in
the wild-type adult muscle significantly affected ubiquitination of
muscle proteins (Figure S4B). The expression level of CG11658,
which encodes a fly homolog of Atrogin-1 E3 ubiquitin ligase,
was significantly increased in the muscle of yki®>* flies but not
in hop™™--overexpressing muscle (Figure S4C), indicating that
Upd3/Jak/Stat signaling does not increase ubiquitination of
muscle proteins in Drosophila.

Upd3/Jak/Stat cascade impairs muscle insulin

response

Insulin signaling has been shown to regulate mitochondrial ho-
meostasis and muscle function across species (Del Campo
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et al.,, 2016). We therefore examined whether tumor-derived
Upd3 remotely affects muscle through attenuation of the insulin
response. We knocked down upd3 expression in yki*>+hop -
gut tumors and as expected, we found a significant decrease in
the expression level of the Jak/Stat pathway target gene
Socs36E in the fly muscle (Figure 4A). Interestingly, expression
levels in the muscle of 4EBP and InR, two target genes negatively
regulated by insulin signaling, were also significantly decreased
(Figure 4A). Akt phosphorylation (pAkt), an important positive
readout of insulin signaling, was increased in the fly muscle (Fig-
ure 4B). These results collectively indicate that upd3 removal in
yki®SA+hop™™ gut tumors remotely enhances muscle insulin
signaling.

Toinvestigate whether Jak/Stat signaling directly attenuates in-
sulin signaling, we specifically expressed hop ™™ in the muscle to
activate Jak/Stat signaling and observed a significant decrease in
pAkt (Figure 4C, left). This result was further validated by ex vivo
assays in which adult thoracic muscles were isolated and treated
with recombinant human insulin. Compared with control thoraces
that exhibit a robust increase in insulin-stimulated pAkt, hop™™*
overexpression in thoraces potently blunted this effect (Figure 4C,
right). Consistent with pAkt changes, hop™™" overexpression
increased muscle expression of Socs36E, as well as 4EBP (Fig-
ure 4D, left). Genetic manipulation using the temperature-sensi-
tive muscle driver dMef2'° also obtained similar results (Figure 4D,
right), suggesting that Jak/Stat signaling autonomously sup-
presses insulin response in the muscle.

To investigate whether Jak/Stat signaling impairs muscle func-
tions through attenuation of insulin response, we manually

Mhc >

*
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Figure 3. Upd3/Jak/Stat signaling impairs
muscle mitochondrial homeostasis

(A-C) Climbing rates (A; n = 15), muscle mito-
chondrial morphologies (scale bar: 1 um) (B), and
ATP production (C; n = 3, 5 flies/replicate) of flies
bearing yki*>A+hop™™ tumors with or without
upd3 RNAi (HMS00646) at day 6.

(D-F) Muscle mitochondrial morphologies
including normal mitochondria (M) and injured
mitochondria with fragmented cristae (C) or blank
space (S) (D; scale bar: 0.5 um), ATP production (E;
n = 3, 5 flies/replicate), and climbing rates (F; n =
15) of flies with activation of Jak/Stat signaling in
the muscle at day 4.

Data are presented as mean + SEM. *p < 0.05.
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sion in the muscle was dramatically sup-
pressed (Figure 4E), indicating an increase
of insulin signaling. Moreover, muscle
mitochondrial degeneration/swelling and
fly climbing defects associated with
hop™™- were also remarkably diminished
(Figures 4F and 4G). Therefore, our results
collectively demonstrate that production
of Upd3 by yki®>A-gut tumors remotely ac-
tivates Jak/Stat signaling and impairs insulin response in muscles,
causing mitochondrial degeneration and muscle dysfunction.
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Upd3/Jak/Stat cascade impairs insulin signaling and
carbolipid metabolism in the fat body

Our results have demonstrated that tumor-derived Upd3 not only
affects muscles but also leads to systemic lipid loss and carbohy-
drate elevation (Figure 2D), two additional major features of
wasting. To investigate whether Upd3/Jak/Stat cascade directly
affects the function of the fat body, the major metabolic organ
in Drosophila, we activated Jak/Stat signaling specifically in the
fat body. hop ™™ overexpression in wild-type adult fat body using
the temperature-sensitive driver Cg-GAL4, tub-GAL80™ (Cg™)
for 4 days robustly increased Socs36E mRNA levels in abdomens
that contain large amounts of fat body cells (Figure S5A, left).
Interestingly, fat-body hop™™ overexpression significantly
decreased TAG storage (Figure S5A, right). The abdominal fat
layer potently disappeared in Cg”® > hop™™ flies, so their abdo-
mens appeared more translucent (Figure S5B, top). BODIPY
staining also revealed that the lipid droplet mass in the fat body
was dramatically reduced in Cg™> > hop™™ flies (Figure S5B,
bottom). Fat body hop™“™ overexpression using another driver,
tub-GAL80™; Lpp-GAL4 (Lpp™®), phenocopied systemic lipid
loss in the abdomen (Figure S5C). In addition to lipid loss, fat-
body hop™“™- overexpression also resulted in an elevated level
of trehalose, the predominant insect circulating carbohydrate
composed of two a-glucose, in Cg"> > hop ™™ flies (Figure S5A,
right). Again, the metabolic imbalance was associated with
impairment of the insulin response, which predominantly controls
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Figure 4. Upd3/Jak/Stat signaling impairs muscle insulin responses

(A and B) Insulin signaling, as indicated by target gene expression (A; n = 3, 5 flies/replicate) or p-Akt (B), in the thoraces of flies bearing yki

without upd3 RNAi (HMS00646) at day 6.
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(C and D) Insulin response, as indicated by p-Akt (C; left, freshly isolated thoraces; right, isolated thoraces that were treated with 1 ug/mL insulin for 30 min) or
target gene expression (D; n = 3, 5 flies/replicate), in adult thoraces with activation of Jak/Stat signaling at day 4.

(E-G) Muscle gene expression (E; n = 3, 5 flies/replicate), muscle mitochondrial morphology including injured mitochondria with blank space (S) (scale bar: 2 pm)
(F), and climbing rates (G; n = 15) of adult flies with activation of Jak/Stat and insulin signaling in the muscle at day 4.

Data are presented as mean + SEM. *p < 0.05.

carbolipid metabolism in the fat body, as hop ™ overexpression

significantly elevated 4EBP mRNA levels and decreased pAkt in
the abdomen (Figure S5A, left; Figure S5D).

We have demonstrated that yki35A-gut tumors also secrete
ImpL2, leading to wasting via antagonization of systemic insulin
signaling (Kwon et al., 2015). As upd3 removal in yki*>A+hop "™
gut tumors does not affect ImpL2 expression, we wondered
whether tumor-derived ImpL2 and Upd3 are independent regu-
lators. We knocked down both ImpL2 and upd3 in yki®“+
hop™™- gut tumors to examine potential crosstalk. Interestingly,
compared with knockdown of either upd3 or ImpL2, knockdown
of both ligands in yki®***+hop™™ tumors further alleviated
wasting effects, including bloating rates and hyperglycemia,
without affecting tumor growth (Figures S6A-S6D). Lipid loss
was also improved but not statistically significantly so (Figures
S6A-S6D). Our results demonstrate that tumor-derived Upd3
and ImpL2 exhibit, at least, differential regulation of host wasting.

Upd3/Jak/Stat signaling induces ImpL2 expression in
the host organ

We next dissected the molecular mechanisms by which Jak/
Stat signaling impairs the insulin response. To do this, we
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knocked down expression of Stat92E, the transcriptional factor
of Jak/Stat signaling, in the context of hop”“™ overexpression
in the muscle and, interestingly, observed an enhancement in
pAkt levels and fly climbing ability (Figures S4D and S4E).
The results suggest that Jak/Stat signaling might hamper insu-
lin responses via Stat92E-dependent transcriptional regulation.
Thus, we searched for potential Stat92E targets with the
following three criteria: (1) known negative regulators of insulin
signaling, (2) putative Stat-binding sites in the promoter re-
gions, and (3) expression highly associated with Upd3/Jak/
Stat signaling in the muscle. Our bioinformatic analysis identi-
fied ImpL2 as a top candidate with four putative Stat-binding
sites in its promoter region (BS1, BS2, BS3, and BS4) (Fig-
ure 5A). We further transfected Stat92E and Hop™™ together
with BS1-4 luciferase constructs in S2R* cells and found that
BS2 luciferase activity was potently increased under these con-
ditions (Figure 5B). We further mutated the two Stat-binding
sites in BS2 region and, as expected, observed that BS2 lucif-
erase activity was markedly blunted (Figure 5C). Chromatin
immunoprecipitation (ChlP) assays also indicated that Stat92E
specifically binds to the BS2 promoter region of ImpL2 (Fig-
ure 5D). There results demonstrate that Stat92E is a major



Cell Reports ¢? CellP’ress

OPEN ACCESS

A B C
H2n W3n M 4n = - 0039 « MCon > R B Con
— ChIP Amplicon BS2-mut s T BHopTumt 20041 5 _ Hoplumis
e mr—S= o S0 = Stato2E 3 " Statoze
= Hoplmt+Stato2e g 003
BS4 BS3 BS2 BS1 @ 8 g0z
RC e £ 0.01 i 2
RB « - S M g 0.01
RA «vem - 3 ||] i e
x o ] 0
ImpL2 0 - BS2 BS2-mut

BS1 BS2 BS3 BS4

w]
m
m
@

HopTm..GFP + 505 8GR e GFP, esg™ Mhc >
_. FLAGHRVSat92E < -+ <% 10 -> ykiSh + A
S 2 4 W yki3SA & | * < < —ir—
& o 2 z 2
g _ & 150 A \ E g 14 Z,
§§. L 3 %1-5 T o 0.8 1 E
0O c 2100 - g 3 |
s 1 & S 0.6 35 |
W e = 1 £ g
&< S 50 3 © 04 =
5| 2 S | § 0.5 1 3 = T4
n 0 = = $0.2 1 o)
cC N . 0 - = =
SN N W RC RB RA ™ 0 %
Ommm WO PRASN
(GSE65325) & e
AU\ \)Qé AAERY o
X’ %\

Figure 5. Upd3/Jak/Stat signaling promotes muscle ImpL2 expression

(A) Regions that contain putative Stat92E-binding sites (BS1-4) (TTCNNGAA, 2n, blue; TTCNNNGAA, 3n, green; TTCNNNNGAA, 4n, red) in the ImpL2 gene, BS2
with two mutated Stat-binding sites (BS2-mut), and ChIP amplicons are shown.

(B and C) Relative luciferase activities of the indicated vectors that contain normal (B; BS1-4) and mutated (C; BS2-mut) Stat92E binding sites with Stat92E and/or
Hop ™™ expression in S2R* cells (n = 3).

(D) The S2R* cells were transfected with indicated vector were lysed and pulled down with anti-FLAG antibody to perform in vitro ChIP assays. Stat92E oc-
cupancies at promoter regions of ImpL2 as indicated relative to input were analyzed using gPCR. All ChIP-gPCR experiments were performed in duplicate.
(E) Expression levels of ImpL2 in thoraces of flies bearing yki°>*-gut tumors at day 8 from RNA-seq analysis (left; GSE65325, NCBI-GEO) and gPCR (right;n =3, 5
flies/replicate).

(F and G) Muscle ImpL2 expression levels of flies bearing tumors with or without upd3 RNAi (HMS00646) at day 6 (F) or flies bearing hop ™™ overexpression with
or without Stat92E RNAI in the muscle at day 6 (G) (n = 3, 5 flies/replicate).

Data are presented as mean + SEM. *p < 0.05.

regulator of ImpL2 expression that acts via a binding site in the  Upd3/Jak/Stat signaling causes host wasting in part via
BS2 region. autonomous ImpL2 expression

We next asked if Upd3/Jak/Stat signaling regulates ImpL2 To examine whether Jak/Stat signaling impairs insulin response
expression in vivo in the host organ. Our RNA-seq data and muscle functions via autonomous ImpL2 production, we
(GSE65325) for yki*SA flies showed a significant increase in  decreased ImpL2 expression in the context of muscle hop ™™
ImpL2 mRNA levels in the muscle (Figure 5E, left), a finding  overexpression. As expected, ImpL2 RNAIi in hop "™ -overex-
that correlates with upregulation of upd3 production in pressing muscle dramatically decreased ImpL2 mRNA level
yki®S#-gut tumors and Jak/Stat signaling in the matched mus- and also suppressed 4EBP expression (Figure 6A), which re-
cle (Figure 1). The result was also confirmed using gPCR (Fig-  flects a restoration of the muscle insulin response. Furthermore,
ure 5E, right). Conversely, we specifically knocked down upd3  hop " -associated mitochondrial degeneration in the muscle
expression in yki®*>A+hop™™ gut tumors, which significantly and fly climbing defects were both potently improved by
suppressed Jak/Stat signaling in the muscle (Figure 4A), and ImpL2 RNAI (Figures 6B and 6C).
found that muscle ImpL2 mRNA levels were dramatically Similar ImpL2 regulation by Jak/Stat signaling was also
decreased (Figure 5F). In order to study the autonomous regu-  observed in the fat body. Overexpression of hop”™™ in the fat
lation of Jak/Stat signaling on ImpL2 expression, we activated body resulted in an increase in ImpL2 and 4EBP mRNA levels,
Jak/Stat signaling by overexpressing hop™™ in the muscle systemic TAG decline, and hyperglycemia (Figures 6D-6F),
and observed a 3-fold induction of /ImpL2 mRNA levels in a  whereas ImpL2 RNAi in the context of hop™™ overexpression
Stat92E-dependent manner (Figure 5G). Thus, our data indi- in the fat body diminished the effects associated with hop ™™
cate that Upd3/Jak/Stat signaling transcriptionally regulates (Figures 6D-6F). Taken together, our results demonstrate that
ImpL2 expression in the muscle. Upd3/Jak/Stat signaling increases autonomous ImpL2
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Figure 6. Jak/Stat signaling promotes organ wasting via ImpL2
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(A-C) Thorax gene expression (A; n = 3, 5 flies/replicate), muscle mitochondrial morphology including injured mitochondria with blank space (S) (scale bar: 1 um)
(B), and climbing rates (C), n = 15) of flies with activation of Jak/Stat signaling plus ImpL2 RNAi (NIG 15009R-3) in the muscle at day 6.

(D-F) Gene expression in abdomens (D; n = 3, 5 flies/replicate), whole-body TAG and trehalose levels (E; n = 3, 5 flies/replicate), abdomen appearance (F, top),
and BODIPY that labels lipid droplets in the abdominal fat body (F, bottom; green, BODIPY; blue, DAPI; scale bar: 20 um) of flies with activation of Jak/Stat

signaling plus ImpL2 RNAi (HMCO05809) in the fat body at day 4.
Data are presented as mean + SEM. *p < 0.05.

production in the muscle and fat body to impair the insulin
response and its associated energy balance.

Upd3 overexpression alone in ISCs sufficiently results in
both tumor growth and host wasting

Finally, we asked whether Upd3 production alone in the gut is
sufficient to cause host wasting. We overexpressed upd3 in
wild-type adult enterocytes (ECs) for 8 days and observed only
mild ISC overproliferation (Figure S7A). However, the Socs36E
and 4EBP expression levels in the muscle were significantly
increased (Figure S7B). EC-derived Upd3 production triggered
host wasting, including lipid loss, carbohydrate elevation, and
climbing defects (Figure S7C).

Furthermore, we overexpressed upd3 in wild-type adult ISCs
and observed the dramatic overgrowth of the GFP-labeled tumor
cell population, expanding to the whole gut by 8 days (Figure 7A).
As expected, upd3-induced gut tumors increased the expres-
sion levels of Socs36E, ImpL2, and 4EBP in the muscle and trig-
gered wasting effects, including muscle wasting, lipid loss, and
carbohydrate elevation (Figures 7B-7D). However, we noted
that Upd3 overexpression in either ECs or ISCs failed to trigger
abdomen bloating and caused wasting effects not as severe

as that observed with yki*>-induced gut tumors (Figures 7A
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and S7A). Taken together, our results indicate that Upd3 produc-
tion alone in the gut sufficiently results in host wasting.

As Upd3/Jak/Stat signaling is required for ISC proliferation, we
knocked down Stat92E or dome in the context of upd3 overex-
pression in the ISCs and found that Upd3-induced tumor growth,
host Jak/Stat activation, and host organ wasting were all remark-
ably suppressed (Figures S7D-S7F), suggesting that the mass of
Upd3-producing cells is also important for host wasting regula-
tion. We previously identified Pvf1 as an important tumor-derived
cachectic ligand and wondered whether Pvf1 would synergize
with Upd3 for host wasting. We overexpressed Pvf1 in the
wild-type adult ISCs and, consistent with previous studies
(Bond and Foley, 2012), observed only mild ISC overproliferation
(Figure S7G). Unexpectedly, we found that Pvf1 overexpression
together with Upd3 antagonized Upd3-associated gut tumor for-
mation and host wasting (Figure S7H), suggesting an unknown
molecular mechanism(s) between Upd3 and Pvf1 regarding tu-
mor-growth regulation in the gut.

DISCUSSION

The molecular mechanisms whereby malignant tumors coordi-
nate self-growth and host organ wasting are not fully
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understood. In this study, which combined bioinformatics anal-
ysis and genetic validation, we identified tumor-derived Upd3
as an important mediator of tumor-host interaction. We demon-
strate that tumor-derived Upd3 simultaneously activates Jak/
Stat signaling in gut tumor cells, promoting overgrowth of the
tumor itself and, in host organs, causing energy imbalance and
wasting.

PathON for evaluating signaling pathways involved in
interorgan communication

We have demonstrated that monitoring signature target genes
to evaluate the activity of various signaling pathways in a
receiving tissue is helpful to comprehensively understand
crosstalk networks during interorgan communication (Song
et al.,, 2017b). One potential complication of this approach is
that different pathways might share a set of common target
genes. For example, both insulin and TNF-a signaling directly
regulate puc expression (Bai et al., 2013; McEwen and Peifer,
2005). Moreover, the targets of a given pathway might also
vary in different organs or at different developmental stages.
Thus, we decided to evaluate enrichment of all potential target
genes rather than single ones, and we developed the web-
based analysis tool PathON to facilitate this approach. Using
PathON, we successfully uncovered Upd3/Jak/Stat signaling
pathway as an important mediator in the tumor-host crosstalk.
It will be interesting to determine whether other pathways iden-
tified using PathON, such as the BMP and TNF-a signaling
pathways, also play important roles in tumor-induced host
wasting. In addition, we note that because we hypothesized

host wasting

How malignant tumors coordinate self-

growth and host wasting is not fully
understood. We have previously shown that yki**#-gut tumors
produce ImpL2 to suppress systemic insulin av