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Tumors often secrete wasting factors associated with atrophy and
the degeneration of host tissues. If tumors were to be affected by
the wasting factors, mechanisms allowing tumors to evade the adverse
effects of the wasting factors must exist, and impairing such mecha-
nisms may attenuate tumors. We use Drosophila midgut tumor models
to show that tumors up-regulate Wingless (Wg) to oppose the
growth-impeding effects caused by the wasting factor, ImplL2
(insulin-like growth factor binding protein [IGFBP]-related protein).
Growth of Yorkie (Yki)-induced tumors is dependent on Wg while
either elimination of ImpL2 or elevation of insulin/insulin-like growth
factor signaling in tumors revokes this dependency. Notably, Wg
augmentation could be a general mechanism for supporting the
growth of tumors with elevated ImpL2 and exploited to attenuate
muscle degeneration during wasting. Our study elucidates the mech-
anism by which tumors negate the action of ImpL2 to uphold their
growth during cachexia-like wasting and implies that targeting the
Wnt/Wg pathway might be an efficient treatment strategy for can-
cers with elevated IGFBPs.

cachexia | tumor | Yorkie | ImpL2 | Wnt

he reduction of tissue mass is a hallmark of the tissue wasting
associated with cancers and other chronic conditions (1-4).
Notably, a key feature of muscle wasting is catabolism of muscle
proteins, which results in muscle mass loss (2, 4). The reduction in
tissue mass is also observed in Drosophila models of cachexia-like
wasting (5-9). Formation of tumors in the midgut by expression of
an active form of the transcription factor in the Hippo pathway,
Yorkie (Yki*"*) (10), or transplantation of malignant disk tumors
into adult flies induces atrophy of ovaries and fat body (5, 6). These
tumors express a high level of the secreted Drosophila insulin-like
peptides (Dilps) antagonist ImpL2, which causes tissue atrophy by
reducing systemic insulin/insulin-like growth factor (IGF) signaling
(5-7). Similarly, a decrease in IGF1 signaling in wasting muscle is
well documented in mammals (11-13). Diminishing Akt activity in
the muscle leads to activation of the forkhead transcription factor
(FoxO) and autophagy-related 1 (Atgl), which in turn increases
protein catabolism (2, 12, 14, 15). Multiple secreted factors con-
tributing to tissue wasting during cachexia have been identified (2, 3,
16). In particular, the transforming growth factor § family members,
activins, induce muscle protein catabolism in part by inhibiting Akt
signaling (17-19). Given that the growth of cancers accompanies an
increase in mass via activation of various anabolic processes, the
organismal state under cachexia is expected to be unfavorable for
cancer growth; however, it has been shown that cancers grow in a
variety of cancer cachexia models (19-22). Conceptually, if cancers
were to respond to the secreted wasting factors, these factors would
oppose cancer growth. Thus, cancers must have a mechanism to
overcome the adverse effects induced by the wasting factors to en-
sure their growth during cachexia. Nevertheless, it is unclear whether
these wasting factors could oppose cancer growth during cachexia
and how cancers evade the potentially growth-impeding effects in-
duced by the wasting factors to uphold their growth.
In Drosophila, binding of Dilps to insulin-like receptor (InR)
initiates the insulin/IGF pathway by turning on phosphoinosi-
tide 3-kinases (PI3K), which leads to activation of Akt (Aktl in
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Drosophila) (23). Aktl activation promotes growth by inhibiting
the Drosophila forkhead transcription factor Foxo, which is a
growth suppressor, and activating the target of rapamycin (Tor),
which is a conserved regulator of cell size and organ growth (23).
In turn, Tor inhibits Thor (4E-BP in humans) to enhance trans-
lational initiation and activates ribosomal protein S6 kinase (S6k)
to increase ribosome biogenesis (23). Additionally, Tor suppresses
autophagy by inhibiting Atgl (24). Thus, maintaining insulin/IGF
signaling is crucial for supporting the growth of tissues as well as an
organism. In contrast, attenuation of insulin/IGF signaling is as-
sociated with tissue wasting in Drosophila (5, 6, 25). Recent studies
have demonstrated that ImpL2 is a tumor-derived wasting factor,
which induces a reduction in systemic insulin/IGF signaling (5, 6).
One Syuzzling observation is that Yki*>“-induced midgut tumors
(ki*S* tumors) and transplanted malignant disk tumors can grow
regardless of the dramatic increase in ImpL2 expression in these
tumors. Considering the fundamental role of insulin/IGF signaling in
growth, these tumors must have a mechanism to evade the growth-
impeding effect induced by ImpL2. It is not known how these tumors
maintain insulin/IGF signaling even though Impl2 is highly up-
regulated in these tumors.

In this study, we employ Drosophila midgut tumor models to
address whether tumors are also subjected to the ramifications of
ImpL2 elevation and how tumors overcome the Impl.2-induced
adverse effect on their growth. Our results indicate that Wg up-
regulation is the mechanism by which yki*>“! tumors evade the ac-
tion of ImpL2. Thus, without Wg, yki*>! tumor growth is significantly

Significance
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affected by ImpL2. Finally, we show that the Wg-mediated an-
tagonism of the ImpL2 action could be a general principle for
supporting the growth of a subtype of midgut tumors with ele-
vated ImpL2 expression and be exploited to alleviate muscle
degeneration during wasting.

Results

Wy Is Essential for the Growth of yki** Tumors Only in the Presence
of Im L2 To address the role of Wg signaling in the growth of
ykz 4 tumors, we first assessed whether Wg was e Spressed
in tumors which were generated by expressing yki*>! with
esg-GAL4, UAS-Green Fluorescent Protein (GFP), tub-GALS0"
(referred to as esg”, hereafter; see Materials and Methods). Pre-
vious studies have demonstrated that Wg is expressed in the visceral
muscle and the intestinal epithelial compartment (26, 27). Wg
expressed from the visceral muscles is essential for homeostatic
intestinal stem cell (ISC) self-renewal (27). In contrast, Wg
expressed in enteroblasts (EBs) during tissue damage plays a cru-
cial role in epithelial regeneratlon (26). Comparlson of wg mes-
senger RNA (mRNA) levels in control and yki***! tumor midguts
revealed that wg mRNA expression was significantly elevated in
yki*$ tumors (Fig. 14). To discern which compartment of yki*>“!
tumor midguts expressed Wg, we stained the midguts with an anti-
Wg antibody. Wg 51gnals were significantly elevated in esg™ cells
upon expression of yki*S™ with esg® (Fig. 1B). In contrast, Wg
signals in the visceral muscle remained unchanged in yk*>“! tumor
midguts (SI Appendzx Fig. Sl) Altogether, these results indicate
that Wg is elevated in ykz? A cells.

To test the role of Wg in yki***! tumor growth, we depleted wg
in yki*>" cells using two independent wg RNA interference (RNAI)
lines: JF01257 and HMS00794 (28, 29). We confirmed that both
JF01257 and HMS00794 could effectively reduce Wg levels when
they are expressed in yki*>“! cells (SI Appendix, Fig. S2 A and B).
Knockdown of wg in ISCs and EBs had no effect on ISC division
(Fig. 1 C and D). In contrast, expression of wg RNAi in yki*5“!
tumors with esg” significantly reduced cell proliferation, resulting in
a complete suppression of tumor growth as well as a few wasting
phenotypes (Fig. 1 C and D and SI Appendix, Fig. S2 C and D). The
complete suppression of tumor growth should account for the
rescue of the wasting phenotypes caused by wg depletlon in yki®S4
cells. Drosophila TCF (dTCF, also known as pangolin) is the key
transcription factor in the Wg signalm% Spathway.

To address 1f Wg signaling in yki cells is important for
supporting yki*>“! tumor I\growth we expressed a dominant- negative
form of dTCF (dTCF"™) with esg® to perturb We signalin 1n a
cell-autonomous manner. We found that e)(yressmn of dTCF”N
yki*S cells was sufficient to suppress yki**“! tumor growth (SI
Appendix, Fig. S3A) mdlcatmg that Wg signaling in yki*>! cells
plays a key role in yki**! tumor growth. In contrast, expression of
dTCF"" in the neighboring enterocytes (ECs) did not significantly
alter yki”>* tumor growth (SI Appendix, Fig. S3B /) suggesting that
We signaling in ECs does not contribute to yki*S“! tumor growth if
there is any Wg signaling in them.

ImpL2 antagonizes Dilps, which leads to a reduction in insu-
lin/IGF signaling, with an exception in a small subset of neurons
in the larval brain (30-35). Given the suggested role of Wg in
promoting the progression of eye disk tumors under insulin resis-
tance induced by a high-sugar diet (36), we hypothesized that yki*>**
tumor-derived Wg might negate the adverse effect caused by
ImpL2 elevation to support tumor growth. If this is correct, the
tumor-growth defect caused by wg depletion should be rescued by
ImpL2 depletion in yki*S tumors. PreVlousl we showed that
ImpL2 was dispensable for the growth of yki*>*! tumors (5). Con-
sistently, ImpL2 depletion did not alter the proliferation of yki>SA
cells (Fig. 1C). Of significance, expres51on of ImpL2 RNAI with esg”
completely rescued the defect in yki*>** cell proliferation caused by
wg knockdown, leading to the formation of fully grown tumors
(Fig. 1 C and D). Altogether, these results demonstrate that Wg
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is crucial for the growth of yki*S“

is present.

tumors only when ImpL2

Augmentation of Insulin-Akt Signaling Is Sufficient to Rescue the
Tumor-Growth Defect Caused by wg Depletion. Given the com-
plete rescue of the tumor-growth defect by ImpL2 depletion, we
hypothesized that Wg supports yki*>! tumor growth by mainly
negating the action of ImpL2. It has been shown that Wg expressed
in disk tumors increases insulin/IGF signaling by increasing the
expression of insulin-like peptide receptor (InR) (36). Thus, we ex-
plored whether Wg could affect insulin/IGF signaling in intestinal
ISCs and EBs. While we were testing the effect of wg knock-
down, we noticed that expression of wg RNAi with esg” signifi-
cantly reduced the size and the number of esg* cells (Fig. 2.4 and
B). If these phenotypes were mediated by a reduction in insulin/
IGF signaling, augmenting insulin/IGF signaling in ISCs and EBs
should reverse the phenotypes. Indeed, expression of a consti-
tutively active AktI (myr-Aktl) with esg” rescued the phenotypes
caused by wg depletion in ISCs and EBs (Fig. 2 4 and B). Next,
we tested whether increasing Wg was sufficient to induce an ele-
vation in insulin/IGF signaling in ISCs and EBs. Ectopic expression
of Wg with esg” caused an increase in phospho-Akt1 and phospho-
4E-BP (Thor in Drosophila) signals in esg” cells (Fig. 2C). Alto-
gether, these results suggest that Wg produced from esg™ cells plays
an important role in regulating insulin/IGF signaling in ISCs and
EBs, and ectopic Wg expression is sufficient to increase Aktl
phosphorylation in ISCs and EBs.

Prev1ously, it was shown that phospho-Akt1 levels were increased
in yki*>! tumors relative to control midguts, while phospho-Akt1
levels in the host muscle, ovarles and heads were significantly de-
creased in flies bearing yki*S tumors in the midgut (5). In accor-
dance with the previous observations, phospho-Aktl signals were
increased in yki*>* cells compared to control cells (Fig. 2C).
Notably, we found that wg depletion in yki**** cells significantly
reduced phospho-Aktl s §nals suggesting that the increase in
phospho-Akt1 51gnals in yki™* cells was dependent on Wg (Fig. 2C).
If the role of Wg in supporting yki*>*! tumor growth is to oppose the
effect caused by ImpL2 elevation via increasin ng, insulin/IGF sig-
naling, augmenting insulin/IGF signaling in yki*>* cells should be
sufficient to rescue the growth defect caused by wg depletion. Of
significance, ectopic expression of either an active form of InR
(InR*") or myr-Akt] rescued the defect in yki**** tumor growth
caused by wg depletion (Flg 2 D and E). These results demonstrate
that Wg is necessary for increasing insulin/IGF signaling in yki*>“!
tumors, which is important for negating the action of ImpL2.

Activation of Foxo or Atg1 Attenuates yki*>* Tumor Growth. Since
our observations indicate that Wg supports yki*>*! tumor growth
by increasing insulin/IGF signaling, we decided to 1nvest1gate
which branch of the insulin/IGF pathway is essentlal for yki®S

tumor growth. Slrmlarly, Aktl depletion in yki*> cells led to a com-
plete suppression of yki™>* tumor growth (Fig. 2F and SI Appendix,
Fig. S4). Interestingly, expression of Akt RNAI 1n combination of
Y™ with esg® almost completely eliminated esg® cells, while ex-
pression of Akt] RNAI alone with esg” didn’t significantly alter the
number of esg* cells (SI Appendix, Fig. S4). Ectopic expression of a
mutant foxo (foxo™") which cannot be phosphorylated by Aktl 37
or depletion of Tor significantly decreased the division of yki*>! cells
(Fig. 2F and SI Appendvc Fig. S4A) To elucidate the Tor downstream
mediator that is essential for yki*>“! tumor growth, we manipulated
three well-characterized Tor downstream players. Expression of either
a mutant thor (thor™") which cannot be inhibited by Tor due to the
mutations at the mTOR phosphorylation sites (38) or a dominant-
negative S6k (S6k™™) (39) in yki™“* cells did not significantly alter the
division of yki*>“* cells (Flg 2F and SI Ap, gendvc Fig. S44). Of sig-
nificance, ecto; 1c expression of Atgl in yk>“! cells almost completely
abolished yki*>** tumor growth (Fig. 2F and SI Appendix, Fig. S4A).
These results suggest that attenuation of the Foxo and Atgl signaling
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Fig. 1. Wg is indispensable for the growth of the yki**4 tumor in the presence of ImpL2. (A) Expression of wg mRNA in midguts. The relative abundance of
the wg transcript in esg™>+ or esg® > yki*** midguts was determined by qRT-PCR after 3 and 5 d of transgene expression. (B) Immunostaining of Wg in
posterior midguts. Transgenes were induced for 3 and 5 d. The cells manipulated by esg® are marked by GFP (green), Wg staining is shown in red, and nuclei
are stained with DAPI (blue) in merged images. (Scale bar, 50 pm.) (C) Representative images of posterior midguts. Transgenes were expressed for 5 d. (D)
Quantification of pHH3* cells per midgut. RNAI lines: wg-7*, JF01257; wg-i"™3, HMS00794; ImpL2-i, 15009R-3. n = 20 (esg®>+), n = 11 (esg® > wg-7"), n = 11
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yki**A, wg-i"™3, ImpL2-i), n = 22 (esg® > yki**", ImpL2-i) biological replicates. Mean + SEMs are shown. *P < 0.01, two-tailed unpaired Student’s t test

compared with control (esg™>+) unless indicated by bracket. See also S/ Appendix, Figs. S1-S3.

branches in the insulin/IGF pathway is critical for supporting
yki*S tumor growth.

Wy Is Specifically Up-Regulated in Tumors with Elevated /mpL2 Expression.
Our observations suggest that yki*>*! tumor growth is dependent
on Wg up-regulation, which might restrain Foxo signaling and
Atgl signaling by antagonizing the action of ImpL2. Interestingly,
a recent study demonstrated that Atgl could inhibit Yki by direct
phosphorylation (40), raising the possibility that elevation of Wg
could be a mechanism specifically applicable to yki**** tumors.
Considering the fundamental role of Yki in controlling the growth
of tumors (41, 42), Wg up-regulation might be a general mechanism
to support the growth of tumors, especially with elevated ImpL2
expression. Thus, we decided to test whether a similar mechanism
exists to support the growth of other types of midgut tumors.

In addition to yki**! midgut tumors, we found that midgut
tumors driven by expression of a combination of Ras"’? and
dominant-negative Notch (N?) with esg” (esg”/UAS-NP"; UAS-
Ras""?/+) induced systemic organ wasting, which was manifested
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by the bloating syndrome phenotype, fat body degeneration, and
ovary atrophy (Fig. 34). In contrast, tumors driven by expression
of NPV alone, a gain-of-function allele of Raf (Raff”), or un-
paired (Updl) and signal-transducer and activator of transcription
protein at 92E (Stat92E) did not induce discernable wasting
phenotypes (Fig. 34). Consistent with the proposed role of ImpL2
in systemic organ wasting, I@?LZ mRNA expression was increased
greater than 80-fold in Ras"’?, N®V tumors compared to control
midguts, while it remained unaltered in Raf* and Updl, Stat92E
tumors (Fig. 3B). Note that a moderate but significant increase in
ImpL2 mRNA levels was also observed with N°* tumors (Fig. 3B).
If up-regulation of Wg is a general mechanism by which tumors
evade the adverse effects caused by ImpL2 elevation, Wg expres-
sion would be expected to be increased in tumors with an elevated
ImpL2 expression. Accordingly, we detected a strong correlation
between wg and ImpL2 mRNA levels (R* = 0.9732 and r = 0.9864);
wg mRNA expression was increased specifically in Ras"’2, NPN and

N tumors, while it was unaltered in the other tumors (Fig. 3B).
Furthermore, Wg protein signals were cell-autonomously increased
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Fig. 2. Activation of insulin/IGF signaling rescues the yki** tumor growth defect caused by wg depletion. (A) Representative images of esg* cells. The red
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in Ras""?, NPV and N”" cells (Fig. 3C). Of note, overexpression of
Wg or ImpL2 was not sufficient to drive expression of the other
gene in Raf” and Updl, Stat92E tumors and ImpL2 depletion
could not eliminate Wg expression in yki*>“ tumors (S1 Appendvc
Fig. S5 A- C) Consistent with these observations, overexpression of
Wg in Raf” and Updl, Stat92E tumors failed to induce ovary
wasting and the bloating syndrome phenotype (ST Ap fpendrx Fig.
S5D). Note that overexpression of ImpL2 in Raf” and Updl,
Star92E tumors increased ImpL?2 levels significantly but less than
10-fold, which was not enough to induce the wasting phenotypes
(SI Appendix, Fig. S5 B and D). These results suggest that the
observed correlation is not likely to be achieved because Wg can
directly induce ImpL2 expression or vice versa. Given the tightness
of correlation, we speculate that expression of wg and ImpL2 might
be under the control of a common pathway.

Wg Is Specifically Required for the Growth of Tumors with ImpL2
Elevation. To assess the importance of Wg on the growth of these
tumors, we depleted wg by expressing wg RNAI with esg”. Notably,
the growth of Raff” and UpdI, Stat92E tumors was unaltered by wg
depletion (Fig. 3 D and E). In contrast, expression of wg RNAi
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with e%f’ significantly suppressed the growth of both Ras"’?, NPV

and N”N tumors (Fig. 3 D and E); a more prominent suppression
was observed with Ras"”?, NPV tumors, which expressed signifi-
cantly higher levels of ImpLZ mRNA (Fig. 3C). Importantly, we
found that phospho -Akt1 levels were also increased in esg”>N""
and esg“>Ras"??, N°N midguts and reduced by wg depletion (SI
Appendix, Fig. S6) suggesting that elevation in Wg levels was also
important for increasing insulin signaling in these tumors. Since we
could generate a few different midgut tumors in the absence of direct
manipulation of Yki, we sought to address the effect of Atgl acti-
vation on the growth of these tumors. Interestingly, ectopic expres-
sion of Atgl with esg” significantly suppressed the growth of all the
tumors (Fig. 3 D and E). Taken together, these results suggest that
Wg elevation is specifically required for the growth of the midgut
tumors with elevated ImpL2 expression, while attenuation of Atgl
appears to be a general requirement for the growth of midgut tumors.

Ectopic Wg Expression in the Muscle Increases Insulin/IGF Signaling
and Rescues Muscle Degeneration in the Flies Harboring ykPS Midgut
Tumors. yki*5! tumors in the midgut induce muscle degenera-
tion, which is dependent on tumor-derived ImpL2 (5). Given the
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Fig. 3. Wag is specifically required for the growth of midgut tumors with elevated ImpL2 expression. (A) Representative images of fly and ovary. The ar-
rowheads indicate abdominal bloating. esg™>Ras"’%, NPV flies were incubated at 29 °C for 4 d, and control (esg™>+) and other flies were incubated for 6 d to
induce transgene expression. (B) Correlative plot of relative ImpL2 and wg mRNA levels. mRNA expression values of wg and ImpL2 in the midguts with
indicated genotypes were measured by qRT-PCR and then normalized to those values in the control midguts (esg®>+). The relative wg and ImpL2 mRNA levels
from three independent experiments are shown in the x-axis and y-axis, respectively. The coefficient of determination (R?) is 0.9732, and the Pearson cor-
relation coefficient (r) is 0.9864 (P < 0.0001). (C) Wg immunostaining in the midguts. (Scale bars, 10 pm.) (D) Images of posterior midguts. (Scale bar, 50 pm.) (E)
Quantification of pHH3* cells per midgut. Mean + SEMs are shown with individual data points. *P < 0.01, two-tailed unpaired Student’s t test between two
groups indicated with bracket. All transgenes were induced with esg®™ for 6 d except for “Ras”’2, NPV, “Ras""2, NPV, wg-7F,” and “Ras""?, NPV, Atg1,” which

GFP DAPI

were induced for 4 d. See also S/ Appendix, Figs. S5 and S6.

observation that Wg expression with esg” could increase Aktl
phosphorylation in esg® cells (Fig. 2C), we sought to address
whether ectopic expression of Wg in the muscle could rescue
muscle degeneratlon induced by yki*** tumors in the midgut. To
express Wg in the muscle while simultaneously inducing yki*5“!
tumors in the midgut, we established a LexA::GAD-based temperature-
sensitive inducible system [StanEx*** (43), LexAop-mCDS:GFP, tub-
GALS0®, hereafter referred as esg-LexA::GAD”, see Materials
and Methods] and a transgenic line harboring Lex4OP- yki®S™. As
a result, we were able to generate yki*>*! tumors (esg-LexA:: GAD”/ +;
LexAOPyki**“'/+) independent of a GAL4/UAS system (ST Ap-
pendix, Fig. S44). To manipulate gene expression in the muscle,
we used Mhc.F3-580-GAL4, which has been shown to express
GALA4 mainly in the adult indirect ﬂlght muscle (44).

It has been previously shown that yki**" mldgut tumors caused

a disparity in insulin/IGF signaling between yki**** tumors and
host tissues in an ImpL2-dependent manner: phospho-Akt signals
were 51$n1flcantly reduced in host tissues, while they were increased
in yki*** tumors (5). Wg expression using Mhc.F3-580-GAL4 while
inducing yki*>* tumors in the midgut (esg-LexA::GAD*/Mhc.F3-580-
GAL4; LexAOP-yki*™/UAS-wg) increased phospho-Akt signals
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specifically in the muscle; phospho-Akt signals in ovaries, fat
body, and the neighboring muscle compartment were unaltered
(Fig. 44 and SI Appendix, Fig. S7 A and B). Notably, we found
that Wg expression with Mhc.F3-580-GAL4 significantly increased
mRNA levels of not only /nR but also Akt and chico in the muscle
(Fig 4B), which might contribute to the increase in Dilp sensitivity
in the muscle (36, 45). Expresswn of Wg in the muscle had no
effect on the growth of yki**! tumors in the midgut (ST Ap-
pendix, Fig. STC). Thus, our observations suggest that ectopic
expression of Wg is sufficient to increase insulin/IGF signaling in
the muscle.

A reduction in insulin/IGF signaling can lead to an activation
of both Foxo and Atgl in host tissues. Although Foxo signaling
has been shown to be up- -regulated in the muscle of the flies bearlng

yki* tumors (5), it is not known whether Atgl signaling is also
activated in the host tissues. Strong lysotracker signals were detected
in the host tissues prepared from yki*>*! tumor-bearing flies (SI
Appendix, Fig. S8). Depleting ImpL2 in yki***! tumors was suf-
ficient to suppress the accumulation of lysotracker signals in the
host tissues (SI Appendix, Fig. S8), suggesting that induction of
autophagy in the host tissues was dependent on ImpL2 derived

PNAS | 50f9
https://doi.org/10.1073/pnas.2020120118

DEVELOPMENTAL
BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020120118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020120118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020120118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020120118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020120118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020120118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020120118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020120118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020120118/-/DCSupplemental
https://doi.org/10.1073/pnas.2020120118

A Thorax

esg-LexA::GAD*>LexAOP-yki*S*,
Mhc.F3-580-GAL4>+

esg-LexA::GAD*>LexAOP-ykiPS*,
Mhc.F3-580-GAL4>UAS-wg

B esg-LexA::GAD®>LexAOP-yki*s*,
Mhc.F3-580-GAL4>+

esg-LexA::GAD*>LexAOP-ykis",

a Mhc.F3-580-GAL4>+

esg-LexA::GAD®>LexAOP-ykiPS*,

u Mhc.F3-580-GAL4>UAS-wg

12 *
=10

Y

expression
o o oo

Relative mRNA
o hr oo

Relative mRNA
expressiol

on s

Akt1 chico InR

Fig. 4.

.
10 um 10 um
‘ pakt JlI—=

esg-LexA::GAD®>LexAop-ykiPS#,
Mhc.F3-580-GAL4>UAS-wg""

*
Thor
194m Lysotracker il 104™ Lysotracker

Ectopic Wg expression in the muscle increases insulin/IGF signaling. (A) Phospho-Akt staining. The thoraces from male flies and the ovaries and fat

Ovary Fatbody

esg-LexA::GAD*>LexAOP-ykis,
Mhc.F3-580-GAL4>UAS-wg

10 ym

Lysotracker

Lysotracker

esg-LexA::GAD*>LexAop-yki*”,
Mhc.F3-580-GAL4>UAS-Arm’

body from female flies were used. Phospho-Akt signals are shown in red in merge, and nuclei are stained with DAPI (blue). (B) Relative mRNA expression in
the thorax. Mean + SEMs are shown. *P < 0.01, two-tailed unpaired Student’s t test. (C) Lysotracker staining in thorax. Lysotracker signals are shown in red in
merged images, and nuclei are stained with DAPI (blue). (Scale bar, 10 pm.) All transgenes were induced for 8 d. See also S/ Appendix, Figs. S7 and S8.

from yki**** tumors. Of 51gn1f1cance Wg expressmn in the muscle

reduced lysotracker signals in the muscle of yki*! tumor-bearing
flies, an indicative of attenuation of Atgl s §na]mg (Fig. 4C). Ad-
ditionally, Wg expression in the muscle of yki*>*! tumor-bearing flies
significantly reduced thor mRNA levels (Fig. 4B). Our results indi-
cate that ectopic expression of Wg in muscle could decrease both
Foxo and Atgl activities.

Strikingly, increasing ng in the muscle was sufficient to inhibit
muscle degeneratlon in yki*$! tumor-bearing flies, manifested by
downturned wing phenotype and muscle mitochondrial fragmen-
tation (Fig. 5 A-C). Wg expression in the muscle also rescued ovary
atrophy and the bloating syndrome phenotype induced by yki*5“
tumors (Fig. 5 D and E). Since Wg is a secreted protein, Wg
produced in the muscle could diffuse out to act on other host tis-
sues. To address whether activation of Wg signaling in the muscle
is responsible for the rescue of the wasting phenotypes observed
outside the muscle, we expressed the membrane-tethered form of
Wg (Wg"™) and a truncated form of Armadillo (Arm*), which
constitutively activates the Wg pathway, in the muscle to activate
Wg signaling in a tissue-autonomous manner (46, 47). Of signifi-
cance, expression of either Wg™" or Arm* in the muscle was suffi-
cient to rescue ovary atrophy and the bloating syndrome phenotype
caused by having yki*>*! tumors in the mldguts (Fig. 5 D and E).
Note that € resswn of either Wg"™ or Arm* in the muscle did not
suppress yki™>“! tumors in the midguts (SI Appendix, Fig. STC). Thus,
these results demonstrate that augmenting Wg signaling in the
muscle can rescue not only muscle degeneration but also a few
wasting phenotypes observed outside of muscle.

Discussion

In this study, we demonstrate that Wg up-regulation is the mech-
anism by which yki*S“! tumors evade the growth- 1mped1ng effects
induced by ImpL2. Our observatlons indicate that the main role of
We in supporting the growth of yki*>“! tumors is to increase insulin/
IGF 51gna11ng in a tumor-autonomous manner. Therefore, without
Wg, yki*>“! tumors are influenced by the action of ImpL2, which
can be attenuated by elther depleting ImpL2 or augmenting insu-
lin/IGF signaling in yki**** tumors (Figs. 1Cand D and 2 D and E).

Of significance, we observed a strong correlation between Wg and
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ImpL2 expression levels in several types of midgut tumors; Wg
expression was increased in only those tumors with elevated ImpL2
expression (Fig. 3 B and C). Notably, wg depletion specifically af-
fected the growth of the midgut tumors with elevated ImpL2 ex-
pression (Fig. 3 D and E), suggesting that up-regulation of Wg
might be a general mechanism for supporting the growth of tumors
with elevated ImpL2 ex resswn

The formation of yki®“* tumors in the mlg{gut induces a dis-
parity in insulin/IGF s1gna11ng between yki***! tumors and host
tissues (5). This disparity is proposed to be the mechanistic basis
for the bias in glucose metabolism between tumors and host tissues,
which can be in support of tumor growth by allowing more glucose
to be available to tumors (5). ImpL2 plays an essential role in in-
ducing the disparity in insulin/IGF signaling by reducin § systemic
insulin/IGF 51gnahng Notably, depleting ImpL2 in yki*>* tumors
diminishes the bias in glucose utilization between tumors and host
tissues (5). Based on our flndlngs described in this study, we pro-
pose that Wg up-regulation in yk*>“! tumors is also a crucial factor
for inducing the disparity in insulin/IGF signaling. This disparity
increases Foxo and Atgl activities in the host tissues even though
the role of Foxo and Atgl in cachexia-like wasting still needs to be
addressed in Drosophila. Nevertheless, our observations suggest
that Wg-mediated up-regulation of insulin/IGF signaling mlght be
important for restralnmg both Foxo and Atgl activities in yki>>“!
tumors, which is critical for supporting tumor growth (Fig. 2F and
SI Appendix, Fig. S2A4).

We demonstrate that ectoplc expressmn of Wg in the muscle
rescues muscle degeneration in yki*>*! tumor-bearing flies. Wg
expression in the muscle increased Aktl phosphorylation specifi-
cally in the muscle compartment but not in ovaries or fat body
(Fig. 44). Additionally, expression of Wg with esg” increased Aktl
phosphorylation in esg™ cells, not in the neighboring ECs (Fig. 2C).
This cell-autonomous action of Wg might account for the rescue of
muscle degeneration by Wg expression (Fig. 5 A-C). It is intriguing
to note that augmenting Wg in the muscle also rescued ovary de-
generation and the bloating syndrome phenotype (Fig. 5 D and E).
The results obtained with expression of Wg ™ and Arm* in the
muscle defy the possibility that Wg diffused out from the muscle is
responsible for the rescue of the wasting phenotypes observed
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for 8 d. See also S/ Appendix, Fig. S7.

outside the muscle (Fig. 5 D and E). Expression of Wg"™ and

Arm* in muscle should have turned on Wg signaling in a tissue-
autonomous manner (46, 47). Thus, our observations imply the
importance of the muscle in inducing the systemic wasting pheno-
types observed in flies bearing yki*>“! midgut tumors. We speculate
that potential interorgan communication between degenerating
muscle and other tissues might be the basis of the Wg-mediated
rescue of the wasting phenotypes outside the muscle.

Taken together, our study provides insights into the mecha-
nism by which tumors overcome the action of the tumor-derived
wasting factor ImpL2. Interestingly, the mammalian ImpL.2-like
proteins IGFBPs are up-regulated in multiple types of cancers,
and several IGFBPs are shown to function as tumor suppressors
in mammals (48-52). Considering that the conserved role of Wnt/
Wg signaling in increasing IGF signaling (53-55), it would be in-
triguing to investigate whether a similar relationship between Wnt
and IGFBPs exists in human cancers. If such a relationship is
present in humans, targeting Wnt/Wg signaling could be more
effective for treating a subtype of cancers with elevated IGFBP
levels. Additionally, our findings suggest a principle for designing
an efficient strategy to counter muscle wasting in cancer patients
without augmenting tumor growth. In mammals, muscle wasting
during cancer cachexia is associated with a decrease in IGF signaling
(11-13). Interestingly, a recent study showed that expressing Wnt7a
in muscle could suppress muscle wasting in a mouse model of cancer
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cachexia (56). Our findings further support that increasing Wnt/Wg
signaling in the muscle could be an efficient strategy to treat muscle
wasting. Given the important role of Wnt/Wg signaling in tumor
growth and progression, it can be foreseen that increasing Wnt7a
could lead to the deleterious effects caused by promotion of tumor
growth and progression. Therefore, it would be interesting to test if a
membrane-tethered form of Wnt7a could be designed and delivered
specifically to the muscle to make the strategy safer.

Materials and Methods
Fly Husbandry and Genetics. Several lines of the fruit fly Drosophila mela-
nogaster were used in this study and are listed in S/ Appendix, Table S1. Fly
crosses were set up in vials containing standard molasses agar medium, kept at
room temperature for 3 d, and then transferred to 18 °C to restrict the ex-
pression of GAL4-induced transgenes throughout the development. Adult
progenies were collected and incubated at 29 °C for 3 to 8 d prior to dissection
to induce the transgenes. During incubation at 29 °C, flies were transferred
onto fresh food every 2 d. Female flies (<16 d old) were used for all experiments
except for those employed in thorax, in which male flies were used instead.
To manipulate ISCs and EBs, we used esg-GAL4, tub-GAL80®, UAS-GFP
(referred as esg®™) and StenEx™™, tub-GAL80®, LexAop-mCD8::GFP, (referred
as esg-lexA:HG®). StenEx™“ (Bloomington Drosophila Stock Center [BDSC]
no. 66659) (43) was recombined with tub-GAL80® (BDSC no. 7108) and
LexAop2-mCD8::GFP (BDSC no. 32205) to generate esg-lexA:HG®. Other
Drosophila lines and their sources are listed in S/ Appendix, Table S1.
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Generation of LexAOP-yki*** Line. We obtained the yki 7774768452504
(referred as yki***) coding sequence from Dr. Kenneth Irvine at Rutgers Uni-
versity, Piscataway, NJ (10). The yki* sequence was amplified by PCR using
the following primers: forward: 5'-ctcgagATGTTAACGACGATGTCAGCCAG-
3’ and reverse: 5'-tctagattaATTAATTTTATACCATTCCAAATCGTCAGG-3'. The
PCR product was subcloned into the pJFRC19-13XLexAOP-IVS-myr::GFP vector
(Addgene no. 26224) to generate pJFRC19-13XLexAOP-yki*4. The resulting
construct was targeted into the attP2 site through germline transformation.

qRT-PCR. The total RNA from adult female midguts and male thoraces was
isolated with TRIzol (Invitrogen, category no. 15596026). RNA (1 pg) was used
to produce complementary DNA (cDNA) with iScript Reverse Transcription
Supermix (Bio-Rad, category no. 1725120). The ¢cDNA was subjected to
quantitative real-time PCR with iTag Universal SYBR Green Supermix
(Bio-Rad, category no. 1708840) and CFX-96 (Bio-Rad). RpL32 was used for
normalization. The fold change in RNA expression compared to the control
was calculated and plotted for relative mRNA expression. Primers used for
gRT-PCR are described in S/ Appendix, Table S1.

Antibody Staining and Immunofluorescence Microscopy. To remove food from
the midgut, flies were fed on 4% sucrose for ~4 h prior to dissection. We
prepared midguts, ovaries, and fat body from female flies and thoraxes from
male flies. Tissues dissected in phosphate-buffered saline (PBS) were fixed in
4% paraformaldehyde (PFA; Electron Microscopy Sciences) for 20 min and
then washed three times for 5 min each with PBST (PBS supplemented with
0.2% Triton X-100). For permeabilization and blocking, tissue samples were
incubated in blocking buffer (PBST supplemented with 5% normal goat
serum) for 1 h at room temperature. Then, tissue samples were incubated
with primary antibody in blocking buffer overnight at 4 °C. The tissue
samples were washed three times with PBST for 5 min each and then incu-
bated with secondary antibody for 2 to 3 h at room temperature. Stained
tissues were washed three times with PBST and mounted with Vectashield
(Vector Laboratories, category no. H-1000). Fluorescence micrographs were
acquired with a Leica SP8 laser scanning confocal microscope with a 40x/1.25
oil objective lens. Fiji software was used for further adjustment and assembly
of the acquired images.

Lysotracker Staining. For lysotracker staining, the thoraces of male flies were
dissected in four pieces: cut once in the sagittal section and once in the
transverse section in PBS. Female flies were used for ovary staining, and the
female abdominal cuticle was used for fat body staining. Freshly dissected
tissues were incubated for 5 min in 50 nM LysoTracker Red DND-99
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