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Convergent insulin and TGF-f3 signalling drives
cancer cachexia by promoting aberrant fat body
ECM accumulation in a Drosophila tumour model
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Abstract

In this study, we found that in the adipose tissue of wildtype ani-
mals, insulin and TGF-§ signalling converge via a BMP antagonist
short gastrulation (sog) to regulate ECM remodelling. In tumour
bearing animals, Sog also modulates TGF-p signalling to regulate
ECM accumulation in the fat body. TGF-B signalling causes ECM
retention in the fat body and subsequently depletes muscles of fat
body-derived ECM proteins. Activation of insulin signalling, inhibi-
tion of TGF-B signalling, or modulation of ECM levels via SPARC,
Rabl0 or Collagen IV in the fat body, is able to rescue tissue
wasting in the presence of tumour. Together, our study highlights
the importance of adipose ECM remodelling in the context of can-
cer cachexia.
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Introduction

Cachexia is a metabolic wasting syndrome characterised by the loss
of adipose tissue and muscle. Cachexia occurs in approximately
80% of advanced-stage cancer patients and is ultimately responsible
for approximately 30% of cancer mortalities. Despite the clinical sig-
nificance of cachexia in cancer and diseases such as HIV or other
chronic diseases, there is no gold standard for its treatment (Baracos
et al, 2018). Cachexia is often resolved when the tumour can be
resected in early disease; however, there are few strategies to treat
cachexia in late stage or metastatic patients, where removal of the
tumour is not an option. Therefore, understanding the mechanisms
that drive wasting in peripheral tissues and how to target these
deregulations can offer new therapeutic avenues to treat cachexia.

& Louise Y Cheng™**”

Drosophila melanogaster is emerging as an excellent model to
identify tumour-secreted factors that drive cancer cachexia. Adult
and larval tumour models that induce cachectic phenotypes have
been established in Drosophila, and these models have revealed sev-
eral different mechanisms by which tumours induce these cachectic
phenotypes (Figueroa-Clarevega & Bilder, 2015; Kwon et al, 2015;
Song et al, 2019; Newton et al, 2020; Ding et al, 2021; Hodgson
et al, 2021; Khezri et al, 2021; Lee et al, 2021; Lodge et al, 2021;
Santabarbara-Ruiz & Léopold, 2021). We recently demonstrated that
eye imaginal disc tumours, caused by the expression of constitutively
activate Ras (Ras'’?) and an RNAi against the polarity protein disc-
large 1 (digi®™%), secrete two cachectic factors: ImpL2 and Matrix
metalloproteinase 1 (Mmp1) (Lodge et al, 2021). ImpL2 is a secreted
protein that induces cachexia by binding to circulating Insulin-like
peptides (Ilps) to prevent them from activating Insulin-like receptor
(InR) in host tissues, thus causing host tissue wasting (Honegger
et al, 2008). This mechanism is likely conserved, as Insulin Growth
Factor Binding Protein-2 (IGFBP-2), which also antagonises insulin
signalling, is correlated with muscle atrophy in pancreatic ductal
adenocarcinoma (PDAC) patients (Dong et al, 2021). In addition,
Mmpl drives cachexia by increasing the amount of the Transforming
growth factor-f (TGF-B) ligand Glass bottom boat (Gbb). Gbb subse-
quently induces an elevation of TGF-f signalling in the Drosophila
adipose tissue (called the fat body), to induce muscle detachment.
Together, our findings highlighted the importance of fat body signal-
ling in promoting muscle degradation during cachexia. However,
what occurs downstream of these signals to drive fat body and mus-
cle disruption remains unclear.

In this study, we demonstrate that tumour-derived ImpL2 and
Gbb facilitate muscle degradation during cachexia via two main
mechanisms. Firstly, ImpL2 mediates a reduction in fat body insulin
signalling, which in turn activates fat body TGF-B signalling by
upregulating short gastrulation (sog), a TGF-p antagonist. As Gbb
also activates fat body TGF-f signalling, our findings reveal that
ImpL2 and Gbb converge on this activation. We further show that
fat body TGF-B signalling activation subsequently causes an
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aberrant upregulation of ECM proteins in the fat body. As muscle
ECM proteins are mostly fat body-derived (Dai et al, 2017, 2018),
this in turn causes a reduction in muscle ECM to promote muscle
detachment. Modulating SPARC, a collagen binding protein (Shahab
et al, 2015) or Rab10, a regulator of basement membrane fibril for-
mation (Isabella & Horne-Badovinac, 2016) can ameliorate ECM
accumulation in the fat body in tumour bearing animals, and in turn
improve muscle integrity. Secondly, tumour secreted ImpL2 causes
a reduction in muscle insulin signalling, which contributes towards
reduced translation and increased muscle atrophy. Enhanced activa-
tion of insulin in the muscle can specifically improve muscle atro-
phy (but not ECM). Together, the two mechanisms attribute
towards the muscle detachment phenotype we have observed.
Therefore, our data demonstrate that in addition to targeting tumour
secreted factors, modulating key signalling and ECM regulators in
peripheral tissues could be an effective strategy to treat cachexia.

Results

Reduced insulin signalling promotes the activation of TGF-f
signalling in the cachectic fat body

In this study, we utilise two Drosophila larval tumour models to
study cachexia. In the first model, the tumour is induced via the
GAL4-UAS mediated overexpression of Ras"'? and Discs Large 1
(dlgI) RNAI in the eye (Fig 1A). Using this system, we can knock-
down or overexpress candidate genes in the tumour. In the second
model, the tumour is induced via the QF2-QUAS mediated
overexpression of Ras''? and scrib RNAi (Fig 1A), allowing us to
knockdown or overexpress genes of interest in the fat body of
tumour-bearing animals using drivers such as R4-GAL4. We previ-
ously showed that Ras'’?, digIi®™*' eye imaginal disc tumours
express elevated levels of the dllp antagonist ImpL2, consequently
leading to a reduction in fat body insulin signalling (Lodge
et al, 2021). In parallel, tumour secreted Gbb accounts for the upre-
gulation of TGF-B signalling. Here, we show that tumours induced
by the overexpression of Ras"’? and an RNAi against the polarity
protein Scribble (scrib®™?4!) using the QF/QUAS system, caused a
downregulation of insulin signalling (pAkt, Fig 1B-D), and an upre-
gulation of TGF-p signalling (pMad, Fig 1E-G) in the fat body.
Tumour-specific ImpL2 inhibition was sufficient to elevate fat
body pAkt levels (Lodge et al, 2021) and ameliorate tumour-induced
muscle disruption (Honegger et al, 2008; Figueroa-Clarevega &
Bilder, 2015; Kwon et al, 2015; Lee et al, 2021). Surprisingly, we
found that the knockdown of ImpL2 in the tumour (Ras"’?,
dig1®™4Y caused a reduction in fat body pMad staining (Fig 1H-J),
suggesting that there may be signalling crosstalk between the insu-
lin/PI3K and TGF-B pathways in the fat body. Furthermore, expres-
sion of Akt overexpression in the fat body of tumour animals
(QRas""?, scrib®NAY) | caused an upregulation of pAkt (Fig 2A—C), but
an unexpected downregulation of the TGF-B signalling readout
pMad (Fig 2D-F), indicating that an upregulation of insulin/PI3K
signalling maybe correlated with a downregulation of TGF-f signal-
ling. However, conversely, TGF-f signalling does not seem to affect
the activation of PI3K signalling pathway. Upon the expression of
the TGF-B inhibitor sog (Biehs et al, 1996) in the fat body (r4-GAL4)
of tumour bearing animals (QRas'’?, scrib™4%), we observed a
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significant reduction in fat body pMad levels (Fig 2G-I) but no sig-
nificant effects on pAkt levels (Fig 2J-L).

Enhancing insulin signalling in the fat body improves muscle
integrity in cachectic animals

Next, we tested whether fat body-specific changes in Insulin signal-
ling influences muscle breakdown during cachexia. Similar to GAL4-
induced Ras“'?, scrib®N4! tumour, QF2 induced Ras"’?, scrib®MA!
tumours were able to induce a 40% reduction in muscle/cuticle
attachment (Lodge et al, 2021; Dark et al, 2022) (Fig 3A-E). Upon
overexpression of Akt in the fat body (r4-GAL4) of tumour bearing
animals (QRas"*?, scrib®™?4Y), we found there was a significant
improvement in muscle morphology (Fig 3F-H). Similarly, overex-
pression of InR“ in the fat body of tumour bearing animals
(QRas"'?, scrib™4%) also improved muscle integrity (Fig 31-K).
Together, our data indicate that the elevation of fat body insulin sig-
nalling level can improve muscle integrity in the context of cachexia.

To test if fat body insulin signalling facilitates cachexia progres-
sion via TGF-P signalling, we next activated insulin signalling via fat
body expression of InR“* and simultaneously knocked down TGF-p
signalling via fat body expression of mad®™*' (Fig 3L-0) in tumour
bearing animals (QRas"'?, scrib®™*%). We have previously shown
that mad™4' was sufficient to rescue muscle integrity (Lodge
et al, 2021) and here found that [nR* (InRCA;mCherryRNA[) was sim-
ilarly able to rescue muscle integrity (Fig 31-K). Co-expression of
InR“ and mad®M*" gave a similar rescue as either InR“* (InR“*;
mCherry™4%) or mad®™*" (mad*™*;LacZ®™*) alone, suggesting that
TGF-p signalling likely acts downstream of insulin signalling in the
fat body of tumour-bearing animals.

Fat body insulin signalling has been known to modulate the over-
all size of the animal by altering systemic ecdysone levels and thus
we considered whether the insulin signalling pathway may influence
cachexia via this growth hormone (Caldwell et al, 2005; Colombani
et al, 2005; Mirth et al, 2005). We have previously shown that
decreasing systemic ecdysone levels, via prothoracic gland (PG)-
specific expression of an RNAi against torso, increased overall body
size, but was not sufficient to cause muscle detachment (Lodge
etal, 2021). Here we show that a reduction in body size by increasing
global ecdysone levels through PG-specific expression of Ras'’?
(Caldwell et al, 2005) failed to alter the level of muscle detachment
in tumour bearing animals (Appendix Fig SIA-C, QRas"'?, scrib®N4Y),
Finally, in tumour bearing animals fed a sterol-free diet, that under-
went a prolonged 3™ instar stage due to reduced ecdysone levels
(Parkin & Burnet, 1986), we activated insulin signalling in the fat
body via Akt overexpression (QRas"*?, scrib®™ 4%, We found that this
manipulation caused a significant decrease in pMad levels in the fat
body (Appendix Fig S1G-I) and a rescue of muscle detachment
(Appendix Fig S1D-F), similar to animals fed a standard diet (Fig 3F-
H). Together, our data suggest that systemic ecdysone levels are
unlikely to be involved in mediating the effects of fat body Insulin/
TGF-p signalling on muscle detachment.

Tumour secreted ImpL2 and Gbb act additively to affect muscle
integrity

Although our data suggest that insulin and TGF-f signalling act in a
linear pathway in the fat body to facilitate cachexia, it is unclear

© 2023 The Authors
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Figure 1. Insulin signalling in the fat body negatively inhibits TGFR signalling in cachexia.

A Schematic depicting the two tumour models utilised in this study. The GAL4-UAS induced Ras"*%dlg1®" tumour, or the QF2-QUAS induced Ras"**scrib®™* tumour.

B-C Fat body stained for pAkt from control (r4>mCherry®"*) and QRas"**scrib™*'; r4>mCherry®"* tumour-bearing animals, counter stained in (8'—C’) for DAPI.

D  Quantification of normalised (to tumour) fat body pAkt intensity in (B—C). r4>mCherry™*' (n = 28), QRas"*?scrib™': r4>mCherry®™' (n = 25).

E-F Fat body stained for pMad from control (w**€) and QRas"*?scrib®™*'; r4>mCherry®™*' tumour-bearing animals, counter stained in (E—F’) for DAPI.

G Quantification of normalised (to tumour) fat body pMad intensity in (E-F). w*® (n = 32), QRas"**scrib™; r4>mCherry®™™' (n = 31).

H-I Fat body of Ras"*?dlg1®™¥ tumour-bearing animals where mCherry®™ or ImpL2®"4 was expressed in the tumour, stained for pMad, counter stained in (H'—I') for
DAPI.

J Quantification of fat body pMad intensity in (H—I). mCherry™*' (n = 29), ImpL2®4' (n = 37).

Data information: Scale bar is 50 um for fat body pAkt and pMad staining, fat body is stained at 6 days after tumour induction. Graphs are represented as Mean + SEM,
n = the number of samples. (****) P < 0.0001, two-tailed unpaired student’s t-tests were used to test for significant differences. The Welch’s correction was applied in

cases of unequal variances.
Source data are available online for this figure.

how the tumour-secreted proteins ImpL2 and Gbb interact with each
other to facilitate the progression of cachexia. To determine if the
two proteins interact, we first assessed whether ImpL2 regulates
TGF-p signalling by influencing gbb expression in the tumour. Upon
the knockdown of Impl2, we found that tumour gbb was not signifi-
cantly altered (Fig EV2A). Next, to determine whether ImpL2 and
Gbb acted synergistically to affect muscle integrity, we knocked
down both gbb and ImpL2 in the tumour (Ras"?, digi®*Y).

© 2023 The Authors

Inhibition of both ligands resulted in a greater rescue in muscle
integrity than knockdown of either ligand alone (Fig EVIA-E). We
suspected that these additive effects of the proteins were because
each protein rescued different aspects of cachexia and thus tested
their effects on two important aspects of cachexia: protein synthesis
and ECM accumulation. Protein translation (measured using the
O-propargyl-puromycin incorporation assay, OPP assay) is signifi-
cantly downregulated during cachexia (Fig EV1F-H), and ECM
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Figure 2. Insulin signalling negatively inhibits TGFB signalling, but TGFRB signalling does not affect insulin signalling in the fat bodies of cachectic

animals.

A-B  Fat body stained for pAkt of QRas"*?scrib®™ tumour-bearing animals where mCherry®™4' or Akt was expressed in the fat body (r4-GAL4), counter stained in (A'—B/)

for DAPI.

C Quantification of normalised fat body pAkt intensity in (A-B). QRas"*?scrib™A: ra>mCherry®4' (n = 14), QRas"**scrib™"; ra>Akt (n = 14).
D-E Fat body of QRas"*?scrib™*' tumour-bearing animals where mCherry®™ or Akt was expressed in the fat body (r4-GAL4), with TGF-R signalling activation indicated

by pMad staining, counter stained in (D'—E’) for DAPI.

F Quantification of normalised fat body pMad intensity in (D—E). mCherry®™™' (n = 30), Akt (n = 30).

G-H Fat body from animals expressing mCherry ™

n (G-H') for DAPI.

or sog under the control of r4-GAL4 in QRas"*?scrib™*' tumour-bearing animals stained with pMad, counter stained

| Quantification of normalised fat body pMad intensity in (G-H). mCherry ¥4 (n = 30), sog (n = 20).

J-K  Fat body from animals expressing mCherry™ !

in (J)—K’) for DAPI.

or sog under the control of r4-GAL4 in QRas

VL2scrib®™A tumour-bearing animals stained with pAkt, counter stained

L Quantification of normalised fat body pAkt intensity in (—K). mCherry *¥' (n = 40), sog (n = 17).

Data information: Scale bar is 50 um for fat body pAkt and pMad staining, fat body is stained at 6 days after tumour induction. Graphs are represented as Mean + SEM,
n = the number of samples. (****) P < 0.0001, (ns) P > 0.05), two-tailed unpaired student’s t-tests were used to test for significant differences. The Welch’s correction

was applied in cases of unequal variances.
Source data are available online for this figure.

proteins such as Nidogen accumulated in the fat body of tumour
bearing animals (Lodge et al, 2021, Fig EVIN-P). We next examined
whether the knockdown of gbb and ImpL2, either alone or together
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in the tumour, rescued protein synthesis or ECM accumulation.
Knockdown of gbb alone in the tumour did not significantly

rescue protein synthesis in the fat body, however, ImpL2*4? alone

© 2023 The Authors
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Figure 3. Insulin signalling in the fat body improves muscle integrity in cachectic animals.

A, B Schematic depicting intact muscle fillet in control animals, versus deteriorated muscle fillets in tumour animals.

C,D Muscle fillets stained with phalloidin (Actin) from w* or QRas"*?scrib®™*' tumour-bearing animals where mCherry’

Detachments are marked with yellow arrows.

RNAI

was expressed in the fat body (r4-GAL4).

Quantification of normalised muscle detachment in (C, D). w** (n = 3), QRas"*scrib®™*' (n = 10).

V12, bRNAI

F, G Muscle fillets stained with phalloidin (Actin) from QRas"*“scri

overexpressed.

tumour-bearing animals raised at 25°C, where in the fat body, either mCherry’

RNAT or Akt was

H  Quantification of normalised muscle detachment in (F, G), r4>mCherry™ (n = 3). QRas"*?scrib®*: r4>mCherry™* (n = 5), QRas"*?scrib®™; r4>Akt (n = 8).
I,]  Muscle fillets stained with phalloidin (Actin) from QRas"*?scrib®¥' tumour-bearing animals raised at 25°C, where in the fat body, either laczzmCherry™* or InR;

RNAI

mCherry™' was overexpressed.

K Quantification of normalised muscle detachment in (I, J), r4>mCherny/®™ (n = 3). QRas"*scrib™*’; r4>lacz;mCherry®™' (n = 3), QRas"**scrib™"'; r4>InR%;

mCherry®™' (n = 9).

L-N  Muscle fillets of QRas"*?scrib®™* tumour-bearing animals raised at 25°C where InR%; mCherry™ or mad™; Lacz®"*' or InR%; mad™™*" was expressed in the fat

body (r4-CAL4).

O  Quantification of muscle detachment in (L-N). w™® (n = 10), InR%; mCherry®™ (n = 8) or mad™*'; Lacz®™4' (n = 14) or INR*; mad®™¥' (n = 9).

Data information: Scale bar is 200 pm for muscle fillet staining carried out at 7 days after tumour induction. Graphs are represented as Mean + SEM, n = the number
of samples. (***) P < 0.001, (****) P < 0.0001, (ns) P > 0.05. For experiments with two genotypes, two-tailed unpaired student’s t-tests were used to test for significant
differences. The Welch’s correction was applied in cases of unequal variances. For experiments with more than two genotypes, significant differences between specific

genotypes were tested using a one-way ANOVA and a subsequent Sidak post-hoc test.

Source data are available online for this figure.

or ImpL2fN4" and gbb™ 4" together rescued protein synthesis
(Fig EV1I-M). Conversely, knockdown of gbb alone or knockdown
of gbb together with ImpL2 significantly rescued the Nidogen over-
accumulation defects observed at the plasma membrane of fat body
from tumour-bearing animals, while ImpL2®™' alone did not
(Fig EV1Q-U). Finally, the knockdown of ImpL2 alone or the co-
knockdown of gbb and ImpL2 in the tumour significantly rescued
the reduction in OPP levels observed in the muscles of tumour-
bearing animals (Fig EV2B-E). Whereas the knockdown of gbb
alone or knockdown of gbb together with ImpL2 significantly res-
cued the reduction in Nidogen levels in the muscles of tumour-
bearing animals (Fig EV2F-I). Altogether, our data indicate that
ImpL2®NAT and gbbRMNA! rescue different aspects of cachexia to addi-
tively rescue muscle degradation.

Muscle insulin signalling regulates atrophy and muscle integrity
in cachexia

A key feature of cancer-induced wasting is the reduction in myofiber
size, termed atrophy. This reduction in muscle size can be measured
as a ratio of muscle width/length of the VL 3 muscle (Lodge
et al, 2021; Graca et al, 2022). Since tumour-specific ImpL2 inhibi-
tion significantly rescued muscle translation, we suspected that
insulin signalling in the muscle may play a role in modulating mus-
cle integrity. To test this, we activated insulin signalling in the
muscle of tumour bearing animals (QRas"’?, scrib®™%) by overex-
pressing Akt with the muscle-specific driver MHC-GAL4. This
manipulation significantly rescued muscle integrity (Fig EV3A-C),
muscle width/length ratio (Fig EV3D-F), as well as muscle protein
translation as indicated by OPP (Fig EV3P). Surprisingly, the muscle
ECM levels was further reduced by muscle-specific Akt overexpres-
sion (Fig EV3G-I). This suggests that muscle insulin signalling pre-
dominantly regulate translation and atrophy. Interestingly, while
muscle pMad levels are elevated in tumour-bearing animals and that
tumour-specific ImpL2 inhibition was able to reduce muscle TGF-$3
signalling in tumour-bearing animals (Fig EV3Q-S); muscle-specific
expression of mad®™* in tumour bearing animals (QRas"*?,
scrib™NAY) using MHC-GAL4 (Fig EV3T) was not able to improve
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muscle integrity. This suggests that although muscle TGF-§ signal-
ling is responsive to circulating insulin levels, muscle TGF-B
signalling is functionally dispensable in facilitating muscle degrada-
tion during cachexia.

Fat body TGF-p signalling, Rab10 and SPARC regulate ECM
accumulation and muscle integrity in cachexia

Next, we examined whether modulating fat body insulin or TGF-$
signalling can improve muscle integrity. We found that fat body spe-
cific Akt expression was not able to rescue muscle atrophy caused
by QRas"*?Scrib™4 tumours (Fig EV3J-L). As TGF-p signalling acts
downstream of insulin signalling in the fat body of tumour bearing
animals, we next asked if inhibition of TGF-f signalling in the fat
body via the expression of an RNAi against mad improved muscle
atrophy in tumour bearing animals (QRas"'?Scrib®™ ") Interestingly,
although fat body mad®™™*’ expression was able to improve overall
muscle integrity (Lodge et al, 2021), this manipulation did not sig-
nificantly improve muscle atrophy (Fig EV3M-0). It however was
able to significantly reduced ECM accumulation in the fat body
(Fig 4A-B and E) which consequently led to increased muscle
Nidogen levels (Fig 4C, D and F). Together, these data suggest that
fat body insulin and TGF-f signalling converge to specify ECM
levels in the fat body and in turn, the muscle during cachexia.

It has previously been shown that muscle ECM proteins are
mostly derived from the fat body and blood cells (Dai et al, 2018);
furthermore, in the context of cachexia, we observed a correlation
between ECM accumulation in the fat body, and ECM depletion in
the muscle. We therefore hypothesised that cachectic fat body may
be trapping ECM proteins and preventing ECM secretion to the mus-
cle, causing muscle degradation. We first examined whether this
ECM accumulation is intracellular or extracellular. We found that
without detergent, we could still detect GFP labelled Viking with an
anti-GFP antibody, suggesting that these accumulations are extracel-
lular (Fig EV4A-A’). To explore whether this may be the case, we
blocked endocytosis in the fat body (CG-GAL4) through expression
of a temperature-sensitive dominant negative form of shibire (shi")
(Zang et al, 2015). It was previously shown that fat body shibire

© 2023 The Authors
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Figure 4. TGF-B signalling in the fat body rescues muscle detachment via regulating fat body ECM secretion.

A B Fat body stained with the ECM protein Nidogen from QRas"**scrib®™* tumour-bearing animals, where mCherry

GALA4).

GAL4).

J, K Muscles stained with Nidogen from QRas"**scri
Muscle fillets stained with phalloidin (Actin) from QRas
GAL4). Day 6 muscles used here.

bRNAf
VlZScribRNAl

tumour-bearing animals, where mCherry’

RNAT o mad™ ' was expressed in the fat body (r4-

RNAT o mad®™ was expressed in the fat body (r4-GAL4).

C,D Muscles stained with Nidogen from QRas"**scrib®4!

E Quantification of fat body Nidogen staining in (A, B). mCherry®™4' (n = 25), mad™* (n = 25).

F Quantification of muscle Nidogen in (C, D). mCherry ™' (n = 16), mad®™*' (n = 16).

G Quantification of normalised fat body Nidogen staining in (H, I). mCherry™ ' (n = 16), Rab10"™™' (n = 16).
H,| Fat body stained with the ECM protein Nidogen from QRas"*?scrib™™

tumour-bearing animals, where mCherry™* or Rab10""' was expressed in the fat body (r4-

tumour-bearing animals, where mCherry™* or Rab10""" was expressed in the fat body (r4-GAL4).
tumour-bearing animals, where mCherry®™™ or Rab10"™' was expressed in the fat body (r4-

N Quantification of normalised muscle Nidogen staining in (), K). mCherry®™ (n = 20), Rab10""' (n = 16).
O  Quantification of normalised muscle detachment in (L, M). w***& (n = 5), QRas"*?scrib™* r4>mcCherry®™*' (n = 11), QRas"**scrib®"*:r4>Rab10""' (n = 11).

Vi2 bF\’NAl

P-R Fat body stained with the ECM protein nidogen from QRas"*“scri

fat body (r4-GAL4).

tumour-bearing animals, where mCherry’

RNAI RNAI

or sparc™" or UAS-sparc was expressed in the

S Quantification of normalised fat body nidogen staining in (P-R). mCherry™ ' (n = 12), sparc®™* (n = 16), UAS-sparc (n = 10).

T-V  Muscle fillets stained with phalloidin (Actin) from QRas"*?scrib™* tumour-bearing animals, where mCherry

body (r4-GAL4).
W Quantification of normalised muscle fillet in (T=V). w*® (n = 3), QRas"*?scri
r4>UAS-sparc (n = 6).

VI i pRNALL

RNAI RNAI

or sparc™ or UAS-sparc was expressed in the fat

r4>mCherry™' (n = 10), QRas"*?scrib™*’; r4>sparc™' (n = 6), QRas"**scrib™’;

Data information: Scale bar is 200 pm for muscle fillet (L, M, T-V) and 50 pm for muscle Viking staining done at day 7 after tumour induction (C, D, J, K), and scale bar is
50 pum for fat body staining (A, B, H, I, P-R) done at day 6 after tumour induction. Graphs are represented as Mean & SEM, n = the number of samples. (*) P < 0.05 (**)
P < 0.01, (***) P < 0.001, (****) P < 0.0001. For experiments with two genotypes, two-tailed unpaired student’s t-tests were used to test for significant differences. The
Welch’s correction was applied in cases of unequal variances. For experiments with more than two genotypes, significant differences between specific genotypes were

tested using a one-way ANOVA and a subsequent Sidak post-hoc test.
Source data are available online for this figure.

knockdown causes trapping of outgoing ECM proteins, such as
Nidogen, in the fat body membrane (Zang et al, 2015). Consistent
with our hypothesis, we found that blocking endocytosis resulted in
a significant downregulation of Nidogen in the muscles (Fig EV4B—
D) and an increase in muscle detachment (Fig EV4E-G). Together,
these data suggest that fat body ECM accumulation may contribute
to the muscle ECM deficit and muscle detachment.

To test whether ECM accumulation in the fat body can affect
muscle detachment in the context of cancer cachexia, we next tried
to modulate ECM levels in the fat body of tumour bearing animals
(QRas"*Scrib®™ 49 We found that an increase in the expression of
Collagen 1V (viking [vkg] and Collagen at 25C [Cg25C]) (Pastor-
Pareja & Xu, 2011) in the fat body of tumour bearing animals was
sufficient to improve muscle integrity (Fig EV4H-J). It was previ-
ously reported that the overexpression of a small GTPase protein
called Rab10 can cause an accumulation of ECM proteins (Isabella &
Horne-Badovinac, 2016). We found that Rab10 protein levels was
indeed elevated in the fat body of tumour bearing animals
(Fig EV4K-M). The overexpression of RabI10™* in the fat body of
tumour bearing animals was sufficient to reduce the accumulation
of fat body ECM protein Nidogen (Fig 4G-I), increased muscle
Nidogen levels (Fig 4J, K and N), and improved muscle attachment
(Fig 4L, M and 0O), suggesting that modulating fat body ECM secre-
tion in cachectic animals can have a direct effect on muscle ECM
levels and integrity.

SPARC, the Drosophila homologue of BM40/SPARC/osteonectin,
is known to be required for CollV secretion and has been shown to
be a chaperone protein for CollV both intracellularly and extracellu-
larly (Duncan et al, 2020). Reminiscent of CollV accumulation in
the cachectic fat body, we found that SPARC also accumulated at
the cachectic fat body adhesion sites (Fig EV4N-P), suggesting that
SPARC together with CollV might be stuck within the fat body. It

8 of 18  EMBO reports e57695 | 2023

has been shown previously that the disruption of SPARC caused the
retention of CollV in the membranes of fat body cells (Pastor-Pareja
& Xu, 2011; Shahab et al, 2015). We found that the expression of a
sparc RNAI in the fat body of tumour bearing animals caused further
accumulation of Nidogen, and additional deterioration of muscle
morphology (Fig 4P-W). Conversely, the overexpression of sparc
(Portela et al, 2010), significantly reduced Nidogen accumulation in
the fat body, and improved muscle morphology (Fig 4P-W),
suggesting that by over-riding the secretion problems from the fat
body, SPARC can help with ECM secretion and muscle integrity.
Finally, the activation of TGF-f signalling pathway, via the overex-
pression of Mad, caused the transcriptional upregulation of both
SPARC and Rab10 (Fig EV5B). This suggests that in the wildtype fat
body, TGF-B signalling can modulate the expression level of these
ECM secretion modulators. Together, our data suggest that the acti-
vation of TGF-B signalling pathway can contribute to an accumula-
tion of ECM proteins in the fat body, through the modulation of
ECM regulators SPARC and Rab10. In the context of cachexia, this
can result in a deficit of ECM proteins in the muscle, causing muscle
detachment.

Insulin signalling can function via TGF-p signalling in the
wildtype fat body

Next, we assessed whether the cross-regulatory relationship
between insulin signalling and TGF-B signalling observed in the
cachectic fat body is relevant in a developmental context. For this,
we first starved larvae by subjecting animals to a diet of 1% agarose
in PBS for 24 h to reduce their levels of circulating Ilps (Brogiolo
et al, 2001). Starved larvae exhibited the expected downregulation
in fat body pAkt, and a significant increase in fat body pMad levels
(Fig 5A-C) compared to controls fed on a standard laboratory diet.

© 2023 The Authors
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Next, we used CG-GAL4 to express a constitutive activate form of
InR (InR“Y). This caused an upregulation in fat body pAkt and sig-
nificant reduction in fat body pMad levels (Fig SD-F). Conversely,
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Figure 5. Fat body insulin signalling negatively regulates TGF-B

signalling.

Schematic on the left depicts the insulin-Pi3K signalling pathway, where the

components manipulated are labelled with numbers and are referred to

below.

A B Fat body from fed and starved animals where Dilps level is reduced (1)
with TGF-R signalling activation indicated by pMad staining, dissected at
day 5 after larval hatching (ALH).

C Quantification of normalised pMad staining in (A, B). Fed (n = 7), starved
(n = 20).

D, E Fat body from animals raised at 18°C, dissected at day 7 ALH, that
express mCherry®™ ' or InR“ (2) under the control of CG-GAL4, with TGF-
3 signalling activation indicated by pMad staining.

F Quantification of normalised pMad staining in (D, E). mCherry
(n = 30), InR“ (n = 40).

G, H Fat body from animals expressing mCherry®™ or p60 (3) under the
control of CG-GAL4, with TGF-R signalling activation indicated by pMad
staining, dissected at day 5 ALH.

Quantification of normalised pMad staining in (G, H). mCherry’
(n = 30), p60 (n = 30).

RNAI

RNAI

Data information: Scale bar is 50 pm. Graphs are represented as Mean + SEM,
n = the number of samples. (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001,
two-tailed unpaired student’s t-tests were used to test for significant differ-
ences. The Welch’s correction was applied in cases of unequal variances.
Source data are available online for this figure.

when CG-GAL4 was used to overexpress the gene for the adaptor
protein p60 which acts downstream of InR to recruit DP110 and
downregulates insulin signalling when overexpressed (Weinkove
et al, 1999), we observed an upregulation in fat body pMad levels
(Fig 5G-I). Together, our data suggest that the insulin signalling
pathway inhibits TGF-f signalling in the wildtype fat body.

We next tested if reduced Insulin signalling in the fat body
phenocopies the Vkg accumulation observed upon fat body activa-
tion of TGF-P signalling. Vkg accumulated in the membranes of fat
body upon the overexpression of a dominant negative form of Tar-
get of Rapamycin (TORP™) using r4-GAL4 (Fig 6A—C). Similarly, Vkg
accumulation was observed upon p60 overexpression (Fig 6E-G).
Moreover, as with the activation of Tkv (Lodge et al, 2021), expres-
sion of TORPN did not induce muscle detachment (Fig 6D). This
indicates that these signals are indeed functionally equivalent and
thus wild-type fat body insulin signalling may also act through
TGF-B. Interestingly, however, fat body p60 overexpression caused
a small but significant reduction in muscle attachment, suggesting
that fat body insulin signalling may play additional roles to induce
muscle detachment that are independent of TGF-B (Fig 6H).

To determine whether insulin signalling knockdown induces
ECM accumulation in the fat body via TGF-B signalling, we
expressed p60 while simultaneously knocking down TGF-B signal-
ling using mad™™*. Similar to CG>1acZ*V*'; mad™*, very little Vkg
was detected at the plasma membrane of CG>p60; mad®™*’ fat bod-
ies (Fig 61-K). Together, these data suggest that the accumulation of
ECM proteins in the fat bodies of CG>p60 or CG>TOR™ larvae is
dependent on mad, functionally placing insulin signalling upstream
of TGF-B signalling in the wild-type fat body.

Insulin signalling affects TGF-§ signalling via TOR and S6K

pAKkt triggers phosphorylation cascades that result in deactivation of
the transcription factor Forkhead box, sub-group O (FOXO) and
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Figure 6. Fat body insulin signalling negatively regulates ECM accumulation.

A, B Viking:GFP localisation in fat body from animals expressing mCherry™ or TOR®" under the control of r4-GAL4.

C  Quantification of normalised Viking::GFP intensity in (A, B). mCherry®™' (n = 10) TOR?™ (n = 9).

D  Quantification of normalised muscle detachment caused by the expression of mCherry™ or TOR® under the control of r4-GAL4. mCherry®™' (n = 8) TOR®N (n = 7).
E,F Viking:GFP localisation in fat body from animals expressing mCherry™' or p60 under the control of r4-GAL4.

G Quantification of normalised Viking::GFP intensity in (E, F). mCherry®4' (n = 9), p60 (n = 10).

H  Quantification of normalised muscle detachment caused by the expression of mCherry™* or p60 under the control of r4-GAL4. mCherry®™4' (n = 12), p60 (n = 16).
I-K  Viking:GFP localisation in fat body from animals expressing p60; mCherry™ or lacZ®™; mad™*' or p60; mad™ "' under the control of r4-GAL4.

Data information: Scale bar is 50 um for fat body staining, dissected at day 5 ALH. Graphs are represented as Mean £ SEM, n = the number of samples. (*) P < 0.05
(****) P < 0.0001, (ns) P > 0.05, two-tailed unpaired student’s t-tests were used to test for significant differences. The Welch’s correction was applied in cases of unequal

variances.
Source data are available online for this figure.

activation of TOR. Once activated, TOR activates S6K and deacti-
vates 4E-BP respectively by inducing their phosphorylation (Zhang
et al, 2000). Together, FOXO, TOR, S6K and 4E-BP make up the
most downstream components of the insulin signalling pathway and
induce the cellular changes triggered by the activation of the path-
way (Giannakou & Partridge, 2007; Semaniuk et al, 2021). To test
which of these factors regulate TGF- signalling, we used CG-GAL4
to overexpress FOXO, TORPN or constitutively activated forms of
S6K (S6K®Y) or 4E-BP (4E-BPY) in the fat body. We found that fat
body from CG>4E-BP“* and CG>FOXO larvae exhibited no change
in pMad levels (Fig 7D-F and J-L), whereas fat body from
CG>TORPN larvae exhibited increased pMad levels (Fig 7A-C) and
CG>S6K“ fat body exhibited reduced pMad levels (Fig 7G-I). To
assess whether InR inhibited TGF-§ signalling in the fat body via
TOR, we tested the epistatic relationship between TOR®Y and InR“A
expression. We found that the co-expression of TORPM and
InR“ caused elevated pMad, phenocopying knockdown of TOR
(TOR"™) alone, suggesting that insulin signalling modulates fat body
TGF-p signalling via TOR (Fig 7M-Q).

Insulin does not regulate TGF-p in the muscle or the wing
imaginal discs

To determine whether the effect of insulin signalling on TGF-f sig-
nalling is fat body specific, we next assessed whether modulating

Figure 7. Fat body TOR signalling negatively regulates TGF-B signalling.

insulin signalling in the muscle, or the wing discs affects pMad
levels in these tissues. We found that overexpression of a constitu-
tively active form of DP110 (DP110“**%) (Leevers et al, 1996) using
the muscle driver MHC-GAL4 did not significantly alter muscle
pMad staining (Appendix Fig S2A-C). In the wing imaginal disc,
heat shock-induced clones overexpressing InR“* or p60 exhibited
expected changes in clone size (Appendix Fig S2D-E’) and pAkt
levels. However, these alterations in insulin signalling did not signif-
icantly alter TGF-B signalling (Appendix Fig S2D-E’). Similarly,
tkv®® or mad®™*" clones caused altered clone size (Appendix
Fig S2F-G’) and changes in pMad levels but caused no significant
changes in pAkt levels in the wing (Appendix Fig S2F-G’). This indi-
cates that the cross-regulation of these signalling pathways does not
hold in the muscle or the wing imaginal discs.

Insulin signalling influences TGF-p signalling by modulating fat
body sog expression

Since the Bone Morphogenic Protein (BMP) arm of the TGF-f signal-
ling pathway controls Mad phosphorylation, we suspected that the
insulin signalling pathway may modulate TGF-f signalling levels by
directly modulating the transcription of components or regulators of
the BMP signalling pathway. To test this, gPCR was conducted on
the fat body of CG>InR“* and CG>mCherry*™™4! animals (Fig EV5C).
We assessed the expression levels of the BMP ligand encoding genes

Schematic on the left depicts Insulin/Tor signalling pathway, where the components manipulated are labelled with numbers and are referred to below.

A, B Fat body from animals expressing mCherry®™™' or TOR®™ (1) under the control of CG-GAL4, with TGF-R signalling activation indicated by pMad staining.
C Quantification of normalised pMad (to DAPI) staining in (A, B). mCherry™ (n = 21), TOR®N (n = 14).

D,E Fat body from animals expressing mCherry®™* or 4E-BP“ (4) under the control of CG-GAL4, with TGF-R signalling activation indicated by pMad staining.
F Quantification of normalised pMad staining in (D, E). mCherry™4' (n = 15), 4E-BP° (n = 15).

G,
|
b
L
M
tion indicated by pMad staining (the same mCherry®"4'

H Fat body from animals expressing mCherry®™ or S6K“* (2) under the control of CG-GAL4, with TGF-R signalling activation indicated by pMad staining.
Quantification of normalised pMad staining in (G, H). mCherry®™4' (n = 20), S6k“ (n = 30).

K  Fat body from animals expressing mCherry®¥4" or FOXO (3) under the control of CG-GAL4, with TGF-R signalling activation indicated by pMad staining.
Quantification of normalised pMad staining in (), K). mCherny®™ (n = 30), FOXO (n = 30).

P Fat body from animals expressing mCherry®¥' or Tor® (1) or InR®; mCherry™ (5) or InR*;Tor®" (5, 1) under the control of r4-GAL4, with TGF-R signalling activa-

sample was used in Fig 8A, as these experiments were carried out together).

© 2023 The Authors

Q Quantification of normalised pMad staining in (M—P). mCherry®™4' (n = 16), Tor™" (n = 20), InR“; mCherry®™' (n = 12), INR“;Tor™ (n = 16). The same mCherry?™
and InR“; mCherry®™ ' data points were used as in Fig 8F.

Data information: Scale bar is 50 um, dissection carried out at 5 days ALH. Graphs are represented as Mean & SEM, n = the number of samples. (*) P < 0.05 (**)

P < 0.01, (****) P < 0.0001, (ns) P > 0.05. For experiments with two genotypes, two-tailed unpaired student’s t-tests were used to test for significant differences. The
Welch’s correction was applied in cases of unequal variances. For experiments with more than two genotypes, significant differences between specific genotypes were
tested using a one-way ANOVA and a subsequent Sidak post-hoc test.

Source data are available online for this figure.
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(gbb, decapentaplegic [dpp] and maverick [mav], but not scarecrow
as it is only expressed in the CNS during the larval stage, Yoo
et al, 2020), the four BMP receptor encoding genes (thickveins [tkv],
saxophone [sax], punt and wishful thinking [wit]), the BMP signal-
ling inhibitor sog, the transcription factor mad, and the putative reg-
ulator of Mad dephosphorylation dullard (Urrutia et al, 2016). Since
non-BMP components of the TGF-f signalling pathway have also
been observed to influence Mad phosphorylation (Gesualdi &
Haerry, 2007; Peterson et al, 2012), we also assessed the transcrip-
tion of several other TGF-B signalling pathway genes: babo,
myoglianin (myo), dawdle (daw) and smad on X (smox). Strikingly,
we found that sog transcription was increased two-fold in the fat
body of CG>InR“* larvae, while none of the other genes tested
exhibited any changes in transcription levels (Fig EV5C). To assess
whether Sog mediates the downstream effects of insulin signalling
on TGF-B, we expressed sog™"" in the fat body of larvae expressing
InR“ and tested whether sog knockdown inhibits the effects of
InR“* on fat body pMad levels (Fig 8A-E). We found that sog knock-
down increased pMad level, and the expression of sogtA! together
with InR* resulted in an increase in pMad level similar to sog™™*
expression alone. These findings suggest that Sog lies downstream
of insulin signalling and mediates the effects of insulin signalling on
TGF-p signalling.

Sog is a critical regulator of cachexia

Since insulin signalling likely regulates TGF-f signalling by modulat-
ing sog expression, we assessed whether Sog modulation is relevant
in cachectic animals. Analysis of our previously published hemo-
lymph proteomics data (Lodge et al, 2021) showed that Sog is one
of the most downregulated circulating proteins in tumour-bearing
animals (Fig 8R). The downregulation of haemolymph Sog appears
to be dependent on tumour-derived Mmps. Upon the inhibition of
Mmps in the tumour via the overexpression of TIMP, we found that
circulating Sog levels is restored to wildtype levels (Fig 8R).
Together, this suggests that circulating Sog levels are low in the

Figure 8. Insulin signalling activates the TGF-B inhibitor Sog.

EMBO reports

tumour bearing animals. Consistent with this, increasing Sog levels
specifically in the fat body, muscle or tumour via Sog overexpres-
sion, significantly improved tumour induced muscle detachment
(Fig 8F-H, I-K and L-N). Furthermore, the overexpression of Sog in
the fat body significantly improved Nidogen accumulation in the fat
body (Fig 80-Q), consistent with our model that TGF-§ signalling
regulates fat body ECM accumulation. Together, our data show that
Sog is a critical regulator of cachexia.

Discussion

It has been shown that cachexia is mediated by humoral factors
secreted from the tumour, and the complete removal of cachexia-
associated tumours can reverse cachexia (Ni et al, 2012). However,
in late stage/metastatic cancer patients, the removal of the tumour
is often not an option. In this study, we demonstrate, using a Dro-
sophila tumour model, that targeting signalling deregulations in the
peripheral tissues can be a novel strategy to treat cachexia even
when tumours are present, and the signalling status of peripheral
tissues can serve as diagnostic biomarker for cachexia. We show
that the insulin and TGF-B signalling pathways are deregulated in
the peripheral tissues in tumour bearing animals, their disruption
can recapitulate some aspects of tissue wasting, and their modula-
tion can rescue tissue wasting in the presence of a tumour.

We have identified the fat body as a central node in our cachexia
model. In both fly and mouse cachexia models, the breakdown of
fat precedes that of the muscles (Das et al, 2011; Lodge et al, 2021).
Here, we find that tumour secreted proteins ImpL2 and Gbb con-
verge in the fat body to induce the activation of TGF-f signalling
(Fig EV5D). TGF-B activation then drives an aberrant accumulation
of ECM at the inter-adipocyte junctions in the fat body, which likely
prevents ECM secretion and subsequent transport to the muscle. We
found that the modulation of ECM secretion via SPARC or Rabl0
can ameliorate the cachexia phenotype. It was previously reported
that plasma membrane (PM) overgrowth induced by increased

A-D'  Overexpression of mCherry®™, InR%; mcherry®™, Sog®™ - mCherry™ " and Sog""*;InR“* under the control of r4-GAL4 stained for pMad and DAPI. The same

RNAi

mCherry

sample was used in Fig 7M, as these experiments were carried out together).

E Quantification of pMad levels of (A-D'). mCherry™ 4 (n = 17), InR“; mCherry®™i(n = 7), Sog®"*: mCherry®4' (n = 26), and Sog®“*:InR(n = 19), The same

mCherry®™ and InR®; mCherry®™"' data points were used as in Fig 6Q.

F,G Muscle fillets stained with phalloidin (Actin) from tumour-bearing (QRas"*?scrib®™ ) animals where mCherry

GAL4.

RNAT or sog was expressed in the fat body using r4-

H  Quantification of muscle detachment in (F, G). w** (n = 3), mCherry®™*' (n = 10), sog (n = 8).

I,]  Muscle fillets stained with phalloidin (Actin) from upon tumour-specific overexpression of mCherry™' or Sog in Ras"*?dlg1®™' tumour-bearing animals.
K Quantification of muscle detachment in (I, J). w** (n = 3), mCherry®™' (n = 4), sog (n = 6).

L, M Muscle fillets stained with phalloidin (Actin) from tumour-bearing animals with overexpression of luciferase or sog in the muscle via MEF2-GAL4.

N Quantification of muscle detachment in (L, M). w8 (n = 3), luciferase (n = 10), Sog (n = 16).

0,P Fat body stained with the ECM protein Nidogen from QRas"*?scrib™*' tumour-bearing animals, where mCherry

GAL4).

RNAT o UAS-sog was expressed in the fat body (r4-

Q Quantification of normalised fat body Nidogen staining in (O, P). mCherry®™4' (n = 9), UAS-sog (n = 10). Scale bar is 50 pm for fat body.
R Sog levels in the haemolymph of w***, Ras"*dlg1®™¥ and UAS-TIMP; Ras"*?dlg1®"*' tumour-bearing animals (n = 4,4,3).

Data information: Scale bar is 200 um for muscle fillet done at day 7 after tumour induction (F, G, I, J, LM) and scale bar is 50 um for fat body staining done at day 5 for
wildtype fat body (A-D’) and 6 days after tumour induction (O, P). Graphs are represented as Mean & SEM, n = the number of samples. (*) P < 0.05 (**) P < 0.01, (****)
P < 0.0001, (ns) P > 0.05. For experiments with two genotypes, two-tailed unpaired student’s t-tests were used to test for significant differences. The Welch’s correction
was applied in cases of unequal variances. For experiments with more than two genotypes, significant differences between specific genotypes were tested using a one-

way ANOVA and a subsequent Sidak post-hoc test.
Source data are available online for this figure.
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Figure 8.

inflammation can cause pericellular collagen accumulation in the fat
body (Zang et al, 2015). In the cachectic fat body, we have not
observed PM thickening, therefore, it is likely this occurs in
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cachexia via a different mechanism. Aberrant ECM accumulation
in the adipose tissue has been observed in human cachexia patients,
and this accumulation has been associated with elevated levels of
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TGF-B signalling (Alves et al, 2017). Furthermore, reduced ECM
levels have been reported in the muscles in a rat cachexia model
(Moraes et al, 2017). Thus, altered ECM localisation appears to be a
conserved mechanism in cancer cachexia.

In this study, we show that insulin signalling (regulated by
tumour-derived ImpL2) directly affects muscle translation rates and
atrophy. This, together with fat body TGF-p activation/ECM accu-
mulation, appears to contribute towards the regulation of muscle
integrity in the context of cachexia (Fig EV5D). Additional tumour-
secreted signals likely exist. Whether these signals also act through
the fat body (through regulation of ECM production or via alterna-
tive mechanisms), or act directly on the muscle or even via other
target tissues, remains to be addressed. Studying these signals, their
downstream signalling, as well as identifying additional target tis-
sues where the signalling is relevant, remain important areas of
future research.

The insulin signalling pathway plays many important roles in
the regulation of growth and metabolism. TGF-f signalling is best
known for roles in development, growth and differentiation. More
recently, these pathways have been shown to intersect in meta-
bolic contexts. In the fat body, it has been shown under high fat
diet induced obesity, that fat body derived Gbb can cause insulin
resistance via negative regulation of the insulin signalling path-
way (Hong et al, 2016). Furthermore, in both Drosophila and
C. elegans, it has been shown that BMP signalling can regulate
Ilps to modulate lipid homeostasis (Ballard et al, 2010; Clark
et al, 2021). In the developing muscle, it was recently shown that
the Activin branch of the TGF-B signalling pathway positively reg-
ulates the insulin signalling pathway via the regulation of a struc-
tural protein, MHC (Kim & O’Connor, 2021). In contrast to these
studies, we show that, in the fat body, insulin signalling regulates
TGF-B signalling by its modulation at the extracellular level via
the secreted BMP inhibitor Sog. Interestingly, it has been shown
in Zebrafish that IGF signalling can influence the expression of
BMPs via Chordin (Sog homologue) during embryonic pattering,
indicating that this relationship is conserved across distantly
related species (Eivers et al, 2004). Although it was previously
shown that the insulin signalling effector FOXO can directly bind
to the promoter of Sog in adult flies (Birnbaum et al, 2019), this
does not seem to be the case in the larval fat body as FOXO
overexpression did not significantly alter fat body pMad levels.
Instead, our data suggest that insulin signalling regulates sog
expression via TOR and S6K. In support of this, TOR has been
shown to influence other transcriptional regulators such as Raptor
and Yorkie, thus it may regulate sog expression by modulating
one of these transcriptional regulators (Parker & Struhl, 2015;
Tiebe et al, 2015).

Sog has previously been shown to be important in embryonic
patterning as well as at the developing cross-veins in the pupal
wing. Our study also demonstrates that the inhibition of extracellu-
lar BMP ligands via Sog is a novel link between insulin and TGF-$
signalling in the fat body. We show that Sog is highly relevant in
the context of cachexia, as it is found to be highly downregulated
in the haemolymph of tumour-bearing animals. In addition, tissue
specific overexpression of sog in the tumour, fat body and muscle
significantly rescued muscle integrity in the tumour bearing ani-
mals. Therefore, it appears that Sog levels in the tumour, as well as
in peripheral tissues, play a role in mediating cachexia. As RNAseq

© 2023 The Authors
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data from the peripheral tissues of cachexia patients are not readily
available through public data bases, we instead examined cBioPortal
data which assesses gene expression in the tumour (5,541 samples
in 25 pan-cancer studies) (Cerami et al, 2012; Gao et al, 2013). We
found that there is a mild negative correlation between BMP7
expression (52% homology with gbb) and CHORDIN (CHRD, 40%
homology with Sog) in cancers commonly associated with cachexia
as well as non-cachectic cancers (Appendix Fig S3), where the corre-
lation is slightly strongly in the cachexia-related cancers. Together,
this suggests that BMP and its regulators are expressed in many
types of cancers, and that they may regulate each other’s expres-
sion. As such, CHRD may also be relevant for the progression of
cachexia in humans, thus it would be interesting to explore whether
circulating CHRD can serve as a potential biomarker for the diagno-
sis of cachexia. Together, our data suggest that TGF-B and insulin
signalling crosstalk is relevant in the context of cancer cachexia.
Our data also reveal potential therapeutic avenues to treat cachexia
in the clinic when resection of the tumour is not an option in late
stage/metastatic patients. These include targeting BMP antagonists
such as Sog/CHRD, inhibition of TGF-B signalling, activation of
insulin signalling, or enhancement of ECM secretion in the adipose
tissue.

Material and Methods

Drosophila stocks and husbandry

The following stocks were used from the Bloomington Drosophila
stock centre: CG-GAL4 (BL7011), Mef2-GAL4 (BL27391), MHC-GAL4
(BL55133), r4-GAL4 (BL33832), UAS-4E-BP* (BL24854), UAS-Akt
(BL8191), UAS-Dp110““4X (BL25908), UAS-Gbb*N4"? (BL34898),
UAS-InR“*  (BL8263), UAS-luciferase (BL64774), UAS-mad®™*
(BL31316), UAS-mCherry™™4" (BL35785), UAS-S6K““ (BL6914),
UAS-Ras"'? (BL64195), UAS-Shi"™® (BL44222), UAS-FOXO (BL9575),
UAS-tkv™* (BL36536), UAS-GFP (BL4775), UAS-Sparc3 (Helena Rich-
ardson), ey-FLPI;act>CD2>GAL4, UAS-GFP (Lodge et al, 2021),
UAS-lacZRN4! (BL31562), sog-lacZ (BL10132). The following stocks
were obtained from the Vienna Drosophila Resource Centre: UAS-
GbbRNAT (v330684), UAS-Impl2fNAY (v30931), UAS-Sparc®™*
(v16677), UAS-Sog™N4! (v37405) (Hattori et al, 2013). The following
stock was obtained from the Kyoto stock centre: Vkg-GFP (110692).
The following stocks were also used: Ey-FLPI1; QUAS-Ras"'?, QUAS-
scrib®™AY/Cy0QS; act>CD2>QF, UAS-RFP/TMBQS (Lodge et al, 2021)
Ey-FLP1; UAS-Ras"’?, UAS-digi®™4Y/Cy0, GALSO; act>CD2>GAL4,
UAS-GFP (Manent et al, 2017), Phm-GAL4 (McBrayer et al, 2007),
UAS-p60 (Cheng et al, 2011), UAS-Sog-HA (Yu et al, 2000), UAS-
TORPN (Zhang et al, 2006), UAS-cg25C;UAS-Vkg (Van De Bor
et al, 2015). The knockdown efficiency of mad™4" and sog®™4! are
shown in Fig EV5.

For the r4>InR%; mad™*! interaction experiment and analysis
of atrophy in QRas"’2scrib®™A! larvae carrying r4>mad™™*' larvae
were reared at 25°C. For experiments with CG>InR“ larvae were
reared at 18°C. For experiments with CG>shi™®, adults were allowed
to lay for 24 h at 25°C and progeny transferred to 31°C after an addi-
tional 48 h. For all other experiments, adults were allowed to lay for
24 h at 25°C and the progeny then moved to 29°C. Animals were
dissected at wandering stage in non-tumour bearing animals (with
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the exception of the CG>shi™® experiments, conducted on day 7 ani-
mals), and for tumour-bearing animals, they were dissected on
7 days after egg lay or as indicated throughout.

Immunostaining

For muscle staining, larvae were filleted as previously described
(Lodge et al, 2021; Dark et al, 2022), fixed for 30 min in PBS
containing 4% formaldehyde and washed with PBS containing 0.3 %
Triton-X (PBST-0.3). Fat body was fixed for 45 min and washed
with PBS containing 0.2% Triton-X (PBST-0.2). Wing discs were
fixed for 20 min and washed with PBS containing 0.2% Triton-X
(PBST-0.2). Tissues were then stained as per the manufacturer’s
specifications. Samples were mounted in glycerol and imaged on an
Olympus FV3000 confocal microscope. Within a given experiment,
all images were acquired using identical settings. Fat body samples
were imaged the same day as mounting. To assay for translation in
the muscle, we used Click-iT™ Plus OPP Alexa Fluor™ 488 Protein
Synthesis Assay Kit (Thermo Fisher, #C10456). Primary antibodies
used: f8gal (1:100, Promega), pMad (1:800, Cell Signalling, #9516,
used for fat body staining), pMad (1:100, abcam, ab52903, used for
muscle staining) pAkt (Cell signalling, 1:100, #4060), Nidogen (gift
of Anne Holtz, 1:500), SPARC (1:500, (Shahab et al, 2015). Second-
ary donkey antibodies conjugated to Alexa 555 and Alexa 647
(Molecular Probes) were used at 1:200. DAPI (Molecular Probes)
was used at 1:10,000, Phalloidin (Molecular Probes) was used at
1:10,000. Actin muscle stains were conducted on day 7 animals
when dissected from QRas'?scrib™4! animals except when raised
at 25°C and on day 8 animals when dissected from Ras"’2dlg1®N4t,
All other muscle and fat body staining were conducted at day 6
when dissected from QRas'?scrib™4! animals and at day 7 when
dissected from Ras"'?dlg1®™A! animals (except when specified in the
figure legend).

Western blotting

Fatbodies dissected from three wandering stage larvae (or day 6 lar-
vae where tumour-bearing animals were used) were homogenised
in RIPA lysis buffer containing EDTA-free cOmplete ULTRA protease
inhibitor (Roche, #05892791001). Lysate protein concentrations
were determined using the DC protein assay (BioRad, #5000112)
and protein concentrations in all samples equalised before adding
10 mM DTT and Bolt LDS sample buffer (Novex, #B0007) to sam-
ples and then boiling at 70°C for 10 min. Samples were run in 12-
well Bolt 4-12% Bis-Tris Plus precast gels (Invitrogen,
#NWO04122BOX) using Bolt MOPS SDS running buffer
(Invitrogen, #B0001) and transferred to an Immobilon-FL PVDF
membrane (Sigma-Aldrich, #IPFL00010) via wet transfer using
transfer buffer (50 mM Tris, 38 mM Glycine, 20% ethanol). Mem-
branes were blocked in 5% skim milk (w/v) diluted in TBS
containing 0.2% Tween-20 (TBST), incubated with antibodies as
per the manufacturer’s specifications, developed using Amersham
ECL Prime Western Blotting Reagent (Cytiva, #RPN2236) and
imaged on the iBright 1,500 (Invitrogen). Primary antibodies used:
pMad (1:1,000, Cell Signalling, #9516). Secondary antibodies used:
anti-Mouse HRP (1:10,000, Jackson ImmunoResearch Labs, #115-
035-003), anti-Rabbit HRP (1:10,000, Jackson ImmunoResearch
Labs, #111-035-003).
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Image analysis

All images were quantified using ImageJ. In wildtype fat body and
muscle samples pMad intensity was normalised to DAPI, pMad
and DAPI levels were quantified by drawing a circle around the
nucleus in the DAPI channel, and the mean grey value (m.g.v.)
determined for pMad and DAPI channels. In tumour bearing fat
body, pMad, pAkt and OPP were not normalised to DAPI levels, as
fat body tissue penetrance is altered in the presence of tumour.
Here, the ROI circle was drawn around the nucleus in the pMad,
pAkt or OPP channel. To measure fluorescence intensity of Vkg-GFP
and Ndg, a line was drawn around membrane of a single cell in the
fat body or along the edge of a single muscle segment in fillets on
the z-plane where fluorescence was most intense, the line made to
be five pixels wide, and m.g.v. determined along the line. %mus-
cle/cuticle was determined using ImageJ as previously described
(Lodge et al, 2021; Dark et al, 2022). For muscle atrophy measure-
ments, muscle length and width measurements were done on the
VL3 muscle on tiled 10X images of individual fillets using FLJI soft-
ware with the line selection tool.

qPCR

For each biological replicate, three to five larvae were selected at
day 6 (for fat body samples). Samples were dissected in cold PBS
and snap-frozen in liquid nitrogen. Frozen tissue was then lysed in
300 pL of TRI Reagent (Invitrogen, #10296010) Total RNA was
extracted using a Direct-zol RNA Microprep Kit (Zymo Research,
#R2061). cDNA was obtained by reverse transcription of 0.5 pg of
total RNA using ProtoScript II First Strand cDNA Synthesis Kit
(NEB, #E6560S). Three independent biological replicates were pre-
pared for each genotype. qPCR was performed with the Fast SYBR™
Green PCR Master Mix (Applied Biosystems, #4385612) on a Light-
Cycler 480 (Roche). Gene expression was normalised to the geomet-
ric mean of the reference gene rpl32.

TCGA tumour data analyses

mRNA expression data for CHRD and BMP7 were downloaded for
24 TCGA studies from cBioPortal on 3rd August 2022. A total of
9,409 samples had RSEM data that had been batch normalised for
both genes, and Spearman correlation was performed.

Statistical analysis

Hemolymph analysis was done using Limma. All other statistical
analyses were conducted using GraphPad Prism. At least three ani-
mals per genotype were used for all muscle and fat body experi-
ments. For staining intensity quantifications, individual data points
represent fluorescence intensity of a single cell. For muscle integrity
quantifications, individual data points represent a single larva. Data
in Fig 4H was confirmed to be normally distributed using the
Shapiro-Wilk test. For experiments with two genotypes or treat-
ments, two-tailed unpaired student’s t-tests were used to test for sig-
nificant differences. The Welch’s correction was applied in cases of
unequal variances. For experiments with more than two genotypes,
significant differences between specific genotypes were tested using
a one-way ANOVA and a subsequent Sidak post-hoc test. The results
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for all post-hoc tests conducted in each analysis are shown in
graphs. For all graphs, error bars represent SEM. P and adjusted-P
values are reported as follows: P> 0.05, ns (not significant);
P < 0.05, *; P < 0.01, **; P < 0.001, ***; P < 0.0001, ***%*,

Data availability
These data include no data deposited in external repositories.
Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. Tumour secreted Gbb and ImpL2 rescue muscle integrity additively.

A-D  Muscle fillets of Ras**?dlg1™™ tumour-bearing animals that express in the tumour lacZ®™; mCherry®™ or ImpL28"; lacZ®™', or gbb™'; mCherry®™' or ImpL 2%,
gbbRNAi.

E Quantification of muscle detachment in (A-D). lacZ™'; mCherry™ ' (n = 8), ImpL2"N4%; 1acZ®™ (n = 11), gbb®™; mCherry®™4' (n = 8), ImpL2%"4'; gbb®"4' (n = 16).

F,G OPP staining detecting protein translation in the fat body of w***¢ and Ras"*?dlg"™" tumour-bearing animals.

H  Quantification of OPP in (F, G). w™® (n = 19) Ras"*?dig1™*' (n = 26)

I-L  OPP staining detecting protein translation in the fat body of Ras"*?dlg1™*' tumour-bearing animals, that express in the tumour lacZ*"*'; mCherry®™*' or ImpL 2",
lacz®™, or gbb®™'; mCherry™*' or ImpL2®"; gbb®™,

M Quantification of OPP in (I-L). w™*® (n = 10); LacZ®™; mCherry®™ (n = 22), ImpL2"™; lacZ®4' (n = 13), gbb™; mCherry®™ (n = 15), ImpL2™™; gbb™ (n = 14).

N, O Nidogen staining detecting ECM localisation in the fat body of w***¥ and Ras"*?dlg1™™ animals.

P Quantification of nidogen staining in (N, 0). w**® (n = 23) Ras"*?dlg1™*' (n = 20).

Q-T Ras"*dlg1®™ tumour-bearing animals that express lacZ*™"; mCherry®™' or ImpL2®'; lacZ®™ or gbb®™'; mCherry®4' or ImpL2®M4'; gbbRNA!

u Quantification of Nidogen in (Q, T). w™® (n = 9); LacZ™¥; mCherry®™™' (n = 17), ImpL2"NA; lacZ®™ (n = 22), gbb®™; mCherry™ ' (n = 9), ImpL2®N4'; gbb®NA' (n = 9).

Data information: Scale bar is 50 pum for fat body staining (F, G, I-L, N, O, Q-T) and 500 um for muscle fillets (A-D). Graphs are represented as Mean + SEM, n = the
number of samples. (¥) P < 0.05 (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001. For experiments with two genotypes, two-tailed unpaired student’s t-tests were used to
test for significant differences. The Welch’s correction was applied in cases of unequal variances. For experiments with more than two genotypes, significant differences
between specific genotypes were tested using a one-way ANOVA and a subsequent Sidak post-hoc test.
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Figure EV2. Knockdown of tumour-derived Gbb and ImpL2 rescues muscle OPP and ECM protein Nidogen.

A Tumour qPCRs showing mRNA expression levels of gbb in Ras"*?dlg1™*' larvae expressing mCherry™ impL2®"4 Gbb*™ in the tumour (n = 3).

B Quantification of normalised muscle OPP intensity in w**¥ and Ras"*?dlg1®*' tumour-bearing animals, where mCherry

w8 (n = 15) and Ras"*?dlg1®™™' (n = 15).

RNAjs specifically expressed in the tumour.

OPP staining detecting protein translation in the muscles of Ras"*2dlg1®4' tumour-bearing animals that express lacZ®™: mCherry™ or ImpL2""i; ghbRNA!

E  Quantification of OPP in the muscles of wild type w***€ (n = 18) and tumour-bearing animals expressing LacZX"*:mCherry™*' (n = 16), ImpL2®"; lacz®™' (n = 14),

gbbRNA mCherryRNAT (n = 8), ImpL2R4: gbbR™ (n = 15).

F Quantification of normalised muscle Nidogen intensity in w*® and Ras"*?dlg1*" tumour-bearing animals, where mcherry

tumour. w** (n = 14) and Ras"dig’™ (n = 13)

Nidogen staining detecting ECM localisation in the muscles of Ras"*?dlg1™™ tumour-bearing animals that express lacZ*": mCherry

RNATis specifically expressed in the

NAI, RNAI or ImpLZRNAl;gbbRNAi‘

| Quantification of Nidogen in wild type w™® (n = 10) and tumour-bearing animals expressing LacZ*™:mCherry®™' (n = 11), ImpL2™"; lacz®™' (n = 16), gbb™;

mCherry™ (n = 10), ImpL2"4i; gbbRN4T (n = 14).

Data information: Scale bar is 50 um. Graphs are represented as Mean + SEM, n = the number of samples. (*) P < 0.05 (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001,
(ns) P > 0.05. For experiments with two genotypes, two-tailed unpaired student’s t-tests were used to test for significant differences. The Welch’s correction was applied
in cases of unequal variances. For experiments with more than two genotypes, significant differences between specific genotypes were tested using a one-way ANOVA

and a subsequent Sidék post-hoc test.
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Figure EV3. Muscle overexpression of Akt (but not fat body Akt or mad RNAi overexpression) rescues atrophy in cachectic animals, and TGF-RB signalling in the
muscle is responsive to modulation in tumour insulin signalling but is not required for muscle integrity in cachexia.

V12, bRNAi

A, B Muscle fillets stained with phalloidin (Actin) where luciferase or Akt was expressed under the control of MHC-GAL4 in QRas"*“scri tumour-bearing animals.
C Quantification of normalised muscle detachment in (A, B). Wilt type control (MHC>mCherry®™ n = 3), UAS-luciferase (n = 10), Akt (n = 17).

D,E  Muscle segment (outlined) where luciferase or Akt was expressed under the control of MHC-GAL4 in QRas"*scrib™* tumour-bearing animals.

F Quantification of normalised muscle width/length in (D, E). Wild type control (n = 15), luciferase (n = 9), Akt (n = 16).

G, H Muscle Nidogen staining where luciferase or Akt was expressed under the control of MHC-GAL4 in QRas"**scrib™* tumour-bearing animals.

| Quantification of normalised muscle Nidogen staining in (G, H). luciferase (n = 16), Akt (n = 15).

J, K Muscle segment from QRas"*?scrib®™4" tumour-bearing animals, where mCherry™ or Akt was expressed in the fat body (r4-GAL4).

L Quantification of normalised muscle width/length in (), K). r4>mCherry®*4(n = 9), QRas"*?scrib®™*:r4>mCherry®™ (n = 5), QRas"*?scrib®™*:r4>Akt (n = 8).

M, N Muscle segment from QRas"*?scrib®™ ' tumour-bearing animals, where mCherry®™' or mad™*' was expressed in the fat body (r4-GAL4).

o] Quantification of normalised muscle width/length in (M, N). r4>mCherry®™4(n = 11), QRas"**scrib®: r4>mCherry®™¥ (n = 18), QRas"*scrib®™; r4>mad*™"¥

(n = 15).

P Quantification of normalised muscle OPP intensity where luciferase (n = 10) or Akt (n = 16) was expressed under the control of MHC-GAL4 in QRas"*?scrib®™!
tumour-bearing animals.

Q R Muscle from Ras"*?dlg1®™' tumour-bearing animals expressing either mCherry ¥ or ImpL2®¥' in the tumour, where TGF-R signalling activation is indicated by

pMad staining.

S Quantification of normalised muscle pMad intensity in (Q, R). w**¥ (n = 30), mCherry®™' (n = 30), ImpL2""4' (n = 26).

T Quantification of normalised muscle detachment where MHC>mCherry®™' (n = 5) or mCherry™* (n = 9) or lacZ®*: mad®™*' (n = 6) was expressed under the
control of MHC-GAL4 in QRas"*?scrib®™A' tumour-bearing animals.

Data information: Scale bar is 500 um for muscle fillets (A, B), 100 um for muscle segment atrophy measurements (D, E, J, K, M, N) and 50 pum for muscle Nidogen and
pMad staining (G, H, Q, R). Muscles in tumour bearing animals were dissected at day 6 after tumour induction. Graphs are represented as Mean £ SEM, n = the number
of samples. (*) P < 0.05 (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001, (ns) P > 0.05. For experiments with two genotypes, two-tailed unpaired student’s t-tests were
used to test for significant differences. The Welch’s correction was applied in cases of unequal variances. For experiments with more than two genotypes, significant
differences between specific genotypes were tested using a one-way ANOVA and a subsequent Sidék post-hoc test.
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Figure EV4. Inhibition of fat body endocytosis causes muscle detachment, increasing Vkg expression in the fat body improves muscle integrity in tumour-
bearing animals.

AN
B,C
D
E F
G
H, I

K, L
M
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[}

Antibody staining against GFP without permeabilisation can detect Vkg-GFP.

Nidogen staining in muscles of animals where mCherry™*' or shi™ was expressed in the fat body via CG-GAL4.

Quantification of muscle nidogen staining in (B, C). mCherry®™4' (n = 23), shi” (n = 24).

Muscle fillets stained with phalloidin (Actin) from animals where mCherry®™' or shi”™ was expressed in the fat body via CG-GAL4.

Quantification of normalised muscle detachment in (E, F). mCherry™ (n = 8), shi”> (n = 9).

Muscle fillets stained with phalloidin (Actin) from QRas"*?scrib™* tumour-bearing animals, where mCherry™ 4 or UAS-VkgGFP:UAS-Cg25C-GFP was expressed in the
fat body (r4-GAL4). Day 6 muscles used here.

Quantification of normalised muscle detachment in (H, I). w** (n = 4), QRas"*?scrib®™:r4>mCherry®4' (n = 9), QRas"*?scrib®™:r4> UAS-VkgGFP;UAS-Cg25C-GFP
(n=6).

Fat body staining for Rab10 in w***€ and QRas"**scrib®™ tumour-bearing animals.

Quantification of normalised Rab10 levels in (K, L). w8 (n = 15), QRas"scrib™ ' (n = 14).

Fat body staining for SPARC in w8 and QRas"*?scrib™*' tumour-bearing animals.

Quantification of normalised SPARC levels in (N, O). w™* (n = 12), QRas"*?scrib®™*' (n = 13).

Data information: Scale bar is 500 um for muscle fillets (E, F, H, ) 50 um for muscle Nidogen and GFP staining (A, A', B, C) and 50 um for fat body staining (K, L, N, O).
Muscles in Shi™ animals were dissected at day 5 ALH, muscles and fat body in tumour bearing animals were dissected at day 6 after tumour induction. Graphs are
represented as Mean + SEM, n = the number of samples. (*) P < 0.05 (**) P < 0.01, (****) P < 0.0001. For experiments with two genotypes, two-tailed unpaired
student’s t-tests were used to test for significant differences. The Welch’s correction was applied in cases of unequal variances. For experiments with more than two
genotypes, significant differences between specific genotypes were tested using a one-way ANOVA and a subsequent Sidék post-hoc test.
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Figure EV5. Modulating fat body TGF-B signalling alters sparc and rab1o transcription, and modulating fat body InR alters sog transcription.

A

Knockdown efficiency of sog™* and mad™*' as indicated by qPCR and western blotting respectively. For qPCR, error bars represent SEM, n = 3 for biological
replicates.

Fat body gPCR showing normalised mRNA expression levels of SPARC and Rab10 upon the expression of mCherry
n = 3 for biological replicates.

Fat body gPCRs showing normalised mRNA expression levels of TGF-R receptors and ligands in InR“* or mCherry®™ ' larvae (raised at 18°C) with CG-GAL4 (n = 3,
biological replicates). Error bars represent SD.

Summary diagram—Left: during development, insulin signalling in the fat body activates the transcription of sog, which inhibits Gbb and prevents the activation of
TGF-R signalling in the fat body. This allows fat body ECM to be secreted to function in the muscle. Insulin signalling in the muscle in parallel enhances translation
and muscle growth. Right: in tumour-bearing/cachectic animals, tumours secrete two ligands: ImpL2 and Gbb. In the fat body, ImpL2 inhibits insulin signalling,

RNAT compared to UAS-Mad. Error bars represent SD

EMBO reports

preventing the transcription of sog and thus Sog can no longer inhibit Gbb. In addition, tumour secreted Gbb binds to Tkv to activate TGF-8 signalling in the fat body,

resulting in an accumulation of ECM proteins, to prevent ECM transport out of the fat body to reach the muscle. In the muscle, ImpL2 inhibits insulin signalling,

which inhibits translation and muscle growth. Fat body in tumour bearing animals were dissected at day 6 after tumour induction. Fat body in non-tumour bearing

animals were dissected at day 5 ALH.

Data information: (*) P < 0.05 (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001. Two-tailed unpaired student’s t-tests were used to test for significant differences. The
Welch’s correction was applied in cases of unequal variances.
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Appendix Figure S1: Systemic ecdysone levels does not affect muscle detachment

(A-B) Muscle fillets from animals where GFP or Ras"!? was expressed in the prothoracic
gland (Phm-GAL4) of QRas"’scrib®™ 4! tumour-bearing animals, exhibited similar amount of
muscle detachment.

(C) Quantification of muscle detachment in A-B. w!///® (n=5), GFP (n=9), Ras"'? (n=7).



(D-E) Muscle fillets stained with phalloidin (Actin) from animals where mCherry®N4i or
UAS-Akt was specifically expressed in the fat body (r4-GAL4) of QRas"'?scrib®™4 tamour-
bearing animals fed on a sterol-free diet.

(F) Quantification of muscle detachment in D-E. mCherry® (n=6), UAS-Akt (n=10)

(G-H) Fat body from animals expressing mCherry™4i or UAS-Akt under the control of r4-
GAL4 in QRas"scrib®™ tumour-bearing animals fed on a sterol-free diet stained with
pMad.

(I) Quantification of normalized fat body pMad intensity in G-H. mCherry ®¥ (n=21), UAS-
Akt (n=23).

Scale bar is 500pm for muscle fillets and 50um for fat body staining.
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Appendix Figure S2: Modulation of TGF-B signalling does not affect insulin signalling

in the muscle or wing imaginal discs

(A-B) pMad staining in muscle fillets from larvae expressing luciferase or DP110“44Y with
MHC-GALA.

(C) Quantification of pMad staining in A-B. luciferase (n=27), DP11044X (n=36).



(D-D’) Heatshock induced flip-out clones (marked with GFP, circled with dotted lines) of
InR“! in the wing imaginal discs, readout of TGF-B signalling levels indicated by pMad is not
altered in the clones vs. surrounding tissues.

(E-E’) Heatshock induced flip-out clones (marked with GFP, circled with dotted lines) of p60
in the wing imaginal discs, readout of TGF-8 signalling levels indicated by pMad is not
altered in the clones vs. surrounding tissues.

(F-F’) Heatshock induced flip-out clones (marked with GFP, circled with dotted lines) of
thv“! in the wing imaginal discs, readout of insulin signalling levels indicated by pAkt is not
altered in the clones vs. surrounding tissues.

(G-G’) Heatshock induced flip out clones (marked with GFP, circled with dotted lines) of
mad® 4 in the wing imaginal discs, readout of insulin signalling levels indicated by pAkt is
not altered in the clones vs. surrounding tissues.

Scale bar is 50 pm.
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Appendix Figure S3: Pan-cancer expression of CHRD compared to BMP7. Data is
RSEM batch normalized log2(value + 1) as per cBioPortal, points coloured by cancer type.
Common cancers associated with cachexia include, bladder, colorectal, esophagogastric,
Head and Neck, Hepatobiliary, Melanoma, Non-small cell lung cancer, Ovarian epithelial
tumour, Pancreatic cancer, Pheochromocytoma, Renal Clear Cell carcinoma, Carcoma,
Seminoma and Thymic epithelial tumour. Cancers rarely associated with cachexia include,
Breast, Glioblastoma, Glioma, Seminomatous Germ cell Tumour, Prostate, Cervical and
Thyroid. The date analyses 5441 samples from cancers where cachexia is common, 3127

from rare, and 841 of unknown. Spearman correlation R and p-values shown. Regression line

1s shown in black.
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