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D E V E L O P M E N T A L  B I O L O G Y

Physiological ROS controls Upd3-dependent modeling 
of ECM to support cardiac function in Drosophila
Jayati Gera1, Prerna Budakoti1, Meghna Suhag1†, Lolitika Mandal2, Sudip Mandal1*

Despite their highly reactive nature, reactive oxygen species (ROS) at the physiological level serve as signaling 
molecules regulating diverse biological processes. While ROS usually act autonomously, they also function as local 
paracrine signals by diffusing out of the cells producing them. Using in vivo molecular genetic analyses in 
Drosophila, we provide evidence for ROS-dependent paracrine signaling that does not entail ROS release. We show 
that elevated levels of physiological ROS within the pericardial cells activate a signaling cascade transduced by 
Ask1, c-Jun N-terminal kinase, and p38 to regulate the expression of the cytokine Unpaired 3 (Upd3). Upd3 released 
by the pericardial cells controls fat body–specific expression of the extracellular matrix (ECM) protein Pericardin, 
essential for cardiac function and healthy life span. Therefore, our work reveals an unexpected inter-organ com-
munication circuitry wherein high physiological levels of ROS regulate cytokine-dependent modulation of cardiac 
ECM with implications in normal and pathophysiological conditions.

INTRODUCTION
Cellular metabolic processes that use molecular oxygen as the ulti-
mate electron acceptor inevitably form a diverse array of highly re-
active oxygen–derived radicals, collectively known as reactive oxygen 
species (ROS). The notable members of the ROS family include 
superoxide anion, hydrogen peroxide, hydroxyl radical, and singlet 
oxygen (1). Although mitochondrial oxidative phosphorylation is 
considered to be the primary contributor for cellular ROS, many 
ROS-producing enzymes, such as NADPH (reduced form of nico-
tinamide adenine dinucleotide phosphate) oxidase, xanthine oxidase, 
and endothelial nitric oxide synthase, also generate a substantial 
amount of ROS (2, 3). Intriguingly, cells have evolved a sophisticated 
enzymatic antioxidant defense system that includes superoxide 
dismutase, catalase, and glutathione peroxidase for scavenging the 
ROS to maintain physiological redox homeostasis. However, when 
ROS production exceeds the buffering capacity of the antioxidant 
defense systems, cells experience “oxidative stress,” which has been 
implicated either for the onset or for the progression of neuro-
degeneration, atherosclerosis, diabetes, metabolic disorders, car-
cinogenesis, and cardiovascular diseases (4). Notwithstanding the 
deleterious roles of ROS, there is now a greater understanding of 
their role as versatile pleiotropic signaling agents that impinge on 
normal physiological and redox responses. The physiological flux of 
ROS modulates several complex processes such as adaptation to hy-
poxia (5), immune responses (6), cognitive functions (7), regulation 
of blood pressure (8), organismal growth (9), differentiation of stem 
cells (10), wound healing (11), and even aging (12).

Studies in the recent past have documented a complex interplay 
between ROS and the extracellular matrix (ECM), with each modu-
lating the other. It has been evidenced that integrin-mediated cell–
ECM contact triggers ROS production (13) either by promoting 
changes in mitochondrial metabolic function (14) or by activating 

distinct oxidases, including NADPH oxidases (15, 16). Conversely, 
ROS can influence the assembly and turnover of ECM at different 
levels. While ROS play an essential role in the degradation of ECM 
proteins by regulating the expression and activation of matrix 
metalloproteinases (17), ROS-dependent rearranging of inter- and 
intramolecular disulfide bridges within ECM proteins lead to activity- 
relevant conformational changes of the ECM (18). Furthermore, 
considering the indirect role of ROS in hypoxia-induced factor 1 
(HIF1) activation (19), it has been implicated in the transcriptional 
activation of several HIF1-inducible genes that code for ECM 
components and enzymes involved in posttranslational modifica-
tion of nascent matrix proteins (20). Besides their participation in 
regulated ECM remodeling, ROS can also elicit pathological pro-
cesses like fibrosis by contributing to the unbalanced excess of ECM 
deposition in fibrotic tissues. ROS released by the infiltrating leuko-
cytes and the resident mesenchymal cells at the inflammation site 
activates transforming growth factor–1 (TGF1) to orchestrate the 
differentiation of fibroblasts to myofibroblast, an essential process 
for fibrosis (21, 22). Notably, the involvement of ROS in modeling 
the ECM evidenced so far under both normal and pathophysiolog-
ical conditions is restricted to the local environment wherein ROS is 
produced. Any evidence for the involvement of physiological ROS 
in long-range ECM remodeling is lacking.

The cardiac ECM is an essential component of the heart that im-
parts a tight spatiotemporal regulation of different cellular processes 
during cardiogenesis and homeostasis. The Drosophila heart has served 
as an excellent in vivo model to provide several important insights into 
how the cardiac ECM undergoes developmental remodeling to ensure 
tissue integrity and functionality. Proper assembly of the cardiac ECM 
around the heart not only is essential for cardiogenesis in the fly 
embryo but also aids in maintaining appropriate connections between 
cardiomyocytes and adjacent supporting cells such as the pericardial 
cells (PCs) and the alary muscles, restores diastolic heart diameter, and 
helps to synchronize cardiomyocyte contraction in the larval and adult 
stages (23). Pericardin (Prc), which displays certain homologies to 
mammalian collagen IV, is a unique component of the cardiac ECM in 
flies (24). Genetic evidence suggests that Prc promotes proper migra-
tion and alignment of heart cells during cardiogenesis and absence of 
prc or its ECM adaptor protein Lonely heart (Loh) (23) disrupts heart 
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integrity, eventually leading to luminal collapse and heart failure (24–26). 
However, despite having a vast literature endorsing that the assembly 
of a single ECM protein, such as Prc, is crucial for organ integrity, our 
knowledge about any regulatory mechanism for Prc production essen-
tial for cardiac homeostasis is still unmet.

Our quest for the mechanism that regulates Prc expression in 
adult flies establishes the role of the cytokine Unpaired 3 (Upd3), 
synthesized and released by the PCs, to control the fat body–specific 
expression of pericardin. We demonstrate that simultaneous activa-
tion of c-Jun N-terminal kinase (JNK) and p38 signaling in the PCs 
by physiological levels of ROS induce the expression of upd3. Thus, 
besides unfurling an otherwise unknown paradigm of complex 
inter-organ communication that links the metabolic states of the PCs 
in regulating cardiac function, the outcome of this study identifies 
another facet of ROS as a regulator of ECM remodeling under nor-
mal physiological conditions with far-reaching implications in the 
field of fibrosis.

RESULTS
The adult fat body cells synthesize Prc
The adult heart of Drosophila, also known as the cardiac tube (or 
dorsal vessel), is a contractile, linear, tubular structure spanning the 
entire abdomen underneath the dorsal cuticle. Anteriorly, it extends 
as the aorta that conducts hemolymph to the head capsule (Fig. 1A). 
The abdominal heart consists of a series of four chambers marked 
by incurrent ostia (arrows in Fig. 1B) responsible for the inflow of 
hemolymph into the heart. The lumen of the cardiac tube is en-
closed by the cardiomyocytes and a series of PCs flank the cardiac 
tube on its either side (Fig. 1C). While pairs of alary muscles, which 
perform the role of a diaphragm, keep the heart suspended from the 
epidermis, the cardiac ECM, which includes Prc, surrounds the 
cardiac tube and maintains connection with the PCs and the alary 
muscles (Fig. 1C).

Previous studies have demonstrated that flies, homozygous mu-
tants for prc, exhibit luminal collapse and heart failure primarily 
due to gradual irreversible detachment of PCs from the heart tube 
(25, 26). In contrast, adult flies with one copy loss of prc (prcMB03017/+) 
have an otherwise normal-looking cardiac tube with PCs attached 
to it (fig. S1A). However, the heterozygous mutants with 50% drop 
in the level of prc transcripts (fig. S1B) have reduced level of Prc 
accumulation around the heart (fig. S1, C to D´). Quantitative anal-
ysis reveals 50% reduction in the mean intensity of Prc accumula-
tion around the second chamber of the heart of prcMB03017/+ flies as 
compared to control (fig. S1E). Furthermore, compared to control 
flies of similar age, the heart of prcMB03017/+ flies exhibits irregular 
beating patterns (fig. S1, F and G, and movies S1 and S2) with a sig-
nificant increase in arrhythmia index (fig. S1H), and increased and 
irregular heart period (fig. S1I) due to an increase in both diastolic 
and systolic intervals (fig. S1, J and K). The life span of the prc 
heterozygous mutant flies is significantly reduced (fig. S1L) with 
the median survival being 19 days shorter than the control flies (fig. 
S1M). Put together, these results highlight the importance of Prc in 
regulating cardiac activity and its possible impact on the life span of 
adult flies.

Although it has been documented that the PCs serve as the source 
of Prc during embryogenesis (24), and larval Prc is synthesized and 
secreted by the fat body cells (25), our understanding about the source 
of Prc in adults is obscure. To determine that, we analyzed the reporter 

green fluorescent protein (GFP) expression in Prc-Gal4; UAS-2XEGFP 
flies. Distinct GFP expression is observed in the adult fat body 
(Fig. 1, D and E) but not in the PCs (arrowheads in fig. S1N). Knock-
ing down prc expression, by yolk-Gal4, which expresses in the adult 
fat body (fig. S1O), causes a drastic drop in the level of prc transcript 
in the fat cells (fig. S1P). A reduction in the organismal Prc protein 
level (Fig. 1, F and F´) and that of Prc accumulation around the cardi-
ac tube are also observed (Fig. 1, G to H´, and fig. S1Q). However, the 
organismal level of Prc protein remains unaltered upon knocking 
down prc specifically in the PCs by dorothy-Gal4 (dot-Gal4) (fig. S1, R 
and R´). Furthermore, fat body–specific knocking down of the small 
guanosine triphosphatase Sar1 (essential for the formation of vesicles 
transport between endoplasmic reticulum and Golgi complex and 
subsequent protein secretion) (27) results in trapping of Prc within 
the fat cells (fig. S1, S and T) with a concomitant drop in the amount 
of Prc accumulation around the heart (Fig. 1, I and I´, and fig. S1Q). 
More than 50% reduction in the mean intensity of Prc accumulation 
around the second chamber of the heart, as compared to control, is 
observed upon attenuating the release of Prc from the fat cells (fig. 
S1Q). Flies wherein either the fat cell–specific prc expression has been 
down-regulated or the release of Prc from the fat cells has been blocked 
demonstrate irregular heartbeat (Fig. 1, J to L, and movies S3 to S5), 
with increased arrhythmia index (Fig. 1M), heart period (Fig. 1N), 
diastolic interval (Fig. 1O), and systolic interval (Fig. 1P). The observed 
changes resemble the cardiac dysfunctions detected in prcMB03017/+ 
heterozygous mutants (fig. S1, H to K). Together, these results estab-
lish that, in adult flies, Prc, a critical regulator of cardiac function, gets 
synthesized and secreted by the fat cells.

Expression of prc in the adult fat body cells is regulated by 
JAK-STAT signaling
In silico analyses to determine the signaling pathway involved in 
activation of prc expression led to the identification of a consensus- 
binding site for signal transducer and activator of transcription 
(STAT), the transcription factor for Janus kinase (JAK)–STAT sig-
naling pathway in the putative regulatory region of prc (arrow in 
Fig. 2A). Similar potential STAT binding sequence exists in at 
least five other species of Drosophila, upstream to the genes anno-
tated to code for Collagen IV (Fig. 2A). The JAK-STAT signaling 
cascade is a highly conserved pathway regulating diverse cell bio-
logical processes across taxa (28). In flies, binding of any of the cy-
tokine ligands (Upd1/Upd2/Upd3) to their cognate receptor, Domeless, 
leads to activation of JAKs by transphosphorylation. Subsequent 
phosphorylation of STATs, by activated JAK, results in STAT di-
merization and their nuclear translocation to regulate target gene 
expression (Fig. 2B) (29).

To ascertain the involvement of JAK-STAT signaling in regulating 
prc expression, we first checked for STAT activity in the fat body. As 
evident from Fig.  2C, the adult fat cells express the reporter for 
STAT activity (10XStat92E-GFP) (30). Attenuating the JAK-STAT 
signaling by knocking down the expression of either Stat92E or 
Domeless in the fat body results in a drastic drop in the level of prc 
transcripts (Fig. 2D) and is accompanied by less deposition of Prc 
around the cardiac tube (Fig. 2, E to G). Conversely, fat body–specific 
overexpression of Stat92E causes a detectable increase in prc expres-
sion (Fig. 2D) and increased accumulation of Prc around the cardiac 
tube (fig. S2, A and G). Affecting the deposition of Prc around the 
cardiac tube, either way, generates irregular heartbeats (Fig. 2, H to J, 
and movies S6 to S8) with increased arrhythmia index (Fig.  2K). 
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Fig. 1. Adult fat cells express and release Prc to regulate cardiac function. (A and B) Schematic representations showing the anatomical position of the adult heart 
(A) and that of the four cardiac chambers (B) in Drosophila. Arrows mark the directionality of the inflow of hemolymph. (C) Diagram showing the adult heart of Drosophila 
and the cardiac ECM. (D and E) Reporter GFP expressions for prc (green) in the adult fat cells. Lipid droplets (red) are marked in the high-magnification image (E). 
Scale bars, 100 m (D) and 20 m (Ε). (F and F´) Immunoblot analysis demonstrating reduction in organismal Prc level upon knocking down prc in adult fat cells. Tubulin 
serves as the loading control (F). Quantification of the Prc band intensities normalized to that of tubulin band intensities (F´). (G to I´) Knocking down either prc (H) or sar1 
(I) in the fat cells decreases the level of Prc (red) accumulation around the heart as compared to control (G). (G´), (H´), and (I´) represent zoomed-in images of the second 
heart chamber marked with a box in (G), (H), and (I), respectively. Scale bars, 100 m (G, H, and I) and 25 m (G´, H´, and I´). (J to L) Representative M-mode records for 
heartbeats of adult flies showing the movement of the heart tube walls (y axis) over time (x axis). (M to P) Changes in Arrhythmia Index (M), Heart Period (N), Diastolic 
Interval (O), and Systolic Interval (P) upon knocking down either prc or sar1 in the fat cells. The dots represent the samples analyzed for each genotype. Genotypes are as 
mentioned. Data are presented as means ± SD. Statistical significance with P values of P < 0.01, and P < 0.001 are mentioned as **, and ***, respectively. ns, not significant.
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While the diastolic interval is affected in both the conditions (fig. S2B), 
changes in heart period (Fig. 2L) and systolic interval (fig. S2C) are 
more apparent in cardiac tubes with less Prc around them. Further-
more, life-span analyses of these flies emphasize the requirement 
for optimal level of Prc accumulation around the cardiac tube to 
support normal life span. Flies with either reduced or increased 
amount of Prc in the cardiac ECM demonstrate reduced life span 
(Fig. 2M). The median life span of the flies with decreased or in-
creased amount of Prc are shorter than that of the control by 19 and 

8 days, respectively (fig. S2D). Put together, these results highlight 
the role of Stat92E as a transcriptional regulator of prc expression in 
the fat body and emphasize the importance of optimal amount of 
Prc for normal cardiac function and life span.

Next, we sought to determine whether increased expression of 
prc caused by overexpressing Stat92E in the fat cells (refer to Fig. 2D) 
could restore the cardiac dysfunction and reduced life span of 
prcMB03017/+ flies. As evident from Fig. 3A, overexpressing Stat92E 
in the fat cells causes an appreciable increase in the prc transcript 

Fig. 2. JAK-STAT signaling regulates prc expression in the fat body cells. (A) Schematic representation of prc genomic region (not up to scale) of Drosophila melanogaster, 
marking the potential STAT-binding site (arrow). Sequence alignment of the regulatory regions of the annotated genes coding for Collagen IV in different species of 
Drosophila highlighting the conserved potential STAT-binding site. (B) Schematic representation of the JAK-STAT signaling pathway in Drosophila. (C) Expression for 
10xStat92EGFP (green) in adult fat cells. Phalloidin (red) marks the cell boundaries and DAPI (4′,6-diamidino-2-phenylindole) (blue) marks the nuclei. Scale bar, 20 m. 
(D) Changes in prc expression upon modulating JAK-STAT signaling in fat cells. The transcript levels are normalized to that of the constitutive ribosomal gene rp49. (E and F) 
Down-regulating stat92E in fat cells reduces the level Prc accumulation around the second heart chamber (F) as compared to control (E). Scale bars, 25 m. (G) Quantifi-
cation of the mean fluorescence intensity for Prc accumulation around the second heart chamber upon modulating stat92E in fat cells. The dots represent the samples 
analyzed for each genotype. au, arbitrary units. (H to J) Representative M-mode records for heartbeats of adult flies showing the movement of the heart tube walls (y axis) 
over time (x axis). (K and L) Changes in Arrhythmia Index (K) and in Heart Period (L) upon modulating JAK-STAT signaling in adult fat cells. The dots represent the samples 
analyzed for each genotype. (M) Survival rates of yolk-Gal4; UAS-statdsRNA and yolk-Gal4; UAS-stat flies as compared to that of the control yolk-Gal4 flies. Genotypes are 
as mentioned. Data are represented as means ± SD. Statistical significance with P values of P < 0.01, and P < 0.001 are mentioned as **, and ***, respectively.
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level of prcMB03017/+ flies. Concurrent with this result, a significant 
recovery in the amount of Prc accumulation around the cardiac 
tube is observed (Fig. 3, B to E). Furthermore, although a detectable 
suppression of the irregularity in the heartbeats of prcMB03017/+ flies 
is observed upon compensating the amount of Prc accumulation in 
the cardiac ECM (fig. S2, E to G, and movie S9), the heart still beats 
at a slower rate as compared to that observed in control flies. A 
significant recovery in arrhythmia index (Fig.  3F), heart period 
(Fig. 3G), diastolic interval (fig. S2H), and systolic interval (fig. S2I) 
is observed. Overexpression of prc not only restores the cardiac 
dysfunction of prcMB03017/+ flies but also brings about significant 
recovery in their life span. While both prcMB03017/+ and yolk-Gal4; 
UAS-stat flies demonstrate appreciable reductions in their life span 
when compared to that of control w1118 and yolk-Gal4 flies, restoration 
of prc expression by overexpression of Stat92E in the fat cells results 
in a remarkable recovery in the life span of yolk-Gal4; UAS-stat/ 
prcMB03017 flies (Fig. 3H). The magnitude of this recovery becomes 
further evident upon performing median survival analyses. Over-
expression of prc leads to a notable restoration of the drop in the 
median survival of prcMB03017/+ flies, with the median survival of 
yolk-Gal4; UAS-stat/prcMB03017 flies being comparable to that of the 
control flies (fig. S2J). Together, apart from establishing that the 
JAK-STAT signaling is required and sufficient to induce prc expression, 

these results provide the genetic link that connects optimal amount 
of Prc accumulation in the cardiac ECM with normal cardiac func-
tion and life span.

Upd3, released by the PCs, regulates prc expression 
in the fat body
Members of the Unpaired family of proteins, Upd1, Upd2, and 
Upd3, constitute the ligands of the JAK-STAT pathway. To analyze 
the ligand responsible for triggering prc expression, we first checked 
for the expression of prc in the fat body of flies that are bona fide 
mutants for any of the unpaired genes. upd1 homozygous mutants 
(upd1YM55/upd1YM55) (31) being embryonic lethal, we probed for 
prc expression in heterozygous mutants of upd1 (upd1YM55/FM7). 
Flies, homozygous null mutants for either upd2 (upd2/upd2) or 
upd3 (upd3/upd3) (32), were also analyzed for prc expression. 
Compared to a modest drop in the level of prc expression in the fat 
body of either upd1YM55/FM7 or upd2/upd2flies (Fig. 4A), a robust 
drop in prc expression is detected in the fat body of upd3/upd3 
homozygous null mutant flies (Fig. 4A).

In the next set of experiments, we independently down-regulated 
the expression of upd1 or upd2 or upd3 in different adult tissues 
and assayed for prc expression in the fat body. While no apprecia-
ble drop in prc expression is detected when upd1 is knocked down 

Fig. 3. Overexpression of Stat92E in fat cells restores the prc mutant phenotypes. (A) Rescue in prc expression in the fat cells of prcMB03017/+ flies upon overexpression 
of stat92E in fat cells. The transcript levels are normalized to that of the constitutive ribosomal gene rp49. (B to D) Rescue in the level of Prc accumulation (red) around the 
second heart chamber of prcMB03017/+ flies upon overexpression of stat92E in fat cells (D) as compared to that observed in prcMB03017/+ flies (C). Prc accumulation around 
the second cardiac chamber of the control yolk-Gal4 flies is shown in (B). Scale bars, 25 m (E) Quantification of the mean fluorescence intensity for Prc accumulation 
around the second heart chamber of prcMB03017/+ flies upon overexpression of stat92E in fat cells. The dots represent the samples analyzed for each genotype. (F and G) 
Rescue in Arrhythmia Index (F) and in Heart Period (G) of prcMB03017/+ flies upon overexpression of stat92E in fat cells. The dots represent the samples analyzed for each 
genotype. (H) Overexpression of stat92E in the fat cells of prcMB03017/+ flies remarkably rescues their reduced life span. While the survival rates of prcMB03017/+ and yolk-Gal4; 
UAS-stat flies are appreciably less than that of the control w1118 and yolk-Gal4 flies, the survival rate of yolk-Gal4; UAS-stat/prcMB03017 flies is comparable to that of the 
control flies. Genotypes are as mentioned. Data are represented as means ± SD. Statistical significance with P values of P < 0.05, and P < 0.001 are mentioned as *, and 
***, respectively.
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independently in the blood cells (hml-Gal4), mid-gut (esg-Gal4), 
PCs (dot-Gal4), and muscles (mef2-Gal4), down-regulating upd1 
in the fat body (yolk-Gal4) results in a slight drop in prc expression 
(fig. S3A). On the other hand, the level of prc expression remains 

unaltered upon knocking down upd2 in any of these tissues (fig. 
S3B). Likewise, knocking down upd3 independently in the mid-gut 
and muscles does not lead to any drop in prc expression (Fig. 4B). 
However, a small reduction in prc expression is observed upon 

Fig. 4. Upd3 released by PCs trigger prc expression in the fat body cells. (A) Changes in prc expression in the fat cells of different upd mutants. The transcript levels 
are normalized to that of the constitutive ribosomal gene rp49. (B) Changes in prc expression in the fat cells after knocking down upd3 from different adult tissues. The 
transcript levels are normalized to that of the constitutive ribosomal gene rp49. (C and D) Reduction in the level of Prc (red) accumulation around the second heart cham-
ber upon knocking down upd3 in the PCs (D) as compared to control (C). Scale bars, 25 m. (E) Quantification of the mean fluorescence intensity for Prc accumulation 
around the second heart chamber upon knocking down upd3 in the PCs. The dots represent the samples analyzed for each genotype. (F) Expression of upd3-lacZ (red) in 
the PCs. Phalloidin (green) marks the cardiac tube and the alary muscles. Scale bar, 50 m. (G) Changes in the level of prc expression in the adult fat cells upon knocking 
down sar1 in the PCs. The transcript levels are normalized to that of the constitutive ribosomal gene rp49. Genotypes are as mentioned. Data are represented as 
means ± SD. Statistical significance with P values of P < 0.05, P < 0.01, and P < 0.001 is mentioned as *, **, and ***, respectively.
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knocking down upd3 either from the fat body or from the blood 
cells (Fig. 4B). In contrast, knocking down upd3 in the PCs leads to 
a remarkable drop in prc expression in the fat body (Fig. 4B) and a 
notable decrease in Prc accumulation around the heart (Fig. 4, C to E). 
In tune with these results, reporter lacZ expression for Upd3 is 
seen in the PCs (Fig. 4F) and preventing Upd3 release by knocking 
down Sar1 in the PCs results in a significant drop in prc expression 
in the fat body (Fig. 4G). The drop in prc expression in the fat body 
cells is accompanied by less deposition of Prc around the heart (fig. 
S3, C to E). From these results, we conclude that Upd3 from the 
PCs is primarily responsible for activating the JAK-STAT pathway 
in the fat body to trigger prc expression.

Upd3 expression in PCs is dependent on JNK 
and p38 signaling
A gamut of signaling pathways that includes Notch, TGF-, Hippo, 
JNK, and p38 has been implicated to trigger the developmental ex-
pression of Upds in flies (33–35). While no detectable levels of NRE-
GFP expression (Notch Response Element–GFP) (arrows in fig. S4A) 
are observed, nuclear expressions of Diap1-GFP (reporter for Hippo 
signaling) and Dad-lacZ (reporter for TGF- signaling) are evident 
in the PCs (arrows in Fig. 5, A and B). Compared to these, robust 
expressions of TRE-DsRed (reporter for JNK signaling) (Fig.  5C) 
and elevated levels of phosphorylated-p38 (Fig. 5D) are detected in 
the PCs. To have a functional correlate of the expression studies, we 
systematically inactivated these pathways individually in the PCs 
and analyzed for upd3 expression. Independently impairing Notch 
(UAS-NdsRNA), TGF- (UAS-maddsRNA), or Hippo (UAS-ykidsRNA) 
signaling does not reduce the level of upd3 expression (fig. S4B). 
However, a significant drop in upd3 expression is detected upon at-
tenuating either basket (bsk; codes for Drosophila JNK) (Fig. 5E) or 
p38b (Fig. 5F). Conversely, increased upd3 expression in the PCs is 
detected upon ectopic activation of either JNKK (hemipterous; hep) 
(Fig. 5E) or p38b (Fig. 5F). In this context, it is important to note 
that independently down-regulating p38a and p38c in the PCs does 
not affect upd3 expression (fig. S4C). A critical transcriptional effec-
tor of JNK signaling is AP1 (a heterodimer of Jun and Fos). Impairing 
kayak (kay; codes for Drosophila Fos) activity results in a marked 
decrease in upd3 expression (Fig. 5E). However, knocking down of 
Foxo, the other transcriptional effector of JNK pathway, does not 
reduce upd3 expression (fig. S4D). Besides demonstrating that both 
JNK and p38 signaling induce upd3 expression in PCs, these results 
establish AP1 as the mediator of JNK signaling.

To delineate between JNK and p38 signaling, we analyzed the 
levels of phosphorylated-p38 in PCs upon inactivating JNK signaling. 
As evident from Fig. 5 (G to I), the levels of phosphorylated-p38 do 
not get affected in the PCs upon ectopic expression of bskDN. In a 
converse experiment, we found that knocking down p38b does not 
reduce the levels of phosphorylated-JNK in the PCs (Fig. 5, J and J´). 
Therefore, we conclude that combinatorial JNK and p38 signaling 
contribute in controlling the expression of upd3 in PCs.

Physiological ROS regulates upd3 expression in a JNK/
p38-dependent manner
Results of our previous studies as well as from other groups have 
implicated high levels of ROS in developmental activation of JNK 
signaling in flies (9, 36). Moreover, elevated levels of physiological 
ROS in the adult PCs triggers p38 signaling (37). Taking clues from 
these leads, we ventured to ascertain whether high levels of ROS 

actually induce the expression of upd3 in the PCs. For this, we first 
analyzed upd3 expression upon scavenging ROS. Overexpression of 
the antioxidant enzymes, Superoxide dismutase 1 (Sod1), or Cata-
lase (Cat) leads to an appreciable drop in ROS levels (Fig. 6, A to C, 
and fig. S5A) and a consequent reduction in upd3 expression (Fig. 6D). 
However, the levels of ROS (fig. S5, A and B) and that of upd3 ex-
pression (Fig. 6D) remain unaltered upon overexpressing Superoxide 
dismutase 2 (Sod2). In concurrence, reducing the levels of Sod1 or 
Cat, but not Sod2, results in an increase in upd3 expression (Fig. 6E). 
The drop in the levels of upd3 expression upon scavenging the levels 
of ROS in the PCs eventually results in down-regulation of prc ex-
pression in the fat body (fig. S5C), accompanied by a reduction in 
Prc accumulation around the cardiac tube (fig. S5, D to G). The 
genetic link between elevated ROS levels and upd3 expression in the 
PCs gets further endorsed as scavenging ROS affects both JNK and 
p38 signaling, which regulates upd3 expression. As evident from 
Fig. 6 (F and G) and fig. S5H, scavenging ROS in the PCs leads to a 
detectable drop in the levels of phosphorylated-p38. Analogous re-
sults are observed for the expression of TRE-DsRed, the reporter for 
JNK signaling (Fig. 6, H and I, and fig. S5I).

Pk92B (the Drosophila homolog of ASK-1), which gets activated 
via ROS-mediated dimerization, functions as the ROS sensor in the 
cell (38). Overexpression of a dominant negative form of ASK-1, or 
knocking down its expression in the PCs, both lead to a drastic re-
duction in upd3 expression (Fig. 7A) despite having high levels of 
ROS in these cells (Fig. 7, B and C, and fig. S5J). In accordance, a 
significant drop in the level of prc expression in the fat body (fig. S5K) 
and reduced amount of Prc accumulation in the cardiac ECM is ob-
served (fig. S5, L to N). Furthermore, attenuating ASK-1 activity leads 
to a remarkable drop in both phosphorylated-p38 levels (Fig. 7, D and E, 
and fig. S5O) and TRE-DsRed expression (Fig. 7, F and G, and 
fig. S5P).

To establish the hierarchical relation between ROS and JNK or 
p38b, we performed genetic epistasis experiments. In one set of experi-
ments, we analyzed the levels of upd3 expression in PCs wherein the 
JNK signaling was up-regulated by expressing activated hemipterous 
(hep; JNKK) in a genetic background where ROS was scavenged by 
overexpressing Sod1. As shown in Fig. 7H, the expected drop in the 
level of upd3 expression because of scavenging ROS (refer to Fig. 6D) 
gets rescued because of overexpression of hep. In another set, we an-
alyzed the expression of upd3 in the PCs upon knocking down catalase in 
a p38b dominant negative background. Attenuating p38b signaling 
results in suppression of the anticipated up-regulation in upd3 ex-
pression because of elevated levels of ROS caused by down-regulation 
of catalase (Fig. 7H). Put together, these results demonstrate that JNK 
and p38b lie downstream of ROS (Fig. 7I) in regulating upd3 expres-
sion in PCs.

NOX triggers ROS-JNK/p38 signaling to activate upd3
Despite the fact that both Sod1 and Sod2 are responsible for convert-
ing superoxides to peroxides, a stark difference lies in their cellular 
location (Fig. 8A). While Sod2 primarily scavenges superoxide radi-
cals generated as a by-product of mitochondrial oxidative phos-
phorylation, cytoplasmic superoxides, mainly generated by either 
NAD(P)H oxidase (Nox) or dual oxidase (Duox) activity, are scav-
enged by Sod1 (4). Given that the levels of ROS in the PCs can be 
modulated by genetically altering the expression of Sod1, but not Sod2 
(refer to Fig. 6, A and B, and fig. S5B), we conjectured that increased 
activity of Nox or Duox might contribute to the physiological ROS 
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in the PCs. Indeed, down-regulating Nox activity results in a marked 
decrease in ROS levels (Fig. 8, B and C, and fig. S6A). The ROS levels 
upon knocking down Duox, however, remain unaltered when compared 
to control (Fig. 8D and fig. S6A). Accordingly, a notable drop in upd3 
expression is observed upon knocking down nox, while the level of 
upd3 expression remains unaltered upon knocking down duox (Fig. 8E). 
In summary, these results put Nox activity as the major source for 
high levels of ROS that controls upd3 expression in the PCs.

That Nox regulates the expression of upd3 involving the ROS-
JNK/p38 axis gets further established as specifically knocking down 

nox in the PCs results in an appreciable drop in the expression of 
TRE-DsRed (Fig. 8, F and G, and fig. S6B) and in the levels of 
phosphorylated-p38 (Fig. 8, H and I, and fig. S6C) in these cells. Last, 
we checked for the levels of prc expression in the fat body of flies with 
nox being inactivated in the PCs. As evident from Fig. 8J, down- 
regulating nox in the PCs results in a significant drop in prc expres-
sion in fat cells. A notable reduction in Prc accumulation around 
the cardiac tube (fig. S6, D to F) is also observed. From all these 
results, we conclude that the Nox-ROS-Ask1-JNK/p38 signaling 
cascade is instrumental in regulating upd3 expression in the PCs.

Fig. 5. JNK and p38 signaling activates upd3 in the PCs. (A and B) Expressions of Diap1-GFP (green; Hippo pathway) (A) and that of dad-lacZ (green; Dpp signaling) (B) 
in the PCs. Phalloidin (red) marks the cardiac tube and the alary muscles. DAPI (blue) marks the nuclei. Arrows refer to the nuclei of PCs. (C and D) Expression of TRE-DsRed 
(red; JNK pathway) (C) and the levels of phosphorylated-p38 (red) (D) in the PCs. Phalloidin (green) marks the cardiac tube and the alary muscles. DAPI (blue) marks the 
nuclei. (E and F) Changes in the expression of upd3 upon modulating JNK signaling (E) or p38b signaling (F) in the PCs. The transcript levels are normalized to that of the 
constitutive ribosomal gene rp49. (G and H) Levels of phosphorylated-p38 (red) in the PCs upon inactivating JNK signaling (H) as compared to control (G). Phalloidin 
(green) marks the cardiac tube and the alary muscles. (I) Quantification of the mean fluorescence intensity for phosphorylated-p38 level in the PCs. The dots represent the 
number of PCs analyzed for each genotype. (J and J´) Immunoblot analyses demonstrating the unchanged level of phosphorylated JNK upon down-regulating p38b in 
the PCs. Tubulin serves as the loading control (J). Quantification of the phosphorylated JNK band intensities normalized to that of Tubulin band intensities (J´). Genotypes 
are as mentioned. Scale bars, 50 m in all images. Data are represented as means ± SD. Statistical significance with P values of P < 0.01, and P < 0.001 are mentioned as **, 
and ***, respectively.
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DISCUSSION
Our in vivo molecular and genetic analyses provide direct evidence 
linking the physiological ROS level of the PCs in regulating the fat 
cell–specific expression of prc, essential for modeling cardiac ECM 
in Drosophila. This feat is primarily achieved by regulating the ex-
pression of the cytokine Upd3  in the PCs (Fig.  8K). Our genetic 
analyses show that the physiological ROS level induces the expres-
sion of upd3 in PCs by activating the well-conserved ASK1-JNK/

p38 signaling axis. In turn, Upd3 released by the PCs triggers JAK-
STAT signaling responsible for prc expression in the fat cells. Alter-
ation of the ROS level or genetic manipulation of any member of 
the signaling cascade leads to the loss of this control. The inter- 
organ communication identified in this study is physiologically 
relevant as incorporating the optimal amount of Prc in the cardiac 
ECM of otherwise normal adult flies is critical for routine cardiac 
function and a healthy life span. Our results, therefore, shed light on 

Fig. 6. ROS-dependent activation of p38 and JNK signaling in the PCs. (A to C) Drop in the levels of ROS (DHE staining; red) in the PCs upon overexpression of SOD1 
(B) or Catalase (C) as compared to control (A). (D) Changes in upd3 expression upon overexpression of SOD2, SOD1, and Catalase in the PCs. The transcript levels are 
normalized to that of the constitutive ribosomal gene rp49. (E) Changes in upd3 expression upon down-regulating the levels of SOD2, SOD1, and Catalase in the PCs. The 
transcript levels are normalized to that of the constitutive ribosomal gene rp49. (F and G) Reduction in the levels of phosphorylated-p38 (red) in the PCs upon scavenging 
ROS by overexpression of SOD1 (F) or Catalase (G). Phalloidin (green) marks the cardiac tube and the alary muscles. DAPI (blue) marks the nuclei. (H and I) Drop in 
TRE-DsRed expression (red) in the PCs upon scavenging ROS by overexpression of SOD1 (H) or Catalase (I). Phalloidin (green) marks the cardiac tube and the alary muscles. 
DAPI (blue) marks the nuclei. Genotypes are as mentioned. Scale bars, 50 m in all images. Data are represented as means ± SD. Statistical significance with P values of 
P < 0.001 is mentioned as ***.
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an unexpected role of ROS as a metabolic signal essential for sup-
porting cardiac function by modeling the cardiac ECM.

Studies in the recent past have identified physiological ROS as a 
metabolic signal to regulate fundamental cell biological processes 
(4, 39). While, in most cases, the manifestation of ROS-mediated 

physiological and pathological responses occur because of cell- 
autonomous activation of specific signaling pathways by ROS, a 
growing body of reports advocates for the paracrine role of ROS. For 
instance, wound-derived H2O2 diffuses into the neighboring neu-
trophils to direct their recruitment to the wound site (40, 41), release 

Fig. 7. Ask1 links ROS to JNK and p38 signaling pathways. (A) Reduction in upd3 expression in the PCs upon down-regulating Ask1 activity. The transcript levels are 
normalized to that of the constitutive ribosomal gene rp49. (B and C) Levels of ROS (DHE staining; red) in the PCs remain unchanged upon down-regulating Ask1 activity. 
(D and E) Drop in the levels of phosphorylated-p38 (red) in the PCs upon down-regulating Ask1 (E) as compared to control (D). Phalloidin (green) marks the cardiac tube 
and the alary muscles. (F and G) Reduction in TRE-DsRed expression (red) in the PCs upon down-regulating Ask1 (G) as compared to control (F). Phalloidin (green) marks 
the cardiac tube and the alary muscles. DAPI (blue) marks the nuclei. (H) Levels of upd3 expression in the PCs of the flies of the mentioned genotypes. The transcript levels 
are normalized to that of the constitutive ribosomal gene rp49. (I) Signaling cascade triggered by ROS to regulate upd3 expression in the PCs. Genotypes are as men-
tioned. Scale bars, 50 m in all images. Data are represented as means ± SD. Statistical significance with P values of P < 0.001 is mentioned as ***.
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of ROS and extracellular vesicles containing ROS-generating mem-
brane protein complexes by neutrophils and macrophages signal 
the injured axons to regenerate (42), and in vitro treatment of neo-
natal mouse cardiomyocytes with a low level of ROS stimulates pro-
liferation (43). Likewise, ROS generated by the dying cells propagate 
to the nearby surviving cells to drive multiple functions associated 
with tissue repair and regeneration in the larval imaginal discs of 

Drosophila (35). From that perspective, our findings shed light on 
another interesting mechanism by which physiological ROS could 
impart its paracrine role. Rather than being released out, ROS acti-
vates a signaling cascade that regulates the expression of a cytokine, 
Upd3, that functions as a paracrine signaling molecule. While the 
previously identified paracrine roles of ROS are relatively local in 
nature, the one identified here imparts trans-organ effects. Considering 

Fig. 8. Nox activity generates physiological levels of ROS in the PCs. (A) Schematic representation demonstrating the redox homeostasis between generating and 
scavenging of ROS within a cell. (B to D) Changes in the levels of ROS (DHE staining; red) in the PCs upon knocking down nox (C) and duox (D) as compared to control (B). 
(E) Changes in upd3 expression upon independently down-regulating nox and duox in the PCs. The transcript levels are normalized to that of the constitutive ribosomal 
gene rp49. (F and G) Reduction in TRE-DsRed expression (red) in the PCs upon knocking down nox (G) as compared to control (F). Phalloidin (green) marks the cardiac tube 
and the alary muscles. DAPI (blue) marks the nuclei. (H and I) Drop in the levels of phosphorylated-p38 (red) in the PCs upon knocking down nox (I) as compared to control 
(H). Phalloidin (green) marks the cardiac tube and the alary muscles. (J) Alteration in the level of prc expression in fat cells after knocking down nox in the PCs. The tran-
script levels are normalized to that of the constitutive ribosomal gene rp49. (K) Model showing the inter-organ communication circuitry connecting PCs and fat cells to 
regulate cardiac function by controlling Prc deposition in the cardiac ECM of adult flies. Arrows in the cardiac tube mark the directionality of hemolymph flow. Genotypes 
are as mentioned. Scale bars, 50 m in all images. Data are represented as means ± SD. Statistical significance with P values of P < 0.01, and P < 0.001 are mentioned as **, 
and ***, respectively.
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the pleiotropic nature of cytokines, this kind of regulation seems 
more systemic as it has the potential to modulate multiple processes 
in diverse tissues.

The nonmyocytic PCs, flanking the cardiac tube, primarily func-
tion as nephroctyes to filter proteins and toxic molecules from the 
hemolymph that are targeted for either lysosome-mediated degra-
dation or are recycled back to the hemolymph (44, 45). Our study 
unravels the mechanistic basis of a metabolic role of the PCs, quite 
distinct from their normal nephrocytic function, in regulating car-
diac activity in Drosophila. Studies in the recent past identified that 
elevated levels of pericardial ROS, in a p38-dependent manner, reg-
ulates the function of the neighboring cardiomyocytes involving 
two septate junction proteins, Cora and Kune (46). However, the 
underlying mechanism remains elusive. Compared to this kind of 
modulation of local interaction between the two neighboring cells, 
the mechanism identified in this study evidences a more influential 
role of pericardial ROS in regulating cardiac function. Given the 
overarching role of ECM in regulating cell structure and signaling 
(47), it is intuitively apparent that modulation of the cardiac ECM 
composition would have a more encompassing impact on the func-
tioning of the heart. One possible aspect might be the requirement 
of an optimal amount of Prc in the cardiac ECM to regulate the 
proper interaction between the Kune proteins of the PCs and the 
cardiomyocytes. While an increase in Prc level by supraphysiologi-
cal levels of pericardial ROS may reduce interaction between the 
Kune proteins of the PCs and the cardiomyocytes, the reverse can 
be true for subphysiological levels of pericardial ROS. Irrespective 
of the mechanism involved, and given that (i) the PCs constitute a 
vital component of the fly renal system (48) and function as the 
primary filtration unit for hemolymph, and (ii) pumping of the car-
diac tube controls the flow of hemolymph, regulation of cardiac 
function by PCs indicates a physiological process critical for sys-
temic homeostasis. It probably coordinates the rate of movement of 
hemolymph within the body with the PCs' filtration capacity. In a 
sense, this appears to be a rudimentary and evolutionarily primitive 
version of the heart-kidney link observed in higher vertebrates.

Another fascinating outcome of this study is the role of Upd3 in 
modulating the expression of prc in fat cells. Like many mammalian 
cytokines, Upd3 plays a vital role in Drosophila immune response. 
While upd3 is transcriptionally activated in the adult fat bodies in 
response to septic injury (49), upon wasp infestation, larval hemo-
cytes release Upd3 to activate JAK/STAT signaling in the muscles to 
launch an efficient cellular response (50). In addition, Upd3 is also 
involved in stem cell homeostasis (29, 51), regulating cardiomyo-
cyte function (52), and generating insulin resistivity in response to 
high dietary fat (53). Here, we identify a physiological requirement 
for Upd3 released from the PCs in collagen synthesis and ECM re-
modeling. The impact of Upd3 released from other possible adult 
tissues on prc expression is not that prominent. Although the rea-
son behind distinct roles played by Upd3 released from different 
sources remains to be determined, it would be equally important to 
determine whether Upd3 produced by the PCs can target tissues 
beyond the fat cells. In this context, it is important to note that sev-
eral animal models of fibrosis, a pathological condition associated 
with excessive collagen accumulation, have documented the con-
troversial roles of cytokines in regulating collagen synthesis (54, 55). 
While some cytokines have profibrotic functions (56,  57), others 
can act as antifibrotic agents (58, 59). However, the pleiotropic ac-
tivities of cytokines, differences between acute and chronic actions, 

and the large number of cytokines coded by the mammalian genome 
make it challenging to unravel the mechanism involved in cytokine- 
dependent regulation of collagen synthesis essential for ECM modeling 
during normal development. Future work will be of interest to ex-
amine the involvement of the mechanism identified here in cytokine- 
dependent collagen synthesis in mammals during normal physiological 
conditions as well as during fibrosis.

In conclusion, the present work unravels the molecular genetic 
basis of a fascinating example of an inter-organ cross-talk triggered 
by ROS. Identification of this physiologically relevant communica-
tion network not only connects the metabolic state of a vital peripheral 
organ in regulating the flow of blood/hemolymph but also provides 
evidence for a previously unrecognized paracrine role of physiological 
ROS in cytokine-dependent ECM modeling with implications in 
fibrosis and other pathophysiological conditions.

MATERIALS AND METHODS
Drosophila stocks and fly husbandry
All the fly stocks were routinely maintained at 25°C (if not otherwise 
mentioned) on a standard cornmeal-agar food. Twenty-day-old 
adult female flies were used for all the analyses. To induce transgene 
expression using GAL4 drivers, flies were maintained at 18°C till 
eclosion. Two-day-old freshly eclosed flies were reared at 29°C for 
14 days (equivalent to 18 days at 25°C) for analyses. The list of fly 
strains used is provided in table S1.

Immunostaining of adult cardiac tissue and PCs
All immunostaining experiments were performed at least thrice fol-
lowing the standard protocol. Adult female abdomens were dissected 
on ice in 1× phosphate-buffered saline (PBS), fixed in 6% parafor-
maldehyde for 2 hours at room temperature (RT), and washed with 
0.3% PBT (0.3% TritonX100 in 1XPBS) for 90 min. Then, tissues 
were incubated in primary antibody diluted in PAXDG (0.3% PBT 
with 0.3% sodium deoxycholate, 5% normal goat serum, and 1% bo-
vine serum albumin) at 4°C for 24 hours. Following washes in 0.3% 
PBT, incubation in secondary antibody in PAXDG was done at 4°C for 
24 hours. The tissues were washed in PBT and stained with phalloidin 
(1:500 in PBS) at 4°C for 48 hours followed by staining with 
4′,6-diamidino-2-phenylindole at RT for 30 min. For all samples 
processed in parallel, immunofluorescence images were captured 
in a Leica SP8 confocal microscope under identical conditions (laser 
power, gain, and scan settings) and analyzed and processed under the 
same conditions using Fiji software. The following primary antibodies 
were used: mouse anti- Prc (1:10; DSHB EC11), rabbit anti-phospho 
p38 (1:100; Thr180/Tyr182, clone 3D7; Cell Signaling Technology), 
and mouse anti- galactosidase (1:100; Promega no. Z3781).

Detection of ROS
ROS detection with DHE dye (Molecular Probes no. D11347, Invi-
trogen) was performed as published earlier (60). Briefly, the adult 
female abdomens were dissected in 1× PBS followed by incubation 
in 30 M DHE Solution for 15 min at RT under dark conditions. 
Tissues were then washed with 1× PBS, fixed in 10% paraformalde-
hyde for 10 min, and then washed with 1× PBS for 5 min. The sam-
ples processed in parallel were mounted and immediately imaged 
using a Leica SP8 confocal microscope under identical conditions 
(laser power, gain, and frame size) and analyzed and processed un-
der the same conditions using Fiji software.
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RNA isolation from adult cardiac tissue and fat body
Adult cardiac tubes or fat body cells from around 40 to 50 female 
flies were dissected in 1× PBS. Isolation of RNA was performed by 
TRIzol (Ambion no. 15596018) following the manufacturer’s in-
structions. cDNA was produced using Verso cDNA synthesis kit 
(Molecular Probes no. AB1453A) following the manufacturer’s 
recommended protocol. Real-time quantitative polymerase chain 
reaction (RT-qPCR) was conducted using the TB Green Premix Ex 
Taq TM (Tli RNaseH Plus) (Takara no. RR440A) on the Bio-Rad 
CFX96 Touch Real-Time PCR Detection System. To determine the 
optimal Tm for each primer set, graded RT-qPCR was performed. 
The relative levels of mRNAs were determined using the 2−Ct 
method. The transcript levels were normalized to the constitutive 
ribosomal gene coding for ribosomal protein 49 (rp49) transcript 
levels. RT-qPCR experiments were conducted on three to four in-
dependent cDNA samples per condition. The figures represent the 
combined data from all samples. Primers were so designed that 
they span the exon-exon junction. A list of primers used in our 
RT-qPCR experiments is available in table S2.

Protein isolation and Western blotting from whole abdomen 
and adult cardiac tissue of Drosophila
For protein isolation, around 15 to 20 cardiac tubes were homoge-
nized in 1% Triton X-100 in 1× PBS buffer (pH 7.2) supplemented 
with 1% mammalian Protease Inhibitor Cocktail (Sigma-Aldrich, 
P8340) on ice. The homogenate was centrifuged at 20,000g for 15 min 
at 4°C. The supernatant was mixed with equal volume of 2× Laemmli 
Buffer [100 mM tris-HCl (pH 6.8); 4% SDS: Sigma-Aldrich, catalog 
no. L3771; 0.2% Bromophenol Blue, HIMEDIA, catalog no. MB123; 
20% glycerol and 200 mM b-mercaptoethanol, Sigma-Aldrich, cata-
log no. M3148], boiled at 95°C for 5 min, and used. The protein quan-
titation was done using Bradford Assay (Bio-Rad, catalog no. 5000006). 
One microliter of protein sample was incubated in 1 ml of five times 
diluted Bradford reagent, incubated for 5 min at RT, and the OD of 
the mix was measured at 595 nm in a spectrophotometer. The con-
centration of protein was calculated using a standard curve prepared 
freshly. For Western blot analyses of Prc, the samples were homoge-
nized in ECM extraction buffer (mix 2 mM EDTA with 4 M urea in 
1:1 ratio and add 1.5% Triton X-100). The rest of the protocol fol-
lowed is the same as mentioned above. The primary antibodies used for 
Western blot analysis are as follows: mouse anti-Tubulin (1:1000; Sigma- 
Aldrich, T6199), rabbit anti-active pJNK (1:1000; Promega, no. V7931), 
and mouse anti- Prc (1:100; DSHB no. EC11). Horseradish peroxidase 
(HRP)–conjugated anti-mouse (GenScript, no. A00160) and HRP- 
conjugated anti rabbit (GenScript, no. A00098) at 1:5000 dilution 
were used as the secondary antibodies. Blots were developed using 
Luminata Crescendo Western HRP substrate (Millipore). The band 
intensities were analyzed using ImageJ and normalized with tubulin 
bands that served as loading controls. Western blot analyses were 
conducted on three to four independent protein samples per condi-
tion. The graphs represent the combined data from all samples.

Fly heartbeat analysis
Semi-intact female Drosophila was used for measuring the cardiac 
contractility as described previously (61). High-speed digital movies 
of beating hearts were captured using QImaging optiMOS scMOS 
camera R-M-16-C at 100 fps for 10 s with a 20× water immersion 
lens (Zeiss). M-modes and quantitative data were generated using 
SOHA, a MATLAB-based image analysis software (61).

Life-span analysis
All the life-span experiments were performed independently using 
three to four replicates of 60 flies each (40 females and 20 males) per 
genotype. The flies were transferred to fresh food bottles every day. 
Dead female flies in each bottle were counted and removed when 
the flies were flipped. The survival curves of the females for each 
genotype (n = 120 to 160 flies, from three to four independent rep-
licates) were generated in GraphPad Prism version 6.00 (La Jolla, 
CA) using a log-rank Mantel-Cox test.

Intensity analysis of images
For intensity analyses of DHE, phospho-p38, and TRE-dsRed, the 
PCs of the control and experimental samples were marked, and the 
mean fluorescence intensity (mean gray value) was measured using 
Fiji software. To determine the intensity of Prc accumulation around 
the second chamber of the cardiac tube, the entire second chamber 
was marked and the mean fluorescence intensity (mean gray value) 
was measured using Fiji software. For the samples processed in par-
allel, all the analyses were done under identical conditions. From 
these readings, the average mean gray values (for the same size of 
region of interest) of the background were deducted to obtain the 
mean gray value minus blank. The intensity values were plotted using 
GraphPad Prism version 6.00 (La Jolla, CA) where the dots represent 
the number of samples analyzed, and the error bars represent SD.

Quantification and statistical analysis
Statistical analyses of the data were performed by using either un-
paired Student’s t test (two-tailed) with Welch's correction or 
one-way analysis of variance (ANOVA) followed by Bonferroni 
correction using GraphPad Prism 6 software. Kaplan-Meier survival 
curves were generated with GraphPad Prism 6 software and curve 
comparison was done using Log-Rank (Mantel-Cox) test for the 
life-span data. All the plotted survival graphs represent the com-
bined data of three to four independent repeats of 40 flies per geno-
type. Statistical significance was accepted with P values of <0.05; 
<0.01; and <0.001, mentioned as *, **, and ***, respectively.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj4991

View/request a protocol for this paper from Bio-protocol.
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