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SUMMARY

Septate junction (SJ) complex proteins act in unison to provide a paracellular barrier and maintain
structural integrity. Here, we identify a non-barrier role of two individual SJ proteins, Coracle
(Cora) and Kune-kune (Kune). Reactive oxygen species (ROS)-p38 MAPK signaling in non-
myocytic pericardial cells (PCs) is important for maintaining normal cardiac physiology in
Drosophila. However, the underlying mechanisms remain unknown. We find that in PCs, Cora and
Kune are altered in abundance in response to manipulations of ROS-p38 signaling. Genetic
analyses establish Cora and Kune as key effectors of ROS-p38 signaling in PCs on proper heart
function. We further determine that Cora regulates normal Kune levels in PCs, which in turn
modulates normal Kune levels in the cardiomyocytes essential for proper heart function. Our
results thereby reveal select SJ proteins Cora and Kune as signaling mediators of the PC-derived
ROS regulation of cardiac physiology.

In Brief

Lim et al. report a non-barrier function of two select septate junction proteins, Cora and Kune, in
Drosophila pericardial cells (PCs). Cora and Kune serve as effectors of physiological reactive
oxygen species signaling in PCs to direct paracrine regulation of proper cardiac function.
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INTRODUCTION

Cell-cell interaction is typically maintained and regulated by various multi-protein
complexes such as tight junctions, adherens junctions (AJs), and gap junctions. Invertebrate
septate junctions (SJs), which have functional and molecular similarity to vertebrate tight
junctions (TJs), are specialized, multi-protein junctional complexes that reside between the
apposed plasma membranes of adjacent epithelial cells. In Drosophila, more than 20
molecular constituents of the SJ have been identified, and characterization of these proteins
reveals their canonical role in in sealing neigh-boring cells and restricting the free diffusion
of solutes between adjacent cells, thereby providing a paracellular permeability barrier
(Beyenbach, 2003; Ganot et al., 2015; 1zumi et al., 2016; Knust and Bossinger, 2002; Skaer
and Maddrell, 1987; Tepass et al., 2001). The SJ protein complex is also involved in the
coordinated changes in cell shape and rearrangement during tissue morphogenesis at a stage
when the SJ structure has not yet formed or matured to become optically visible. For
instance, mutations in all tested SJ genes cause defects in head involution, dorsal closure,
and salivary gland elongation during early embryonic development before a clear SJ
structure has been formed (Baumgartner et al., 1996; Fehon et al., 1994; Hall and Ward,
2016). Mutations in all tested SJ genes also cause cell-cell dissociation in the Drosophila
embryonic heart, a tissue that seemingly lacks discernable SJs (Rugendorff et al., 1994; Yi et
al., 2008). Although most studies on the SJ proteins are focused on their canonical barrier
function, it has been known that subsets of SJ proteins may have a different, non-barrier role.
For instance, the SJ proteins Neurexin-1V (Nrx-1V), the Na*K*ATPase B subunit Nervana 2
(Nrv2), Coracle (Cora), and Yurt form a group with a distinct role in promoting epithelial
apical-basal polarity (Laprise et al., 2009). SJ components have also recently been found to
play a role in regulating Hippo signaling to control intestinal stem cell activity (Xu et al.,
2019) and hematopoiesis (Khadilkar and Tanentzapf, 2019). Together, these findings support
the emerging notion that SJ proteins could serve important roles beyond their canonical
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barrier function. However, the non-barrier functions of the SJ proteins and the individual SJ
proteins that could be involved remain poorly understood.

The heart is a heterogeneous organ comprising the contractile cardiomyocytes (CMs) and
non-myocytes, such as the epicardial cells and endocardial cells. The non-myocytes have
important signaling roles that contribute to CM development, growth, and function (Smith
and Bader, 2007). The Drosophilaheart is a linear tube comprising two inner rows of
contractile CMs closely flanked by two outer rows of non-myocytic pericardial cells (PCs;
see Figure S1I). PCs have been characterized as nephrocytes that are analogous to the
mammalian podocytes that function to filter toxins and proteins from the hemolymph, the
equivalent of mammalian blood (Das et al., 2008; Fife et al., 1987; Helmstadter et al., 2017;
Mills and King, 1965; Na et al., 2015; Tutor et al., 2014; Weavers et al., 2009;
Wigglesworth, 1970; Zhuang et al., 2009). The PC nephrocytes are characterized by an
intricate cell shape that includes elongated infoldings of the plasma membrane to form foot
processes and labyrinthine channels. The labyrinthine channels are sealed by the slit
diaphragm, which is a highly organized structure composed of similar proteins as the slit
diaphragm in mammals (lvy et al., 2015; Mallipattu et al., 2012; Weavers et al., 2009;
Zhuang et al., 2009). The slit diaphragm serves as a filtration barrier to control the inflow of
certain substances into the labyrinthine channels from the hemolymph. In addition, vesicular
invaginations of the plasma membrane occur along the labyrinthine channels that are
indicative of endocytosis of the sequestered materials from the hemolymph (Lehmacher et
al., 2009). Materials endocytosed into the nephrocytes, presumably toxic molecules from the
hemolymph, are targeted for either degradation in the lysosome or recycling back to the
hemolymph (Helmstédter et al., 2017; Zhang et al., 2013). Moreover, the CMs and PCs are
separated by a basement membrane composed of extracellular matrix (ECM), which could
serve as a filtration system for hemolymph content (Psathaki et al., 2018).

On the other hand, accumulating evidence is indicating an important secretory function of
PC nephrocytes. An early observation of an increased synthesis of the bactericidal enzyme
lysozyme in PCs following the experimental infection of the insect Calljphora
erythrocephala with bacteria (Crossley, 1972) provided the first indication that PCs could
manufacture proteins for release into the hemolymph. More recently, Drosophila PCs have
been reported to secrete factors, such as the ECM components and hemolymph proteins that
could directly control neighboring CM function (Drechsler et al., 2013; Psathaki et al., 2018;
Wilmes et al., 2018). In addition, PCs have been reported to produce reactive oxygen species
(ROS) under normal, non-stressed conditions (Lim et al., 2014). ROS belong to a group of
reactive chemical species produced by the incomplete reduction of molecular oxygen and
are now recognized to serve an important role in the regulation of various cardiac
physiological processes (Shimokawa, 2013; Taverne et al., 2013; Vara and Pula, 2014).
Physiological ROS produced in the PCs of the Drosgphila heart control the production of
downstream signals such as D-p38 MAPK in PCs that then act in a paracrine manner to
regulate CM function and morphology (Lim et al., 2014). The phenomenon is apparently
conserved, as a study on the zebrafish heart reported that injury-induced H,0O5 in the
epicardial cells promotes the regeneration of the neighboring myocardium through the
activation of ERK1/2 MAPK signaling and likely the generation of soluble factors from the
epicardial cells (Han et al., 2014). Together, these findings support the notion that a
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conserved ROS-MAPK signaling axis operates in the epi-or pericardium to influence
myocardial function. However, the molecular mechanisms underlying ROS-MAPK-
mediated paracrine interactions are currently unknown.

In this study, we found that among the SJ proteins tested in adult PCs, only Cora and Kune-
kune (Kune) are altered in abundance by ROS-D-p38 signaling in PCs. Our results further
showed that pericardial ROS-D-p38 signaling regulates CM function and structure through
Cora and Kune. We also found that Cora controls Kune amount in PCs and that pericardial
Kune in turn modulates myocardial Kune expression that is essential for normal cardiac
physiology. Our study thereby unravels an unexpected function of the select SJ proteins
Cora and Kune as physiological signaling mediators in PCs, a role that is distinct from their
common primary barrier function.

Cora and Kune Abundance Is Regulated by ROS Levels in Pericardial Cells

To investigate the molecular basis of paracrine cardiac regulation by ROS-D-p38 signaling
in PCs, we sought to elucidate the downstream targets of ROS-D-p38 in PCs. We reasoned
that pericardial-derived ROS signaling could influence CM function by modulating the
expression levels of proteins in PCs that are in contact with the CMs. We therefore used a
candidate-based strategy focusing on some canonical membrane and membrane-associated
junction proteins that are known to be present in the Drosophila heart and examined their
expression in response to changing ROS levels in PCs. We first overexpressed the ROS-
scavenging enzyme catalase (Nimse and Pal, 2015) using the Gal4 UAS system (Phelps and
Brand, 1998), which reduces pericardial ROS levels by ~40% relative to control PCs
(Figures S1A, S1B, and S1D). Examination of several members of the Drosophila protein
4.1 superfamily, which comprises membrane-associated proteins that localize to the
cytoplasmic face of the plasma membrane (Fehon et al., 1994; Lamb et al., 1998), led to the
observation that only Cora and not Moesin or Talin responds to decreases in ROS levels
(Figures S1J, S1J’, S1K, S1K’, S1L, and S1L"). Under normal condition, Cora is localized
to the periphery of PCs (Figures 1A and 1A"). A reduction in pericardial ROS level causes
decreased concentrations of peripheral Cora compared with control PCs at 7 days (by ~50%;
Figures S2A, S2A’, and S2B), 14 days (by ~50%; Figures 1A-1B" and 1D), and 21 days
(by ~40%; Figures S2C, S2C’, and S2D) of adulthood. In addition, use of a different PC-
specific Gal4 driver, Sns-Gal4 (Zhuang et al., 2009), to induce catalase overexpression
similarly attenuates the peripheral level of Cora compared with control PCs (by ~55%;
Figures S2E, S2E’, and S2F). To ascertain that the observed effects on peripheral Cora
expression was due to changing pericardial ROS levels and not to catalase-specific function,
we examined Cora content in the periphery of PCs bearing alterations in the level of
superoxide dismutases 1 and 2 (sod1 and sod2), another class of ROS-scavenging enzymes
(Kanzaki et al., 2017). We found that over-expression of sod1 and sod2 in PCs leading to the
suppression of pericardial ROS (by ~40% compared with control PCs; Figures S1E, S1F,
and S1H) was associated with diminished amounts of peripheral Cora (by ~50% compared
with control PCs; Figures S2G, S2G”, and S2H) in 14-day-old hearts. Therefore, ROS level
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selectively regulates the abundance of Cora but no other tested protein 4.1 family members
in PCs.

As Cora is a well-established component of the SJ complex (Fehon et al., 1994), we sought
to investigate whether decreasing ROS levels also affects other SJ proteins, such as the four-
pass transmembrane Claudin family members (Sinuous [Sinu], Kune, and Megatrachea
[Mega]; Behr et al., 2003; Nelson et al., 2010; Wu et al., 2004) and the single-pass
transmembrane proteins (Nrx-1V and Nrv2; Baumgartner et al., 1996; Genova and Fehon,
2003). Among the tested SJ proteins, only Kune was responsive to the dampening of ROS
levels in PCs (Figures S1IM, SIM’, SIN, SIN’, S10, S10’, S1P, S1P’, S1Q, and S1Q"). We
found that whereas overall, Kune level in catalase-overexpressing PCs was moderately
raised compared with that of control PCs at 7 days of adulthood (by ~20%; Figures S2I, S21
’, and S2J), it became strongly and significantly higher relative to control PCs at 14 days (by
~50%; Figures 1E-1F" and 1H) and 21 days (by ~40%; Figures S2K, S2K’, and S2L) of
adulthood. Likewise, there was a significant increase in Kune level in sod1-overexpressing
PCs (by ~48%; Figures S2M, S2M’, and S2N). We conclude that manipulations of ROS to
sub-physiological level only alter the levels of Cora and Kune (and not other tested SJ
proteins) in PCs.

We next examined the effects of increasing ROS levels on the quantities of Cora, Kune, and
other SJ proteins in PCs. When we elevated pericardial ROS levels (by ~75% compared with
control PCs; Figures S1A, S1C, and S1D) by knocking down catalase using RNAI, we
observed that pericardial Cora content was moderately but significantly enhanced compared
with control PCs at 7 days (by ~25%; Figures S2A, S2A”, and S2B) but robustly increased
at 14 days (by ~75%; Figures 1A, 1A”, 1C, 1C’, and 1D) and 21 days (by ~2-fold; Figures
S2C, S2C”, and S2D) of adult-hood. Moreover, use of Sns-Gal4to induce catalase silencing
in PCs similarly boosted peripheral Cora levels compared with control PCs in 14-day-old
adult hearts (by ~3-fold; Figures S2E, S2E”, and S2F). Last, silencing of both sodZ and
sod2in PCs leading to heightened pericardial ROS levels (by ~3-fold; Figures S1E, S1G,
and S1H) similarly caused an accumulation of pericardial Cora amounts compared with
control PCs in 14-day-old hearts (by ~75%; Figures S2G, S2G”, and S2H). In contrast,
Kune content was diminished in catalase-silenced PCs compared with control PCs at 7 days
(by ~50%; Figures S21, S21”, S2J), 14 days (by ~70%; Figures 1E, 1E’, 1G, 1G’, and 1H),
and 21 days (by ~60%;Figures S2K,S2K”, and S2L)ofadult-hood, as well as in sodZ- and
sod2-silenced PCs (by ~50% compared with control PCs; Figures S2M, S2M”, and S2N).
On the other hand, we did not detect obvious changes in the quantities of other protein 4.1
family members and SJ proteins, including Moesin and Talin (Figures S1J” and S1K”),
Mega, Sinu, Nrx-1V, Nrv2 (Figures SIM”;, SIN”, S10”, and S1P”), the
glycosylphosphatidyl-inositol (GPI)-anchored protein Contactin (Faivre-Sarrailh et al.,
2004) (Figures S1R and S1R"), and the guanylate kinase homolog Disc-large (Woods et al.,
1997) (Figures S1S and S1S"), in the catalase-knockdown PCs compared with control PCs.
Furthermore, the level of Armadillo (Arm), the Drosgphila homolog of mammalian p-
catenin and a component of the AJ, in the PC periphery also seemed unaffected by an
increase in pericardial ROS level (Figures S1T and S1T"). Taken together, our findings
indicated that Cora and Kune are the only SJ proteins among those tested in which their
protein levels are altered upon the manipulations of ROS to sub- or supra-physiological
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levels in PCs. Interestingly, our results also showed that ROS positively regulate the level of
Cora but negatively regulate the level of Kune in PCs (Figure 1).

Cora Acts in Pericardial Cells to Regulate Cardiomyocyte Function

Next, we sought to determine whether Cora and Kune, whose expression levels are regulated
by ROS level in PCs, also function in PCs to elicit the paracrine regulation of proper heart
function and morphology, as seen for pericardial ROS (Lim et al., 2014). We first performed
Cora loss-of-function manipulations in PCs, followed by adult heart function analysis (Fink
et al., 2009; Ocorr et al., 2007b). We found that targeted knockdown of coraby RNAI in PCs
using either the Dot-Gal4 (leading to ~75% reduction in Cora level relative to control PCs;
Figures 2A-2B’ and 2D) or Sns-Gal4 driver led to a deterioration in normal heart rhythm
compared with control flies, as seen by the increased incidence of irregular heartbeats
(Figures 2E, 2E’, S3A, and S3A"), broader distribution of heart periods (HPs; Figures 2F,
2F’, S3B, and S3B”), and significantly increased arrhythmia index (Al) at both 1 and 4
weeks of adulthood (Figures 2G and S3C). The pericardial-specific cora-knockdown flies
also displayed increased HP compared with control flies at 1 and/or 4 weeks of age (Figures
2F, 2F’, 2H, S3B, S3B’, and S3D) that was due primarily to a lengthening of the diastolic
interval (Figure S3G). Furthermore, flies with PC-specific knockdown of cora exhibited
significant reductions in both diastolic and systolic heart diameters compared with control
flies at 1 week of age (Figures 21, 2J, S3E, and S3F). At 4 weeks of age, no significant
difference between the Dor-Gal4 > cora®NAi or Sns-Gal4 > cora®VA/ hearts and their
respective control hearts were detected (Figures 21, 2J, S3E, and S3F), suggesting that
progressive dilation of the cora-knockdown hearts has occurred resulting in a relief of the
initial (1-week-old) heart tube narrowing.

We then performed Cora gain-of-function experiments by overexpressing wild-type Cora
(Cora*) specifically in PCs, followed by adult heart function analyses. We observed that PC-
specific overexpression of Cora*, leading to ~70% increase in Cora level relative to control
PC (Figures 2A, 2A’, 2C, 2C’, and 2D), evoked a higher frequency of irregular heartbeats
(Figures 2E and 2E”), broader distribution of HPs (Figures 2F and 2F”), and significantly
increased Al (Figure 2G). The HP in flies with PC-specific overexpression of Cora*™ was
also decreased compared with control hearts at 1 and 4 weeks old (Figures 2F, 2F”, and 2H),
primarily because of a shortening of the diastolic interval (Figure S3H). This is in contrast to
the PC-targeted cora-silenced hearts at 1 and 4 weeks old, whereby their HPs were
significantly greater than that of control hearts (Figure 2H). Diastolic and systolic diameters
of the pericardial Cora-overexpressing hearts were also significantly lowered compared with
control hearts at 1 and 4 weeks old (Figures 21 and 2J), thus indicating a chronic restriction
of the heart tube, which is unlike the pericardial cora-silenced hearts that display a
progressive expansion from 1 to 4 weeks old (Figures 21 and 2J).

To further examine whether the gain and loss of function of pericardial Cora only during the
adult stage would elicit cardiac phenotypes, we used the inducible Gal80® system
(Osterwalder et al., 2001) to evoke Cora overexpression or knockdown specifically in PCs
only at the onset of adulthood, followed by heart functional analyses at about 1 and/or 4
weeks subsequent. We observed significant increases in Al in the adult-only pericardial Cora
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*-overexpressing or cora-knockdown flies, compared with control flies (Figure 2K). The
adult-only pericardial cora-knockdown flies also exhibited significant increase in the HP
relative to control flies (Figure 2L). Notably, Although the adult-only Cora*-overexpressing
flies displayed significant decreases in diastolic and systolic diameters compared with
control flies at 1 and 4 weeks old, the adult-only pericardial cora-knockdown flies displayed
a trend of progressive heart tube widening relative to control flies (Figures 2M and 2N) over
the same period. These cardiac alterations phenocopied that seen in flies that bear similar
genetic manipulations of pericardial Cora levels throughout their life cycle (Figures 2G-2J).
Collectively, these data reveal an important direct role of Cora in the PCs on proper cardiac
performance.

Cora Is a Functional Effector of ROS Signaling in Pericardial Cells

Our above-described cardiac defects attributed to pericardial cora knockdown or
overexpression are reminiscent of that seen in hearts with reduced or enhanced pericardial
ROS signaling, respectively (Lim et al., 2014). Together with the expression studies (Figures
1, S1, and S2), we posit that Cora serves as a functional effector of ROS signaling in PCs. To
test that, we examined the epistatic relationship between ROS and Cora, first by asking
whether reintroduction of Cora in PCs could rescue the cardiac dysfunction resulting from
the lowering of pericardial ROS levels. Indeed, overexpression of Cora* specifically in PCs
that also overexpressed catalase (Dot-Gal4 > catalase, coracle™) markedly improved the
heartbeat irregularities and HP increase that were associated with the pericardial
overexpression of catalase alone or with GFP, at 1 and/or 4 weeks old (Figures 3A-A”, 3B,
and 3C). Co-overexpression of Cora* and catalase in PCs also significantly corrected the
reduced diastolic diameter (Figure 3D) and systolic diameter (Figure 3D") that were seen in
flies bearing the pericardial overexpression of catalase alone or with GFP at 1 week old.

To further determine that corais epistatic to ROS in PCs, we assessed whether the cardiac
abnormalities associated with supra-physiological levels of pericardial ROS can be rescued
by concomitantly suppressing Cora level using two separate heterozygous cora mutations
(coracle® and coracle®). We first analyzed the adult heart function of coracle®* and
coracle®”* flies and detected cardiac abnormalities that were reminiscent of those seen in the
pericardial cora-knockdown flies (Figure 2), including significant increases in the Al (Figure
3F) and HP (Figure 3G) relative to control flies. Moreover, the expanded heart tube
phenotype seen in the pericardial cora-knockdown flies during late adulthood (4 weeks;
Figures 21 and 2J) was already evident in 1-week-old coracle®* and coracle®* flies and
became more pronounced by 4 weeks of age (Figures 3H and 3I). Importantly, we found that
the coraalleles were sufficient to significantly (coracle) or partially (coracle®) restore the
normal heart rhythm (Figures 3E-3E” and 3F) and HP (Figure 3G) of hearts bearing the
pericardial silencing of catalase at 1 week old. Additionally, at 1 week old, the coracle® or
coracle® mutation significantly restored the normal morphology (diastolic and systolic
diameters) of the pericardial cata/ase-knockdown hearts (Figures 3H and 31). At 4 weeks
old, the pericardial catalase-knockdown hearts, like the cora-knockdown hearts (Figures 21
and 2J), continued to be more constricted than the control heart; however, this heart tube
thinning phenotype could be improved in the presence of coracle? (significantly in the case
for diastolic diameter) or coracle® heterozygosity (Figures 3H and 3I). In sum, these data
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suggested that Cora is critical for the paracrine effects of pericardial ROS on cardiac
physiology.

Cora Acts Downstream of D-p38 Signaling in Pericardial Cells to Regulate Normal Cardiac

Function

We have previously shown that ROS control the activity of D-p38 in PCs to elicit the
paracrine modulation of CM function (Lim et al., 2014). To investigate whether Cora also
acts downstream of D-p38 in the governance of CM function from the PCs, we first
determined whether Cora amounts in the PCs could be regulated by D-p38 activity, by
assessing whether loss of the two Drosophila p38 genes, D-p38aand D-p38b, could alter
Cora content in PCs. Indeed, we found that the overexpression of a dominant-negative form
of D-p38b (D-p386PM resulted in diminished amounts of Cora in PC surfaces relative to
control PCs as that seen in the catalase-overexpressing PCs (by ~40% for D-p38bPN and
~50% for catalase overexpression; Figures S4A-SAC and S4E). Moreover, there was a
visible reduction in peripheral Cora level in the PCs of 7-day-old D-p38a,b6 double-mutant
hearts (by ~60% compared with wild-type hearts; Figures S5A and S5C). Therefore, p38
signaling, like ROS, is important in maintaining normal levels of Cora in the PCs.

To determine whether p38 signaling mediates the ROS modulation of normal Cora levels in
PCs, we found that diminished levels of Cora in the periphery of the catalase-overexpressing
PCs compared with control PCs (Figures S4A and S4B) could be partially yet significantly
restored by the co-overexpression of a wild-type D-p38b6* transgene (Dot-Gal4 > catalase,
D-p38b*; Figures S4B, S4D, and S4E). Conversely, in catalase- silenced PCs, which
exhibited a robust increase in pericardial Cora content relative to control PCs (by ~1.9-fold;
Figures S4F, S4G, and S4J), overexpression of D-p386°N significantly suppressed the
accumulation of Cora (compare Figures S4G, S4l, and S4J). These results suggested that
ROS act through D-p38 signaling to regulate normal levels of Cora in PCs.

We further examined the functional relationship between D-p38 signaling and Cora in
regulating CM function from PCs. We have previously shown that inhibition of D-p38
signaling in PCs led to cardiac defects that mimicked those seen in hearts with diminished
pericardial ROS concentrations, including deterioration of normal cardiac rhythm and heart
tube remodeling (initial narrowing of heart tube followed by heart tube expansion) at 1 and 4
weeks old (Lim et al., 2014). Hence, we reasoned that if Cora functions downstream of D-
p38 in PCs, the cardiac abnormalities caused by impaired or enhanced D-p38 signaling
activity should be rescued by Cora upregulation or cora deficiency, respectively. Indeed,
replenishment of Cora amount in the D-p386°N-overexpressing PCs, via overexpression of
Cora*, rescued the deterioration in heartbeat regularity caused by impaired pericardial D-
p38 signaling to a level comparable with that of the control at 1 week old (Figures SAK-S4K
” and S4L). In addition, we found that overexpression of D-p38b6 specifically in PCs,
although not eliciting an obvious increase in Cora content compared with control PCs
(Figures S4F, S4H, and S4J), caused a significant reduction in diastolic and systolic
diameters compared with control flies at 1 week old, which could be corrected by a
heterozygous coracle® or coracle® mutation (Figure S4M). Collectively, these genetic
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interaction data positioned Cora functionally downstream of ROS-D-p38 signaling cascade
in PCs.

The Abundance of Kune in Pericardial Cells Is Controlled by ROS-D-p38-Cora Signaling

Level

Our results revealed that in addition to Cora, another SJ protein, Kune, was regulated by
ROS in PCs (Figures 1, S1, and S2). We therefore determined whether Kune level in PCs
could also be regulated by D-p38 and Cora. We observed that Kune abundance was
significantly enhanced in the PCs of D-p38a,b double-mutant hearts compared with wild-
type hearts (by~2.5-fold; Figures SSD-S5F) and in PCs that overexpressed D-p386°N
compared with control PCs at 7 days of adulthood (by ~30%; Figures 4A-4B” and 4D).
Conversely, D-p38*-overex-pressing PCs displayed moderately reduced quantities of Kune
in their peripheries compared with control PCs (by ~25%; Figures 4A, 4A’, 4C, 4C’, and
4D). We next examined whether Cora, which we established to be a downstream mediator of
ROS-D-p38 signaling (Figures 3 and S4), also regulates Kune level or vice versa in PCs,
given that both are known to be in close physical proximity as components of the SJ
complex (Oshima and Fehon, 2011). We observed that the coracle™* and coracle®”*
heterozygous hearts exhibited gains in pericardial Kune levels relative to wild-type hearts
(by ~2- to 2.5-fold; Figures S5G-S5J). Moreover, there was an increase in Kune levels in
cora-silenced PCs compared with control PCs (by ~55%; Figures 4E-4F" and 4H).
Conversely, we detected a decrease in Kune content in the Cora*-overexpressing PCs
relative to control PCs (by ~35%; Figures 4E, 4E’, 4G, 4G’, and 4H). Therefore, Cora, like
ROS and D-p38, is crucial in maintaining normal Kune quantities in PCs. In contrast, loss-or
gain-of-function manipulation of Kune in PCs did not appear to affect normal Cora level
(Figures 41-4L), suggesting that Kune does not reciprocally affect Cora amount in PCs.

We further investigated whether the ROS control of Kune abundance is mediated through
Cora. For that, we determined whether the reduced quantity of Kune seen in PCs with
elevated ROS levels (and consequently heightened Cora levels) could be rescued by the
concomitant blunting of Cora levels in those PCs. Indeed, we found that whereas PC-
specific silencing of catalase significantly diminished pericardial Kune levels compared with
control PCs (by ~70%; Figures S6A, S6B, and S6E), Kune levels were restored to 65%-80%
of the normal levels in the presence of heterozygous cora mutation (PC-specific catalase’*NA!
in coracle’ or coracle® background) (Figures S6C-S6E), suggesting that ROS act through
Cora to maintain normal levels of Kune in the PC surfaces.

Kune Acts Downstream of ROS-D-p38-Cora in Pericardial Cells to Regulate Cardiac

Function

Cora is a SJ protein that localizes to the cytosolic face of the plasma membrane (Fehon et
al., 1994; Ward et al., 1998). Therefore, for Cora in the PC to modulate CM function in a
paracrine manner, it is likely to act indirectly through another factor, for instance a
transmembrane protein residing in the surface membrane of PCs that can directly engage the
CMs. As Kune is a trans-membrane protein (Nelson et al., 2010), and its content in the
surfaces of PCs was found to be regulated by ROS-D-p38-Cora level, it is conceivable that
Kune serves as a functional effector of ROS-D-p38-Cora signaling axis in PCs. To test this
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possibility, we first examined whether CM function was affected by decreasing Kune level
specifically in PCs (by ~30% compared with control PCs; Figures 5A-5B and 5D). We
found that relative to control flies, the kune-knockdown flies exhibited increased heart
arrhythmicity (Figures 5E, 5E”, 5F, and 5F ) that reached significance at 3 weeks old
(Figure 5G), as well as significant reductions in the heart tube dimensions at 1 and 3 weeks
old (Figures 5H and 5I). These cardiac defects are reminiscent of those deficits displayed by
hearts with increased Cora levels (Figure 2), elevated ROS concentrations (Figure 3; Lim et
al., 2014), and heightened D-p38 activity (Figure S4; Lim et al., 2014) in PCs. On the other
hand, hearts with PC-specific overexpression of kune”, which increased Kune abundance by
~55% compared with control PCs (Figures 5A, 5A", 5C, 5C”, and 5D), displayed an
increased frequency of irregular heartbeats (Figures 5E”, 5F”, and 5G) and significant
increases in HP (Figure 5F”) compared with control hearts (Figures 5E-5G) at 1 and 3
weeks old. The diastolic and systolic diameters of the kune*-overexpressing hearts were
comparable with those of control hearts at 1 week old but became significantly greater than
control hearts at 3 weeks old (Figures 5H and 51), thus exhibiting a trend of progressive
heart tube widening over time. In all, these cardiac deficits mimic those seen in hearts with
reduced Cora content (Figure 2), decreased ROS concentrations (Figure 3; Lim et al., 2014),
and blunted D-p38 activity (Figure S4; Lim et al., 2014) in PCs. Therefore, there is a close
correlation between pericardial Kune abundance changes and heart function alterations in
both young (1 week old) and old (3—4 weeks old) flies. Collectively, our findings are
consistent with the notion that Kune serves as a functional effector of ROS-D-p38-Cora
signaling in PCs.

To further investigate whether adult-only alterations in pericardial Kune level also elicit CM
functional changes, like that seen for adult-only pericardial Cora changes (Figures 2K-2N),
we inhibited or overexpressed Kune in PCs only at the onset of adulthood, followed by heart
functional analyses at about 1 and/or 4 weeks subsequent. We detected significant
deterioration of heartbeat regularity in these flies compared with control flies at 4 weeks old
(Figure 5J). In addition, adult-only pericardial kune-silenced flies exhibited chronic
narrowing of the heart tube, with significant reduction in both diastolic and systolic
diameters compared with control flies at 1 and 4 weeks old (Figures 5K and 5L). On the
other hand, whereas adult-only Kune-overexpressing flies exhibited diastolic and systolic
diameters that were significantly lower than those of control flies at 1 week of age, both the
diastolic and systolic dimensions were comparable with those of control flies at 4 weeks old
(Figures 5K and 5L), thus indicative of a progressive heart tube expansion phenotype.
Together, these results mimic those observed in flies bearing similar genetic manipulations
of pericardial Kune levels throughout their life cycle (Figures 5G-5I), thereby identifying an
important direct role of Kune in PCs on heart function regulation.

To establish that Kune elicits the ROS-D-p38-Cora signaling in PCs on CM regulation, we
investigated whether the cardiac deficits associated with the gain of Cora in PCs, which
caused a decrease in pericardial Kune levels compared with control PCs (by ~50%; Figures
S6F, S6F’, and S6G), could be rescued by co-overexpressing Kune (Figures S6F, S6F”, and
S6G). Indeed, the Dot-Gal4 > coracle”, kune™ flies restored the increased heart arrhythmia
(Figures S6H-S6H”, S61-S61”, and S6J), lowered HP (Figures S61-S61” and S6K), and
reduced diastolic and systolic diameters (Figure S6L) that were associated with the Dot-
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Gal4 > coracle™ flies to normality. In sum, these results strongly support Kune as a
functional effector of ROS-D-p38-Cora signaling control of normal cardiac function from
the PCs.

Next, we asked whether other SJ proteins, even though their protein abundances were not
under the control of ROS level in PCs (Figure S1), could also confer the ROS regulatory
effects on cardiac function. If that is the case, concomitant silencing of these genes and
catalase in the PCs would alter the cardiac phenotypes exhibited by the pericardial catalase-
silenced hearts. The RNAi-mediated knockdown of nrv2and nrx-1V specifically in PCs
yielded approximately 90% and 40% reduction in transcript levels, respectively (Figures
S7A and S7B). When we silenced nrv2or nrx-1V with catalase in the PCs, we detected no
significant difference in the cardiac arrhythmicity in the double-knockdown hearts compared
with the pericardial catalase-silenced hearts (Figure S7C). Moreover, the diastolic and
systolic dimensions exhibited by the double-knockdown hearts were comparable with the
pericardial catalase-silenced hearts (Figures S7D and S7E). These results suggest that
although alterations of other SJ proteins such as Nrv2 or Nrx-1V could affect proper heart
function (Yi et al., 2008), their effects are independent of pericardial ROS signaling
function. These data further corroborate the notion that ROS-based paracrine regulation of
CM function is selectively driven by Cora and Kune.

Kune Regulates Its Own Level between Neighboring Cells in the Heart but Not in the

Epithelia

We further wonder how Kune in the surfaces of PCs could influence CM performance. One
possibility is by modulating Kune abundance in CMs. To address that, we targeted Kune
overexpression in the PCs with either Dot-Gal4 (Figures S8A and S8B, arrows) or Sns-Gal4
(Figures S8C and S8D) and observed moderate but detectable increases in Kune abundance
in CMs (outlined by dotted lines in Figures SBA-S8D). Likewise, using Hand-Gal4, a driver
that directs gene expression specifically in the CMs during both larval (data not shown) and
adult stages (Figures S8E and S8E”), and another heart-specific driver, 7inC- D4-Gal4
(hereinafter termed 7/nC-Gal4) (Lo and Frasch, 2001), to overexpress Kune, we detected
higher levels of Kune in PCs compared with control PCs (Figures S8F, S8G, S8I, and S8J,
arrows), up to 25% and 28% elevation, respectively (Figures S8L and S8M). Conversely,
Hand-Gal4- or TinC-Gal4-mediated knockdown of Kurne was accompanied by a reduction in
pericardial Kune level relative to control PCs (Figures S8F, S8H, S8l, and S8K, arrows), up
to 45% and 32% reduction, respectively (Figures S8L and S8M). These results suggested
that pericardial Kune and myocardial Kune positively regulate each other’s level between the
PCs and CMs. To further examine whether the observed phenomenon of Kune in one cell
type affecting Kune level in another cell also occurs in tissues other than the heart, we
generated Kune-overexpressing clones in the larval imaginal discs randomly using the heat
shock Flip-out system (Struhl and Basler, 1993) (Figures S8N and S8M). The Kune-
overexpressing clones, marked by eGFP expression, displayed an upregulation in Kune level
as expected in both the eye and wing discs, but wild-type cells bordering the clones showed
no detectable changes in Kune level (Figures SSN’, S8N”, S8M’, and S8M”). Therefore,
Kune does not appear to elicit non-autonomy in the epithelia.
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Normal Level of Kune in Pericardial Cell or Cardiomyocyte Is Essential for Normal Cardiac

Function

Our results so far indicate that Kune residing in the PC surface modulates Kune abundance
in the CMs, and we further asked whether that could be important in the maintenance of
proper cardiac performance. If so, we reasoned that the manipulations of Kune directly in
the CMs would generate cardiac phenotypes recapitulating those seen with the
manipulations of Kune in PCs. To test that, we first overexpressed kune” directly in the CMs
using Hand-Gal4 and TinC-Gal4, followed by analysis of adult cardiac contractility. Our
results showed that hearts bearing the CM-specific overexpression of Kune phenocopied the
PC-specific Kune-overexpressing hearts by eliciting significant increases in Al and
progressive heart tube widening from young to old age (Figures 6A—6A"). For instance,
both the diastolic and systolic diameters of the PC-specific Kune-overexpressing hearts were
comparable with those of control hearts at 1 week old, but became significantly greater than
control hearts at 3 weeks old (Figures 6A” and 6A”). Following a similar trend, both the
diastolic and systolic dimensions of the CM-specific Kune-overexpressing hearts were lower
than that of control hearts at 1 week old but became comparable with that of control hearts at
3 weeks old (Figures 6A" and 6A”). On the other hand, the Hand-Gal4- or TinC-Gal4-
specific kune-knockdown (Hand-Gal4 > kune®NA! and TinC-Gal4 > kune®NA) hearts
phenocopied hearts with the PC-targeted silencing of kune, as both caused significant
elevations in Al and reductions in diastolic and systolic diameters at 1 and/or 3 weeks old
(Figures 6B—6B"). Taken together, these results showed that PC Kune and CM Kune act in a
similar manner to regulate CM function.

Perturbation of ROS, Cora, or Kune Level Disrupts Pericardial Surface Morphology

PCs have been characterized as the insect nephrocytes on the basis of their analogous
features with vertebrate podocytes. We are curious about whether these features, which
include the labyrinthine channels and slit diaphragm, could be affected by physiological
ROS signaling pathway in PCs. We therefore inhibited pericardial ROS signaling by
overexpressing catalase or knocking down cora, as well as knocking down kune specifically
in PCs followed by ultrastructural analysis of PCs. As shown by our transmission electron
micrographs, all the control PCs examined exhibited labyrinthine channels across nearly the
entire surface and with the slit diaphragms flanking the mouth of each channel (Figures 7A,
7A’, and 7G, arrows). On the other hand, about half of the catalase-overexpressing PCs
examined displayed normal surface morphology (Figures 7B, 7B’, and 7G), while the other
half showed abnormal surface features, which include labyrinthine channel breakdown, loss
of slit diaphragms, and a smoothing of the cell surface (Figures 7C, 7C’, and 7G). Among
the cora-knock-down PCs examined, about 67% of the cells displayed normal surface
morphology (Figures 7D, 7D’, and 7G), while 33% exhibited abnormal surface morphology
(Figures 7E, 7E’, and 7G). Last, all kune-knockdown PCs examined showed a loss of
peripheral labyrinthine channels and slit diaphragm as well as cellular surface smoothing
(Figures 7F, 7F’, and 7G). Collectively, our results indicate that alteration of physiological
ROS, Cora, or Kune concentration in PCs aberrantly affects PC nephrocyte surface
histology. Of note, the basement membrane surrounding catalase-overexpressing, cora
knockdown, and kune-knockdown PCs appeared unaffected compared with control PCs, in
terms of the thickness and uniformity along the entire PC (Figures 7A-7F").
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DISCUSSION

On the basis of the results of our study, we propose a model for the ROS-mediated paracrine
regulation of cardiac physiology (Figure 6C). In PCs, physiological ROS-p38 level (Lim et
al., 2014) governs Cora amount, which in turn regulates the level of Kune in the cellular
surface. Peripheral Kune then directs the abundance of Kune in the CMs, which is essential
for proper myocardial function and morphology. As a result, lowering of ROS-p38 signaling
to sub-physiological level in PCs reduces pericardial Cora level and heightens pericardial
Kune level, thereby raising Kune in CMs to a level that is detrimental to normal cardiac
function. Conversely, elevating ROS-p38 signaling to supra-physiological level in PCs
increases pericardial Cora quantity and diminishes pericardial Kune content, thereby
suppressing Kune in the CMs to a level that perturbs normal heart function.

Our findings suggest that Cora and/or Kune serve dual roles as structural elements of the SJ
complex and as downstream effectors of ROS signaling. Such a dual function of Cora or
Kune is unexpected but perhaps not unprecedented. The signaling role of Cora and Kune as
core SJ components appears analogous to that of Arm as a core AJ component. Within the
AJ, Arm mediates cell-cell adhesion and anchoring of the actin cytoskeleton. However, upon
activation by Wingless, the Drosophilahomolog of Wnts, Arm accumulates in the cell and
serves as a key effector of Wingless signal transduction (Peifer, 1995). In the case of Cora
and Kune in the PCs, in response to the ROS signal, p38 is activated which then regulates
the abundance and/or activity of these two individual SJ proteins. We therefore propose that
Cora and/or Kune in the SJ have parallel functions as Arm in the AJ in that they serve as a
structural component of the junctional complex and as downstream effector of signaling
pathways.

Our results indicate that Kune level in the PC affects Kune level in the CM (Figure 6C);
however, the underlying mechanism is unclear. One possibility is that pericardial Kune and
cardiomyocyte Kune homotypically interact. In this scenario, one would predict that Kune is
likely localized at the cell-cell interface. We did not observe this; however, it does not
necessarily rule out the homotypic interaction hypothesis. It is possible that in addition to
engaging in homotypic interaction to mediate ROS signaling, other obligations of Kune may
cause Kune to become more evenly distributed across the cells. For instance, Kune might be
involved in the nephrocytic activity of PCs, and hence localization of Kune all over the cell
surface is essential to promote the uptake of materials from the hemolymph into PCs. In the
myocardium, Kune might be involved in the synchronous contraction of the CMs, a process
that could be facilitated by the uniform localization of Kune across the entire CM surface.
Alternatively, Kune interaction between the pericardial and cardiac cells might not involve
their direct homotypic interaction but rather be mediated by the basement membrane that
resides between PCs and CMs, at least in certain regions of the fly heart (Hughes and
Jacobs, 2017; Rotstein and Paululat, 2016). In addition, an aberrant change in the pericardial
nephrocyte morphology caused by loss of pericardial Kune (Figure 7) might also alter Kune
level in the CM. Last but not least, paracrine factors could be released from the PC in a
Kune-controlled manner, which then influence Kune level in the CM. Regardless of whether
intercellular Kune interaction occurs via direct cell-cell contact or indirect mechanisms, our
results have demonstrated an interesting phenomenon by which the maintenance of normal
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Kune abundance in CMs by its pericardial counterpart is essential for proper adult cardiac
morphology and physiology. This further raises the question as to how Kune acts in CMs to
control proper cardiac performance and morphology. One possibility is that Kune regulates
ion channel level and/or activity in the CM plasma membrane, such as the transient receptor
potential (TRP) family of Ca2* channels. As such, alterations in the CM Kune level could
perturb intracellular Ca2* homeostasis, thereby disrupting proper cardiac contractility and
structure. These possibilities remain to be investigated in future studies.

In summary, our findings reveal that select SJ proteins can act as signaling effectors and
suggest that the SJ, like the AJ, could serve to organize signaling centers. Our work also
provides important insights into the essential mechanisms of ROS-mediated non-myocyte-
myocyte signaling interactions, a process that appears to be conserved between invertebrates
and vertebrates.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Hui-Ying Lim (hlim@ouhsc.edu). This study did not generate
new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila stocks were maintained at 25°C on a standard food recipe based on the
Bloomington Drosophila stock center (Cornmeal, Soy Flour, Inactivated yeast, and agar).
Flies were maintained on a 12 h light/dark cycle. All fly stocks used in this study are
outlined in the Key Resources Table. For all heart immunostaining analyses, equal numbers
of female and male hearts were dissected and examined. For optical imaging of adult hearts,
~30 female flies per genotype were analyzed. The age of flies for a given experiment is
shown either in the corresponding figure, figure legend or text. For the temperature shift
treatments of flies to induce transgene expression only during the adult phase (from newly-
eclosed adults to 1- or 4-week-old adults), parental crosses were set up at 17°C. All
subsequent processes (egg-laying, egg-hatching, larvae rearing, pupation) were maintained
at 17°C until the eclosion of adult flies. The newly-eclosed adults were then collected on
standard food vials, after which vials were transferred to 29°C. Adult flies were reared at
29°C for 1 week or 4 weeks before being analyzed for their cardiac function. All the
overexpression and RNAI knockdown genotypes in this study are of the combination
Gal4/+;UAS/+except for the kune knockdown flies, which is of the combination Gal4/
UAS,; UAS/+for v108440 and v3961.

METHOD DETAILS

Immunostaining—Third instar wandering-stage larvae and adult female flies (7-21 days
old) were collected and dissected in PBS. Hearts were fixed in two different ways for
different purposes — for sharper immunosignals in the PCs, hearts were fixed with a solution
comprising picric acid/glacial acetic acid/formaldehyde in a ratio of 15:1:5 for 15 min at
room temperature. For stronger immunosignals in the myocardium, hearts were fixed with
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3.7% paraformaldehyde solution (freshly prepared) for 15 min at room temperature. After
washing in PBS plus 0.1% Triton X-100 (PBT), the fixed hearts were incubated overnight at
4°C with primary antibodies diluted in PBT. Hearts were then washed with PBT and
incubated for 2 hours at room temperature with the appropriate fluorescence-conjugated
secondary antibodies (Jackson ImmunoResearch) diluted in PBT. Hearts were then washed
again with PBT and mounted in ProLong Gold anti-fade reagent. Samples were examined
under a laser confocal microscope (Olympus FVV1000). The following reagents were used
for immunostaining: from the Developmental Studies Hybridoma Bank - mouse anti-Cor
C566.9c and ¢615 at 1:500, mouse anti-Nervana Nrv5F7 at 1:50, mouse anti-Disc large at
1:50, mouse anti-Armadillo at 1:50, mouse anti-ERM-1 at 1:100, and mouse anti-Talin
E16B at 1:100. Other antibodies include rabbit anti-Kune at 1:500 (gift from Greg Beitel,
Northwestern University, Evanston and Mikio Furuse, NIPS, Japan), rabbit anti-Sinu at
1:100 (gifts from Greg Beitel, Northwestern University, Evanston), rabbit anti-megatrachea
at 1:100 (gift from Reinhard Schuh, Research Group Molecular Organogenesis, Germany),
and rabbit anti-Neurexin-1V at 1:100 (gift of Manzoor Bhat, UT San Antonio, Texas).
Secondary antibodies labeled with Cy3 or FITC (Jackson Immunoresearch Laboratories).

Fly heartbeat analysis—Cardiac contractility measurements on semi-intact preparations
of fly hearts were performed as described previously (Fink et al., 2009). High-speed 30 s
movies were recorded at a rate of > 150 frames per second using a Hamamatsu CCD camera
on a Nikon 80i upright microscope with a 10x dipping immersion lens. The images were
processed using Simple PCI imaging software (Compix Inc.). M-modes and quantitative
data were generated using a MATLAB-based image analysis program (Fink et al., 2009). To
generate the M-mode figures, a single pixel-wide column was selected from the most
posterior portion of the adult heart at the abdominal A3 segment that encompassed both
edges of the heart tube. The corresponding columns were cut from all movie frames and
aligned horizontally according to time. Heart periods (HP) or heartbeat lengths were defined
as the time between the ends of two consecutive diastolic intervals. The arrhythmia index
(Al) was defined as the standard deviation of all recorded HPs for an individual fly,
normalized to the median HP to compensate for variability between flies (Ocorr et al.,
2007a). Diastolic and systolic diameters represent the relaxed and contracted state of the
heart tube, respectively. Measurements were made in the exact same location in abdominal
segment A3. High-speed 30 s movies were recorded at a rate of > 150 frames per second
using a Hamamatsu CCD camera on a Nikon 80i upright microscope with a 10x dipping
immersion lens. The images were processed using Simple PCI imaging software (Compix
Inc.). M-modes and quantitative data were generated using a MATLAB-based image
analysis program (Fink et al., 2009).

ROS detection—ROS detection with dihydroethidium (DHE) dye (Molecular Probes,
Invitrogen) was performed using a published method (Owusu-Ansah and Banerjee, 2009),
with minor modifications. In brief, adult fly hearts were dissected and cleaned in freshly
prepared PBS and removed from the cuticle. Hearts were incubated with 30 uM DHE
(freshly reconstituted in anhydrous DMSO and diluted in PBS) for 7-10 min at room
temperature (RT) in the dark, washed three times with PBS for 5 min each in the dark, and
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then fixed for 5 min with 7% paraformaldehyde (PFA). Hearts were mounted in ProLong
Gold anti-fade reagent (Invitrogen) and examined under a laser confocal microscope (Zeiss).

Confocal Imaging and Image Analysis—Confocal imaging was performed with an
Olympus FV1000 confocal microscope using a x20 air objective or x40 oil objective. The
x20 objective was used to obtain primary images by taking z sections (each section 1-2 pm)
from top to bottom of the hearts followed by projection of all z sections. The x40 objective
was used to obtain images by taking z sections (each section 1-2 um) from top to bottom of
the hearts. The middle section from among the z stacks was selected and presented as a
single optical section as the inset. For quantification of the pericardial SJ protein
fluorescence and the pericardial ROS fluorescence, approximately 10 pericardial cells were
analyzed from each of three adult flies per genotype. Mean intensity for each genotype is
normalized to that of the control (set at 1.0). ImageJ Software Version 7.0 was used for
image processing and quantification.

Transmission electron microscopy—1-week old adult Drosgphila hearts of the
respective genotypes were dissected and fixed with 4% Paraformaldehyde (EM grade), 2%
Glutaraldehyde (EM grade), in 0.1M Sodium Cacodylate buffer pH 7.3 for 24 hours at room
temperature on a rocker. Samples were then post fixed for 90 minutes in 1% Osmium
tetroxide (OsOy) in 0.1M Sodium Cacodylate buffer pH 7.3, and rinsed three times for five
minutes each in 0.1M Sodium Cacodylate buffer pH7.3. Samples were stored in 0.1M
Sodium Cacodylate buffer pH7.3 overnight on a rocker. The samples were then dehydrated
in a graded acetone series. The acetone gradient was as follows; 50%, 60%, 75%, 85%,
95%, 100%. The hearts were in each concentration for 15 minutes on a rocker. Then the
samples had two 15 minute treatments in 100% Propylene Oxide. Following dehydration,
the samples were infiltrated in a graded Epon/Araldite (EMS) resin/Propylene Oxide series
(1:3, 1:1, 3:1) for 60 minutes, overnight, and 120 minutes the following day respectfully.
The samples were further infiltrated with pure resin for 45 minutes, 90 minutes, and then
overnight. The hearts were then embedded in resin plus BDMA (accelerator) and
polymerized at 60° C for 48 hours. Ultrathin sections were stained with Sato’s Lead and
Saturated Uranyl Acetate in 50% methanol before viewing on a Hitachi H7600 Transmission
Electron Microscope.

Generation of clones and imaginal disc staining—To generate kune* clones that co-
overexpress the GFP marker, flies of the genotype y hsp70-flp; Tub > GFP, y+ > Gal4,
20XUAS.6XGFP were crossed to flies of the genotype y; UAS-kune+ (UAS-transgene on I1)
balanced over the linked 2;3 chromosome balancer (CyO-TM6B). Clones were generated by
heat shocking first or second instar larvae at 37°C for 15 minutes. Third instar larvae were
subsequently dissected and their wing and eye imaginal discs fixed and stained by standard
procedures (Zecca and Struhl, 2007a, 2007b), using rabbit anti-Kune at 1:500.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as the mean = SEM of the indicated number of replicates. Data were
analyzed using the two-tailed Student’s t test and p < 0.05 was considered statistically
significant. Student’s two-tailed unpaired t test assuming equal variance.
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DATA AND CODE AVAILABILITY

This study did not generate/analyze dataset/code.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Cora and Kune are septate junction proteins with a non-barrier role in
Drosophila

Cora and Kune levels are controlled by ROS-p38 signaling in pericardial cells
(PCs)

Cora and Kune mediate ROS-p38 signaling in PCs to maintain proper heart
function

Kune regulates its expression between adjacent cells in the heart but not in
epithelia
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Figure 1. ROS Control Cora and Kune Levels in Pericardial Cells (PCs)
(A-C and E-G) Representative confocal images (20x) of Cora staining (red, A—C) and Kune

staining (red, E-G) in fixed heart preparations from 14-day- old control flies (A and E), flies
with PC-specific overexpression (B and F) or knockdown of catalase (C and G). For each
heart, a representative PC (yellow box) is shown in a magnified (40x) blowout box in (A")-
(C") and (E")-(G"). Arrow denotes the same position of the PC in each yellow box and the
corresponding blowout box. Dotted lines outline the myocardial tubes. Scale bar, 50 um.

(D and H) Graphical quantification of pericardial Cora (D) and Kune (H)
immunofluorescence with the mean intensity for each genotype normalized to that of control
(Dot-Gal4; set at 1.0). For each genotype, approximately 10 PCs were analyzed from each of
three adult flies.
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Figure 2. Loss- or Gain-of-Function of Cora in Pericardial Cells (PCs) Elicits Cardiac
Dysfunction

(A-C) Representative confocal images (20x) of Cora staining (red) in fixed heart
preparations from 1-week-old control flies (A), flies with PC-specific knockdown of cora
(B), or overexpression of wild-type cora (C). For each heart, a representative PC (yellow
box) is shown in a magnified (40x) blowout box in (A"), (B”), or (C”). Arrow denotes the
same position of the PC in each yellow box and the corresponding blowout box. Dotted lines
outline the myocardial tubes. Scale bar, 50 um.

(D) Graphical quantification of Cora immunofluorescence in PCs with the mean intensity for
each genotype normalized to that of the control (Dot-Gal4, set at 1.0). For each genotype,
approximately 10 PCs were analyzed from each of three adult flies.

(E-F") Representative 5 s M-mode traces (E-E”) and combined histograms showing the
distribution of heart period (HP; F=F") from 1-week-old flies of the indicated genotypes.
Arrows indicate the broader distribution of HPs (F” and F") compared with control (F). N in
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histograms indicates the number of flies analyzed. (G-J) Al (G), HP (H), and diastolic (I)
and systolic (J) diameters in 1- and 4-week-old flies.

(K-N) Al (K), HP (L), and diastolic (M) and systolic (N) diameters in 1- and 4-week-old
flies of the indicated genotypes. Results are mean + SEM of 2040 flies; p values are from
Student’s t test.
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Figure 3. Cora Acts Downstream of ROS in Pericardial Cells (PCs) to Regulate Cardiac

Function

Page 25

(A-A") Representative 5 s M-mode traces from 1-week old control flies (A), flies with PC-
specific overexpression of catalase (A”), and flies with PC-specific co-overexpression of

catalase and Cora (A”).

(B-D") Al (B), HP (C), and diastolic (D) and systolic (D) diameters in 1- and/or 4-week-

old flies. Results are mean + SEM of 30-40 flies; p values are from Student’s t test.

(E-E”) Representative 5 s M-mode traces from 1-week-old control flies (E), flies with PC-
specific knockdown of catalase (E”), or flies with PC-specific knockdown of catalase and

/).

are heterozygous for a coracle mutation (E”

(F-1) Al (F), HP (G), and diastolic (H) and systolic (I) diameters in 1- and 4-week-old flies

of the indicated genotypes. Results are mean + SEM of 30-40 flies; p values are from

Student’s t test.
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Figure 4. D-p38 and Cora Regulate Kune Content in Pericardial Cells (PCs)
(A-L) Representative confocal images (20x) of Kune and Cora staining (red) in fixed heart

preparations from 7-day-old (A-D) or 14-day-old (E-L) flies of the indicated genotypes. In
all cases, a representative PC within each heart tube (yellow box) is shown in a magnified
(403) blowout box in (A")—(C"), (E")~(G"), and (1")~(K"). Arrows denote the same position
of the PC in each yellow box and the corresponding blowout box. Dotted lines indicate the
boundary between PCs and the neighboring myocardial tubes. Scale bar, 50 pm.

Graphical quantification of pericardial Kune (D and H) or Cora (L) immunofluorescence in
adult hearts with the mean intensity for each genotype normalized to that of the control

(Dot-Gal4; set at 1.0). For each genotype, approximately 10 PCs were analyzed from each of
three adult flies.
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Figure 5. Loss- or Gain-of-Function of Kune in Pericardial Cells (PCs) Causes Cardiac
Dysfunction
(A-C) Representative confocal images (20x) of Kune staining (red) in fixed heart

preparations from 7-day-old control flies (A), flies with PC-specific knockdown of kune (B),
and flies with PC-specific overexpression of wild-type Kune (C). In all cases, a
representative PC within each heart tube (yellow box) is shown in a magnified (40x)
blowout box in (A"), (B”), or (C"). Arrows denote the same position of the PC in each
yellow box and the corresponding blowout box. Dotted lines indicate the boundary between
PCs and the neighboring myocardial tubes. Scale bar, 50 pum.

(D) Graphical quantification of pericardial Kune immunofluorescence in adult hearts with
the mean intensity for each genotype normalized to that of the control (Dot-Gal4; set at 1.0).
For each genotype, approximately 10 PCs were analyzed from each of three adult flies.
(E-F”) Representative 5 s M-mode traces (E-E”) and combined histograms showing the
distribution of HP (F-F”) from 1-week-old flies of the indicated genotypes. Arrows in
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combined histograms (F” and F”) indicate the broader distribution of HPs compared with
control (F). N in histograms indicates the number of flies analyzed.

(G-1) Al (G) and diastolic (H) and systolic (I) diameters in 1- and 3-week-old flies of the
indicated genotypes.

(J-L) Al (J) and diastolic (K) and systolic (L) diameters in 1- and 4-week-old flies of the
indicated genotypes. Results are mean = SEM of 2040 flies; p values are from Student’s t
test.
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Figure 6. Pericardial and Myocardial Kune Regulate Cardiac Function in a Similar Manner
(A-A") Al (A), diastolic diameter (A"), and systolic diameter (A”) in 1- and 3-week-old

control flies and flies with PC- or CM-specific overexpression of wild-type Kune.

(B-B”) Al (B), diastolic diameter (B"), and systolic diameter (B”) in 1- and 3-week-old
control flies and flies with PC- or CM-specific knockdown of kune. (C) A model of how

alterations in ROS-mediated signaling in PCs affect neighboring CM function and

morphology (see Discussion).
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Figure 7. Surface Morphology of Pericardial Cells (PCs) is Disrupted by Alterations in ROS,
Coracle, or Kune Level

(A-F) Ultrastructural morphology of PCs (2,500% magnification) in 1-week-old flies old
control flies (A), flies with PC-specific overexpression of catalase (B and C), flies with PC-
specific knockdown of coracle (D and E), or flies with PC-specific knockdown of kune (F).
In all cases, a part of the PC (yellow box) is shown in a magnified (5,000x) blowout box in
(A")=(F"). White arrows denote the electron-dense slit diaphragm in the labyrinthine
channel opening. Scale bars, 1 um (A-F) and 500 nm (A’-F").

(G) Percentage of PCs exhibiting intact labyrinthine channels and slit diaphragm uniformly
throughout their surfaces. For each genotype, five to six PCs from two flies were analyzed.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

mouse anti-Cora
mouse anti-Nervana
mouse anti-Disc large
mouse anti-Armadillo
mouse anti-ERM-1
mouse anti-Talin
mouse anti-Contactin

mouse Anti-GFP

Rabbit anti-Kune

Rabbit anti-Sinuous
Rabbit anti-Neurexin-1V
Rabbit anti-Megatrachea

Cy3-conjugated AffiniPure Donkey Anti-Mouse

19G (H+L)

Cy3-conjugated AffiniPure Donkey Anti-Rabbit

19G (H+L)

Normal Donkey Serum

Anti-Mouse, 19gG (Goat), HRP-labeled
Anti-Rabbit, 1gG (Goat), HRP-labeled

Chemicals, Peptides, and Recombinant Proteins

Dihydroethidium

DMSO

L-glucose

Sucrose

Formaldehyde

Glacial acetic acid

Picric acid

Paraformaldehyde (EM grade)
Glutaraldehyde (EM Grade)
EMS resin
N-Benzyldimethylamine (BDMA)
Uranyl Acetate

Lead Citrate

Osmium tetroxide

Acetone (EM Grade)
Propylene Oxide (EM Grade)

Developmental Studies Hybridoma
Bank

Developmental Studies Hybridoma
Bank

Developmental Studies Hybridoma
Bank

Developmental Studies Hybridoma
Bank

Developmental Studies Hybridoma
Bank

Developmental Studies Hybridoma
Bank

Developmental Studies Hybridoma
Bank

Abcam

Greg Beitel and Mikio Furuse
Greg Beitel

Manzoor Bhat

Reinhard Schuh

Jackson ImmunoResearch Labs

Jackson ImmunoResearch Labs

Jackson ImmunoResearch Labs
Perkin Elmer

Perkin Elmer

Molecular Probes, Invitrogen
Sigma

Sigma

Sigma

Fisher Scientific

Sigma

Sigma

Electron Microscopy Sciences
Electron Microscopy Sciences
Electron Microscopy Sciences
Electron Microscopy Sciences
Electron Microscopy Sciences
Electron Microscopy Sciences
Sigma

Polysciences Inc.

Polysciences Inc.

C566.9; RRID:AB_1161642 and
€615.16;RRID:AB_1161644

Nrv5F7; RRID:AB_528395

4F3; RRID:AB_528203

N2 7A1; RRID:AB_528089

ERM-1; RRID:AB_10584795

E16B; RRID:AB_10683995

3.1C12; RRID:AB_2229763

Cat# ab13970; RRID:AB_300798
Nelson et al., 2010

Wu et al., 2004

Li et al., 2007

Behr et al., 2003

Cat# 715-165-151; RRID:AB_2315777

Code## 715-165-152; RRID:AB_2307443

Code# 017-000-001; RRID:AB_2337254
NEF 822001 EA; RRID:AB_2650498
NEF 812001 EA; RRID:AB_2571640

Cat# D11347
Cat# 276855
Cat# G5500
Cat# S0389
Cat# F79-500
Cat# 1005706
Cat# 197378
Cat# 157-4-100
Cat# 111 -30-8
Cat# 13940
Cat# 103-83-3
Cat# 22400
Cat# 17800
Cat# 05500
Cat# 01921
Cat# 00236-1
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Methanol (EM Grade)

Vectashield mounting medium

Experimental Models: Organisms/Strains

wilis
UAS-catalase
UAS-sod1
UAS-sod2
UAS-D-p38bDN
UAS-coracle*
UAS-Nrx-[VRNAI
UAS-Nrv2RNAI
UAS-catalaseRNA
UAS-sod1RNA
UAS-sod2RNA
UAS-kune*
UAS-p38b*
D-p38al?
D-p38hlseA
Dot-Gal4
Sns-Gal4
Hand-Gal4
TinCA4-Gal4

yw flip; Tubulin > GFPy* > Gal4, 20XUAS.

6XGFP

Software and Algorithms

Simple PCI

MATLAB-based image analysis

Polysciences Inc.

Vector laboratories

Bloomington
Bloomington
Bloomington
Bloomington
Bloomington
Bloomington
Bloomington
Bloomington
VDRC

VDRC

VDRC

Greg Beitel
Jianming Chen
Jianming Chen
Jianming Chen
N/A

Susan Abmayr
Lauren Perrin
Rolf Bodmer
Gary Struhl

Compix

Karen Ocorr

Cat# 08032-6
Cat# H-1000

BDSC # 6326
BDSC # 24621
BDSC # 24750
BDSC # 24494
BDSC # 59005
BDSC # 16848
BDSC # 28715
BDSC # 37495
v103581

v31551

V42162

Nelson et al., 2010
Chen et al., 2010
Chen et al., 2010
Chen et al., 2010
Kimbrell et al., 2002
Zhuang et al., 2009
Leeetal., 2017

Lo and Frasch., 2001
Shearin et al., 2014

N/A
Fink et al., 2009
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