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Non-cell autonomous regulation of cell-cell signaling
and differentiation by mitochondrial ROS

Yipeng Dul®, Lei Wang'®, Lizbeth Perez-Castro?®, Maralice Conacci-Sorrell’®, and Matthew Sieber'®

Mitochondrial reactive oxygen species (ROS) function intrinsically within cells to induce cell damage, regulate transcription,
and cause genome instability. However, we know little about how mitochondrial ROS production non-cell autonomously
impacts cell-cell signaling. Here, we show that mitochondrial dysfunction inhibits the plasma membrane localization of cell
surface receptors that drive cell-cell communication during oogenesis. Within minutes, we found that mitochondrial ROS
impairs exocyst membrane binding and leads to defective endosomal recycling. This endosomal defect impairs the trafficking of
receptors, such as the Notch ligand Delta, during oogenesis. Remarkably, we found that overexpressing RAB11 restores
ligand trafficking and rescues the developmental defects caused by ROS production. ROS production from adjacent cells
acutely initiates a transcriptional response associated with growth and migration by suppressing Notch signaling and inducing
extra cellualr matrix (ECM) remodeling. Our work reveals a conserved rapid response to ROS production that links
mitochondrial dysfunction to the non-cell autonomous regulation of cell-cell signaling.

Introduction

Mitochondrial metabolism is a significant factor in disease
progression and aging (Gorman et al., 2016; Lima et al., 2022).
Defects in mitochondrial metabolism are major contributing
factors in diseases such as Alzheimer’s, Parkinson’s, cardiovas-
cular disease, metabolic syndrome, and cancer (Zhou and Tian,
2018; Vyas et al., 2016; Wang et al., 2020; Forman and Zhang,
2021). Most studies of mitochondrial dysfunction examine its
intrinsic impact on redox metabolism, calcium signaling (Cao
and Chen, 2009), apoptosis (Tait and Green, 2012; Zong et al.,
2016), and cellular damage via reactive oxygen species (ROS)
(Schieber and Chandel, 2014; Alfadda and Sallam, 2012). ROS is
thought to mediate its effects on biology by altering transcrip-
tion, causing oxidative damage to lipids and proteins, and in-
ducing DNA damage. While it has been shown that ROS can
impact developmental cell signaling pathways (Sinenko et al.,
2011; Owusu-Ansah and Banerjee, 2009, Zhang et al., 2013;
Rendra et al., 2019) in many cases, the mechanism linking
ROS production to defects in developmental signaling remains
unclear.

Most studies examining the role of ROS in developmental
signaling examine the intrinsic effect of high ROS levels on the
signaling responses within the cell (Zhang et al., 2013; Owusu-
Ansah and Banerjee, 2009; Sinenko et al., 2011; Poplawski
et al,, 2019; Chen et al., 2023). ROS are charged molecules
that cannot cross lipid membranes directly (Sies and Jones,
2020). Instead, ROS can escape cells through specific subsets

of plasma membrane channels such as Aquaporins (Hirt, 2016;
Tamma et al., 2018). Recent studies in central nervous system
(CNS) suggest that lipid oxidation and lipid transport are es-
sential contributors to the non-cell autonomous aspects of ROS
in neural degeneration and oxidative stress (Liu et al., 2015;
Toannou et al., 2019; Haynes et al., 2024). However, very little is
known about how mitochondrial dysfunction and ROS pro-
duction impact broader aspects of global protein trafficking and
cell-cell communication. As a result, surprisingly little is known
about how the corruption of mitochondrial metabolism in one
cell, non-cell autonomously, regulates cellular identity and sig-
naling in adjacent cells.

Using a combination of model system genetics and human
cell culture systems, we have found that mitochondrial me-
tabolism can regulate differentiation non-cell autonomously
in vivo. We have found that inducing ROS production in germ
cells blocks the Delta/Notch-mediated differentiation of adjacent
follicle cells (FCs). ROS controls Notch signaling by regulating
endosomal recycling and the membrane localization of the lig-
and Delta. Using human cell culture models, we have found that
ROS production plays a conserved role in regulating protein
trafficking and secretion by controlling endosome recycling. We
have found that ROS production influences endosome recycling
by controlling the membrane-targeting complex, Exocyst,
binding to the plasma membrane. This ROS response mecha-
nism prevents the trafficking of cell surface ligands, such as
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Figure 1. Germ cell Mitochondrial dysfunction pre-
vents follicle cell differentiation. (A) A diagram de-
scribing the use of Drosophila oogenesis to examine the
non-cell autonomous effects of germline mitochondrial
dysfunction on somatic follicle cell development. (B-E)
DAPI stained images of stage 10 and stage 14 egg cham-
bers from control and PHB1-RNAi ovaries. (F and G)
Ovarioles stained with DAPI and phosphohistone H3 (red)
from the mata->DsRed-RNAi (control) and mata (one
copy)->PHBI-RNAi females. F' and G’ are zoomed-in
images of egg chambers from F and G. (H) Follicle cell
number counts from stage 10 egg chambers represented
as a box and whisker plot. (n = 25 follicles). (1) Size
measurements of stage 14 egg chambers. The line in the
plot represents the average value. n = 10 egg chambers.
(J)) The number of PH3+ follicle cells from control and
mata->PHBI-RNAi females (n = 30 ovarioles). (K) Follicle
cell nucleus size measurements of control and PHB1-RNAi
stage 10 egg chambers (N = 20). (L and M) Images of
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Delta, from reaching the plasma membrane. Using human co-
culture models, we have found that ROS production from
adjacent cells induces a pro-metastatic/cell migration gene ex-
pression program that suppresses cell-cell signaling responses
(Notch and Innate immune signaling) while promoting ECM
remodeling. Our work defines an unappreciated role of ROS
production in regulating endosomal recycling that drives
the non-cell-autonomous roles for mitochondria in multiple
systems.

Results

Germline mitochondrial dysfunction prevents FC development
Drosophila oogenesis provides a simplified system where two cell
types, germ cells, and somatic FCs, develop in a highly coordi-
nated manner (Fig. 1 A). Moreover, oogenesis provides the ge-
netic tools and a system with well-defined cell-cell signaling
relationships to examine the role of mitochondrial dysfunction
in cell-cell signaling. Previous studies have shown that dis-
ruptions in mitochondrial metabolism cause defects in early
germ cell development in the germarium (Teixeira et al., 2015).
To avoid these early germarium defects and examine later
phenotypes associated with mitochondrial disruption, we used
the well-characterized germ line-specific driver mata-GAL4
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(Hudson and Cooley, 2014), to inhibit the expression of mito-
chondrial genes in germ cells. From candidate-based genetic
screens of mitochondrial genes, we identified Phbl (also called
1(2)37Cc) as a mitochondrial factor that caused distinct pheno-
types in germ cells and FCs when inhibited in the germline. Phbi
is a mitochondrial chaperone/scaffold that forms a ring-like
structure in the inner mitochondrial membrane with its bind-
ing partner Phb2 (Tatsuta et al., 2005).

To examine the function of Phbl in germ cells, we used two
copies of mata-GAL4 to induce potent RNAI silencing and one
copy of mata-GAL4 to induce intermediate silencing. Interest-
ingly, potent silencing of Phbl using two copies of mata-GAL4 to
drive Phbl-RNAi expression caused a small ovary phenotype,
triggered death during stage 8 of oogenesis, and arrested egg
chamber development during vitellogenesis (yolk accumulation)
(Fig. S1, A and B). This delay led to an accumulation of early egg
chambers with strong Phbl-silencing (Fig. S1, D and E). Using
one copy of mata-GAL4 to drive intermediate silencing of Phbl-
RNAi reduced Phbl mRNA levels by roughly 75-80% (Fig. S1 J)
and had no significant impact on egg laying (112.3 + 18.4 versus
97.8 + 13.7) and no significant effect on egg chamber develop-
ment (Fig. S1, C and F). We focused our subsequent studies on
this model with one copy of mata-GAL4 to avoid secondary ef-
fects caused by defective germ cell development. Moreover, we
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confirmed that this well-characterized mata-GAL4 driver is not
expressed in the FCs (Fig. S1K). Using this system, we examined
how moderate silencing of Phbl expression in germ cells may
impact the development of adjacent FCs.

Interestingly, moderate inhibition of Phbl expression caused
an increased FC number (Fig. 1, B, C, and H) and disorganization
of the FC epithelia in 34% of follicles (Fig. 1, D and E). The dis-
organization was most pronounced in stage 14 follicles. We also
observed fused dorsal appendages (26%) and short/thick dorsal
appendages in 32% of egg chambers. These phenotypes are
commonly observed in egg chambers with defective FC speci-
fication (Berg, 2005), suggesting that FC specification and dif-
ferentiation are impaired in Phbl-RNAi ovarioles.

These ovaries also display a 50% reduction in stage 14 egg
chamber size (Fig. 11), a phenotype observed when FC patency is
disrupted (Row et al., 2021). Patency is defined as the opening of
intracellular spaces between cells and is known to be caused by
defects in FC differentiation (Row et al., 2021). This stage 14 egg
chamber size reduction likely accounts for the size reduction
seen in mata-Phbl-RNAi ovaries. We observed an increased FC
number in stage 10 Phbl-RNAi egg chambers (Fig. 1 H), sug-
gesting that FCs continue proliferating and fail to enter the
endocycle during mid-oogenesis. To determine if inhibiting
Phbl-expression in germ cells non-cell autonomously regulates
FC proliferation, we measured the number of mitotic cells
(PH3+) in Phbl-RNAi ovarioles. Silencing Phbl causes signifi-
cantly more proliferation in Phbl-RNAi ovarioles than in controls
(Fig. 1, -G’ and ]J). We confirmed this over-proliferation phe-
notype with a second PHB1-RNAi transgene (PHB1-RNAi#2) (Fig.
S1, G-I). Moreover, FCs display reduced nuclear size in mata-Phbl-
RNAi ovarioles (one copy of Gal4) (Fig. 1 K), consistent with the
model where Phbl is required in germ cells to facilitate the mitosis
to endocycle transition during FC development (Ward et al.,
2006). Next, we examined Phbl-RNAi in FCs, which yielded dif-
ferent phenotypes than those we observed in Our germline RNAi
experiments. When we induce GFP-marked Phbl-RNAi clones in
the FC epithelia using a hs-Flp; Act>stop>Gal4; UAS-GFP line, we
find disrupting Phbl directly in FCs yields small one to two cell
clones 3 days post heat shock (1.4 cells average clone size). In
contrast, control DsRed-RNAi clones grow much larger during the
3 days (14.3 average clone size) (Fig. 1, L-N). These data indicate
that disrupting Phbl in the follicle cells affects cell growth rather
than FC differentiation. These data further support that germline
Phbl is required non-cell autonomously for FC differentiation.

Given that the M/E transition is part of the FC differentiation
process (Ward et al., 2006; Sun et al., 2008), we wanted to
systematically assess the expression of germ cell and FC genes
in control and mataGAL4*1-Phbl-RNAi ovarioles. We isolated
ovarioles from control and Phbl-RNAi females, purified the
mRNA, and subjected it to RNA sequencing. From this analysis,
we identified 2,861 genes miss-regulated at least twofold in Phbl-
RNAi follicle (FDR < 0.05) (Fig. S1 N and Table S1). Over two-
thirds of those genes are upregulated. These data are consistent
with elevated stress levels in ovarioles where Phbl-Expression
has been silenced by RNAi. When we examined the gene on-
tology terms associated with genes downregulated in Phbl-RNAi
ovarioles, we observed a variety of terms weakly enriched in our
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data sets, such as snRNP, spliceosome, spindle, cell division, and
sodium channel activity (Fig. S1 L). Examining the gene ontology
terms associated with genes upregulated in Phbl-RNAi ovarioles
found that terms such as plasma membrane component, mon-
ooxygenase, Cytochrome p450 (mitochondrial and ER-local-
ized), and extracellular region were all significantly enriched in
these data (Fig. S1 M). We examined the expression of well-
characterized germ cell-expressed genes (grk, yps, osk, ovo,
and Adfl) and found no defects in their expression (Fig. 1 0). We
also looked at the expression of genes expressed in vitellogenic
stage (yolk accumulating) germ cells (LpR2, LpR1, HLH106, and
yl) (Fig. 1 0). We found no defects in the expression consistent
with the normal germline development observed in Phbl-RNAi
egg chambers (one copy of driver).

In contrast, when we examine the mRNA levels of the known
chorion proteins, a family of genes expressed specifically in late-
stage FCs (beginning in stage 10), we find all 19 chorion genes
downregulated upon Phbi-silencing (Fig. 1 P). We also observed
downregulation of the ecdysone biosynthetic genes spook and
phantom a pair of steroid-producing cytochrome p450’s ex-
pressed explicitly in mature FCs in late-stage egg chambers
(Fig. 1 P). Interestingly, genes expressed in egg chambers earlier
during oogenesis (expression prior to M/E transition), such as
vkg, mys, Cad99C, br, and Kug, are not downregulated in Phbl-
RNAi ovarioles (Fig. 1 P). These data suggest an uncoupling of
germline and FC development where germ cells continue to
develop. In contrast, FCs fail to enter the endocycle and properly
differentiate during late oogenesis. When we examine the ex-
pression of the ecdysone pathway and other known regulators of
FC specification such as gurken, Notch, Delta, unpaired2, hop,
stat92E, dpp, and saxophone, we observed no downregulation of
any critical factors involved in FC specification (Fig. S1, O and P).
These data suggest that the observed defects in FC development
are not likely due to a transcriptional downregulation of known
follicle cell regulating pathways.

Germline mitochondrial dysfunction prevents Notch-mediated
differentiation of FCs

Notch ligand Delta (Dl) is expressed during this transition in
germ cells. It activates the Notch signaling pathway in FCs,
causing FCs to stop proliferating and enter the endocycle (Fig. 2
A) (Shcherbata et al., 2004; Assa-Kunik et al., 2007; Sun et al.,
2008). We examined Delta ligand expression and localization in
control and mata-Phbl-RNAi (one copy of driver) ovarioles. We
found Delta fails to localize to the plasma membrane in nurse cells
(Fig. 2, B-D). We confirmed these results using a temperature-
sensitive allele of Phbl (Phb1™!). We found that when grown at
the non-permissive temperature, Phbl™! egg chambers do not
have Delta on their nurse cell plasma membranes (Fig. S2 A). We
also confirmed these results by inhibiting the expression of Phbl
using a second RNAi line (Fig. S2 A) and by silencing the Phbl
binding partner Phb2 (Fig. S3 B) in germ cells and observing
very similar phenotypes.

Moreover, the Notch signaling reporter NRE-GFP fails to ac-
tivate in PHBI-RNAi ovarioles (Fig. 2, D and G). Delta appears to
localize to cytosolic puncta in Phbl-RNAi egg chambers (Fig. 2, D
and H). We confirmed these data by examining pebble/peb
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Figure 2. Mitochondrial dysfunction impairs Notch signaling between germ cells and follicle cells. (A) A diagram depicting the mitosis to endocycle
transition, a very early step in follicle cell differentiation, and its regulation by Notch signaling. (B and C) Ovarioles from dsRED-RNAi control and PHB1-RNAi
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females stained with Delta ligand antibodies (red) and DAPI. (D) Immunofluorescence images of control and PHB1-RNAi egg chambers stained with Delta
Antibodies (Red), NRE-GFP reporter(green), and DAPI. (E and F) immunofluorescence images of dsRED-RNAi control and PHB1-RNAi ovarioles stained with peb
antibodies (green) and DAPI. (G) A graph showing NRE-GFP expression in control and PHB1-RNAi egg chambers (n = 20 follicles). (H) A graph showing the
differences in cytosolic delta levels (n = 20 follicles). (I) Peb expression levels in control and Phb1l-RNAi ovarioles (n = 20). Student’s t test was used for all
pairwise comparisons, and one-way ANOVA was used for all experiments containing >2 sample groups. Error bars represent the standard deviation.

expression (peb is induced by Notch signaling during mid-oo-
genesis). We found peb expression was reduced in FCs from Phbl-
RNAi egg chambers, indicating that notch signaling is defective in
Phbl-RNAi egg chambers (Fig. 2, E, F, and I). These data suggest
that Delta/Notch signaling is impaired in Phbl-RNAi egg chambers.

Interestingly, the FC specification regulator (Gurken) (Fig. S2
B) and other transmembrane proteins expressed in germ cells,
such as PTP69D, display normal localization (Fig. S2, E-F') in
Phbl-RNAi ovarioles. These data suggest that global membrane
trafficking is not impaired in Phbl-RNAi silencing. Membrane
proteins such as CD8-GFP, however, do display defects in
membrane trafficking when PhbI-RNA:i is silenced in germ cells
(Fig. S2, C and D). Delta and CD8-GFP show some overlap in the
cytosolic puncta formed when Phbl is silenced. These data sug-
gest that specific proteins, including Delta and CD8-GFP, require
Phbl function in the mitochondria for normal trafficking.

We assayed Delta protein turnover in germ cells by exam-
ining the Notch extracellular domain (Notch-ECD). Delta turn-
over is directly coupled to Notch-ECD turnover in adjacent cells.
(Coumailleau et al., 2009; Kopan, 2012). We postulated that
defects in Delta turnover would also impact the levels of Notch-
ECD, just as we reported in our previous work (Obniski et al.,
2018). However, we do not observe consistent changes in Notch-
ECD expression in Phbl-RNAi ovarioles relative to controls (Fig.
S2, G-J). There was a delay in Notch-ECD downregulation,
but the effects were highly variable (Fig. S2, G-J). This, in
conjunction with the fact that we do not see any significant
changes in the levels of Delta antibody staining fluorescence
(Fig. S2 K), suggests that Delta turnover is unaffected in Phbl-
RNAi ovarioles.

To exclude the possibility that developmental delays or ar-
rests, like those we observed with strong Phbl-RNAi silencing,
cause these delta trafficking defects, we examined five other
mitochondrial genes identified in our candidate-based screen as
well as six non-mitochondrial genes that cause small ovary and
ovariole arrest phenotypes. Interestingly, silencing the mito-
chondrial genes (Phb2, ATP5CF6, Cype, and Tom22) caused
Delta trafficking defects like what we observed in Phbl-RNAi egg
chambers (Fig. S3, A-F). Silencing non-mitochondrial genes
(Fib, Nobs, HSC70-4, Prosa7, Prosp5, and CCT1) had no impact
on Delta localization despite displaying gross developmental
phenotypes like Phbl-RNAi egg chambers (Fig. S3, G-L). Based on
these results, we hypothesized that a specific aspect of mito-
chondrial dysfunction in PhbI-RNAi egg chambers may be in-
volved in Delta protein trafficking.

Mitochondrial dysfunction controls FC differentiation via
mitochondrial ROS production

We characterized mitochondrial function in control and Phbl-
RNAi egg chambers. We found that Phbl-RNAi egg chambers
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display reduced mitochondrial respiration (oxygen consumption
rate, OCR) and reduced levels of ATP relative to control egg
chambers (Fig. 3, A and B). We also found that Phbl-RNAi egg
chambers significantly reduced mitochondrial membrane po-
tential (TMRE staining) (Fig. 3, C-E) relative to control consis-
tent with proton leakage and reduced proton motive force using
methods described in Sieber et al. (2016). We also found that
PhbI-RNAi egg chambers display significant increases in ROS
production when measured with the redox-sensitive stain DHE
(Fig. 3, F, ], and K). However, fluorescent reporters/dyes used for
ROS detection can be misleading due to concerns about auto-
fluorescence, specificity, and overall sensitivity. As a result, we
confirmed this increase in ROS by measuring glutathione ratios
via LC/MS. Consistent with our staining results, we observed a
significant reduction in the GSH/GSSG ratio (Fig. S4 A) in Phbl-
RNAi egg chambers, indicating elevated levels of ROS produc-
tion. We also measured the levels of oxidized methionine
(methionine sulfoxide/Meth-SO) and found a threefold increase
in methionine oxidation (Fig. S4 B). The enzyme methionine
sulphoxide reductase, MSR, typically converts meth-SO back to
methionine. However, the elevation of meth-SO in Phbl-RNAi
egg chambers reflects sustained ROS production, which exceeds
MSR’s capacity, caused by mitochondrial dysfunction in Phbl-
RNAi egg chambers. We found that the available ROS reporters
(roGFP) do not express well in Drosophila germ cells. As a result,
we wanted to confirm that Phbl-RNAi silencing induces ROS
production in Drosophila intestines. We confirmed that Phbl-
RNAi causes ROS production in other tissues by silencing Phbl
via RNA in the intestinal epithelia and assayed for changes in
Superoxide responsive roGFP-grx reporter fluorescence. In-
hibiting Phbl in the intestine significantly increased roGFP re-
porter fluorescence, confirming that Phbl-silencing causes
mitochondrial ROS production (Fig. S4 C).

To determine if ROS accumulation drives the observed de-
velopmental and Delta trafficking defects, we observed in Phbl-
RNAi ovaries; we overexpressed mitochondrial SOD2 in Phbl-RNAi
expressing germ cells. Interestingly, SOD2 expression completely
rescued the developmental defects we observed in ovaries with
strong Phbl silencing (mata*2-Phbl-RNAi) (Fig. 3, G-I). SOD2 ex-
pression also rescued the Delta trafficking defects in Phbl-RNAi egg
chambers (Fig. 3, ]-0; and Fig. S4, D and M). This rescue is not due
to dilution of the GAL4 because UAS-SOD2 did not impact the
knockdown efficiency of Phbl in our RNAi lines (Fig. S1J).
Moreover, several other UAS transgenes for various genes
(Delta, GFP, Rab7, SOD], etc.) did not rescue the phenotypes
associated with Phbl silencing.

Interestingly, previous scRNA-seq experiments (Li et al.,
2022) show that germ cells express ~10-fold higher levels of
the H,0, detoxifying enzyme gpx1 than somatic cells (germ cell
= 2,242 versus somatic cell = 208 Flyatlas scRNA data) (Li et al.,
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Figure 3. ROS production regulates Delta ligand trafficking. (A) ATP measurements from control and PHB1-RNAi egg chambers (n = 3 independent
samples). (B) Seahorse-based oxygen consumption rate from control and PHB1-RNAi ovarioles (n = 6 sets of three ovarioles). (C) Measurements of TMRE
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fluorescence from control and PHB1-RNAi egg chambers (n = 10 independent samples). (D and E) TMRE stained images of control, PHB1-RNAi. (F) ROS
measurements from control, PHB1-RNAi, and PHB1-RNAi +SOD2 ovarioles. Follicle cells function as an internal control. The data is expressed as a nurse cell/
follicle cell fluorescence ratio. (n = 10 independent samples). (G-1) whole ovary images of control, PHB1-RNAi, and PHB1-RNAi +SOD2 egg chambers (2 copies
of GAL4). (J-L) DHE staining images of ROS levels of control, PHB1-RNAi, and PHB1-RNAi +SOD2 egg chambers (1 copy of GAL4). (M-0) Immunofluorescence
images of control, PHB1-RNAi, and PHB1-RNAj +SOD2 egg chambers (one copy of GAL4) stained with Delta antibodies. (P and S) DHE staining of control and
ND-75-RNAi egg chambers. (Q, R, T, and U) Immunofluorescence images of control and ND-75-RNAi egg chambers stained with Delta antibodies (1 copy of
GAL4). Student’s t test was used for all pairwise comparisons, and one-way ANOVA was used for all experiments containing >2 sample groups. Error bars

represent the standard deviation.

2022). These data suggest that SOD2 levels in germ cells limit the
clearance of mitochondrial ROS. These data indicate that ROS
caused by mitochondrial dysfunction is the primary cause of
delta trafficking defects we observed in Phbl-RNAi egg cham-
bers. SODI(cytosolic) overexpression did not rescue the Delta
trafficking defects observed in Phbl-RNAi egg chambers, con-
sistent with the fact that superoxide is being produced in the
mitochondria of PHB1-RNAi oocytes (Fig. S4 K). However, cat-
alase overexpression weakly rescues the Delta trafficking de-
fects in Phbl-RNAi egg chambers (Fig. S4 K). This partial effect
may reflect that germ cells express 10 times more of the H,0,
clearing enzyme, gpxl, than somatic cells (Li et al., 2022).
Therefore, increasing catalase activity has a limited effect on
H,0, clearance and supports the idea that SOD2 levels are lim-
iting for mitochondrial ROS clearance. However, it is possible
that greater levels of catalase expression may yield a more
complete rescue of Phbl-RNAi phenotypes.

Phbl is an mitochondrial chaperone that forms a ring-like
structure in the inner mitochondrial membrane (Tatsuta et al.,
2005), and its role in ROS production remains unclear. We
confirmed this role of ROS in Delta trafficking by inducing ROS
production using a UAS-DAAO construct that produces ROS
without mitochondrial dysfunction and found that ROS pro-
duced by DAAO expression causes similar defects in Delta traf-
ficking (Fig. S4 K).

We also confirmed the role of mitochondrial ROS production
in Delta trafficking by inhibiting the mitochondrial ETC complex
one subunit ND75(NDUFS! in mammals). Targeting ND75 pro-
vides a tool to directly induce ROS production by disrupting
complex one activity. In addition, reduced ND75/NDUFS]1 levels
are well known to cause ROS production in Drosophila and
mammalian systems (Fig. S4 H) (Owusu-Ansah and Banerjee,
2009, Sinenko et al., 2011; Lopez-Fabuel et al., 2016; Zou et al.,
2021; Chen et al., 2023). Inducing ROS production by complex
1 inhibition in germ cells by silencing ND75 fully replicates the
Delta trafficking defects we observed in Phbl-RNAi egg chambers
(Fig. 3, P-U and Fig. S4 E). Moreover, expressing SOD2 in ND75-
RNAi flies rescues the Delta trafficking defects seen when ROS is
produced (Fig. S4, L and M).

To confirm that ROS production, not impaired mitochon-
drial function, regulates Delta trafficking, we lowered mito-
chondrial respiration without inducing ROS production. We
show that inhibiting the mitochondrial fatty acid oxidation
pathway members Walrus (ETFa) and MTPa in germ cells
reduced respiration (OCR) without changing ROS production
in egg chambers (Fig. S4, F and G). Delta localization, how-
ever, was not affected by the silencing of walrus or MTPa
(Fig. S4, I and ]) further supporting the idea that ROS is the
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primary cause of Delta trafficking defects upon mitochondrial
disruptions.

High ROS levels prevent exocyst membrane association

To determine the mechanism of ROS regulation of protein
trafficking, we utilized a membrane proteomics approach to
characterize the changes in membrane proteome induced by
high ROS levels. Due to limitations in tissue amount and the fact
that commonly used Drosophila cell lines (S2 and KC cells) do not
express the ligand Delta, we utilized mammalian cell lines
known to express high levels of Delta-like ligands. Given the
highly conserved nature of the Notch signaling pathway, we
utilized human and mouse cell models (MCF7 cells and NIH3T3
cells) to determine how ROS exposure impacts membrane-
associated proteins involved in protein trafficking. Using hu-
man MCF7, which expresses high levels of the Delta-like ligands
DLL1 and DLL4 (Wang et al., 2017; Kumar et al., 2019), we ex-
amined the relationship between ROS and protein trafficking
using membrane proteomics. To examine the impact of ROS on
the membrane proteome we transiently treated cells with H,0,
for 30 min (Fig. 4 A). Membrane proteins were then extracted
and subjected to quantitative proteomics. Our analysis measured
the relative abundance of ~3,600 proteins in membrane frac-
tions in these studies. We observed 146 proteins that change
abundance at least twofold (FDR < 0.05) in membrane fractions
from cells treated with H,0, (Fig. 4, B and C; Fig. S5 A; and Table
S2). Most of those proteins were downregulated (Fig. 4, B and C).
Common membrane proteins, such as SNAP, syntaxin, and
VAMP, were unaffected (Fig. 4 D). Interestingly, 131 proteins
were depleted from the membranes of cells treated briefly with
H,0; (Fig. 4, B and C). Among these downregulated proteins, we
observed a significant downregulation of all eight core compo-
nents of the Exocyst complex (EXOC1-8) (Fig. 4 E). The exocyst
complex is a crucial regulator of endosomal recycling and the
primary mechanism for targeting recycling endosomes to the
plasma membrane. The Exocyst complex is also critical in Delta
trafficking and Notch activation (Jafar-Nejad et al., 2005; Pushpa
et al., 2021; Emery et al., 2005).

We repeated these studies in Drosophila ovary tissue using
targeted protein LC/MS to assess the abundance of exocyst
subunits in membrane fractions. Given that Phbl may have
multiple roles in the mitochondria, we used ND75-RNAi to in-
duce ROS production by disrupting complex 1 of the ETC. ND75/
NDUFSLI has a defined role in ROS production in mammals and
Drosophila. We examined the effect of ROS production on exo-
cyst membrane association by inducing ROS production (ND75-
RNAi) and examining exocyst levels in the membrane using
targeted LC/MS mass spec. In this experiment, we were able to
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Figure 4. ROS prevents exocyst binding to the membrane. (A) A diagram describing the MCF7 cell model used to examine the impact of a 30-min ROS
exposure on the membrane proteome. (B) A volcano plot examining the changes in membrane proteome caused by ROS exposure (FDR < 0.05). (C) A heat map
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depicting the expression changes of the top 100 most differentially regulated proteins in membranes isolated from ROS-exposed cells (FDR < 0.05). (D) Protein
abundances for several common membrane proteins in control and H,0,-treated cells. (E) Membrane abundances for exocyst complex components in control
and H,0,-treated MCF7 cells (FDR < 0.05). (F) A heat map showing the top 100 most differentially regulated proteins in membrane fraction from 373 cells and
3T3 treated with H,0,. (G) A heat map representing proteomic-based measurements of the detectable subunits of the exocyst complex from membrane
fractions isolated from Drosophila eggs. (H) A heat map representing proteomic-based measurements of the detectable subunits of the exocyst complex from
membrane fractions isolated from NIH3T3 cells. (1) A heat map representing proteomic-based measurements of known exocyst regulators from membrane
fractions isolated from MCF7 cells. (J) Western blot validation for EXOC 1 and 6 from MFC7 total cell lysate, cytosolic fractions, and purified membrane
fractions. (K) Western blots examining the levels of Exocl and Exoc6 in membrane fractions from MCF7 cells and BT549 cells. (L) Western blots examining
Exocl, Exoc3, and Exocb levels in control liver and Myc-O/E hepatic tumors. Student’s t test was used for all pairwise comparisons, and one-way ANOVA was
used for all experiments containing >2 sample groups. Error bars represent the standard deviation. Source data are available for this figure: SourceData F4.

detect and measure the levels of four of the eight exocyst com-
ponents. Interestingly, ROS production causes a similar reduc-
tion in all four detectable exocyst complex subunits sec6, sec3,
secl5, and ex084 in oocyte membrane extracts (Fig. 4 G). These
data support the model that ROS levels, whether through ex-
posure or by production from mitochondrial dysfunction, pre-
vent exocyst membrane binding. These data indicate that ROS
plays a conserved role in regulating endosomal recycling.

Using a third system, we confirmed these membrane pro-
teomic experiments in NIH3T3 cells. We observed a similar
downregulation of 177 membrane proteins involved with ribo-
somal function and protein trafficking upon H,0, treatment
(Fig. 4 F and Table S3). Notably, all seven exocyst subunits de-
tected in our 3T3 cell dataset display a depletion in membrane
fractions identical to what we observed in MCF7 cells (Fig. 4 H).

We validated these results by purifying membrane fractions
from control, H,O, treated, and H,O,, treated cells that recovered
2 h in media lacking H,0,. We then measured exocyst subunit
levels by using western blots. Consistent with our model, total
protein levels for EXOC1, EXOC3, and EXOC6 were unaffected
(Fig. 4 J). However, we observed significant reductions in
EXOC]1, EXOC3, and EXOC6 levels from membrane fractions in
H,0,-treated cells (Fig. 4 J). Exocyst complex subunits did not
return to normal during the 2-h recovery period.

When examining known exocyst regulators (Rho, RAL, and
CDC42) and other Rab protein family members, we found that
they were unaffected in our MCF7 proteomics data set (Fig. 4 I).
These data indicate that the exocyst complex’s ability to bind
membrane is uniquely sensitive to ROS production by the mi-
tochondria. Intriguingly, we found that specific protein domains
were enriched in our downregulated list of membrane proteins
(Fig. S5 A). Among those were proteins with armadillo-like folds
found in membrane proteins such as clathrin adapters and PI3
kinase. We also found that P-loop-containing nucleoside tri-
phosphate hydrolase-containing proteins, such as Dynamin and
ABC (ATP Binding Cassette) transporters, were enriched. Fi-
nally, we observed Cullin-repeated-containing domains found in
exocyst proteins such as EXOC84 and EXOC70, suggesting that
these domains may contribute to the ROS sensitivity of their
trafficking.

To test whether cells that endogenously produce more ROS
have defects in exocyst membrane binding, we compared a
breast cell line that does not produce ROS (MCF7) to a breast
cancer line that produces high levels of ROS (BT549) (Fig. S5 B).
We found that these cell lines lack Exocl and Exoc6 in their
membrane fractions (Fig. 4 K and Fig. S5 C) (Exoc3 levels were
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below the limit of detection in BT549 cells in these experiments).
We examined these effects in vivo by comparing exocyst levels
in membrane fractions from control liver and Myc-o/e ex-
pressing tumors. Myc overexpression is known to induce mi-
tochondrial ROS production in cancer models (Tanaka et al.,
2002; Sullivan and Chandel, 2014, Zhou et al., 2014; Biroccio
et al., 2001). Consistent with our model, Myc-o/e membrane
fractions completely lack Exocl, Exoc3, and Exoc6 in their
membrane fractions (Fig. 4 L). Intriguingly, MYC overexpression
does not affect the expression levels of Exocyst complex sub-
units based on previous transcriptomics studies of this tumor
model (Lafita-Navarro et al., 2018).

Rab11 overexpression rescues Phb1-RNAi phenotypes

These data suggest that defective endosomal recycling causes the
developmental phenotypes and Delta trafficking defects seen in
Phbl-RNAi egg chambers. To test this idea, we overexpressed the
key exocyst regulator Rabll in Phbl-RNAi follicles. Rabll over-
expression was sufficient to rescue the small ovary phenotype of
PhbI-RNAi females (Fig. 5, A-C and G). Rabll-overexpression also
rescued the Delta trafficking defects of Phbl-RNAi egg chambers,
causing reduced cytosolic Delta levels and restoring the Delta on
the membrane in over 90% of PhbI-RNAi egg chambers (Fig. 5,
D-F, H, and I). RABII overexpression did not reduce ROS levels
(Fig. S5 E), suggesting RABII expression bypasses the effects of
ROS on endosomal recycling. This rescue is not due to dilution of
the GAL4 because UAS-Rabll did not impact the knockdown
efficiency of Phbl in our RNAi lines (Fig. S1J). Consistent with
previous literature (Emery et al., 2005; Jafar-Nejad et al., 2005),
we confirmed that disrupting Rabll-mediated endosomal re-
cycling by expressing Rab11-DN in germ cells causes Delta traf-
ficking defects similar, although weaker, to those we observed in
PhbI-RNAi egg chambers (Fig. 5 J). This is consistent with mild
inhibition of Rabll by the dominant negative transgene. These
data further confirm the role of Rabll/exocyst in Delta traf-
ficking. Moreover, these data support our model that defec-
tive exocyst-mediated trafficking is the primary cause of the
Delta-Notch signaling defects triggered by mitochondrial ROS
production. In addition, these data provide novel insight
suggesting that endosomal trafficking is a critical mechanism
that drives ROS-associated phenotypes caused by mitochon-
drial dysfunction.

ROS reduces cellular PIP2 levels
Previous studies have shown that the exocyst complex binds the
phospholipid PIP2 to target recycling endosomes to the plasma
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Figure 5. ROS disrupts exocyst-mediated endosomal recycling of Delta ligands. (A-C) Whole ovary images of control, PHB1-RNAi, and PHB1-RNAi
+RAB11(0/e) egg chambers (two copies of GAL4). (D-F) Immunofluorescence images of control, PHB1-RNAi, and PHB1-RNAi +RAB11(o/e) egg chambers stained
with Delta antibodies. (G) Ovary size measurements of control, PHB1-RNAi, and PHB1-RNAi +RAB11(0/e) egg chambers (one copy of GAL4) (n = 20 ovaries).
(H) cytosolic delta level measurements of control, PHB1-RNAi, and PHB1-RNAi +RAB11(0/e) egg chambers (n = 25 egg chambers). (I) A graph depicting the
percentage of mid-oogenesis egg chambers that display Delta membrane localization or cytosolic Delta aggregates (N = 25 egg chamber). (J) Immunofluo-
rescence images of control and RAB11-DN expressing egg chambers stained with Delta antibodies (red) Arrows indicate Delta puncta. Student’s t test was used
for all pairwise comparisons, and one-way ANOVA was used for all experiments containing >2 sample groups. Error bars represent the standard deviation.

membrane (Maib and Murray, 2022; Thapa et al., 2012; Synek
et al., 2021). Moreover, PIP2 binding domains were enriched in
our list of ROS-regulated proteins in purified membrane frac-
tions (Fig. S5 A). Based on these data, we hypothesized that ROS
production may influence cellular PIP2 levels to regulate exocyst
membrane binding. Using commercially available antibodies for
PIP2, we examined PIP2 levels in control and Phbl-RNAi egg
chambers by immunofluorescence. Compared to controls, Phbl-
RNAi egg chambers significantly reduce PIP2 levels in germ cells
during mid-oogenesis (Fig. 6, A and D). Suggesting PIP2 pro-
duction in ROS+ Phbl-RNAi egg chambers is suppressed. We
examined the conservation of this relationship between ROS
production and PIP2 levels in mammalian cell lines. Previous
studies have shown that triple-negative breast cancer cells
(BT549) display very high levels of ROS production when com-
pared to hormone-responsive cells (MCF7) (Sarmiento-Salinas
et al., 2019) (Fig. S5 B). Using immunofluorescence, we stained
cells with PIP2 antibodies and measured cellular PIP2 levels
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in BT549 cells and found a significant reduction in PIP2
levels when compared to MCF7 cells and mammalian fibroblast
(NIH3T3) cell lines (Fig. 6, B, C, E, and F). Interestingly, PIP2
accumulates at high levels in the nucleus as well as on mem-
branes in mammalian cells, and it is thought to regulate mRNA
splicing and chromatin dynamics (Boronenkov et al., 1998; Zhao
et al., 1998; Osborne et al., 2001; Gonzales and Anderson, 2006,
Mellman et al., 2008). However, both nuclear and membrane
PIP2 are reduced in ROS-producing BT549 Cells. To confirm the
role of PIP2 in Delta trafficking, we inhibited PIP2 biosynthesis
by silencing PIP5K expression via RNAi in Drosophila germ cells.
Consistent with our model, reducing PIP2 levels in the germ cells
partially recapitulates the Delta trafficking defects we observe in
PHBI1-RNAi oocytes. Where control cells show Delta on the
membrane with no puncta in the cytosol, reducing PIP2 levels in
germ cells by silencing PIP5K causes Delta puncta to form in
the cytosol of roughly 50% of Phbl-RNAi egg chambers (Fig. 6,
G-I). Furthermore, inhibiting PIP2 biosynthesis in germ cells
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Figure 6. ROS regulates endosomal recycling by reducing the levels of PIP2 in membranes. (A) Images of ovarioles from control and PHB-RNAi females.
Top image DAPI, middle Images PIP2, bottom image LUT intensity image of PIP2 levels. (B) images of (MCF7) and (BT549) cells stained with DAPI and PIP2
antibodies (LUT intensity image of PIP2 levels). (C) Images of control (3T3) and (BT549) cells stained with PIP2 antibodies (LUT intensity image of PIP2 levels).
Fluorescence levels are expressed with a Fire LUT. Arrows indicate a PIP signal in the cell body. (D) Quantification of PIP2 antibody staining levels from control
and PHB-RNA ovarioles. (E) Quantification of PIP2 antibody staining fluorescence from (MCF7) and (BT549) cells. (F) Quantification of PIP2 antibody staining
fluorescence from control (3T3) and (BT549) cells. (G) Quantification of the percentage of follicles containing punctate Delta staining from three independent
experiments. (Each experiment contained at least 25 egg chambers, and the total number of eggs assayed for each group was at least 85). (H and 1) Delta
antibody staining images from control and PIP5K-RNAi (sktl-RNAi) ovarioles. Arrows point to Delta puncta. (J and K) peb antibody staining images from control
and PIPSK-RNAi (sktl-RNAi) ovarioles. (L) Quantification of the percentage of follicles containing abnormally low peb expression from three independent
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experiments. (Each experiment contained at least 25 egg chambers, and the total number of egg chambers assayed for each group was at least 85). Student’s
t test was used for all pairwise comparisons, and one-way ANOVA was used for all experiments containing >2 sample groups. Error bars represent the standard

deviation.

impaired the expression of the Notch target gene(peb) in adja-
cent FCs (Fig. 6, J-L and Fig. S5 F). These data are consistent with
previous studies that show that ROS production inhibits PIP5K
activity in a Syk-dependent manner (Chen et al., 2009). To-
gether, these data support the model that mitochondrial dys-
function impairs cell-cell communication by ROS-mediated
suppression of PIP2 levels in the plasma membrane.

ROS non-cell autonomously suppresses Notch signaling and
induces ECM remodeling in adjacent cells

While ROS production can impair the differentiation of adjacent
cells in the ovary, it remains unclear what cellular processes are
the first to respond to mitochondrial ROS production in neigh-
boring cells. Given the effect on FC differentiation, many of the
transcription changes in PhbI-RNAi egg chambers likely stem
from the developmental abnormalities we observed in FCs. This
made identifying the pathways and processes that make up the
initial response to ROS production in adjacent cells unclear.
Therefore, we moved to a human cell system (HEK293 cells) to
characterize the primary response to non-cell autonomous ROS
production. HEK293 cells were chosen because they are epi-
thelial and are known to express human orthologs of Delta (DLL1
and DLL4). We made two cell lines, one a HEK293 line that stably
expressed GFP and another that expresses D-amino acid oxidase
(DAAO) at high levels. DAAO is an enzyme that consumes non-
utilizable D-amino acids to produce ROS (Matlashov et al., 2014).
We co-cultured GFP-expressing HEK293 cells with HEK293 that
produce ROS from a DAAO transgene (30:70 GFP: DAAO ratio at
~75% confluence). These conditions were chosen to ensure each
GFP+ cell was in direct contact with multiple ROS-producing
DAAO cells. After overnight incubation (10 h) supplemented
with d-alanine, we collected GFP+ cells via FACS sorting and
examined the transcriptional profiles of GFP+ and GFP+ cells co-
cultured with ROS-producing cells (Fig. 7 A). This system al-
lowed us to look acutely at the immediate transcriptional response
in cells adjacent to ROS-producing cells and determine the
regulatory networks that respond acutely to ROS.

We found that cells co-cultured with ROS-producing cells
displayed a misregulation of 295 genes. These genes displayed
an FDR >0.05 and at least a 1.5-fold change in expression. 138
genes were downregulated, and 157 genes were upregulated
(Fig. S5 G). Consistent with our model, 17 genes, shown to be
bound by the Notch DNA binding cofactor RBPJippa in ChIP-
sequencing experiments (Lachmann et al., 2010), are signifi-
cantly downregulated in cells co-cultured with ROS-producing
cells (Fig. 7 C). These RBPJ targets include: HTR3B, MX2,
LINC00239, HIST1IH2AC, IFIT3, NTM, CXCL5, MTI1X, IFI27,
IGLONS5, RNF175, CAPN6, IL32, ITIH5, ZNF578, SCN2A, and
PPPIRIA. These data are consistent with disruptions in Notch
signaling when ROS is produced in neighboring cells. Using gene
ontology analysis, we found several genes involved in the innate
immune response, including genes regulated by interferon,
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were downregulated, suggesting that ROS production sup-
presses innate immune signaling in adjacent cells (Fig. 7, B and
D). We also observed that several genes encoding secreted
proteins, including TNF and CXCL proteins, were differentially
regulated, suggesting cell-cell signaling is disrupted by ROS
production (Fig. S5, I and K). Consistent with this idea, we ob-
served 41 genes associated with the term “signaling protein” in
our downregulated data set. These include genes involved in
interleukin signaling, cytokine signaling, and developmental
signaling. These data are consistent with our model that ROS
production disrupts cell-cell signaling between adjacent cells.

When we examined the genes upregulated by ROS produc-
tion in adjacent cells, we found that 25 were genes that encode
extracellular proteins (Fig. 7 D and Fig. S5 K). Interestingly, ROS
production in adjacent cells induces many extracellular matrix
components and enzymes that control ECM remodeling (Fig. 7
E). In addition, these genes encode several collagen proteins and
matrix metalloproteases (MMPs), suggesting that ROS produc-
tion from the adjacent cells induces the remodeling of ECM. We
also observed 12 transcription factors upregulated when cells are
co-cultured with ROS-producing cells. Interestingly, 10 of these
12 transcription factors are associated with roles in cancer
growth, metastasis, and angiogenesis (Park et al., 2012; Aytes
et al.,, 2013; Yuan et al.,, 2014; Qi et al.,, 2015; Zhang et al., 2016;
Li et al., 2018; Luo et al., 2018; Sethuraman et al., 2018; di
Martino et al., 2019; Du et al., 2020; Meng et al., 2020; Lin
et al., 2021, 2022; Wan et al., 2021; Wang et al., 2021) (Fig. 7 F,
red text indicates cancer association). Intriguingly, when we
examine all three of these gene ontology categories, we find that
17/25 genes encoding extracellular proteins (Fig. S5 E red text
indicates a known cancer association) and 9/12 genes encoding
ECM proteins have been implicated in cancer metastasis,
growth, and angiogenesis (Ifon et al., 2005; Yen et al., 2009;
Yoneda et al., 2010; Park et al., 2012; Al-Alem et al., 2013; Aytes
et al., 2013; Jiang et al., 2013; Li et al., 2013, 2018; Klupp et al.,
2016; Zhang et al., 2016, 2022a, 2022b; Shen et al., 2017; Lo et al.,
2018; Luo et al., 2018; Sethuraman et al., 2018; Tao et al., 2018; di
Martino et al., 2019; Jiang et al., 2019; Pucci et al., 2019; Wang et
al., 2019, 2021; Ban et al., 2020; De Andrade et al., 2020; Du et al.,
2020; Meng et al., 2020; Steinhaeuser et al., 2020; Zhu et al., 2020;
He et al., 2022; Lee et al., 2021; Lin et al.,, 2021, 2022; Oh et al.,
2021; Ran et al., 2021; Wan et al., 2021; Sun et al.,, 2022;
Widjaja et al., 2022) (Fig. 7 E). Consistent with this strong
association, we also found that ROS production in adjacent
cells induces five genes implicated specifically in small-cell
lung cancer (Fig. 7 G). These data are consistent with the
model that mitochondrial dysfunction can disrupt cell-cell
signaling and promote cancer-associated processes in adjacent
cells (Fig. 7 H).

To exclude the possibility that ROS passes between cells to
mediate the changes in gene expression, we specifically exam-
ined the expression of known ROS-responsive genes in cells
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Figure 7. ROS production non-cell autonomously promotes pro-cancer processes in adjacent cells. (A) A diagram describing the mammalian cell model
used to examine the impact of ROS production on transcription in adjacent cells. In this model, we co-cultured ROS-producing HEK293 cells expressing (DAAO
expressing) with HEK293 cells expressing GFP in the presence of D-amino acids for 8 h. We then isolated the GFP+ cells via flow cytometry and purified mRNA
for RNA-seq. All subsequent data is based on three independent biological replicates. All genes that were identified as differentially regulated display an FDR <
0.05). (B) A heat map depicting the expression ratio (ROS-coculture/control) for genes associated with the GO term innate immunity. (C) A heat map depicting
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the expression ratio (ROS-coculture/control) for genes known to be directly regulated by the RBPL/Notch signaling pathway. (D) A table of Gene ontology
terms enriched in genes downregulated(top) or upregulated (bottom) by ROS production in adjacent cells. (E) A heat map depicting the expression ratio (ROS-
coculture/control) for genes associated with the GO term extracellular matrix. (red indicates known association with cancer growth and metastasis). (F) A heat
map depicting the expression ratio (ROS-coculture/control) for genes associated with the GO term transcription factor (red indicates known association with
cancer growth and metastasis). (G) A heat map depicting the expression ratio (ROS-coculture/control) for genes associated with the GO term small cell lung
cancer. (H) A model summarizing the transcriptional changes we observed in cells co-cultured adjacent to ROS-producing cells. Student’s t test was used for all
pairwise comparisons, and one-way ANOVA was used for all experiments containing >2 sample groups. Error bars represent the standard deviation.

co-cultured with ROS-producing cells. NRF2 is a critical redox-
regulated transcription factor activated by ROS (Ma, 2013).
However, NRF2 target gene expression is not affected in our
data, indicating that the ROS transcriptional response is not
activated in these cells (Fig. S5 H). We also compared our gene
expression dataset to publicly available RNA-seq data charac-
terizing ROS-responsive gene expression (NCBI GEO #GSE227554)
in human cells. From that data set, over 550 genes are regulated
by ROS exposure. Of those genes, only 23 genes are differen-
tially regulated in both data sets (Fig. S5 M), and over 90% of the
genes in our data set are distinct from a cell-autonomous tran-
scriptional response to ROS. Among those overlapping genes are
primarily basic transcriptional machinery (Fig. S5 N). More-
over, when we measured ROS levels in control cells, DAAO-
expressing cells, and ROS co-culture cells, we found that ROS
levels did not increase substantially in ROS Co-cultured cells.
Together, these data indicate that ROS from DAAO cells is not
trafficked between cells to induce a cell-autonomous tran-
scriptional response to ROS. Moreover, these data support our
model that the transcriptional response in ROS co-cultured cells
differs from the cell-autonomous transcriptional response to
ROS.

Discussion
While mitochondrial dysfunction has apparent intrinsic effects
on development and disease progression, much less is known
about the non-cell autonomous role of mitochondrial dysfunc-
tion in development and disease. Using a multi-platform ap-
proach, we have found that mitochondrial dysfunction in germ
cells blocks the differentiation of adjacent somatic cells. In ad-
dition, we have found that mitochondrial dysfunction causes
ROS production that, in turn, reduces PIP2 levels in the cell and
disrupts endosomal recycling by displacing the exocyst complex
from the membrane. Furthermore, ROS production non-cell
autonomously suppresses the viral response, notch signaling,
and innate immune signaling in adjacent cells. In contrast, ROS
production causes the induction of factors involved in ECM re-
modeling and several cancer-associated processes in neighbor-
ing cells. These studies show that mitochondrial dysfunction
elicits profound non-cell autonomous effects on adjacent cells.
These defects in cell-cell communication disrupt development
and may underlie important aspects of mitochondrial disease
(Castro and Freeman, 2001; Alfadda and Sallam, 2012; Gorman
et al., 2016, Russell et al., 2020; Shimokawa, 2020; Madan et al.,
2022; Rossmann et al., 2021).

Many aspects of cellular function are highly responsive to
oxidative stress (Martindale and Holbrook, 2002; Schieber and
Chandel 2014; Sies et al., 2017; Forman and Zhang, 2021; Ma,
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2013; Gerashchenko et al., 2012; Chaudhari et al., 2014). One
challenge in understanding the impact of mitochondrial dys-
function is defining the molecular mechanisms disrupted by
ROS production. While ROS can damage DNA (and proteins),
oxidize lipids, and induce oxidative stress, the precise cause of
pathology can be challenging to identify in many cases. Some
studies have shown that mitochondrial dysfunction can induce
the unfolded protein response (UPR), impair ER translation, and
stimulate ERAD (Eletto et al., 2014; Poplawski et al., 2019). In
many cases, disease presentation is considered the summation of
all these effects of ROS (Castro and Freeman, 2001; Alfadda and
Sallam, 2012; Shimokawa, 2020).

Our study provides an example where a single molecular
mechanism accounts for the role of ROS in regulating cellular
differentiation. Our data has revealed a surprising link between
ROS production and membrane receptor trafficking through the
recycling endosome, representing a highly conserved initial
response to ROS. Using multiple systems, we have found that
ROS levels regulate exocyst complex membrane binding by re-
ducing the levels of PIP2 in the cell. We have shown that the
exocyst complex is released from the membrane within minutes
of exposing cells to ROS. While other studies have described
non-cell-autonomous roles for ROS in other models, our work
highlights the impact that ROS-induced defects in protein traf-
ficking can have on models of mitochondrial dysfunction. Our
work also indicates that restoring receptor trafficking is a viable
strategy to improve tissue function in the face of mitochondrial
defects.

Moreover, our data show that overexpressing the key exocyst
regulator RABI1 (Emery et al., 2005; Jafar-Nejad et al., 2005;
Giagtzoglou et al., 2012) is sufficient to rescue the phenotypes
caused by ROS production. These data suggest that exocyst-
mediated trafficking is a crucial early response mechanism
that couples ROS production to changes in cell-cell signaling in
diseases caused by mitochondrial dysfunction. In conjunction,
these data further support the idea that phenotypes and pa-
thologies caused by ROS production can stem from a single
molecular disruption and not systemic damage.

To complement these studies, we exploited the utility of
human cells to systematically define the cellular response to ROS
production from adjacent cells. Interestingly, we observed a
suppression of notch signaling, innate immunity, and the in-
duction of a gene expression profile that supports ECM re-
modeling. Since innate immunity can impede cancer growth,
suppressing these pathways in cells/tissue could promote
tumor growth and metastasis (Corrales et al., 2017; Saleiro and
Platanias, 2019). Consistent with these findings, we find ECM
remodeling factors such as MMPs and other secreted proteases
are significantly upregulated in cells co-cultured with ROS-
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producing cells. Inducing the expression of these genes would
promote ECM remodeling and metastasis/cell migration in tu-
mor models. Overall, we observed 28 genes implicated in cancer
growth and metastasis upregulated in cells co-cultured with
ROS-producing cells. Importantly, we have found that ROS in-
duces a transcriptional response in adjacent cells distinct from
the cell-autonomous response ROS.

Our work defines a highly conserved cellular response to
mitochondrial ROS production that can regulate cell-cell com-
munication. Unlike previous studies examining ROS regula-
tion of UPR (Eletto et al., 2014; Poplawski et al., 2019;
Rossmann et al., 2021), we have found that restoring endo-
somal recycling by overexpressing RABII rescues the devel-
opmental defects caused by mitochondrial ROS production.
These data suggest that defective endosomal recycling may
significantly contribute to the developmental and cellular
defects that underlie many pathologies caused by ROS pro-
duction. Moreover, our data show that multiple models with
high levels of ROS production display defects in Exocyst-
mediated endosomal recycling, suggesting that this mecha-
nism plays a crucial role in communication between cells in
models of development and disease.

Materials and methods
All reagents and stocks are listed in Table 1.

Fly growth conditions

All flies were raised on standard molasses food used in our
previous publications. Unless otherwise stated, all flies were
grown at 25°C and fed fresh yeast paste for at least 48 h before
dissection and sample collection.

Imaging

Scopes

All imaging was done on a Zeiss AxioObserver 7(491917-0001-
000) with Apotome or a Leica SP5. The Zeiss scope is equipped
with 10x (NA = 0.45) and 20X (NA = 0.8), 40X (NA = 1.3) and 63X
(NA = 1.4) objectives. The Leica scope is equipped with 10x (NA =
0.3), 20X (NA = 0.75), 40X (NA = 1.25), 63X (NA = 1.2).

Imaging temperature
All imaging was done at room temperature.

Fluorochromes and probes

This study used the following fluorochromes and probes: Ant-
iRabbit-alexa488, Anti-mouse-alexa488, Anti-Rabbit-Alexa594,
anti-mouse alexa594, TMRE, DHE, eGFP, and DAPI.

Imaging media

Fixed samples were mounted in Fluoroshield and live samples
were imaged in culture media (graces media for Drosophila
tissue and DMEM for mammalian cells).

Camera info and acquisition software
Images were acquired using a Zeiss Axiocam 503 with (ZEN)
Zeiss acquisition software.
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Table 1. Reagents

Reagent or resource Source Identifier

Antibodies

Mouse monoclonal anti-Notch, ~ Developmental C458.2H

extracellular domain (ECD) Studies Hybridoma

(Drosophila) Bank (DSHB)

Mouse monoclonal anti-delta DSHB C594.98

(Drosophila)

Mouse monoclonal anti-tyrosine- DSHB 3F11

protein phosphatase 69D

(Ptp69D) (Drosophila)

Rabbit polyclonal anti-PHB Sigma-Aldrich HPA003280

Rabbit polyclonal anti-EXOC1 Sigma-Aldrich HPA037706

Rabbit polyclonal anti-EXOC3 Sigma-Aldrich HPA037880

Rabbit polyclonal anti-EXOC6 Sigma-Aldrich HPA036285

Mouse monoclonal anti-ATP5A  Abcam Abl14748

[15H4C4]

Rabbit polyclonal anti-phospho-  Cell Signaling 9701S

Histone H3 (Serl0) Technology

Goat anti-Rabbit IgG (H+L) highly Thermo Fisher A32731

cross-adsorbed secondary Scientific

antibody, Alexa Fluor plus 488

Goat anti-mouse IgG (H+L) highly Thermo Fisher A32723

cross-adsorbed secondary Scientific

antibody, Alexa Fluor plus 488

Goat anti-Rabbit IgG (H+L) highly Thermo Fisher A32740

cross-adsorbed secondary Scientific

antibody, Alexa Fluor plus 594

Goat anti-mouse IgG (H+L) highly Thermo Fisher A32742

cross-adsorbed secondary Scientific

antibody, Alexa Fluor plus 594

Mouse monoclonal anti-PIP2 Thermo Fisher 2C11
Scientific

Bacterial and virus strains

Biological samples

Chemicals, peptides, and recombinant proteins

Dihydroethidium (DHE) Sigma-Aldrich 37291; CAS:

104821-25-2

Tetramethylrhodamine ethyl Sigma-Aldrich 87917; CAS:

ester perchlorate (TMRE) 115532-52-0

Critical commercial assays

ATP determination kit Thermo Fisher A22066
Scientific

Mem-PER plus membrane Thermo Fisher 89842

protein extraction kit Scientific

D-Alanine Sigma-Aldrich A7377

Deposited data

Massive.ucsd.edu MSV000091074

NCBI-GEO GSE223669

NCBI-GEO GSE227554

Experimental models: Cell lines

Human: MCF7 ATCC HTB-22
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Table 1. Reagents (Continued)

Reagent or resource Source Identifier Reagent or resource Source Identifier
Mouse: 3T3 ATCC CRL-1658 Strains
HEk293 ATCC CRL-1573 D. melanogaster RNAi of skittles/ Bloomington BDSC: 33910
PIP5K: y (1), v (1); UAS-PIP5SK-  Drosophila Stock
BT549 ATCC HTB -122
RNAi (GL00072) Center
Experimental models: Organi trai
xperimental models: Organisms/strains D. melanogaster y(1), v(1); Bloomington BDSC: 33910
D. melanogaster: RNAi of Phbl: y Bloomington BDSC:32912 Rab11(S25N)-YFP Drosophila Stock
[1] sc[*] v [1]; P{y[+t7.7] v[+t1.8] Drosophila Stock Center
= TRiP.HMS00702 P2
: 500702} att Center D. melanogaster. w(1,118);Tub-  Bloomington BDSC:68669
D. melanogaster: RNAi of Bor: y  Bloomington BDSC:65057 roGFP TM3 Drosophila Stock
[1] sc[*] v [1] sev[21]; P{y[+t7.7] Drosophila Stock Center
t1.8] = TRiP.HMC06013 Cent
:[:P40] I } enter D.Melanogaster: RNAi of Phbl: y
[1] sc[*] v [1]; P{y[+t7.7] v[+t1.8]
D. melanogaster: RNAi of Fib: y [1] Bloomington BDSC:42553 = TRiP.HMS00399} attP2
v [1]; P{y[+t7.7] v[+t1.8] = Drosophila Stock )
TRIP.HMJ02126} attP40 Center Recombinant DNA
D. melanogaster: RNAi of Nop5: y Bloomington BDSC:35484 Software and algorithms
[1] sc[*] v [1] sev[21]; P{y[+t7.7] Drosophila Stock Proteome discoverer v2.4 SP1
v[+t1.8] = TRiP.GL00413} attP2  Center Sequest HT
D. melanogaster: Overexpression Bloomington BDSC:27645 Fii
of Sod2: P{w[+mC(] = UAS- Drosophila Stock )
Sod2.Z}1B, y [1] w [*]; Sod2 Center GraphPad Prism 10
[Delta02]/Cy0 MetaboAnalyst 6.0
D. melanogaster: Overexpression Bloomington BDSC: 8506 Sciex SIMCA
of Rab1l: w [*]; P{w[+mC] = Drosophila Stock
UAS-Rab11-GFP}2 Center Other
D. melanogaster: RNAi of Phb2: y Bloomington BDSC: 40835
(1] v [1]; P{y[+t7.7] v[+t1.8] = Drosophila Stock Imaging processing software
TRIP.HMS02001} attP40/CyO  Center All image processing and analysis were done using Fiji software.
D. melanogaster: RNAi of CCT1: y Bloomington BDSC: 32854 During processing, only brightness and contrast were adjusted.
[1] sc[*] v [1] sev[21]; P{y[+t7.7] Drosophila Stock No other parameters were changed.
v[+t1.8] = TRiP.HMS00639} Center
attP2 .
[ — . Human-MYC liver cancer mouse model
D. metanogaster: RNA o « Bloomington BDSC: 34810 MYC-driven liver tumor model was generated by crossing
Proteasome B5: y [1] sc[*] v [1] Drosophila Stock . o .
sev[21]; P{y[+7.7] v[+tL8] - Center mice transgenic mice expressing MYC under the control of a
TRiP.HMS00119} attP2 tetracycline-responsive element (TRE-MYC) with LAP-tTA mice,
D. melanogaster: RNAI of Bloomington BDSC: 33660 which expresses a transgene containing the tetracycline-controlled
Proteasome a7: y [1] sc[*] v [1]  Drosophila Stock trans-activator protein (tTA). Male breeders with two copies of
sev[21]; P{y[+t7.7] v[+t1.8] = Center LAP-tTA and a single copy of TRE-MYC were crossed with WT
TRIP.HMS00068} attP2 FVB females to generate LAP-tTA/TRE-MYC mice used for ex-
D. melanogaster: RNAi of Hsc70-  Bloomington BDSC: 34836 periments. The breeders were maintained on doxycycline water
4.y [1) sc[*] v [1] sev[21]; Py  Drosophila Stock (1 mg/ml). At birth, females with litters were transferred to a
[+7.7] v[+t1.8] - Center fresh cage with regular water to activate MYC overexpression.
TRiP.HMS00152} attP2/TM3, Sb . . . N
1] In this model, animals develop tumors with 100% penetrance
between P30-40 and succumb to the disease by day 65 of age.
D. melanogaster: RNAi of ND75:y  Bloomington BDSC: 33910

[1] sc[*] v [1] sev[21]; P{y[+t7.7] Drosophila Stock
v[+t1.8] = TRIP.HMS00853} Center
attP2

D. melanogaster: RNAi of Cype: y Lab stock
(1), v (1); UAS-cype-RNAI

D. melanogaster: RNAi of Tom22: Lab stock
y (1), v (1); UAS-tom22-RNAi
(HMC04737)

D. melanogaster: RNAi of Lab stock
ATPSynCf6: y (1), v (1); UAS-

ATPSynCf6-RNAi (HMC03238)
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FVB WT males were used as controls for comparison between
WT and MYC overexpression. Both the WT males and MYC
overexpression males were 52 days old. Mice were euthanized
in a CO, chamber, and the livers were dissected and snap-frozen
for analysis.

Immunofluorescence staining

Ovaries were dissected in PBS with 0.1% BSA at room temper-
ature. Dissected ovaries were washed once with PBS, fixed in 4%
FA for 20 min at RT, and then rinsed and blocked with wash
buffer (0.2% TritonX-100, 0.5% BSA in PBS) for 1 h at RT.
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Ovaries were then incubated with primary antibodies dissolved
in wash buffer overnight at 4°C. The dilution of primary anti-
bodies was as follows: anti-Delta (C594.9B, 1:50), anti-PIP2 (2C11,
1:100), anti-PTP69D (1:250), and anti-peb (1:15). The ovaries
were washed with washing buffer three times for 2 h each.
Fluorescent-conjugated secondary antibodies were added (1:
500) in washing buffer and incubated overnight at 4°C. The
ovaries were washed with washing buffer three times for 2 h
each. DNA was stained with 0.1 pg/ml DAPI for 20 min at RT.
The ovaries were washed in a washing buffer three times for
10 min each and mounted in Fluoroshield. The ovaries were
imaged using both a Zeiss laser-scanning confocal microscope
and a Zeiss AxioObserver with apotome.

Cell culture and co-culture conditions

BT549 cells (ATCC# HTB-122) were cultured in RPMI with 10%
FBS and 8 pg/ml insulin. The MCF7 (ATCC# HTB-22) and
HEK293 (ATCC# CRL-1523) cells were cultured in high glucose
DMEM with 10% FBS. Our cell lines were obtained from ATCC.
We titrated d-alanine levels from 10 to 100 uM for our co-culture
experiment experiments and assayed viability over 16 h. We
chose the highest concentration, which yielded healthy cells (25
uM). We then co-cultured the HEK293 (+GFP) cells with HEK293
(+DAAO) in the presence of 25 pM D-alanine for 10 h. The cells
were plated at a 70:30 ratio (DAAO: GFP) at high density to en-
sure the vast majority of GFP+ cells were contacted by multiple
DAAO cells. With assistance from the UTSW flow cytometry
core, control and co-cultured cells were FASC sorted for GFP+
cells. RNA was purified using TriPure RNA isolation reagent. The
UTSW Next Gen sequencing core constructed single-ended
mRNA libraries using the Illumina stranded mRNA library kit.
The resulting libraries were then sequenced to a depth of
roughly 30 million reads using an Illumina next seq 2000. The
reads were mapped using STAR (v2.5.3). Differential gene ex-
pression analysis was done using EdgeR. Significance gene ex-
pression changes were determined by FDR-adjusted P = value.

DHE staining and ROS quantification

Ovaries were dissected in Grace’s Medium with 10% FBS.
Ovarioles were separated manually. Samples were then trans-
ferred to another tube containing 40 um/l Dihydroethidium
(DHE), kept in the dark, rotating for 7 min. Samples were
washed with Grace’s Medium twice, 5 min each. Images were
taken immediately after washing. Quantification of ROS signal
was performed using Image] (National Institutes of Health).
Intensities of ROS were obtained in the region of cytosol. The
mean intensity of nurse cell fluorescence is normalized by the
follicle cell fluorescence, given that ROS levels in the follicle cells
do not change. These fluorescence-based measurements were
also supported by isolating drosophila egg chambers, measuring
the glutathione redox state (GSH/GSSG ratio), and measuring
the levels of methionine sulphoxide (Oxidized methionine) us-
ing LC/MS (see LC/MS section for sample prep methods).

Calculation of delta staining fluorescence and GFP intensity
After staining, stage 6-7 egg chambers were selected to calculate
and quantify the intensity of Delta and GFP using Image ]

Du et al.

ROS controls endosomal recycling in cell signaling

TR
(J’ k(J
IV

software. To calculate Delta staining intensity in the cytosol of
germ cells, the germ cell area was selected manually by drawing
a small square covering the area between two nurse cell nuclei,
excluding the membrane between the germ cell and follicle cell.
Average intensity was calculated by dividing the area by the
total intensity of this area. To calculate GFP signaling intensity
in follicle cells, random regions of follicle cells were selected in
main body follicle cells, and average intensity was calculated
using Image]. Fluorescence between control and RNAi samples
was compared between samples.

Quantification of the number of pH3-positive cells

For quantifying the number of pH3-positive follicle cells, images
for each ovariole were taken by z-staking and merged to cover
all potential follicle cells. The total number of pH3-positive fol-
licle cells was counted manually for each ovariole. A minimum
of 10 ovarioles was counted in each sample. Significance and
figures were calculated and produced by Prism.

Mitochondrial membrane potential assay

Mitochondrial membrane potential was measured by tetra-
methyl rhodamine ethyl ester (TMRE) staining. Dissected Dro-
sophila ovaries were stained with 5 nM TMRE in PBS for 10 min
at RT. Wash three times with Grace’s Media, 2 min each time.
Slides were mounted and Imaged immediately after washing.
The intensity of TMRE staining was calculated by measuring the
pixel intensity in the perinucleus mitochondrial area using Im-
age J. A small piece of the area around the nurse cell nucleus was
selected, and mean pixel intensity was calculated and compared
between wild-type and Phbl RNAi samples.

Seahorse measurements of OCR

Wild-type and Phbl RNAi ovaries were dissected and incubated
for 2 h at RT in graces media to acclimate the egg chamber to
graces media. Five stage 8 egg chambers were randomly selected
from each sample and put into one well of seahorse cell culture
plate. Four Basel OCR measurements were made per sample.
Non-mitochondrial respiration was determined by injecting
Rotenone (2 pM final concentration) and Antimycin A (2 uM
final concentration). The non-mitochondrial respiration was
subtracted from the total to calculate the Basel mitochondrial
OCR levels. Three wells were assigned as one group. Each sample
was measured three times, and each data point represents the
average of those three measurements. Each experiment had
three biological replicates and was repeated three times.

ATP measurement assay

ATP measurement was performed using the ATP Determination
Kit (A22066; Invitrogen) following the manufacturer’s in-
structions. Briefly, dissected fly ovaries were homogenized with
ice-cold phenol-TE saturated buffer. 500 ml Homogenization
was then transferred to a new tube containing 100 pl chloro-
form and 75 pl de-ionized water. After being shaken for 20 s and
centrifuged at 10,000 g for 5 min, the upper aqueous phase was
used for measurement with a bioluminescence assay. The assay
is based on a luciferase reaction, which consumes ATP and
produces light. By making the standard curve, ATP in the
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samples was determined by comparing them to the ATP stan-
dard solution.

LC/MS metabolomics

Samples of 300 oocytes were washed 3x with fresh 1xPBS.
Samples were then flash-frozen in liquid nitrogen and stored at
-80°C until analysis. Samples were weighed and then homoge-
nized in 1 ml of methanol: H,O (80:20). Samples were vortexed
for 2 min and then centrifuged ~20,000 g for 15 min. The su-
pernatant was dried down by a low temp speed vac. The re-
sulting dried samples were then frozen at -80°C until analyzed.
Samples are analyzed by targeted LC/MS metabolomics to
quantify the levels of GSSG, GSH, and Methionine sulphoxide
with the assistance of the UT Southwestern metabolomics fa-
cility. For Q-TOF mass spectrometer analysis, we reconstituted
metabolite pellets in 0.1% formic acid in water and vortexed for
1 min. We then spun the samples at 20,160 g at 4°C for 15 min.
The resulting supernatants were then loaded into auto-sampler
vials for analysis. Data acquisition was performed by reverse-
phase chromatography on a 1290 UHPLC liquid chromatography
(LC) system interfaced with a 6,550 iFunnel Q-TOF mass spec-
trometer (MS) (Agilent Technologies). The MS was operated in
both positive and negative (ESI+ and ESI-) modes. COmpounds
are separated on an Acquity UPLC HSS T3 column. The compo-
sition of mobile phase 1 was 0.1% formic acid in water and mobile
phase B composition was 0.1% formic acid in 100% ACN. The LC
gradient was O min: 1% B; 5 min: 5% B; 15 min: 99%; 23 min: 99%;
24 min: 1%; 25 min: 1%. The flow rate was 250 pl min='. The 5 ul of
the sample is injected. We utlized the following ESI unit setting:
gas temperature 225°C and flow 18 L min~!, fragmentor voltage 175
V, sheath gas temperature 350°C and flow 12 L min!, nozzle
voltage 500 V, and capillary voltage +3,500 V in positive mode and
-3,500 V in negative. The instrument was set to acquire over the
full m/z range of 40-1,700 in both modes, with the MS acquisition
rate of 1 spectrum s~! in profile format. We used Profinder B.08.00
SP3 software (Agilent Technologies) to process our raw sample
data. We have an in-house database containing retention time and
accurate mass information on 600 standards from Mass Spec-
trometry Metabolite Library (IROA Technologies) to identify
peaks in our data. Once processed by the core facility, we analyze
the data using the following pipeline. Using Sciex SIMCA soft-
ware, we analyze these data sets and perform Partial Least Square
analysis to examine sample clustering. From the PLS analysis, we
identify metabolites that exhibit a high VIP score (>1.0) as can-
didate compounds that contribute to the differential clustering.
Subsequent data analysis is done using MetaboAnalyst software
6.0. The data is compiled from eight independent samples/con-
ditions to accurately represent the biological variation of the ex-
periment and meet standards in the field.

Quantification of the number of follicle cells at stage 10
Ovaries were stained with DAPI. Multiple pictures were taken in
a Z-stack to capture all the follicle cells at one side of stage 10 egg
chambers. Stacks were Z-projected and used to count DAPI-
positive follicle cell nuclei from the merged picture manually.
All follicle cells at stage 10 were calculated by doubling the
number counted from one side of the egg chamber.
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Measurement of the stage 14 egg size and follicle cell

nucleus size

Stage 14 egg size and follicle cell nucleus size were measured
using Image] software. To exclude the dorsal appendage, the
outline of each stage 14 egg chamber was selected manually, the
area was measured, and the units of measurement were changed
from pixels to square millimeters. To calculate the size of the
follicle cell nucleus, the area of the nucleus from stage 14 follicle
cells was automatically selected by thresholding and measured
using image J. The average size of all follicle cells from one stage
14 egg chamber was calculated. At least eight average nuclei
were calculated for each sample.

Measurement of the size of the ovary

Whole ovaries from wild type, Phbl RNAi, and rescued lines
were captured at bright field light microscopes. Single ovaries
from these pictures were manually selected by Image J. The
selected area was set as Area of Interest (ROI) and measured by
Image J. The Pixel ROI size was then transformed into square
millimeters to calculate the exact size of each ovary.

Membrane protein identification by mass spectrometry
Drosophila membrane sample collection

Two hundred pairs of adult ovaries were dissected in graces
media. Non-ovary tissue was removed, and samples were rinsed
in cold graces media three times. The resulting samples were
processed, and membrane proteins were extracted using the
Membrane Protein Extraction Kit (Thermo Fisher Scientific) as
described below.

Membrane proteins were extracted with a Membrane Pro-
tein Extraction Kit (89842; Thermo Fisher Scientific) following
the manufacturer’s instructions. MCF7 or 3T3 cells were treated
with 1 mM/I H,0, for 1 h. The membrane proteins were ex-
tracted from 1 x 107 control and treated cells. Protein concen-
trations were measured, and concentrations were set to 1 ug/pl.
10% (10 pg) of all the extracted proteins were loaded onto the gel
and run 1 cm into the gel. The resulting 10 mm gel slice was cut
and sent for Mass Spectrometry identification and quantifica-
tion. Samples were digested overnight with trypsin (Pierce)
following reduction and alkylation with DTT and iodoacetamide
(Sigma-Aldrich). The samples then underwent solid-phase ex-
traction cleanup with an Oasis HLB plate (Waters), and the re-
sulting samples were injected into an Orbitrap Fusion Lumos
mass spectrometer coupled to an Ultimate 3000 RSLC-Nano
liquid chromatography system. Samples were injected onto a
75 pm i.d., 75-cm long EasySpray column (Thermo Fisher Sci-
entific) and eluted with a gradient from 0 to 28% buffer B over
90 min. Buffer A contained 2% (vol/vol) ACN and 0.1% formic
acid in water, and buffer B contained 80% (vol/vol) ACN, 10%
(vol/vol) trifluoroethanol, and 0.1% formic acid in water. The
mass spectrometer operated in positive ion mode with a source
voltage of 2.0 kV and an ion transfer tube temperature of 275°C.
MS scans were acquired at 120,000 resolutions in the Orbitrap,
and up to 10 MS/MS spectra were obtained in the ion trap for
each full spectrum acquired using higher-energy collisional
dissociation (HCD) for ions with charges 2-7. Dynamic exclusion
was set for 25 s after an ion was selected for fragmentation.
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Raw MS data files were analyzed using Proteome Discoverer
v2.4 SP1 (Thermo Fisher Scientific), with peptide identification
performed using Sequest HT searching against the human protein
database from UniProt. Fragment and precursor tolerances of 10
ppm and 0.6 Da were specified, and three missed cleavages were
allowed. Carbamidomethylation of Cys was set as a fixed modifi-
cation, with oxidation of Met set as a variable modification. The
false-discovery rate (FDR) cutoff was 1% for all peptides.

Analysis of proteomic data

Protein was quantified using a label-free method, which mea-
sured the relative intensity of identified peptides. The quantified
proteins were then normalized to each sample’s total protein
and total ion count. A Volcano diagram and clustered heatmap
were drawn using Python. Twofold protein changes with an FDR
P value <0.01 were considered significant and selected for fur-
ther validation. Total cytosol and membrane cellular fractiona-
tions were extracted from MCF7 to validate the proteomic data.
Cellular lysate with different fractionations was loaded on SDS-
PAGE, and a western blot was performed with exocl, exoc3, and
exoc6 antibodies.

RNA sequencing analysis

RNA samples were isolated using a Tripure RNA isolation rea-
gent (Thermo Fisher Scientific). RNA levels and quality were
assayed by Qubit Fluorometer and Agilent Bioanalyzer, respec-
tively. RNA-seq libraries were generated using the TrueSeq
Stranded mRNA Sample Preparation Kit. RNA-seq libraries were
sequenced using Illumina NextSeq, which generated at least 25
million reads per sample. FastQ files were quality checked using
fastqc, and reads were mapped using STAR (v2.5.3a). Read
counts were generated using featureCounts, and the differential
expression analysis was performed using edgeR. All RNA li-
braries were collected from independent biological replicates. A
at FDR <0.05 and a twofold cut-off were used to identify sig-
nificantly differentially regulated genes. Z-scores were used to
compare data across samples.

FACS

FACS sorting for CMV-GFP+ HEK293 cells was conducted by the
UTSW Immunology flow cytometry core facility. Cells were
trypsinized and collected. The cells were then rinsed three times
in 1XPBS and resuspended in fresh media (DMEM + 5% FBS).
GFP+ Cells were then sorted on a Cellstream flow cytometer. GFP
signal was collected in the FL1 channel. Post-sorting RNA was
isolated from sorted cells using a Tripure RNA isolation reagent.

Q-PCR
Ovaries were dissected (20 pairs) and stage 14 egg chamber were
collected. The follicle cells were removed using mild bleaching.
RNA was then extracted using a Tripure RNA isolation reagent.
We then used iTAQ universal SYBR green super mix to measure
Phbl mRNA levels. ACT5C levels were used for normalization.
Using the following primers:

Phbl = Fp 5'-GCATCAAGGAGAACGTGGTC-3' and Rp 5'-TAG
ATCTTGGGCAGCTGGTC-3’, Phb2 = Fp 5'-TGTTCAGGCTGAGGG
AGAAG-3' and Rp 5'-CCGCCGACAAATAGACCTTG-3'.
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MTPalpha = Fp 5'-CCTCGAACGGTCTCTATCCC-3’ and Rp 5'-
ACGGAACAGGGCAATCAAAC-3'.

Wal = Fp 5'-GGCCTGAAGTCCGGAGATAA-3’ and Rp 5'-GGA
TCCTTGTTGATGGCCAC-3'.

ND75 = Fp 5'-GAGAAGAGTCCCAAGCCAGT and Rp 5'-GCC
CGTGTAGTTAATGTCCG-3'.

PIP5k = Fp 5'-GTAGCCGCTCTTCATTTGGG-3' and Rp 5'-GTG
GGCTTGAGTAGGTGAGT-3'.

The samples were analyzed using a Bio-Rad CFX OPUS q-PCR
machine.

DAAO Drosophila transgenic line

The Rhodosporiidum DAAO cDNA was synthesized with CACC
added to the 5'end of the insert (GenBank accession# U60066).
The cDNA was then cloned into the pENTR d-topo entry using a
Thermo D-TOPO cloning kit (# K240020; Thermo Fisher Sci-
entific). The cDNA was then transferred to the pPW (UASp)
destination vector by LR-Clonase reaction. The resulting vector
was sequenced, purified, and sent off for injection. The trans-
genic lines were made and mapped to chromosomes by BestGene
Inc. DAAO was expressed under the control of mata-GAL4. To
induce ROS production flies were fed food supplemented with
1 mg/ml D-alanine to provide substrate for the DAAO reaction.

Statistics

Significance values in the figures were calculated using either
the Student’s t test or one-way ANOVA using GraphPad Prism.
All experiments were repeated at least three times on inde-
pendent sets of biological samples. Individual n values are listed
in the figure legends.

Data exclusion

All data where both positive and negative controls worked and
appeared normal were used in this study. No data were
excluded.

Online supplemental material

Fig. S1 provides an additional characterization of the develop-
mental phenotypes associated with Germline ROS production. In
Fig. S2, we provide additional controls and support evidence for
the Delta trafficking defects we observed in Phb-RNAi egg
chambers. Fig. S3 provides additional data supporting that mi-
tochondrial defects, not developmental arrest, cause defects in
Delta trafficking. We provide further evidence for the relation-
ship between ROS production and Delta trafficking in Fig. S4.
Fig. S5 offers additional analysis and supporting evidence for our
proteomics studies and mammalian cell RNA-seq data. Table S1
is a master list of the gene expression changes observed in Phb-
RNAi egg chambers. Table S2 is a master list of the proteins that
significantly change their levels in membrane fractions of MCF7
cells treated with ROS. Table S3 is a master list of the proteins
that significantly change their levels in membrane fractions of
NIN3T3 cells treated with ROS.

Data availability
Our LC/MS proteomics data sets are available at MassIVE(UCSD)
under dataset number # MSV000091074. Our RNA-seq data has
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been deposited at the NCBI GEO under accession number
#GSE223669. All data will be placed in source data and provided
when requested.
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Figure S1.  Germline mitochondrial dysfunction disrupts Drosophila ooegenesis. (A-C) Whole ovary images from control, mataX2(2 copies)-> PHB-RNAI,
and mataX1PhB-RNAi females. (D-F) DAPI staining images of control, mataX2 PhB-RNAi, and mataX1PhB-RNAi ovarioles. (G) PH3+ positive cell counts from
control and PHB1-RNAi#2 ovarioles (n = 20). (H and 1) PH3 staining images of control and PHB1-RNAi #2 ovarioles. (J) RNAi-knockdown efficiencies measured
by Q-PCR from control and RNAi transgenes used in this manuscript (n = 3). (K) GFP antibody staining images from the mata-GAL4-> UAS-GFP ovarioles
confirming the germline-specific expression of the driver. (L) Gene ontology enrichment analysis for genes Downregulated in the PHB1-RNAi follicles. (M) Gene
ontology enrichment analysis for genes upregulated in the PHB1-RNAi follicles. (N) A volcano plot of RNA-seq data comparing mRNA expression between
control follicles and PHB1-RNAi expressing oocytes (FDR < 0.05). (0) RNA seq- data examining the expression of genes involved with follicle cell specification
and patterning in PHB1-RNAi follicles. (P) RNA-seq data examining the expression of ecdysone pathway genes in PHB-RNAI follicles. (Genes marked with a red
fold change display an FDR < 0.05). The control used in all RNAi experiments is mata ->dsRED-RNAi. Student’s t test was used for all pairwise comparisons, and
one-way ANOVA was used for all experiments containing >2 sample groups. Error bars represent the standard deviation.
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Figure S2. Mitochondrial dysfunction imairs the trafficking to specific receptors. (A) Images of egg chambers from control, PHB1-RNAI #2, and PHB1™!
temperature-sensitive mutants stained for Delta ligand green. (B) Gurken antibody-stained egg chambers from control and PHBI-RNAi females. (C-D")
Immunostaining of control and PHB1-RNAi egg chambers depicting delta (red) localization and mCD8-GFP (green) localization. (E-F’) Images of PTP69D
staining in control and PHB1-RNAi ovarioles. (G-J) Notch-ECD (green) staining images of control and PHB1-RNAi egg chambers. (K) Fluorescence levels from
antibody-stained images of control and PHB1-RNAi ovarioles (n = 25). Student’s t test was used for all pairwise comparisons, and one-way ANOVA was used for
all experiments containing >2 sample groups. Error bars represent the standard deviation.
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Figure S3.  Mitochondrial dysfunction prevents Delta trafficking independent of developmental arrest. (A-F) Whole ovariole images and images of
Delta stained ovarioles from RNAi transgenes for known mitochondrial genes, including control, PHB2-RNAi, ATP5CF6-RNAI, Bor-RNAi, Cype-RNAi, and
tomm22-RNAi. Whole ovary images represent females with two copies of the mata-GAL4 driver and immunofluorescence images ovarioles from females
carrying one-Copy of the mata-GAL4 driver. (G-L) Whole ovariole images and images of Delta stained ovarioles from RNAi transgenes for non-mitochondrial
genes including Fib-RNAi, Nob5-RNAi, HSC-70-4-RNAi, Prosalpha7-RNAi, Prosbeta5-RNAi, and OCT1-RNAi. Whole ovary images represent females with two
copies of the mata-GAL4 driver and immunofluorescence images ovarioles from females carrying one-Copy of the mata-GAL4 driver.
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Figure S4. ROS production regulates Delta protein trafficking. (A) LC/MS GSH/GSSG ratio measurements from control and PHB1-RNAi egg chambers (n =
8 biological samples). (B) LC/MS measurements of Methionine-sulphoxide levels from control and PHB1-RNAi egg chambers (n = 8 biological samples).
(C) images of mito-roGFP (green) fluorescence from control and PHB1-RNAi expression intestines. (D) Cytosolic delta levels of control, PHB1-RNAi, and PHB1-
RNAi +SOD2 egg chambers (n = 20 independent samples). (E) Cytosolic delta levels of control and ND-75-RNAi egg chambers (n = 20 independent samples).
(F) oxygen consumption rate measurements from control, walrus-RNAi, and MTPalpha-RNAi staged egg chambers (N = 6 sets stage 10 egg chambers). Egg
chambers were used in this experiment to correct for delays in development. (G) ROS levels from control, walrus-RNAi, MTPalpha-RNAj, and ND75-RNAi egg
chambers based on fluorescent imaging. Follicle cells are used as an internal control, and the data is expressed as a ratio of nurse cell/follicle cell fluorescence
(n = 20 egg chambers). (H) ROS-level quantification from control and ND75-RNAi egg chambers (n = 20 egg chambers). (I and J) Delta staining images of
ovarioles from Walrus-RNAI and MTPalpha-RNAj females. (K) Delta staining of PHB-RNAi+catalase, PHB-RNAi+SOD1, and DAAO-expressing ovarioles. Arrows
point to areas where Delta localization to the membrane is rescued. (L) Delta staining images from ND75-RNAi and ND75-RNAi+SOD2 ovarioles. (M) A
summary graph measuring the %rescue of ovarioles showing normal Delta membrane staining of all UAS-transgenes used in this study. The expression of all
the transgenes used in this graph is driven by mata-GAL4. Each data point represents an experiment of at least 25 ovarioles. Student’s t test was used for all
pairwise comparisons, and one-way ANOVA was used for all experiments containing >2 sample groups. Error bars represent the standard deviation.
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Figure S5. ROS production disrupts endosomal traffikcing and cell cell communication. (A) GO enrichment for protein domains found in proteins
downregulated in membrane fractions purified from MCF7 cells exposed to ROS. (B) ROS levels from MCF7 cells and BT549 cells. (C) Quantification of the
levels of EXOC1 and EXOC6 in membrane fractions from MCF7 cells and BT549 cells (n = 3). (D) A heat map showing the abundance of RAB family GTPases in
purified membrane fractions from MCF7 cells. (E) DHE staining of PHB1-RNAi and PHB1-RNAI; +RAB11-O/E ovarioles. (F) quantification of peb antibody
staining fluorescence from control and PIPK-RNAi ovarioles (n = 20). (G) volcano plot depicting the protein level differences between control 3T3cell and 3T3
cells cultured with H,0,. (H) A heat map depicting the expression of NRF2 target genes in cells adjacent to ROS-producing cells. (1) a heatmap of the gene
expression abundance changes in genes associated with the term “secreted protein.” Expression levels are expressed as a ratio ROS-coculture/control. (J) A
heatmap of the top 100 most significant differentially regulated genes in cells adjacent to ROS-producing cells. (K) A heatmap of the abundance of genes
associated with the gene ontology term “extracellular protein” from our list of genes downregulated in cells adjacent to ROS-producing cells(Red text indicates
a known role in cancer growth, metastasis, and angiogenesis). (L) ROS-Levels in Hek293 control cells, DAAO-expressing, and cells co-cultured adjacent to ROS-
producing DAAO+ cells (n = 25). (M) A Venn diagram showing the overlap of genes known to be regulated by extracellular ROS exposure (NCBI GEO:
GSE227554, H,0, exposure for 6 h) and our list of genes regulated by co-culture in contact with ROS-producing cells. (N) GO term enrichment for the 23 genes
overlapping our data and the H,0,-regulated genes studied in GSE227554. Student’s t test was used for all pairwise comparisons, and one-way ANOVA was
used for all experiments containing >2 sample groups. Error bars represent the standard deviation.
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Provided online are Table S1, Table S2, and Table S3. Table S1 is an Excel file of the RNA-sequencing data comparing gene expression
in control and Phb1-RNAi (one copy) egg chambers. Table S2 is an Excel file of the proteomics data examining membrane fractions
from MCF7 cells treated with H,0, for 30 min. Table S3 is an Excel file of the proteomics data examining membrane fractions from
NIH3T3 cells treated with H,0, for 30 min.
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