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SUMMARY

In multicellular lives, the differentiation of stem cells and progenitor cells is often accompanied by
a transition from glycolysis to mitochondrial oxidative phosphorylation. However, the underlying
mechanism of this metabolic transition remains largely unknown. In this study, we investigate

the role of mechanical stress in activating oxidative phosphorylation during differentiation of the
female germline cyst in Drosgphila. \We demonstrate that the surrounding somatic cells flatten

the 16-cell differentiating cyst, resulting in an increase of the membrane tension of germ cells
inside the cyst. This mechanical stress is necessary to maintain cytosolic Ca2* concentration

in germ cells through a mechanically activated channel, Transmembrane channel-like. The
sustained cytosolic Ca2* triggers a CaMKI-Fray-JNK signaling relay, leading to the transcriptional
activation of oxidative phosphorylation in differentiating cysts. Our findings demonstrate a
molecular link between cell mechanics and mitochondrial energy metabolism, with implications in
other developmentally orchestrated metabolic transitions in mammals.
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mechanical activation of OXPHOS
in Drosophila diffrentating germ cells
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Wang et al. use Drosophila early oogenesis as a model to reveal how mitochondrial energy
metabolism is induced during cell differentiation. They elucidate that mechanical stimulation from
the surrounding tissue stretches the plasma membrane of differentiating germ cells, which induces
mitochondrial energy metabolism through a Ca2*-mediated signaling cascade.

INTRODUCTION

Mitochondria, the metabolic hub of cells, generate most cellular ATP through oxidative
phosphorylation (OXPHOS) that is carried out by the electron transport chain (ETC).1
Mitochondrial functions are subject to a dual genetic control. The mitochondrial genome,
mtDNA, encodes 13 core subunits of the ETC. The majority of over 1000 mitochondrial
proteins, including the remaining ETC subunits, factors essential for mtDNA replication and
expression, and metabolic enzymes, are encoded by the nuclear genome.2 Mitochondrial
functions are fine-tuned by multifaceted transcriptional networks to accommodate energy
and metabolic demands in different tissues and developmental processes.3 Many types

of stem cells and progenitor cells emphasize on glycolysis for ATP production, which
preserves carbon sources for biosynthesis. However, during differentiation, cells switch
to mitochondrial energy metabolism.*® Defective OXPHOS impairs cell differentiation
and is associated with various neuromuscular disorders and aging in both human and
animal models.#8:7 Unicellular organisms can readily adjust energy metabolic programs
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in response to nutrient status and availability in the environment. However, stem cells
and their differentiated progeny are subject to a same, controlled supply of nutrients from
the circulation system8. The trigger for the transition in energy metabolism during cell
differentiation in most developmental processes remains unclear.

Cell differentiation is often concomitant with cell migration or tissue morphogenesis.®-10

As differentiating cells exit the stem cell niche and enter a new microenvironment, they
establish interactions with the surrounding cells, leading to changes in cell mechanics.
Extrinsic mechanical stimuli are sensed by mechanoresponsive machineries on the cell
surface, such as mechanically activated ion channels, and are translated into various
intracellular signaling.11:12 Mechanical forces have emerged as key regulators of stem cell
fate determination and tissue morphogenesis.13-15 CaZ* entry through Piezo, a mechanically
activated ion channel, has been shown to regulate the renewal and differentiation of stem
cells in both mammals and Drosophila.16-18 The cytosolic Ca2* concentration, which
usually forms an oscillatory wave, is primarily regulated by processes that promote the
entry of Ca2* from the extracellular space and the release of Ca2* from the endoplasmic
reticulum (ER) into the cytosol, as well as counteractive actions that pump Ca%* out of the
cell or into the ER.19:20 The elevated Ca?* levels trigger cellular responses by activating
Ca?* binding proteins and their downstream signaling molecules, such as calmodulin and
Calcium/Calmodulin-dependent kinases (CaMKs).21:22 Interestingly, the overexpression of
a constitutively active form of CaMKIV promotes mitochondrial DNA replication and
increases the expression of mitochondrial enzymes in fatty acid metabolism and the electron
transport chain, suggesting a Ca2*-mediated regulation of mitochondrial biogenesis.23
Nonetheless, a possible link between mechanical/Ca?* signaling and metabolic transition

in differentiating cells has yet to be explored.

Drosophila oogenesis provides an excellent model for studying mitochondrial biogenesis,
energy metabolism, and their developmental regulations.24-27 In the Drosophila ovary, a
cystoblast produced by a germline stem cell undergoes four rounds of cell division with
incomplete cytokinesis, resulting in a cyst of 16 interconnected germ cells (Figure 1A).

At this stage, the cyst makes physical contact with a few pre-follicle cells (pFCs). The
Delta ligand from the germline cyst activates Notch signaling in these pFCs, triggering
their centripetal migration along the anterior surface of the cyst (Figures 1B and S1A).28
These migrating pFCs, together with other pFCs, form a single-layered somatic epithelium
that encases the germline cyst. Subsequently, the 16-cell cyst undergoes a transformation
from a more rounded shape to a characteristic, one-cell thick lens shape and begins to
differentiate (Figure 1A). The cyst, consisting of an oocyte and 15 nurse cells, eventually
rounds up to form a sphere within the budding egg chamber.2%-31 OXPHOS is inactive in
germ cells at earlier stages but is induced in differentiating cysts through a Myc-mediated
transcriptional boost of both nuclear- and mtDNA-encoded ETC genes.2” A transient
increase in JNK activity in differentiating cysts activates Insulin/IGF-like signaling pathway
(11S) by increasing the transcription of Insulin-like receptor.2” Activated 11S forms a
feedforward loop with Myc, supporting ETC biogenesis and maintaining OXPHOS activity
until the late stages of oogenesis (Figure 1C).27
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The co-occurrence of pFC encapsulation and JNK activation in the differentiating cyst
intrigued us to explore the potential role of interactions between cysts and pFCs in OXPHOS
activation during cyst differentiation. In this study, we demonstrate that the surrounding
pFCs flatten the differentiating cyst, increasing the tension of germ cells’ plasma membrane.
This process maintains cytosolic Ca2* levels in germ cells via Transmembrane channel-like
(Tmc), consequently activating OXPHOS through a CaMKI-Fray-JNK signaling relay.

pFC encapsulation triggers OXPHOS activation in flattened differentiating cysts

The inward migration of a few pFCs, called cross-migrating pFCs, is controlled by the
germline-to-pFC Notch signaling.28 To assess the contribution of pFC migration and
encapsulation to OXPHOS activation in differentiating cysts, we inhibited pFC migration
by conducting Notch RNA interference (RNAI) in follicle stem cell and pFCs using the
109-30-Gal4 driver (Figure S1B).32 The inhibition of pFC migration through Notch RNAI
resulted in the failure of cross-migrating pFCs to position themselves between germline
cysts, while other pFCs maintained contact with the germline cysts (Figure S1C). This
genetic manipulation did not appear to disrupt cyst differentiation, as the presence of 16-cell
cysts containing differentiating oocytes marked with Orb was readily observed in the mid-
germarium region (Figure S1D). However, both mitochondrial inner membrane potential
(A'Y'm) and cytochrome c oxidase (COX) activity were markedly reduced in rounded cysts
(Figures 1D-1G). We next examined JNK activity using a puc-nLacZ reporter that expresses
a nuclear-localized LacZ controlled by the endogenous promoter of puc, a target and a
negative regulator of INK.33 Norch RNAI in pFCs resulted in a diminished puc-nLacZ
signal in differentiating cysts (Figure 1H). Consistent with the notion that JNK triggers an
11S-Myc feedforward loop in differentiating cysts,2” the protein level of Myc, visualized
by endogenously expressed Myc-GFP, was markedly reduced in differentiating cysts, when
cyst flattening was disrupted by pFC-specific Mofch RNAI (Figure S1E). Additionally, the
MRNA levels of Myc targets, including /nsulin-like Receptor and nuclear-encoded Cox/V,
and mtDNA-encoded Cox///, were downregulated in these cysts (Figures S1F and S1G).
Taken together, these results demonstrate that the envelopment of differentiating cysts by
migrating pFCs is necessary for INK-dependent OXPHOS activation.

pFC encapsulation increases the membrane tension of germ cells

The encapsulation of differentiating cysts by pFCs results in the flattening of cysts into a
characteristic lens shape. However, when pFC migration was inhibited by Nofch RNAI, the
differentiating cysts remained rounded (Figures 11, 1J, and S1C). Little cell growth was
observed during the initial phase of cyst differentiation (Figure S2A). Transforming a sphere
into an ellipsoid without changing its volume increases the surface area. Therefore, we
hypothesized that cyst flattening would stretch the membrane and increase the membrane
tension of germ cells in differentiating cysts. To this end, we performed fluorescence
lifetime imaging microscopy (FLIM) on living ovaries labelled with Flipper-TR, a cell
membrane tension reporter.3# Increased membrane stretching enlarges the space between
phospholipids tails, and in principle would allow Flipper-TR to adopt a trans-conformation
that shortens its fluorescence lifetime.34 To test Flipper-TR’s properties in the fly ovary,
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we measured Flipper-TR lifetimes in germaria that were incubated in media with different
osmolarity.3> Compared to the isotonic medium, the hypotonic medium resulted in shortened
Flipper-TR lifetimes on the germ cell membranes at various stages (Figures S2B-S2D). The
most obvious change was observed in the germ cell membranes in the anterior region of

the germaria (Figure S2B), presumably because they are more accessible to the medium.
Consistent with this notion, the hypertonic medium led to greater Flipper-TR lifetimes on
the germ cell membranes in that region but had little effect on cysts in the later stages
(Figures S2B-S2D). Nonetheless, these results indicate an inverse correlation between
Flipper-TR lifetime on the germ cell membrane and the degree of membrane stretching

in the Drosophila ovary. Next, we compared Flipper-TR lifetimes between undifferentiated
and differentiating cysts. In control germaria incubated in Schneider’s medium, Flipper-TR
lifetimes were similar at germ cell interfaces of undifferentiated cysts and the surfaces of
both undifferentiated and differentiating cysts. However, the lifetimes were shorter at the
germ cell interfaces in differentiating cysts (Figures 2A, 2B, S2B-S2F), suggesting that the
plasma membrane at the germ cell interfaces, but not the cyst surface, is stretched during
cyst differentiation.

Cell membrane is anchored to the underlying cortical actin cytoskeleton, which restricts
the lateral diffusion of phospholipids in the membrane.38:37 Using phalloidin staining, we
observed that cortical actin was highly concentrated at the surface regions of differentiating
cysts, but much less at the interfaces between germ cells, except at the ring canals

(Figure 2C). When the differentiating cyst is flattened, the actin-enriched cortical region

of the membrane may resist expansion and transmit forces to the interfaces between germ
cells, resulting in membrane stretching at these regions (Figure 2D). Supporting this idea,
inhibiting cyst flattening by pFC-specific Motch RNAI in fact led to a greater Flipper-TR
lifetime at germ cell interfaces without affecting the density of cortical actin (Figures 2A,
2B, and S2E-S2H). These results indicate that pFC encapsulation flattens the differentiating
cyst and thereby stretches a specific subregion of the germ cell membrane.

Membrane stretching regulates OXPHOS activation in differentiating cysts

To investigate the contribution of increased plasma membrane stretching to OXPHOS
activation, we genetically manipulated membrane stretching and evaluated its effect on
OXPHOS activities in differentiating cysts. Plasma membrane tension can be generated by
the contraction of the cortical actomyosin network, which consists of the molecular motor
non-muscle myosin 11 (NM 11) and F-actin.38 To inhibit cortical actomyosin contraction,
we ectopically expressed Sqh”20A21 3 dominant negative mutant of Spaghetti squash
(Sgh), the light chain subunit of the Drosophila NM 11, in germ cells.3? Overexpression
of SqhA20A21 reduced plasma membrane stretching (Figure S3). Importantly, both A¥'m
and COX activity were markedly reduced in differentiating cysts (Figure 3), indicating
that increased membrane stretching is involved in OXPHOS activation. We further tested
whether OXPHOS could be restored by increasing membrane stretching in differentiating
cysts that lacked pFC encapsulation. To this end, we co-expressed a small hairpin RNA
against Delta, the Notch ligand, and SqhE20E21 3 constitutively active form of Sgh, in
germ cells,3 to inhibit the germline-to-pFC Notch signaling and to increase the cortical
actomyaosin contraction of germ cells, respectively. RNAI against Deltain germ cells
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phenocopied the effects of pFC-specific Motch RNAI, resulting in impaired pFC migration,
rounded differentiating cysts, loss of membrane stretching at the germ cell interfaces, and
reduced JNK and OXPHOS activities (Figures 1D-1J, S1C, S1D, and S3). Co-expression
of SqhE20E21 shortened Flipper-TR lifetime throughout the plasma membrane of germ cells
with DeftaRNAI, an indication of increased membrane stretching (Figure S3). Importantly,
ectopically increasing cortical tension by SqhE20E21 gverexpression partially restored A¥'m
and COX activity in these differentiating cysts (Figure 3). Taken together, these findings
suggest that pFC encapsulation stretches germ cell membranes and this mechanical cue
activates OXPHOS in differentiating cysts.

Tmc mediates OXPHOS activation in differentiating cysts through JNK

To further understand how the increased membrane tension activates OXPHOS, we
performed a candidate germline RNAI screen targeting 40 genes annotated as “responsive
to mechanical stimuli” for the phenotype of reduced COX activity in differentiating cysts
(Supplemental Table S1). Tmc, a putative mechanically activated ion channel, emerged

as the strongest hit. More than 80% germaria of flies with germline-specific #mc RNAI
exhibited reduced COX activity (Figures S4A and S4B). Moreover, both COX activity and
A¥m were markedly decreased in the differentiating cysts of #mc! (Figures 4A-4D), a null
mutant of #mc.4% Germline expression of a Tme-Flag fusion protein restored COX activity
and A¥m in tmc! differentiating cysts (Figures 4C—4F, and S4C), confirming that Tmc is
required for OXPHQOS activation. Next, we examined JNK activity in germaria using the
puc-nLacZ reporter. In tmc! differentiating cysts, the puc-nLacZ signal was significantly
diminished, but was rescued by the expression of Tmc-Flag (Figure 4G). Importantly,
ectopic activation of the INK pathway by knocking down puc partially restored both COX
activity and A¥m in tmc! differentiating cysts (Figures 4A-4D). These results demonstrate
that Tmc acts upstream of JNK to activate OXPHOS in differentiating cysts.

Tmc maintains the concentrations of cytosolic Ca2* in differentiating cysts

Mammalian TMC1, a member of mammalian TMC protein family, is a pore-forming
protein of hair cell mechanoelectrical transducer channel and structurally related to
hyperosmolality-gated calcium-permeable channels.*142 In Drosophila, Tmc is involved in
modulating Ca2* levels in response to mechanical forces in sensory neurons.*0:43 Therefore,
we examined the potential impact of Tmc on cytosolic Ca2* profile along germline cyst
differentiation. We generated a UASz transgene that expresses a fusion protein consisted of
mTagBFP2 and GCaMP6s linked by a self-cleaving P2A peptide (Figure 5A). GCaMP6s

is a highly sensitive fluorescence Ca2* reporter,** while mTagBFP2 serves as the internal
control for GCaMP6s protein levels (Figure S5A). We generated a standard Ca2* responsive
curve for this ratiometric reporter using perfused S2 cells (Figure S5B). Simultaneous live
imaging for both fluorescent proteins in control germaria revealed substantial variation in
Ca?* levels and CaZ* oscillation patterns in germ cells at different developmental stages
(Figures 5A and 5B). In control germaria, undifferentiated cysts exhibited the fastest

Ca?* oscillations and the highest basal cytosolic Ca2* levels. As cysts differentiated,

Ca?* oscillations became slower, and basal cytosolic Ca2* levels decreased compared to
undifferentiated cysts. In budding egg chambers, the cytosolic Ca2* level was the lowest, and
no Ca2* oscillation was observed during a 20-minute live imaging period (Figures 5C-5E,
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and Video S1). Knockdown of #mcin the germline did not significantly affect cytosolic Ca2*
level, the frequency and coefficient of variation of Ca2* oscillations, or the properties of
Ca?* peaks in undifferentiated cysts (Figures S5C, S5E, S5F, S5H, S5J, S5K, and Video

S2). Since Tmc transcript was uniformly expressed in the germarium (Figure S6), other
mechanisms likely regulate Ca2* levels and dynamics in germ cells at this stage. However, in
differentiating cysts, #mc RNAI led to lower basal Ca2* levels, while increased the frequency
of Ca2* oscillation with a smaller peak rise slope (Figures 5F-5H, S5D, S5G, S5I, S5J, S5K,
and Video S2).

To further investigate which of these altered Ca2* properties are related to OXPHOS defect
in Tme-depleted differentiating cysts, we expressed Parvalbumin (PV), a high-affinity CaZ*
binding protein,*® to sequestrate free cytosolic CaZ* in germ cells. Compared with #mc
RNAI, PV expression led to a greater reduction in Ca2* levels and nearly abolished Ca2*
oscillations in differentiating cysts, while impairing JINK and OXPHOS activity (Figures
5F-5H, S5C-S5K, S7TA-STE, and Video S3). Therefore, Tmc’s role in maintaining cytosolic
Ca?" levels, rather than limiting Ca2* oscillations, is required for JNK-dependent OXPHOS
activation.

To investigate the impact of cyst flattening on the Ca2* profile in germ cells, we co-
expressed the Ca2* reporter in germline cysts with Defta RNAI. Differentiating cysts with
Delta RNAI showed reduced basal Ca2* levels and increased Ca2* oscillation frequency,
similar to those with #mc RNAI (Figures 5F-5H, S5C-S5K, and Video S4). Additionally,
overexpression of SqhE20E21 restored the cytosolic Ca?* levels in differentiating cysts with
DeltaRNAI (Figures 5F-5H, S5C-S5K, and Video S5). Together, these results suggest
that Tmc-mediated CaZ* entry in response to the stretching of the interface membranes is
required for maintaining cytosolic CaZ* levels in differentiating cysts. While mitochondrial
Ca?* is known to regulate OXPHOS and cell metabolism,*8 RNAi against MCU (the
mitochondrial uniporter) did not have any notable impact on OXPHQOS activation (Figures
S7F-S71), further supporting the role of cytosolic Ca?* in OXPHOS activation during cyst
differentiation.

Cytosolic Ca?* mediates OXPHOS activation through CaMKI and Fray in differentiating
cysts

Despite high level of cytosolic Ca2*, OXPHOS remained inactive in undifferentiated cysts.
We hypothesized that certain signaling molecules downstream of Ca2* might be absent

in undifferentiated cysts, thereby hindering OXPHOS activation. To this end, we assessed
the potential involvement of genes associated with Ca2* signaling and the JNK pathway

in OXPHOS activation in differentiating cysts (Supplemental Table S2). Germline RNAI
against CaMKI or Frayed, a conserved kinase regulating osmolarity responses,*’ abolished
both OXPHOS and JNK activities in differentiating cysts (Figures 6A-6C, and S7J-S7L).
Moreover, the reduction in OXPHOS activity observed in either CaMKI/ or Fray RNAI
was partially restored by enhancing JNK activity through puc RNAI (Figures 5B, 5C, and
S77J). This indicates that both CaMKI and Fray act upstream of JNK to activate OXPHOS
during cyst differentiation. We observed that the expression of an endogenously tagged
CaMKI-GFP fusion protein was low in early cysts but markedly increased in differentiating
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cysts and later stages (Figures 6D and 6E). In contrast, the expression of an endogenously
tagged Fray-GFP fusion protein and JNVK mRNA level remained consistent throughout cyst
differentiation (Figures 6D, 6E, and S6). Noteworthy, the level of CaMKI-GFP remained
normal in rounded differentiating cysts with germline De/ta RNA. that disrupts the germline-
to-pFC Notch signaling (Figures S7M and S7N). This suggests that while the flattening

of differentiating cysts is necessary for sustaining Ca2* levels, it is not required for the
upregulation of CaMKI at this stage. Nonetheless, the increased abundance of CaMKI
protein, combined with sufficient cytosolic Ca2*, likely confers JNK activation specifically
to differentiating cysts (Figure 6F).

Fray overexpression has been demonstrated to effectively activate its downstream targets,*8
which allowed us to determine the epistasis between Fray and other molecules identified in
this study. We generated a UASzZ transgene expressing the Fray kinase (UASz-Fray-3HA).
Overexpression of Fray enhanced both JNK activity and OXPHOS in differentiating cysts
with 7/mec RNAI or CaMK/RNAI (Figures 6A, 6C, 6G and S70), suggesting that Ca2*

and CaMKI activate JNK and OXPHOS through Fray in differentiating cysts. Moreover,
Fray overexpression also partially restored OXPHOS in rounded cysts resulting from
germline DeltaRNAI (Figures 6C and 6G). These findings further support the notion

that the mechanical signaling triggered by cyst flattening activates OXPHOS during cyst
differentiation (Figure 7).

DISCUSSION

A transition from glycolysis to OXPHOS is commonly observed during cell differentiation,
but the underlying mechanism is largely unknown. The mechanical properties of
differentiating cells are subject to changes in new microenvironment. Mechanical forces
have emerged as key regulators controlling many developmental processes, such as stem cell
fate determination, cell migration, and tissue morphogenesis.13:14:49 |n this study, using

the model of Drosophila female germline cyst development, we uncover a previously
unnoted role of mechanical stimuli in activating mitochondrial energy metabolism during
cell differentiation (Figure 7). We assessed the changes in cell membrane stretching during
cyst differentiation with the Flipper-TR probe and FLIM imaging. Colom and colleagues
rationalized that an increase in the spaces between phospholipid tails or an expansion of cell
membranes would reduce the lifetime of Flipper-TR.3# In the Drosophila ovary, incubation
with hypotonic medium reduced Flipper-TR lifetimes on germ cell membranes, in line with
the proposed Flipper-TR working model. Similarly, overexpression of SqhE20E21 which
increases cortical tension, shortened Flipper-TR lifetimes on germ cell membranes, further
validating the property of Flipper-TR in the Drosophila ovary. We observed a reduction in
the Flipper-TR lifetime in a restricted region, the interface membranes between the germ
cells in differentiating cysts. The evidence that Flipper-TR lifetime could be influenced by
the composition of phospholipids and their arrangement in the membrane may explain why
hypotonic conditions that increase membrane tension resulted in longer Flipper-TR lifetimes
in cultured mammalian cells.34 It is not known that the composition of lipids or their orders
are different between the germ cell interface membranes and the cyst surface. Hence, the
reduction of Flipper-TR lifetime during cyst flattening most likely reflects an increase in
membrane stretching at the interface regions. We propose that pressure from the surrounding
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pFCs, together with a lack of cortical actin meshwork that restricts the lateral movement of
phospholipids, would stretch the membrane at germ cells interface and therefore increase the
membrane tension therein.

Membrane tension can be sensed by a variety of transmembrane or membrane-associated
proteins, including cytoskeletons, cell adhesion molecules, and mechanically activated
ion channels. From our candidate screening for mechanoresponsive proteins involved in
activating OXPHO in differentiating cysts, an evolutionary conserved mechanosensory
channel, Tmc, was identified as the strongest hit. Differentiating cysts with #mc RNAI
had lower basal cytosolic Ca2* level but more frequent Ca2* oscillations, phenocopying
the rounded differentiating cysts with Delta RNAI. Importantly, ectopic activation of INK
or overexpression of Fray could restore COX activity in both tmcl and delta RNAI
differentiating cysts. These findings suggest that cyst flattening and Tmc function in the
same pathway that activates OXPHO during cyst differentiation.

Tmc-dependent mechanosensation has been mainly studied in sensory neurons and
muscles.#0:41.43,50-52 Mechanosensory neurons of #mcmutant lack Ca2* influx upon
mechanical stimuli,*? indicating that Tmc, either alone or in conjunction with other proteins,
can function as a CaZ* channel. Therefore, the loss of tmc would lead to reduced Ca2*

influx in the differentiating cysts. Distinct gating mechanisms have been proposed for Tmc
in different systems. Studies with green sea turtle TMC1 and budgerigar TMC2 reconstituted
in liposomes have shown that these channels can be directly gated by pressure.3 Indirect
gating mechanisms have been proposed in mammals and C. efegans, where TMC proteins
are linked to the extracellular matrix or actin cytoskeleton, respectively, through TMC
binding proteins or tethers.>45% These tethers are believed to convey mechanical forces

to open TMC channels. Given the functional conservation of Drosgphila Tmc and the
presence of fly homologs of Tmc tethers,*3 the tethering models of Tmc opening could

also be possible. During tissue morphogenesis, Cadherin-based junctions link to cortical
actin cytoskeleton and transduce tensional forces.13:36 E-cadherin, which is present at the
germ cell interfaces in differentiating cysts,%657 is one of the strongest hits from a previous
candidate RNAi screen for defective COX activity.3’ This provides additional support for the
tether model involving E-cadherin. In mammals, TMC1/2 are required for Ca2* permeability
of the MET channels.51:58 However, whether TMC1/2 themselves mediate Ca* entry
remains unclear. TMC proteins might influence the permeability of other Ca2* channels.

In line with this notion, our candidate RNAI screening also identified a few other Ca2*
channels, such as Trpy and Piezo,59-61 although the impact of RNAI of either gene on
OXPHOS activation in differentiating cysts was less pronounced compared to mc RNAI
(Figure S4A). Further studies are necessary to determine whether Trpy or Piezo acts in
conjunction with Tmc to activate OXPHOS in differentiating cysts.

Mechanical activation of OXPHOS during Drosophila ovarian cyst differentiation shares
similarities with neuronal differentiation in the mammalian cerebral cortex, where
differentiating neurons migrate against mechanical barriers of the surrounding cells
towards the cortical plate.? Both OXPHOS and JNK activities are elevated during
neuronal differentiation.52-65 Importantly, JNK inhibition downregulates the transcription
of OXPHOS genes in differentiated neurons,3 suggesting general implications of
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JNK-mediated activation of OXPHOS in cell differentiation. Additionally, during the
maturation of mammalian cardiomyocytes, increased CaZ*-dependent contractility is
associated with enhanced OXPHOS activity.56:67 The contraction of cardiomyocytes is
modulated by stretch-activated ion channels.®8 Several CaMK genes are upregulated

during cardiomyocyte maturation.5® Moreover, CaMKIV has been shown to promote

the transcription of nuclear-encoded mitochondrial genes in mouse skeletal muscles.23
Therefore, mechanical forces generated in developing tissues may function as developmental
cues that trigger the spatiotemporal coupling of metabolic transition with cell differentiation
and tissue development. Our work uncovers a molecular link between cell mechanics and
mitochondrial energy metabolism and establishes a framework to further understand this
conserved regulation in other developmental processes.

Limitations of the study

Inhibition of Tmc resulted in a decrease in the basal level of cytosolic Ca2* but an increase
in the frequency of Ca2* oscillations in differentiating cysts. In sensory neurons, Tmc
generates Ca2* spikes lasting tens of seconds.*? Given the diffusible nature of Ca?* in the
cytosol, Tme-dependent CaZ* influx could be readily equilibrated in germ cells that are
interconnected within a cyst. Thus, it is puzzling that Tmc-depleted differentiating cysts
exhibited sustained CaZ*deficiency. It is possible that the reduced basal cytosolic Ca%* level
is a secondary effect of CaZ* dysregulations resulting from impaired OXPHOS activation
or endoplasmic reticulum-mitochondria interactions.1® Additionally, the overexpression of
Parvalbumin, which greatly reduced cytosolic Ca2* levels and completely abolished Ca2*
oscillations, also impaired OXPHQOS activation in differentiating cysts. We hence consider
Tmc’s role in maintaining cytosolic Ca?* as essential for OXPHOS activation. Notably,
some downstream targets of Ca2* are sensitive to the frequency of Ca2* spikes, 1 raising
questions about the physiological consequences of increased Ca2* oscillations in Tmc-
depleted differentiating cysts that remain to be explored.
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will be fulfilled by the Lead Contact, Hong Xu (Hong.Xu@nih.gov). Materials are available
upon request.

Materials availability—All plasmids and transgenic lines generated in this study are
available from the Lead Contact.

Data and code availability

. Original microscopy images and GraphPad files for quantifications were
deposited at Mendeley (10.17632/6c46mnmkds.1).

. All data is publicly available as of the date of publication.

. Any additional information required to reanalyze the data reported in this paper
is available from the Lead Contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fly genetics and husbandry—Flies were maintained on standard BDSC cornmeal
medium at 25°C. RNA. lines for candidate screen are listed in Supplemental Tables

S1 and S2. w118 (ctrl, BL3605), Luciferase-RNAI (ctrl, BL31603), 109-30-Gal4 (pFC-
Gal4, BL7023), nos-Gal4 (germ-Gal4, BL25751), nos-Gal4 (germ-Gal4, BL32563),
UAS-2xEGFP (BL6874), MTD-Gal4 (germline, BL31777), puc-nLacZ (puc-laczA251-1F3,
BL11173), NRE-EGFP (BL30728), Notch RNAI (BL27988), DeltaRNAI (BL36784),
UASp-SqhA20A21 (B 64114), UASp-SqhF20E21 (BL64411), tmc! (BL66556),40 fme RNAI
(BL50984), puc RNAI (BL36085), JNK RNAI (BL31323), MCURNAI (BL67857), CaMK/
RNAI (BL35362), CaMK/RNAI #2 (BL41900), fray RNAI (BL42569), fray RNAI #2
(BL55878), and Myc-GFP (BL81274) were obtained from Bloomington Drosophila Stock
Center. CaMKI-GFP (v318349) and Fray-GFP (v318460) were from Vienna Drosophila
Resource Center.

Transgenic flies—To generate pUASz-mTagBFP2-P2A-GCaMP6s and
pUASz-mTagBFP2, GCaMP6s was amplified from pGP-CMV-GCaMP6s

(#40753, addgene) and mTagBFP2 from pCAG-mTagBFpP2.44.71

GCaMP6s and mTagBFP2, as well as a P2A fragment
(GCCACCAACTTCTCCCTGCTGAAGCAGGCCGGCGACGTGGAGGAGAACCC-
CGGCCCC), and an mTagBFP2 fragment alone, were subcloned into Xhol-cut UASZ-1.0,72
respectively, with the In-Fusion HD Cloning kit (639650, Takara Bio Inc.). The Parvalbumin
(PV) DNA fragment and the coding region of Fray were amplified from pCMV-PV-GFP
(#17301, addgene) and RE53265 (BDGP cDNA library), respectively. Plasmid containing
full-length of Drosophila Tmc was a kind gift from Dr. Craig Montell. A 3xHA tag

was added to the C-terminal of PV and Fray, respectively, and a Flag tag was added to the
C-terminal of Tmc, all of which were subcloned into Xhol-cut UASZ-1.0 with the In-Fusion
Cloning kit. Transgenic flies carrying these constructs were generated by Bestgene Inc.

METHOD DETAILS

Morphological analysis of female germline cysts in 3D—Z-stack images were
opened with Imaris (version 9.7, Oxford Instruments). Individual 16-cell cysts were
identified based on DAPI staining. In germaria with somatic //RNAI or germline Delta
RNAI, fused cysts were observed in some budding egg chambers. We only analyzed the
shape of budding egg chamber cysts with 16 cells. In Imaris, 3D surface view of individual
germline cyst was generated with the ‘surfaces’ tool. ‘Draw’ was used to manually trace
the same cyst in each confocal step. After generating 3D surfaces with “create surface’, the
values of cyst sphericity, ellipticity (oblate), and size were obtained in “detailed statistics’.
Images of 3D surfaces were generated with ‘snapshot’.

Immunofluorescence staining—Immunofluorescence staining was performed as
previously described.2” For immunofluorescence staining, antibodies/dye used were as
follows: rabbit anti-Vasa (1:1000, sc-30210, Santa Cruz Biotechnology), rabbit anti-GFP
(1:1,000, NB600-308, Novus Biologicals); mouse anti-Orb (1:800, 6H4, Developmental
Studies Hybridoma Bank); mouse anti-Hts (1:800, 1B1, Developmental Studies Hybridoma
Bank); mouse anti-p-galactosidase (1:1200, Z378A, Promega); mouse anti-FLAG (1:1000,
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F1804, MilliporeSigma); Alexa Fluor 568-Phalloidin (1:500, A12380, Invitrogen); Alexa
Fluor 568 donkey anti-rabbit IgG (1:600, A10042, Invitrogen), Alexa Fluor 568 goat anti-
mouse IgG (1:600, A11004, Invitrogen), Alexa Fluor 488 goat anti-rabbit 1gG (1:600,
A11034, Invitrogen), and Alexa Fluor 488 goat anti-mouse 1gG (1:600, R37120, Invitrogen).

Samples were mounted with Vectashield mounting medium with DAPI (H-1500, Vector
Laboratories). Confocal images of germaria were collected on a Perkin Elmer Ultraview
system (Zeiss Plan-apochromat 63x/1.4 oil lens, Volocity software, Hamamatsu Digital
Camera C10600 ORCA-R2, Immersol immersion oil 518F) with a 0.3 um step size.
Images for morphological analysis of female germline cysts were acquired with an

Instant Sim (iSIM) Super-Resolution Microscope (Olympus UPlanSApo 60%/1.30 Sil lens,
Metamorph acquisition software, ORCA-Flash4.0 V2 Digital CMOS camera C11440,
Silicone Immersion Oil SIL300CS-30SC) with a 0.2 um step size. All confocal images
were processed with NIH ImageJ (National Institutes of Health).

Fluorescence in situ hybridization (FISH)—Fluorescently (Quasar® 570) labeled
Stellaris FISH probes against Cox/V, Cox/ll, InR, Tmc, and JNK mRNA were synthesized
by Biosearch Technologies. DNA sequences for the 7mcand JVK probes are listed in KEY
RESOURCES TABLE, while DNA sequences for the Cox/V, Cox/I/and /nR probes were
published in our previous study.2” FISH on Drosophila ovaries were performed according
to a published protocol.” Briefly, dissected ovaries were fixed in 4% PFA in PBS for 20
min. After 5x5 min in washes with PBST (PBS and 0.2% Triton X-100), ovaries were
permeabilized with 3 pg/ml proteinase K in PBS on ice for 1 h. Permeabilization was
stopped by incubating ovaries in PBS with 20 mg/ml glycine and was followed by a post-
fixation in PBST with 4% PFA for 20 min. After 5x2 min washes with PBST, ovaries were
incubated in prehybridization solution (2x SSC and 10% formamide) at room temperature
for 10 min. Prehybridization solution was removed, and 60 pl of hybridization solution (6 pl
deionized formamide, 3 ug heparin, 1 pl salmon sperm DNA, 80 ng probe mix, 6 ug dextran
sulfate, 120 pg BSA, and 5 pl of 20x SSC) was added. Ovaries were protected from light
and incubated at 37°C overnight. Ovaries were then washed for 3x15 min with prewarmed
prehybridization solution in at 37°C, followed by 4x5 min washes with PBS at room
temperature. Z-stack images with smFISH, mTagBFP2, and nuclear (DAPI) channels were
collected with the Perkin Elmer Ultraview system (Zeiss Plan-apochromat 63x/1.4 oil lens,
\Volocity software, Hamamatsu Digital Camera C10600 ORCA-R2, Immersol immersion
oil 518F) or the iSIM Super-Resolution Microscope (Olympus UPlanSApo 60x/1.30 Sil
lens, Metamorph acquisition software, ORCA-Flash4.0 V2 Digital CMOS camera C11440,
Silicone Immersion Oil SIL300CS-30SC) and processed with NIH ImagelJ.

Calcium imaging and analyses—Three-day-old females were collected. Their ovaries
were dissected in Schneider’s medium (Thermo Fisher Scientific) and immerged in hydrogel
as adapted from a previous study.®’ Briefly, dissected ovaries were transferred into a droplet
of medium on a 22x22 mm coverslip that were previously coated with 3-(trimethoxysilyl)
propyl methacrylate (440159, Sigma Aldrich). Medium was then replaced by 15 pl of 10%
PEG-DA hydrogel solution (GS700, Advanced BioMatrix, Inc.) with 0.1% Irgacure 2959
(photo initiator, 410896, Sigma-Aldrich). A coverslip treated with deperlent was placed
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above the hydrogel solution. The coverslip/coverslip sandwich was illuminated by a UV
light source for 30 s at 312 nm for gelation. Then, the upper coverslip was removed and

the bottom coverslip with the hydrogel was placed into a Chamlide chamber (CM-S22-1,
Quorum Technologies) filled with Schneider’s medium. Time-lapse imaging (every 5 s for
20 min) of the middle section (z-axis) of the germarium was performed on a Leica SP8
confocal microscope (HC PL APO CS2 63%/1.40 N.A. objective lens) using the Las X
software (version 3.5.7). Fluorescence of GCaMP6s (excitation: 488 nm, emission: 500-550
nm, and gain: 150%) and mTagBFP2 (excitation: 405 nm, emission at 440-480 nm, and
gain: 0%) were recorded simultaneously as videos at 8-bit depth.

The video flies were opened with NIH ImageJ. ‘Freehand selections’ was used to select
germ cell areas. Time-lapse fluorescence intensities for both channels in individual germ
cells were obtained with ‘plot z-axis profile’. Time-lapse background intensity of each
channel calculated from a 10x10 pm? square outside the germarium was subtracted from the
time-lapse fluorescence intensities. Time-lapse ratios of GCaMP6s/mTagBFP2 intensities
were imported into Origin 2021 (OriginLab Corporation). In Origin 2021, Ca2* oscillations
in each germ cell during the 20-min recording were counted manually based on the
individual peaks of GCaMP6s/mTagBFP2 intensity ratio. In Excel, average Ca2* level for
each germ cell was calculated by averaging the fluorescence ratio of the 20-min imaging.
The baseline Ca2* level between oscillations was calculated by averaging the ratio without
the peaks. Coefficient of variation is defined by the standard deviation of peak periods of
Ca?* oscillations divided by the mean and expressed as a percentage.” Peak periods from
individual germ cells were measured in Origin 2021. Mean and the standard deviation of
peak periods was calculated to obtain coefficient of variation in Excel.

For Ca?* calibration, the mTagBFP2-P2A-GCaMP6s fragment was firstly subcloned into
the pIB/V5-His vector (V802001, Invitrogen) with the In-Fusion Cloning kit. 2x108 S2
cells (S2-DRSC, Drosophila Genomics Resource Center) were seeded in a 60 mm dish

and transfected with 2 g the pIB-mTagBFP2-P2A-GCaMP6s-V5-His construct using
Effectene Transfection Reagent (Qiagen). After 2 days, cells were spread on concanavalin
A-coated chambered coverglasses (155411, Thermo Scientific) and permeabilized by 150
UM digitonin (D141, Sigma-Aldrich) in the zero free calcium buffer (30 mM MOPS, pH 7.2,
100 mM KCI, 10 mM EGTA, see below) for 10 min. A series of buffers with 11 different
free calcium concentrations were obtained by mixing the zero free calcium buffer (30 mM
MOPS, pH 7.2, 100 mM KCI, 10 mM EGTA) and the 39 uM free calcium buffer (30 mM
MOPS, pH 7.2, 100 mM KCI, 10 mM CaEGTA) in various ratios (Calcium Calibration
Buffer Kit #1, Life Technologies) and added to different wells of chambered coverglasses.
Confocal images of transfected cells (n = 13~29 cells for each calcium concentration) were
acquired by a Leica SP8 confocal microscope (HC PL APO CS2 63x/1.40 N.A. objective
lens) using the Las X software with the same settings for Ca2* imaging on germaria. In
Prism 9 (GraphPad), background removed ratios of GCaMP6s/mTagBFP2 intensities were
plotted to generate a sigmoidal standard curve that was then utilized to fit the germ cell data.

Membrane tension measurements—Cell membrane tension was measured with
Flipper-TR fluorescent tension probe (SC020, Cytoskeleton, Inc.).34 Dissected ovaries were
incubated with 2 pM Flipper-TR in Schneider’s medium for 30 min. Single z-plane FLIM
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images of the germarium regions were acquired using a Leica SP8 Falcon FLIM confocal
microscope, a HC PL APO CS2 63x/1.40 N.A. objective lens, and Leica Las X. Point
scanning excitation at a speed of 400 Hz was performed at 488 nm using a pulsed
white-light laser operating at 80 MHz with emission collected over a bandwidth of 550—
650 nm onto a hybrid single molecule detector (HyD SMD) at 16-bit digitization with a
pinhole set to 1 A.U. Image size was set to 512x512 pixels? with pixel sizes of 300 nm.
Fluorescence from germaria as frame accumulated over 70 images to build up an adequate
number of photons per pixel for further analysis. Time-correlated single photon counting
histograms were collected with 136 channels in a 13 ns time window (97 ps per channel).
Before lifetime fitting, pixel binning of 2 was performed to provide peak counts of at

least 600 photons/pixel for the dual exponential fits, followed by a manual thresholding

to omit background pixels. Fluorescence decay data from full images was fitted to a dual
exponential tail fit model in the Las X software. Images of the longest lifetime were
exported for further analysis. A custom program written in IDL (Interactive Data Language,
L3Harris Geospatial) was used to obtain average lifetime values in regions of interest (ROISs)
from the lifetime pixel-map images generated by the Las X software.

For osmotic shock experiments, isotonic, hypotonic, and hypertonic media were prepared
as previously described.”® Briefly, isotonic medium was made by mixing Drosophila saline
(15 mM HEPES pH 7.0, 117.5 mM NaCl, 20 mM KCl, 8.5 mM MgCl,, 2 mM CaCl,, 10.2
mM NaHCOg3, 4.3 mM NaH,PO,, and 20 mM glucose) and Schneider’s medium ata 1:1
ratio. Hypotonic saline was obtained by mixing isotonic medium and H,O at a ratio of 10:3.
Hypertonic saline was a modified isotonic medium containing 0.1 M sucrose. Ovaries were
dissected, equilibrated for 60 min, incubated with 2 uM Flipper-TR for 20 min, and imaged
in each medium, respectively.

COX activity histochemistry—Histochemical activity staining and quantification for
cytochrome ¢ oxidase (complex 1V) were performed according to the procedure from our
previous study.2” Four to eight pairs of ovaries from 2~3-day-old flies were dissected in
PBS and ovarioles were separated by using a dissection needle. Ovaries were incubated with
COX staining solution [50 mM phosphate solution (pH 7.4), 4 mM 3,3’-diaminobenzidine,
2 pg/ml catalase, 200 UM cytochrome ¢, 4 mM antimycin A, 84 mM malonate, and 60 pM
rotenone] for 30 min at room temperature. For negative control, ovaries (Luciferase RNAI)
were treated with 2 mM KCN in COX staining solution for 30 min at room temperature.
Negative control was performed with each batch of COX activity staining. All reactions
were followed by 2x5 min washes with phosphate solution and 4% paraformaldehyde
fixation for 15 mins. After 2x5 min washes in phosphate solution, ovaries were immersed
in 80% glycerol in phosphate solution. Brightfield images of germaria were collected by

a Zeiss Axio Observer Z1 microscope (C-Apochromat 40x/1.1 W Corr objective lens for
ovaries).

Relative ETC activities in differentiating cysts were quantified with ImageJ. From the
opened images, areas of differentiating cysts were isolated with ‘freehand selections’ and
followed by ‘clear outside’. The color of the cysts was converted into gray and inverted

to obtain images with black background. The COX staining area was selected with ‘color
threshold’. Mean intensity of the selected COX staining area was measured. Mean intensity
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of non-selected area was considered as background and subtracted from the mean intensity
of selected area. From each batch of activity staining, relative COX activity of ctrl
differentiating cysts was considered as ‘1’, while the intensity from the negative control
was considered as ‘0’ activity.

Mitochondrial membrane potential staining—Ovaries were dissected in Schneider’s
medium with 10% fetal bovine serum and incubated with medium containing TMRM

(20 nM, 134361, Thermo Fisher Scientific) and MitoTracker Green (100 nM, M7514,
Invitrogen) for 20 min. The ovaries were then rinsed three times with PBS and imaged alive
within 40 min on a PerkinElmer Ultraview system (Zeiss Plan-apochromat 63%/1.4 oil lens,
Volocity acquisition software, Hamamatsu Digital Camera C10600 ORCA-R2, Immersol
immersion oil).

To acquire ratiometric TMRM/MitoTracker Green images, z-stack images (3 steps with 0.4
um/z-step) were opened in ImageJ. TMRM and MitoTracker Green channels were separated.
Regions of mitochondria were chosen in the MitoTracker Green image with the “color
threshold” function at default settings. “Restore selection” function was applied to outline
mitochondria in the corresponding TMRM image. Fluorescence outside mitochondria

was removed from either channel with “clear outside” function. The ratiometric images
were generated with “Image Calculator” function by normalizing the intensity of TMRM
with that of MitoTracker Green. Mean TMRM and MitoTracker Green intensities of the
germline mitochondria were measured. From either channel, mean intensity of non-selected
areas was considered as background and subtracted from the mean intensity of germline
mitochondria. The ratio between TMRM and MitoTracker Green intensity was obtained by
dividing the value of TMRM intensity by that of MitoTracker Green intensity. From each
batch of staining, relative TMRM/MitoTracker Green ratio of ctrl differentiating cysts was
normalized as ‘1’

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample size was not predetermined by statistical methods. The experiments were not
randomized. Investigators were not blinded. Prism 9 (GraphPad) was used to plot data

and perform statistical analyses. Error bars in all charts represent standard errors. Mann-
Whitney test (two-tailed) was used to determine the mean differences between two unpaired
groups, and Wilcoxon signed-rank test (two-tailed) for the differences between two paired
groups. Kruskal-Wallis test, followed by Dunn’s multiple comparisons test, was performed
to compare three and more groups. Differences were considered statistically significant
when P< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
. Somatic cells encase and flatten the differentiating germline cysts
. The plasma membrane of germ cells in the flattened cysts is stretched
. Membrane stretching sustains the cytosolic Ca%* level through the Tmc

protein

. A CaMKI-Fray-JNK signaling relay mediates Ca2*-dependent OXPHOS

activation
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Figure 1. Cyst flattening drives INK-mediated OXPHOS activation during differentiation.
(A) A schematic of a germarium showing germline stem cells (GSCs), cystoblasts (CB),

pre-follicle cells (pFCs), undifferentiated cysts (undiffer.), differentiating cysts (differ.), and
a budding egg chamber (budding.).

(B) A schematic showing that cross-migrating pFCs (CMCs) migrate alone the surface of

a germline cyst (left cyst) under the control of the germline-to-soma Notch signaling and
position themselves between germline cysts.

(C) A signaling relay coordinates the expression of mitochondrial genes encoded on both
the nuclear genome (NDNA) and mtDNA to promote OXPHOS activation in differentiating
cysts. IS, Insulin/IGF-1 signaling.

(D) Representative ratiometric images of TMRM and MitoTracker Green (MTG) double
staining in ctrl, pFC>Notch RNAI, and gern>Delta RNAI germaria.

(E) Quantification of TMRM/MTG ratio as an indication of inner mitochondrial membrane
potential in differentiating cysts from ctrl (n=10), pFC>Notch RNAI (n=8), and gernr>Delta
RNAI (n=10) germaria.

(F) Representative images of ctrl, pFC>Notch RNAI, and germ> Delta RNAI germaria
stained for COX activity.

(G) Quantification of COX activity in differentiating cysts from ctrl, pFC>Notch RNAI, and
germ>Delta RNAI germaria. n = 10 germaria for each genotype.

(H) Expression of puc-nLacZ (JNK activity reporter) in ctrl, pFC>Notch RNAI, and
gern>Delta RNAI germaria.

(I) Germaria of ctrl, pFC>Notch RNAI, or gern> Delta RNAI stained for Vasa and 1B1.
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(J) Sphericity and ellipticity of developing cysts. The numbers (n) of cysts for each
developmental stage and genotype are indicated. Note that pFCs are not located between
differentiating cysts when the germline-to-soma Notch signaling is suppressed.
PFC>Luciferase RNAI was used as the control in all panels. Bars represent mean + SEM.
**P<0.01 and ****P < 0.0001. Scale bars, 10 pm.
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Figure 2. Membranes at the germ cell interfaces are stretched in the flattened differentiating
cysts.

(A) Representative images of Flipper-TR lifetime on cell membranes in germaria of ctrl or
PFC>Notch RNAI. Note that shortened Flipper-TR lifetimes (bluish pixels) correspond to
increased membrane expansion. The upper panels are lifetime images of whole germaria,
with cysts at different developmental stages outlined. The lower panels are cropped images
of surfaces and germ cell interfaces of the outlined cysts in the upper panels.

(B) Quantification of average Flipper-TR lifetimes in regions of interest (ROIs) of ctrl or
PFC>Notch RNAI germaria. The numbers (n) of ROIs are indicated.

(C) Representative images of a germarium expressing EGFP in pFCs. Enlarged view of
outlined areas are shown on the right.

(D) The proposed model illustrating that the flattening of a differentiating cyst results in
increased membrane tension at the germ cell interfaces, but not at the cyst surface. The
dashed box outlines a germ cell. The changes in germ cell mechanics during cyst flattening
are illustrated in the lower panel. The cell membranes (red, cyst surface regions) are pushed
by neighboring pFCs (purple). As phospholipid fluidity and membrane area changes are
restricted by the actin cortex, forces exerted on these membranes (red, cyst surface regions)
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would be transmitted to the membranes at the germ cell interfaces (green), leading to their
expansion.

PFC>Luciferase RNAI was used as the control. Bars represent mean + SEM. **P< (0.01 and
****P<0.0001. Scale bars, 10 pm.
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Figure 3. OXPHOS activation in differentiating cysts requires increased membrane stretching.
(A) Representative images of germaria with indicated genotypes stained for COX activity.

(B) Quantification of COX activity in differentiating cysts with indicated genotypes. n = 10
germaria for each genotype.
(C) Ratiometric images of TMRM and MTG in germaria with indicated genotypes.

(D) Quantification of TMRM/MTG ratio in differentiating cysts with indicated genotypes.
The numbers (n) of cysts for each genotype are indicated.
gernr> Luciferase RNAI was used as the control for all panels. Bars represent mean + SEM.
**P<0.01 and ****P < 0.0001. Scale bars, 10 um.
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Figure 4. Tmc is required for OXPHOS activation in differentiating cysts.
(A) Representative images of germaria with indicated genotypes stained for COX activity.

(B) Quantification of COX activity in differentiating cysts with indicated genotypes. n = 10
germaria for each genotype.

(C) Ratiometric images of TMRM and MTG double staining in germaria with indicated
genotypes.

(D) Quantification of TMRM/MTG ratio in differentiating cysts with indicated genotypes.
The numbers (n) of cysts for each genotype are indicated.

(E) Representative images of germaria with indicated genotypes stained for COX activity.
(F) Quantification of COX activity in differentiating cysts with indicated genotypes. n = 10
germaria for each genotype.

(G) Expression of puc-nLacZ (JNK activity reporter) in germaria with indicated genotypes.
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gernr>Luciferase RNAI was used as the control. Bars represent mean + SEM. **P< (.01,
***pP<0.001, and ****P < 0.0001. Scale bar, 10 pm.
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Figure 5. Tmc maintains cytosolic Ca%* concentration in differentiating cysts.
(A) A schematic of the Ca2* reporter, UASz-mTagBFP2-P2A-GCaMP6s, and a live

recording that shows Ca2* levels and oscillations in germline cysts at different stages

Page 29
protein B GCaMP6s/mTagBFP2 fluorescence ratio in ctrl cells c -
transgene n =20
9 self- cleavage undiffer. differ. budding. ( )
= *kkk
~UASHTEER A PPA S — DM | A 2 —
el LA Y
IO WY,V VR o
S u
£ 2 3001
c o
I =
+8 g 200+
S X S i
S 100{ . F .
s [
Q
;L=:A‘\ o pemeeesnes £ 0- -
0 5 10 15 200 5 10 15 200 5 10 15 20 G e
= 2300 nM Time (min) Time (min) Time (min) = e’{i@&
(n = 20) E n=20 F (n=28) G (n =28) (n=28)
— — *
—_ Z — S s00] 5 —
300 e 159 waw < 3004 = e
£ [ - (=}
£ - S *% ok S *X € , 8
Se . g % —/ = s % 00 *kk <) %
2004 , * = 8104 §°,200- : g © < =9
= s - g . 3 -
£ .5 © *kkKk § g £ I ﬁ + . .E g
P B - Be — 23 |3 £ 3= : % 734
1004 S o T 5 &®<S100{5 2 , & &£ 10018 50 = & | S E & -
D [&] - 9 (&} - %]
" 35 S . = L 4 = o s = * =
‘ E $ 2 , & T
- 0'_'_’ - E 0'_'_l_|_|_l_ - 0'_I_F|_I_l_ 0" R _i _____
&2 L& o 4@t i o® O\ P N O o P RN »\“‘ N xw AP
\)(\6\{\ 6\’{\ 0&5\ é‘* é{{\ 66\ G&“\é“ < G\\'g z\\a & o (? ? e\\a e\\ p&«(; 0 6 ? e\\’g e\\'b p&@
© 0% 02 ¢ 0700 O

(colored outlines). Time stamp in h:min:s. MTD-Gal4 was used to drive germline expression

of the Ca?* reporter. The range of intracellular Ca2* concentrations is shown.

(B) Representative traces of GCaMP6s/mTagBFP2 fluorescence ratio in individual germ
cells from 5 germaria at different developmental stages.

(C-E) Mean and basal Ca2* concentrations, and Ca2* oscillation frequency in individual
germ cells from 5 ctrl germaria.

(F-H) Mean and basal Ca2* concentrations, and Ca2* oscillation frequency in individual
differentiating cells with indicated genotypes. n = 28 cells from 7 germaria for each
genotype.

Bars represent mean + SEM. *P< 0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001.
Scale bar, 10 um.
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Figure 6. Cytosolic ca?* triggers OXPHOS activation in differentiating cells through CaMKI
and Fray.

(A) Expression of puc-nLacZ (JNK activity reporter) in germaria with indicated genotypes.
(B) Quantification of COX activity in differentiating cysts from germaria with indicated
genotypes. n = 10 germaria for each genotype.

(C) Quantification of TMRM/MTG ratio in differentiating cysts with indicated genotypes.
The numbers (n) of cysts for each genotype are indicated.

(D) Representative images of endogenous expression of CaMKI-GFP and Fray-GFP in
germaria.

(E) Quantification for the expression levels of CaMKI-GFP and Fray-GFP in germline cysts.
n = 10 germaria for each protein.

(F) The developmental patterns of cytosolic Ca?*, CaMKI expression, and JNK pathway
activity during germline cyst differentiation. The onset of CaMKI expression in
differentiating cysts restricts Ca*-dependent JNK activation at this stage.

(G) Quantification of COX activity in differentiating cysts with indicated genotypes. n = 10
germaria for each genotype.

Bars represent mean + SEM. *P< 0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001.
Scale bars, 10 um.
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Figure 7. A schematic of the mechanotransduction pathway that activates OXPHOS during

ovarian cyst differentiation.

In flattened differentiating cysts, Tmc-mediated Ca2* influx maintains cytosolic Ca2*
levels in response to cell membrane stretching, which activates INK through CaMKI

and Fray. JNK initiates an 11S-Myc feedforward loop that induces the transcription of
mitochondrial genes, resulting in the activation of OXPHOS. Undifferentiated cysts have
high concentration of cytosolic Ca?* that is independent of Tmc, but low JNK activity
due to the lack of CaMKI expression. In budding egg chamber cysts, JNK is inactive
due to reduced cytosolic Ca%* concentrations. However, the 11S-Myc feedforward loop is
established and maintains ETC biogenesis until later stages.
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REAGENT or RESOURCE

Antibodies

Rabbit anti-Vasa

Rabbit anti-GFP

Mouse anti-Orb

Mouse anti-Hts

Mouse anti-B-galactosidase

Mouse anti-FLAG

Alexa Fluor 568 donkey anti-rabbit 1gG

Alexa Fluor 568 goat anti-mouse 19gG

Alexa Fluor 488 goat anti-rabbit 1gG

Alexa Fluor 488 goat anti-mouse 19gG

Bacterial and virus strains

NEB® 5-alpha Competent E. coli

Chemicals, peptides, and recombinant proteins

Paraformaldehyde 16% Solution

Triton X-100

Schneider’s Drosophila Medium

DAPI

Flipper-TR fluorescent tension probe

Cytochrome ¢ from equine heart

Catalase from bovine liver

TMRM

MitoTracker Green

Alexa Fluor 568-Phalloidin

3,3’-Diaminobenzidine tetrahydrochloride

Antimycin A

Sodium malonate dibasic monohydrate

Rotenone

Digitonin
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REAGENT or RESOURCE

3-(trimethoxysilyl) propyl methacrylate

PEG-DA hydrogel solution

Irgacure 2959

Proteinase K

Heparin ammonium salt

Salmon Sperm DNA

Dextran sulfate sodium salt

Critical commercial assays

In-Fusion® HD Cloning Kit

Calcium Calibration Buffer Kit #1

Effectene Transfection Reagent

Experimental models: Cell lines

Drosophila S2 cells

Experimental models: Organisms/strains

D. melanogaster: w118

D. melanogaster: Luciferase RNAI

D. melanogaster: 109-30-Gal4

D. melanogaster: nos-Gal4

D. melanogaster: nos-Gal4

D. melanogaster: UAS-2xEGFP

D. melanogaster: MTD-Gal4

D. melanogaster: puc-laczA251-1F3

D. melanogaster: NRE-EGFP

D. melanogaster: Notch RNAI

D. melanogaster: Delta RNAI
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REAGENT or RESOURCE

D. melanogaster: UASp-SghA20A21

D. melanogaster: UASp-SghE20E2L

D. melanogaster: tmc?!

D. melanogaster: tmc RNAI

D. melanogaster: puc RNAI

D. melanogaster: INK RNAI

D. melanogaster: MCU RNAI

D. melanogaster: CaMK/IRNAI

D. melanogaster: CaMKIRNAI #2

D. melanogaster: fray RNAi

D. melanogaster: fray RNAI #2

D. melanogaster: Myc-GFP

D. melanogaster: CaMKI-GFP

D. melanogaster: Fray-GFP

D. melanogaster: RNAI stains for candidate RNAI screen, see Supplemental Table 1 and 2

D. melanogaster: pUASz-mTagBFP2-P2A-GCaMP6s

D. melanogaster: pUASz-mTagBFP2

D. melanogaster: pUASz-Parvalbumin-3xHA

D. melanogaster: pUASz-Fray-3xHA

D. melanogaster: pUASz-Tmc-Falg
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REAGENT or RESOURCE

Oligonucleotides

mTagBFP2-F
ATGGTGTCTAAGGGCGAAGAGC

mTagBFP2-P2A-R
GGGGCCGGGGTTCTCCTCCACGTCGCCGGCCTGCTTCAGCAGGGAGAAGTTGGTGGCGCCATTAAGCTTGTGCCCCAGTTTGCTA

GCaMP6s-F
GAGAACCCCGGCCCCATGGTCGACTCATCACGTCGTAAG

GCaMP6s-R
TCACTTCGCTGTCATCATTTGTACAAAC

Tmc-F
TCAAAGGATCCCTCGAGATGCAGAGCAGCGCCGATGC

Tmc-Flag-R
CTAGTGGTACCCTCGAGCTACTTATCGTCGTCATCCTTGTAGTCCATTTTCTCATGCTCATTTTCAATGTCAATCCTTATAATG

PV-F
ATGGCCCAGGTGCAGCTGC

PV-3xHA-R
TTAAGCGTAATCTGGAACGTCATATGGATAGGATCCTGCATAGTCCGGGACGTCATAGGGATAGCCCGCATAGTCAGGAACATCGTATGGATAGCCTCCACCTGCGG

Fray-F
ATGACCTCCATACCCGCCAATC

Fray-3xHA-R
TTAAGCGTAATCTGGAACGTCATATGGATAGGATCCTGCATAGTCCGGGACGTCATAGGGATAGCCCGCATAGTCAGGAACATCGTATGGATAGCCTCCACCGTCCG

Fluorescently labelled DNA probes for JNK-RB:
TCGACGGTGTAGTGTTGGTGTGTGGATGGTGAAGTTGGTGTGGGCCGTAGATTAATGTACGCATACTATTCCTTGGGCACGGGTGATAGTATCGTAAGCGGTTTCTT

Fluorescently labelled DNA probes for 7mc-RD I
TTTGTAGAATTCCCTCTTGGTTCAGTTCGTAGGATCTGTGCTCTGGTTTTGCAATGGGAAGAAATTGTGTAGCTCTCCTCTGTCGTATAGACACTGGAGCCAGGCGC

Fluorescently labelled DNA probes for 7mc-RD 2:
CTAAGTCGTCTGAGTCTTTCTAGTCGTGGTTCGATATCTCTGAATCAGTGGAACTCTCCGTGTCGAAGGCATTGGTAGTGGTGGTGTATTCATCTTCTTCCCACATAC

Recombinant DNA

PUASZ-1.0

pCMV-PV-GFP

pPFLC-I-RE53265

pUASt-Tmc

Software and algorithms

Imaris

F1J1/ ImageJ

Origin 2021

Las X software

Interactive Data Language
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https://fiji.sc/
https://www.originlab.com/2021
https://www.originlab.com/2021
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.l3harrisgeospatial.com/Software-Technology/IDL
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REAGENT or RESOURCE

Prism 9

Deposited data

Original images and Graph pad files

Other

Chamlide chamber

Nunc™ Lab-Tek™ chambered coverglass
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