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A B S T R A C T

Potassium channels regulate diverse biological processes, ranging from cell proliferation to immune re-

sponses. However, the functions of potassium homeostasis and its regulatory mechanisms in adult stem

cells and tumors remain poorly characterized. Here, we identify Sandman (Sand), a two-pore-domain

potassium channel in Drosophila melanogaster, as an essential regulator for the proliferation of intestinal

stem cells and malignant tumors, while dispensable for the normal development processes. Mechanisti-

cally, loss of sand elevates intracellular Kþ concentration, leading to growth inhibition. This phenotype is

rescued by pharmacological reduction of intracellular Kþ levels using the Kþ ionophore. Conversely,

overexpression of sand triggers stem cell death in most regions of the midgut, inhibits tumor growth, and

induces a Notch loss-of-function phenotype in the posterior midgut. These effects are mediated pre-

dominantly via the induction of endoplasmic reticulum (ER) stress, as demonstrated by the complete rescue

of phenotypes through the co-expression of Ire1 or Xbp1s. Additionally, human homologues of Sand

demonstrated similar ER stress-inducing capabilities, suggesting an evolutionarily conserved relationship

between this channel and ER stress. Together, our findings identify Sand as a shared regulatory node that

governs Drosophila adult stem cell dynamics and tumorigenesis through bioelectric homeostasis, and

reveal a link between the two-pore potassium channel and ER stress signaling.

Copyright © 2025, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights are reserved,

including those for text and data mining, AI training, and similar technologies.
Introduction

Potassium (Kþ) channels, essential for regulating the most

abundant cation in the cytosol, play significant roles in multiple bio-

logical processes, including the cell cycle, metabolism, cytoskeleton

organization, and immune responses (Gonzalez et al., 2012; Xia et al.,

2023). Within the potassium channel family, the two-pore domain
(X. Ma), lihe19@ustc.edu.cn

Developmental Biology, Chinese Ac
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channels (K2P) represent the newest and least understood members

(Natale et al., 2021). Unlike other potassium channel families that

function as tetramers, K2P channels operate as homo- or hetero-

dimers (Natale et al., 2021). The human and fly genomes encode

15 K2P and 11 K2P channels, respectively, the functions of most of

which remain largely unexplored. K2P channels are generally

considered to contribute to background Kþ currents, thus helping

maintain the resting membrane potential in excitable cells such as

neurons and muscles (Enyedi and Czirjak, 2010). However, recent

studies suggest that K2P proteins may play much broader roles

across various systems as these proteins are responsive to a wide

array of stimuli, including pH changes, anesthetics, antidepressant

agents, post-translational modifications, lipids, oxygen tension,
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temperature, and even mechanical forces (Enyedi and Czirjak, 2010;

Natale et al., 2021). This diversity underscores their potential signif-

icance in different physiological and pathological conditions.

In Drosophila melanogaster, studies on K2P proteins have focused

on their roles within the nervous system (Pimentel et al., 2016; Weiss

et al., 2019) and heart (Klassen et al., 2017; Abraham et al., 2018),

while their functions in non-excitable tissues remain unexplored. In

mammals, K2P channels have been linked to tumor development in

several studies. The expression of various K2P family proteins is

significantly altered in the majority of cancer types (Williams et al.,

2013). But only a few K2P channels have been functionally charac-

terized in cancers so far. Specifically, KCNK9 is found to be over-

expressed in 35% of lung cancer cases (Mu et al., 2003), and a

monoclonal antibody targeting KCNK9 has been shown to inhibit

cancer growth and metastasis by inducing its internalization (Sun

et al., 2016). Moreover, the loss of KCNK3 has been demonstrated

to promote apoptosis and inhibit cell proliferation in lung cancer cells

(Wang et al., 2018). However, the precise molecular mechanisms

through which K2P channels affect cancer development are not fully

understood. It is also unknown whether K2P channels play a role in

tumor development in flies. This gap in knowledge underscores the

necessity for further research into the roles of K2P channels across

different species and tissue types, particularly given the potential

implications for understanding and treating cancer.

In the past decade, the Drosophila intestinal stem cells (ISCs)

have emerged as an important model of adult stem cells and

gastrointestinal cancer. This model is particularly appreciated for its

conservation of molecular mechanisms with mammals, alongside the

advantage of simpler genetic manipulation (Li and Jasper, 2016;

Kofman and Levin, 2024). Recent research utilizing this system has

identified various ion channels that play roles in maintaining midgut

homeostasis, including the Naþ channel PPK4 (Kim et al., 2017), Cl�

channel CFTR (Kim et al., 2020), and several Ca2þ channels such as

GluR (Deng et al., 2015), TRPA1 (Xu et al., 2017), PMCA (Deng et al.,

2015), and Piezo (He et al., 2018). However, the impact of Kþ ho-

meostasis on ISC proliferation and the channel mediating this regu-

lation in stem cells remains unclear.

In this study, we tackled these knowledge gaps by identifying a

K2P channel, Sandman (Sand), as being essential for the growth of

ISCs and malignant tumors. We found that the loss of Sand function

leads to an accumulation of intracellular Kþ, resulting in proliferation

inhibition. Additionally, we observed that overexpression of Sand

unexpectedly induces significant endoplasmic reticulum (ER) stress

and Notch pathway inhibition across various cell types. Finally, we

demonstrated that the ability of Sand to induce ER stress is likely to

be evolutionarily conserved, as evidenced by specific human Sand

homologues exhibiting similar ER stress-inducing properties in

mammalian cells. These findings offer perspectives on the bioelectric

regulation of stem cells and tumors, highlighting K2P channels as a

potential therapeutic target for the control of adult stem cells and the

treatment of cancer.

Results

Identification of Sand as a regulator of intestinal stem cells

and malignant tumors

The Drosophila genome encodes 11 distinct K2P channels, most

of which have been identified in the fly midgut (Buchon et al., 2013;

Marianes and Spradling, 2013; Hung et al., 2020) (Fig. S1A and

S1B). To investigate the functional impact of K2P knockdown in

ISCs, we employed stem cell-specific esg-Gal4 drivers combined

with RNAi lines from the Bloomington Drosophila Stock Center.

Among the RNAi lines tested, two independent RNAi lines against a

K2P protein, Sand, significantly inhibited both self-renewal and the
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Bleomycin-induced damage repair capabilities of ISCs (Figs. 1A,

1B, S1C, S1D). Knocking down Sand using esg-Gal4 reduced basal

stem cell density through all regions of the fly midgut (Figs. 1C, 1D,

S2A). Similarly, midgut clones with Sand knockdown displayed a

significant reduction in clone size, indicative of impaired stem cell

proliferation (Fig. S2B and S2C). To further assess whether Sand

functions cell-autonomously in ISCs, we performed tissue-specific

knockdowns using Gal4 drivers targeting ISCs, enteroblasts

(EBs), enterocytes (ECs), and enteroendocrine cells (EEs)

(Fig. S2D). Our findings revealed that only the reduction of Sand in

ISCs leads to a proliferation phenotype, suggesting that Sand is

autonomously required in ISCs. Conversely, overexpression of

Sand resulted in a unique phenotype within the midgut: while the

density of ISCs decreased in most midgut regions (R1eR4), it

markedly increased in the posterior R5 region (Figs. 1C, 1D, S2A).

Furthermore, Sand overexpression also triggered a strong increase

in the number of EEs in the R5 region but not in the R1eR4 regions

(Fig. 1De1H).

Quantitative analysis of the R4 region, serving as a representative

for the R1eR4 regions, alongside the R5 region, showed that midgut

width decreases in Sand-RNAi (Sand-i) flies and increases in Sand-

overexpression (Sand-OE) flies. This suggests that the production of

enterocytes from stem cells is reduced in Sand-i flies but increased in

Sand-OE flies (Fig. 1E). These observations are supported by

changes in the number of GFPþ cells (driven by esg-Gal4) and mitotic

cells marked by phospho-Histone 3 (pH3) (Fig. 1F and 1G). Similar

alterations were observed in both intestinal precursor cells and EEs

within the third instar larval midgut subjected to Sand-i and Sand-OE

(Fig. S3), suggesting that Sand regulates ISCs independently of

developmental stages. However, a notable discrepancy was the

reduction of GFPþ stem cells specifically in the R1eR4 regions,

whichmay be attributed to either a transient amplification followed by

a loss of stem cells or an increased differentiation into enterocytes

(Fig. 1F). Furthermore, treatment with Bleomycin exacerbated the

growth inhibition observed in Sand-i flies without significantly

affecting the phenotype of Sand-OE flies (Fig. 1I). This treatment also

showed the reduction of EEs generation in Sand-i (in all midgut re-

gions) and Sand-OE (in the R1eR4 regions) (Fig. 1J), revealing a

significant difference between the anterior R1eR4 and R5 regions

that had not been previously noted.

We further validated the RNAi phenotype with two independent

Sand knock-out mutants (Sand-KO) generated through the CRISPR-

Cas9 technique (Bassett and Liu, 2014) (Fig. S4A and S4B). Both

Sand-KO lines exhibited significant suppression of Bleomycin-

induced ISC proliferation in the fly midgut, consistent with the ef-

fects observed in Sand-i (Fig. 1K and 1L). In contrast, neither Sand-i

nor Sand-KO displayed any notable developmental defects, aligning

with previous reports (Pimentel et al., 2016; Abraham et al., 2018;

Weiss et al., 2019) (Figs. 1M, 1N, S4CeS4H), suggesting that Sand is

specifically required in ISCs. However, overexpression of Sand ap-

pears to be broadly toxic: ubiquitous expression of Sand using

Tub-Gal4 resulted in complete lethality, while eye-specific expres-

sion driven by ey-Gal4 led to a substantial reduction in organ size

(Fig. 1M and 1N).

Previous studies have demonstrated that adult stem cells share

similarities with tumors in several aspects, such as self-renewal,

epigenetic regulation, telomere maintenance, metabolism, and

signaling pathways (Yin et al., 2021). However, it remains unclear

whether stem cells and tumors rely on similar molecules for

bioelectric regulation. To explore this, we investigated the role of

Sand in tumor progression within Drosophila models. We examined

the effects of Sand knockdown and overexpression across various

classic fly tumor models, including hyperplastic tumors induced by

yki or RasV12 expression, and invasive neoplastic tumors caused by

the combination of RasV12 expression and lgl mutation (Wu et al.,
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Fig. 1. Identification of Sand as a regulator of ISCs proliferation and tumor growth. A: Fluorescent micrographs of adult midguts expressing esgts-Gal4 driver to down-regulate gene

expression of Sand specifically in GFP-labeled progenitor cells by two individual RNAi lines. Two-to-three-day-old adult females were shifted from 18�C to 29�C for 7 days and then

were fed with 5% sucrose or Bleomycin (10 mg/mL in 5% sucrose) for 48 h at 29�C before dissection. Sand was found to result in a reduction of the number of intestinal stem cells.

Meanwhile, knockdown of Sand significantly reduced stem cell proliferation under Bleomycin treatment. B: Quantification of the number of GFPþ cells within 10,000 mm2 area. The

number of counts per group is 13. C: The diagram shows the regional pattern of the Drosophila melanogaster intestine. The left panel displays fluorescent micrographs of the adult whole

gut after 7 days of knockdown and overexpression of Sand in ISCs at 29�C. The right panel shows a heatmap of stem cell numbers in regions R1eR5 under the corresponding

conditions (n ¼ 14, 14, 12). D: Fluorescent micrographs of adult midguts. Knockdown of Sand results in a significant reduction of ISCs and EEs. Midguts were immunostained with anti-

Prospero antibody to label EEs. Overexpression of Sand in regions R4 and R5 exhibited opposite phenotypes: in regions R4, ISCs and EEs significantly decreased; in regions R5, ISCs

and EEs significantly increased. E: Quantification of the gut width in R4 and R5 (n ¼ 14, 10, 13, 14, 10, 13). F: Quantification of the number of GFPþ cells in R4 and R5 regions within

10,000 mm2 area (n ¼ 13, 13, 9, 8, 11, 13). G: Quantification of the number of pH3þ cells in R4 and R5. The number of counts per group is 8. H: Quantification of Prosperoþ cells in R4 and

R5 regions within 10,000 mm2 area (n ¼ 8, 8, 9, 8, 9, 7). I and J: Fluorescent micrographs of adult midguts. The numbers of ISCs and EEs did not increase after being fed Bleomycin for

48 h with knockdown and overexpression of Sand. For quantification of EEs, n ¼ 10. K and L: Fluorescent micrographs of adult midguts. After being fed Bleomycin for 48 h, the armadillo

staining showed clear cell boundaries and a lower number of pH3þ cells in Sand knockout flies, indicating that stem cell proliferation was inhibited. For quantification of pH3þ, n ¼ 9. M

and N: Light micrographs of Drosophila adult eye side view and quantification of the eye size with indicated genotypes driven by the eye-specific Gal4, ey-Gal4 (n ¼ 8, 8, 9). O:

Fluorescent micrographs of GFP-labeled Cephalic Complex, VNC, and pupa/larvae are shown with indicated genotypes. Compared with RasV12;lgl�/� tumors that induce massive

overgrowth, tumors were dramatically suppressed by coexpression of Sand-i or Sand-OE. PeR: Quantification of tumor size, invasiveness-related, and pupation-related penetrance

observed with indicated genotypes. n ¼ 26, 39, 26 (P); n ¼ 36, 39, 40 (Q); n ¼ 230, 234, 295 (R). All data are presented as mean ± SD. *, P � 0.05; **, P < 0.01; ***, P < 0.001; ****,
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2008, 2010). Our findings revealed that both knocking down and

overexpressing Sand significantly suppressed the growth, invasive-

ness, and lethality associated with RasV12, lgl�/� tumors in third instar

larval Cephalic Complex and ventral nerve cords (VNC) (Fig. 1Oe1R).

Similarly, Sand-i and Sand-OE reduced the size of yki-induced

tumors in these eye discs; however, RasV12-induced tumors were not

significantly affected (Fig. S5). Furthermore, we assessed the impact

of Sand manipulation on the yki- and RasV12-induced stem cell

tumors in the fly midgut. Our results showed that Sand-i suppresses

both yki- and RasV12-triggered stem cell tumors, whereas Sand-OE

had minimal effect on either (Fig. S6). These data suggest that fly

ISCs and malignant tumors share a common bioelectric regulator,

Sand, indicating similarities in their regulatory mechanisms.

Nonetheless, distinctions still exist between different cell contexts.

The effect of knocking down Sand varies across different tumorigen-

esis conditions, indicating that Sand is required specifically for certain

types of tumors. In the fly midgut, Sand is required for both RasV12 and

yki overexpression tumors (Fig. S6). However, in fly larval eye-antennal

disc tumors, Sand knockdown only affects yki overexpression, and

RasV12, lgl�/� tumors, but not RasV12-only tumors (Figs. 1O, 1R, S5).

The impact of Sand overexpression differs among various tumors:

Sand overexpression fails to inhibit the growth of RasV12 and yki

overexpression tumors in fly midgut as well as RasV12 tumor in eye-

antennal discs (Figs. S6 and S5), but significantly inhibits the growth

of yki, and RasV12, lgl�/� tumors in eye discs (Fig. 1Oe1R). It seems

that intestinal tumors are more dependent on Sand presence but are

more tolerant to Sand overexpression. Conversely, RasV12 tumors in

the eye-antennal discs seem insensitive to either a decrease or an

increase in Sand levels. This context-dependent requirement un-

derscores the complexity of Sand’s role in tumorigenesis and high-

lights the importance of identifying tissue- and condition-specific

factors in determining the effects of Sand in the future.
Loss of Sand inhibits stem cell and invasive tumor growth by

increasing intracellular potassium

Previous studies in mammalian cells have indicated that blocking

Kþ channels can lead to cell cycle arrest, possibly through membrane

depolarization (Blackiston et al., 2009). Additionally, a decrease in

intracellular Kþ has been associated with the facilitation of cell death

(Hughes et al., 1997; Panayiotidis et al., 2006). Based on these findings,

we hypothesized that knocking down Sand could cause an accumu-

lation of Kþ in intestinal cells, thereby inhibiting cell proliferation. To test

this hypothesis, we generated Sand-i and Sand-OE clones in the fly

midgut and stained the dissected midgut with Kþ fluorescent probe,

Enhanced Potassium Green-4 AM (EPG-4 AM), which increases green

fluorescence after binding of Kþ ions. Our results showed that Sand-i

cells exhibited a significant increase in EPG-4 signal compared to

neighboring control cells, indicating elevated intracellular Kþ levels

following the loss of Sand (Fig. 2A and 2B). Conversely, overexpression

of Sand did not significantly alter Kþ concentration.

To further investigate the role of Kþ accumulation in the Sand

knockdown phenotype, we employed two classic Kþ ionophores,

Valinomycin and Nigericin, to manipulate intracellular Kþ levels.

Valinomycin, a bacterial polypeptide that forms complexes specifically

with Kþ ions, facilitates their transmembrane transport, which also

affects the membrane potential (Huang et al., 2021). While Nigericin, a

bacterial polyether ionophore, promotes an electroneutral exchange

between Hþ and Kþ across the membrane, which does not change

membrane potential (Strahl and Hamoen, 2010; Gao et al., 2021). Both
P < 0.0001; ns, not significant. Ordinary one-way ANOVA followed by Bonferroni’s multiple com

(C). no., number; ISCs, intestinal stem cells; EEs, enteroendocrine cells; Ctrl, control; OE, over

deviation.
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Valinomycin and Nigericin treatments reduced the accumulation of

intracellular Kþ (Fig. S7). Although these drugs caused a moderate

increase in stem cell numbers in control midguts, they significantly

rescued the growth inhibition induced by Sand-i, restoring it to control

levels (Fig. 2C and 2D). In contrast, although Bleomycin and DSS

treatment triggered significantly stronger stem cell proliferation in

control midguts, they failed to rescue the phenotype inSand-imidguts;

while the addition of Valinomycin and Nigericin completely alleviated

the inhibition of ISC proliferation caused by Sand-i under Bleomycin

and DSS treatments (Fig. 2C and 2D). These data suggest that the

effect of restoring intracellular Kþ is specific to the Sand-i. These ob-

servations suggest that the growth inhibition resulting from Sand

knockdown is likely due to increased Kþ accumulation within the cells

rather than changes in membrane potential.

We further evaluated theeffectsof thesedrugson theRasV12, lgl�/�

invasive tumor model in larval Cephalic Complex and VNC. Unfortu-

nately, larvae did not tolerate Nigericin well, resulting in mortality

during treatment. In contrast, Valinomycin treatment significantly

reversed the growth suppression, reduced invasiveness, and

increased pupation rates caused by Sand-i (Fig. 2Ee2H). Thus, our

data strongly suggest that the reduction of Sand inhibits ISCs and

invasive tumor growth by increasing the cytosolic Kþ concentration.
Overexpression of Sand suppresses Notch activity by

influencing the trafficking of the Notch receptor

The distinctive phenotypes resulted from Sand-OE in the fly

midgut have drawn our attention, particularly given the unprece-

dented regional variations observed. Sand-OE not only demon-

strated markedly different effects on ISCs between the R1eR4 and

R5 regions but also produced seemingly contradictory outcomes:

while midgut width and proliferation (as indicated by pH3 staining)

increased in R1eR4, the number of ISCs decreased in these regions

(Fig. 1Ce1H). We hypothesized that this could be due to an initial

transient increase in stem cell proliferation followed by a subsequent

rise in stem cell loss through either death or differentiation as the

phenotype developed. To test this hypothesis, we examined the

Sand-OE phenotype at various time points (Figs. 3A, 3B, S8A, S8B).

Our findings revealed that ISCs hyper-proliferated during the first

three days across all midgut regions. However, after five days, stem

cell numbers began to decrease in the R1eR4 regions, while cells in

the R5 region continued to proliferate excessively. Given the limita-

tions of apoptosis staining in the midgut, we tested whether Sand-OE

induces cell death using fly wing imaginal discs. Indeed, disc cells

overexpressing Sand exhibited a significant increase in cleaved-

Caspase 3 staining (Fig. 3D), supporting the notion that prolonged

expression of Sandmay lead to increased cell death and subsequent

reduction in stem cell numbers. Additionally, the inhibition of cell

death by expressing both a dominant-negative form of Drosophila

caspase (DroncCARD) and baculovirus caspase inhibitor p35 rescued

the loss of stem cells caused by Sand-OE (Hay et al., 1994; Meier

et al., 2000), supporting the notion that apoptosis is the primary

cause of stem cell reduction (Fig. S8C and S8D).

In the R5 region of adult midgut, we observed that Sand-OE

leads to a significant increase in EEs over time (Figs. 1De1H,

3Ae3C). A similar increase in EEs was also observed in the larval

midgut (Fig. S3). Additionally, in the R5 region, ISCs marked by

Delta-lacZ were significantly increased, while EBs, identified by the

Notch activity reporter Su(H)Gbe-lacZ, were reduced

(Fig. S8EeS8H). These observations closely resemble the Notch
parisons test was utilized. Scale bars, 50 mm (M); 100 mm (A, D, I, K); 200 mm (O); 400 mm
expression; DAPI, 40,6-diamidino-2-phenylindole; VNC, ventral nerve cords; SD, standard



Fig. 2. Sand regulated ISCs and tumor growth by increasing cytosolic Kþ. A and B: Fluorescent micrographs of midgut bearing RFP-labeled clones with indicated genotypes stained

with potassium ion fluorescent probe, EPG-4 AM to indicate cytosolic Kþ levels. Knockdown of Sand leads to an increase in cytosolic Kþ levels, while overexpression of Sand does not

change the Kþ levels. For quantification of the potassium ion probe fluorescent intensity, n ¼ 18, 28, 25, 29, 16, 22. C and D: Fluorescent micrographs of adult midguts expressing

esgts-Gal4 driver to down-regulate Sand expression specifically in GFP-labeled progenitor cells feeding with potassium ionophore-Valinomycin (500 nm/mL in 5% sucrose) and Nigericin

(10 mm/mL in 5% sucrose) for 72 h to rescue Kþ levels, while simultaneously administering Bleomycin or DSS. The number of ISCs increased. For quantification of the GFPþ cells, n ¼ 8,

9, 9, 8, 9, 9, 8, 8, 8, 9, 9, 9, 8, 8, 9, 8, 9, 9. E: Fluorescent micrographs of GFP-labeled Cephalic Complex, VNCs, and pupa/larvae with indicated genotypes are shown. Compared to the

suppression of tumor growth in RasV12; lgl�/� with knockdown of Sand, feeding valinomycin rescues tumor growth. FeH: Quantification of tumor size, invasiveness-related and

pupation-related penetrance observed with indicated genotypes. n¼ 22, 17, 25, 19 (F); n¼ 22, 17, 24, 18 (G); n ¼ 33, 17, 28, 26 (H). All data are presented as mean ± SD. *, P � 0.05; **,
P < 0.01; ****, P < 0.0001; ns, not significant. Two-tail unpaired Student’s t-test was utilized in (A); Ordinary one-way ANOVA followed by Bonferroni’s multiple comparisons test was

utilized in (D, F, G, and H). Scale bars, 100 mm (A and C); 200 mm (E). ISCs, intestinal stem cells; Ctrl, control; no., number; EPG-4 AM, Enhanced Potassium Green-4 AM; Vali,

valinomycin; Nige, nigericin; Bleo, bleomycin; DSS, dextran sodium sulfate; DAPI, 40,6-diamidino-2-phenylindole; VNC, ventral nerve cords; SD, standard deviation.
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loss-of-function phenotype, which promotes stem cell proliferation

and EE differentiation but inhibits EB production. To test whether

Sand-OE inhibits Notch activity in general, we overexpressed Sand

in third instar larval imaginal disc using hh-Gal4. The results showed

that Sand-OE strongly suppressed the expression of the Notch

downstream gene Cut and the Notch activity reporter NRE-lacZ

(Figs. 3E and S9A). In addition, overexpressing Sand in the adult

wing by hh-Gal4 showed a missing wing margin (Fig. 3F). Over-

expression of Sand in the thorax by pnr-Gal4 showed a multi-bristle

phenotype (Fig. S9B). Both phenotypes are classic signs of Notch

inhibition.

To investigate the mechanism by which Sand-OE affects Notch

signaling, we performed staining of the Notch receptor using an
147
antibody against the Notch intracellular domain (NICD). Our results

showed a significant accumulation of intracellular Notch receptor in

Sand-OE wing imaginal discs (Fig. 3G and 3H). This effect on the

Notch receptor is not limited to the wing disc epithelium; Sand-OE

clones generated in the third instar fat body also exhibited increased

intracellular Notch receptor staining (Fig. 3I and 3J). Conversely, the

level of Notch ligand Delta was not affected (Fig. S9C). Previous

studies have shown that the Notch receptor undergoes proteinase

cleavage and post-translational modification in the ER, disruptions to

which can lead to intracellular accumulation of the receptor and

subsequent signaling inactivation (Hounjet and Vooijs, 2021). Our

data suggest that Sand-OE inhibits Notch activation, likely by inter-

fering with the trafficking of the Notch receptor.



Fig. 3. Sand overexpression inhibits Notch activity in multiple tissues. A: Fluorescent micrographs of adult midguts expressing esgts-Gal4 driver to overexpression of Sand at different

time points specifically in GFP-labeled progenitor cells. With varying durations of overexpression, the number of ISCs and EEs decreased in region R4, while they increased in region R5.

B and C: Quantification of the change in ISCs and EEs numbers over time in regions R4 (B) and R5 (C). The number of counts per group is 10. D: Fluorescent micrographs of wing discs

immunostained with anti-cleaved Caspase3 to label the apoptosis level. Cells are labeled by GFP expression along the A/P boundary (dashed lines) under control of the hh-Gal4 driver.

E: Fluorescent micrographs of wing discs immunostained with antieCut antibody to label Cut transcription. Cells are labeled by GFP expression along the A/P boundary (dashed lines)

under control of the hh-Gal4 driver. F: Images of adult wings showing the posterior half (indicated by blue shading) expressing the indicated genes driven by hh-Gal4. G and H:

Fluorescent micrographs of wing discs immunostained with anti-NICD antibody to label Notch transcription. Cells are labeled by GFP expression along the A/P boundary (dashed lines)

under control of the hh-Gal4 driver. For quantification of the relative intensity of NICD, n ¼ 10. I and J: Fluorescent micrographs of fat body bearing RFP-labeled clones with indicated

genotypes immunostained with anti-NICD antibody to indicate NICD transcription. For quantification of the relative intensity of NICD, n ¼ 12. K: Quantification of the relative fold change

of target gene expression in the Notch pathway with indicated genotypes. Rp49 mRNA was used as an internal control. L and N: Eye discs bearing GFP-labeled clones with indicated

genotypes were immunostained with anti-Cut (L) or anti-lacZ (N) antibody.M and O: Quantification of the relative intensity of Cut (M) and Su(H)Gbe (O) with indicated genotypes. n ¼ 25,

21, 31 (M); n ¼ 20, 26, 41 (O). P: Quantification of the relative fold change of target gene expression in the Notch pathway with indicated genotypes in the gut. Rp49 mRNA was used as

an internal control. All data are presented as mean ± SD; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant. Two-tailed unpaired Student’s t-test was utilized in (H, J, K,
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Additionally, to determine whether the Sand-OE phenotype is

caused by hyperpolarization of the cell membrane, we overex-

pressed Kir2.1, a classic inward-rectifier potassium channel

commonly used to hyperpolarize neurons (Hodge, 2009), and

examined if its overexpression would trigger similar phenotypes like

Sand-OE. Our results showed that overexpression of Kir2.1 did not

significantly affect stem cell density (Fig. S9D and S9E), suggesting

that the phenotypes observed with Sand-OE are likely caused by

mechanisms other than membrane potential increase.

We further examined the effects of Sand-OE and Sand-i on

various Notch target genes in the RasV12, lgl�/� tumors. Again, all

the tested Notch downstream genes were sufficiently reduced in the

Sand-OE samples compared to controls (Fig. 3K). Staining of Notch

target gene Cut and Notch activity reporter Su(H)Gbe-lacZ also

showed strong reduction of Notch activity in the Sand-OE tumors

relative to control tumors (Fig. 3Le3O). This reduction was also

evident in wild-type disc epithelium and yki-induced tumors

(Fig. S10). However, Sand-i also markedly reduced Notch target

genes in the RasV12, lgl�/� tumors (Fig. 3Le3O), suggesting a

complex mechanism between Sand levels and Notch regulation in

malignant tumors. To test the effect of Sand knockdown in normal

tissue, we examined the Notch target genes in the wild-type and

Sand-KO midguts. Knocking out Sand significantly increases the

mRNAs of most Notch target genes in the midgut, showing that

Sand consistently inhibited Notch signaling in intestinal tissues

(Fig. 3P). Collectively, these data suggest that while Sand sup-

pressed the Notch signaling across multiple tissues, including adult

and larval midguts, imaginal discs, and specific tumor types, this

regulatory relationship remains context-dependent.
The Sand overexpression phenotype is primarily mediated by

an increase in ER stress

The progressive development of the Sand-OE phenotype in the

R1eR4 regions of the midgut suggests that Sand overexpression

may induce certain chronic cellular stress in ISCs. Initially, this

stress triggers a compensatory proliferation response in ISCs,

similar to the effects of many other cell-damaging agents (Markstein

et al., 2014). However, prolonged stress eventually leads to

increased cell death, which outweighs the initial proliferative effect

and reduces the number of stem cells in the R1eR4 regions.

Meanwhile, the inhibition of Notch receptor trafficking makes us

suspect that Sand overexpression may trigger ER stress, which

blocks proper processing of the Notch receptor. Increased ER

stress has previously been shown to trigger ISC proliferation in the

fly midgut (Wang et al., 2014). While sustained and unmitigated ER

stress has been found to trigger cell death (Szalai et al., 2018),

which can explain the loss of ISCs after prolonged expression of

Sand. Moreover, a recent study in mammalian intestinal organoids

reported that increased ER stress triggers ISC to EE differentiation

(Sittipo et al., 2021), a phenotype also consistent with our obser-

vations of Sand-OE.

To test this hypothesis,wemanipulated variouscomponents of the

ER stress machinery to either enhance or reduce ER stress signaling

alongside Sand-OE. Our experiments showed that mutants reducing

the ER’s capacity to mitigate ER stress significantly exacerbated the

Sand-OE phenotype and led to a more pronounced stem cell loss

(Fig. 4A and 4B). Specifically, knocking down the major ER-located

chaperon Bip or expressing a dominant-negative Bip mutant (Bip

K97S), which impairs the ER’s ability to manage ER stress (Pobre
and P); Ordinary one-way ANOVA followed by Bonferroni’s multiple comparisons test was utiliz

intestinal stem cells; Ctrl, control; OE, overexpression; no., number; A/P, anterior/posterior; N

standard deviation.
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et al., 2019), resulted in significant cell death in the R5 region. Addi-

tionally, knocking down Ire1 or Xbp1, which mediate the primary

downstream responses of ER stress (Fu and Doroudgar, 2022), also

caused similar cell death phenotypes in the R5 region. Notably,

manipulation of the ER stress machinery alone did not drastically

affect ISC number, indicating that Sand-OE functions synergistically

with the ER stress pathway.

In contrast to the exacerbation of the Sand-OE phenotype by

reducing ER stress mitigation, expressing downstream effectors of

the ER stress effectors, Ire1 or activated Xbp1s (Xbp1), completely

rescued the Sand overexpression phenotype (Fig. 4A and 4B). Pre-

vious studies have demonstrated that enhancing the expression of

Ire1 can lead to its auto-activation (Martinez-Turtos et al., 2022).

Activation of the Ire1eXbp1s pathway significantly boosts the ER’s

protein folding and degradation capacities (Fu and Doroudgar, 2022).

These findings strongly support the hypothesis that the Sand over-

expression phenotype is likely caused by ER stress. Moreover, we

observed that expressing Sand in Drosophila S2 cells resulted in a

strong accumulation of Sand within the ER (Fig. 4C), supporting a

potential function of Sand in ER homeostasis.

To further investigate the role of Sand in ER stress, we utilized the

flip-out system to generate Sand overexpression clones in the fat

bodyof third instar larvae.Our result showed thatSand-OE triggered a

strongUPR, as indicatedby thephosphorylationof eIF2a, amarker for

ER stress. Importantly, this effect was fully rescued by co-expression

of Ire1orXbp1s (Fig. 4Dand4E). Similarly, the abnormal accumulation

of the Notch receptor observed in Sand-OE clones was also rescued

by co-expression of Ire1 or Xbp1s (Fig. 4F and 4G). This provides

additional support for the hypothesis that the aberrant accumulation

of the Notch receptor is a consequence of ER stress. Previous studies

have demonstrated that ER stress is often accompaniedby significant

leakage of Ca2þ from the ER into the cytosol. As increased ER-to-

cytosol Ca2þ efflux has been shown to exacerbate ER stress and

can even lead to cell death (Lindner et al., 2020). Consistently, we

observed a significant increase in cytosolic Ca2þ activity in ISCs with

Sand-OE (Fig. 4H and 4I). To further explore the relationship between

ER Ca2þ levels and the Sand-OE phenotype, we reduced ER Ca2þ

concentrations using two approaches: expressing Gaq, which trig-

gers ER Ca2þ release via activation of the PLC-IP3-DAG signaling, or

knocking down the ER Ca2þ pump SERCA, which decreases the

transport of Ca2þ from the cytosol back into the ER (Carreras-Sureda

et al., 2018). Both methods led to strong cell death in region R5

(Fig. S11A and S11B), supporting the conclusion that the Sand-OE

phenotype is driven by ER stress. Additionally, the Xbp1>dsRed
transcriptional reporter is significantly activated by Sand over-

expression in the midgut (Ryoo et al., 2013) (Fig. S11C). Importantly,

the Xbp1>dsRed activity is much lower in the R5 region compared to

the other regions, suggesting that the R5 region tends to maintain an

inherently low level of ER stress. This may explain why stem cells are

not lost in the R5 region of Sand-OE midguts. However, the mecha-

nism responsible for this reducedERstress in theR5 region remains to

be investigated in future studies. We then tested whether the physi-

ological level of Sandcontributes to theERstress level in the flymidgut

by testing the expression level of the major ER stress target genes.

Compared to wild-type, midgut from Sand KO flies showed a signifi-

cant reduction of ER stress target genes, suggesting that Sand reg-

ulates ER stress under physiological conditions (Fig. 4J).

Finally, we wonder if this gain-of-function Sand phenotype is

conserved in mammals. Humans contain 15 different K2P channels

that all share similar homologues with Sand (Fig. S12A). To find

whether certain mammalian K2P protein induce ER stress similarly to
ed in (M and O). Scale bars, 100 mm (A); 50 mm (D, E, G, H, L); 200 mm (K); 30 mm (L). ISCs,

ICD, Notch intracellular domain; KO, knockout; DAPI, 40,6-diamidino-2-phenylindole; SD,



Fig. 4. Sand increases triggers ER stress that causes Notch inhibition. A and B: Fluorescent micrographs of adult midguts expressing esgts-Gal4 driver to activate/down-regulate the

expression of ER stress-related genes with overexpression of Sand specifically in GFP-labeled progenitor cells. Quantification of the number of GFPþ cells. The number of counts per

group is 10. C: Fluorescent micrographs of S2 cells immunostained with anti-KDEL and anti-Flag antibody to indicate ER and Sand-Flag subcellular location. D and E: Fluorescent

micrographs of fat body bearing RFP-labeled clones with anti-peIF2a antibody. For quantification of the relative intensity of peIF2a, n ¼ 9, 9, 12, 9, 9. F and G: Fluorescent micrographs

of RFP-labeled clones with anti-NICD antibody. For quantification of the relative intensity of NICD, n ¼ 8, 9, 12, 8, 9. H and I: Fluorescent micrographs of adult midguts expressing

esgts-Gal4 driver to coexpress GCaMP5G and Sand. Overexpression of Sand in stem cells results in a constant high Ca2þ level rather than an oscillating Ca2þ in the control. For

quantification of the intensity of GCaMP5G, n ¼ 22 and 23. J: Quantification of the relative fold change of ER stress-related genes in Sand KO gut without and with 50 mm TM treatment

for 24 h. Rp49 mRNA was used as an internal control. K and M: Fluorescent micrographs of transfection of KCNK6 and Sand induced increased ER stress in HEK293T. L: For

quantification of the relative intensity of peIF2a, n ¼ 11, 12, 13. N: For quantification of the relative intensity of Bip1, n ¼ 14, 12, 12. O: Schema diagram of the functional mechanisms of

Sand alternations. All data are presented as mean ± SD; ****, P < 0.0001; ns, not significant. Two-tail unpaired Student’s t-test was utilized in (I and K); Ordinary one-way ANOVA

followed by Bonferroni’s multiple comparisons test was utilized in (B, E, G). Scale bars, 100 mm (A and H); 5 mm (C, K, M); 30 mm (D and F). Ctrl, control; OE, overexpression; no.,

number; ER, endoplasmic reticulum; KO, knockout; TM, tunicamycin; ISCs, intestinal stem cells; DAPI, 40,6-diamidino-2-phenylindole; SD, standard deviation.

C. Zheng, J. Zheng, X. Wang et al. Journal of Genetics and Genomics 53 (2026) 143e153
fly Sand, we first examined the subcellular localization of different K2P

channels in mammalian cells (Fig. S12B). Interestingly, we found

several channels, including KCNK3, KCNK6, KCNK10, KCNK13, and

KCNK17, showing clear ER location. Further staining of ER stress

marker Xbp1s showed that overexpression of KCNK6 and KCNK17

significantly induced ER stress (Fig. S13A and S13B). Using the

TCGA database, we found that KCNK6 expression is highly corre-

lated with almost all ER stress genes in all tumors (Fig. S13C and

S13D), suggesting KCNK6 is likely to contribute to a higher level of

ER stress in different types of cancers. We also investigated whether

Sand overexpression could trigger ER stress in mammalian cells. Our

experiments demonstrated that cells overexpressing either fly Sand
150
or human KCNK6 exhibited a significant increase in the mRNA level

of most ER stress markers, as well as protein levels in phosphory-

lated eIF2a, Bip, and nuclear accumulation of Xbp1s (Figs. 4Ke4N,

S14). These observations suggest that the contribution to ER ho-

meostasis by K2P channels is probably evolutionarily conserved.

Discussion

Previous studies on two-pore potassium channels and various

types of potassium channels have predominantly focused on their

roles in excitable cells such as neurons andmyocytes, while research

on their functions in non-excitable cells remains relatively limited.
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This study identified and preliminarily characterized the biological

functions of the K2P protein Sand in ISCs and aggressive tumors. A

conventional view posits that Kþ channels influence cell proliferation

by modulating membrane potential to regulate cell cycle progression

(Delisi et al., 2024). However, our findings in Drosophila ISCs suggest

that intracellular potassium ion concentration elevation may play a

more crucial role. This is supported by pharmacological experiments

demonstrating that nigericin feeding inDrosophila effectively rescued

the Sand knockdown phenotype through potassium concentration

modulation rather than membrane potential alteration (Strahl and

Hamoen, 2010; Gao et al., 2021) (Fig. 2C and 2D). These results

indicate that potassium homeostasis imbalance may constitute the

core mechanism through which Sand regulates cell proliferation,

consistent with previous observations linking elevated potassium

levels to cell cycle arrest (Urrego et al., 2014).

We found that the gain-of-function of Sand significantly induced

ER stress and inhibited growth in multiple Drosophila tissues (except

the R5 region of the midgut), providing a perspective for under-

standing the complex relationship between K2P channels and tumor

progression. And we also discovered that, similar to Sand, the human

KCNK6 and KCNK17 channels also trigger significant ER stress

when overexpressed in mammalian cells. Similar to our findings, mild

ER stress have been found to increases proliferation of mammalian

pancreatic b-cells and Drosophila intestinal stem cells (Sharma et al.,

2015; Wang et al., 2015), while prolonged strong ER stress can

eventually trigger cell death (Fu et al., 2021).

Moreover, K2P channels exhibit upregulation or downregulation in

various tumor types with distinct prognostic impacts (Williams et al.,

2013). For instance, KCNK9 expression is elevated in breast cancer

(Mu et al., 2003), colorectal cancer (Kim et al., 2004), and melanoma

tissues (Pocsai et al., 2006). Increased KCNK2 expression in prostate

adenocarcinoma promotes tumor proliferation, as evidenced by

suppressed cancer cell growth upon KCNK2 knockdown (Voloshyna

et al., 2008). Conversely, KCNK17 serves as a favorable prognostic

marker in lung cancer, suggesting its tumor-suppressive potential (Li

et al., 2019). KCNK1 also displays context-dependent roles, with

elevated expression correlating with poor prognosis in pancreatic

and renal cancers but favorable outcomes in hepatocellular carci-

noma. These findings collectively highlight the intricate regulatory

roles of K2P proteins in tumor progression. Our study suggests that

moderate K2P expression promotes cell proliferation, whereas

insufficient or excessive K2P levels lead to cytosolic potassium

accumulation or ER stress-mediated suppression of proliferation,

respectively. These observations raise critical questions about

whether the positive correlation between K2P channel expression and

patient survival in specific cancers stems from their tumor-

suppressive mechanisms via enhanced ER stress. Furthermore, our

findings suggest two distinct therapeutic strategies for tumors with

elevated K2P expression: 1) employing potassium channel inhibitors

to induce ionic imbalance, and 2) utilizing ER stress-inducing agents

to synergize with high K2P levels for apoptosis induction.

Notably, Sand overexpression induced markedly different

proliferation-differentiation patterns in Drosophila midgut R5-region

ISCs compared to other regions, potentially indicating unique

cellular properties across intestinal compartments. Spatial tran-

scriptomic analysis and clonal studies have previously identified

R1eR5 partitioning in the Drosophila midgut, where ISCs generate

progeny restricted to their native regions (Marianes and Spradling,

2013), though the molecular basis for these regional differences re-

mains unclear. High-fat diets have been shown to induce ER stress

(Chen et al., 2016) and impair ISC stemness (Sittipo et al., 2021).

Feeding Drosophila cholesterol-enriched diets inhibits Notch recep-

tor trafficking, suppresses Notch signaling activation, and promotes

enteroendocrine cell differentiation in a region-specific manner,

predominantly in the posterior midgut (Obniski et al., 2018)da
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phenotype strikingly similar to Sand overexpression effects. These

parallel findings suggest regional heterogeneity in ER stress re-

sponses along the intestinal tract, likely reflecting divergent molec-

ular mechanisms of stress adaptation in distinct gut regions. The

underlying mechanisms driving such compartmentalized responses

warrant further investigation, potentially revealing insights into

regional stem cell characteristics and the maintenance of intestinal

domain boundaries.

Further investigations revealed that Sand overexpression signifi-

cantly suppresses Notch signaling, a pathway frequently hyper-

activated in colorectal cancer and other malignancies, where it

promotes tumor proliferation, invasion, metastasis, therapy resis-

tance, and poor prognosis (Brisset et al., 2023). Notably, Sand

overexpression shares mechanistic similarities with thapsigargin:

both induce apoptosis through ER calcium depletion, ER stress, and

Notch signaling inhibition (Lindner et al., 2020; Jaskulska et al., 2020).

Importantly, Sand overexpression synergizes with other ER stress

activators to amplify apoptotic responses, suggesting that tumors

with upregulated K2P channels may exhibit heightened sensitivity to

ER stress-targeting drugs like thapsigargin. This finding provides a

theoretical foundation for optimizing combination therapies in pre-

cision oncology.

Finally, the molecular mechanisms underlying Sand-mediated

regulation of ISC proliferation and differentiation still require

further exploration. While this study established that Sand inhibits

Notch receptor trafficking and activation via ER stress induction,

the precise regulatory details remain incompletely understood.

Previous in vitro studies demonstrated that ER calcium loss blocks

Notch signaling by impairing receptor transport (Roti et al., 2013;

Pagliaro et al., 2021), a phenomenon corroborated in vivo during

ISC differentiation (He et al., 2018; Baghdadi et al., 2024). A defining

feature of K2P channels is their functional dimeric structure. Rele-

vant studies in COS-7 cells revealed that KCNK6 overexpression

causes ER retention and functional impairment unless co-

expressed with an unidentified subunit required for plasma mem-

brane localization (Salinas et al., 1999). Current data cannot defin-

itively determine whether Sand-induced ER stress primarily results

from disrupted ER ionic homeostasis or channel-independent

functions. The absence of loss-of-function mutants for Drosophila

K2P channels currently limits this analysis. Future work may employ

protein interaction profiling, comparative sequence analysis, and

targeted mutagenesis approaches to comprehensively elucidate

the molecular mechanisms underlying the cellular functions of

Sand.

Materials and methods

Fly husbandry and fly stocks

Stocks and crosses were maintained at 25�C or 29�C on standard

cornmeal food (3000 mL water, 20 g agar, 120 g yeast, 168 g corn-

meal, 264 g glucose, 3.75 g methylparaben, 30 mL propionic acid,

total 3 L of fly food) with 12 h:12 h light:dark cycles. For transgene

expression using the Gal4/Gal80ts system, crosses were kept at

18�C, two-to-three-day-old adult females were shifted from 18�C to

29�C to induce UAS transgene expression for 7 days before

dissection. Wild-type or mutant clones were generated in eye-

antennal discs using the mosaic analysis with a repressible marker

(MARCM) with ey-Flp. Exact genotypes used for each experiment

can be found in Table S1.

Molecular cloning and generation of transgenic flies

The UAS-Sand was generated by insertion of the Sand into a fly

pVALIUM10-roe vector throughGateway recombination. To generate
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Sand knockout lines, the initial transcription of Sand was cloned into

the pDonor vector by 1000 bp each. Three gRNA were designed ac-

cording to the sequence of the initial transcription location and cloned

into thePCFD3vector. TheUAS-Sand transgenic fliesweregenerated

by injecting embryos using PhiC31-mediated site-specific recombi-

nation. The KO flies were generated by injecting embryos of

BDSC#78782. Embryo injection was done by UniHuaii Corporation.

Immunofluorescence and imaging

Adult midgut or larval midguts, imaginal discs, Cephalic Complex,

and ventral nerve cords were carefully dissected in cold PBS and

promptly fixed with 4% paraformaldehyde for a period of 30 min at

room temperature. The samples were subjected to continuous

shaking during this process and were subsequently washed three

times with PBS containing 0.1% Triton X-100 (PBST). To prevent

non-specific binding, the samples were blocked in PBS supple-

mented with 2% Bovine Serum Albumin (BSA) for 1 h at room tem-

perature. They were then incubated overnight at 4�C with primary

antibodies specific to the target proteins. Following thorough

washing with PBST, the samples were incubated with secondary

antibodies for 2 h at room temperature. After additional washes with

PBST, the samples were mounted using a DAPI-containing mounting

medium and imaged using a Leica DFC9000 sCMOS confocal mi-

croscope (inverted) equipped with 20� and 63� oil objectives,

allowing for detailed visualization and analysis.

Drug treatment

Two-to-three-day-old adult females with specified genotypes

were carefully transferred from a temperature of 18�Ce29�C to

initiate UAS transgene expression, which was allowed to proceed for

7 days. Subsequently, these adult females were deprived of food in

empty vials for a period of 2 h before being offered a 5% sucrose

solution, either with or without the addition of 10 mg/mL Bleomycin,

5% DSS, 500 nm/mL Valinomycin, 10 mm/mL Nigericin, 50 mm tuni-

camycin. This solution was placed on filter paper.

Ex vivo GCaMP imaging in midgut

The midgut was carefully dissected and immersed in complete

Schneider’s medium (obtained from Sigma, and fortified with 10%

FBS as well as 1% streptomycin and penicillin). Utilizing a transfer

pipet, the dissected gut was gently placed at the center of a 35-mm

dish featuring a 20-mmglass bottom (Nest, 801001), accompanied by

a droplet of Schneider’s medium, approximately 20 mL in volume.

Following this, a 1 cm2 cellulose tea-bag paper was positioned atop

the fat body to facilitate its spreading. Subsequently, a stainless-steel

ring with a diameter of 1 cm was delicately placed over the film to

prevent the tissue from floating. Finally, 200 mL of the complete

Schneider’s medium was added to the gut. The Ca2þ activity, as re-

ported by GCaMP5G, was closely monitored for a minimum duration

of 5 min. All the imaging investigations were conducted employing a

Leica M205 FCA high-resolution stereo fluorescence microscopy.

RNA isolation and RT-qPCR

Total RNAs were isolated from adult tissue utilizing an RNA

preparation kit, and reverse transcription was conducted in accor-

dance with the manufacturer’s protocols. Quantitative PCR was

subsequently performed employing the SYBR Green Realtime PCR

Master Mix. The relative abundance of mRNA was determined using

the DDCt method, with GAPDH or Rp49 mRNA serving as internal

controls. Primer can be found in Table S2.
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Statistical analysis

The statistical analyses were conducted using GraphPad Prism

version 8.0 software. Unless otherwise specified, statistical signifi-

cance was determined through unpaired, two-tailed Student’s t-

tests. For comparisons involving three or more groups, an ordinary

ANOVA test was employed, followed by Bonferroni’s multiple com-

parisons test. In cases where a Gaussian distribution was not

assumed, the Mann-Whitney U test was applied. The log-rank test

was performed for the Kaplan-Meier analysis. A P-value of less than

0.05 was considered statistically significant. Data are presented as

the mean ± standard deviation (SD). The following notations indicate

significance levels: ns, not significant; *, P � 0.05; **, P < 0.01; ***,
P < 0.001; ****, P < 0.0001. All experiments were performed with

n � 3 independent replicates. The number of flies analyzed is indi-

cated in the legend of each figure.

Data availability

All data generated or analyzed in this study are included in the

main text or the Supplementary materials. The raw data generated in

this study are provided in the Source Data file in this paper. Exact

genotypes used for each experiment are listed in Table S1. RT-qPCR

primers are listed in Table S2. Reagents and resources are provided

in Table S3.
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