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ARMS-NF-kB signaling regulates intracellular
ROS to induce autophagy-associated
cell death upon oxidative stress

Yi-Hua Liao,1,3 June-Tai Wu,1 I-Chun Hsieh,3 Hsiu-Hsiang Lee,2 and Pei-Hsin Huang3,4,5,*

SUMMARY

Ankyrin repeat-rich membrane spanning (ARMS) plays roles in neural develop-
ment, neuropathies, and tumor formation. Such pleiotropic function of ARMS is
often attributed to diverse ARMS-interacting molecules in different cell context.
However, it might be achieved by ARMS’ effect on global biological mediator
like reactive oxygen species (ROS). We established ARMS-knockdown in mela-
noma cells (siARMS) and in Drosophila eyes (GMR>dARMSRNAi) and challenged
them with H2O2. Decreased ARMS in both systems compromises nuclear translo-
cation of NF-kB and induces ROS, which in turn augments autophagy flux and
confers susceptibility to H2O2-triggered autophagic cell death. Resuming NF-kB
activity or reducing ROS by antioxidants in siARMS cells and GMR>dARMSRNAi

fly decreases intracellular peroxides level concurrent with reduced autophagy
and attenuated cell death. Conversely, blocking NF-kB activity in wild-type flies/
melanoma enhances ROS and induces autophagywith cell death.We thus uncover
intracellular ROS modulated by ARMS-NFkB signaling primes autophagy for
autophagic cell death upon oxidative stress.

INTRODUCTION

Ankyrin repeat-rich membrane spanning (ARMS), also known as Kidins220 (kinase D-interacting substrate

of 220-kDa), is a transmembrane scaffold protein that has multiple biological functions through interacting

with various molecules in different cellular contexts.1–3 ARMS is involved in multiple aspects of neural

development ranging from neuronal survival, axonal outgrowth, neuronal morphogenesis to synaptic plas-

ticity.4–9 Dysregulation of ARMS has been shown to correlate with several neuropathological changes. For

example, genetic variant in ARMS/KIDINS220 locus has been reported to be associated with increased risk

of schizophrenia.10 Downregulation of ARMS is observed in cerebral ischemia,11 while enhanced ARMS

expression is correlated with tauopathy in Alzheimer disease.12

ARMS is also involved in various kinds of tumor formation, which include cutaneous melanoma,13,14 neuro-

blastoma,15 and B cell acute lymphoblastic leukemia,16 etc. We have previously shown that ARMS is

overexpressed in more aggressive melanoma through activating MEK/ERK signaling to enable resistance

to UVB-induced apoptosis.13 Accordingly, reduced ARMS expression via RNAi in melanoma cells causes

cells susceptible to apoptosis triggered by UVB. However, ARMS-knockdown resulted in cell death of

melanoma cells challenged by hydrogen peroxide (H2O2) via a non-apoptotic process (Figures 1A–1C).

We thus set out to investigate the mechanism underlying ARMS function upon cellular response to

H2O2, which is one kind of reactive oxygen species (ROS).

ROS, including superoxide anion, hydroxyl radical, and H2O2, have long been regarded as destructive

agents in various human diseases that include aging, cancers, and neurodegenerative diseases.17,18 Never-

theless, under normal physiological and certain pathological conditions, ROS play a signaling rather than

damaging role to modulate cell fate. Physiological level of ROS in the nervous system could regulate

neurite growth, neuronal polarity establishment, and synaptic plasticity.19 High-concentrated ROS gener-

ated from aberrant melanosomes in melanoma lead to cell senescence, autophagy, and cell death. On the

contrary, long-term low-level oxidative stress in melanoma cells results in cell proliferation and contributes

to drug resistance via activating nuclear factor-kappa B (NF-kB) and mitogen-activated protein kinase

(MAPK) pathways.20–23
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Given that ARMS is functionally involved in neuropathology and tumor cells, of which the pathogenesis

could be potentially modulated by ROS, we used in vitro melanoma cell line as a tumor model and in vivo

Drosophila compound eye as a neurodegenerative model to investigate the causality of ROS in correlation

with ARMS expression level. We report here that decreased ARMS expression in both melanoma cells and

fly photoreceptors induces ROS through downregulating NF-kB activity. Such intracellular ROS accumula-

tion primed by ARMS-knockdown augments autophagic flux, which in turn confers cells susceptible to

autophagy-associated cell death challenged by oxidative stress.

RESULTS

ARMS-knockdown in melanoma cells promotes H2O2-induced cell death through a non-

apoptotic process

H2O2 production in humanmelanoma cell culture has been demonstrated before24 and is generated either

as a byproduct during melanogenesis or develops after UV irradiation.25 We thus used H2O2 as a physi-

ology-mimicking stimulus for oxidative stress in this study. We have previously shown that knockdown of

ARMS via siRNA in melanoma cells promoted cell death triggered by UVB and H2O2.
13 ARMS regulates

UVB-induced cell demise via the mitochondrial apoptotic pathway,13 but the way that ARMS modulates

H2O2-induced death in melanoma is not known. MTT assay performed in mouse B16-F0 melanoma cell

line showed a preferential cell-killing effect of H2O2 on ARMS-knockdown (siARMS) cells over the siScram-

ble cells in a H2O2 concentration-dependent manner (Figure 1A). H2O2 at high concentration (R100 mM)

was deleterious to cells in part by activating apoptotic cell death, which was evidenced by that 27.2% of

siARMS cells were Annexin V-positive in comparison with 6.8% of siScramble cells (Figure 1B). However,

the increased cell-killing effect associated with ARMS knockdown at lower H2O2 concentration (50 mM)

was apparently not mediated through apoptosis, given that neither increased Annexin V-positive cells

nor PARP cleavage by activated Caspase 3 was detected (Figures 1B and 1C). Additionally, caspase

inactivation by BAF treatment did not prevent siARMS cells from H2O2-induced cell death at

50 mM H2O2 (Figure 1D). Together, it suggests a non-apoptotic cell death for preferential killing of

ARMS-knockdown melanoma cells by low concentration of H2O2.

ARMS-knockdown in melanoma cells results in augmented autophagic flux with accumulation

of autophagic vesicles

That H2O2 functions as an inducer for autophagy26–28 leads us to examine whether autophagy was induced

in siARMS melanoma cells treated with 50 mM H2O2. Conversion of non-lipidated LC3-I to lipidated LC3-II

(an indicator of active autophagy) was observed in both siARMS and siScramble cells without H2O2 treat-

ment (Figure 2A), suggesting presence of active autophagy in melanoma cells at basal state. When treated

with 50 mM H2O2, siARMS cells showed increased expression of LC3-II compared with treated siScramble

cells (Figure 2A). Robust increase in the number and size of GFP-LC3 puncta was observed in siARMS cells

both at basal state and after H2O2 treatment (Figures 2B-a and 2B-c). By contrast, siScramble cells showed

diffuse cytoplasmic staining pattern with few scattered GFP-LC3 puncta (Figure 2B-a). ARMS-knockdown

was causally related with the susceptibility for LC3-puncta accumulation in melanoma cells because re-

introduction of RNAi-resistant ARMS resulted in reduction of GFP-LC3 puncta (Figures 2B-a and 2B-c).

Furthermore, knockdown of ATG5 via lentiviral short hairpin RNA (shRNA) that led to 50% decrease in pro-

tein level (Figure 2B-b) caused significant decrease of GFP-LC3 puncta in siARMS cells both at basal state

and after H2O2 treatment (Figure 2B-a), suggesting that the GFP-LC3 puncta in siARMS cells were formed

via an ATG-dependent autophagy process. Transmission electron microscopy examination of siARMS cells

at basal state consistently showed presence of many autophagic vesicles characterized by double- or

multiple-membrane autophagosomes sequestrating organelles (Figures 2C-a, upper panels, red

Figure 1. Non-apoptotic cell death induced by H2O2 in melanoma cells is augmented by ARMS-knockdown

(A) Dose-dependent effect of H2O2 on cell viability attenuated by ARMS silencing as revealed by MTT assay. The

siScramble and siARMS B16-F0 melanoma cells were treated with the indicated concentration of H2O2 for 16 h. Data is

represented as mean G SD in triplicate experiments. **, p < 0.01; ***, p < 0.001, Student’s t test.

(B) Apoptotic cell death assessed by flow cytometry with Annexin V staining of cells treated with 0, 50, or 100 mM H2O2,

respectively, for 16 h.

(C) Western blot for PARP cleavage in cell lysates treated with UVB (25 mJ/cm2) or 50 mM H2O2. Arrowhead, p85 cleaved

form of PARP.

(D) Effect of pan-caspases inhibitor BAF on H2O2-induced cell death. Bar with dot graph shows mean G SD in triplicate

experiments, of which more than 200 cells were counted for each group. Cells were pretreated with 50 mM BAF for 30 min

followed by 50 mM H2O2 for another 16 h. ***, p < 0.001, Student’s t test.
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Figure 2. ARMS silencing leads to accumulation of autophagic vesicles and enhances H2O2-induced autophagy in

melanoma cells

(A) Representative immunoblot and quantification of the relative LC3-II/LC3-I ratio during the time course of H2O2

treatment performed in siScramble and siARMS melanoma cells, respectively.

(B-a) Epifluorescence microscopy of H2O2-induced GFP-LC3 translocation (from diffuse cytoplasmic to granular punctate

pattern) in GFP-LC3-transfected siScramble, siARMS, and siARMS cells co-transfected with RNAi-resistant ARMS, or with

shATG5, respectively. Scale bar, 20 mm.

(B-b) Western blot to show the efficacy ofATG5-knockdown in siARMS cells infected by lentiviral-shATG5 and treated with

50 mM H2O2 for 16 h.

(B-c) Bar graph (mean G SD) combined with dot plot to show the percentage of cells having GFP-LC3 translocation in

siARMS cells compared with siScramble cells at baseline and after 16-h treatment of H2O2. The value of each dot was

derived from the counting of 100–110 cells. *, p < 0.05; **, p < 0.01, Mann-Whitney rank-sum test.

(C-a) Transmission electron microscopy of the siScramble and siARMS cells before and after treatment with 50 mM H2O2

for 16 h. The autophagic vacuoles seen in siARMS cells (dashed insets in a’, b’) were magnified. Red empty arrowheads,
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arrowheads) and single-membrane autolysosomes containing residual digested materials or empty vacu-

oles (Figure 2C-a, blue arrowheads; boxed regions magnified in Figures 2C-a-a’ and 2C-a-b’). Dramatic in-

crease in the number of autophagic vacuoles was seen in siARMS cells treated with 50 mM H2O2 for 16 h

(Figure 2C-a, lower panels. higher magnification of boxed regions in Figure 2C-a-c’, 2C-a-d’; quantification

analysis shown in Figures 2C-b and 2C-c). By contrast, just few autophagosomes and autolysosomes were

observed in H2O2-treated siScramble cells (Figures 2C-a, -b and -c). These data collectively suggest that

decreased ARMS expression in melanoma cells results in accumulation of autophagic vesicles both at basal

state and in response to H2O2.

Autophagy is a dynamic process, starting with the de novo formation of double-membrane vesicles and

undergoes a stepwise process involving membrane elongation, maturation, and fusion with endosomes/

lysosomes for degradation of engulfed cytosolic materials/organelles.29,30 Accordingly, the accumulation

of autophagic vesicles in siARMS cells could either result from upregulation of autophagosome formation

or from an impaired autophagic maturation/degradation process. To address this issue, we examined

autophagic flux by measuring LC3-II level in the presence of bafilomycin A1 (Baf A1), an inhibitor of auto-

phagosome fusion/degradation.31,32 Baf A1 treatment in siARMS cells further increased the number of

GFP-LC3 puncta (Figures 2D-a and S1A) and the level of LC3-II (Figure 2D-b) both at basal state and after

H2O2 treatment, suggesting that upregulated autophagosome formation rather than defective autopha-

gosome degradation is related to the accumulation of autophagic vacuoles via ARMS depletion. In line,

the protein level of ATG5 and Beclin-1, both regulating autophagosome biogenesis, was slightly increased

in siARMS cells (Figures 2B and S1B). A higher ratio of pro-Cathepsin D (52 or 46 kDa) to mature Cathepsin

D (32 kDa), which is used as a measurement of autophagy activity because extensive vacuolization during

active autophagy impairs vesicular trafficking of pro-Cathepsin D from the ER into the lysosomes for matu-

ration,33,34 was also observed in siARMS cells (Figure 2E).

Augmented autophagy flux with increased autophagy vesicles observed in siARMS cells further suggests

that lysosomal protein degradation capacity might be enhanced with ARMS-knockdown. Indeed, the

protein level of p62/SQSTM1, a substrate for lysosomal protease,35 was decreased in siARMS cells (Fig-

ure S1C). Given that autophagic vacuoles acquire protein degradation capacity via becoming acidified

and obtaining lysosomal enzymes through serial fusion events with late endosomes and lysosomes,

we analyzed the status of acidic compartments in siARMS cells by a vital lysotropic dye-acridine orange,

which emits bright red fluorescence while accumulated in acidic organelles.36 As shown in Figure S1D, an

increase in red fluorescence intensity upon H2O2 treatment was exclusively seen in siARMS cells, sug-

gesting an enhancement of acidified vesicular organelles in H2O2-treated ARMS-knockdown cells. Addi-

tionally, co-localization of GFP-LC3-rimmed vesicles with acidic compartment stained by the live acido-

philic dye LysoTracker Red was also observed in H2O2-treated siARMS cells (Figure 2F, white empty

arrowhead), even though some fused vesicles could be unnoticed due to fluorescently quenched GFP-

LC3 in acidified compartments. Altogether, decreased ARMS expression in melanoma cells results in

increased autophagic flux that leads to accumulation of autophagic vesicles with enhanced autophagy

activity.

Enhanced autophagy in siARMS melanoma leads to H2O2-induced cell death

Autophagy in cancer cells performs either cytoprotective or cytotoxic function depending on cell context.37

Electronic microscopy of H2O2-treated siARMS cells showed that most of the nuclei appeared intact

Figure 2. Continued

double-membrane or multi-membrane autophagosomes; Blue empty arrowheads, single-membrane autolysosomes

with residual digested material. Black scale bar, 2 mm; Yellow scale bar, 500 nm. Quantification analysis of

autophagosomes (C-b) and autolysosomes (C-c) derived from transmission electron microscopy in siARMS cells

compared with siScramble cells at baseline and after 16-h treatment of H2O2. **, p < 0.01; ***, p < 0.001, Mann-

Whitney rank-sum test.

(D) Effect of Bafilomycin A1 (Baf A1) treatment on the level of autophagosome formation in siARMS cells as revealed by

immunofluorescence study of intracellular GFP-LC3 dots (D-a) and immunoblotting of LC3-II (D-b). The cells were

pretreated with 10 nM Baf A1 or buffer 1 h before H2O2 treatment. Scale bar, 20 mm. See also Figure S1A.

(E) RepresentativeWestern blotting of the processed forms of Cathepsin D in siScramble and siARMS cells with or without

H2O2 treatment. *, the ratio of intermediate (46 kDa) plus precursor form (54 kDa) to mature form (32 kDa) of Cathepsin D.

(F) Co-localization and fusion (yellow fluorescence indicated by white empty arrowheads) of GFP-LC3-positive autophagic

vesicles with the lysosomes (labeled by LysoTracker red) in H2O2-treated siARMS cells. Scale bar, 10 mm.
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without chromatin condensation or nuclear fragmentation (Figure 2C-a), which was in line with few Annexin

V-positive apoptotic cells detected by flow cytometry (Figure 1B). We then investigated whether

augmented autophagy in siARMS cells contributes to autophagic cell death triggered by H2O2. If active

autophagy in siARMS cells was unfavorable for survival under oxidative stress, inhibition of autophagy

would attenuate cell death. Otherwise, accelerated cell death would be observed by inhibition of auto-

phagy if autophagy was cytoprotective. When autophagy was blocked by Baf A1, H2O2-induced cell death

inARMS-knockdown cells was significantly suppressed (Figure 3A). Inhibition of autophagosome formation

by ATG5 knockdown increased baseline cell viability and attenuated H2O2-induced cell death of siARMS

cells (Figure 3B). Conversely, promotion of autophagy by pretreatment with rapamycin, an inhibitor of

mTOR that negatively regulates autophagy, accentuated H2O2-induced cell death (Figure 3C). These

data suggest that active autophagy related to decreased ARMS expression in melanoma cells is causally

linked to oxidative stress-induced cell death.

A

B

C

Figure 3. H2O2-induced cell death in melanoma cells is associated with autophagy

Effect of autophagy inhibition by bafilomycin A1 (Baf A1, 10 nM) (A) or byATG5-knockdown (B), or of enhanced autophagy

by pretreatment with rapamycin (50 nM) (C) on cell survival of siScramble and siARMS cells treated with H2O2. Bar graphs

showmeanG SD in at least three independent MTT assays (P.S. The exact experimental number is indicated by dots). The

values in (B) and (C) were normalized with those derived from untreated cells of the same genomic background (The

viability of untreated cells was set as 100% for each genotype as the reference point.). *, p < 0.05; **, p < 0.01; ***,

p < 0.001, Welch’s t-test for (A), Kruskal-Wallis one-way analysis of variants on ranks for (B), and One-way ANOVA with

Hokm-Sidak test for (C).
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Figure 4. ARMS-knockdown primes ROS accumulation to induce autophagy and autophagic cell death triggered by H2O2

(A) ARMS-knockdown results in intracellular ROS accumulation. Intracellular ROS was determined by flow cytometry with CM-H2DCFDA staining at baseline

and after H2O2 treatment for 10 min, 30 min, 1 h, and 3 h, respectively. ROS accumulation along the time course of H2O2 is shown representatively in

histogram (A-a) and in the diagram (A-b) showing mean G SD in triplicate experiments. *, p < 0.05; ***, p < 0.001, Student’s t test.

(B) Addition of antioxidants N-acetyl cysteine (NAC, 1 mM), tiron (2 mM), or PEG-catalase (1000 IU) for 1 h attenuated intracellular ROS formation in siARMS

cells. **, p < 0.01; ***, p < 0.001, Student’s t test. See also Figure S1E.
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Decreased expression of ARMS primes intracellular ROS accumulation to induce autophagy

We speculated that decreased expression of ARMSmight participate in the establishment of cellular stress,

which in turn induces autophagy. Given that H2O2 treatment resulted in more autophagic vesicles in

siARMS cells and that ROS served as one of the signaling molecules for autophagy induction,38 we

measured the intracellular oxidants by using the cell-permeable fluorescent probe 20, 70-dichlorodihy-
dro-fluorescein diacetate, which reacted specifically with peroxide and emitted fluorescence on 488 nm

excitation. Flow cytometry showed an increased level of intracellular peroxide in siARMS cells at basal state

compared with that of the siScramble cells (Figures 4A-a and 4A-b). When challenged with H2O2, siARMS

cells accumulated much higher amount of intracellular peroxide than siScramble cells at the indicated time

up to 5 h post H2O2 treatment (Figures 4A-a and 4A-b). Pretreatment of antioxidants including the thiol-

reducing agent N-acetyl cysteine (a glutathione precursor), tiron (a vitamin E analog), or polyethylene

glycol-catalase (a H2O2-degrading enzyme) efficiently reduced the intracellular ROS level in siARMS cells

both at basal state and after H2O2 treatment (Figures 4B and S1E). Pretreatment of the ROS scavengers

also attenuated H2O2-induced translocation of GFP-LC3 (Figures 4C-a and 4C-b), decreased the conver-

sion of LC3-II from LC3-I (Figure 4D), and blocked H2O2-induced cell death (Figure 4E) in siARMS cells.

The data collectively suggest that ARMS reduction in melanoma cells establishes higher level of intracel-

lular ROS at baseline and mounts a more prominent accumulation of intracellular ROS triggered by

H2O2. Besides, the enhanced ROS accumulation primed by decreased ARMS in melanoma cells leads to

augmented autophagy, which is associated with increased cell death triggered by oxidative stress.

Knockdown of dARMS in Drosophila eye leads to retinal degeneration in adult fly with

concomitant accumulation of autophagic vesicles, which are causally linked to intracellular

ROS

To evaluate the contribution of ARMS to autophagy in vivo, we turned to the fruit fly by selectively knocking

down Drosophila ARMS (dARMS/CG42672) in specific subsets of cells using the GAL4/UAS (upstream acti-

vating sequence) system. Because ARMS was abundantly expressed in neural tissues and was functionally

involved in neuron growth, differentiation, and death,1,2 we selectively knocked down dARMS in photore-

ceptor cells by expressing dARMS-dsRNA under the control of the pan-retinal glass multiple reporter

(GMR)-GAL4 driver.39 Two fly lines of dARMS-knockdown were established using dARMS-dsRNA corre-

sponding to two different, non-overlapped sequences of dARMS gene (designated asGMR>dARMSRNAi#1

and GMR>dARMSRNAi#2, respectively; see STAR Methods, experimental model and subject details), and

the rough eye phenotype caused by photoreceptor neuron degeneration was assessed and scored.40

Semi-quantitative RT-PCR analysis of mRNA derived from the fly eyes expressing either dARMS-dsRNA

showed decreased expression of dARMS transcript (R50% decrease) with slightly enhanced knockdown

of dARMS in those expressing dARMS-dsRNA#2 (Figure 5A). We first examined whether there was any

defect in the development of the visual system at the larva stage. No obvious morphological difference

was seen in the eye discs, optic stalks, and optic lobes of the GMR>dARMSRNAi larva shown by UAS-

mCD8::GFP driven by GMR-GAL4 (Figures S2A and S2B). GFP-labeled presynaptic proteins (GFP fused

with presynaptic vesicle protein Synaptotagmin (Syt:GFP) or Synaptobrevin (Syb:GFP)) were detected in

the distal tips of photoreceptor axons with similar intensity between wild-type and dARMS-knockdown

larva, suggesting normal protein transportation from cell body to the distal axons of retinal neurons in

GMR>dARMSRNAi larva (Figure S2C). In spite of normal developmental processes of the eyes, adult flies

with dARMS knockdown exhibited a rough eye phenotype characterized by ommatidial pitting, disorgani-

zation, fusion, and abnormal/supernumerary inter-ommatidial bristles (Figures 5B-a and 5B-b).The severity

of eye phenotype was dependent on the expression level of dARMS, with higher severity score seen in fly

eyes expressing dARMS-dsRNA#2 than those with dARMS-dsRNA#1, and Dicer-overexpressing flies

(GMR>dARMSRNAi#1,Dicer) showing even severer phenotype (Figures 5B-a and 5B-b). The eye defect

seen in GMR>dARMSRNAi fly was specifically attributed to dARMS knockdown because overexpressing

dARMS in fly eyes (GMR>dARMSRNAi, dARMS) attenuated rough eye phenotype (Figure 5B). Ultrastructural

examination of fly eyes by transmission electron microscopy showed that flies with dARMS knockdown

contained many vesicles featuring autophagosomes or autophagolysosomes in the cytoplasm of the

Figure 4. Continued

(C) Representative confocal microscopy (C-a) and quantification (C-b) of GFP-LC3 dots in siARMS cells pretreated with NAC, tiron, or PEG-catalase. Bar with

dot graph shows mean G SD in triplicate experiments. *, p < 0.05; ***, p < 0.001, One Way ANOVA with Holm-Sidak method. Scale bar, 20 mm.

(D) Immunoblot and quantification of the relative LC3-II/LC3-I ratio in lysates derived from H2O2-treated siARMS cells pre-incubated with NAC or tiron.

(E) Cell viability assessed by MTT assay in siScramble and siARMS cells pretreated with antioxidants (NAC, tiron, or PEG-catalase, respectively). Bar with dot

graph shows mean G SD in triplicate experiments. *, p < 0.05; ***, p < 0.001, One Way ANOVA with Holm-Sidak method.
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Figure 5. dARMS-knockdown in Drosophila eyes causes retinal degeneration associated with robust autophagy

in adult fly

(A) Effective RNAi of dARMS by ARMS-dsRNA shown by semi-quantitative RT-PCR analysis of dARMS transcript extracted

from adult Drosophila compound eyes. Rp49 was used as an internal loading control.

(B-a) Representative scanning electron microscopy (SEM) images of 1-day-old fly eyes of the indicated genotypes reared

at 27�C. Scale bar, 100 mm. (B-b) Quantitative analyses of the rough eye phenotype by objective scoring of the SEM

images (Pandey et al., 2007). Data are presented as meanG SD *, p < 0.05; ***, p < 0.001, One-way ANOVAwith Duncan’s

method.

(C) Representative transmission electron micrographs of GMR>dARMSRNAi fly eyes, in comparison with the control wild-

type GMR-GAL4 and with the GMR>dARMSRNAi, dARMS flies. Higher magnification of the dashed inset (C-a)

demonstrated the double-membrane autophagic vesicles (red empty arrowheads) in GMR>dARMSRNAi fly eyes. Scale

bar, 2 mm. See also Figure S2D.

(D) Distribution of GFP-hsATG8-positive dots (white empty arrowheads) in eye imaginal discs from the third-instar larvae

by confocal microscopy. Scale bar, 25 mm.

(E) Representative fluorescence micrographs of eye imaginal discs from the third-instar larvae labeled by transgenic RFP

(GMR>RFP) and co-stained with antibodies against cleaved Caspase 3. Scale bar, 100 mm.
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photoreceptors (Figures 5C-a and S2D). Overexpression of dARMS in the dARMS-knockdown flies

(GMR>dARMSRNAi, dARMS) reduced the level of autophagic vesicles to that of the GMR-GAL4 flies (Fig-

ure 5C). GFP-conjugated Homo sapiens ATG8 (GFP-hsATG8) also highlighted much more numbers of au-

tophagic vesicles (GFP + dots) in the photoreceptors of GMR>dARMSRNAi fly (Figure 5D, empty white ar-

rowheads). By contrast, the GMR-GAL4 flies showed diffuse cytoplasmic expression of GFP with some

concentrated intensity in the rhabdomeres (Figure 5D). The eye imaginal discs of GMR>dARMSRNAi larva

and of theGMR-GAL4 control showed similar diffuse cytosolic pattern of immunolabeled cleaved Caspase

3, which on cleavage would display focal cytosolic discrete dot patterns as seen in the eye discs of

GMR>RFP,Hid larva that underwent constitutive neuronal apoptosis41 (Figure 5E). Therefore,

GMR>dARMSRNAi flies did not reveal apoptosis in retinal neurons. Combined, it suggests that reduced

expression of dARMS in Drosophila eyes causes photoreceptor degeneration with concurrent accumula-

tion of autophagic vesicles.

To investigate whether ROS observed in siARMSmelanoma cells also occurred in the photoreceptors of the

fly with dARMS knockdown, we stained the eye imaginal discs of the wandering third-instar larvae with CM-

H2DCFDA to detect peroxides. As expected, the number of CM-H2DCFDA-positive cells with eye-express-

ing red fluorescent protein was markedly increased in GMR>RFP, dARMSRNAi fly eyes compared with the

control GMR>RFP fly (Figure 6A). Decreasing ROS by overexpressing the ROS scavenger Catalase in

dARMS-depleted fly eyes (GMR>dARMSRNAi, Catalase), as evidenced by reduced CM-H2DCFDA-stained

dots (Figure 6A), suppressed the severity of rough eye phenotype (Figure 6B) and concomitantly reduced

the numbers of autophagic vacuoles (Figure 6C). Conversely, application of H2O2 over the fly eyes with

dARMS-knockdown accentuated rough eye phenotype (Figure 6D). These data collectively suggest a

causal effect of oxidative stress-induced autophagy and neurodegeneration in adult fly eyes harboring

low level of dARMS.

Compromised NF-kB activity underlies intracellular ROS accumulation and autophagy

induction in ARMS-knockdown cells

Neurotrophin-induced nuclear factor-kB (NF-kB) activation is involved in melanoma cell survival under cell

stress42–44 and in neuronal survival through activatedMAPK and IKK signaling, which is downstream of TRK-

interacting ARMS.45 Besides, NF-kB activity could modulate intracellular ROS level by regulating its target

genes including SOD1, SOD2, and Catalase that encode proteins involved in redox reaction and balance.

Conversely, ROS could function as a trigger of NF-kB activity.46–48 We thus examined whether ARMS-

knockdown causes intracellular ROS accumulation and autophagic cell death through NF-kB signaling.

The NF-kB-driven luciferase reporter was transfected into siARMS cells to show a significant reduction in

the basal and H2O2-induced NF-kB transcriptional activity compared to siScramble cells (Figure 7A).

Nuclear translocation of RelA, a subunit of NF-kB responsible for NF-kB transcriptional activity, was also

attenuated in siARMS cells compared with siScramble cells after 2-h treatment of H2O2 (Figures 7B and

S3A). RelA phosphorylation, which mediates its nuclear localization,49 was decreased in siARMS cells

both at basal and under H2O2-treated conditions comopared with that in siScramble cells (Figure S3B).

We thus conclude that low expression level of ARMS inmelanoma cells is closely associated with decreased

NF-kB activity that might be caused by compromised nuclear translocation of NF-kB.

The causal relationship between siARMS-mediated ROS and NF-kB activity was further investigated. Intra-

cellular peroxide assessed in siARMS cells transfected with wild-type IKKb to resume the NF-kB activity

showed reduced ROS level, which was further attenuated in constitutively active IKKb (IKKb-SS/EE)-trans-

fected siARMS cells (Figures 7C, S3C, and S3D). By contrast, overexpressing constitutively inactivated IKKb

(IKKb-SS/AA) in siARMS cells did not attenuate intracellular ROS (Figures 7C and S3D). To correlate NF-kB

activity with siARMS-mediated autophagy, GFP-LC3 dots were quantified to reveal that overexpressing

wild-type IKKb and constitutively active IKKb-SS/EE in siARMS cells inhibited LC3 translocation, whereas

expression of constitutively inactivated IKKb-SS/AA did not (Figure 7D). Conversely, blocking NF-kB

signaling in siScramble cells by Bay 11–7082, an irreversible inhibitor of IkBa phosphorylation,50 enhanced

LC3 translocation to a level comparable to that in siARMS cells at basal state and after H2O2 treatment (Fig-

ure 7E). The data collectively suggest that compromised NF-kB activity in ARMS-knockdown cells functions

upstream of intracellular ROS accumulation and autophagy activity.

To corroborate the above findings in vivo, we decreased NF-kB activity in GMR>dARMSRNAi fly eyes by

knocking down the Drosophila NF-kB gene homolog dorsal (dL). GMR>dARMSRNAi, dldsRNA flies tended
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to have severer rough eye phenotype than that caused by knocking down dARMS alone (Figure 7F).

Conversely, increasing NF-kB activity by crossing with the IKKb gain-of-function allele IKKbEY02434 with

GMR>dARMSRNAi fly (GMR>dARMSRNAi,IKKbEY02434) attenuated the severity of the rough eye caused by

dARMS-knockdown (Figure 7F). An inverse correlation between the amount of autophagy vacuoles and

the level of NF-kB activity in GMR>dARMSRNAi fly was further demonstrated by transmission electron

A

B

D

C

Figure 6. Increased ROS causally associates with autophagic death of photoreceptor cells in GMR>dARMSRNAi

adult flies

(A) Representative fluorescence micrographs of ROS production (labeled by green fluorescent dye CM-H2DCFDA) in the

eye imaginal discs (labeled by transgenic RFP fluorescence) from the third-instar larvae. Scale bar, 50 mm.

(B) SEM images of 1-day-old fly eyes of the indicated genotypes reared at 27�C. Scale bar, 100 mm.Quantitative analysis of

the rough eye phenotype by objective scoring of the SEM images of the indicated genotype. Data are shown as mean G

SD; **, p < 0.01; ***, p < 0.001, Mann-Whitney rank-sum test.

(C) Transmission electron microscopy to show that overexpression of Catalase in dARMSRNAi flies (GMR>dARMSRNAi,

Catalase) decreased autophagic vacuoles caused by dARMS-knockdown. Scale bar, 500 nm.

(D) 1-day-old flies were kept in vials with filter paper soaked with 4% H2O2 dissolved in 5% sucrose solution or in 5%

sucrose solution alone (without H2O2) for 48 h. Representative scanning electron microscope images of fly eyes (Left) and

the scoring of rough eye phenotype (Right) showed increased severity of rough eyes in H2O2-treated flies with dARMS-

knockdown (GMR>dARMSRNAi), which could be partially rescued by overexpressing Catalase (GMR>dARMSRNAi,

Catalse). Scale bar, 100 mm *, p < 0.05; **, p < 0.01; ***, p < 0.001; Mann-Whitney rank-sum test.
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microscopy. More autophagosomes and autophagolysosomes were observed in the eyes of

GMR>dARMSRNAi, dldsRNA fly, whereas much less amount of autophagic vacuoles were seen in the eyes

of GMR>dARMSRNAi,IKKbEY02434 fly (Figure S3E). Accordingly, in line with what was observed in siARMS

melanoma cells, attenuating NF-kB activity in Drosophila eyes with dARMS-knockdown enhances photo-

receptor degeneration accompanied with more autophagic vacuoles, while augmenting NF-kB activity

rescues the rough eye phenotype caused by dARMS-knockdown with concomitant decreased autophagy.

The transcriptional target genes regulated by NF-kB include antioxidant enzymes Catalase and SOD1.46,47

We speculate that low NF-kB activity in siARMS cells might transcriptionally silence antioxidants so that

imbalanced redox by lower amounts of antioxidants leads to ROS accumulation. Indeed, real-time PCR

analysis showed reduced induction of SOD1 and Catalase mRNA in siARMS cells upon H2O2 treatment

compared with siScramble cells (Figures 7G and 7H). Immunoblot also showed relatively decreased expres-

sion of Catalase and SOD1 in H2O2-treated siARMS cells (Figures S3F and S3G). We also checked the

expression level and the activity of Nrf2 (nuclear factor E2-related factor 2), another critical transcriptional

factor for upregulation of antioxidant genes via the p62/Keap1/Nrf2 signal pathway functioning mainly in

non-neuronal cells.19,51 As shown in Figures S3H–S3J, the expression level of Nrf2 protein was similar be-

tween siARMS cells and siScramble cells at basal state and was similarly slightly increased in both cell lines

after H2O2 treatment (Figure S3H). To evaluate Nrf2 signaling activity, the transcript expression level of two

Nrf2 target genes Nqo1 (NADPH quinone dehydrogenase 1) and Txnrd1 (Thioredoxin reductase 1) was

examined.52 Both siARMS and siScramble cells had similar mRNA expression level of Nqo1 and Txnrd1

at basal state (Figures S3I and S3J). Upon H2O2 challenge, increased expression of Nqo1 and Txnrd1

mRNA was similarly observed in both cell lines, with even a little bit higher amount of Nqo1 mRNA in

H2O2-treated siARMS cells (Figures S3I and S3J). Thus, Nrf2 signaling for transcriptional regulation of

the antioxidant system is not compromised in siARMS cells so that intracellular ROS accumulation in

siARMS cells could not be attributed to dysregulated Nrf2 signaling. We conclude that decreased ARMS

expression causes attenuated NF-kB activity so that antioxidants could not be properly upregulated in

response to oxidative stress. Accumulation of intracellular ROS follows to induce autophagy, which in

turn promotes autophagic cell death challenged by oxidative stress.

DISCUSSION

How ARMS plays its role in diverse pathological processes remains an interesting issue based on its poten-

tial therapeutic manipulation in multiple diseases. Although multiple ARMS-interacting molecules in

different cellular context are proposed to underscore ARMS’ pleiotropic function, our study provides

another possibility that intracellular ROS modulated by the expression level of ARMS could underlie

ARMS’ broad involvement in neuropathology and cancers. Intracellular ROS accumulation in cells with

ARMS-knockdown is likely to be mediated via two different ways: decreased transcription of ROS scaven-

gers by downregulating NF-kB activity and enhanced degradation of ROS scavenger proteins through

augmented autophagy flux. By this way, ARMS-knockdown render cells into a vicious cycle to accumulate

more ROS, causing cells vulnerable to oxidant-induced autophagic cell death.

That ROS contributes to autophagy-dependent cell death has been well documented in plants, cancers,

and neurodegenerative diseases.53–55 In line, we demonstrate intracellular ROS accumulation attributed

Figure 7. Compromised NF-kB activation resulting from ARMS-knockdown underlies intracellular ROS and ROS-induced autophagy

(A) Basal and H2O2-stimulated transcriptional activity of NF-kB in siARMS cells compared with the siScramble. Cells were co-transfected with the NF-kB

luciferase reporter and the CMV-b-gal plasmids. 48 h post-transfection, the cells were left untreated or treated with H2O2 for another 2 h. Relative luciferase

activities were calculated based on b-gal values in each transfection. The value for luciferase activity in untreated siScramble cells was designated as 1.

(B) Fluorescence microscopy to show nuclear translocation of RelA in siScramble but not in siARMS cells 2 h after H2O2 treatment. Scale bar, 20 mm.

(C) Bar graph shows intracellular ROS determined by flow cytometry with CM-H2DCFDA staining in H2O2-treated siARMS cells co-transfected with HA-

tagged mock vector, wild-type IKKb (IKKb-WT), constitutively active IKKb (IKKb-SS/EE), or constitutively inactive IKKb (IKKb-SS/AA), respectively.

(D) Representative fluorescence microscopy images (left panels) and quantification analysis to show GFP-LC3 translocation in H2O2-treated siARMS cells co-

transfected with the indicated plasmid. Scale bar, 20 mm.

(E) Confocal microscopy and quantification analysis of GFP-LC3 puncta showed that inactivation of NF-kB by Bay 11–7082 in siScramble cells increased basal

and H2O2-induced autophagy to the level comparable with siARMS cells. Scale bar, 20 mm.

(F) SEM images of 1-day-old fly eyes of the indicated genotypes reared at 27�C with scores of the rough eye phenotype. Scale bar, 100 mm.

(G and H) Quantitative RT-PCR analyses of SOD1 (G) and Catalase (H) transcripts in H2O2-treated siARMS cells compared with siScramble cells. Data

information: all values are shown asmeanG SD *, p < 0.05; **, p < 0.01; ***, p < 0.001; p values on the basis of Mann-Whitney rank-sum test (A, F, G, and H), or

of One Way ANOVA with Duncan’s multiple range test (C, D, and E).
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to lower expression of ARMS induces autophagy and autophagic cell death both in fly eyes to present

retinal degeneration and in malignant melanoma. Our study thus raises a concern about the exploitation

of autophagy inhibitors in treating melanoma. Based on the notion that autophagy is cytoprotective, inhi-

bition of autophagy in melanoma has been shown to prevent cancer cells from survival and to attenuate

cancer growth and aggressiveness.56,57 However, for aggressive melanoma that often overexpresses

ARMS13,14 and is highly chemoresistant due to its anti-apoptotic effect,58 we suggest manipulation upon

decreasing ARMS expression level combined with autophagy enhancers, rather than autophagy inhibitors,

to activate ROS-induced autophagic cell death for effective treatment.

Although autophagy is causally related to neuron degeneration, autophagy is dispensable for embryonic

neurogenesis and neural stem cell maintenance. It is only beyond postnatal stage that neurodegenerative

phenotype caused by disrupted autophagy becomes obvious.59–61 For example, loss of ATG proteins

causes no gross structural changes in developing mouse brains despite highly active autophagy in early

neurodevelopmental stage.62 Radial glial cell-specific deletion of FIP200, which is one component of the

ULK1-Atg13-FIP200-Atg101 complex essential for autophagy induction, causes no abnormality of the

developing cortex.63 Here, we reveal that ARMS-knockdown in Drosophila photoreceptor cells has little

effect on the development of fly compound eyes but is apt to autophagy-associated retinal degeneration

at adult age.

Autophagy participates not only in neuronal death but also in neuronal differentiation. Inhibition of auto-

phagy results in an increased dendritic spine density of postnatal neurons, indicating the requirement of

autophagy for dendritic pruning.64–66 Noticeably, ARMS+/� mice revealed decreased dendritic complexity

in the pyramidal neurons of barrel cortex and in the granule cells of the dentate gyrus only in adults, but not

in embryos and adolescents.5 We thus speculate that such neuronal phenotype in adult ARMS+/� mice

might in part result from augmented autophagy caused by lower level of ARMS expression (30%–40%

decrease of ARMS protein shown in Wu’s paper5). In conclusion, we uncover that ARMS participates in

the regulation of intracellular ROS that could trigger autophagy. Given that ARMS is ubiquitously

expressed in neurons that often show pathogenic aberrant accumulation of autophagic vacuoles in post-

mortem brains of various neurodegenerative diseases,67,68 it merits further investigation of ARMS’ role and

ROS-induced autophagy in different human neurodegenerative disorders.

Limitations of the study

Several limitations of our study should be noted. First, because ARMS has diverse interaction with many

different proteins in distinct cellular contexts, our finding that ARMS-NF-kB-ROS signal axis determines

cell demise in melanoma and in retinal degeneration may not be applicable to other cancer types or other

neurodegenerative diseases. Second, although our analyses on Drosophila genetics were controlled for

genotypes and age, the sample size of our study is relatively small. However, our results closely mirror

the findings from melanoma cells. We are thus confident that our results in this relatively small sample

are generalizable. Third, the causal relationship among ARMS protein level, MAPK signaling, and NF-kB

activity was not explored in this study. The complexity of crosstalk among ROS, MAPK, NF-kB, and other

signaling pathways was not investigated here, too. It should be noted that ROS is often caused by

increased MAPK to augment NF-kB activity,69 and enhanced NF-kB could downregulate ROS and MAPK

activity via a negative feedback loop.70 However, there is no validation that decreased MAPK would neces-

sarily downregulate intracellular ROS. Although our previous study shows that decreased expression of

ARMS in melanoma cells leads to attenuated MAPK signaling,13 it is not proper to infer that reduced

MAPK activity in siARMS cells would not cause ROS accumulation. The paradox remains to be solved by

further dissecting the nature of the relationship among multiple stress-related signal pathways in cells

with ARMS-knockdown.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ARMS (rabbit polyclonal) Liao et al. 200713

https://doi.org/10.1158/

0008-5472.CAN-07-1930.

Huang’s Lab (National Taiwan University

Dept of Pathology, Taiwan)

LC3B (rabbit polyclonal) Novus Cat# NB100-2220; RRID:AB_10003146

ATG5 (rabbit polyclonal) Novus Cat# NB110-53818; RRID:AB_828587

Poly (ADP-ribose) polymerase (rabbit polyclonal) Cell Signaling Cat# 9542; RRID:AB_2160739

phospho-RelA/p65-Ser529 (rabbit polyclonal) Santa Cruz Cat# sc101751; RRID:AB_1128538

RelA/p65 (rabbit polyclonal) Santa Cruz Cat# sc-372; RRID:AB_632037

Catalase (goat polyclonal) Santa Cruz Cat# sc-34285; RRID:AB_2071744

SOD1(rabbit polyclonal) Santa Cruz Cat# sc-11407; RRID:AB_2193779

a-Tubulin (mouse monoclonal) Santa Cruz Cat# sc-5286; RRID:AB_628411

Cathepsin D (mouse monoclonal) Abcam Cat# ab6313; RRID:AB_305416

cleaved-Caspase 3 (rabbit polyclonal) Abcam Cat# ab49822; RRID:AB_868673

Nrf2 (goat polyclonal) R&D Systems Cat# AF3925; RRID:AB_11128044

HA (mouse monoclonal) Sigma Cat# H3663; RRID:AB_262051

MYC (mouse monoclonal) Invitrogen Cat# 13-2500; RRID:AB_2533008

Beclin 1 (rabbit polyclonal) Abcam Cat# ab62557; RRID:AB_955699

HRP-conjugated goat anti-mouse IgG Abcam Cat# ab205719; RRID:AB_2755049

HRP-conjugated goat anti-rabbit IgG Abcam Cat# ab205718; RRID:AB_2819160

Alexa Fluor 488 (or 594)-conjugated secondary

antibodies (goat or donkey polyclonal)

Invitrogen Cat# A32723; RRID:AB_2633275

Cat# A32731; RRID:AB_2633280

Cat# A32740; RRID:AB_2762824

Cat# A32744; RRID:AB_2762826

Bacterial and virus strains

Lentivirus harboring pLKO.1-shAtg5 RNA technology Platform and

Gene Manipulation Core,

Academia Sinica, Taipei, Taiwan

Clone ID: TRCN0000099432

Chemicals, peptides, and recombinant proteins

Hydrogen peroxide (H2O2) Sigma-Aldrich Cat# H1009

Bafilomycin A1 Sigma-Aldrich Cat# B1793

Rapamycin Sigma-Aldrich Cat# R0395

Tiron Sigma-Aldrich Cat# D7389

N-acetyl-L-cysteine (NAC) Sigma-Aldrich Cat# A8199

Catalase-PEG Sigma-Aldrich Cat# C4963

Paraformaldehyde Sigma-Aldrich Cat# P6148

Triton X-100 Sigma-Aldrich Cat# T8532

Boc-aspartyl-(OMe)-fluoromethyl-ketone (BAF) Merck Cat# B2682

H33258 Abcam Cat# ab228550

3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium

bromide (MTT)

Sigma-Aldrich Cat# M5655

Dulbecco’s modified Eagle’s medium (DMEM) InvitrogenTM Cat# 12100-046

Fetal bovine serum ThermoFisher/GibcoTM Cat# 10099141
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

L-Glutamine Sigma-Aldrich Cat# G7513

Penicillin-Streptomycin (10,000 U/mL) ThermoFisher/GibcoTM Cat# 15140122

LipofectamineTM 2000 transfection

reagent

InvitrogenTM Cat# 11668019

Puromycin dihydrochloride Sigma-Aldrich Cat# P8833

5-(and-6)-chloromethyl-20,70-

dichlorodihydrofluorescein

diacetate, acetyl ester (CM-H2DCFDA)

InvitrogenTM Cat# C6827

LysoTracker Red DND-99 Invitrogen Cat# L7528

Protease inhibitor cocktail ThermoFisher Cat# 87786

Western Lightning� ECL Pro PerkinElmer Cat# NEL122001EA

Bradford Reagent Merck Cat# B6919

2.5% Glutaraldehyde in 0.1M

Cacodylate Buffer

Electron Microscopy Sciences Cat# 16537-15

Osmium Tetroxide Electron Microscopy Sciences Cat# 19152

Trichlorofluoromethane Merck Cat# 48541

Critical commercial assays

Dual-Luciferase Reporter Assay System Promega Cat# E1910

Beta-Glo Assay System (Luminescent

b-galactosidase Detection Kit)

Promega Cat# E4720

Annexin V conjugates for apoptosis detection ThermoFisher Cat# A13201

Experimental models: Cell lines

Mouse B16-F0 melanoma cell line the American Type Tissue

Culture Collection (ATCC)

CRL-6322; RRID:CVCL_0604

siARMS melanoma cell line Liao et al. 2007. Huang’s Lab (National Taiwan University

Dept of Pathology, Taiwan)

siScramble melanoma cell line Liao et al. 200713

https://doi.org/10.1158/

0008-5472.CAN-07-1930.

Huang’s Lab

293FT ThermoFisher Scientific/InvitrogenTM R70007

Experimental models: Organisms/strains

Drosophila melanogaster

UAS-dARMS-dsRNA#1

the Vienna Drosophila RNAi Center

(VDRC, Vienna, Austria)

VDRC41732

UAS-dARMS-dsRNA#2 VDRC VDRC45464

UAS-dorsal-dsRNA VDRC VDRC45998

GMR-GAL4/CyO Bloomington Drosophila Stock Center #9146

UAS-Dicer Bloomington Drosophila Stock Center #60008

UAS-mRFP Bloomington Drosophila Stock Center #7118

w1 P{UAS-Catalase}2 Bloomington Drosophila Stock Center #24621

UAS-mCD8::GFP the Bloomington Drosophila Stock Center #60698

UAS-Syt::GFP Bloomington Drosophila Stock Center #6925

UAS-Syb::GFP Bloomington Drosophila Stock Center #9263

UAS-IKKbEY02434 Bloomington Drosophila Stock Center #60698

UAS-dARMS/TM6B Dr. Y. Henry Sun Sun’s Lab (Institute of Molecular Biology,

Academia Sinica, Taipei Taiwan)

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Requests for further information regarding reagents and resources used in this study should be directed to

lead contact, Dr. Pei-Hsin Huang (phhuang@ntu.edu.tw).

Materials availability

This study did not generate new unique reagents. Plasmids, siARMSmelanoma cell lines, andUAS-dARMS/

TM6B drosophila strain generated in this study are available upon request from the lead contact with a

completed Material Transfer Agreement.

Data and code availability

This paper did not generate original code. Any additional information required to reanalyze the data re-

ported in this paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

5’-GTGCCTACATAAATATC-3’ This paper dARMS-F primer for RT-PCR, Huang’s Lab

5’-CCAATATGGTCTTCTG-3’ This paper dARMS-R primer for RT-PCR

5’-TACAGGCCCAAGATCGTGAA-3’ This paper Rp49-F primer for RT-PCR internal control

5’-ACGTTGTGCACCAGGAACTT-3’ This paper Rp49-R primer for RT-PCR internal control

5’-AACCAGTTGTGTTGTCAGGAC-3’ This paper Sod1-F primer for Q-PCR

5’-CCACCATGTTTCTTAGAGTGAGG-3’ This paper Sod1-R primer for Q-PCR

5’-AATCCTACACCATGTCGGACA-3’ This paper Catalase-F primer for Q-PCR

5’-CGGTCTTGTAATGGAACTTGC-3’ This paper Catalase-R primer for Q-PCR

50-CTGAACTCCTGGACGGGACTA-3’ This paper Nrf2-F primer for Q-PCR

50-CGGTGGGTCTCCGTAAATGG-3’ This paper Nrf2-R primer for Q-PCR

5’-AGGATGGGAGGTACTCGAATC-3’ This paper Nqo1-F primer for Q-PCR

5’-TGCTAGAGATGACTCGGAAGG-3’ This paper Nqo1-R primer for Q-PCR

5’-TATACTAGTGCTGGTCTTGGATTTTGTCAC-3’ This paper Txnrd1-F primer for Q-PCR

5’- ATAGAATTCCAAGGCGACATAGGATGCAC-3’ This paper Txnrd1-R primer for Q-PCR

5’- TGTTACCAACTGGGACA-3’ This paper Actin-F primer for Q-PCR control

5’-GGGGTGTTGAAGGTCTCAAA-3’ This paper Actin-R primer for Q-PCR control

Recombinant DNA

pARMS-MYC Liao et al. 200713

https://doi.org/10.1158/

0008-5472.CAN-07-1930.

Huang’s Lab

pGFP-LC3 plasmid Dr. Ann-Lii Cheng Cheng’s Lab (National Taiwan University

Cancer Center, Taipei, Taiwan)

pHA-IKKb-SS/EE plasmid

pHA-IKKb-SS/AA plasmid

pHA-IKKb-WT plasmid

Dr. Li-Chung Hsu Hsu’s Lab (National Taiwan University

College of Medicine Institute of

Molecular Medicine, Taiwan)

pGL3-basic Luciferase reporter vector Promega Cat# E1751

Software and algorithms

GraphPad Prism version 9 GraphPad Software Inc., USA GP9-1948506-RKRC-BD42A

SigmaPlot 14 StarCom Information Technology Serial No: 775460200

MetaMorph image analysis software,

version 7.6.4.0

Molecular Devices System ID:33296
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture, transfection, drug treatment, and virus transduction

Mouse B16-F0 melanoma cell line was maintained in Dulbecco’s modified Eagle’s medium supplemented

with 10% fetal bovine serum, 2 mM L-glutamine, 100 mg/ml streptomycin, and 100 U/ml penicillin. B16-F0

with ARMS-knockdown stable cell lines (siARMS) were established by RNAi approach and maintained as

previously described.13 Lipofectamine 2000 was used for transient transfection as manufacturer instructed.

To generate recombinant lentivirus carrying ATG5-specific or scrambled small interfering RNA, 293FT cells

were co-transfected with the package, envelope, and shRNA-expressing constructs. The virus-containing

supernatant was then harvested and used to infect cells, which were selected and maintained with 2 mg/ml

puromycin.

For various drug/chemical treatment, the in vitro cultured cells were pre-treated for 1 h with each indicated

chemical including BAF (50 mM), Bafilomycin A1 (10 nM), rapamycin (50 nM), N-acetyl cysteine (NAC, 1 mM),

tiron (2 mM), and PEG-catalase (1000 IU) followed by 50 mMH2O2 treatment for another 16 hr. The cells were

then harvested and manipulated for other experiments.

Drosophila melanogaster stocks and genetics

Drosophila stocks were maintained on standard cornmeal agar media at 27�C unless otherwise noted. Eye

phenotypes were examined and scored as described by Pandey et al..40 The different drosophila strains

used in this study were obtained either from the Vienna Drosophila RNAi Center or from the Bloomington

Drosophila Stock Center as listed in the resources table. Note, the targeted sites for each UAS-dARMS-

dsRNA line were as follows:UAS-dARMS-dsRNA#1, 1933-2301;UAS-dARMS-dsRNA#2, 4018-4303 (number

indicates the distance from the start codon). All of the 19-mers in the targeting sequences were compared

with the other targeting sequences using dsCheck.71 The GMR>UAS-hs-GFP-ATG8a,dARMS-dsRNA#1/+

fly was generated from our fly core laboratory. The UAS-dARMS transgene was generated by subcloning

the 4120 bp SD10882 dARMS cDNA (BT009928) into the pUAST (w+) transformation vector. The construct

was introduced into w1118 embryos by P element-mediated transformation. The transformants were iden-

tified on the basis of eye pigmentation to establish several independent lines with insertions located on X,

2nd, and 3rd chromosomes. Several lines with insertions on the 2nd chromosome were crossed with flies

carrying dARMS-dsRNA#1 allele to obtain GMR>dARMSRNAi, dARMS flies.

METHOD DETAILS

ROS detection and H2O2 treatment in fly

To detect the presence of ROS in different strains of fly, eye discs with mouth hooks of the 3rd instar larvae

were carefully dissected (without severing) in 1X PBS, immediately incubated with 10 mM CM-H2DCFDA in

fresh Schneider’s medium for 5 minutes in a dark chamber at room temperature, followed by three

5-minute washes in 1X PBS.72 The samples were then mounted in Vectashield mounting media and imaged

immediately using a confocal microscopy (Leica).

For H2O2 treatment in adult fly, we used filter paper soaked with 4% H2O2 dissolved in 5% sucrose solution

in vials where 1-day-old flies were kept for 48 hours followed by preparation for scanning or transmission

electron microscope.

MTT assay

Cultured cells treated with H2O2 or the buffer was changed to serum-free medium containing 5 mg/ml 3-(4,

5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) and incubated for another 4 h followed by

adding an equal volume of isopropanol/0.04 M HCl. After centrifugation at 10,000 g for 5 min, the absor-

bance of the supernatant was measured at wavelength 570 nm and reference wavelength 630 nm with an

enzyme-linked immunosorbent assay plate reader (ELX-800; Biotek).

Luciferase reporter assays

The siScramble- and siARMS- B16-F0 melanoma cells were transfected with the NF-kB luciferase reporter

along with b-galactosidase DNA using lipofectamine 2000. Forty-eight hours after transient transfection,

cells were left untreated or treated with 50 mM H2O2 for another 2 h. Cells were extracted by reporter lysis

buffer using a Luciferase Reporter Assay System and luciferase activity was measured using a microplate
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luminometer (Wallac Victor2TM, PerkinElmer). The luciferase activity was assessed by normalization to the

b-galactosidase activity.

Flow cytometry

Cells treated with 50 mM H2O2 for 16 h were collected, washed with ice-cold phosphate-buffered saline

(PBS), and stained with Annexin V labeled by AlexaFluor 488 for assessing phosphatidyl-serine externaliza-

tion by flow cytometry (BD FACSCalibur). The intracellular ROS level was detected by flow cytometry using

5-(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA). Cells were

treated with 50 mM H2O2 for the indicated time, followed by staining with CM-H2DCFDA (10 mM) in pre-

warmed PBS for additional 15 min at 37 �C. After recovery in growth medium for 5 min, the cells were

resuspended in PBS and were analyzed by flow cytometry (BD FACSCalibur).

Western blotting

Samples (cultured cells) were harvested and lysed in sampling buffer (150 mMNaCl, 50mM Tris-HCl pH 7.4,

1% Nonidet P-40, 0.25%Na-deoxycholate, 1 mMEDTA, protease inhibitor cocktail, 1 mMphenylmethylsul-

fonyl fluoride, 1 mM NaF, and 1 mM Na3VO4). Protein concentration was measured using the Bradford

reagent and around 30 mg of total proteins was subjected to SDS-PAGE followed by immunoblotting.

An enhanced chemiluminescence reaction was applied for signal detection.

Antibodies were used in immunoblot as follows: LC3B (1:500), ATG5 (1:1000), poly(ADP-ribose) polymerase

(1:1000), phospho-RelA/p65-Ser529 (1: 200), RelA/p65 (1:200 for immunoblot; 1:50 for immunofluores-

cence), Catalase (1:200 for immunoblot; 1:50 for immunofluorescence), SOD1 (1:200), a-Tubulin (1:1000),

Cathepsin D (1:1000), cleaved-Caspase 3 (1:100), HA (1:10000), MYC (1:1000), Beclin 1 (1:1000), ARMS

(1:1000), HRP-conjugated goat anti-mouse (1:500), anti-rabbit IgG (1:500), Alexa Fluor 488 (or 594)-conju-

gated secondary antibodies (1:1000) and H33258 (1:1000).

Immunofluorescence microscopy

B16-F0 cells were grown on coverslips at a density of 8 x 104 cells per well in a 12-well plate 1 day before

transfection. Twenty-four hours after transfection, the cells were treated with or without H2O2 for 16 h, fixed

with 4% paraformaldehyde, and permeabilized with 0.1% triton X-100. Cells were then processed for immu-

nostaining and the fluorescent images were obtained by epifluorescence or confocal microscopy (Leica

TSC SP5). Antibodies were used as follows: RelA/p65 (1:50), MYC (1:200), Catalase (1:50). Quantification

of GFP-LC3 puncta was performed using MetaMorph image analysis software, version 7.6.4.0 (Molecular

Devices). For LysoTracker Red co-stain, the cells were treated with 75 nM LysoTracker Red DND-99 for

60 min at 37 �C before harvesting, and washed three times in PBS followed by PFA fixation and imaging.

For fluorescence microscopy of drosophila, the eye discs of the wandering third instar larvae were

dissected in PBS containing pin/cyo fly lysates, fixed in 4% paraformaldehyde for 30 min at room temper-

ature, washed with PBS three times, and mounted in glycerol mounting medium. For ROS detection, the

dissected eye discs were pre-stained in 10 mM CM-H2DCFDA /PBS solution for 30 min at 37�C before

fixation. The fluorescence was analyzed under a confocal microscopy (Leica).

Electron microscopy

Cells treated with/ without H2O2 (50 mM) for 16 h were harvested by trypsinization, washed with PBS, and

fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 30 min at room temperature. After washing

with PBS, the samples were post-fixed in 1% osmium tetroxide. The samples were then processed to make

ultrathin Epon-embedded sections for transmission electron microscopic observation (Hitachi H-7000). For

morphologic analysis of autophagic vacuoles, at least 20 cells of each sample were analyzed.

For transmission electron microscopy examination of fly eyes, the protocol published by Wolff is fol-

lowed.73 Briefly, the larva or adult head were injected with fixative (0.1 M sodium cacodylate, pH 7.4, 4%

formaldehyde, 3.5% glutaradldehyde), followed by overnight-fixation in 1% tannic acid. The sample then

was washed with 0.1 M sodium cacodylate, infiltrated with 2% OsO4 for 2h, rinsed in water, and incubated

in 2% uranyl acetate at room temperature overnight. The tissue was dehydrated through a graded ethanol

and processed for embedding and microtome sectioning. For scanning electron microscopy (SEM), the

head of adult flies were dissected, immersed through a series of graded ethanol (25%, 50%, 75%, 100%)
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at room temperature for days, followed by a series of trichlorofluoroethane diluted in 100% ethanol (25%,

50%, 75%, 100% trichlorogluoroethane; each at room temperature for 12 h). The samples were then

removed, dried under a vacuum, and mounted for SEM.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed and graph plotted by using PRISM GraphPad Software (La Jolla, CA, USA), are

shown as mean G SD. Statistical significance was determined either by Student’s t-test, or Mann-

Whitney rank sum test, or One Way ANOVA. A P-value < 0.05 was considered statistically significant.
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