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SUMMARY
Disruption of sphingolipid homeostasis is known to cause neurological disorders, but the mechanisms by
which specific sphingolipid species modulate pathogenesis remain unclear. The last step of de novo sphin-
golipid synthesis is the conversion of dihydroceramide to ceramide by dihydroceramide desaturase (human
DEGS1; Drosophila Ifc). Loss of ifc leads to dihydroceramide accumulation, oxidative stress, and photore-
ceptor degeneration, whereas human DEGS1 variants are associated with leukodystrophy and neuropathy.
In this work, we demonstrate that DEGS1/ifc regulates Rac1 compartmentalization in neuronal cells and that
dihydroceramide alters the association of active Rac1 with organelle-mimicking membranes. We further
identify the Rac1-NADPH oxidase (NOX) complex as the major cause of reactive oxygen species (ROS) accu-
mulation in ifc-knockout (ifc-KO) photoreceptors and in SH-SY5Y cells with the leukodystrophy-associated
DEGS1H132R variant. Suppression of Rac1-NOX activity rescues degeneration of ifc-KO photoreceptors and
ameliorates oxidative stress inDEGS1H132R-carrying cells. Therefore, we conclude thatDEGS1/ifc deficiency
causes dihydroceramide accumulation, resulting in Rac1 mislocalization and NOX-dependent neurodegen-
eration.
INTRODUCTION

Sphingolipids, such as ceramide, are major components of

neuronal membrane bilayers and are pivotal to the function of

neurons. The last step of ceramide de novo synthesis is cata-

lyzed by dihydroceramide desaturase (DEGS), which uses dihy-

droceramide as a substrate. Neuronal dihydroceramide is less

abundant than ceramide (Qin et al., 2010), and for many years,

dihydroceramide was assumed to be inert, because treating

cells with exogenous short-chain analogs did not cause notice-

able defects (Hunot et al., 1997); hence, the potential physiolog-

ical roles of dihydroceramide have been largely overlooked. In

recent years, however, increased levels of dihydroceramide

have been observed in the cerebrospinal fluid of Alzheimer’s dis-

ease (AD) patients (Fonteh et al., 2015), and high levels of plasma

dihydroceramide were found to predict AD-associated decline in

cognitive function in a longitudinal study (Mielke et al., 2011).

Altered levels of dihydrosphingolipids were also reported in a

mouse model of Huntington’s disease (Di Pardo et al., 2017).

These findings inferred that the level of dihydroceramide may

be important for neural function. In support of this idea, we pre-

viously showed that the Drosophila DEGS, infertile crescent (ifc),
This is an open access article und
is required for neuronal maintenance, because neuron-specific

knockout (KO) of ifc causes the accumulation of dihydrocera-

mide and subsequent activity-dependent degeneration of pho-

toreceptors (Jung et al., 2017). Notably, the defects in ifc-KO flies

can be rescued by overexpression of a human homolog,DEGS1,

suggesting functional conservation of fly and human enzymes.

Furthermore, in 2019, three independent investigations found

an association of DEGS1 loss-of-function variants with leuko-

dystrophy and systemic neuropathy (Dolgin et al., 2019; Karsai

et al., 2019; Pant et al., 2019). Despite the clinical descriptions

of patients and the phenotypic characterization of the fly model,

the pathophysiological role of DEGS1/ifc and dihydroceramide

in the nervous system remains poorly understood.

High levels of reactive oxygen species (ROS) are common to

photoreceptors with ifc-KO and patient fibroblasts with DEGS1

variants (Jung et al., 2017; Pant et al., 2019). Moreover, the

elevated ROS in ifc-KO photoreceptors is known to cause

morphological and functional defects that can be ameliorated by

pan-antioxidantAD4 (Junget al., 2017), but themechanismunder-

lying ROS accumulation has not been previously identified. Major

sources of ROS include the mitochondrial electron transport

chain, NADPH oxidases (NOXs), xanthine oxidases, peroxisomal
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acyl-coenzyme A oxidase 1, and nitric oxide synthase (NOS), all of

which have been linked to neuronal oxidative stress in different

pathological contexts (Angelova and Abramov, 2018; Chung

et al., 2020; Dawson and Dawson, 2018; Honorat et al., 2013;

Sorce et al., 2017). Pan-antioxidant therapies have yielded prom-

ising results in preclinicalmodels but did not showconsistent pos-

itive effects in clinical trials. Instead, targeted antioxidants with

subcellular precision might have better therapeutic potential.

For instance, mitochondria-targeted antioxidants have shown

protective effects in preclinical models and are in clinical trials to

treat diseases manifesting mitochondrial oxidative stress (Snow

et al., 2010; ClinicalTrials.gov: NCT00329056, NCT04267926,

and NCT03514875). Therefore, identifying the subcellular sources

of ROS in neurodegenerative conditions and the regulatory path-

ways that impingeupon those sources inneuronal cellsmay reveal

future directions for potential therapeutics.

Proteins are often recruited to membrane rafts enriched in

cholesterol and sphingolipids, in which they act as signalingmol-

ecules; these molecules may exhibit binding preferences for

different organelles, depending on how the degree of lipid pack-

ing affects protein-membrane associations (Kulakowski et al.,

2018; Resh, 2004). Both ifc-KO flies and DEGS1-compromised

patient fibroblasts have lipid repertoires marked by increased di-

hydroceramide-to-ceramide ratios (Jung et al., 2017; Pant et al.,

2019). Biophysical studies show that compared with ceramide-

enriched membranes, dihydroceramide-enriched membranes

are more condensed, contain fewer lipid-packing gaps, and

associate more favorably with sphingomyelin, probably because

of stronger intermolecular interactions (Kinoshita et al., 2020).

Differences between dihydroceramide and ceramide in their

intermolecular interactions with other lipids were proposed to

affect the composition and packing of membrane rafts (Alanko

et al., 2005). However, the potential effects of cellular dihydro-

ceramide accumulation on the interactions betweenmembranes

and membrane-associated proteins have not been directly

demonstrated.

Here, we found that dihydroceramide is a critical determinant of

Rac1 compartmentalization and that loss of ifc causes neuronal

(photoreceptor) defects by stimulating Rac1-NOX activation and

cytoplasmic ROS accumulation. Importantly, the functional and

morphological degeneration of ifc-KO eyes could be rescued by

RNAi knockdown of Rac1/NOX or treatment of a NOX inhibitor.

The cellular mechanisms that were identified in ifc-KO photore-

ceptors were also recapitulated in SH-SY5Y cells with the leuko-

dystrophy-associated H132R variant of DEGS1; these cells ex-

hibited accumulation of dihydroceramide, Rac1 activation, NOX-
Figure 1. Cytoplasmic ROS accumulation in ifc-KO photoreceptors

(A–E) Photoreceptor longitudinal sections (A–D) stained with the ROS fluorescent

quantified in (E), with the intensity of control photoreceptors set to 1.

(F–J) Photoreceptor cross-sections (F–I) stained with phalloidin (white; rhabdome

The average number of rhabdomeres per ommatidia is quantified in (J).

(K–O) Representative ERG traces (K–N) of flies upon light stimulation. Double-end

ERG recordings. The average depolarization amplitudes (in millivolts) of adult fly

(P–U) Photoreceptor longitudinal sections of control (P–P0 0 0 ) and ifc-KO (Q–Q0 0 0) p
488-nm ratios of cyto-roGFP are quantified in (T). Photoreceptor longitudinal se

overexpression of mito-roGFP-grx. The 405/488-nm ratios of mito-roGFP are qu

The genotype of each group is listed inmethod details. Scale bars: 5 mm. Error bars

*p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test.
dependent cytoplasmic accumulation of ROS, andmorphological

defects. Colocalization and subcellular fractionation results re-

vealed an increased level of Rac1 in the endolysosomes of ifc-

KO photoreceptors and cells carrying homozygous H132R

(DEGS1H132R/H132R; hereafter called DEGS1H132R) variants. Ac-

cording to liposome binding assays, excessive dihydroceramide

can alter Rac1 association with membranes of different compart-

ments, leading to Rac1 mislocalization. Altogether, the results of

this study reveal a key molecular mechanism of dihydroceramide

neurotoxicity and suggest an etiological role for the Rac1-NOX

pathway in leukodystrophy arising from DEGS1 variants.

RESULTS

Loss of ifc causes cytoplasmic ROS accumulation in fly
photoreceptors
We previously reported that ifc-KO eyes exhibit ROS accumula-

tion and subsequent neurodegeneration (Jung et al., 2017). To

probe the subcellular origin of ROS in ifc-KO photoreceptors,

we tested whether eye-specific, GMR-Gal4-driven overexpres-

sion of cytoplasmic and mitochondrial superoxide dismutases

(SOD1 and SOD2, respectively) could protect against photore-

ceptor phenotypes. The level of ROSmeasured by H2DCF stain-

ing was significantly decreased upon GMR>SOD1 but not

GMR>SOD2 overexpression in ifc-KO photoreceptors (Figures

1A–1E), indicating that ROS was present mainly in the cyto-

plasm. Furthermore, overexpression of SOD1 rescued the func-

tional and morphological defects of ifc-KO eyes, as indicated by

rhabdomere counts (Figures 1F–1J) and the electroretinography

(ERG) measurement (Figures 1K–1O), respectively, suggesting

that the cytoplasmic superoxide is the cause of photoreceptor

dysfunction. Consistent with these findings, GMR-driven over-

expression of catalase, which catalyzes the conversion of

hydrogen peroxide towater and oxygen in cytoplasmic compart-

ments, rescued photoreceptor degeneration (Figures S1A–S1H).

The protective effects of SOD1 and catalase overexpression

suggest that both superoxide and hydrogen peroxide played a

pathogenic role in ifc-KO neurodegeneration. Although exoge-

nous SOD2 expression did not ameliorate the accumulation of

ROS (Figure 1D) or irregular morphology (Figure 1I), it did restore

the function of ifc-KO photoreceptors (Figure 1N), implying that

mitochondrial superoxide plays a minor role in ifc-KO neurode-

generation. To pinpoint the site of ROS genesis, we performed

clonal analyses with a reduction-oxidation (redox)-sensitive

GFP (roGFP) biosensor. Because the excitation peak of roGFP

shifts from 488 to 405 nm upon oxidation of the protein, an
probe H2DCF (green) after 3 days of light exposure. The relative ROS levels are

re) and Na+-K+-ATPase (purple; cell membrane) after 5 days of light exposure.

ed arrows indicate depolarization. Flies were exposed to light for 5 days before

eyes are quantified in (O).

hotoreceptors with GMR-driven overexpression of cyto-roGFP-grx. The 405/

ctions of control (R–R0 0 0 ) and ifc-KO (S–S0 0 0) photoreceptors with GMR-driven

antified in (U).

represent SEM; nR 5 for each experiment withR3 independent experiments.
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Figure 2. Dihydroceramide and cytoplasmic

ROS accumulations in DEGS1H132R SH-

SY5Y neuroblastoma cells

(A) Schematic of DEGS1H132R CRISPR knockin.

(B) Ceramide levels of wild-type, DEGS1H132R, and

DEGS1KO/H132R SH-SY5Y cells measured by

HPLC-MS/MS.

(C) Dihydroceramide levels of wild-type,

DEGS1H132R, and DEGS1KO/H132R SH-SY5Y cells

measured by HPLC-MS/MS.

(D–G) ROS detected in wild-type, DEGS1H132R,

and DEGS1KO/H132R SH-SY5Y cells with the fluo-

rescent probe dihydroethidium (DHE). The in-

tensity of DHE is quantified in (L), with the intensity

of wild-type cells set to 1.

(H–J)Wild-type (H–H0 0 0) andDEGS1H132R (I–I0 0 0) SH-
SY5Y cells expressing cyto-roGFP. The 405/488-

nm ratio of cyto-roGFP in SH-SY5Y cells is quan-

tified in (J). The nucleus was excluded from the

quantification. The region of interest is encircled by

a dashed line.

Scale bars: 5 mm. Error bars represent SEM; nR 3

independent experiments. *p < 0.05, **p < 0.01,

***p < 0.001, unpaired Student’s t test.
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increased ratio of the 405-nm-excited to the 488-nm-excited

roGFP signal is indicative of ROS elevation. We used roGFP

targeted to the cytoplasm (GMR > cyto-roGFP-grx) and mito-

chondrial matrix (GMR > mito-roGFP-grx) as compartment-

specific ROS probes in ifc-KO eyes (Albrecht et al., 2011). The

mitochondrial localization of mito-roGFP in photoreceptors

was confirmed by staining for ATP5A (Figure S1K). The 405/

488-nm ratio of cyto-roGFP was significantly increased in

ifc-KO photoreceptors compared with controls (Figures 1P–1Q

and 1T), whereas the ratio for mito-roGFP was similar to the con-

trol value (Figures 1R, 1S, and 1U). In mosaic eye clones, we also

found that the ifc-KOcells exhibited lower cyto-roGFP intensities

than wild-type sister clones labeled with red fluorescent protein

(RFP) (Figure S1I). In contrast, no differences in the intensities of

mito-roGFPwere observed between ifc-KO and control photore-

ceptors (Figure S1J). Altogether, these results suggested that
4 Cell Reports 35, 108972, April 13, 2021
ROS in the cytoplasm is responsible for

causing the neuronal defects in ifc-KO

photoreceptors.

Accumulation of cytoplasmic ROS
in DEGS1H132R SH-SY5Y cells
The H132R variant of human DEGS1 is

associated with an autosomal recessive

form of leukodystrophy (Pant et al.,

2019). In this variant, an amino acid sub-

stitution of conserved histidine to arginine

within one of the putative catalytic motifs

critically compromises ceramide synthe-

sis. To explore the pathogenic cellular

mechanisms induced by the H132R

variant, we introduced it into SH-SY5Y

neuroblastoma cells by CRISPR/Cas9

knockin (Figure 2A). Our sphingolipido-
mics analyses revealed that cells carrying either DEGS1H132R

or compound heterozygous H132R (DEGS1KO/H132R) variants

had significant reductions in ceramide levels and accumulation

of dihydroceramide (Figures 2B and 2C), indicating the H132R

variant is a loss-of-function allele. In addition, the neurite lengths

of DEGS1H132R and DEGS1KO/H132R SH-SY5Y cells were signifi-

cantly shorter than those in wild-type cells, indicating a morpho-

logical defect (Figures S2A–S2D). To test whether the H132R

variant in SH-SY5Y cells recapitulated the ROS accumulation in

ifc-KO photoreceptors and DEGS1-deficient patient fibroblasts

(Pant et al., 2019), we measured ROS levels using dihydroethi-

dium (DHE), which detects superoxide. The DHE intensities in

DEGS1H132R and DEGS1KO/H132R cells were significantly higher

than that in control cells (Figures 2D–2G). Similarly, small

interfering RNA (siRNA) knockdown of DEGS1 led to reduced

neurite length (Figures S2H–S2K) and increased DHE intensity



Figure 3. Identification of the major origins of ROS in DEGS1H132R

cells

(A–F) DHE staining in wild-type (A–A0 0) andDEGS1H132R (B–B0 0) SH-SY5Y cells.

DEGS1H132R cells were treated with DMSO (C–C0 0) (vehicle control), apocynin

(D–D0 0 ) (50 mM; NADPH oxidase inhibitor), allopurinol (E–E0 0) (100 mM; xanthine

oxidase inhibitor), and L-NAME (F–F0 0) (50 mM; nitric oxide synthase inhibitor).

(G) Quantification of the intensity of DHE in SH-SY5Y cells, with the intensity of

wild-type cells set to 1.

Scale bars: 5 mm. Error bars represent SEM; nR 3 independent experiments.

*p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with multiple comparisons

using Tukey post hoc test.
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(Figures S2L–S2O). In contrast, the intensity of a mitochondrial

superoxide probe, MitoSOX, was not increased in DEGS1H132R

cells compared with wild-type cells (Figures S2E–S2G). To

evaluate the level of hydrogen peroxide production, wemeasured

the extracellular level of hydrogen peroxide by the Amplex

red-horseradish peroxidase (HRP) assay and found that the levels

were not different in wild-type, DEGS1H132R, and DEGS1KO/H132R

cells (Figure S2P). Because we saw that loss of ifc induced

cytoplasmic ROS accumulation, we next transfected cyto-

roGFP into wild-type and DEGS1H132R cells and examined the

redox state in the cytoplasm. Consistent with our findings in ifc-

KO photoreceptors, the 405/488-nm ratio of cyto-roGFP was

significantly increased in DEGS1H132R compared with wild-type

SH-SY5Y cells (Figures 2H–2J). These data showed that the dis-

ease-associated H132R variant of DEGS1 and KO of ifc lead to

similar cellular defects, including an imbalance of dihydrocera-

mide and ceramide, cytoplasmic ROS accumulation, and

morphological defects. Thus, defects in the DEGS1/ifc genes

are likely to affect neurons in flies and humans via a conserved

mechanism.

NOX inhibitors alleviate oxidative stress in DEGS1H132R

neuroblastoma cells
Different types of cytoplasmic ROS are frequently produced by

enzymes such as NOXs, xanthine oxidase, or uncoupled NOS.

To test whether any of these enzymes is responsible for the

ROS accumulation in DEGS1H132R cells, we suppressed the

activity of each by chemical inhibition and examined the subse-

quent levels of ROS by DHE staining (Figure 3). The high cyto-

plasmic ROS level in DEGS1H132R cells was ameliorated by the

treatment of the NOX inhibitor apocynin (Figures 3D–3D0 0), but
not the xanthine oxidase inhibitor allopurinol (Figures 3E–3E0 0)
or the NOS inhibitor L-NAME (Figures 3F–3F0 0). We verified this

result with a highly specific NOX inhibitor, GKT136901, which

has no ROS scavenging effect and does not inhibit other oxi-

dases (Laleu et al., 2010). GKT136901 treatment reduced the

superoxide level of DEGS1H132R cells compared with the vehicle

control (Figure S3). These results suggest that NOX complexes

are the major source of ROS in DEGS1H132R cells.

Activation of the Rac1-NOX pathway causes oxidative
stress and subsequent neurodegeneration in ifc-KO
photoreceptors
Because the small guanosine triphosphatase (GTPase) Rac1 is a

cytosolic protein required for NOX activation, we examined its

role in ifc-KO photoreceptors. We first found that the level of

Rac1 protein was increased in ifc-KO eyes compared with
Cell Reports 35, 108972, April 13, 2021 5



Figure 4. Activation of Rac1 signaling in both fly ifc-KO photoreceptors and SH-SY5Y DEGS1H132R cells

(A and B) Western blot of Rac1 comparing the eye extracts of control and ifc-KO. The levels of Rac1 (normalized to tubulin) in eye extracts are quantified in (B).

(C–F) Cross-section images of ifc-KOmosaic eye clone with endogenous expression of GFP-Rac1 (C) or PAK1RBD-GFP (D). Control photoreceptors weremarked

with GMR-myr-RFP (C0 and D0), separated by a dashed line from ifc-KO photoreceptors lacking RFP signals. Arrowheads indicate the puncta of GFP-Rac1 or

PAK1RBD-GFP. The average numbers of GFP-Rac1 or PAK1RBD-GFP puncta per ommatidia are quantified in (E) and (F).

(G and H) Immunostaining with anti-active Rac1 antibody (green) in wild-type (G) and DEGS1H132R (H) SH-SY5Y cells.

Scale bars: 5 mm. Error bars represent SEM; n R 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test.
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controls (Figures 4A and 4B). Then, we again took advantage of

fly genetics tools, comparing the activities of Rac1 in ifc-KO

mosaic eye clones with two GFP reporters. When GFP-tagged

Rac1 was expressed under the control of endogenous Rac1 reg-

ulatory elements (Abreu-Blanco et al., 2014), the numbers of

GFP-Rac1 puncta were significantly increased in the mutant
6 Cell Reports 35, 108972, April 13, 2021
clones compared with adjacent wild-type clones, indicating an

increased level of Rac1 protein (Figures 4C and 4E). Next, to

measure the activity of Rac1 in photoreceptors, we used the

Pak1RBD-GFP construct, a ubiquitously expressed reporter

for the association of Rac1 to Pak1, which is a downstream

effector of Rac1 (Arbeu-Blanco et al., 2014). The numbers of



Figure 5. Amelioration of ifc-KO neuronal defects via genetic and pharmacological inhibition of the Rac1-NOX pathway

(A–H) Representative ERG traces upon light stimulation in ifc-KO eyes with rac1 heterozygote (A, BL6647), rac1 RNAi knockdown (B, BL28985), and NOX RNAi

knockdown (C, BL32902; D, BL32433) backgrounds after 5 days of light exposure. The upstream activating sequence (UAS)-RNAi was driven by eye-specific

GMR-Gal4. The average depolarization amplitude (in millivolts) of ERG is quantified in (E)–(H).

(I–O) Photoreceptor cross-sections (I–N) stained with phalloidin (white; rhabdomere) and Na+-K+-ATPase (purple; cell membrane) after 5 days of light exposure.

The average number of rhabdomeres per ommatidia is quantified in (O).

(P) Quantification of H2DCF staining of control and ifc-KO photoreceptors with vehicle (DMSO) and apocynin treatment. Representative figures are shown in

Figures S4A–S4D.

(legend continued on next page)
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Pak1RBD-GFP puncta were increased in ifc-KO photoreceptors

compared with adjacent control clones (Figures 4D and 4F), indi-

cating activation of the Rac1 pathway. Likewise, in DEGS1H132R

SH-SY5Y cells, we observed an increased immunofluorescence

signal for active Rac1 compared with wild type when probing

with an antibody that preferentially recognizes guanosine

triphosphate (GTP)-bound, active Rac1 (Figures 4G and 4H).

These results all support the idea that loss of DEGS1/ifc in-

creases the Rac1 protein level and activates Rac1.

Next, to test whether the activation of Rac1-NOX signaling is

required for degeneration in DEGS1/ifc-deficient conditions,

we genetically suppressed the Rac1-NOX pathway in rac1 het-

erozygotes and flies with GMR-Gal4-driven RNAi knockdown

of rac1 andNOX in ifc-KO photoreceptors. These genetic means

of inhibiting the Rac1-NOX pathway significantly alleviated the

functional and morphological degeneration of ifc-KO photore-

ceptors (Figures 5A–5O). Next, we compared the effects of

inhibitors of ROS production on the degeneration of ifc-KO pho-

toreceptors (Figure S4). Apocynin significantly reduced the ROS

levels (Figure 5P) and improved the function and morphology of

ifc-KO photoreceptors, whereas allopurinol and L-NAME did not

provide significant protection (Figures 5Q and 5R). These obser-

vations were consistent with the effects of the inhibitors in

DEGS1H132R cells (Figure 3). Altogether, these results indicate

that activation of the Rac1-NOX complex is responsible for the

ROS-induced degeneration of ifc-KO photoreceptors.

Loss of ifc promotes colocalization of active Rac1 and
Rab7-positive compartments
We then asked how ifc regulates the Rac1 pathway. Because

Rac1 compartmentalization has been shown to play a crucial

role in downstream signaling (Payapilly and Malliri, 2018), we

examined whether ifc might affect subcellular localization of

active Rac1. To do so, we performed costaining with the active

Rac1-specific antibody and markers of various subcellular

compartments (Figures 6A–6J0 0). The percentages of colocal-

ized puncta (arrowhead) among total active Rac1 puncta

were quantified for each compartment (Figures 6K–6O). Intrigu-

ingly, the colocalization of active Rac1 and the late endosome/

lysosome marker Rab7 was significantly increased in ifc-KO

photoreceptors compared with controls (Figures 6E–6F0 0and
6M). In contrast, ifc-KO did not affect the colocalization be-

tween active Rac1 and markers of early endosomes (Rab5; Fig-

ures 6I–6J0 0and 6O), mitochondria (TOM20; Figures 6C–6D0 0and
6L), autophagosomes (GABARAP; Figures 6G–6H0 0and 6N), or

endoplasmic reticulum (ER) (BIP; Figures 6A–6B0 0and 6K). To

test whether the effect of DEGS1/Ifc deficiency on Rac1 local-

ization was conserved between fly and human, we performed

subcellular fractionation of wild-type and DEGS1H132R cells to

examine the subcellular distribution of Rac1 protein. In both

cell lines, Rac1 protein was found primarily in the cytosolic, en-

dosomal, and ER/plasmalemma fractions (Figure S5). We quan-
(Q) Quantification of ERG depolarization of ifc-KO photoreceptors with vehicle, ap

in Figures S4J–S4O.

(R) Quantification of the average number of rhabdomeres per ommatidia of ifc-KO

Representative figures are shown in Figures S4E–S4I.

Scale bars: 5 mm. Error bars represent SEM; n R 3 independent experiments. *p

8 Cell Reports 35, 108972, April 13, 2021
tified the level of Rac1 in distinct subcellular compartments and

found significantly increased levels of Rac1 in Rab7-enriched

compartments of DEGS1H132R cells compared with controls

(Figures 6P and 6Q). Altogether, these data show that both

the loss of ifc in fly photoreceptors and the H132R variant of

DEGS1 in SH-SY5Y cells cause mislocalization of Rac1 to

endolysosomes.

Dihydroceramide levels determine Rac1 association
with reconstituted plasma membrane rafts and
autophagosomes
Localized Rac1 signaling starts with the binding of active Rac1

to the membrane of a distinct subcellular compartment (Paya-

pilly and Malliri, 2018). Because Ifc converts dihydroceramide

to ceramide and its absence affects the subcellular localization

of active Rac1 (Figure 6), we hypothesized that these two sphin-

golipids modulate the membrane association of Rac1. To test

the hypothesis, we first measured the levels of ceramide and di-

hydroceramide in distinct subcellular compartments of wild-

type and DEGS1H132R cells by high-performance liquid chroma-

tography-tandem mass spectrometry (HPLC-MS/MS) following

subcellular fractionation. We observed increases of dihydrocer-

amide and decreases of ceramide content in all examined sub-

cellular compartments, including cytosol, late endosomes, ER/

plasmalemma, and mitochondria (Figure S6). Next, to test

whether dihydroceramide and ceramide content can mediate

Rac1 membrane binding, we performed a liposome binding

assay using large unilamellar vesicles (LUVs) that mimic subcel-

lular membranes (Figures 7A–7F). Plasma membrane rafts are

well-known sites of Rac1 binding; thus, we composed LUVs

with lipid compositions that mimic that of membrane rafts (del

Pozo et al., 2004) (Figures 7A–7C). The presence of dihydrocer-

amide reduced the association of GTP-Rac1 (active) (Figure 7B).

Next, because dihydroceramide accumulation has been shown

to induce autophagy and we previously reported the activation

of protective autophagy in ifc-KO photoreceptors (Jung et al.,

2017), we tested how dihydroceramide and ceramide affect

the binding of Rac1 to autophagosome-like liposomes (Rao

et al., 2016) (Figures 7D–7F). Increasing the dihydroceramide

content in autophagosome-like liposomes improved the mem-

brane binding of active Rac1 (Figure 7E). In contrast, changing

ceramide levels did not significantly affect the association of

Rac1 to LUVs, highlighting that altering the interaction between

Rac1 and membranes is a distinct biochemical property of dihy-

droceramide. To elucidate whether the association between

Rac1 and membrane rafts is disturbed in DEGS1-compromised

cells, we compared the level of Rac1 in a detergent-resistant

membrane raft fraction from wild-type and DEGS1H132R cells

(Figure 7G; Figures S7A and S7B). The level of Rac1 associated

with membrane rafts ofDEGS1H132R cells was significantly lower

than that of wild-type cells (Figure 7H). This observation was

consistent with the result of our liposome binding assay,
ocynin, allopurinol, and L-NAME treatments. Representative figures are shown

photoreceptors with vehicle, apocynin, allopurinol, and L-NAME treatments.

< 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test.



Figure 6. Increased subcellular colocalization of GTP-Rac1 and Rab7 in ifc-KO photoreceptors

(A–O) Colocalization of active Rac1 (green) andmarkers of various subcellular compartments (red), including BIP (A–B0 0) (ER lumen), TOM20 (C–D0 0 ) (mitochondrial

outer membrane), Rab7 (E–F0 0 ) (endolysosome), GABARAP (G–H0 0) (autophagosome), and Rab5 (I–J0 0) (early endosome), in fly photoreceptor longitudinal sec-

tions. Arrowheads indicate the colocalized puncta between GTP-Rac1 and compartmental markers. The percentages of active Rac1 puncta colocalizing with

compartmental markers in total numbers of active Rac1 puncta are quantified in (K)–(O).

(P and Q) Western blot of Rac1 and compartmental markers including calnexin (ER membrane), ATP5A (mitochondria), flotillin-2 (lipid raft), and EEA-1 (early

endosome) of wild-type and DEGS1H132R SH-SY5Y cells. The percentage of compartmentalized Rac1 levels is quantified in (Q).

Scale bars: 5 mm. Error bars represent SEM; n R 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test (O and P) or two-way

ANOVA with multiple comparison using the �Sı́dák test.
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Figure 7. The effect of dihydroceramide on the binding of Rac1 to liposomes mimicking distinct subcellular compartments

(A–C) Western blot of Rac1 associated with membrane raft-like liposomes. The levels of GTP-Rac1 and guanosine diphosphate (GDP)-Rac1 associated with

membrane raft-like liposomes are quantified in (B) and (C), respectively. The lanes separated by the dashed line were run on the same blot.

(D–F) Western blot of Rac1 associated with autophagosome-like liposomes. The levels of GTP-Rac1 and GDP-Rac1 associated with autophagosome-like li-

posomes are quantified in (E) and (F), respectively.

(G and H) Western blot of Rac1 and flotillin-2 in detergent-resistant membrane fractions of wild-type and DEGS1H132R SH-SY5Y cells. The level of Rac1

normalized to flotillin-2 is quantified in (H).

Error bars represent SEM; n R 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test.
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suggesting low binding between Rac1 and dihydroceramide-

rich membrane rafts. We also examined whether altered levels

of raft-localized Rac1 affect ROS production on the plasma

membrane by adding a CAAX motif to the C terminus of roGFP.

The CAAX motif is a prenylation site that allows plasma mem-

brane binding. The 405/488-nm ratio of roGFP-CAAX was not

different in wild-type and DEGS1H132R cells (Figures S7C–

S7E), ruling out the plasma membrane as a major source of

ROS. Thus, we suspect that dihydroceramide accumulation cre-

ates a hub for ROS accumulation within the cell cytoplasm,

given the increase in cytoplasmic ROS (Figure 1) and endolyso-
10 Cell Reports 35, 108972, April 13, 2021
somal Rac1 activation (Figure 6). These data reveal a role for di-

hydroceramide in modulating the membrane association of

Rac1.

DISCUSSION

In the present study, we determined the subcellular origin and

the molecular mechanism of ROS production in ifc-KO photore-

ceptors and leukodystrophy-associated DEGS1H132R SH-SY5Y

cells. We found that the loss of ifc and the H132R variant of

DEGS1 both caused the mislocalization of Rac1 to Rab7-
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positive compartments, i.e., endolysosomes and autolyso-

somes. This mislocalization likely results from the effects of

accumulated dihydroceramide on the membrane association

of Rac1, which is pivotal to Rac1 function. Importantly, genetic

and pharmacological inhibition of the Rac1-NOX pathway

reduced the level of ROS and rescued the morphological and

functional degeneration of ifc-KO photoreceptors. Altogether,

these experimental results support the idea that DEGS activity

is required for proper compartmentalization of Rac1 and

neuronal maintenance.

A growing body of literature has begun to describe distinct fea-

tures and pathophysiological roles of dihydroceramide that are

independent of ceramide (reviewed in Rodriguez-Cuenca et al.,

2015; Siddique et al., 2015). However, with regard to neuronal

oxidative stress, no previous research reports have addressed

how dihydroceramide accumulation might elevate ROS levels

and cause neuronal defects. Still, increased ceramide has

been shown to cause apoptosis through mitochondrial oxidative

stress in neuroblastoma cells (Czubowicz and Strosznajder,

2014), and exogenous ceramide was shown to decrease mito-

chondrial membrane potential in cultured retinal neurons (Prado

Spalm et al., 2019). In addition, oxidative stress from tumor ne-

crosis factor alpha (TNF-a)-induced ceramide production in

SH-SY5Y cells could be mitigated by NOX inhibition (Barth

et al., 2012). Although these studies showed that ceramide spe-

cies were cytotoxic, the application of those findings may be

limited, because the studies were performed by adding exoge-

nous short-chain ceramides to cultured neurons and did not

address the long-overlooked, less studied dihydroceramide.

To understand the biological effects of endogenous dihydrocer-

amide, we previously knocked out ifc, the key gene regulating de

novo ceramide synthesis, and by doing so, we found that the

neurotoxicity results from ROS accumulation (Jung et al.,

2017). In this study, we extend this observation to unveil a

conserved molecular mechanism in which dihydroceramide reg-

ulates the site of Rac1-NOX activation by affecting the associa-

tion of active Rac1 to biological membranes.

The multi-functionality of Rac1 primarily depends on its

compartmentalization (Payapilly and Malliri, 2018). One impor-

tant factor that controls the association of Rac1 to specific sub-

cellular sites is the lipid composition of membranes. For

instance, different phospholipids have been shown to modulate

the recruitment of Rac1 to microdomains on the plasma mem-

brane (Magalhaes and Glogauer, 2010). Although sphingolipids

are major constituents of membrane microdomains, the im-

pacts of sphingolipid content on the sites of Rac1 action

were unknown. Our study shows dihydroceramide is a critical

determinant of the binding between active Rac1 and mem-

branes. In addition to regulating Rac1 compartmentalization,

ceramides and ceramide-enriched membrane domains have

been shown to modulate the subcellular localization and re-

sponses of a spectrum of proteins by direct effects on binding

or by altering membrane properties (Fekry et al., 2018;

Grassmé et al., 2001; Kajimoto et al., 2004; Zhu et al., 2019).

Therefore, DEGS1/ifc deficiency and the consequent changes

in relative levels of ceramide and dihydroceramide may broadly

affect subcellular signaling in the context of neurodegeneration

and beyond.
Our results suggest that sphingolipid imbalance, especially in

the dihydroceramide-to-ceramide ratio, may cause neuronal de-

fects by altering membrane association of signaling molecules.

Aside from DEGS1, other mutations in genes of the ceramide

de novo synthesis pathway (including SPTLC1, SPTLC2,

CERS1, and CERS2) have been clinically associated with neural

disorders (Bejaoui et al., 2001; Dawkins et al., 2001; Godeiro Ju-

nior et al., 2018; Karsai et al., 2019; Mosbech et al., 2014; Pant

et al., 2019; Rotthier et al., 2010; Vanni et al., 2014). Neverthe-

less, mechanistic investigations into the specific neuronal de-

fects in these disorders are only in beginning stages. In animal

models of hereditary sensory and autonomic neuropathy type

1 (HSAN1), ectopic expression of dominant-negative variants

of theDrosophila andC. elegans Spt1 gene caused dysregulated

vesicle trafficking (Cui et al., 2019; Oswald et al., 2015). In addi-

tion, a mouse model of HSAN1 with ablation of Sptlc2 mani-

fested significant ER stress and prolonged activation of

mTORC1 (Wu et al., 2019). Downstream of SPTLC1/2, defi-

ciencies in ceramide synthase 1 and 2 caused progressive

myoclonic epilepsy (Godeiro Junior et al., 2018; Mosbech

et al., 2014; Vanni et al., 2014). In astrocyte cultures from

CerS2 null mice, altered ceramide compositions induced mito-

chondrial oxidative stress and impaired clathrin-mediated endo-

cytosis (Volpert et al., 2017). Because mutations of genes in the

de novo pathway cause obvious alterations in the sphingolipid

profile, the confirmed pathological roles of imbalanced sphingo-

lipids warrant a series of detailed investigations. In line with this

goal, our findings provide an interesting and important example

of how a specific sphingolipid species, dihydroceramide, partic-

ipates in the pathogenesis of neural disorders.

One caveat of the present study is that because of technical

limitations, we were unable to determine whether the effects in

DEGS1/ifc-deficient neurons were caused by an overall increase

in the Rac1 protein level or mislocalization of active Rac1 to en-

dolysosomes. Indeed, an overall increase of the Rac1 protein

level in ifc-KO and DEGS1H132R cells may promote NOX activa-

tion. Although we showed that dihydroceramide reduces the as-

sociation of active Rac1 to membrane rafts, we did not detect a

decrease in the ROS level at the plasma membrane (Figures

S7C–S7E). However, we observed a significant increase of

active Rac1 in the Rab7-positive compartment and cytoplasmic

ROS accumulation in ifc-KO photoreceptors and DEGS1H132R

cells (Figure 6), suggesting Rac1-NOXwas activated in the endo-

lysosomal compartment. Unfortunately, we could not directly

measure whether the accumulation of active Rac1 leads to the

activation of NOX in the endolysosomal compartment to pro-

duce ROS. Further technical advances will be needed to eval-

uate the activation of NOX in specific subcellular compartments.

Another limitation of the present study is that the exact type of

ROS mechanistically linked to the DEGS1/ifc-associated neuro-

degeneration was not defined. We showed that genetic and

chemical inhibition of NOX rescued ifc-KO neurodegeneration,

suggesting a pathogenic role for superoxide. In addition, overex-

pression of SOD1 and catalase rescued the neuronal defects of

ifc-KO photoreceptors, indicating that superoxide and hydrogen

peroxide also participate in the pathogenesis. Although we

found no difference in extracellular hydrogen peroxide levels be-

tween wild-type and DEGS1 mutant cells using the Amplex red-
Cell Reports 35, 108972, April 13, 2021 11
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HRP assay, other methods, such as a hyperfluorescent probe for

detecting intracellular hydrogen peroxide or treatment with cata-

lase mimetics, should be exploited to better evaluate the roles of

different ROS types. Because hydrogen peroxide and hydroxyl

radicals can be derived from superoxide, it is possible

that superoxide generated via the NOX-dependent pathway

subsequently leads to an overall increase in different types of

ROS in the cytoplasm. Our findings revealed that dihydrocera-

mide accumulation in SH-SY5Y and Drosophila neurons acti-

vates Rac1-NOX-mediated production of ROS and points to

antioxidant defense as a potential therapeutic approach. Identi-

fication of the specific types of ROS in the pathogenic mecha-

nism may provide insights into the development of precise treat-

ment strategies and thus warrants future studies.

In the present report, we introduce the concept that dihydro-

ceramide accumulation in DEGS1/ifc-compromised neurons

leads to mislocalization of active Rac1 to endolysosomes and

Rac1/NOX-dependent neurodegeneration. Dihydroceramide is

a neurotoxic intermediate of sphingolipid biosynthesis, and its

accumulation is associated with neurological disorders. By a

combination of experiments in a genetic model and in cultured

human cells, our study describes a cellular mechanism underly-

ing DEGS1/ifc-associated neurodegeneration and provides

molecular insights into sphingolipid biology and potential thera-

peutic strategies.
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Reagents or Resources Source Identifier

Antibodies

Anti-ifc Jung et al., 2017 N/A

Anti-Rab7 Jung et al., 2017 N/A

Na+/K+-ATPase Developmental Studies Hybridoma Bank DSHB Cat# a5; RRID:AB_2166869

Anti-EEA-1 Developmental Studies Hybridoma Bank RRID:AB_2618586

Anti-GABARAP Abcam Abcam Cat# ab109364;

RRID:AB_10861928

Anti-Rab7 Abcam Abcam Cat# ab137029; RRID:AB_2629474

Anti-Calnexin Abcam Abcam Cat# ab75801; RRID:AB_1310022

Anti-ATP5A Abcam Abcam Cat# ab14748; RRID:AB_301447

Anti-Active Rac1-GTP NewEast Biosciences NewEast Biosciences Cat# 26903;

RRID:AB_1961793

Anti-Rac1 BD Bioscience BD Biosciences Cat# 610650;

RRID:AB_397977

Anti-Actin Merck Millipore Millipore Cat# MAB1501;

RRID:AB_2223041

Anti-Flotillin-2 Cell Signaling Technology Cell Signaling Technology Cat# 3436;

RRID:AB_2106572

Anti-TOM20 Cell Signaling Technology Cell Signaling Technology Cat# 42406;

RRID:AB_2687663

Alexa Fluor�-647 anti-Rabbit IgG Jackson ImmunoResearch Laboratories Jackson ImmunoResearch Labs Cat# 111-

605-003; RRID:AB_2338072

Alexa Fluor�-488 anti-Mouse IgG Jackson ImmunoResearch Laboratories Jackson ImmunoResearch Labs Cat# 715-

545-150; RRID:AB_2340846

Alexa Fluor�-488 anti-Rabbit IgG Jackson ImmunoResearch Laboratories Jackson ImmunoResearch Labs Cat# 711-

545-152; RRID:AB_2313584

Cy3 anti-Rabbit IgG Jackson ImmunoResearch Laboratories Jackson ImmunoResearch Labs Cat# 111-

165-003; RRID:AB_2338000

HRP anti-Rabbit IgG Jackson ImmunoResearch Laboratories Jackson ImmunoResearch Labs Cat# 111-

035-003; RRID:AB_2313567

HRP anti-Mouse IgG Jackson ImmunoResearch Laboratories Jackson ImmunoResearch Labs Cat# 115-

035-003; RRID:AB_10015289

Alexa Fluor�-488-phalloidin Invitrogen Thermo Fisher Scientific Cat# A12379

DyLight-405 anti-mouse IgG Invitrogen Thermo Fisher Scientific Cat# 35501BID;

RRID:AB_2533209

Chemicals, peptides, and recombinant proteins

1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (16:0-18:1 PC)

AvantiLipids 850457

1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine (sodium salt) (16:0-18:1

PS)

AvantiLipids 840034

1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (16:0-18:1 PE)

AvantiLipids 850757

1,2-dioleoyl-sn-glycero-3-phospho-(1’-

myo-inositol-30-phosphate) (ammonium

salt) (18:1 PI(3)P)

AvantiLipids 850150

Sphingomyelin (Brain, Porcine) AvantiLipids 860062

(Continued on next page)
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Continued

Reagents or Resources Source Identifier

N-stearoyl-D-erythro-sphinganine (C18-

Dihydroceramide (d18:0/18:0))

AvantiLipids 860627

N-stearoyl-D-erythro-sphingosine (C18-

Ceramide (d18:1/18:0))

AvantiLipids 860518

Cholesterol Sigma C8667

Apocynin Sigma W508454

Allopurinol Sigma A8003

L-NAME Sigma N5751

GKT136901 Sigma 5.34032

Experimental models: Cell lines

Human: SH-SY5Y cells ATCC CRL-2266

Experimental models: Drosophila strains

w[1118]; ifc-KO, P{ry[+t7.2] = neoFRT}40A Jung et al., 2017 N/A

y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P

{5xglBS-lacZ.38-1}TPN1; P{ry[+t7.2] =

neoFRT}40A

Bloomington Drosophila Stock Center RRID:BDSC_5615

w[1118] Bloomington Drosophila Stock Center RRID:BDSC_3605

y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P

{5xglBS-lacZ.38-1}TPN1; l(2)cl-L3[1] P{w

[+m*] ry[+t7.2] = white-un1}30C P{ry

[+t7.2] = neoFRT}40A/CyO, y[+]

Bloomington Drosophila Stock Center RRID:BDSC_5622

y[1] w[1118]; P{w[+mC] = Ubi-mRFP.nls}2L

P{ry[+t7.2] = neoFRT}40A/CyO

Bloomington Drosophila Stock Center RRID:BDSC_34500

w[1118] P{ry[+t7.2] = ey-FLP.N}2; P{w

[+mC] = GMR-myr-mRFP}2L P{ry[+t7.2] =

neoFRT}40A/CyO

Bloomington Drosophila Stock Center RRID:BDSC_7122

w[1118]; P{w[+mC] = UAS-Sod1}12.1

(chromosome hopping from 2 to 3)

Bloomington Drosophila Stock Center RRID:BDSC_33605

w[1]; P{w[+mC] = UAS-Sod2.M}UM83

(chromosome hopping from 2 to 3)

Bloomington Drosophila Stock Center RRID:BDSC_24494

w[1]; P{w[+mC] = UAS-Cat.A}2

(chromosome hopping from 2 to 3)

Bloomington Drosophila Stock Center RRID:BDSC_24621

w[*]; P{w[+mC] = GFP-Rac1}30 Bloomington Drosophila Stock Center RRID:BDSC_52285

w[*]; P{w[+mC] = sqh-Pak1.RBD-GFP}31/

TM3, Sb[1]

Bloomington Drosophila Stock Center RRID:BDSC_56550

y[1] v[1]; P{y[+t7.7] v[+t1.8] = TRiP.JF02813}

attP2 e[*]

Bloomington Drosophila Stock Center RRID:BDSC_28985

y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8] =

TRiP.HMS00429}attP2

Bloomington Drosophila Stock Center RRID:BDSC_32433

y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8] =

TRiP.HMS00691}attP2

Bloomington Drosophila Stock Center RRID:BDSC_32902

w[1118]; P{w[+mC] = UAS-cyto-Grx1-

roGFP2}13 (chromosome hopping from 2 to

3)

Bloomington Drosophila Stock Center RRID:BDSC_67662

w[1118]; P{w[+mC] = UAS-mito-roGFP2-

Grx1}9 (chromosome hopping from 2 to 3)

Bloomington Drosophila Stock Center RRID:BDSC_67667

Oligonucleotides

DEGS1H132R gRNA forward oligo (50

AAACACCGGTATCACATGGATCATCAT)

This paper N/A

DEGS1H132R gRNA reverse oligo (50

CTCTAAAACATGATGATCCATGTGATAC)

This paper N/A

(Continued on next page)
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Continued

Reagents or Resources Source Identifier

DEGS1H132R sequencing forward primer (50

TTTGGGGCCTATGCGTTTGG)

This paper N/A

DEGS1H132R reverse primer (50

GTGCAAACCCAGGCCAAGTA)

This paper N/A

Cyto-roGFP-CAAX primer 1 (50

CCCGGGATCCACCGGTCGCC)

This paper N/A

Cyto-roGFP-CAAX primer 2 (50 TGCA

GCCTGAATTCGAAGCTTGAGCTCGA

GATCTGAGTCCGGACTTGTACAGCT

CGTCCA)

This paper N/A

Cyto-roGFP-CAAX primer 3 (50 CCCG
CTGTGGCGGCCGCTCAGGAGAGCA

CACACTTG

CAGCTCATGCAGCCTGAATTCGAA)

This paper N/A

Recombinant DNA

Plasmid: cyto-roGFP Addgene RRID:Addgene_49435

Plasmid: cyto-roGFP-CAAX This paper N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Chih-

Chiang Chan (chancc1@ntu.edu.tw).

Materials availability
Fly stocks and plasmids generated in this study can be requested and may require a material transfer agreement.

Data and code availability
All relevant data are available from the lead contact upon reasonable request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Drosophila strains and genetics
Drosophila stocks and crosses were maintained at 25�C on standard medium following standard fly husbandry. Information on in-

dividual fly strains can be found on FlyBase (flybase.org) unless otherwise noted (Key Resources Table).

For light stimulation, flies were exposed to constant 1000 Lux light from a LED light source. Eye-specificmosaic cloneswere gener-

ated using ey-FLP on the X chromosome while whole-eye clones of ifc-KO photoreceptors were generated as previously described

(Jung et al., 2017).

Following are the genotypes used in our analyses:

Controls — y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*] ry[+t*] = white-un1}30C P{ry

[+t7.2] = neoFRT}40A/ P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/+ (Figures 1A, 1E, 1K, 4A, 5P, 6A, 6C, 6E,

6G, and 6I; Figures S1A, S1E, S4A, S4B, S4E, and S4J); y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)

cl-L3[1] P{w[+t*] ry[+t*] = white-un1}30CP{ry[+t7.2] = neoFRT}40A/ P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}

3/P{UAS-cyto-Grx1-roGFP2}13 (Figure 1P); y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w

[+t*] ry[+t*] = white-un1}30C P{ry[+t7.2] = neoFRT}40A/ P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/P{UAS-

mito-roGFP2-Grx1}9 (Figure 1R; Figure S1K).

ifc-KO whole eye clones — y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*] ry[+t*] =

white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/+ (Figures

1B, 1G, 1L, 4A, 4C, 4D, 4F–4I, 4K–4O, 5A–5D, 5J, 5Q, 5R, 6B, 6D, 6F, 6H, and 6J; Figure S1B); y[d2] w[1118] P{ry[+t7.2] = ey-

FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*] ry[+t*] = white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-KO, P{ry

[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/P{UAS-cyto-Grx1-roGFP2}13 (Figure 1Q); y[d2] w[1118] P{ry

[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*] ry[+t*] = white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-

KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/P{UAS-mito-roGFP2-Grx1}9 (Figure 1S).
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SOD1 rescue experiment — y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*] ry[+t*] =

white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/P{w[+mC] =

UAS-Sod1}12.1 (Figures 1C, 1H, and 1M).

SOD2 rescue experiment — y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*] ry[+t*] =

white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/P{w[+mC] =

UAS-Sod2.M}UM83 (Figures 1D, 1I, and 1N).

Catalase rescue experiment — y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*] ry[+t*] =

white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/P{UAS-Cat.A}

2 (Figures S1C and S1G).

ifc-KO mosaic eye clones — w[1118] P{ry[+t7.2] = ey-FLP.N}2; P{w[+mC] = GMR-myr-mRFP}2L P{ry[+t7.2] = neoFRT}40A/ifc-

KO, P{ry[+t7.2] = neoFRT}40A; P{GFP-Rac1}30/+ (Figure 4C); w[1118] P{ry[+t7.2] = ey-FLP.N}2; P{w[+mC] = GMR-myr-mRFP}

2L P{ry[+t7.2] = neoFRT}40A/ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{GFP-Rac1}30/+ (Figure 4C); w[1118] P{ry[+t7.2] = ey-FLP.N}

2; P{w[+mC] = GMR-myr-mRFP}2L P{ry[+t7.2] = neoFRT}40A/ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{sqh-Pak1.RBD-GFP}31/+

(Figure 4D); w[1118] P{ry[+t7.2] = ey-FLP.N}2; P{w[+mC] = GMR-myr-mRFP}2L P{ry[+t7.2] = neoFRT}40A/ifc-KO, P{ry[+t7.2] =

neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/P{UAS-cyto-Grx1-roGFP2}13 (Figure S1I); w[1118] P{ry[+t7.2] = ey-FLP.N}

2; P{w[+mC] = GMR-myr-mRFP}2L P{ry[+t7.2] = neoFRT}40A/ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-

w.RNAi}3/ P{UAS-mito-roGFP2-Grx1}9 (Figure S1J).

Rac1 heterozygote rescue experiment— y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*]

ry[+t*] = white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/Rac1

[J11] P{w[+mW.hs] = FRT(w[hs])}2A (Figures 5A and 5N)

Rac1 RNAi rescue experiment— y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*] ry[+t*] =

white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/P

{TRiP.JF02813}attP2 (Figures 5B and 5M)

NOX RNAi rescue experiment— y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P{w[+t*] ry[+t*] =

white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-w.RNAi}3/P

{TRiP.HMS00691}attP2 (Figures 5C and 5K); y[d2] w[1118] P{ry[+t7.2] = ey-FLP.N}2 P{5xglBS-lacZ.38-1}TPN1/+; l(2)cl-L3[1] P

{w[+t*] ry[+t*] = white-un1}30C P{ry[+t7.2] = neoFRT}40A/ ifc-KO, P{ry[+t7.2] = neoFRT}40A; P{y[+*] = GMR-GAL4,UAS-

w.RNAi}3/P{TRiP.HMS00429}attP2 (Figures 5D and 5L)

Cell line
The wild-type, DEGS1KO/H132R and DEGS1H132R/H132R knock-in SH-SY5Y human neuroblastoma cells were cultured in DMEM/F12

medium (GIBCO, 12500062) supplemented with 10% fetal bovine serum (GIBCO, A3160502) and maintained at 37�C in a 5% CO2

humidified incubator. The cells were passaged when reaching confluency, usually every 7 days.

METHOD DETAILS

Immunohistochemistry and microscopy
For immunofluorescence staining, adult retina tissues were dissected in Phosphate-buffered saline (PBS), fixed in 4% paraformal-

dehyde for 20 minutes, and washed three times for 15 minutes each in PBS with 0.4% Triton X-100 (0.4% PBST). Fixed retina tissues

were incubated with primary antibodies diluted in 0.4% PBST overnight at 4�C. After primary antibody incubation, samples were

washed in 0.4% PBST three times for 10 minutes, followed by secondary antibody incubation overnight at 4�C. On the next day,

the samples were washed again three times in 0.4% PBST for 10 minutes before mounted in VECTASHIELD (Vector Laboratories).

ROS detection was performed with 10 mM of CM-H2DCFDA (chloromethyl-20,7’-dichlorodihydrofluorescein diacetate, Thermo

Fisher, C6827) following the manufacturer’s protocol. Samples were analyzed on either a Leica TCS SP5 confocal microscope

with LAS AF software or a Zeiss LSM880 confocal microscope with Zen software. Imaging data were processed and quantified using

the Fiji package of ImageJ (National Institutes of Health) (Schindelin et al., 2012).

Electroretinogram (ERG)
ERGs were performed as previously described (Jung et al., 2017). In brief, flies were immobilized on glass slides, and the ERGs were

recorded upon one second light-on and light-off cycles with the recording and reference electrodes filled with 2 M NaCl. All exper-

iments were carried out in triplicates with minimally 10 recordings per replicate for each genotype and experimental condition.

roGFP reporter: Cloning and assays
roGFP fly strains obtained from the Bloomington Drosophila stock center (Key resources table) were recombined into ifc-KO

background, and mosaic clones were generated to compare the roGFP activity between the control and ifc-KO clones. After light

exposure for 5 days, the flies were dissected following the aforementioned immunohistochemistry protocol. RoGFP is a reversible,

redox-sensing form of GFP because of two surface cysteine insertions. The reduced form of roGFP has two excitation peaks at

405 nm and 488 nm, and one emission peak at 510 nm. Upon oxidation, the excitability at 488 nm greatly diminishes while the
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405 nm peak increases. Thus, an increased ratio of 405nm-excited to 488nm-excited roGFPs signal indicates oxidation, as the exci-

tation peak of oxidized roGFPs shifts from 488nm to 405nm(Hanson et al., 2004; Morgan et al., 2011).

For roGFP assays in SH-SY5Y cells, cyto-roGFP (Addgene, Plasmid #49435), and roGFP-CAAX plasmids were transfected by Lip-

ofectamine 3000 (Thermo, L3000015) following the manufacturer’s instructions. Transfected wild-type and DEGS1H132R cells were

seeded on cover slides for one day and mounted by VECTASHIED (Vector Laboratories, H-1000) before analyzed on an LSM880

microscope.

To generate cyto-roGFP-CAAX construct, the CAAX motif was cloned in-frame to the C terminus of the cyto-roGFP. In brief, cyto-

roGFP-CAAX fragment were amplified by two PCR reactions with the primers listed below. The first reaction removed the stop codon

of cyto-roGFP and added the first half of CAAX motif to the 30 end (Primers 1 and 2). The second reaction added the second half of

CAAX motif and a Notl cutting site to the previous PCR product (Primers 1 and 3). The resultant PCR product was digested by AgeI

and NotI, and ligated with T4 ligase into the cyto-roGFP plasmid in replacement of the cyto-roGFP fragment cut by AgeI and NotI.

Primer 1: 50- cccgggatccaccggtcgcc �30

Primer 2: 50- tgcagcctgaattcgaagcttgagctcgagatctgagtccggacttgtacagctcgtcca �30

Primer 3: 50-cccgctgtggcggccgctcaggagagcacacacttgcagctcatgcagcctgaattcgaa �30

Western blotting
Protein extracts were separated by SDS-PAGE and transferred to polyvinylidene difluoridemembranes (PVDF,Millipore, IPVH00010,

pore size: 0.45 mm) as per manufacturer’s instructions (Bio-Rad). PVDF membranes were incubated with 5% non-fat milk in TBST

[10 mM Tris (pH 8.0), 150 mM NaCl, 0.1% Tween 20] for 1 hour at room temperature, washed three times with TBST for 10 minutes,

and incubated with primary antibodies at 4�C overnight. Membranes were washed three times with TBST for 10 minutes before in-

cubation with secondary antibodies in TBST for 1 hour at room temperature. Blots were then washed with TBST three times, devel-

oped with ECL reagents (Thermo, 34580; Millipore, WBKLS0500; or GE health, RPN2235), and captured by the BioSpectrumTM 600

Imaging System (UVP Ltd).

DEGS1H132R CRISPR knock-in SH-SY5Y cells
Human DEGS1H132R knock-in point mutation was generated using the CRISPR/Cas9 system. The sgRNA design for CRISPR/Cas9

target sites was computationally identified at Zhang Lab’s website (https://zlab.bio/guide-design-resources) and cloned by using the

all-in-one plasmid construction Kit with dual selections of puromycin resistance and fluorescence (pZG22C02, ZGene Biotech Inc.).

Trypsinized SH-SY5Y cells were washed with PBS once, and 13 105 cells mix with 2 mg plasmids plus 40 pmole single strand donor

were used per electroporation (1100v/50ms/1pulses) using NeonTM Transfection System 10 ml Kit (MPK1025, Thermo Fisher Scien-

tific). The cells were plated into 24-well plates containing antibiotic-free complete medium and incubated at 37�C overnight in a 5%

CO2 incubator before the selection with 0.5mg/ml puromycin for 2 days. A subset of the cells was harvested for the analysis of editing

efficiencies, and the rest were diluted to 0.5 cells per well and plated into 96-well plates for single-cell cultures for at least one month.

Half of the cells in each well were lysed for genomic PCR and the PCR products were treated with ExoSAP PCR clean-up reagent

(75001, Thermo Fisher Scientific) and then send for sequencing. When the sequence results showed a pattern consistent with the

target mutation, the PCR products were then cloned into a TA-cloning vector for blue-white selection. A total of 10 white colonies

were selected and subjected to PCR amplification with M13 forward and reverse primers. The genomic PCR for detecting

DEGS1H132R knock-in SH-SY5Y was performed using the following primer set:

Forward primer: 50-TTTGGGGCCTATGCGTTTGG-30

Reverse primer: 50-GTGCAAACCCAGGCCAAGTA-30

The PCR products were cleaned and send for sequence confirmation Sequence data of the H132R knockin site were shown

Figure 2A.

DHE staining, and measurement of neurite length analysis
For Dihydroethidium (DHE; Invitrogen, D11347) staining, cells were seeded on cover glasses (Glaswarenfabrik Karl Hecht GmbH,

41001118) in 12-well plates at a density of 13 105 cells per well. The wild-type or DEGS1H132R knock-in SH-SY5Y cells were treated

with DMSO, 50 mM apocynin, 100 mM Allopurinol, 50 mM L-NAME, or 10 mMGKT136901 for 24 h before incubating with 5 mMDHE in

PBS (GIBCO, 10010-023) for 30 min at 37�C. Stained cells were washed with PBS and fixed with 4% paraformaldehyde (Electron

Microscopy Sciences, 15710) in PBS for 10 min at room temperature. Fixed cells were washed with PBS, stained with 300 nM

DAPI (Invitrogen, D1306) in PBS for 5 min at room temperature, and washed again with PBS. All samples were mounted in VECTA-

SHIELD (Vector Laboratories, H-1000) and analyzed on a Zeiss Axio Imager M1 or LSM880 microscope.

For the measurement of neurite length, the wild-type and DEGS1H132R knock-in SH-SY5Y cells were seeded on 6-well plates at a

density of 1 3 105 cells/well and incubated overnight. Multiple images were taken under light microscopy and the captured images

were labeled with a scale bar and quantified using Fiji (Schindelin et al., 2012).
Cell Reports 35, 108972, April 13, 2021 e5

https://zlab.bio/guide-design-resources


Article
ll

OPEN ACCESS
Sphingolipidomics
Total cell and fractionated cell samples were extracted with 500 mLmethanol:water = 4:1 (v/v) and 200 mL chloroform, and the extrac-

tion was performed by shaking at 1000rpm for 3 minutes by using a Geno/Grinder 2010 (SPEX SamplePrep., Metuchen, NJ, US).

Then, 200 mL chloroform and 200 mL water were further added into the sample mixture followed by shaking on Geno/Grinder2010

with the parameters aforementioned. After that, the samples were put on ice for 15min and the extract was then centrifuged by using

Eppendorf Centrifuge 5810R at 15000 x g for 5 minutes at 4�C. The lower layer of the supernatant was collected and dried under

nitrogen gas, and then, stored at �20�C until analysis. Dried residue was reconstituted with 200 mL methanol containing 50 ng

mL-1 internal standard ceramide (d18:1/17:0), and sonicated for 15 minutes followed by centrifuging at 15000 x g for 5 minutes at

4�C. Then, the supernatant was filtered with 0.2 mm Ministart RC 4 filter (Sartorius, Goettingen, Germany) and subjected to LC-

MS/MS analysis.

Target ceramide metabolites were analyzed by Agilent 1290 UHPLC coupled with an Agilent 6460 triple quadrupole mass spec-

trometer (Agilent Technologies, Santa Clara, CA). The separation was performed using an Agilent ZORBAX Eclipse Plus C18 column

(2.13 100 mm, 1.8 mm, Agilent Technologies, Santa Clara, CA), and the column was thermostated at 55�C during analysis. The mo-

bile phase was composed of solvent A (10 mM ammonium acetate and 0.2% formic acid in methanol:water = 6:4, v/v) and solvent B

(10 mM ammonium acetate and 0.2% formic acid in methanol:isopropanol = 6:4, v/v). A linear gradient elution was used: 0-2min,

35%–80% solvent B, 2-7min, 80%–100% solvent B, 7-14min, 100% solvent B, and column re-equilibration with 35% solvent B

for 2 min. The flow rate was 0.35 mL min-1. The injection volume was 5 mL. The positive electrospray ionization mode was utilized

with the following parameters: 325�C for drying gas temperature, 7 L min-1 for drying gas flow, 45 psi for nebulizer pressure,

325�C for sheath gas temperature, 11 L min-1 for sheath gas flow rate, and 3500 V for capillary voltage. Nozzle voltage was set

at 500V. The mass spectrometer was configured in multiple reaction monitoring (MRM) mode, and the transitions for ceramide

(d18:1/16:0) were m/z 538.5/264.3; dihydroceramide (d18:0/16:0) were m/z 540.5/266.3; ceramide (d18:1/17:0) were m/z

552.5/264.3; ceramide (d18:1/18:0) were m/z 566.5/264.3; dihydroceramide (d18:0/18:0) were m/z 568.5/266.3; ceramide

(d18:1/20:0) were m/z 594.6/264.3; dihydroceramide (d18:0/20:0) were m/z 596.6/266.3; ceramide (d18:1/22:0) were m/z

622.6/264.3; dihydroceramide (d18:0/22:0) were m/z 624.6/266.3; ceramide (d18:1/22:1) were m/z 620.6/264.3; dihydrocera-

mide (d18:0/22:1) were m/z 622.6/266.3; ceramide (d18:1/24:0) were m/z 650.6/264.3; dihydroceramide (d18:0/24:0) were m/z

652.6/266.3; ceramide (d18:1/24:1) were m/z 648.6/264.3; dihydroceramide (d18:0/24:1) were m/z 650.6/266.3. All the peaks

were integrated with MassHunter Quantitative Analysis software (Agilent Technologies, Santa Clara, CA).

Subcellular fractionation
The subcellular fractionation was modified from a published protocol (Boslem et al., 2013). In brief, after washed twice on ice with

PBS, ten 100 mm-plates of SH-SY5Y cells were scraped in ice-cold PBS and spun at 300 xg for 10 min to pellet cells. The pellet

was resuspended in 1.3 mL of hypotonic buffer (10 mM HEPES, pH 7.4, 1 mM EDTA, 100 mM sucrose, and protease inhibitors)

and transferred to Dounce homogenizer for 40-stroke homogenization. The samples were further homogenized by 10 passage of

25G needle, and the high efficiency of cell lysis were confirmedwith 1:1 trypan blue staining under light microscope. The homogenate

was layered onto a sucrose gradient solution comprised of 1.3 mL layers of the buffers (10 mM HEPES, pH 7.4, 1 mM EDTA) con-

taining the following: 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0M sucrose. The gradient samples were subjected to 200,000 xg for 18 h at

4�C. 0.65 mL of each fraction were collected from the top for subsequent immunoblotting and lipidomics analyses.

Isolation of SH-SY5Y cell membrane rafts
The isolation of membrane rafts was modified from published protocol (Boesze-Battaglia, 2006). In brief, ten 100 mm-plates of SH-

SY5Y cells were harvested at 80%confluency. After washed twicewith PBS, SH-SY5Y cells were scrapped and suspended in 1.1mL

MOPS buffer. 1 mL of cells were transferred to glass homogenizer on ice, and ice-cold 2% (v/v) Triton X-100 in MOPS buffer were

added to the cell suspension. After homogenized with 15 strokes on ice, the homogenates were incubated on ice for 15 min. 1.24 mL

of 2.4M sucrose in MOPS buffer were added to the homogenates and vortexed immediately. The samples were transferred to clear

SW-41 centrifuge tubes on ice, and 1 mL of each of the following: 0.8, 0.7, 0.65, 0.6, and 0.5 M sucrose solutions were layered onto

the sample to create a sucrose step gradient. The sucrose gradient layers were topped by MOPS up til approx. 0.10 cm from the top

of the centrifuge tube and subjected to 200,000 xg centrifugation for 20 h at 4�C. The resultant sampleswere collected sequentially as

1 mL fractions from the top and subjected to immunoblotting analysis. The fractions containing isolated membrane rafts were

concentrated at least 10x by centrifugal filter tube (Vivaspin� Turbo 4 Ultrafiltration. Sartorius), and subjected to immunoblotting.

Amplex Red-HRP assay
The Amplex Red fluorescent probe activated by horseradish peroxidase (HRP) was used for H2O2 detection. The experiment was

performed according to the manufacturer’s instructions (A22188, Invitrogen). In short, the reaction mixture containing 50 mMAmplex

Red and 0.1 U/ml HRPwas prepared in HBSS buffer. 100 mL/well of the reactionmixture were pipetted into 96-well plate andwarmed

at 37�C for 10 min. 20 mL of 2*104 cells in HBSS buffer were added to the well, and the fluorescence (excitation: 545 nm; emission

590 nm) were recorded by Spectra Max i3x plate reader (Molecular Devices).
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Rac1-liposome binding assay
For liposome preparations, lipid mixtures were dried and rehydrated in Buffer 1 [10 mM HEPES (pH 7.5), 140 mM NaCl, and 1.5 mM

MgCl2]. The lipid compositions for liposomesmimicking membrane-raft and autophagosome are listed below in percentage, and the

total concentration of lipid mixture was 1 mM.
Membrane raft-like liposomes (del Pozo et al., 2004) Autophagosome-like liposomes (Rao et al., 2016)

PC SM Cho Cer DhCer PC PS Cho PE PI3P Cer DhCer

33 33 33 0 0 57.5 10 20 10 2.5 0 0

30 30 30 10 0 47.5 10 20 10 2.5 10 0

30 30 30 0 10 47.5 10 20 10 2.5 0 10
Next, the liposomemixtures were subjected to a series of freeze-thaw cycles before being extruded through 0.1 mmpore size poly-

carbonate membranes (Whatman, Cat. 800309) using Avanti Mini-Extruder. C18 ceramide and dihydroceramide were used since

C18 ceramides are the predominant species in the neuronal context (Laviad et al., 2008).

Recombinant Rac1 (Abcam, ab51014) was incubated with 1x GTPgS (Sigma, 20-176) or GDP (Sigma, 20177) in Buffer 2 [40 mM

HEPES (pH7.5), 4 mMEDTA, 2mMDTT] for 10minutes at 30�C. The resultant protein mixtures were prenylated by rabbit reticulocyte

lysate (Promega, L415A) and 2 mM farnesyl pyrophosphate (Sigma, F6892) in Buffer 3 (50 mM Tris, pH 7.5, 5 mMMgCl2, 50 mMZnCl2
2 mMDTT) for 30 min at 37�C. To determine membrane binding, prenylated Rac1 (1 mg) was added to 100 mL of 1 mM liposomes and

incubated for 30minutes at 37�C. Prenylated Rac1 protein was separated into soluble andmembrane-bound fractions by 40,000 x g,

15-minute centrifugation at 4�C. Liposome pellets were washed 3 times with Buffer 1 before heating at 95�C for 10 min with 50 mL of

1x Laemmli Sample Buffer for western blotting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data were analyzed using two-tailed unpaired Student’s t test, one-way ANOVA with Tukey’s multiple comparison test,

or two-way ANOVA with �Sı́dák multiple comparison test and graphs were generated using GraphPad Prism 9.0.0. All data in bar

graphs were expressed as mean ± SEM. P values of less than 0.05 were considered statistically significant.
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