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The polycaspase inhibitor Z-VAD-fmk acts as an inhibitor of peptide: N-
glycanase (NGLY1), an endoglycosidase which cleaves N-linked glycans
from glycoproteins exported from the endoplasmic reticulum (ER) during
ER-associated degradation (ERAD). Both pharmacological N-glycanase
inhibition by Z-VAD-fmk and siRNA-mediated knockdown (KD) of
NGLY1 induce GFP-LC3-positive puncta in HEK 293 cells. The activation
of ER stress markers or induction of reactive oxygen species (ROS) is not
observed under either condition. Moreover, Ca®" handling is unaffected
when observing release from intracellular stores. Under conditions of phar-
macological NGLY1 inhibition or NGLY1 KD, upregulation of autopha-
gosome formation without impairment of autophagic flux is observed.
Enrichment of autophagosomes by immunoprecipitation (IP) and mass
spectrometry-based proteomic analysis reveals comparable autophagosomal
protein content. Gene ontology analysis of proteins enriched in autophago-
some IPs shows overrepresentation of factors involved in protein transla-
tion, localization and targeting, RNA degradation and protein complex
disassembly. Upregulation of autophagy represents a cellular adaptation to
NGLY1 inhibition or KD, and ATGI13-deficient mouse embryonic fibro-
blasts (MEFs) show reduced viability under these conditions. In contrast,
treatment with pan-caspase inhibitor, Q-VD-OPh, does not induce cellular
autophagy. Therefore, experiments with Z-VAD-fmk are complicated by
the effects of NGLY1 inhibition, including induction of autophagy, and
Q-VD-OPh represents an alternative caspase inhibitor free from this
limitation.

3-MA, 3-methyladenine; ATG13, autophagy-related protein 13; Boc-D-fmk, tert-butyloxycarbonyl-Asp(OMe) fluoromethyl ketone; ddVenus
assay, deglycosylation-dependent Venus assay; DMEM, Dulbecco’'s modified Eagle medium; ENGase, cytosolic endo-beta-N-
acetylglucosaminidase; ERAD, endoplasmic reticulum-associated degradation; FASP, filter-aided sample preparation; FDR, false discovery
rate; Fura-2 AM, Fura-2 pentakis(acetoxymethyl) ester; GFP, green fluorescent protein; GIcNAc, N-acetyl glucosamine; GO, gene ontology;
HBSS, Hank’s balanced salt solution; HCA, hierarchical clustering analysis; IP, immunoprecipitation; KD, small-interfering RNA-mediated
knockdown; LC3, autophagy-related protein LC3 B; LC-MS/MS, liquid chromatography-tandem mass spectrometry; LFQ, label-free
quantification; MEF, mouse embryonic fibroblast; MTT, methylthiazolyl diphenyl tetrazolium bromide; NFE2L1, nuclear factor, erythroid-
derived 2, like 1; NGLY1 (Homo sapiens), PNG1 (Saccharomyces cerevisiae), Peptide:N-glycanase 1; gPCR, quantitative real-time
polymerase chain reaction; Q-VD-OPh, quinoline-Val-Asp-2,6-difluorophenoxymethyl ketone; ROS, reactive oxygen species; ThT, thioflavin T;
Z-IETD-fmk, N-benzyloxycarbonyl-lle-Glu(OMe)-Thr-Asp(OMe) fluoromethyl ketone; Z-VAD-fmk, N-benzyloxycarbonyl-Val-Ala-Asp(OMe)

fluoromethyl ketone.
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Peptide: N-glycanasel, Peptide-N(4)-(N-acetyl-beta-glucosaminyl)asparagine
amidase [EC:3.5.1.52].

Introduction

The peptide fluoromethyl ketone inhibitor Z-VAD-fmk
has been applied extensively to the study of caspases and
the central role of this important group of cysteine prote-
ases in apoptosis. The widespread use of this inhibitor is
likely due to its effective inhibition of a range of caspases
and its extensive application for over more than 20 years
in biological research. Utilization as a tool in cellular
research continues to date, despite the recognition that Z-
VAD-fmk also interacts with several off-targets. These
off-targets include other cysteine proteases, such as the
cathepsins [1] and calpains [2], but also the amidase pep-
tide: N-glycanase 1 (NGLY 1) [3]. Additionally, it has been
shown that both Z-VAD-fmk and Z-IETD-fmk, a related
peptide fluoromethyl ketone (fmk) inhibitor, are capable
of inhibiting rhinoviral proteinases and thereby reducing
viral replication in cultured cells [4]. The selectivity profile
of Z-VAD-fmk across human caspases has been charac-
terized in detail [5]. Furthermore, quantitative compari-
sons of inhibition profiles between Z-VAD-fmk and Q-
VD-OPh across caspases and cathepsins have shown that
the latter represents a more potent and more selective
second-generation inhibitor [6,7]. Despite this, Z-VAD-
fmk is still in recent and current use in a large number of
studies including for the induction of necroptosis [8,9] or
continued use for the inhibition of caspase-mediated apo-
ptosis [10]. While inhibition of cellular caspases leads to
suppression of apoptosis, it has been shown that Z-VAD-
fmk treatment can induce other forms of programmed cell
death, such as autophagic cell death in 1.929 fibrosarcoma
cells [11]. The authors showed that cellular autophagy,
including autophagosome and autolysosome formation,
was central in this pathway to cell death and implicated
inactivated caspase 8 and increased ROS production in
the process. Disparate cellular effects of different caspase
inhibitors have also been documented in the literature.
Investigations with the inhibitors Z-VAD-fmk, Boc-D-
fmk and Q-VD-OPh in L1929 cells revealed that the two
fmk-based inhibitors induced necroptosis, while Q-VD-
OPh did not [12]. The investigators went on to show that
autocrine production of TNF-a was involved in this pro-
cess and was mediated by the PKC-MAPKs-AP1 path-
way. Furthermore, they demonstrated that the NF-kB
pathway exerts a protective function against necroptosis.
Despite such disparate cellular outcomes for different

caspase inhibitors, the precise mechanistic reasons for
varying outcomes with different inhibitors are often
unclear. The fmk pharmacophore has been implicated in
potential undesired effects due to metabolic turnover into
toxic fluoroacetate [13] which, following conversion to
fluorocitrate, is capable of inactivating aconitase within
the citric acid cycle [14]. It should be noted, however, that
significant differences in selectivity between fmk-based
and alternative inhibitors itself may explain differences in
engagement of cellular off-targets.

The primary biochemical function of the known Z-
VAD-fmk off-target NGLY1 is the enzymatic removal
of N-linked glycans from glycoprotein substrates
[15,16], and its involvement in the endoplasmic
reticulum-associated degradation (ERAD) pathway
has been clearly demonstrated [17,18]. Furthermore,
NGLY1 deficiency is a rare genetic disorder with a
complex clinical presentation which often includes neu-
rological symptoms and developmental delay [19,20].
Recent findings have demonstrated novel cellular func-
tions of NGLY1 in the regulation of aquaporins inde-
pendent of its enzymatic activity [21] and N-glycanase-
dependent sequence editing of NFE2L1 (also known
as Nrf-1), leading to the induction of gene expression
of proteasomal subunits [22-24]. Recently, it has also
been shown that knockdown (KD) of NGLY! in
K562 human myelogenous leukaemia cells increases
sensitivity towards proteasome inhibition and induces
complex changes in transcript and protein regulation
[25]. Despite these important findings, there is still lim-
ited mechanistic information on the effects of NGLY1
inhibition or disruption in mammalian cells.

The aim of this study is to delineate to which extent
the cellular effects observed upon treatment with Z-
VAD-fmk are mediated by the inhibition of its off-
target NGLY1.

Results

Pan-caspase inhibitor Z-VAD-fmk, but not Q-VD-
OPh, inhibits N-glycanase activity of NGLY1

We were interested in investigating the cellular effects
of inhibition of NGLY1 by Z-VAD-fmk, a known off-
target for this pan-caspase inhibitor. siRNA-mediated
gene knockdown (KD) in HEK 293 cells leads to a
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significant reduction in NGLY!1 transcript levels
(Fig. 1A) while cell viability remains unaffected
(Fig. 1B). In order to assess remaining enzymatic N-
glycanase activity in NGLY1 KD cells, a
deglycosylation-dependent Venus (ddVenus) assay [17]
was employed. This demonstrated a significant reduc-
tion of N-glycanase activity in NGLY1 KD cells by
68% at 72 h post-transfection (Fig. 1C). A similar sig-
nificant reduction of 72% of N-glycanase activity was
observed with the same ddVenus assay following treat-
ment of HEK 293 cells with 50 um Z-VAD-fmk for
24 h (Fig. 1D). It should be noted that no detrimental
effects on cellular viability were observed at or below
concentrations of 100 um (Fig. S1). Conversely, HEK
293 cells treated with 50 um Q-VD-OPh for the same
time period showed no significant alteration of fluores-
cence intensity in the ddVenus assay, indicating that
cellular N-glycanase activity remained unaffected
(Fig. 1D).

Z-VAD-fmk treatment induces cellular autophagy
via NGLY1 inhibition in HEK 293 cells

Given the different effects of Z-VAD-fmk and Q-VD-
OPh with respect to inhibition of cellular N-glycanase
activity, we were interested in comparing the cellular
effects of the two inhibitors more broadly. Previous
reports have implicated an involvement of autophagy
in necrotic cell death which can be observed in some
cell lines treated with Z-VAD-fmk [11,12,26]. Treat-
ment of stably transfected GFP-LC3 HEK 293 cells
with Z-VAD-fmk (50 um), Q-VD-OPh (50 um) or
vehicle control for 24, 48 or 72 h showed a significant
increase in the number of GFP-LC3 puncta per cell at
the 72-h time point in the Z-VAD-fmk-treated cells
(Fig. 2A,B). A control experiment to assess any poten-
tial disruption of autophagic flux was also carried out
(Fig. 20).

Lack of ER stress or Redox imbalance in cells
subjected to Z-VAD-fmk, Q-VD-OPh or NGLY1 KD

As autophagy activation has been reported following
ER stress, potential induction of the endoplasmic retic-
ulum (ER) stress markers C/EBP homologous protein
(CHOP) and binding-immunoglobulin protein (BiP)
was monitored using quantitative real-time polymerase
chain reaction (qQPCR) (Fig. 2D). No induction of ER
stress markers was observed for either Z-VAD-fmk or
Q-VD-OPh treatment (each at 50 um) at the time
points tested (24, 48 and 72 h), while the positive con-
trol treatment with proteasome inhibitor MG132
(5 uMm, 18 h) showed robust induction of both ER

Z-VAD-fmk induces autophagy via NGLY1 inhibition

stress markers. We also explored the possible effects
on cellular redox homeostasis and production of reac-
tive oxygen species (ROS). To this end, we stained
HEK 293 cells with ROS Brite™ 570 following treat-
ment with either vehicle control, Z-VAD-fmk or Q-VD-
OPh (50 pum each). This showed that across treatment
periods of 24-72 h, no significant induction of cellular
ROS could be observed. As a positive control, menadi-
one treatment (5 pum, 18 h) showed a significant
increase in the measured ROS Brite™ fluorescence
(Fig. 2E). In order to confirm whether the induction of
autophagosome formation, as shown by induction of
LC3 puncta, can be explained by the inhibition of
NGLY1, we carried out a comparable experiment with
siRNA-mediated NGLY1 KD (Fig. 3A,B). A signifi-
cant increase in GFP-LC3 puncta was observed at
5 days post-transfection when comparing NGLY1 KD
to the nontargeting siRNA control. A further control
experiment to assay for disruption of autophagic flux
following NGLY1 KD was also conducted (Fig. 3C).
As with the inhibitor treatment experiments (Fig. 2D,
E), we investigated induction of ER stress markers
CHOP and BiP, and cellular ROS in this system. We
found no significant differences between nontargeting
siRNA control and NGLY1 KD cells (Fig. 3D,E) and
thereby no evidence for induction of ER stress or dis-
ruption of cellular redox balance.

Induction of autophagosome formation rather
than disruption of autophagic flux is responsible
for NGLY1-mediated increase in cellular
autophagy

In order to assess whether the observed induction of
autophagosome formation in Z-VAD-fmk treatment
was caused by a disruption of autophagic flux or due
to genuine upregulation of cellular autophagosome
formation, two control experiments were carried out.
Treatment of stably transfected GFP-LC3 HEK 293
cells with Z-VAD-fmk or Q-VD-OPh for 72 h was fol-
lowed by inhibition with bafilomycin or 3-
methyladenine (3-MA) for 1 h (Fig. 2C). This showed
no evidence for disruption of cellular autophagic flux.
Similarly, treatment of stably transfected GFP-LC3
HEK 293 cells with bafilomycin or 3-methyladenine
(3-MA) following transfection with either nontargeting
control siRNA or NGLY1 KD for 5 days was investi-
gated (Fig. 3C). While the previously observed induc-
tion of autophagosome formation in NGLY1 KD was
recapitulated, there was no significant difference
between control siRNA and NGLY1 KD for both
bafilomycin and 3-MA treatment (Fig. 3C). This indi-
cates that cellular autophagic flux is not affected in
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Fig. 1. N-glycanase siRNA knockdown and Z-VAD-fmk treatment reduce the amount of cellular deglycosylation. (A) Transfection of NGLY1
siRNA in HEK 293 cells results in significant reduction of NGLY1 mRNA levels (compared with nontargeting control). Optimization of
transfection of NGLY1 siRNA in HEK 293 cells. Data represent the percentage mRNA knockdown at different concentrations of targeting
siRNA (10, 25 and 40 nM using jetPRIME™ as a transfection reagent) compared to a nontargeting control siRNA. Two-way ANOVA,
Dunnett’s post hoc compared to nontargeting siRNA. **P < 0.01, ***P < 0.001, error bars + SEM, n = 3. (B) Transfection of NGLY1 siRNA
in HEK 293 cells does not cause significant decrease in cellular viability. MTT cell viability assay. HEK 293 cells transfected with 25 nm
NGLY1 siRNA over 7 days. Data normalized to nontargeting control of the same time and Day O represented as 100%. One-way ANOVA,
followed by a Dunnett's post hoc test against the vehicle. HEK 293 cells were treated with either Q-VD-OPh or Z-VAD-fmk (50 um) for 24 h
(C) or transfected with NGLY1 siRNA or nontargeting siRNA (25 nm) with jetPRIME® for 3 days (D) followed by transfection with ddVENUS
construct with jetPEI®. After 72 h, cells were treated with MG132 (8 um) for 6 h and fluorescence intensity was analysed by flow
cytometry. The median ddVENUS fluorescence was calculated and normalized to the vehicle. n = 3, error bars indicate + SEM. * indicates
P < 0.05.

NGLY1 KD and a genuine increase in autophagosome
formation is responsible for the observed elevation of
GFP-LC3 puncta per cell.

Cellular viability upon Z-VAD-fmk treatment is
reduced in ATG13 KO compared with WT MEF
cells

We also performed MTT assays of wild-type mouse
embryonic fibroblasts (WT MEFs) and ATG13 knock-
out (KO) MEF cells treated with either Z-VAD-fmk
or Q-VD-OPh. ATGI13 is essential for cellular

autophagy, and KO cells have strongly diminished
ability to induce autophagosome formation [27]. Hav-
ing confirmed ATGI13 deficiency in the KO cells by
determining transcript levels by qPCR (Fig. S2a), we
compared the effects of inhibitor treatment of WT and
ATG13 KO MEF cells (Fig. S2b,c). Upon Z-VAD-
fmk treatment, a significant difference in formazan
absorbance was observed at inhibitor concentrations
of 100 and 200 pum (Fig. S2b). In contrast, no signifi-
cant difference between WT and ATGI13 KO MEFs
was observed for Q-VD-OPh at all concentrations
tested (Fig. S2¢). As a further control experiment, Z-

4 The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



S. H. Needs et al. Z-VAD-fmk induces autophagy via NGLY1 inhibition

10 B

Bl Vehicle * o
81 mm Q-VD-OPh )
¢ EE Z-VAD-fmk

GFP-LC3 puncta »
per cell

Brightfield

Al

Vehicle Q-VD-OPh Z-VAD-

24 48 72 24 48 72 24 48 72

fmk
time (h)
C 50+ D 30-
Em Vehicle E CHOP ¥
g 407 B QVD-OPh § = BiP
S = B Z-VAD-fmk & & 20-
23 304 c 9
g2 5%
- g 204 xe] :
o 0 = 10
'S * b ['4
O  10- € *
0_
- Bafilomycin 3-MA 24 48 72 24 48 72 18
Q-VD-OPh Z-VAD-fmk MG132
E < go- | time (h)
Em Vehicle .
g0 B8 Q-VD-OPh
mm Z-VAD-fmk

40 =8 Menadione

fluorescence intensity (a. u.)

24 48 72 24 48 72 24 48 72 18
time (h)

Fig. 2. Z-VAD-fmk, but not Q-VD-OPh, induces autophagy. (A) GFP-LC3 puncta per cell after treatment with Z-VAD-fmk or Q-VD-OPh (50 wm,
24-72 h). (B) Representative images of treatment of Z-VAD-fmk or Q-VD-OPh after 72 h. Scale bar indicates 10 m. (C) GFP-LC3 puncta per
cell after 72-h treatment with Z-VAD-fmk or Q-VD-OPh followed by bafilomycin A1 treatment (1 h, 100 nm) or 3-MA (1 h, 5 mm). Two-way
ANOVA, Tukey's post hoc. (D) rt-gPCR analysis of CHOP and BiP in HEK 293 cells treated with Z-VAD-fmk or Q-VD-OPh (50 m, 24-72 h).
mRNA levels normalized to GAPDH and a vehicle control using Ct method. Two-way ANOVA, Tukey's post hoc within each mRNA target.
(E) HEK 293 cells treated with Z-VAD-fmk or Q-VD-OPh (50 m, 24-72 h). Cells were stained with ROS Brite 570 (5 m, 0.5 h). Two-way
ANOVA, Tukey's post hoc, error bars + SEM, n =3, *P < 0.05.

VAD-fmk treatment following siRNA-mediated KD KO cells were not confounded by cellular adaptation
of ATG13 in WT MEF cells was compared to nontar- effects. The corresponding MTT assay showed a signif-
geting siRNA-transfected cells (Fig. S2d). This was icant decrease in formazan absorbance in ATG13 KD
performed to ensure that experiments with ATGI3 compared with the nontargeting siRNA control.
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Fig. 3. siRNA knockdown of N-glycanase induces autophagy. (A) GFP-LC3 puncta are increased after 5 days post-transfection with NGLY1
siRNA (25 nm). Quantitation of the average GFP-LC3 puncta per cell, minimum of three images per coverslip with three biological replicates.
Error bars indicate £ SEM, **P < 0.01, ***P < 0.001, two-way ANOVA, Tukey's post hoc. (B) Representative images of HEK 293 cells
transfected with NGLY1 siRNA or nontargeting siRNA after 5 days. Scale bar indicates 10 um. (C) GFP-LC3 puncta per cell after
transfection with NGLY1 siRNA or nontargeting siRNA (25 nm, 5 days) with bafilomycin A1 (100 nm, 1 h) or 3-MA (5 mm, 1 h). (D) rt-gPCR
analysis of CHOP and BiP in HEK 293 cells transfected with NGLY1 siRNA (25 nm, 3-5 days), mRNA levels normalized to GAPDH and a
nontargeting siRNA control using AAC; method. Two-way ANOVA, Tukey's post hoc within each mRNA target. (E) HEK 293 cells
transfected with NGLY1 siRNA or nontargeting siRNA (25 nwv, 3-5 days) and incubated with ROS Brite™ 570 (5 um, 0.5 h). Two-way
ANOVA, Tukey's post hoc. *P < 0.05, Error bars + SEM, n = 3.
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Transient increase in Thioflavin T fluorescence is
observed after treatment with Z-VAD-fmk but
not Q-VD-OPh

To examine whether protein aggregation was observed
on treatment with Z-VAD-fmk or Q-VD-OPh, cells were
visualized with thioflavin T (ThT) following inhibitor
treatment for 24, 48 and 72 h and changes in fluores-
cence measured by flow cytometry. Flow cytometric
analysis of treated cells indicated a transient increase in
ThT fluorescence at 48 h upon treatment with Z-VAD-
fmk and no significant change in fluorescence upon treat-
ment with Q-VD-OPh (Fig. S3a). This observation
aligns with our data showing significant induction of
autophagy at 72 h post-Z-VAD-fmk treatment.

Intracellular Ca?* handling is unaffected by
treatment with Z-VAD-fmk, Q-VD-OPh or NGLY1
KD

In order to assess whether intracellular Ca®" signalling
is affected by Z-VAD-fmk or Q-VD-OPh inhibitor
treatment, we studied whether release of Ca?" from
intracellular stores is affected under these conditions.
HEK 293 cells were loaded with Fura-2 AM dye
(1 um) following inhibitor treatment (vehicle control,
Z-VAD-fmk or Q-VD-OPh) and then Ca*" release
stimulated with thapsigargin (1 um). Fluorescence
imaging was carried out with excitation at 340 and
380 nm wavelengths allowing ratiometric determina-
tion of free intracellular Ca®" concentrations. These
measurements indicated no significant difference in
Ca®" release from intracellular stores following inhibi-
tor treatments with either Z-VAD-fmk or Q-VD-OPh
(50 um each, 24-72 h) relative to vehicle control
(Fig. S4a—f). Comparable experiments were also con-
ducted following NGLY1 KD or treatment with non-
targeting control siRNA. Again, no significant
difference in Ca”’ release from intracellular stores was
observed at any of the time points (3-5 days) tested
(Fig. S5a—e).

Autophagosome immunoprecipitation and mass
spectrometry-based proteomics identifies
autophagosomal protein content following Z-
VAD-fmk treatment or NGLY1 KD

In order to investigate autophagosomal proteins at the
molecular level, we performed autophagosome proteo-
mic analysis of stably transfected GFP-LC3 HEK 293
cells which had undergone either Z-VAD-fmk
treatment or NGLY1 KD. Autophagosomes were
enriched by centrifugation followed by anti-GFP

Z-VAD-fmk induces autophagy via NGLY1 inhibition

immunoprecipitation (IP), and corresponding negative
control IPs were carried out in parallel. All experi-
ments were conducted as biological triplicates. Sample
processing and analysis was carried out by trypsin
digestion and liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Raw data were then pro-
cessed and analysed in MaxQuant [28] using the label-
free quantification (LFQ) algorithm [29] and statistical
analysis and data visualization in Perseus [30]. After
removal of known contaminant proteins, this led to
the identification 1011 protein hits at a false discovery
rate (FDR) of 1%. Filtering to obtain only proteins
which were quantified in at least two out of three rep-
licates per experimental group retained 915 protein
hits.

The label-free quantitative proteomic data show
enrichment of a subset of autophagy-related proteins
(Table 1) in autophagosomes isolated from Z-VAD-
fmk treatment or NGLY1 KD, relative to the corre-
sponding control IPs. The observation of multiple
autophagy-related proteins validates the experimental
workflow and successful enrichment of autophago-
somes. Strong enrichment is also shown in volcano
plots comparing the GFP IPs to their respective nega-
tive control IPs for Z-VAD-fmk treatment or NGLY1
KD (Fig. 4A,B). Among the notable proteins which
were found to be significantly enriched in the autopha-
gosome IPs in both inhibitor treatment and NGLY1
KD were the bait protein MAP1LC3B, several known
interactors thereof (MAP1A, MAPIB, FYCOI,
SQSTMI), several autophagy-related proteins (ATG3,
ATG4B, ATGT7), other known autophagosomal pro-
teins (RAB1B, RAB7A, SH3GLBI1) as well as known
regulators of autophagy (HDAC6, HDAC10, MTDH).
Direct comparison of the two autophagosome IPs
from inhibitor treatment and NGLY1 siRNA KD was
also performed by volcano plot (Fig. S6b) indicating
no significant changes between the two IPs. A large
degree of similarity between the two IPs is also evident
in the heatmap with hierarchical clustering analysis
(HCA) (Fig. 5). Filtering for ANOVA significant
(FDR 0.05) proteins prior to HCA yields 369 signifi-
cantly altered protein hits. These are subdivided into
two clusters of proteins enriched in the autophago-
some IPs (cluster I, 228 protein hits) and proteins
enriched in the negative control IPs (cluster II, 141
protein hits). Investigation of the protein hits repre-
sented in clusters I and IT by gene ontology (GO) anal-
ysis highlights biological processes (GOBP), cellular
compartments (GOCC) and molecular functions
(GOMF) which are overrepresented in the respective
cluster (Tables S1 and S2). For proteins enriched in
the autophagosome IPs, the GOBP terms which are
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Table 1. Enrichment of autophagy-related proteins in autophagosome IPs following Z-VAD-fmk or NGLY1 KD. Tabulated autophagy-related
proteins shown with number of unique peptides identified, percentage sequence coverage, andromeda score and MS/MS count. Only
protein hits with > 2 tryptic peptides/protein are displayed. Significant enrichment: "++' significantly enriched in both autophagosome IPs; +'

significantly enriched in one autophagosome IP (either following Z-VAD-fmk treatment or NGLY1 KD); * *

autophagosome IP.

no significant enrichment in either

Significant Maijority Unique Sequence Andromeda  MS/MS

enrichment Protein names protein IDs Gene names  peptides coverage [%] score count

++ Ubiquitin-like-conjugating enzyme QINT62 ATG3 15 38.9 323.31 159
ATG3

++ Ubiquitin-like modifier-activating 095352 ATG7 26 48.2 323.31 242
enzyme ATG7

++ FYVE and coiled-coil domain- Q9BQS8 FYCO1 79 57.8 323.31 606
containing protein 1

++ Histone deacetylase 6 Q9UBN7 HDAC6 20 255 323.31 142

++ Microtubule-associated protein 1A P78559 MAP1A 54 30.9 323.31 206

++ Microtubule-associated protein 1B P46821 MAP1B 160 69.7 323.31 1498

++ Sequestosome-1 Q13501 SQSTM1 19 63.9 323.31 160

++ Ras-related protein Rab-1B Q9HOU4 RAB1B 4 48.8 111.55 43

++ Microtubule-associated proteins 1A/ Q9GZQAs; MAP1LC3B 7 31.2 44.931 232

1B light chain 3B ABNCE7

+ Cysteine protease ATG4B Q9Y4P1 ATG4B 6 23.7 44.849 43
Next to BRCA1 gene 1 protein Q14596 NBR1 5 8.4 29.383 12

++ Histone deacetylase 10 Q969S8 HDAC10 11 28.3 25.14 70

++ Ras-related protein Rab-7a P51149 RAB7A 7 42 22.24 39
Ubiquilin-2 Q9UHD9 UBQLN2 4 111 15.824 8

+ Endophilin-B1 Q9Y371 SH3GLB1 2 7.4 11.298 14
Lysosome-associated membrane P11279 LAMP1 3 8.6 9.1387 7
glycoprotein 1

++ Protein LYRIC Q86UE4 MTDH 6 13.2 8.8476 20

+ Ras-related protein Rab-1A P62820 RAB1A 2 35.6 8.2661 15
Microtubule-associated protein 1S Q66K74 MAP1S 3 4.9 6.7001 4
Protein deglycase DJ-1 Q99497 PARK7 2 14.3 4.4783 4
Gamma-aminobutyric acid receptor- P60520 GABARAPL2 2 16.2 1.7581 3
associated protein-like 2
Vesicle-associated membrane protein  Q9BV40 VAMP8 2 19 1.6776 2

8

overrepresented include protein translation (transla-
tion, translational elongation, translational termina-
tion, translational initiation), protein localization and
targeting (SRP-dependent cotranslational protein tar-
geting to membrane, protein targeting to ER, estab-
lishment of protein localization to organelle,
establishment of protein localization in endoplasmic
reticulum, protein targeting to membrane, cotransla-
tional protein targeting to membrane, establishment of
localization), RNA degradation (nuclear-transcribed
mRNA catabolic process — nonsense-mediated decay,
mRNA catabolic process, RNA catabolic process
nuclear-transcribed mRNA catabolic process) and pro-
tein complex disassembly (protein complex disassem-
bly, cellular component disassembly, macromolecular
complex disassembly, cellular component disassembly
at cellular level, cellular macromolecular complex dis-
assembly). GOCC and GOMF terms overrepresented

in the autophagosome IPs are largely focused on ribo-
somes (GOCC: cytosolic large ribosomal subunit, large
ribosomal subunit; GOMEF: structural constituent of
ribosome). These results confirm successful enrichment
of autophagosomes following Z-VAD-fmk treatment
or NGLY1 KD, identification of similar autophagoso-
mal protein composition for both conditions and the
identification of autophagosomal cargo proteins and
the corresponding biological processes represented.

Discussion

Interest in NGLY'1 has been focused on its central role
in the rare genetic disorder NGLY1 deficiency and in its
importance towards cellular glycoprotein turnover.
NGLY1 is also a known off-target of the pan-caspase
inhibitor Z-VAD-fmk, and our results show that
siRNA-mediated knockdown of NGLY1 achieves a
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Fig. 4. Label-free proteomic analysis of autophagosomes isolated from HEK 293 cells treated with Z-VAD-fmk or NGLY1 KD. Volcano plots
identifying significantly enriched and depleted proteins (FDR: 0.05, s0O: 0.1) in autophagosomes enriched following (A) Z-VAD-fmk treatment
or (B) NGLY1 KD relative to negative control IPs. Autophagy-related proteins are highlighted in blue (significantly enriched), black (not

significantly altered) or orange (significantly depleted).

comparable reduction in cellular peptide: N-glycanase
activity as that observed with Z-VAD-fmk treatment
(24 h, 50 pm) (Fig. 1C,D). In contrast, treatment with
the alternative caspase inhibitor Q-VD-OPh does not
affect cellular peptide: N-glycanase activity in HEK 293
cells (Fig. 1D), a result which is in agreement with previ-
ous studies on S. cerevisiae PNG1 [3]. A broader inves-
tigation of cellular responses to inhibitor treatment
showed no evidence of induction of ER stress markers
or ROS production upon Z-VAD-fmk or Q-VD-OPh

treatment in HEK 293 cells (Fig. 2D,E). However,
induction of cellular autophagosome formation (deter-
mined by quantification of GFP-LC3 puncta) was
observed following treatment with Z-VAD-fmk at 72 h
(50 pm), but not with Q-VD-OPh treatment in stably
transfected GFP-LC3 HEK 293 cells (Fig. 2A,B).
Induction of autophagosome formation was also
observed with siRNA-mediated KD of NGLY1 at
5 days post-transfection, but not with the scrambled
control siRNA (Fig. 3A.B). These results strongly
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Fig. 5. Label-free quantitative proteomics identifies significantly altered protein hits in autophagosome IPs following Z-VAD-fmk treatment or
NGLY1 KD. Heatmap and hierarchical clustering analysis (HCA) of significantly changing (one-way ANOVA, FDR: 0.05) protein hits quantified
following autophagosome IP or negative control IP and LC-MS/MS analysis. Log(2)-transformed label-free quantification (LFQ) intensities
after Z-scoring and filtering to retain only ANOVA significant hits. Two clusters represent protein hits enriched in in autophagosome IPs

(cluster 1) and protein hits enriched negative control IPs (cluster Il).

suggest that induction of autophagosomes in Z-VAD-
fmk treatment is related to NGLY inhibition and not
to caspase inhibition or other potential off-targets.

As for the inhibitor treatment experiments, ER
stress markers or ROS production was determined and
found not to be altered in NGLY1 KD relative to
control (Fig. 3D,E). This result agrees with previous
studies carried out on NGLY1 KD in Drosophila mel-
anogaster [31] and in NGLY1 knock-out (KO) rats
[32] where no evidence of induction of ER stress was
found. In addition, the rat model showed evidence for
the accumulation of polyubiquitinated proteins in neu-
rons from five-week-old NGLY1 KO rats [32]. The
study in the Drosophila model also showed evidence
for cnc (fly ortholog of NFE2L1) dysfunction by tran-
scriptome analysis among downregulated genes (such
as those encoding for proteasomal subunits) and an

upregulation of the heat-shock response [31]. Similar
downregulation at the transcriptional level of proteaso-
mal subunits was also observed following NGLY1 KD
in human K562 cells and was interpreted as related to
reduced post-translational processing of NFE2LI1 to
the mature transcription factor by NGLY1 [25]. Con-
sistent with these observations, it was found that
NGLY1 disruption sensitizes towards proteasome inhi-
bition by bortezomib in human cells [25] and Drosoph-
ila larvae [33]. The NGLY1 KO mouse model showed
the importance of the genetic background towards
embryonic lethality and demonstrated that concomi-
tant KO of the ENGase gene partially rescued embry-
onic lethality in C57BL/6 mice [34]. It has been
suggested that this observation may be explained by a
detrimental effect of N-GIcNAc-modified proteins
formed by ENGase-mediated processing of N-linked
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glycoproteins in the absence of functional NGLY1
[35]. In our study, we observe a transient increase in
ThT fluorescence at 48 h (Fig. S3a) followed by a sig-
nificant induction of autophagy at 72 h post-Z-VAD-
fmk treatment, suggesting the formation then clearance
of aggregated material. Although we did not observe
the same pattern upon NGLY1 KD (Fig. S3b), we
suspect that the time course of pharmacological
NGLY1 inhibition is difficult to mimic in the KD sys-
tem. It is notable that similar experiments with K562
NGLY! KD cells mirror these observations and also
showed a trend towards increased protein aggregation,
rather than a significant difference [25].

It is noteworthy that an induction of autophagy
upon Z-VAD-fmk treatment has been observed previ-
ously in experiments with L929 cells where autophagic
cell death is induced [11,12,26] and patient-derived
tenofibroblasts where autophagy induction is observed
in the presence or absence of hydrogen peroxide
cotreatment [36]. This suggests that Z-VAD-fmk-
mediated autophagy induction is not restricted to a
narrow range of cells or cell lines. However, to the
best of our knowledge, it has not been demonstrated
before that this cellular effect is mediated by inhibition
of NGLYI1. In order to pinpoint the origin of the
increase in levels of cellular autophagosomes, we com-
pared blockage of lysosomal degradation with bafilo-
mycin or inhibition of autophagosome biogenesis
using 3-methyladenine (3-MA) for each vehicle, Z-
VAD-fmk or Q-VD-OPh treatments at the 72-h time-
point (Fig. 2C). The observed increases (bafilomycin)
and decreases (3-MA) in autophagosome content for
all three conditions indicate that autophagic flux is not
impaired in this cell model. This strongly suggests that
the observed increased number of GFP-LC3 puncta is
the result of genuine induction of autophagosome for-
mation and not a defect of autophagic flux. Impor-
tantly, corresponding experiments were also carried
out with control siRNA and NGLY1 KD cells at
5 days post-transfection, similarly showing no evidence
of impairment in autophagic flux in cells deficient in
NGLY1 (Fig. 3C). While an increase in autophago-
some formation is a consequence of both Z-VAD-fmk
treatment and NGLY1 KD, autophagy also represents
an adaptation to reduced cellular N-glycanase activity.
Investigations using ATG13 KO MEEF cells show that
these ATG13-deficient cells (Fig. S2a) are less tolerant
towards treatment with Z-VAD-fmk. Cellular viability
upon treatment with Z-VAD-fmk, as assessed by MTT
reduction, was significantly reduced in ATG13 KO
MEEF cells when compared to control WT MEF cells
(Fig. S2b). In contrast to this, no such difference
between ATGI13 KO and WT MEF cells could be

Z-VAD-fmk induces autophagy via NGLY1 inhibition

observed for treatment with Q-VD-OPh across the
concentration range of 0-200 pum (Fig. S2c¢). It is also
noted that comparable reduction in cell viability is
observed upon treatment of WT MEF cells with
ATGI13 siRNA (Fig. S2d), and as such, this effect is
unlikely to be a result of adaptations in the ATGI13
KO cell line. It has been shown previously that
resveratrol-induced autophagy, which is triggered via a
noncanonical pathway, involves inositol triphosphate
receptors and cytosolic Ca®" in HEK293 cells [37].
Similar observations have also been made previously
in the context of resveratrol-induced autophagic cell
death in A549 cells [38]. Therefore, we decided to
investigate whether alterations in intracellular Ca*" sig-
nalling are observed in Z-VAD-fmk or Q-VD-OPh
inhibitor treatment or following NGLY1 KD. A fur-
ther motivation for investigating cellular Ca”" signal-
ling was the observation that NGLY1 deficiency leads
to impairment in mitochondrial function [24,39] which
could conceivably contribute to alterations in intracel-
lular Ca** handling. However, our results (Figs S3a—f
and S4a-e) indicate that neither treatment with Z-
VAD-fmk or Q-VD-OPh nor NGLY1 KD signifi-
cantly affect release of Ca®" from intracellular stores
by thapsigargin stimulation.

We carried out autophagosome enrichment by a
two-step process of centrifugation followed by IP of
GFP-LC3, in order to investigate autophagosomal
protein content. LC3 specifically associates with autop-
hagosomes following post-translational processing to
LC3-1I and represents the primary autophagosomal
marker [40]. The enriched autophagosomes were then
processed by lysis, protein denaturation and trypsin
digestion for LC-MS/MS and quantitative label-free
proteomic analysis (Fig. S6a). By conducting and pro-
cessing negative control precipitations in parallel utiliz-
ing agarose beads, we assessed enrichment relative to
control in order to identify autophagosome-associated
proteins and autophagosomal cargo. These experi-
ments were carried out for both Z-VAD-fmk treatment
and NGLY1 KD and were conducted in biological
triplicates. Following data analysis and processing
using previously established methods, enrichment of
proteins was visualized using volcano plots (Fig. 4A,
B). On the plots, 22 autophagy-related proteins
(Table 1) which were quantified in the analysis were
highlighted and 14 of these were found to be signifi-
cantly enriched (FDR: 0.05, s0: 0.1) following Z-VAD-
fmk treatment and 13 significantly enriched in autop-
hagosome IPs after NGLY1 KD (Table 1, Fig. 4A.B).
Importantly, this included the bait protein LC3 and
the known LC3-interacting proteins MAPIA [41],
MAPIB [41,42], FYCOI [43] and SQSTMI1 [44] all of
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which were significant and highly enriched. Significant
enrichment in both IP experiments was also observed
for the autophagy proteins ATG3 and ATG7. Simi-
larly, the regulator of autophagosome maturation
HDAC6 [45], the positive autophagy regulator
HDACI10 [46] and autophagy inducer MTDH [47]
were found to be enriched and significant in both
experiments. Direct comparison of the two autophago-
some IPs following Z-VAD-fmk treatment or NGLY1
KD by volcano plot showed that there were no signifi-
cantly altered protein hits between these conditions
(FDR: 0.05, s0: 0.1), suggesting that both triggers of
autophagy lead to comparable cellular autophagic
responses and autophagosomal protein cargo
(Fig. S6b). The entire proteomic data set was also dis-
played as a heatmap of protein abundance, filtered for
ANOVA significant protein hits (FDR 0.05) and ana-
lysed by hierarchical clustering analysis (HCA)
(Fig. 5). This approach further confirmed the similar-
ity of proteins significantly enriched in the autophago-
some [P experiments (cluster I, representing 228
protein hits). Gene Ontology (GO) analysis for biolog-
ical process terms showed enrichment of protein trans-
lation, protein localization and targeting, mRNA
degradation and protein complex disassembly. GO
terms for cellular compartment and molecular function
showed that ribosomal proteins were overrepresented.
Given the generation of autophagosomes from phago-
phores formed from the ER, it is plausible that a
range of ER-resident, ribosomal and membrane pro-
teins are overrepresented in autophagosomes.

Previous work which investigated autophagosome iso-
lation from HEK 293 cells, followed by 2D gel electro-
phoresis, in-gel digestion and analysis by MALDI-TOF
mass spectrometry, identified 101 proteins [48]. Of this
list of putative autophagosomal proteins, we also identi-
fied 23 proteins in our data of which 9 (Z-VAD-fmk) and
7 (NGLY1 KD) were found to be significantly enriched
in our analyses (Fig. S7a.,b). It should be noted that in
addition to the different processing and analysis
approaches, autophagy was induced by calcium phos-
phate precipitate in this previous study [48]. One further
comparison was performed to a list of 94 autophagoso-
mal proteins enriched from MCF-7 cells which were
determined to localize to autophagosomes independent
of the trigger of cellular autophagy [49]. Here, a greater
overlap of 37 out of the 94 proteins which were also iden-
tified in our study was observed. However, significant
enrichment was seen for only 8 (Z-VAD-fmk) and 6
(NGLY1 KD) of these 37 proteins with most of the
remainder of proteins identified, but found not to be sig-
nificantly altered in our experiments (Fig. S8a,b). This
suggests that the more comparable experimental
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approaches (analysis by LC-MS/MS and control for
FDR using target-decoy database search approach)
enabled a greater overlap of the data sets. However,
other confounding factors, such as the expected biologi-
cal differences between MCF-7, as a cancer cell line, as
opposed to the HEK 293 nonmalignant cells utilized in
our studies, result in a number of quantitative differences
in autophagosome formation and maturation. These
proteomic investigations reveal similar autophagosomal
protein composition following either Z-VAD-fmk treat-
ment or NGLY1 KD in HEK 293 cells and extend our
understanding of factors which are enriched in cellular
autophagosomes following the triggering of cellular
autophagy by impairment or inhibition of NGLYI.
In conclusion, we have shown that cellular treatment
with the pan-caspase inhibitor Z-VAD-fmk leads to an
induction of autophagy which is mediated by the inhibi-
tion of NGLY 1. No such increase in cellular autophagy
is observed with the alternative caspase inhibitor Q-VD-
OPh. The increase in GFP-LC3 puncta per cell upon Z-
VAD-fmk treatment or NGLY1 KD occurs due to an
upregulation in autophagosome formation, and no dis-
ruption of autophagic flux can be observed. Isolation of
autophagosomes by IP, following Z-VAD-fmk treatment
or NGLY1 KD, and mass spectrometry-based proteo-
mics analysis identifies a similar range of autophagoso-
mal proteins and protein cargo. Analysis of GO terms for
the autophagosome-enriched proteins highlights a num-
ber of overrepresented biological processes including pro-
tein translation, protein localization and targeting,
mRNA degradation and protein complex disassembly as
well as ribosomal complexes. Our results show clear evi-
dence for a causal relationship between NGLY1 disrup-
tion and induction of cellular autophagy, a result which
may have implications for novel treatment modalities for
NGLY1 disorder. Our findings furthermore make a
strong case for the preferential use of Q-VD-OPh for cel-
lular studies of caspase inhibition where an off-target-
mediated induction of autophagy is undesirable.

Materials and methods

Methylthiazolyl diphenyl tetrazolium bromide
(MTT) cell viability assay

Cells were plated in a 96-well plate (Greiner Bio One Ltd,
Stonehouse, UK) at a density of 2000 cells per well. Cells
were incubated with treatments as indicated per experiment.
For WT MEF cell ATG13 siRNA knockdown, cells were
transfected with 50 nm ATGI13 siRNA or nontargeting
siRNA (Thermo Fisher, Loughborough, UK, #AM16708)
for 4 days prior to treatment. MEF cells were transfected using
Lipofectamine RNAiMax as per manufacturer’s instructions
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(Thermo Fisher). Following treatment, media was aspirated
and replaced with fresh media (100 pL) containing MTT (final
concentration 0.2 mg-mL™"). Plates were incubated at 37 °C
for 2 h. Following incubation, media containing MTT was
carefully removed and DMSO (100 pL) was added to each
well. The plates were then shaken for 20 min at RT. The absor-
bance was read using a BMG Labtech FLUOstar OPTIMA
plate reader at 570 nm. Treatment with menadione (20 pm,
24 h) was included as a positive control to confirm decreased
absorbance in nonviable cells.

Quantification of levels of GFP-LC3-positive
puncta

GFP-LC3 HEK 293 cells were plated on uncoated 16-mm
glass coverslips at (40 000 cells per well) and treated with
Z-VAD-fmk or Q-VD-OPh (50 um, 24-72 h) or a vehicle
control. Cells were imaged on the oil immersion 63x objec-
tive. A minimum of three areas per coverslip were imaged
and were selected under bright field. The number of GFP-
LC3-positive puncta was counted manually, and the aver-
age number of puncta per cell was calculated per condition.
To measure flux, GFP-LC3 HEK 293 cells were treated
with Bafilomycin A1 (100 nm, 1 h) or 3-MA (5 mm, 1 h) at
37 °C at 5% CO,. Cells were reimaged, and the number of
GFP-LC3 puncta was calculated.

qPCR determination of ER stress markers

Assessment of ER stress markers was carried out by quanti-
tative real-time PCR (qPCR). qPCR was used to determine
changes in ER stress markers and N-glycanase downregula-
tion for siRNA-mediated knockdown. The sequences of all
primers used are presented in Table S3. RT-qPCR was car-
ried out using an MJ Opticom real-time PCR machine. For
analysis of ER stress markers, cells were treated with
Z-VAD-fmk or Q-VD-OPh (50 um, 24-72 h) or a vehicle
control and MG132 (5 pm, 18 h). RNA was extracted using
RNeasy Mini Kit. RNA (100 ng) was used with the One-
Step Luna® Universal qPCR Master Mix per manufacturer’s
instructions. Samples were heated to 55 °C, 10 min to con-
vert RNA to cDNA followed by an initial denaturation at
98 °C, 5 min followed by denaturation at 95 °C, 30 s,
annealing at 58 °C, 30 s, extension at 72 °C, 30 s for 42
cycles. The threshold was taken over the global minimum
over 10 standard deviations and analysed using the double
delta Ct method. GAPDH was employed as a housekeeping
gene, and an untreated control was used as the baseline.

Propidium iodide exclusion and Annexin V
staining

Cells were grown in DMEM and plated into 12-well plate
(Greiner). HEK 293 cells were treated with either Q-VD-
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OPh or Z-VAD-fmk (50 pm, 24-72 h) or a vehicle control
(DMSO). Menadione (20 um, 18 h) was used as a positive
control for cell death and apoptosis induction. Samples
were treated with trypsin to detach cells and washed three
times in PBS. Cells were incubated with the Molecular Pro-
bes™ Dead Cell Apoptosis Kit with Annexin V FITC and
PI, for flow cytometry. Cells were resuspended in 1x
Annexin binding buffer (100 pL). FITC Annexin V (5 puL)
and propidium iodide (PT) (1 puL, 100 pg-mL~") were added
for 15 min at RT. Samples were diluted with Annexin bind-
ing buffer (400 pL), and red/green signal was analysed
using a TALI image-based cytometer (Invitrogen, Paisley,
UK). The percentage of Annexin V-positive and PI-
negative cells were calculated, and cell number was
recorded.

Deglycosylation-dependent Venus (ddVENUS)
assay

HEK 293 cells plated in 12-well plates (Greiner) at a den-
sity of 80 000 cells per well were transfected with ddVE-
NUS plasmid DNA (2 pg per well) using JetPEI® HTS
DNA reagent (Polyplus-transfection®) in
accordance with the manufacturer protocol. After 24 h, Z-
VAD-fmk (0-300 um) was added and the cells incubated
for a further 24 h. For genetic ablation of N-glycanase,
HEK 293 cells were transfected with SMARTpool:
ON-TARGETplus NGLY1 siRNA (25nMm) or an
ON-TARGETplus nontargeting control (25 nm) using Jet-
PRIME® DNA and siRNA transfection reagent (Polyplus-
transfection®) as per the manufacturer instructions. Cells
were analysed 3 days post-transfection.

The proteasome inhibitor, MG132 (8 um), was added for
6 h before the cells were trypsinized, collected by centrifu-
gation and resuspended in HBSS (500 pL). Cells were kept
on ice before measurement. Fluorescence intensity was
measured by flow cytometry on a BD FACSCalibur (BD
Biosciences, Wokingham, UK) and analysed using BD
CellQuest™. A minimum of 10 000 cells were analysed for
each condition. A nontransfected well was used as a con-
trol to determine background fluorescence. Cells were ana-
lysed using the FLI1 filter at 400 V. The nontransfected
cells were gated out of analysis, and the median fluores-
cence intensity of transfected cells was plotted.

transfection

Quantitation of thioflavin T (ThT) fluorescence by
flow cytometry

HEK cells were treated with either Q-VD-OPh or Z-VAD-
fmk (50 um, 24-72 h) or a vehicle control (DMSO). For
genetic ablation, HEK cells were transfected with SMART-
pool: ON-TARGETplus NGLY! siRNA or an ON-
TARGETplus nontargeting control (25 nm, 3-5 days).
Cells were loaded with thioflavin T (5 pm, 30 m) at 37 °C
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in complete media. Cells were detached with trypsin and
washed in HBSS three times by centrifugation. Cells were
resuspended in HBSS (500 puL) and analysed using BD
FACSCalibur on the FL1 channel (ex 488 em 530), at
440 V, and 10 000 cells were counted per condition.

Intracellular calcium fluorescence imaging

GFP-LC3 HEK 293 cells were plated on uncoated 16-mm
glass coverslips at 40 000 cells per well and treated with Z-
VAD-fmk, Q-VD-OPh (50 pm, 24-72 h) or a vehicle con-
trol. For genetic ablation of N-glycanase, HEK 293 cells
were transfected with SMARTpool: ON-TARGETplus
NGLY1 siRNA (25 nm) or an ON-TARGETplus nontar-
geting control siRNA (25 nm) and analysed 3-5 days post-
transfection. Cells were incubated with FURA-2 AM
(1 pM) in imaging buffer (121 mm NaCl, 5.4 mm KCI,
0.8 mm MgCl,, 1.8 mm CaCl,, 6 mm NaHCO3, 5.5 mm D-
glucose, 25 mm HEPES, pH 7.4 supplemented with Gibco
MEM amino acid and MEM nonessential amino acid solu-
tion) for 20 min at 37 °C. Cells were washed three times
with imaging buffer and incubated for a further 20 min.
Coverslips were imaged using a Leica DMI6000 fluores-
cence microscope on the 20x objective. Ca>* was mobilized
from intracellular stores using thapsigargin (1 pum) after
180 s. Images were taken every 20 s for 12 min. Time lapse
videos were analysed using IMAGEJ [50]. Cytosolic areas of
cells were selected plus a background region for 340 and
380 nm. A minimum of 20 cellular regions were analysed
per coverslip. The 340/380 ratio was calculated. The area
under the curve, baseline average of the first eight images
and peak height were calculated using GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA,
www.graphpad.com).

Label-free proteomics analysis

GFP-LC3 HEK 293 cells were cultured as described above
and treated with Z-VAD-fmk (50 pm) for 72 h or trans-
fected with NGLY1 siRNA (25 nm) and used 5 days post-
transfection. Cells (80 million per replicate) were treated
with bafilomycin Al (100 nm) for 1 h to allow accumula-
tion of autophagosomes. Following treatment with bafilo-
mycin, cells were washed twice with ice-cold PBS and
harvested by treatment with 0.25% trypsin-EDTA (Thermo
Fisher). Cells were pelleted and washed three times in ice-
cold PBS. Cells were lysed in 1% Triton in PBS by Dounce
homogenization and incubated for 0.5 h at 4 °C. The resul-
tant lysate was centrifuged at 6000 g for 10 min at 4 °C.
The supernatant was removed and centrifuged again at
20 000 g for 20 min at 4 °C. The supernatant was dis-
carded and the pellet resuspended in PBS (500 uL) and
added to filter spin columns (Corning) with GFPTrap®
agarose beads (50 uL) (ChromoTek GmbH, Munich,

S. H. Needs et al.

Germany) or control agarose beads (50 pL) (ChromoTek)
and then washed three times in PBS. Samples were incu-
bated with the agarose beads and tumbled for 1 h at 4 °C.
The spin filter columns were centrifuged at 2500 g for
2 min, and the flow-through discarded. Agarose beads were
washed 7x in ice-cold PBS-T by centrifugation. Samples
were eluted with 0.2 m glycine, pH 2.5 (50 pL) for 1 min
with constant vortexing. Beads were centrifuged into a
fresh, protein Lo-Bind tubes (Eppendorf Ltd, Stevenage,
UK). Elution was repeated, and the eluates were pooled.
Samples were neutralized by the addition of 1 M phosphate
buffer (pH 7.4). Eluted material was then processed for
proteomic analysis by filter-aided sample preparation
(FASP) [51]. Tryptic digests were desalted and then ana-
lysed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Raw data were processed in the MaxQuant
software utilizing the MaxLFQ label-free quantification
algorithm. Processed data were further analysed using the
Perseus computational platform. After removal of known
contaminant proteins and requiring quantification in at
least two out of three biological replicates in at least one
group, a total of 915 protein hits were obtained. Missing
values were imputed (replacement of missing values from
normal distribution; width 0.5, downshift 1.4) as described
previously [52]. Protein enrichment and depletion were visu-
alized using volcano plots and heatmap with hierarchical
clustering analysis (HCA). Principal component analysis
(PCA) was used to visualize protein abundance relation-
ships across all samples. A schematic of the workflow is
presented in Fig. S6a.
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