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Abstract

Autophagy is an essential catabolic process responsible for recy-
cling of intracellular material and preserving cellular fidelity. Key
to the autophagy pathway is the ubiquitin-like conjugation system
mediating lipidation of Atg8 proteins and their anchoring to
autophagosomal membranes. While regulation of autophagy has
been characterized at the level of transcription, protein interac-
tions and post-translational modifications, its translational regula-
tion remains elusive. Here we describe a role for the conserved
eukaryotic translation initiation factor 5A (elF5A) in autophagy.
Identified from a high-throughput screen, we find that elF5A is
required for lipidation of LC3B and its paralogs and promotes
autophagosome formation. This feature is evolutionarily conserved
and results from the translation of the E2-like ATG3 protein. Mech-
anistically, we identify an amino acid motif in ATG3 causing elF5A
dependency for its efficient translation. Our study identifies elF5A
as a key requirement for autophagosome formation and demon-
strates the importance of translation in mediating efficient auto-

phagy.
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Introduction

Macroautophagy, hereafter referred to as autophagy, is an evolu-
tionarily conserved catabolic process targeting intracellular compo-
nents for lysosomal degradation [1]. This process, which operates at
basal levels in all eukaryotic cells, is essential for preserving cellular
fidelity through nutrient recycling and by mediating effective clear-
ance of damaged or superfluous cytoplasmic material. Intensive
efforts have unveiled multiple components of the basic autophagy
machinery that allow for highly controlled, fine-tuned execution of

this vesicular trafficking system [2,3]. The fundamental importance
of autophagy is demonstrated by the fact that its dysregulation is
implicated in multiple human diseases including neurodegeneration,
infection and cancer [4,5].

Key to autophagy is the formation of double-membrane struc-
tures called phagophores, which sequester cellular components
while growing to form sphere-like, closed organelles called
autophagosomes [1]. Autophagosomes ultimately fuse with acidic,
hydrolase-containing lysosomes to form autolysosomes where cargo
digestion occurs [3]. The core autophagy machinery consists of a
large group of autophagy-related (ATG) proteins, most of which
were originally identified in yeast, that work together through
complex mechanisms to execute the various steps in the pathway
[1,6]. Key to this machinery is the Atg8 family of ubiquitin-like
proteins, which associate with the growing phagophore through
conjugation to the lipid phosphatidylethanolamine (PE) [7]. While
only one Atg8 exists in yeast, humans have six Atg8 homologs
comprising two families: the microtubule-associated protein 1 light
chain 3 (MAPILC3 or LC3) proteins including MAPILC3A,
MAPI1LC3B, MAPILC3C and the vy-amino-butyric acid (GABA)
receptor-associated (GABARAP) proteins including GABARAP,
GABARAPL1 and GABARAPL2/GATE-16 [8]. A unique and highly
conserved ubiquitin-like conjugation system involving the sequen-
tial action of the El-like ATG7, the E2-like ATG3 and the E3-like
ATG12-ATG5-ATG16L1 complex mediates lipidation of LC3 and
GABARAP proteins, thereby anchoring them to the membrane
[9,10]. From a functional perspective, this ubiquitin-like conjugation
system is crucial in ensuring proper autophagosome formation [11]
as well as for driving subsequent steps of autophagosome matura-
tion, including cargo capture, membrane expansion and sealing and
lysosome targeting/fusion [12-15]. The importance of the Atg3
enzyme, a main player in this pathway and catalyser of the lipid
conjugation reaction, is emphasized by the finding that Atg3-
deficient mice display severe defects in autophagosome formation
and die within 1 day after birth [11]. While the molecular functions
of ATG3 are well understood, the mechanisms governing its
regulation remain unclear.

Emerging evidence of autophagy regulation by RNA-binding
proteins (RBPs) has recently been reviewed [16], including
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examples of post-transcriptional regulation of key autophagy
mRNAs via stability or translational control [17-19]. In fact, RBPs
comprise almost 10% of the human proteome and play key roles in
most aspects of cellular function [20]. Besides well-described contri-
butions of RBPs to major cellular processes including transcription,
translation, RNA processing, localization and decay, more recent
elucidation of RBP function revealed novel links to metabolic signal-
ling pathways [21-23]. In search for autophagy regulators among
RBPs, we found the eukaryotic translation initiation factor 5A,
elF5A, initially characterized as a translation initiation factor
[24,25], but subsequently implicated in translation elongation [26—
28]. elF5A is broadly conserved and contains the highly unusual
amino acid hypusine, which is formed by a unique post-transla-
tional modification of a specific lysine residue [29]. Importantly, the
hypusine residue has been ascribed a critical role in el[F5A-mediated
translation [26,27,30,31]. Yeast elF5A and its bacterial ortholog
EF-P have been shown to specifically promote translation of trouble-
some poly-proline motifs [27,32-35] leading to a model in which
eIlFSA/EF-P binds to and prevents ribosomes from stalling during
translation of geometrically challenging amino acid stretches
[31,36]. Recent advances in yeast suggest that this does not only
hold true for poly-prolines, but also for a broader range of amino
acid motifs [37,38]. elF5A is highly conserved in higher eukaryotes
including humans where it is also known to be hypusinated [39],
yet little is known concerning the mechanisms for eIFSA function
with the ribosome in protein synthesis of mammalian cells.

Here we present a high-throughput comprehensive siRNA screen
identifying RBPs, which affect the autophagy process. Among the
top hits, we identify eIF5A as a positive effector of autophagy,
through a mechanism ascribed to translation. We find that elFSA
depletion interferes with lipidation of LC3B and its family members
and inhibits autophagosome formation. Importantly, these defects
are effectively rescued by wild type, but not by a hypusination-
defective mutant of eI[FSA. By employing a global proteomics-based
approach, we identify the E2-like ATG3 protein as a direct transla-
tional target of e[FSA. We show that elF5A, by ensuring efficient
translation of ATG3, is required for LC3B lipidation. In addition, we
identify a tripeptide motif in the ATG3 sequence, which contributes
to its translational dependency on elF5A. Collectively, our data shed
light on a previously unknown mechanistic requirement for transla-
tion of a core autophagy protein, ATG3, necessary for a key
biochemical step in the autophagy pathway.

Results

High-throughput RNAI screen identifies elF5A as a key
autophagy effector

To identify RBPs impacting on autophagy, we performed an image-
based high-throughput siRNA screen using an MCF-7 human breast
cancer cell line stably expressing the autophagosome marker GFP-
LC3B [40]. We designed an siRNA library targeting 1,530 RBPs,
selected by compiling the findings from three studies globally defin-
ing the RNA-binding proteome [22,41,42] (Dataset EV1A). Cells
were reverse transfected in 384-well format with three individual
siRNAs targeting each RBP for 72 h, fixed and analysed by high
content microscopy and automated quantification of GFP-LC3B
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puncta. The screen was conducted in both untreated and Torin-1-
treated conditions, to address effects on both basal and induced
autophagy, respectively (Fig 1A). The data were normalized to the
median plate score, and siRNAs strongly decreasing cell viability
were excluded, resulting in 1,420 RBP candidates subjected to statis-
tical RSA analysis [43] (Dataset EV1B and C). In our initial filtering
steps, candidates deregulating the number of GFP-LC3B puncta were
identified by applying both significance and fold change thresholds,
resulting in the selection of 147 candidates from the basal auto-
phagy screen and 176 candidates from the Torin-1-treated screen
(Fig 1B, and Dataset EVID and E; see Materials and Methods).
Subsequent filtering of the candidates from both screens was done
by manual curation, based on the degree of puncta deregulation,
LogP values, number of scoring siRNAs, RNA-binding potential and
subcellular localization. This led to the selection of 23 candidates
for our secondary validation screen, for which siRNAs either up- or
downregulated GFP-LC3B puncta (Fig 1B). Using the two best scor-
ing siRNAs for each of these 23 RBP candidates, two validation
screens were performed as in the initial screen, in both basal and
Torin-1-induced conditions (Figs 1C and EV1). Reasoning that
unspecific stress effects could cause an increase in GFP-LC3B
puncta, we chose to focus on proteins for which depletion caused a
decrease in puncta, the majority of which were successfully vali-
dated in our secondary screens (Figs 1C and EV1). Among the stron-
gest hits emerging from both untreated and treated secondary
screens were CISD2, elF5A, LARP1 and RC3H1. We chose to focus
on the most prominent candidate from both validation screens, the
evolutionarily conserved eukaryotic translation initiation factor SA
(eIFSA).

elF5A depletion reduces LC3/GABARAP lipidation and disrupts
autophagosome formation

Prompted by the findings of our secondary validation screen, we
focused our attention on elF5A. Using two independent siRNAs, we
confirmed that knockdown of elF5A decreased the number of GFP-
LC3B puncta in basal conditions, during autophagy induction by
Torin-1 and after lysosomal inhibition by Bafilomycin Al (Fig 2A
and B). A clear effect of eIFSA knockdown in the face of mTORC1
inhibition by Torin-1 indicates a likely function for eIFSA down-
stream or independent of mTORC1, further supported by the obser-
vation that mTOR activation levels remained unchanged after e[FSA
depletion (Fig EV2A). In line with the initial findings from our
screen and follow-up validation experiments, we confirmed by
Western blotting that eIFSA knockdown effectively decreased lipi-
dated levels of LC3B (LC3B-II) and its homologs, GABARAP (Fig 2C)
and GATE-16 (albeit to a lower degree; Fig EV2B), while LC3B,
GABARAP and GATE-16 mRNA levels remained largely unchanged
(Fig EV2C). We confirmed that both siRNAs mediated a potent
knockdown of eIF5A protein and mRNA (Figs 2C and EV2C), and as
the siRNAs resulted in indistinguishable phenotypes, for subsequent
experiments we used elF5A si_B (from now on denoted as elFSA
si). The observed phenotype was not restricted to MCF-7 cells, as
lipidated LC3B was consistently decreased upon eIFSA depletion in
a panel of human and mouse normal and cancer cell lines
(Fig EV2D). Notably, we observed minor effects of e[FSA depletion
on unlipidated levels of LC3B (LC3B-I) in some experiments, which
we believe to be a secondary consequence of altered lipidation
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Figure 1. High-throughput RNAi screen identifies elF5A as an autophagy regulator.

A Schematic overview of high-throughput siRNA screening procedure performed in MCF-7 cells stably expressing GFP-LC3B.

B Venn diagrams showing distribution and overlap of significantly scoring RBP candidates identified from basal and Torin-1-treated screens based on statistical filtering by
RSA analysis (see Materials and Methods for details and Dataset EV1 for full data sets). Dotted lines indicate selection of candidates based on LogP values, degree of puncta
deregulation, number of scoring siRNAs and manual curation based on RNA-binding potential and subcellular localization. Left: RBP candidates for which knockdown
upregulated GFP-LC3B puncta (orange). Right: RBP candidates for which knockdown downregulated GFP-LC3B puncta (blue). Candidates are ordered alphabetically.

C Secondary validation screen (basal autophagy) for 23 hits from (B). Data shown are the percentage of GFP-LC3B puncta-positive cells relative to the scramble siRNA
control (indicated by dashed line) and represent the mean + SEM from three biological replicates. The two best of three siRNAs from the primary screen were used
and indicated as “siRNA A” and “siRNA B”. With the exception of ASS1, KPNB1, TROVE2 and FXR2, all candidates scored significantly (P < 0.05, Student’s t-test) in the
expected direction relative to scramble. CCT3, ATXN2L, CARHSP1, MYO18A, NCOAS and PUM1 scored with 1 siRNA, while EIF4A3, UBC, VCP, CISD2, elF5A, HDAC2,
LARP1, LRPPRC, MEX3D, MKRN1, R3HDM1, RC3H1, SAMDA4B scored with both siRNAs.

status since this was not observed in the unlipidated pool of LC3B-I LC3B puncta and LC3B-II (Figs 2A and B, and EV2F), suggests that
from lipidation-deficient ATGS knockout (KO) cells (Fig EV2E). The elF5A plays a role in autophagosome formation rather than
effect of elFSA in the presence of Bafilomycin Al, both on GFP- autophagosome turnover. By transmission electron microscopy, we

© 2018 The Authors EMBO reports  19: e46072|2018 3 of 17



EMBO reports

confirmed a clear reduction in the number of mature autophago-
somes after e[FSA depletion (Fig 2D and E) and, interestingly, the
remaining population of autophagosomes in elF5A-depleted cells
displayed a smaller size relative to control cells (Fig EV2G).
Immunostaining for the pre-autophagosomal marker ATG16L1 [44]
revealed a clear increase in the number of ATG16L1 puncta upon
el[FSA knockdown, suggesting an accumulation of early or pre-
autophagosomal structures (Fig EV2H).

In order to address the potential evolutionary conservation of the
observed phenotype, we employed a Caenorhabditis elegans strain
stably expressing the GFP-tagged Atg8 homolog lgg-1 (GFP::LGG-1)
[45]. elFSA has two homologs in C. elegans, iff-1 and iff-2, where
iff-1 is specifically expressed in the germline and iff-2 is more
broadly expressed [46]. We therefore focused on iff-2, which we
depleted by RNAi and quantified GFP::LGG-1 puncta in the body-
wall muscle, terminal pharyngeal bulb (i.e. the foregut of the
animal) and in the intestine. Interestingly, while there was a mild
but insignificant trend in intestinal cells, iff-2 depletion significantly
reduced GFP::LGG-1 puncta relative to control animals in the
body-wall muscle and terminal pharyngeal bulb (Fig 2F and G).
Taken together, the effects of eI[FSA depletion on GFP-LC3B/LGG-1
puncta, autophagosome number and lipidation of LC3/GABARAP
family members across several cell lines and species strongly
suggest a functionally conserved role for elFSA in autophagosome
formation.

Hypusination of elF5A is required for its role in autophagy

elF5A contains the highly unique amino acid, hypusine, formed by
a post-translational modification of a conserved lysine residue (K50
in humans), which is both important for eI[F5A binding to the ribo-
some [47-49] and its role in translation [26,27,30,31]. In order to
assess whether hypusination of eIF5A is required for autophagy, we
created stable MCF-7 cell lines expressing doxycycline-inducible
wild-type (WT) eIFSA (“elFSA WT”) or a hypusination-defective
KS50A mutant (“eIFSA K50A”). We first verified the inducible expres-
sion and hypusination status in both cell lines (Figs 3A and EV3A).
Interestingly, while 48-h overexpression of eI[FSA WT increased the
level of GFP-LC3B puncta, a significantly less pronounced effect was
observed upon overexpression of e[FSA K50A (Fig 3B). To confirm

Autophagy dependency on elFSA  Michal Lubas et al

this result in an independent manner, we treated MCF-7 cells with
N1-guanyl-1,7-diaminoheptane (GC7), a potent and specific inhi-
bitor of hypusination [50,51], which decreased basal puncta levels
and efficiently reduced the elFSA-mediated increase in GFP-LC3B
puncta (Fig 3B). By combining GC7 and eIF5A K50A expression, we
observed an additive effect, likely due to GC7-mediated inhibition of
endogenous elFSA present in the K50A cell line. Moreover, while re-
introduction of el[FSA WT effectively rescued the effects of siRNA-
mediated eIFSA depletion on GFP-LC3B puncta and LC3B lipidation,
the K50A mutant failed to do so (Fig 3C and D). Together, these
results suggest that hypusination of eIF5A is important for its role in
autophagy. Given the previously described importance of hypusine
for eIFSA binding to the ribosome and for its role in translation, our
results suggest that elF5A is important for autophagy via its role in
protein synthesis.

Association of elF5A with ribosomes is enhanced by
autophagy induction

Little is known concerning stress-dependent dynamics of elFSA in
translational regulation, and thus, considering the highly stress-
responsive nature of autophagy, we questioned whether eIF5A itself
responds to autophagy induction. We first confirmed that eIF5A is
in fact located in the cytoplasm of MCF-7 cells (Fig EV3B) and we
then assayed its binding to ribosomes upon stimulation of auto-
phagy by Torin-1 treatment and starvation. While total protein
levels of elFSA remained unaffected by autophagy-inducing treat-
ments, biochemical purification of ribosomes and associated factors
revealed an increased association of el[F5SA with ribosomes after 2-h
starvation or Torin-1 treatment, relative to untreated conditions
(Fig 3E). Induction of autophagy by the above-described treatments
was confirmed in parallel by GFP-LC3B puncta quantification
(Fig EV3C). Further supporting these results, immunoprecipitation
of GFP-elF5A showed specific retrieval of ribosomal proteins and
ribosomal RNA (rRNA) from both small and large ribosomal sub-
units, which was enhanced upon autophagy induction (Figs 3F and
EV3D). These data suggest that upon induction of autophagy, exem-
plified here by two independent modes of mTORCI inhibition,
elF5A could be recruited to or stabilized at ribosomes. Alternatively,
the enhanced association of eI[FSA with ribosomes could reflect a

Figure 2. elF5A regulates lipidation of ATG8 homologs and autophagosome formation.

A Representative images of GFP-LC3B puncta in MCF-7 cells 72 h after transfection with cntrl and elF5A siRNAs. For the last 2 h prior to fixation, cells were either left

untreated or treated with Torin-1 or Bafilomycin Al. Scale bars 10 um.

B Quantification of GFP-LC3B puncta in MCF-7 cells 72 h after transfection. Cells were treated 2 h prior to fixation as in (A). Data are mean + standard deviation (SD)
from one representative of three independent experiments. Each datapoint represents a technical replicate with values obtained from the quantification of > 1,500

cells. **P < 0.01, ***P < 0.001. Student’s t-test.

C Western blotting analysis of LC3B, GABARAP and elF5A in MCF-7 GFP-LC3B cells transfected for 72 h with indicated siRNAs. A representative experiment is shown
(n = 3). Vinculin, histone H3 and GAPDH were used as loading markers. Dashed lines indicate separate gels of the same samples.

D Transmission electron microscopy (TEM) images from MCF-7 GFP-LC3 cells after 72-h transfection. Arrowheads indicate mature autophagosomes. Images (right) are
enlargements of boxed area in overview images (left). Scale bars 5 pm (left), 1 pm (right).

E Quantification of autophagosomes per cytoplasmic area from TEM images. Data are mean + standard error of the mean (SEM) (n = 2) (30-35 cells/sample, counting
a total of 90 autophagosomes in cntrl si and 54 autophagosomes in elF5A si samples).

F  Representative images from body-wall muscle, terminal pharyngeal bulb and intestinal cells (individual cells are outlined) of Caenorhabditis elegans expressing GFP::
LGG-1 subjected to CTRL (empty vector) or iff-2 RNAi. Arrowheads denote individual GFP:LGG-1 puncta. Scale bars 10 um.

G Quantification of GFP:LGG-1 puncta in intestinal cells (n = 91), terminal pharyngeal bulbs (n = 43) and body-wall muscle cell areas (n = 61-78) of animals subjected
to CTRL (empty vector) or iff-2 RNAi. Data are mean + SEM from four independent experiments. Student’s t-test: ns P > 0.05, *P < 0.05, ***P < 0.001.

Source data are available online for this figure.

4 of 17 EMBO reports  19: e46072 | 2018

© 2018 The Authors



Michal Lubas et al

A
Untreated
elF5A
cC
E < m
€ I
o 7] 7]
16 - | LC3B-I

—— | 3D

36 RS- GAPDH

0g ™= s 0 Vinculin

Autophagy dependency on elFSA

Torin-1

D

F C. elegans

terminal pharyngeal bulb  body-wall muscle

intestinal cells

Figure 2.

© 2018 The Authors

iff-2 RNAi

iff-2 RNAi

Bafilomycin A1

vV Isvsdie

IS [JUD

g 1svadie

Puncta in pharyngeal bulb  Puncta in muscle area

Puncta in intestinal cell

% GFP-LC3B positive cells

L]
a

EMBO reports

cntrl si
elF5asi_B

2.0
©
[} [
2 g5 157
= i
= o £
%ﬁ 1.0
<8
£3
= -4
<5 %
Qo
0.0
& &
a
& o
& &

IS ySdI19

EMBO reports  19: 4607212018 5 of 17



EMBO reports Autophagy dependency on elF5A  Michal Lubas et al

[7}]
2 o elFSAWT
A . . B 8 154 4 elF5AKS0A
5 8 o 3 S 8 2 = elFSAWT + GC7
° o< ¢ S = g = v elF5AK50A + GC7 .
c QO v c & < 2
Q.
1]
c
a
™
13
elFSAWT elF5A K50A :
[T
o
X
(o] D + dox + dox
® 8n . ® elFSAWT % % % E‘:)
2 — s+ elFSAMUT i i ri ri
8 . l [ [ [ [
o . - : LC3B-I
2 © 1 s 16 LC3B-I
A E : —
g : A
m 4] T
Q >
(_.I> :
a 21
[T
o
e L
AT N N
S o elFSAWT elF5A K50A
N £ &
Q' Q' v,
& &
> >
E INPUT PELLET F INPUT P
[T 9 L 3
- c o c o] @
$-%  $-3 T8 B gEcToe
iy - a 2 £ a 2 £
££¢g ££¢g L' 55 & 5 5 8 3
58 & 58 & © - © -
2 elF5A
25
17 - RPL23A
38 -
28 - " s m» GFP-elF5A
8 - GFP-3xFLAG

10 28 23

Figure 3. elF5A hypusination is required for autophagy regulation.

A Western blotting analysis of elF5A levels in cell lines expressing WT and K50A elF5A at indicated time points after doxycycline treatment. A representative experiment
is shown (n = 3).

B Quantification of GFP-LC3B puncta in MCF-7 elF5A WT or K50A cell lines at indicated time points of doxycycline treatment. For GC7 samples, treatment was given
24 h prior to fixation. Data are mean + standard deviation (SD) from one representative of three independent experiments. Each datapoint represents a technical
replicate with values obtained from the quantification of > 1,500 cells. Statistical significance for each (no dox, 24 h dox and 48 h dox) was tested relative to
corresponding elF5A WT samples. **P < 0.01, ***P < 0.001. Student’s t-test.

C Quantification of GFP-LC3B puncta in MCF-7 elF5A WT or K50A cell lines after indicated siRNA transfections (72 h) and doxycycline treatments (48 h). Data are
mean + standard deviation (SD) from one representative of three independent experiments. Each datapoint represents a technical replicate with values obtained
from the quantification of > 1,500 cells. Student’s t-test: ns P > 0.05, **P < 0.01.

D Western blot for LC3B in MCF-7 elFSA WT and K50A cell lines after 72-h transfection with indicated siRNAs. Doxycycline was added for last 48 h of transfection. A
representative experiment is shown (n = 3). Dashed lines indicate separate gels of the same samples.

E  Western blotting analysis of elF5A levels in pelleted ribosomes. Ribosomes were isolated through a 10% sucrose cushion from cells after indicated treatments (2 h
prior to cell lysis) and analysed together with corresponding input samples. A representative experiment is shown (n = 3). Quantification of elF5A levels relative to
RPL23A in pellet is indicated below the figure (Image) software).

F Analysis of elF5A interaction with the ribosome by Western blotting analysis. Inputs and eluates obtained after purification of GFP-elF5A were analysed with RPS6,
RPL10A, RPL23A and GFP antibodies as indicated. A cell line expressing GFP-3xFLAG was used as a negative control. A representative experiment is shown (n = 4).

Source data are available online for this figure.
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change in the repertoire of translated mRNAs under these condi-
tions.

elF5A is required for translation of ATG3

Prompted by its previously described role as a translation factor, we
assayed the effects of e[FSA depletion on global cellular translation
in MCF-7 cells. Fluorescently tagged O-propargyl-puromycin was
incorporated into all newly translated proteins and analysed by
image-based quantification (see Materials and Methods). In parallel,
the extent of e[FSA knockdown was monitored by immunofluores-
cence (Fig EV4). Interestingly, siRNA-mediated knockdown of
elF5A for 72 h in MCF-7 cells did not significantly affect global
protein synthesis, in contrast to 5-min treatment with the transla-
tional inhibitor cycloheximide (CHX; Fig 4A). These data support
previous findings in yeast and human cells [52-54] and suggest a
role for eIF5A in facilitating translation of a subset of proteins. In
order to pin down more specific effects on protein synthesis, we
performed liquid chromatography-mass spectrometry (LC-MS) anal-
ysis of newly synthesized proteins in control and elF5A-depleted
cells. In this approach, all newly synthesized proteins were pulse-
labelled for 2 h with the methionine analogue L-azidohomoalanine
(AHA), enriched using the Click-iT enrichment resin and subse-
quently subjected to LC-MS analysis (Fig 4B). Among the 2,308
detected newly synthesized proteins, 350 were significantly deregu-
lated (> 1.5 fold change) upon eIFSA depletion (Fig 4C, Dataset
EV2A and B, and Materials and Methods). Of these, 278 proteins
were found to be downregulated in elF5A-depleted cells relative to
the control, in line with the known role of elFSA in stimulating
translation [26,27]. To focus on translation-related defects and to
exclude potential effects of eIF5A on transcription or mRNA stabil-
ity, we performed RNA sequencing of control and eIF5A siRNA-
transfected cells (Dataset EV3). Exclusion of genes significantly
deregulated at the mRNA level further reduced the candidate list to
a selection of 211 proteins, for which translation is likely hypersen-
sitive to eIF5A levels. Focusing on autophagy-relevant functions, we
overlaid these candidates with the gene ontology defined auto-
phagy-related proteins (geneontology.org), leading us to the identifi-
cation of a small subset of nine autophagy-relevant proteins for
which translation was specifically affected upon eIF5A depletion
(Fig 4C and Dataset EV2C). Interestingly, this list included the
ATG3 E2-like enzyme, which is directly responsible for lipidation of
Atg8 family proteins [11,55], and the well-known autophagy recep-
tor protein SQSTM1/p62 [13].

elF5A affects autophagy via ATG3 protein synthesis

Among the nine identified autophagy-relevant MS hits (Fig 4C), we
depleted ATG3 and SQSTM1/p62 by siRNA and found that while
ATG3 knockdown clearly phenocopied elFSA depletion with regard
to LC3B lipidation (Fig EV5A), p62/SQSTM1 knockdown had no
major effects on LC3B-II levels and was thus excluded from further
analysis (Fig EVSB). In accordance with results from our LC-MS
analysis, which revealed a 1.95-fold reduction in nascent ATG3
protein levels (Dataset EV2C), we found that eIFSA depletion
reduced the total pool of cellular ATG3 protein in MCF-7 and HEK
293 cells (Figs 5A-C and EV5A), while validation of our RNA-seq by
gRT-PCR confirmed that ATG3 mRNA levels remained unchanged
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(Fig 5A). To further confirm that this effect was due to a defect in
protein synthesis, we performed pulse-labelling and coupling of
newly synthesized proteins to biotin followed by streptavidin pull-
down and immunoblotting. These experiments confirmed that
elF5A-depleted cells contained markedly less newly synthesized
ATG3 relative to control cells (Fig 5B). Since the combined knock-
down of elFSA and ATG3 did not give rise to an additive or syner-
gistic effect (Fig EVSA), this suggests a role for elFSA function in
the same pathway as ATG3. Importantly and further supporting this,
we show that mild overexpression of ATG3 can effectively rescue
the LC3B-lipidation defect caused by elFSA knockdown (Fig 5C).
Collectively, these data suggest that el[FSA-mediated effects on LC3B
lipidation are caused, at least in part, by its role in ATG3
translation.

A tripeptide motif in ATG3 contributes to its elF5A dependency

elFSA/EF-P has previously been shown to alleviate translational
stalling of the ribosome at hard-to-translate motifs in yeast and
bacteria [27,32,33]. While these studies initially focused on poly-
prolines, e[FSA was more recently shown in yeast to be generally
required for translation, with a broader selection of motifs display-
ing hyperdependency on the factor. In particular, Schuller et al [37]
identified 29 tripeptide motifs, which cause strong ribosome pausing
(at least 10-fold) in the absence of eIF5A. Based on this, we
searched the amino acid (aa) sequence of ATG3 and identified two
potential stalling motifs: DDG at position 104-106 and PPPP at posi-
tion 254-257. To assess their functional importance, we utilized a
reporter construct containing the full-length ATG3 C-terminally
coupled to a mCherry fluorophore (Fig 5D, “WT”). We then
mutated each of the respective motifs DDG—~AAA (“MUT1”) and
PPPP—-AAAA (“MUT2”) and evaluated the sensitivity of these
constructs to eIF5A depletion by monitoring ATG3-mCherry transla-
tion (Fig SD). Interestingly, while the MUT2 construct remained
sensitive to eIFSA depletion to a similar extent as the WT construct,
the MUT1 construct displayed clearly decreased sensitivity to eI[FSA
knockdown, as determined by immunoblotting for ATG3-mCherry
protein expression (Fig SE) and by microscopy-based quantification
of ATG3-mCherry fluorescence (Fig SF). In addition, we generated a
reporter construct containing both mutations (MUT1 and MUT2),
which behaved similarly to the DDG—AAA single mutant
(Fig EV5C). These data indicate that the DDG motif in ATG3 may
represent a hard-to-translate motif, which causes eIFSA dependency
for its efficient translation. Thus, our findings not only identify
e[F5A as a novel translational requirement of autophagy, but also
uncover previously unknown mechanistic aspects of elFSA-
mediated translation in human cells.

Collectively, our data support a model in which eI[F5A displays
enhanced ribosome association upon induction of autophagy, where
it assists in translation of ATG3 through the DDG motif, which in
turn facilitates lipidation of LC3B and its family members to
promote autophagosome formation (Fig 6).

Discussion

The autophagy process is tightly controlled at multiple levels. This
ensures that a fine-tuned balance is maintained to manage the
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A Global translation measurement upon elF5A depletion by pulse labelling of newly translated proteins with Alexa Fluor 488-tagged O-propargyl-puromycin (OPP)
followed by imaging and fluorescent quantification. MCF-7 cells were transfected for 72 h, and a positive control was treated with cycloheximide (CHX) for 5 min.
Representative images (left) show OPP (green) and Hoechst signals (blue). Quantification (right) shows mean values of fluorescent signal per well from four wells of
three combined experiments. Error bars represent SD. Scale bars 100 pum. Student’s t-test: ns P > 0.05, ***P < 0.001.

B Schematic overview of labelling and mass spectrometry-based analysis of newly translated proteins. Cells were transfected as indicated for 72 h and incubated 2 h
with the methionine analogue L-azidohomoalanine (+AHA) or left untreated (—AHA/mock). The Click-iT chemistry-based kit was used for covalent capture of newly
synthesized proteins, which were subsequently subjected to LC-MS analysis. The experiment was performed in biological triplicates.

C Flow diagram illustrating data analysis stages of newly synthesized protein LC-MS described in (B). A set of newly synthesized proteins was defined using a fivefold
enrichment threshold above mock (unlabelled —AHA) sample (2,308 proteins). Further filtering by applying P-value and fold change thresholds (see Materials and
Methods) identified 350 newly synthesized proteins deregulated by elF5A of which 278 proteins were downregulated upon elFSA depletion. Comparison to total RNA-
seq data and exclusion of proteins for which mRNA transcripts were deregulated by elF5A narrowed down this selection to 211 candidates. Merging these with a set
of 468 autophagy-associated genes (geneontology.org) resulted in an overlap of nine autophagy-related proteins.

cellular needs for quality control and nutrient availability, while at
the same time preventing excessive degradation of crucial cellular
components [3]. Although the regulatory mechanisms governing
this control are well studied in terms of protein interactions, post-
translational modifications and transcriptional regulation of ATG
proteins [56-58], the regulation of ATG protein production at the
translational level is not well investigated. The data presented here
reveal a novel requirement for ATG3 translation, helping us to
understand the complexity of this fundamental process.
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Prompted by recent literature assigning novel functions to RBPs
with links to metabolic signalling pathways including autophagy
[16,21-23], we here present a high-throughput screen identifying
several RBP candidates with functional effects in autophagy regula-
tion. Our screen not only sheds light on novel regulatory mecha-
nisms of autophagy regulation, but also provides a strong resource
for the research community. A top candidate from this screen was
the highly conserved translation factor, elF5A, found to positively
impact autophagy. Specifically, we show that elFSA is a limiting
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Figure 5. Regulation of autophagy by elF5A is mediated via ATG3 translation.

A

Western blotting of ATG3 protein levels in HEK 293 and MCF-7 cells (left) and qRT-PCR of ATG3 mRNA levels from MCF-7 cells (right) after 72-h transfection with cntrl
and elF5A siRNAs. For the Western blot, a representative experiment is shown (n = 3). Quantifications of ATG3 intensity relative to Vinculin are shown below the
Western blot (ImageJ software). For the qRT-PCR, data shown are mean + SD (n = 3).

Analysis of newly synthesized ATG3 levels upon depletion of elF5A. Pulse-labelling and coupling of newly synthesized proteins to biotin followed by streptavidin pull-
down and Western blotting; 1 and 2 indicate replicate samples from one experiment. A representative experiment is shown (n = 3). The asterisk indicates a
nonspecific band.

Western blot of HEK 293 cells transfected with pLVX-empty or pLVX-ATG3 constructs together with indicated siRNAs for 72 h. All samples were treated with
doxycycline for 72 h to induce pLVX expression. A representative experiment is shown (n = 3). The asterisk indicates a nonspecific band.

Schematic of ATG3-mCherry WT and mutant constructs.

Western blot of HEK 293 cells transfected with indicated siRNAs for 72 h. For the last 48 h, cells were transfected with indicated ATG3-mCherry constructs from (D).
ATG3-mCherry is detected with anti-mCherry Ab. A representative experiment is shown (n = 3), and the full-length ATG3-mCherry band intensity (lower band) is
quantified relative to Vinculin and shown below the figure (Imagej software).

HEK 293 cells transfected as described in (E), fixed and imaged for automated quantification of cytoplasmic mCherry fluorescence. Percentage of mCherry positive
cells was defined based on arbitrary fluorescent intensity cut-offs. Data show the mean fluorescent signal + SEM relative to control from three independent
experiments. Student’s t-test: ns P > 0.05, ***P < 0.001.

Source data are available online for this figure.
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association with ribosomes is enhanced upon autophagy induction.

factor for lipidation of LC3B and its mammalian paralogs GABARAP
and GATE-16, and hence required for proper autophagosome forma-
tion. Our proteomics approach elucidated the key finding that the
translation of the E2-like enzyme ATG3, a crucial factor in
autophagosome formation [11,59,60], is hyperdependent on elF5A.
Indeed, it is known that depletion of ATG3 blocks accumulation of
LC3B puncta and renders cells incapable of forming lipidated LC3B
(LC3B-II). Moreover, it has previously been shown that Atg3 KO
mice display hampered membrane elongation and closure, resulting
both in malformation and reduced number of autophagosomes
[11,60]. Likewise, mutation of Atg3 in yeast results in inefficient
expansion of the isolation membrane and leads to the formation of
smaller autophagosomes [59]. Our own observations strongly
support these findings by establishing that eIFSA depletion and
thereby reduced ATG3 translation not only inhibits lipidation of
LC3B and its paralogs and decreases autophagosome number, but
also causes a reduction in autophagosome size, as revealed by elec-
tron microscopy experiments. In addition, the increase in ATG16L1
puncta seen upon elF5A depletion suggests the accumulation of pre-
autophagosomal intermediate structures, similar to what has been
previously observed upon ATG3 depletion [11,60]. Indeed, the
Atgl2-Atg5-AtgloL complex is localized on the isolation membrane
during elongation, but disassociates again before completion of
mature autophagosomes [44]. While we observe lipidation pheno-
types in a panel of mammalian cells, including human and mouse
normal and cancer cell lines, we additionally find that depletion of
the elFSA homolog iff-2 in C. elegans decreases the number of GFP::
LGG-1 puncta in the body-wall muscle and terminal pharyngeal
bulb. Thus, although it is important to acknowledge the likely role
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of eIF5A in several cellular processes, our data strongly advocate for
the evolutionary conservation, and thus broad functional impor-
tance, of this newly described role for elF5A.

elF5A has mainly been studied as a somewhat inert regulator of
translation, and to our knowledge, little is known concerning the
dynamics of eIFSA function or for instance whether it displays dif-
ferential expression, activity and/or subcellular localization during
conditions of cellular stress. One study showed that eIFSA contri-
butes to stress granule assembly and that it differentially modulates
translation in the absence or presence of arsenite-induced stress
[53]. Interestingly, while mTORCI inhibition via starvation or
Torin-1 treatment did not affect el[FSA expression levels, we
observed an increase of eIF5A in ribosome-enriched fractions and
increased elF5A-mediated retrieval of ribosomal proteins and rRNA
under these conditions. The reason for this enhanced association is
unknown and will require further investigation. This result under-
scores the physiological relevance of our findings and leads us to
propose a model in which eIF5A displays increased binding to ribo-
somes under conditions of autophagy induction where it is needed
to assist the translation likely of several proteins including ATG3.
Whether this enhanced ribosomal binding could result from an
active recruitment or increased stabilization of eIlF5A remains
unknown. The increased production of ATG3 protein resulting from
this in turn mediates a positive regulation of the autophagy response
via increased lipidation of Atg8 family proteins, enabling efficient
autophagosome formation (Fig 6).

elF5A has been proposed to play an essential role in facilitating
slow or difficult reactions encountered at the ribosome peptidyl-
transferase centre during translation [27,36,61]. Notably, its
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hypusination stabilizes the association of eI[FSA with the ribosome
[47-49] and has been ascribed a key role in eI[F5A-mediated transla-
tion [26,27,30,31]. Moreover, elF5A is proposed to be particularly
critical for the translation of poor ribosome substrates or geometri-
cally challenging amino acid motifs [30,31]. Interestingly, we found
that inhibition of e[F5A hypusination by K50 mutation or GC7 treat-
ment effectively impaired the induction of GFP-LC3B puncta medi-
ated by elF5A overexpression. Moreover, the LC3B lipidation defect
was efficiently rescued by WT elF5A but not by its hypusination-
defective mutant. Hence, in contrast to previous indications [62],
these findings collectively suggest the importance of this highly
unique post-translational modification. Remarkably, spermidine,
which is the donor for hypusination, is also well characterized as an
autophagy inducer [63]. Yet, it remains unknown whether sper-
midine-induced autophagy can, to some extent, be attributed to acti-
vation of eIF5A via hypusination. Working in Drosophila, Patel et al
[64] hypothesized a role for elFSA and the deoxyhypusine hydrolase
homolog nero in autophagy. In contrast to our data in mammalian
cell lines and C. elegans, loss of eIF5A or lack of its hypusination in
larvae resulted in the appearance of Atg8-positive structures perhaps
indicating stress induction. However, mechanistic aspects of these
findings remain unclear.

In agreement with previous studies from both yeast and human
cells [52-54], we did not detect noticeable effects of e[FSA depletion
on global translation in our cellular system, supporting the idea that
elF5A is less important for general protein synthesis, and instead
required for more specific translation of a subset of mRNAs. One
defining characteristic of such mRNAs is the amino acid stretches
they encode. Indeed, initial functional studies of yeast eIF5A and its
bacterial ortholog EF-P focused on hard-to-translate poly-proline
stretches, which were shown to cause ribosome stalling in the
absence of eIFSA/EF-P [27,32,33]. Two recent studies, utilizing
transcriptome-wide ribosome profiling and 5’-phosphorylated RNA
sequencing, suggest that there are, at least in yeast, several addi-
tional elF5A-dependent motifs [37,38]. In fact, among 29 identified
tripeptide pause motifs, 18 do not contain more than one proline,
and four (DVG, DDG, GGT, RDK) are completely devoid of proline
[37]. Since the details of elFSA function in translation have not
been fully addressed in mammalian cells, the importance of poly-
prolines for elF5A function in mammals remains unknown. Surpris-
ingly, our study shows that while four consecutive prolines in the
sequence of ATG3 had little or no effect on ATG3 regulation by
elF5A, mutation of a motif devoid of prolines, DDG, clearly reduced
the sensitivity of ATG3 to eIFSA depletion. Interestingly, poly-
proline enrichment was neither found among total proteome
changes occurring in HeLa cells after knockdown of elF5A [52] nor
in our own nascent proteomics data (not shown). Undoubtedly,
future efforts including in-depth ribosome profiling analysis in
mammalian cells will help us to unravel these mechanistic details
further. While the DDG muotif is not fully conserved in C. elegans
Atg3, there are two additional potential elFSA-sensitive tripeptide
motifs present the C. elegans Atg3 homolog. Thus, it is possible that
iff-2 acts via an another motif or an alternative mechanism to affect
autophagy in C. elegans.

While the vast majority of studies exploring core autophagy regu-
lation via ATG proteins has focused mainly on their molecular
actions, less attention has been given to mechanisms ensuring their
adequate levels of production. More elaborate insight has been
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obtained with regard to transcriptional control of ATG transcripts
[57,65-67], though only a small handful of studies have addressed
aspects of translational regulation of ATG proteins [17,68]. Impor-
tantly, the highly dynamic nature of autophagy, its importance in
stress response and the potentially detrimental consequences of its
dysregulation all underscore the necessity for its tightly coordinated
control at multiple levels. Our findings highlight novel insight
towards the translational requirements for LC3B lipidation and
autophagosome formation.

Materials and Methods
Oligonucleotides, plasmids and cloning

Oligonucleotides and plasmids used in the study are listed in
Table EV1. Plasmids: pLVX_eIFSA_WT and pLVX_GFP_elFSA were
constructed with In-Fusion HD Cloning Kit (Clontech), as described
by the manufacturer, using primers listed in Table EV1 and a
pCEFL-GFP-elF5A [69] plasmid as a template. pLVX_elFSA_KS0A
was generated using the QuickChange II XL Site-Directed Mutagene-
sis Kit (Promega) according to the manufacturers’ protocol and
mutagenesis primers listed in Table EV1. pLVX_ATG3 was gener-
ated with In-Fusion HD Cloning Kit (Clontech), as described by the
manufacturer, using primers listed in Table EV1 and mCherry-
ATG3-N-18 plasmid as a template. ATG3_mCherry_ MUTI1 and
ATG3_mCherry_MUT2 were generated by site-directed mutagenesis
with oligonucleotides listed in Table EV1, using mCherry-ATG3-N-
18 as a template. Mutagenesis was conducted using QuickChange II
XL Site-Directed Mutagenesis Kit (Promega) according to the manu-
facturers’ protocol, or by an analogous in-house approach using
CloneAmp PCR amplification (Clontech) and Dpnl digestion (NEB).
pLVX-GFP-3XFLAG was constructed by fusing a triple FLAG tag to
the C-terminus of eGFP using In-Fusion HD Cloning Kit (Clontech).

Sequences of all generated constructs were confirmed by Sanger
sequencing.

Cell culture, transfections, lentiviral transduction
and treatments

MCF-7 GFP-LC3B [40] were propagated in RPMI 1640 (Invitrogen)
supplemented with 6% foetal bovine serum (FBS), 100 U/ml peni-
cillin and 100 mg/ml streptomycin (P/S). HEK 293, HeLa, BJ and
MEF were propagated in DMEM supplemented with 10% FBS and
P/S. The screen and all follow-up experiments were performed in
MCEF-7 GFP-LC3B cells unless otherwise indicated. HEK 293 cells
were used for plasmid transfections due to higher transfection effi-
ciency than MCF-7 GFP-LC3B. Stable MCF-7 GFP-LC3B cells
expressing doxycycline-inducible elFSA WT or elFSA K50A or
ATG3, as well as MCF-7 GFP-eIF5A and MCF-7 GFP-3xFLAG cells,
were generated by lentiviral transduction as follows: HEK cells were
transfected with relevant pLVX constructs together with pAX8
(packaging) and pCMV-VSVG (envelope) plasmids, and virus-
containing supernatants were harvested after 24 h. Supernatants
were filtered through a 0.45 pm filter, supplemented with 8 pg/ml
polybrene (Sigma) and added to pre-seeded target cells. Puromycin
selection (2 pg/ml) was initiated 24 h after virus infection. For
Fig EV5B, SQSTM1/p62 and control siRNAs were purchased from
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Sigma and were transfected at 50 nM and re-transfected 48 h later.
All other siRNAs were Silencer Select chemistry (Thermo Fisher
Scientific), and transfections were performed with 10 nM (except
for primary screens which used 5 nM siRNA) using Lipofectamine
2000 or RNAi max (Invitrogen) as transfection reagents according to
manufacturer’s protocol. Treatment concentrations are as follows:
Doxycycline 100 ng/ml, GC7 100 pM, Torin-1 250 nM, Bafilomycin
A1l 100 nM. For starvation cells were treated with Hank’s balanced
salt solution (HBBS). ATG5 WT and CRISPR KO HeLa cells were
generated by lentiviral transduction using previously described NTC
and ATGS CRISPR constructs [70].

Antibodies and Western blotting

Unless otherwise indicated, cells were lysed in radioimmune precip-
itation buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris—HCl, pH 8, 2 mM EDTA)
containing 1 mM dithiothreitol, 1 mM Pefabloc (Roche Applied
Science), Complete Mini Protease Inhibitor Cocktail (Roche Applied
Science) and Phosphatase Inhibitor Cocktail (Roche Applied
Science). Protein was separated on a 4-12% NuPAGE Bis-Tris gel
or a 16% Tris-Glycine gel and transferred to a nitrocellulose
membrane or polyvinylidene difluoride membrane. Primary anti-
bodies used are as follows: LC3B (nanotools, 1:200) (LC3B CST,
1:1,000), GABARAP (Abgent 1:1,000), GATE-16 (MBL, 1:1,000),
ATG3 (Sigma, 1:500), Vinculin (Sigma, 1:100,000), GAPDH (San-
tacruz, 1:20,000), eIFSA (Santacruz, 1:500), Lamin Al (Santacruz,
1:1,000), histone H3 (Abcam 1:10,000), p62 (MBL, 1:5,000), RFP/
Cherry (Rockland, 1:6,000), p-mTOR (Ser 2448) (CST, 1:1,000),
mTOR (Cell signaling, 1:1,000), RPL23A (Abcam, 1:50,000), RPS6
(CST, 1:1,000), RPL10A (Santacruz, 1:2,000), Hypusine (Merck
Millipore 1:5,000). For cellular fractionations, the Nuclei EZ lysis
buffer (Sigma) was used according to manufacturer’s instructions.

qRT-PCR analysis

Total RNA from transfected cells was isolated using Trizol reagent
(Invitrogen). qRT-PCR was performed using the Fast SYBR Green
PCR Master Mix (Applied Biosystems). Primer sequences for genes
of interest and housekeeping genes are shown in Table EV1.

High-throughput siRNA screen

RNAi screen was performed using a custom-designed Silencer®
Select siRNAs (Thermo Fisher Scientific) library designed to target
1,530 predicted RBPs chosen by compiling data from three recent
studies [22,41,42]. MCF-7 GFP-LC3B cells were reverse transfected
with 5 nM siRNA for 72 h in 384-well format, and each RBP was
targeted by three independent siRNAs. For the last 2 h prior to fixa-
tion, cells were either left untreated or treated with 250 nM Torin-1.
Cells were then fixed in 3.7% formaldehyde, and nuclei were
stained with Hoechst (33342, Thermo Fisher Scientific). Liquid
handling was performed using the a Microlab STARIet liquid hand-
ling workstation (Hamilton Robotics). Image acquisition was done
using an InCell2200 automated microscope equipped with a 20x%
Nikon objective (GE Healthcare). Ten pictures were taken per well
(counting > 1,500 cells per well) and analysed using the InCell
Analyzer Workstation 3.7.3 software (GE Healthcare). Nuclei were
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segmented based on the Hoechst signal, and cells were segmented
from the GFP channel. Cells with more than either 5 (untreated
screen) or 10 (treated screen) GFP-LC3B puncta were considered
GFP-LC3B puncta-positive cells. Statistical analysis was performed
with a previously described statistical pipeline [71] utilizing Redun-
dant siRNA Activity (RSA) analysis for hit scoring [43]. RSA
assigned P-values (LogP) per gene were based on the score of indi-
vidual siRNAs, which was derived from the percentage of puncta-
positive cells (signal), normalized to median plate intensity
(Dataset EV1). siRNAs targeting the known autophagy regulators,
Raptor and Beclin-1, were used to define thresholds in the analysis.
Hits altering cell number by more than 2SD were excluded from
further analysis, and the following cut-off was used to extract the
most significantly changed candidates: Score +1.5 relative to
control siRNAs and LogP < —1.0 if all three siRNA scoring, or
LogP < —1.5 if 2 siRNA scoring. Following this initial selection, a
multi-factor manual curation was performed based on LogP values,
the degree of puncta deregulation, number of scoring siRNAs,
RNA-binding potential and subcellular localization. Validation
screens were performed essentially as described above, but scaled
up to 96-well format and using 10 nM siRNA. For each of the 23
hits, two best of three siRNAs were used and siRNA sequences are
listed in Table EV1.

Newly synthesized protein analysis

Newly synthesized protein labelling—liquid chromatography—-mass
spectrometry (LC-MS) analysis

Capture of newly synthesized proteins was carried out using the
Click-iT® Protein Enrichment Kit (Thermo Fisher Scientific,
C10416). MCF-7 GFP-LC3B cells were transfected with control and
elFSA siRNAs for 72 h, and methionine-free media supplemented
with Click-iT® AHA (L-azidohomoalanine) (or no AHA for mock
sample) was added for the last 2 h at a final concentration of 40 M
to label freshly made proteins. The experiment was performed in
three biological replicates. The cells were lysed and labelled proteins
were enriched according to the manufacturer’s protocol. Tryptic
peptides were identified by LC-MS using an EASY-nLC 1000
(Thermo Scientific) coupled to a Q Exactive HF (Thermo Scientific)
equipped with a nanoelectrospray ion source. Peptides were sepa-
rated on an in-house packed column of ReproSil-Pur C;5-AQ, 3 pm
resin (Dr Maisch, GmbH) using a 120-min gradient of solvent A
(0.5% acetic acid) and solvent B (80% acetonitrile in 0.5% acetic
acid) and a flow of 250 nl/min. The mass spectrometer was oper-
ated in positive ion mode with a top 12 data-dependent acquisition,
a resolution of 60,000 (at 400 m/z), a scan range of 300-1,700 m/z
and an AGC target of 3e6 for the MS survey. MS/MS was performed
at a scan range of 200-2,000 m/z using a resolution of 30,000 (at
400 m/z), an AGC target of 1e5, an intensity threshold of 1e5 and
an isolation window of 1.2 m/z. Further parameters included an
exclusion time of 45 s and a maximum injection time for survey and
MS/MS of 15 and 45 ms, respectively.

The raw files obtained from LC-MS were processed using the
MaxQuant software [72] version 1.5.3.30 which facilitates both
protein identification and quantification. Peak lists were searched
against the human UniProt database version 2016.08 using the
Andromeda search engine incorporated in MaxQuant with a
tolerance level of 7 ppm for MS and 20 ppm for MS/MS. In
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group-specific parameters, trypsin was chosen as digestion enzyme
with max 2 missed cleavages allowed. Variable modifications
included methionine oxidation, protein N-terminal acetylation,
deamidation of asparagine and glutamine and the box “Re-quantify”
was checked. In global parameters, carbamidomethylation of
cysteine was set as fixed modification, minimum peptide length was
set to 7, and the box match between runs was checked with a match
time window of 0.7 min and an alignment time window of 20 min.
For protein and peptide identification, the FDR was set to 1% based
on the target-decoy approach and protein quantifications were
based on a minimum ratio count of 2 using both unmodified and
proteins modified with the variable modifications mentioned above
for quantification.

Individual peptide intensity values were normalized to sum of
peptide intensities per sample to correct for minor differences in
amounts of loaded material. Statistical analysis was conducted in R
using samr package (“Two class unpaired”, nperms = 1,000). Only
proteins detected with at least 2 unique peptides in each replicate of
cntrl si or eIF5A si, and with median total peptide intensity fivefold
above the mock sample were used in the analysis (Fig 4C). Fold
change values of median peptide intensities were calculated for
three replicates, and pseudo intensity counts of 1 were added for
median values equal to zero. Significantly deregulated hits upon
elFSA depletion were selected based on P-value < 0.1 and fold
change +1.5 relative to the control sample. A subset hits downregu-
lated by eIFSA was further merged with RNA-seq data to discard
genes significantly deregulated upon eIFSA depletion (FDR < 0.05).
A set of 211 translationally downregulated genes was then merged
with 468 proteins associated with the “autophagy” gene ontology
term extracted for AmiGo2 (geneontology.org) [73]. This filtering
step resulted in identification of nine proteins, of which translation
is potentially elF5A-dependent.

Nascent protein labelling—biotin pull-down/Western blotting analysis

Validations of the LC-MS results of newly synthesized proteins were
carried out by Western blotting analysis. MCF-7 GFP-LC3B stably
overexpressing ATG3 protein upon doxycycline induction were used
in order to increase the pull-down efficiency of freshly translated
ATG3. Cells were cultured on 15-cm” dishes and subjected to 72-h
transfection using control and eIF5A siRNAs. Expression of ATG3
was induced for 24 h by doxycycline (400 ng/ml), and proteins
were labelled with Click-iT® AHA in methionine-free medium for
4 h prior to harvesting. Click-iT® Protein Reaction Buffer Kit
(Thermo Fisher Scientific, C10276) and biotin alkyne (Thermo
Fisher Scientific, B10185) were used to label protein according to
the manufacturer. Cell pellets were resuspended in 300 pl of lysis
buffer (50 mM Tris-HCl pH 8.0, 1% SDS) in the presence of
protease inhibitors (Roche) and incubated 10 min on ice. Cell
lysates were sonicated using Branson sonicator (3 x 10s, 10%
amplitude) and centrifuged at 15,000 g, at 4°C for 10 min. At least
200 pg of total protein was labelled and precipitated according to
the manufacturer. Two labelling reactions were carried out for each
sample to increase the final outcome. Proteins were resuspended in
50 pl lysis buffer by shaking at 1,200 rpm for 10 min at 30°C in the
presence of protease inhibitors, and two labelling reactions were
pooled. Sample volumes were adjusted to 1 ml with Tris-HCl pH
8.0 (final conc. 50 mM Tris-HCI, 0.1% SDS), incubated for 10 min
at 30°C and centrifuged at 15,000 g at 25°C for 5 min to remove
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undissolved material. Supernatants were incubated with 100 pl of
Dynabeads™ MyOne™ Streptavidin C1 beads on a wheel rotator for
60 min at room temperature. After five washes with 1 ml of 50 mM
Tris—HCl/0.1% SDS buffer proteins were eluted in 1.5x NuPAGE
SDS sample buffer containing 20 mM DTT and analysed by Western
blotting.

Library construction, sequencing and data treatment

Total RNA from three biological replicates was purified, and
libraries were built using the Illumina TruSeq kit (RPHMR12126)
according to the manufacturer’s protocol. The quality and quantity
of the library were assessed by the 2100 expert Bioanalyzer (Agi-
lent), by Qubit 2.0 fluorometer (Invitrogen) and by ABI StepOnePlus
Real-Time PCR. The libraries were sequenced on the Illumina
NextSeq500 platform to generate 50-nt-long reads using single-end.
Raw RNA-seq data were subjected to quality control filters applying
threshold of Phred (quality) > 25. Prior to mapping, Illumina adap-
ters were removed and the reads were trimmed using cutadapt.
Read mapping was performed with bowtie2 [74] (version: 2.2.4,
using flag: —very-sensitive-local) using the human genome version
19 (hgl9). Counting of reads was performed using Bam files in
HTSeq (using gencode hgl9 gene annotations). Read counts
were analysed by DESeq2 [75] using default parameters in R
environment.

OPP protein synthesis assay

Effects of eIFSA knockdown on global protein synthesis were
assessed using the Click-iT™ Plus OPP Alexa Fluor™ 488 Protein
Synthesis Assay Kit (C10428 Thermo Fisher Scientific) according
to manufacturer’s instructions. In brief, MCF-7 eGFP-LC3B cells
were reverse transfected for 72 h and treated with 20 uM Click-it
OPP for 30 min prior to fixation in 3.7% formaldehyde and
permeabilization in 0.5% Triton X-100. Click-it reaction was
performed using Alexa fluor 488 according to manufacturer’s
instructions and nuclei were stained with Hoechst. Image acquisi-
tion was done using an InCell2200 automated microscope
equipped with a 20x Nikon objective (GE Healthcare). Six
pictures were taken per well (counting > 1,500 cells per well)
and fluorescent quantification and analysis was done using the
InCell Analyzer Workstation 3.7.3 software (GE Healthcare).
Cycloheximide treatment was for 5 min (100 pg/ml).

Analysis of ribosome-associated elF5A

Ribosome purification through 10% sucrose cushion by
ultracentrifugation

MCF-7 cells were left untreated or treated with Torin-1 (250 nM)
or starved in Hank’s balanced salt solution (HBBS) for 2 h.
Cycloheximide was added to media for 3 min at final concentra-
tion 100 pg/ul. Cells were washed with ice-cold PBS containing
cycloheximide and collected by centrifugation for 5 min at 300 g.
Cell pellets were resuspended in 300 pl of lysis buffer containing
20 mM HEPES pH 7.4, 100 mM KOAc, 5 mM Mg(OAc),, 2 mM
DTT, 0.5% Triton X-100, 0.25 mM spermine, 100 pg/ml cyclo-
heximide, protease inhibitors (Roche, without EDTA) and RNase
inhibitors (NEB). After 5-min incubation on ice followed by
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gentle pipetting, the samples were centrifuged for 10 min at
16,000 g at 4°C. Concentrations of lysates were adjusted based
on A260/A280 measurements. Input samples were collected, and
250 pl of the remaining lysate was layered on a 250 pul 10%
sucrose cushion prepared in same buffer as above but excluding
Triton X-100. Samples were spun at 287,582 g (90,000 rpm, TLA
120.2 rotor) for 30 min at 4°C. Pellets were washed by addition
and subsequent removal of lysis buffer without Triton X-100.
Pellets were resuspended in 40 ul of 1.5x NuPAGE sample load-
ing buffer containing 10 mM TCEP and analysed by Western
blotting.

Co-immunoprecipitation (co-IP) of GFP-elF5A

MCF-7 cells stably expressing GFP-eIF5A or a control GFP-3XFLAG
construct were used in the co-immunoprecipitate experiment. The
cells were either left untreated (GFP-3xFLAG or “Untreated”
control) or treated as it is explained in the above section. Cell
lysates were prepared and clarified as for the cushion experiment.
Input samples were collected, and 850 pl of the remaining lysates
was used for co-IP of elFSA. The lysates were incubated with 10 pl
slurry of magnetic agarose GFP-Trap beads (Chromotek) for 90 min
at 4°C. After washing steps in the lysis buffer, elution of protein
material was performed with 25 ul of 1.5x NuPAGE loading buffer
supplemented with TCEP. Inputs (10 pl) and eluates (20 pl) were
analysed by Western blotting. For isolation of co-purified RNA, stan-
dard Trizol-based purification was performed and samples subjected
to qRT-PCR analysis.

GFP-LC3B and ATG16L1 puncta quantification

For GFP-LC3B puncta analysis, MCF-7 GFP-LC3B cells were reverse
transfected in 96-well plates with indicated siRNAs for 72 h. For the
last 2 h prior to fixation, cells were either left untreated or treated
with 250 nM Torin-1 or 100 nM Bafilomycin Al. Cells were fixed in
4% formaldehyde and nuclei were stained with Hoechst (33342,
Thermo Fisher Scientific). Image acquisition and analysis was
automated and done essentially as described above for the high-
throughput screen. Cells with more than 10 GFP-LC3B puncta were
considered GFP-LC3 puncta-positive cells. For ATG16L1 puncta,
cells were additionally stained with the ATG16L1 Ab (PM040 MBL,
1:200) and puncta analysis was performed similarly to GFP-LC3B
puncta, defining ATG16L1 puncta-positive cells as those containing
more than 5 puncta per cell.

C. elegans maintenance and RNAi

Caenorhabditis elegans strain DA2123 (adls2122(gfp::lgg-1 + rol-6])
[45] was maintained and cultured under standard conditions at
20°C on the standard Escherichia coli strain OP50 [76].

Gene inactivation was achieved by feeding C. elegans with E. coli
strain HT115 expressing dsRNA targeting iff-2 or the empty vector
(L4440) for control. The iff-2 RNAi clone was obtained from the
Ahringer RNAI library [77], and the empty vector (L4440) is from
Dr. Andrew Fire. The iff-2 RNAIi clone was verified by sequencing.
For RNAi experiments, HT115 bacteria were grown in LB liquid
culture medium containing 0.1 mg/ml carbenicillin (Carb; BioPio-
neer), and 80-ul aliquots of bacterial suspension were spotted onto
6-cm Nematode Growth Medium (NGM)/Carb plates. Bacteria were
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allowed to grow for 1-2 days. For induction of dsRNA expression,
80 ul of a solution containing 0.1 M IPTG (Promega) and 50 pg/ml
Carb was placed directly onto the lawn. C. elegans eggs were manu-
ally transferred onto NGM/Carb plates seeded with dsRNA-expres-
sing or control bacteria. To increase the efficacy of the gene
inactivation of iff-2, animals were kept on RNAi plates for 2-4
generations, depending on strength of phenotype. Specifically,
newly laid eggs were again manually transferred onto NGM/Carb
plates seeded with dsRNA-expressing or control bacteria. To con-
firm the efficacy of the iff-2 RNAi animals were analysed for reduced
brood size. The iff-2(RNAi) animals that had a reduction in progeny
production of about 50-75% were used for subsequent experiments.
RNAI efficacy was variable between independent experiments and
was achieved after 2—4 generations of growth on dsRNA-expressing
bacteria.

Quantification of GFP::LGG-1 puncta in C. elegans

Caenorhabditis elegans were mounted live on a 2% agarose
pad in M9 medium containing 0.1% NaN; and imaged using
Zeiss Imager Z1 including apotome.2 at 100x magnification with
a Hamamatsu orca flash 4LT camera and Zen 2.3 software. For
image acquisition, the Z-position was selected as follows: visible
body-wall muscle striation, visible intestinal nuclei and visible
lumen of the terminal pharyngeal bulb. Puncta were quantified
from images as follows: for body-wall muscle, punctae in one
1,000 um? area per 0.6-um slice per animal; for the intestine, the
number of punctae per cell per 0.6-um slice (2-3 intestinal cells
visible per animal); and for the pharynx, the number of punctae
in the terminal pharyngeal bulb. Data were collected in four
biological replicates, and the total number of animals analysed is
denoted in the figure legend.

Transmission electron microscopy

MCF-7 GFP-LC3B cells were transfected for 72 h and fixed in 2% v/v
glutaraldehyde in 0.05 M sodium phosphate buffer (pH 7.2) for
24 h. Samples were rinsed three times in 0.15 M sodium cacodylate
buffer (pH 7.2) and subsequently post-fixed in 1% w/v OsO, in
0.12 M sodium cacodylate buffer (pH 7.2) for 2 h. The specimens
were dehydrated in a graded series of ethanol, transferred to propy-
lene oxide and embedded in Epon according to standard procedures.
Sections, B80-nm thick, were cut with a Reichert-Jung Ultracut E
microtome and collected on copper grids with Formvar supporting
membranes. Sections were stained with uranyl acetate and lead
citrate. Imaging was done on a Phillips CM 100 BioTWIN transmis-
sion electron microscope. The number of mature autophagosomes
per cytoplasmic area was quantified counting 30-35 cells per sample
and assessed by size by determining diameter length and classifying
autophagosomes as small (diameter < 300 nm) or large (diame-
ter > 300 nm).

Statistical analysis
All statistical analysis was performed on at least three independent
replicates. Unless otherwise mentioned, results are shown as

mean + SD or mean + SEM and statistical significance was deter-
mined by a two-tailed Student’s t-test for two group comparison.
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Significance in all figures is indicated as follows: ns P > 0.05,
*P < 0.05, **P < 0.01, ***P < 0.001.

Data availability

Raw data for the RNA-seq are deposited to GEO (GSE104604). Raw
data for proteomics experiments are deposited to PRIDE ProteomeX-
change (PXD008874).

Expanded View for this article is available online.
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