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Methods: SUMOylation was evaluated using in vitro SUMOylation assays, Histidine-
tagged proteins purification from His6-SUMO?2 transfected cells, and isolation

of endogenously SUMQylated proteins using SUMO-binding entities (SUBES). Mutants
were engineered by site-directed mutagenesis. Protein stability was measured

by a cycloheximide chase assay. Protein localization was determined using immuno-
fluorescence and cellular fractionation assays. The ability of elF5A1 constructs to com-
plement the growth of Saccharomyces cerevisiae strains harboring thermosensitive
mutants of a yeast £/F5A homolog gene (HYP2) was analyzed. The polysome profile
and the formation of stress granules in cells expressing Pab1-GFP (a stress granule
marker) by immunofluorescence were determined in yeast cells subjected to heat
shock. Cell growth and migration of pancreatic ductal adenocarcinoma PANC-1 cells
overexpressing different elF5A1 constructs were evaluated using crystal violet staining
and transwell inserts, respectively. Statistical analysis was performed with GraphPad
Software, using unpaired Student’s t-test, or one-way or two-way analysis of variance
(ANOVA).

Results: We found that elF5A is modified by SUMO?2 in vitro, in transfected cells

and under endogenous conditions, revealing its physiological relevance. We identified
several SUMO sites in elF5A and found that SUMOylation modulates both the sta-
bility and the localization of elF5A in mammalian cells. Interestingly, the SUMOyla-
tion of elF5A responds to specific stresses, indicating that it is a requlated process.

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third

party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s11658-024-00533-5&domain=pdf
http://orcid.org/0000-0002-7536-8702
http://orcid.org/0000-0002-8568-2375
http://orcid.org/0000-0002-2727-279X
http://orcid.org/0000-0003-2855-1368
http://orcid.org/0000-0001-7193-2575
http://orcid.org/0000-0002-0105-4583
http://orcid.org/0000-0002-0956-5417
http://orcid.org/0000-0002-0750-8750
http://orcid.org/0009-0005-4520-4802
http://orcid.org/0000-0001-7764-6561
http://orcid.org/0000-0001-5445-4495
http://orcid.org/0000-0002-6551-1827
http://orcid.org/0000-0001-9275-1140
http://orcid.org/0000-0003-3229-793X
http://orcid.org/0000-0002-9663-0669
http://orcid.org/0000-0003-1472-2373
http://orcid.org/0000-0002-2883-7326
http://orcid.org/0000-0003-4931-1494
http://orcid.org/0000-0002-0518-7199

Seoane et al. Cellular & Molecular Biology Letters (2024) 29:15 Page 2 of 29

SUMOylation of elF5A is conserved in yeast, the elF5A SUMOylation mutants are
unable to completely suppress the defects of HYP2 mutants, and SUMOylation of elF5A
is important for both stress granules formation and disassembly of polysomes induced
by heat-shock. Moreover, mutation of the SUMQylation sites in elF5A abolishes its
promigratory and proproliferative activities in PANC-1 cells.

Conclusions: SUMO?2 conjugation to elF5A is a stress-induced response impli-
cated in the adaptation of yeast cells to heat-shock stress and required to promote
the growth and migration of pancreatic ductal adenocarcinoma cells.

Keywords: elF5A, Pancreatic ductal adenocarcinoma, Stress granules, Stress response,
SUMO?2
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Background

The eukaryotic translation initiation factor 5A (eIF5A) is a highly conserved protein
involved in translation elongation, transcription, mRNA turnover, and nucleocy-
toplasmic transport [1-6], and is implicated in different cellular processes includ-
ing immune cell differentiation, development, metabolic regulation, aging, and
ischemic tolerance [7]. In mammals, there are two elF5A isoforms, eIF5A1 and its
highly related eIF5A2. The two human eIF5A forms share 84% sequence identity.
The elF5A1 isoform is constitutively expressed in all tissues, whereas the el[F5A2
protein shows tissue-specific dependency. The protein level of eIF5A2 has been
reported to be too low to be detected in most mammalian cells and tissues [8], but
it is highly expressed in many cancers and it has been proposed as an oncogene
[8—12]. A correlation between increased levels of eI[F5A1 and cancer has also been
reported and both isoforms have been proposed as biomarkers in several human
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cancers, including pancreatic ductal adenocarcinoma [1]. Facilitating resistance of
cancer cells to the stress conditions to which they are usually subjected is among the
multiple proposed functions of eIF5A. Under adverse conditions, eIF5A is involved
in the formation of stress granules (SGs) [2], which are essential structures for the
cellular response to stress. Assembly and disassembly of SGs are modulated by dif-
ferent posttranslational modifications including phosphorylation, ubiquitination,
poly-ADP ribosylation, arginine methylation, NEDDylation, and SUMOylation [12-
18]. eIF5A can also be regulated through different posttranslational modifications
[19, 20]. Conjugation of ubiquitin to eIF5A has been shown to modulate its stabil-
ity and proteasome-mediated degradation [21], and while acetylation inactivates the
protein [22], hypusine modification is essential for eI[F5A-dependent formation of
SGs, eukaryotic cell proliferation [7, 16, 23-25], and Saccharomyces cerevisiae via-
bility [26]. Several proteomic studies have also pointed to eIF5A as a putative stress-
induced SUMOylation target [27-30]. However, whether elF5A is modified by small
ubiquitin-like modifier (SUMO) and what the relevance of this modification is for
elF5A activities are still unknown.

SUMO conjugation or SUMOylation has arisen as a major posttranslational reg-
ulatory process in which one or more SUMO peptides are conjugated to specific
lysine residues on target proteins via an enzymatic process [31]. This modification
process involves the SUMO-activating enzyme SAE1/SAE2, the SUMO-conjugating
enzyme UBC9, and an E3 ligase. SUMOylation is reversible by the action of members
of the SUMO-specific protease (SENP) family. In mammals, there are five different
SUMO isoforms, SUMO1-5. SUMOL1 shares 45% amino acid sequence identity with
SUMO?2 and SUMO3, while those share 96% identity and they are often referred to
as SUMO2/3. SUMO1 and SUMOZ2/3 are ubiquitously expressed whereas SUMO4 is
found in kidney, pancreatic cells, placenta, and immune system [32-34] and SUMO5
is limited to testis and blood cells [35, 36]. The effects of SUMOylation are substrate
dependent. At the molecular level, SUMOylation modulates protein—protein or pro-
tein—nucleic acid interactions, resulting in altered subcellular localization, activity,
or stability. SUMOylation is involved in the regulation of transcription, chromatin
structure, DNA damage repair, immune responses, carcinogenesis, cell cycle pro-
gression, apoptosis, and the stress response, and a deregulation of SUMOylation is
known to contribute to the development of several diseases [30, 37-39].

In this study, we demonstrate that both eIF5A1 and elF5A2 proteins are modi-
fied by SUMO in mammalian cells. SUMOylation of eIF5A1, which does not require
hypusination, modulates its subcellular localization and stability and is regulated by
stress. Importantly, SUMOylation of elF5A is conserved in yeast, the SUMOylation
mutants of elF5A1 are unable to completely rescue the elF5A knockout and show
a partially defective disassembly of polysomes and formation of SGs upon by heat-
shock stress. Moreover, we show that the proproliferative and promigratory activi-
ties of eIF5A on pancreatic ductal adenocarcinoma cells require its SUMOylation.
In summary, here we show that eIF5A SUMOylation has an important impact on
translation inhibition and SGs formation during stress as well as on the proliferative
and migratory capacity of pancreatic cancer cells.
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Materials and methods

Cells and reagents

Human lung adenocarcinoma A549, human pancreatic carcinoma PANC-1, and human
embryonic kidney HEK-293 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine (Sigma-
Aldrich, Madrid, Spain), and 1% penicillin—streptomycin (Sigma-Aldrich). We used
cycloheximide (Sigma-Aldrich) at a final concentration of 100 pg/ml for the indicated
times. PANC-1 cells stably expressing pcDNA, pcDNA-HA—-eIlF5A-WT, pcDNA-
HA-eIF5A-3KR, or pcDNA-HA-eIF5A—-5KR were generated by transfection and selec-
tion with G418 (1500 pg/ml). ML-792 was purchased from MedChemExpress. TAK-243
was purchased from Selleck Chemicals.

Transfection and plasmids

Cells were transfected using polyethylenimine (Polysciences, Hirschberg an der Berg-
strasse, Germany) following the instructions of the manufacturer. pcDNA-His6—
SUMO?2 and pcDNA-UBC9-SV5 expression plasmids have been previously described
[40, 41]. Flag—eIF5A1 and Flag—eIF5A1K50R were kindly provided by Dr. Park (NIDCR,
NIH, USA). For yeast expression experiments, e[F5A1 wild type (WT) or mutant coding
sequences were subcloned first into a pENTR221 vector with a C-terminal Flag6-TEV2—
His10 tag by PCR and then into the 2 p derivative pAG425GPD—ccdB [42] by Gateway
LR Clonase II (ThermoFisher). The plasmids encoding HA-tagged elF5A (HA-elF5A)
or HA-eIF5AK50R were created by subcloning of the elF5A or e[F5AK50R coding
c¢DNA into the pcDNA-HA or pCMV-HA plasmids, respectively. Pabl1-GFP plasmid
was kindly provided by Dr. Roy Parker. We used the QuickChange lightning site-directed
kit (Agilent Technologies, Madrid, Spain), with the primers listed in Table 1, and Flag—
elF5A or HA—elF5A plasmids as a template for the site-directed mutagenesis. All muta-
tions were verified by sequencing.

In vitro SUMOylation assay

For the in vitro transcription/translation of proteins we used a rabbit reticulocyte-cou-
pled transcription/translation system (Promega, Madrid, Spain) and *°S-methionine
or unlabeled (cold) methionine. In vitro translated proteins were subjected to in vitro
SUMOylation assays using recombinant E1 (Biomol, Lausen, Switzerland), UBC9, and
SUMO?2, as previously described [43].

In vitro deSUMOylation assay

We performed an in vitro deSUMOylation assay on eIlF5A1-SUMO2 with recombi-
nant SUMO specific peptidase 1 (GST-SENP1) (Biomol) as described previously [44].
elF5A1-SUMO?2 proteins obtained after in vitro SUMOylation assay were incubated
with GST-SENP1 in 30 ul of reaction buffer containing 50 mM Tris (pH 7.5), 2 mM
MgCl,, and 5 mM beta-mercaptoethanol at 37 °C for 1 h. Reactions were terminated
by adding sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS—PAGE)
loading buffer, boiled for 5 min at 100 °C, analyzed by SDS-PAGE, and detected by
autoradiography.



Seoane et al. Cellular & Molecular Biology Letters (2024) 29:15 Page 5 of 29

Table 1 Oligonucleotides

Oligonucleotide name Sequence

elF5AK27A-F 5’ TGCTCAGCATTACGTGCGAATGGCTTTGTGGTG-3
elF5AK27A-R 5"-CACCACAAAGCCATTCGCACGTAATGCTGAGCA-3”
elF5AK34A-F 5'-GGCTTTGTGGTGCTCGCAGGCCGGCCATGTAAG-3”
elF5AK34A-R 5"-CTTACATGGCCGGCCTGCGAGCACCACCACAAAGCC-3’
elF5AK68A-F 5-ATCTTTACCGGGAAGGCATATGAAGATATCTGC-3"
elF5AK68A-R 5" -GCAGATATCTTCATATGCCTTCCCGGTAAAGAT-3”
elF5AK84A-F 5"-GATGTCCCCAACATCGCAAGGAATGACTTCCAG-3”
elFSAK84A-R 5" -CTGGAAGTCATTCCTTGCGATGTTGGGGACATC-3"
elF5AK126A-F 5" -GGAGATTGAGCAGGCGTACGACTGTGGAGAAGA-3”
elF5SAK27R-F 5’ TGCTCAGCATTACGTCGGAATGGCTTTGTGGTG-3"
elFSAK27R-R 5"-CACCACAAAGCCATTCCGACGTAATGCTGAGCA-3’
elF5SAK34R-F 5" -GGCTTTGTGGTGCTCCGAGGCCGGCCATGTAAG-3’
elF5SAK34R-R 5'-CTTACATGGCCGGCCTCGGAGCACCACCACAAAGCC-3’
elF5AKG8R-F 5"-ATCTTTACCGGGAAGCGATATGAAGATATCTGC-3"
elFSAKG8R-R 5’ -GCAGATATCTTCATATCGCTTCCCGGTAAAGAT-3
elF5SAK84R-F 5"-GATGTCCCCAACATCCGAAGGAATGACTTCCAG-3’
elF5SAK84R-R 5" -CTGGAAGTCATTCCTTCGGATGTTGGGGACATC-3"
elF5SAK126R-F 5" -GGAGATTGAGCAGCGGTACGACTGTGGAGAAGA-3”
elF5AK126R-R 5" TCTTCTCCACAGTCGTACCGCTGCTCAATCTCC-3”
oTL187 5’-ACCTTAGCGATCGCATGTCTGACGAAGAACATACC-3’
OTL188 5"-ACCTTAACGCGTATCGGTTCTAGCAGCTTCC-3”

Protein analysis and antibodies

Mammalian cells were scrapped in SDS—-PAGE loading buffer and boiled for 5 min at
100 °C. Once the proteins were separated using SDS—-PAGE, they were transferred to
a 0.45 pm nitrocellulose membrane.

For analysis of the yeast proteins by western blot, cells were grown to exponential
phase (OD600=0.35-0.8) in SC-Leu at 25 °C. Cultures were then normalized to an
OD600=0.35 and incubated for an additional 4 h at 37 °C. Cells were then harvested,
washed once in 10% trichloroacetic acid (TCA), and disrupted using glass beads in
10% TCA using a Beadbeater. Precipitates were collected by centrifugation, resus-
pended in 2x SDS-sample buffer, and neutralized with 1 M Tris-Base. Samples were
boiled at 99 °C for 5 min, cleared by centrifugation, and separated in 4—20% Tris—gly-
cine gels (Invitrogen, Madrid, Spain).

The primary antibodies used were anti-HA (901513, Biolegend), anti-SUMO2/3
(ab3742, Abcam, Cambridge, UK), anti-eI[F5A (ab32443, Abcam), anti-elF5A2
(17069-1-AP, Proteintech or HPA029090, Sigma-Aldrich), anti-Histidine (MA1-
21315, Invitrogen), anti-GAPDH antibody (sc-32233, Santa Cruz Biotechnology),
anti-Ras (3965S, Cell Signaling), anti-RhoA mouse (sc179, Santa Cruz Biotechnol-
ogy), anti-B-actin (sc4778, Santa Cruz Biotechnology), anti-OctA-Probe (sc166355,
Santa Cruz Biotechnology), and anti-Flag-M2 HRP-conjugated (A8592, Sigma). Anti-
Smt3 antibody was kindly provided by Helle Ulrich (Institut for Molecular Biology,
Mainz) [45]. Anti-hypusine antibody (FabHpu24) was kindly provided by Genentech.
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Immunofluorescence

Cells were fixed in 2% paraformaldehyde/PBS and permeabilized with 0.25% Triton
X-100/PBS in PBS. Nonspecific binding sites were blocked with 2% BSA/PBS and
samples were incubated overnight with primary antibodies. After washing with PBS,
coverslips were incubated with Alexa488-conjugated secondary antibody for 1 h at
room temperature. Nuclei were stained with 4”,6”-diamidino-2-phenylindole (DAPI),
and preparations were mounted with ProLong Diamond antifade Mountant (P36970)

and analyzed using a Confocal Leica microscope.

Nuclear-cytoplasm fractionation
The nuclear and cytoplasmic fractions were isolated using the REAP method as previ-

ously reported [46].

Histidine purification
The purification of His-tagged conjugates was performed using Ni**-NTA agarose

beads, as previously described [47].

Migration assays

Migration was evaluated using Corning transwell inserts with an 8.0 um porous fil-
ter as previously described [48]. Briefly, 1 x 10° cells were resuspended in 200 ul of
serum-free medium and added into the upper chamber while 400 pl of medium sup-
plemented with 10% FBS were added to the lower chamber. At 16 h after incuba-
tion, cells were fixed with 100% methanol and stained with 0.1% crystal violet. After
removing the nonmigrated cells in the upper chamber, we counted the number of

migrated cells by microscopy.

Cell growth assays

Next, 2 x 10° cells were plated in 24-well plates and allowed to grow for the indicated
times. Then, cells were fixed in methanol and stained with 0.1% crystal violet. The dye
was extracted with acetic acid (10%) and then absorbance at 590 nm was measured

using a spectrophotometer.

Yeast strains and viability assays

All S. cerevisiae strains employed are described in Table 2. PAY717, PAY723, and
PAY725 strains were as previously described [49]. For viability assays, wild-type or
temperature sensitive strains transformed with pAG425GDP-ccdB derivatives encod-
ing various human eIF5A variants were streaked onto SC-Leu plates and incubated
at either 25 °C (permissive) or 37 °C (restrictive) for 72 h. They were then imaged in a
GelDoc documentation system with a 0.5 s exposure (Bio-Rad).

Polysome analysis

Yeast cells with temperature sensitive eIF5A mutant hyp2-1 were transformed with
different alleles of Histidine- and Flag-tagged human eIF5A1 in a pAG425GPD vector
or with the empty vector. Cells were grown in SC—Leu medium at 25 °C until early
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Table 2 Yeast strains

Strain Genotype Source
PAY717 MATa hyp2-3 [49]
PAY723 MATa BNIT-HA [49]
PAY725 MATa hyp2-1 BNIT-HA [49]
YTL710 MATa LEU2:pAG425GPD-ccdB This study
YTL718 PAY717 LEU2:pAG425GPD—-ccdB This study
YTL720 PAY717LEU2:pAG425GPD—elfF5a-WT-FTH This study
YTL722 PAY717 LEU2:pAG425GPD—elfF 5a-K50R-FTH This study
YTL724 PAY717 LEU2:pAG425GPD—-elf5a-3KA-FTH This study
YTL726 PAY723 LEU2:pAG425GPD—-ccdB This study
YTL734 PAY725 LEU2:pAG425GPD—-ccdB This study
YTL736 PAY725 LEU2:pAG425GPD—elf5a-WT-FTH This study
YTL738 PAY725 LEU2:pAG425GPD—elfF5a-K50R-FTH This study
YTL740 PAY725 LEU2:pAG425GPD-elF5a-3KA-FTH This study
YTL1393 PAY725 LEU2:pAG425GPD-ccdB URA3:pRS416-PAB1-GFP This study
YTL1396 PAY725 LEU2:pAG425GPD-elF5a-WT-FTH URA3:pRS416-PAB1-GFP This study
YTL1399 PAY725 LEU2:pAG425GPD—elfF5a-K50R-FTH URA3:pRS416—-PAB1-GFP This study
YTL1404 PAY725 LEU2:pAG425GPD—elf5a-3KA-FTH URA3:pRS416-PAB1-GFP This study
YTL1823 PAY725 LEU2:pAG425GPD-elF5a-3KR-FTH This study
YTL1826 PAY725 LEU2:pAG425GPD—elF5a-5KR-FTH This study
YTL1829 PAY717 LEU2:pAG425GPD—-elF5a-3KR-FTH This study
YTL1832 PAY717 LEU2:pAG425GPD-elF5a-5KR-FTH This study
YTL1857 YTL710 LEU2:pAG425GPD—-ccdbURA3:pRS416-PABT-GFP This study
YTL1861 PAY725 LEU2:pAG425GPD—elF5a-5KR—FTH URA3::pRS416-PABT-GFP This study

“ All strains are haploid BY4741 derivatives (MATa his3A1 leu2A0 met15A0 ura3A0)

exponential phase and then incubated at 37 °C for 4 h to deplete endogenous elF5A.
Then, cells were subjected to severe heat-shock stress (46 °C, 30 min). Protein yeast
extracts and gradient fractionation of extracts to analyze polysome profiles were done
as previously described [50].

Stress granules analysis

Yeast cells with temperature sensitive e[F5A mutant hyp2-1 carrying the SG marker
Pabl fused to GFP (Pabl1-GFP) were transformed with different alleles of Flag-tagged
human elF5A in a pAG425GPD vector. Cells were grown in SC-Leu—Ura supplemented
with 100 pg/ml of Adenine at 25 °C until early exponential phase. Then, cells were sub-
jected to a severe heat-shock stress (46 °C, 10 min) and Pabl localization was assessed
using a Leica DM4 microscope. Images were acquired with 100x objective using a Leica
DFC7000T camera and Leica Application Suite X.

Statistical analysis

The analysis was carried out using GraphPad Prism 8 software (GraphPad Software,
San Diego, CA, USA). Comparisons between two groups were performed using a Stu-
dent’s ¢-test. Comparisons between several groups were performed using one- or two-
way analysis of variance (ANOVA) tests. P-values of less than 0.05 were regarded as
significant.
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Results

elF5A protein is modified by SUMO?2 in vitro and in vivo in an hypusination-independent
manner

Proteomic data pointed to elF5A protein as a potential SUMO substrate [27-29].
To verify the SUMOylation of eIF5A, we first evaluated the conjugation of eIF5A1 to
SUMO?2 in vitro. **S-methionine-labeled, in vitro translated human HA—eIF5A1 was
subjected to an in vitro SUMOylation assay in the presence of SUMO2. In the absence of
SUMO?2, HA-eIF5A1 protein was detected as a band of 20 kDa, as expected (Fig. 1A). In
the presence of SUMO2, we detected an additional band corresponding to the expected
molecular weight of the SUMOylated HA-eIF5A1 protein (Fig. 1A). Similarly, a band of
the appropriate size for elF5A1-SUMO protein, that disappeared after incubation with
SENP1, was detected when 2*S-methionine-labeled, in vitro translated untagged elF5A
protein was used as a substrate (Additional file 1: Fig S1). These results indicate that
elF5A1 can be modified by SUMO?2 in vitro. To confirm that the protein can be modified
also in cells, we evaluated the SUMOylation of Flag—eIF5A1 in HEK-293 cells cotrans-
fected with pcDNA or with pcDNA-UBC9 and pcDNA-His6-SUMO2. Western blot
analysis using anti-Flag antibody revealed the appearance of a band of around 20 kDa,
corresponding to Flag—eIF5A1, in those cells cotransfected with pcDNA (Fig. 1B). We
detected an additional 40 kDa band in those cells cotransfected with His6—SUMO?2,
indicating that eIF5A1 protein is modified by SUMO?2 in these cells (Fig. 1B). Similar
experiments carried out using HA—eIF5A1 and His6-SUMO2 confirmed the SUMO2
modification of eIF5A1 in transfected cells (Additional file 1: Fig S2). We then decided
to evaluate the SUMOylation of endogenous eIlF5A1 protein by using SUMO-binding
entities (SUBES), recombinant proteins containing tandem repeats of SUMO interact-
ing motifs (SIMs), thereby allowing purification of SUMO targets under endogenous
physiological conditions [51]. Protein extracts from HEK-293 cells were incubated with
SUBES or GST and the bound proteins were evaluated by Western-blot analysis with
anti-eIF5A1 antibody. As shown in Fig. 1C, we detected the expected band for SUMO
conjugated eIF5A1 protein as well as some higher molecular weight bands that may rep-
resent additional SUMO-modified forms of eIlF5A1 attached to SUBES but not to GST,
indicating that endogenous elF5A1 is SUMOylated in cells without overexpression of
the SUMO machinery. Collectively, these results prove that eIlF5A1 protein is modified
by SUMO2.

The translation factor eI[F5A2 shares 84% amino acid homology with elF5A1 (Fig. 1D).
Therefore, we speculated that eI[F5A2 may be also regulated by SUMO?2. To evaluate
this hypothesis, we carried out both an in vitro SUMOylation assay in the presence of
SUMO?2 using eIF5A2 as a substrate, and a SUMOylation assay with His6—-SUMO2 in
cells. We observed that eI[F5A2 was also modified by SUMO2 in vitro (Fig. 1E) and in
cells (Fig. 1F).

elF5A is the only known protein containing hypusine, an amino acid formed by conju-
gation of the aminobutyl moiety of spermidine to the lysine residue K50 of eIF5A1 (hypu-
sination). It has been proposed that most eIF5A exists predominantly in its hypusinated
form and that this irreversible posttranslational modification is essential for almost all
elF5A activities [52]. To determine whether hypusination modulates SUMOylation, we
first analyzed the SUMOylation of elF5A1 in cells treated or not with the hypusination
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inhibitor GC7. We observed a small increase in the amount of SUMO2-conjugated
elF5A1-W'T protein upon treatment with the hypusination inhibitor GC7 (Additional
file 1: Fig S3). We then analyzed the SUMOylation of the hypusination mutant e[F5A1—
K50R relative to the WT protein in vitro and in cells. The eIlF5A1-K50R mutant was
SUMOylated in vitro similarly to the WT protein (Fig. 1G). HA—eIF5A1-K50R was also
SUMOylated in cells (Fig. 1H). Quantification of the SUMOylated bands revealed that
mutation of the hypusination site slightly increased the amount of SUMOylated protein
in comparison with the WT protein but the differences were not significant (Fig. 1H).
These results indicated that SUMOylation of eIF5A1 can occur in the absence of hypu-
sination. Finally, we decided to evaluate whether the SUMO2-conjugated eIlF5A1 pro-
tein could be hypusinated. For that, we carried out an in vitro SUMOylation assay
with SUMO?2 and using in vitro translated Flag—eIF5A1 protein as a substrate. Then,
in vitro SUMOylation products were analyzed by western blot using anti-hypusine or
anti-Flag antibody. The anti-hypusine antibody recognized the band corresponding to
elF5A1-SUMO?2 protein (Fig. 1I), indicating that eIF5A1 can be both hypusinated and
SUMOylated.

SUMO can conjugate to different residues in elF5A1

In silico analysis of the eI[F5A1 amino acid sequence using the web servers GPS-SUMO
[53] and JASSA [54] as well as previously reported proteomic data [27-29] suggested
that different lysine residues in el[F5A1 such as K27, K34, K39, K67, K68, K85, and K126
can work as SUMO acceptors. Evaluation of single mutants of elF5A1 in each of these
lysine residues did not reveal a reduction in the eI[F5A1 SUMOylation (Fig. 2A). We then
generated mutants of eI[F5A1 with combined mutations and evaluated their SUMOyla-
tion in vitro. We observed that mutation of two lysine residues (K126 and K67, K126 and
K85, or K67 and K85) reduced the SUMOylation of elF5A1 (Fig. 2B, upper panel), and
that mutation of three (K67, K85, and K126, eIF5A1-3KA mutant) or five lysine residues

(See figure on next page.)

Fig. 1 elF5A1 protein is modified by SUMO?2 in vitro and in vivo in an hypusine-independent manner.

A In vitro SUMOylation assay with SUMO2 using **S-methionine labeled in vitro translated HA-elF5A1
protein. B HEK-293 cells were cotransfected with a plasmid encoding Flag—elF5A1 and pcDNA or Flag—
elF5AT, Ubc9, and His6-SUMO2. Thirty-six hours after transfection, total protein extracts (WCE) and proteins
fused to Histidine (His) tag were analyzed by western blot with the indicated antibodies. C SUMOylation

of endogenous elF5A1. SUMOylated proteins purified from HEK-293 cells using SUBES were analyzed by
western blot with anti-elF5A1 or anti-SUMO2 antibody. D Amino acid sequence homology between human
elF5A1 and elF5A2. E In vitro SUMOylation assay using >°S-methionine labeled in vitro translated elF5A2
protein and SUMO2. F HEK-293 cells were co-transfected with Flag—elF5A2 and pcDNA or Flag—elF5A2, UBCY,
and His6-SUMO2. Thirty-six hours after transfection, total protein extracts and proteins fused to Histidine tag
were analyzed by western blot with the indicated antibodies. G In vitro SUMOylation assay in the presence
of SUMO2 and using **S-methionine labeled in vitro translated elFSA1-WT or the elF5A1-K50R hypusination
mutant as a substrate. H HEK-293 cells were transfected with HA-elF5A1-WT or HA-elF5A1-K50R together
with pcDNA or Ubc9 and His6-SUMO2. Thirty-six hours after transfection, whole-protein extracts and
Histidine-tagged purified proteins were analyzed by western blot with the indicated antibodies (left panel).
The ratio of SUMOylated elF5A to unmodified elF5A is shown (right panel). Data represent the mean and
error bars of three biological replicates. I In vitro translated Flag—elF5AT-WT protein was subjected to an

in vitro SUMOylation assay in the presence of SUMO2 and the SUMOylation products were analyzed by
western blot with anti-hypusine or anti-Flag antibodies. Arrowheads in all panels indicate unconjugated
elF5A protein. Arrows indicate the SUMO2-conjugated elF5A protein
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(K67, K85, K126, K27, and K34, e[F5A1-5KA mutant) led to an even more pronounced
reduction in SUMOylation (Fig. 2B, lower panel), indicating that SUMO can conjugate
to different residues in elF5A1 in vitro. To confirm the involvement of the different
lysine residues in e[F5A1 SUMOylation in vivo, we decided to evaluate the SUMOyla-
tion of the e[F5A1-3KA and elF5A1-5KA in cells. However, western blot analysis
revealed that the levels of the mutant proteins were always lower than that of the WT
protein unless we blocked the proteasome, as shown in Fig. 2C. Therefore, we carried
out the in vivo SUMOylation assay in presence of the proteasome inhibitor MG132. We
observed a clear reduction in the SUMOylation of both mutants in comparison with the
WT protein (Fig. 2D). To further verify the specificity of SUMOylation at the different
lysine residues, we also generated mutants of eIF5A where lysine residues were replaced
by arginine, and evaluated their SUMOylation in cells. We observed that SUMOyla-
tion of eIF5A1-3KR and eIF5A1-5KR was reduced in comparison with the WT protein
(Fig. 2E), confirming that different lysine residues in eIF5A1 can conjugate SUMO.

Mutation of the SUMOylation sites in elF5A alters its stability and subcellular localization

in mammalian cells

SUMO conjugation may regulate different properties of the substrate including subcellu-
lar localization, stability, or activity [31]. As mentioned before, protein levels of el[F5A1—
3KA or el[F5A1-5KA mutants were lower than those of WT. Therefore, we decided
to evaluate the stability of the SUMOylation mutants. HEK-293 cells transfected with
HA-eIF5A1-WT, HA—eIF5A1-3KR/3KA, or HA—eIF5A1-5KR/5KA were treated with
cycloheximide, and at different times after treatment, HA—eIF5A1 protein levels were
analyzed by western blot using anti-HA antibody, quantified, and plotted. The stability
of eIF5A1-3KR/3KA or eI[F5A1-5KR/5KA was significantly reduced compared with the
stability of the WT protein (Fig. 3A and Additional file 1: Fig S4), suggesting that conju-
gation of SUMO to elF5A1 contributes to its stability. Ubiquitination-dependent degra-
dation of eIF5A1 protein has been previously reported [21]. After confirming that the
mutation of the lysine residues in eIF5A1 that work as SUMO acceptors did not prevent
the conjugation of ubiquitin to e[F5A1 (Additional file 1: Fig S5), we decided to evaluate
whether the e[F5A1 SUMOylation mutants were degraded by the proteasome by car-
rying out stability assays in presence or absence of MG132. The results confirmed the
reduced stability of the SUMOylation mutants (Fig. 3B and Additional file 1: Fig S6).
In addition, we observed that treatment with MG132 increased the stability of WT and
SUMOylation mutants (Fig. 3B and Additional file 1: Fig S6), indicating that mutation
of the SUMOylation sites in elF5A1 promoted its proteasome-mediated degradation.
Finally, we decided to evaluate the effect of inhibiting global SUMOylation on the stabil-
ity of eIF5A1. Treatment with the SUMOylation inhibitor ML-792 reduced the stability
of eIF5A1-WT protein but it did not affect to the stability of the SUMOylation mutants
(Fig. 3C).

We then decided to evaluate whether SUMO also modulates the subcellular localiza-
tion of elF5A1 protein. U20S or A549 cells were transfected with HA—eI[F5A1-WT,
HA-eIF5A1-3KR/3KA, or HA—eIF5A1-5KR/5KA plasmids and 36 h after transfec-
tion, we carried out an immunofluorescence staining using anti-HA antibody. Consist-
ent with previous reports, we found that elF5A1-W'T is localized both at the nucleus
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Fig. 2 Identification of the SUMO conjugation sites on elF5A1. A, B In vitro SUMQOylation assay with

SUMO2 and the indicated **S-methionine-labeled in vitro translated elF5A1 proteins. C HEK-293 cells were
transfected with a plasmid encoding HA-tagged elF5A1-WT, elF5A1-3KA, or elF5AT-5KA. Thirty-six hours
after transfection, cells were treated with MG132 for 16 h and protein extracts were analyzed by western
blot with anti-HA and anti-GAPDH antibodies. D HEK-293 cells were transfected with a plasmid encoding
HA-tagged elF5A1-WT, elF5A1-3KA, or elF5A1-5KA together with pcDNA or Ubc9 and His6-SUMO?2.
Thirty-six hours after transfection, cells were treated with MG132 for 16 h and whole-protein extracts (WCE)
and Histidine (His)-tagged purified proteins were analyzed by western blot with the indicated antibodies. E
HEK-293 cells were transfected with a plasmid encoding HA-tagged elF5AT-WT, elF5A1-3KR, or elF5A1-5KR
together with pcDNA or Ubc9 and His6-SUMO2. Thirty-six hours after transfection, cells were treated with
MG132 for 16 h and whole-protein extracts (WCE) and Histidine (His)-tagged purified proteins were analyzed
by western blot with the indicated antibodies. Arrowheads in all panels indicate unconjugated elF5A1
protein. Arrows indicate the SUMO2-conjugated elF5AT protein
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Fig. 3 Mutation of the SUMOylation sites in elF5A1 modulates its stability. A HEK-293 cells were transfected
with HA-elF5A1-WT, HA-elF5A1-3KR, or HA-elF5A1-5KR, and treated with cycloheximide (CHX) 24 h after
transfection. Samples were collected at the indicated hours post treatment (hpt) and protein extracts were
analyzed by western blot with the indicated antibodies (left panel). The intensity of the bands was quantified
using ImageJ software. elF5A band intensities were normalized to GAPDH bands from each respective time
and plotted (right panel). Data represent the mean and error bars of three biological replicates. Statistical
analysis was assessed by a Student’s t-test. *P<0.05, **P <0.01, compared with WT. B HEK-293 cells were
transfected and treated as indicated in A but in presence or absence of MG132 treatment. At the indicated
times after CHX treatment, protein extracts were analyzed by western blot with the indicated antibodies
(upper panels). The intensity of the bands was quantified using ImageJ software. elF5A band intensities were
normalized to actin bands from each respective time and plotted (lower panels). Data represent the mean
and error bars of three biological replicates. Statistical analysis was assessed by a Student’s t-test. *P < 0.05,
**P<0.01. CHEK-293 cells were transfected with HA—-elF5A1-WT, HA—elF5A1-5KR, or HA—-elF5A-3KR, and

24 h after transfection cells were treated with DMSO or ML-792 (500 nM) for 16 h. Then, the cells were treated
with cycloheximide (CHX) for the indicated times and protein extracts were analyzed by western blot with
anti-HA antibody (upper panels). The intensity of the bands was quantified using ImageJ software. elF5A
band intensities were normalized to GAPDH bands from each respective time and plotted (lower panels).
Data represent the mean and error bars of three biological replicates. Statistical analysis was assessed by a
Student’s t-test. *P < 0.05
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and cytoplasm of the transfected cells (Fig. 4A) [55]. All the e[F5A1 mutants displayed
a more prominent nuclear localization (Fig. 4A and Additional file 1: Fig S7), suggest-
ing that SUMO conjugation favors the cytoplasmic localization of eIlF5A1 protein. To
test this hypothesis, we carried out subcellular fractionation assays. We observed that
the SUMOylation mutants displayed a more nuclear localization than the WT protein
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(Fig. 4B and Additional file 1: Fig S7). Finally, we studied the effect of inhibiting global
SUMOylation on the subcellular localization of eIF5A1. Treatment with the SUMOyla-
tion inhibitor ML-792 increased the nuclear localization of e[F5A1 (Fig. 4C). Altogether
these results indicated that mutation of the lysine residues susceptible to SUMOylation
in eIF5A1 decreases its stability and promotes its nuclear localization.

SUMOylation of elF5A1 is modulated by stress

One of the proposed functions of eIF5A is to regulate translation upon stress, a stim-
ulus that causes a global increase in SUMOylation. To note, analysis of the SUMOyla-
tion of eIF5A1 in cells treated with the proteasome inhibitor revealed the appearance
of several elF5A1-SUMO2 bands instead of the unique main el[F5A-SUMO2 band
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Fig. 4 Mutation of the SUMOylation sites in elF5A1 modulates its subcellular localization. A U20s cells were
transfected with HA-elF5A1-WT, HA-elF5A1-3KR, or HA—elF5A1-5KR and 36 h after transfection localization
of elF5A was evaluated using immunofluorescence assay with anti-HA antibody. The nuclear to cytoplasmic
ratio was analyzed from images using ImageJ analysis software. Data represent the mean and error bars of
50 cells. Statistical analysis was assessed by a Student’s t-test ***P < 0.001. B HEK-293 cells were transfected
with HA-elF5A1-WT, HA-elF5A1-3KR, or HA—elF5A-5KR, as indicated. Thirty-six hours after transfection, cells
were subjected to subcellular fractionation and the levels of elF5AT protein in the nucleus and cytoplasm
were evaluated using western blot analysis with anti-HA antibody. C HEK-293 cells treated with DMSO or the
SUMOylation inhibitor ML-792 were subjected to subcellular fractionation and then the levels of the elF5A1
protein in the nucleus and cytoplasm were evaluated using western blot analysis with anti-elF5A1 antibody
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detected in untreated cells (compare Fig. 1B and Fig. 2D), suggesting that proteotoxic
stress induced by proteasome inhibition may trigger eIF5A1 SUMOylation. To evalu-
ate this hypothesis, we first analyzed the SUMOylation of eIF5A1-WT in cells treated
or not with MG132. We confirmed the appearance of multiple elIF5A1-SUMO?2 bands
and an increase in the levels of SUMOylated eIF5A1 protein upon treatment with
MG132 (Fig. 5A). We then decided to evaluate whether the induction of SUMOylation
of eIF5A1 depends on the specific stimulus. We analyzed the SUMOylation of e[F5A1
upon heat-shock stress, UV light irradiation, adriamycin treatment, or hypoxia. We
detected a decrease in the SUMOylation of eIF5A1 after irradiation with UV light
(Fig. 5B) or adriamycin treatment (Fig. 5C) but we did not observe a change in eIF5A
SUMOylation upon hypoxic conditions (Fig. 5C). Finally, we observed that heat stress
induced a strong increase in the SUMOylation of eI[F5A1 (Fig. 5D), which returns to
baseline levels within 2 h after heat shock (Fig. 5E). Altogether, these results indicated
that SUMOylation of el[F5A1 depends on the specific stress conditions.

The accumulation of SUMO2 chains under stress conditions could be explained
by the formation of mixed SUMO2-ubiquitin chains. To evaluate this possibility, we
analyzed the effect of MG132 treatment on the conjugation of eIF5A1 with a mutant
of SUMO?2 in lysine residues K11 (SUMO2-K11R) or with a mutant of SUMO2 with
no lysine residues (SUMO2-KO0). We observed a clear increase in the SUMOylation of
elF5A1 and the appearance of several elF5A1-SUMO2 bands after inhibition of the
proteasome that was independent of the mutation of the lysine residues in SUMO2
(Fig. 6A and Additional file 1: Fig S8). Similar results were observed after evaluating
the SUMOylation of eIF5A1 upon heat-shock stress in cells transfected with His6—
SUMO2 or His6-SUMO2-KO (Fig. 6B) or in cells transfected with His6—SUMO2—
KO and treated with the ubiquitination inhibitor TAK-243 (Fig. 6C). Altogether, these
results suggest that treatment with MG132 or heat shock induce the multi-mono-
SUMOylation of eIF5A1, although we cannot discard the involvement of other ubiq-
uitin-like proteins in the formation of chains on eIF5A.

(See figure on next page.)

Fig. 5 Modulation of elF5A1 SUMO2 modification upon stress. A HEK-293 cells were transfected with a
plasmid encoding HA-tagged elF5AT-WT together with pcDNA or Ubc9 and His6-SUMO2. Thirty-six hours
after transfection, cells were treated with DMSO or MG132 for 16 h and whole-protein extracts (WCE) and
Histidine (His)-tagged purified proteins were analyzed by western blot with the indicated antibodies. B
HEK-293 cells were transfected with HA-elF5AT-WT together with pcDNA or Ubc9 and His6-SUMO2.
Thirty-six hours after transfection, cells were subjected to UV irradiation (20 J/m?) followed by 2 hor6hrest,
and then whole-protein extracts and Histidine-tagged purified proteins were analyzed by western blot with
the indicated antibodies. Arrow indicates elF5A-SUMO2 protein. C HEK-293 cells were transfected with a
plasmid encoding HA-tagged elF5AT-WT together with pcDNA or Ubc9 and His6-SUMO2. Thirty-six hours
after transfection, cells were incubated in hypoxic conditions (1% O,) for 8 h or treated with adriamycin 1 pM
for 4 h and then whole-protein extracts and Histidine-tagged purified proteins were analyzed by western blot
with the indicated antibodies. Arrow indicates elF5A1-SUMO?2 protein. D HEK-293 cells were transfected with
a plasmid encoding HA-tagged elF5A1-WT together with pcDNA or Ubc9 and His6-SUMO?2. Thirty-six hours
after transfection, cells were incubated at 43 °C for 2 h and then whole-protein extracts and Histidine-tagged
purified proteins were analyzed by western blot with the indicated antibodies. E HEK-293 cells were
transfected with a plasmid encoding HA-tagged elF5A1-WT together with pcDNA or Ubc9 and His6-SUMO2.
Thirty-six hours after transfection, cells were first incubated at 43 °C for 2 h (HS) and then incubated at 37 °C
for 0.5 or 2 h (hpt HS), as indicated. Then, whole-protein extracts and Histidine-tagged purified proteins were
analyzed by western blot with the indicated antibodies. Arrowheads in all panels indicate unconjugated
elF5A1 protein
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Mutation of the SUMOylation sites in elF5A1 reduces its ability to restore growth of yeast

cells with endogenous elF5A depletion
To assess the functionality of the SUMOylation-deficient eIF5A allele, we took advan-
tage of the evolutionary conservation of eIlF5A, the essential role of eIF5A for the

survival of S. cerevisiae, and of the well-established techniques to evaluate the eIF5A
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Fig. 6 Upregulation of elF5A1 SUMO2 modification upon stress. A HEK-293 cells were cotransfected with
HA-elF5AT-WT, Ubc9, and His6-SUMO2-K11RK48R or His6-SUMO2-K0. 36 h after transfection cells were
treated with DMSO or MG132 for 16 h and whole-protein extracts and Histidine-tagged purified proteins
were analyzed by western blot with the indicated antibodies. B HEK-293 cells were cotransfected with HA-
elF5AT-WT, pcDNA, Ubc9, and His6-SUMO?2 or Ubc9 and His6-SUMO2-KO. Thirty-six hours after transfection,
cells were incubated at 43 °C for 2 h, as indicated, and whole-protein extracts and Histidine-tagged purified
proteins were analyzed by western blot with the indicated antibodies. C HEK-293 cells were cotransfected
with HA-elF5A1-WT and pcDNA or Ubc9 and His6-SUMO2-KO. Twenty-four hours after transfection, cells
were treated with DMSO or TAK-243, as indicated, and at 12 h after treatment, cells were incubated at 43 °C
for 2 h. Whole-protein extracts and Histidine-tagged purified proteins were analyzed by western blot with the
indicated antibodies

(See figure on next page.)

Fig.7 AnelF5A1 SUMOylation-deficient mutant cannot completely substitute for yeast HYP2. A
Histidine-tagged proteins were purified from yeast cells transformed with an empty vector or with

Histidine- and Flag-tagged human elF5A1-WT under denaturing conditions. Then, purified proteins were
analyzed by western blot using anti-Smt3 antibody. Arrow indicates Smt3-conjugated elF5A1 protein. B
Histidine-tagged proteins were purified from yeast cells transformed with an empty vector, Histidine- and
Flag-tagged human elF5AT-WT or Histidine- and Flag-tagged human elF5A1-5KR under denaturing
conditions. Purified proteins were then analyzed by western blot using anti-Smt3 antibody. C WT and hyp2-1
(upper row) or hyp2-3 (lower row) yeast strains were transformed with different alleles of Histidine- and
Flag-tagged human elF5AT in a pAG425GPD vector or with the empty vector. The resulting strains were
streaked on SC-Leu plates, incubated at 25 °C or 37 °C for 3 days and imaged in a GelDoc documentation
system. D Expression levels of the different versions of elF5A in the indicated strains, growing at 25 °C or after
4 h at 37 °C, were analyzed by western blot. Ponceau staining of the membrane is shown as a loading control
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function in this model organism. In S. cerevisiae, the eIF5A protein is encoded by
the two paralogs HYP1 and HYP2 [26]. Since HYP1 is only expressed under anaero-
bic conditions, HYP2 is essential for normal aerobic growth [56]. Remarkably, human
elF5A1 can substitute for HYP2 function and thus restore viability of iyp2 temper-
ature-sensitive mutants [57]. Therefore, we employed this system to assess whether
our SUMOylation-deficient mutant could similarly restore the viability of the hyp2-3
(C39Y, G118D) and hyp2-1 (P83S) thermosensitive mutant strains [58, 59] at restric-
tive temperatures. First, we analyzed the potential SUMOylation of human eIF5A1 in
yeast. For that, yeast cells containing an empty vector (hyp2-1+ vector) or yeast cells
with histidine- and Flag-tagged human elF5A1-WT (hyp2-1+ His— elF5A1-WT)
were grown at 25 °C and Histidine-tagged proteins were purified under denaturing
conditions. Western blot analysis of purified proteins using antibody against the yeast
SUMO homolog Smt3 revealed the presence of a band of around 40 kDa, likely cor-
responding with SUMO-modified eIlF5A1 (Fig. 7A), indicating that human elF5A1
protein is modified by SUMO in yeast, and suggesting that SUMOylation of elF5A
is a highly conserved modification. Similar analysis carried out with yeast cells con-
taining Histidine-tagged eIF5A1-WT or mutants revealed a reduced SUMOylation
of the mutants relative to the WT protein (Fig. 7B and Additional file 1: Fig S9). We
then transformed yeast hyp2-3 and hyp2-1 mutant strains with high-copy plasmids
encoding either the wild-type, hypusination-deficient (K50R, as a negative control),
or SUMOylation-deficient alleles under the control of the constitutive GPD promoter,
and assessed their viability at 37 °C. While both the wild-type strain and the hyp2
mutant strains bearing all different versions of eI[F5A1 exhibited normal growth at the
permissive temperature (25 °C), the proliferation of the hyp2 strains harbouring the
SUMOylation mutants was reduced in comparison with the e[F5A1-WT-harbouring
hyp2 thermosensitive strains at the restrictive temperature (Fig. 7C and Additional
file 1: Fig S9). This indicates that the SUMOylation-deficient elF5A1 alleles cannot
completely complement HYP2 function in yeast, despite being expressed at protein
levels comparable to the wild-type eIF5A (Fig. 7D and Additional file 1: Fig S9).

(See figure on next page.)

Fig. 8 SUMOylation of elF5A1 is important for polysome disassembly and SG formation upon heat-shock
stress. A Yeast cells with temperature-sensitive elF5A mutant hyp2-1 were transformed with different alleles
of Histidine- and Flag-tagged human elF5A1 in a pAG425GPD vector or with the empty vector. Cells were
grown in SC-Leu medium until early exponential phase, incubated at 37 °C for 4 h to deplete endogenous
elF5A and then subjected to severe heat shock stress (46 °C, 30 min). Representative polysome profiles after
gradient fractionation of yeast extracts are shown and the ribosomal subunits (40S and 60S), monosomes
(80S), and polysomes are indicated (upper panel). When translation is arrested during stress, a reduction

in the intensity of polysome peaks is seen because fewer ribosomes initiate translation. At the same time,
the 60S and 80S peaks increase. The percentage of polysomes from three (elF5A WT, vector, elF5A-K50R,
elF5A-3KA) or two (elF5A-3KR) independent experiments is shown as the median and standard deviation
(lower panel). Statistical analysis was assessed by a Student’s t-test. *P < 0.05. B hyp2-1 yeast strains were
cotransformed with the SG marker Pab1-GFP together with the Histidine- and Flag-tagged human elF5A1
WT or 5KR or an empty vector. WT yeast transformed with Pab1-GFP was included as a positive control. The
resulting strains were incubated at 25 °C or heat shocked at 46 °C for 10 min and the formation of SG was
then evaluated using a fluorescence microscope
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SUMOylation of elF5A1 is important for polysome disassembly and stress granule
formation upon heat-shock stress in S. cerevisiae

elF5A1 is required for polysome disassembly and the formation of SGs induced by
different stressors in mammalian cells [2]. Therefore, we decided to evaluate the
functionality of the e[F5A1 SUMOylation mutant in yeast cells subjected to heat-
shock stress. First, we analyzed the polysome profile of the temperature-sensitive
elF5A mutant syp2-1 transformed with different alleles of Histidine- and Flag-tagged
human eIF5A1 or with the empty vector after incubation at 37 °C for 4 h to deplete
endogenous elF5A and then subjected to severe heat-shock stress (46 °C, 30 min). We
observed that incubation of the cells at 46 °C reduced the polysome fraction in the
cells reconstituted with e[F5A1-WT (Fig. 8A). A significant reduction was observed
in those cells transformed with the empty vector or reconstituted with the hypusi-
nation mutant or with the SUMOylation mutants of eIF5A1 (Fig. 8A and Additional
file 1: Fig S10), indicating that SUMOylation of eIF5A1 is important for polysome dis-
assembly in yeast cells subjected to heat-shock stress. Finally, we evaluated the forma-
tion of SG upon heat stress in eI[F5A mutant hyp2-1 transformed with the SGs marker
Pab1-GEFP together with different alleles of Histidine- and Flag-tagged human elF5A1
or with the empty vector upon heat stress. Analysis of the GFP signal revealed the
formation of SGs in those cells expressing eIF5A1-WT (Fig. 8B and Additional file 1:
Fig S11). However, those cells transformed with the empty vector or reconstituted
with the hypusination mutant or with the SUMOylation mutants of eI[F5A1 exhibited
defective formation of SGs (Fig. 8B and Additional file 1: Fig S11), suggesting that
SUMOylation is important for the formation of SGs induced by heat-shock stress in
yeast cells.

Mutation of the SUMOylation sites in elF5A1 counteracts the proproliferative

and promigratory effects of el[F5A1 overexpression on pancreatic ductal adenocarcinoma
cells

elF5A is highly expressed in different types of cancer including pancreatic ductal ade-
nocarcinoma (PDAC), in which its overexpression correlates with disease progression.
elF5A1 drives the growth and migration of PDAC cells through different mechanisms,
such as the modulation of the synthesis of the cytoskeleton regulatory proteins RhoA
and KRAS [48, 60—62]. Another important pathway in PDAC is the SUMO pathway [63].
Importantly, e[F5A has been identified as one of the SUMO substrates in these cells [64].
Therefore, we decided to evaluate whether mutation of the SUMOylation sites in eI[F5A1
affects its ability to regulate the expression of those cytoskeleton regulatory proteins.
We observed that e[F5A1-WT overexpression positively regulated the levels of both
RhoA and Ras proteins in PANC-1 cells (Fig. 9A), as previously reported [48, 60]. How-
ever, transfection of the eIlF5A1 SUMOylation mutants had a minor (eIF5A-3KR) or no
(eIF5A—-5KR) effect on the levels of both proteins compared with control cells (Fig. 9A).
We then decided to evaluate whether mutation of the SUMOylation sites in elF5A1
would alter its ability to promote PANC-1 cells proliferation and migration. Overexpres-
sion of eI[F5A1-WT significantly enhanced the proliferation of PANC-1 cells (Fig. 9B),
as previously reported [48]. Expression of HA—eIF5A—3KR significantly reduced the cell
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Fig. 9 SUMOylation sites in elF5A are essential to drive proliferation of PANC-1 cells and to promote PANC-1
cells migration in vitro. A Western blot analysis of RhoA and Ras in PANC-1 cells transiently transfected

with HA-elF5A1-WT, HA-elF5A1-3KR, HA-elF5A1-5KR, or the empty vector pcDNA. B PANC-1 cells stably
transfected with pcDNA, HA-elF5A1-WT, HA—elF5A1-3KR, or HA—elF5A1-5KR were evaluated for cell
growth. Graphs show the proliferation of PANC-1 cells after the indicated times of growth. Data represent
the mean and error bars of three biological replicates. ANOVA **P < 0.01, ***P < 0.0001 compared with the
cells overexpressing elFSA-WT; ###P < 0.001, ####P < 0.0001 compared with the pcDNA transfected cells. C,
Migration of PANC1 cells stably transfected with pcDNA, HA-elF5A1-WT, HA-elF5A1-3KR, or HA-elF5A1-5KR
was determined by transwell migration assay (left panel). Data represent the mean and error bars of three
biological replicates. ANOVA *P<0.05, **P<0.01, ***P<0.001 compared with the cells overexpressing elF5A—
WT; ##P <0.01 compared with the pcDNA transfected cells. Right panel shows western blot analysis of the
expression of HA—elF5A-WT or the mutant proteins in the PANC-1 cells analyzed in B and C

proliferation compared with the HA—eIF5A-WT cells (Fig. 9B) and expression of HA-
elF5A-5KR was not sufficient to drive proliferation of PANC-1 cells (Fig. 9B). Finally,
we observed that overexpression of e[F5A1-WT but not the SUMOylation mutants
enhanced PANC-1 cell migration in vitro (Fig. 9C). These results suggest that SUMOyla-
tion sites in eIF5A are essential for the proproliferative and promigratory activities of
elF5A1 overexpression in PDAC.

Discussion

We report here that human elF5A1 is modified by SUMO?2 in vitro, in vivo, and under
completely endogenous conditions, indicating that SUMOylation of elF5A1 is physi-
ologically relevant. The appearance of a unique e[F5A1-SUMO?2 band in the in vitro
assays suggests that only one SUMO2 molecule is conjugated to eIlF5A1 at a time. In
silico analysis and several proteomic data pointed to different lysine residues in eIF5A
as potential SUMO acceptors [27-29, 65, 66]. Interestingly, some of these reports also
suggested that the number of lysine residues susceptible to conjugate to SUMO, as well
as the ratio of the protein modified by SUMO, increased upon heat stress or proteasome
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inhibition. Accordingly, here we show that SUMO2 can conjugate to different lysine res-
idues in eIF5A1 and that e[F5A1 SUMOylation can be induced by stress. It has been
reported that SUMO2/3 conjugates accumulate under different stress conditions [67]
and that part of these conjugates correspond with SUMO2/3 chains [27] or with ubiq-
uitin associated to SUMO2/3 conjugates [68]. Here, we observed that heat shock or pro-
teasome inhibition strongly increase the intensity and number of eIF5A1 SUMOylated
bands in cells expressing a mutant of SUMO2 unable to form chains and in the presence
of an ubiquitination inhibitor, suggesting that stress induces multiple-mono-SUMOyla-
tion of eI[F5A1. However, we cannot dismiss the potential involvement of endogenous
SUMO or other posttranslational modifications in the emergence of the additional
elF5A-SUMO2 bands.

Importantly, we demonstrated that SUMOylation of elF5A is conserved in yeast and
that mutants of elF5A1 in the SUMOylation sites were unable to completely comple-
ment a yeast eI[F5A knockdown. The specific activities of eIlF5A1 modulated by SUMO
that impact yeast growth remain unidentified and will be the aim of future studies.

Our results also suggest that SUMOylation increases the stability of eIF5A by inhib-
iting its proteasome-mediated degradation. As it has been reported that eIF5A1 is
degraded in mammalian cells via CHIP-mediated ubiquitination [21], we speculate that
SUMO may negatively modulate the interaction between elF5A1 and CHIP in these
cells. Although the exact molecular mechanism by which SUMO stabilizes eIF5A is still
unclear, previously reported data suggest that the stability of e[F5A may be determinant
for the fate of a specific cell type upon acute heat stress [69].

elF5A protein is mostly localized in the cell cytoplasm, but it has also been found in
the nucleus, endoplasmic reticulum (ER) membrane, mitochondria, etc. eIF5A1 nuclear
entry has been proposed to be mediated by a nuclear localization signal detected in the
first 19 residues of eIF5A1 [70] or through passive diffusion [71], whereas exportin 4
mediates the nuclear export of e[F5A1 [72]. In addition, the nuclear/cytoplasm distribu-
tion of eIF5A1 has been reported to be dictated by an interplay between acetylation and
hypusination of elF5A1, with hypusination favoring the cytoplasmic localization of the
protein [55, 73]. Here, we show that mutation of the SUMOylation sites in e[F5A1 or
treatment of cells with the SUMOylation inhibitor ML-792 increases the nuclear locali-
zation of eIlF5A1, suggesting that SUMOylation facilitates the localization of eIF5A1 in
the cytoplasm, which could be essential for its interaction with the ribosome and for
stimulating the efficient synthesis of specific subset of proteins [74—77]. Different mech-
anisms may mediate the regulation of the subcellular localization of eIF5A1 by SUMO.
SUMO conjugation to elF5A may difficult its passive diffusion to the nucleus or it may
facilitate its interaction with exportin 4 or with other eIF5A binding partners, such as
ribosomes, in the cytoplasm. In addition, a possible interplay between SUMOylation
and acetylation of eI[F5A1 may also contribute to modulate its subcellular localization.

How the elF5A subcellular localization impacts on its activities is still unclear and
it may depend on the cellular context. Thus, cytoplasmic eIF5A has been proposed to
promote proliferation in vulvar neoplasia [78], to facilitate the translation of proteins
involved in autophagosome formation in breast cancer cell lines [79], or to be involved
in leiomyomas pathogenesis [80]. However, the detection of eIF5A1 in both nucleus and
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cytoplasm in lung adenocarcinomas [19] has led to the hypothesis of potential nuclear
functions for e[F5A1.

One of the roles of elF5A is to promote the assembly of SGs [2], cytoplasmic conden-
sates to which it is translocated when cells are subjected to certain types of stress [81].
elF5A is also required for the translational repression induced by stress and it has been
proposed to facilitate cell survival under adverse conditions [2]. The SUMO pathway
is also essential for maintaining cell homeostasis upon different stressors [82] and it is
involved in SGs targeting and assembly [13—15]. Therefore, we hypothesized that elF5A
SUMOylation may play an important role in the cellular response to stress and our data
suggest that SUMOylation of elF5A is required for SGs formation and inhibition of
translation after heat-shock conditions in yeast. SGs are thought to play a protective role
during cellular stress, and defects in SGs formation or dissolution may contribute to the
pathogenesis of different diseases including neurodegeneration and cancer [83-86], spe-
cifically pancreatic cancer [87]. The regulation of SGs formation and function by elF5A
has been suggested as a mechanism that may contribute to the protection of cancer cells
from cellular stress [88].

elF5A is upregulated in many different malignancies, such as pancreatic ductal ade-
nocarcinoma, where a correlation between eIF5A levels and cancer progression and
metastasis has been demonstrated [48, 60—62]. Our results reveal that mutation of the
SUMOylation sites in elF5A1 negatively impact the proproliferative and promigratory
effect of eIF5A1 in PDAC. Different mechanisms have been proposed as mediators of
the effect of eIF5A in pancreatic cancer, including facilitating the translation of a specific
subset of proteins such as RhoA and Ras [48, 60]. Our data revealed that mutation of
the SUMOylation sites in eIF5A1 is associated with defects in the upregulation of these
proteins, suggesting that SUMOylation may facilitate the translation of a specific subset
of proteins promoted by elF5A.

Similarly to eIF5A, SUMOylation has also been proposed as a therapeutic target in
PDAC [63, 64, 89, 90]. Different SUMO pathway components have been found over-
expressed in PDAC [89, 90] and an association between increased SUMOylation and
adverse prognostic has been reported [64, 90]. Interestingly, one of the SUMO substrates
identified in PANC-1 cells was eIF5A [64], suggesting that it may be a mediator of the
pathogenic effect of upregulated SUMOylation in PDAC.

Conclusion

These results suggest that e[F5A SUMOylation plays a critical role in both the cellu-
lar response to stress and cancer pathogenesis and it may represent a target for future
therapies.

Abbreviations

elFSA Eukaryotic translation initiation factor 5A
HS Heat shock

SGs Stress granules

SUMO  Small ubiquitin-like modifier
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Additional file 1: Fig. S1. elF5A1 protein is modified by SUMO2 in vitro. A In vitro SUMOylation assay with SUMO2
using 35Smethionine labeled in vitro translated elF5A1 protein. SUMO2-modified elF5A1 protein was then subjected
to an in vitro deSUMOylation assay in presence of SENP1. Arrowhead indicates unconjugated elF5A protein. Arrow
indicates the SUMO2-conjugated elF5A protein. Fig. S2. elF5A1 is modified by SUMO?2 in transfected cells. HEK-293
cells were co-transfected with a plasmid encoding HA-elF5A1 and pcDNA or HA-elF5A1, Ubc9 and His6-SUMO?2.

36 h after transfection total protein extracts (WCE) and proteins fused to Histidine (His) tag were analyzed by
Western-blot with the indicated antibodies. Arrowhead indicates unconjugated elF5A1 protein. Arrow indicates the
SUMO2-conjugated elF5AT protein. Fig. S3. elF5A1 is modified by SUMO?2 in cells treated with the hypusination
inhibitor GC7. HEK-293 cells were cotransfected with a plasmid encoding HA-elF5A1 together with pcDNA or Ubc9
and His6-SUMO2. 36 h after transfection, cells were treated with GC7 or DMSO. 16 h after treatment, total protein
extracts (WCE) and proteins fused to Histidine (His) tag were analyzed by western blot with the indicated antibodies.
Arrowhead indicates unconjugated elF5AT protein. Arrow indicates the SUMO2-conjugated elF5A1 protein. Fig. S4.
Mutation of the SUMOylation sites in elF5AT modulates its stability. HEK-293 cells were transfected with HAelF5A1-
WT, HA-elF5A1-3KA, or HA-elF5A1-5KA, and treated with cycloheximide (CHX) 24 h after transfection. Samples were
collected at the indicated hours post treatment (hpt) and protein extracts were analyzed by Western-blot with the
indicated antibodies (left panel). The intensity of the bands was quantified using ImagelJ software. elF5A bands
intensity were normalized to GAPDH bands from each respective time and plotted (right panel). Data represent the
mean and error bars of 3 biological replicates. Statistical analysis was assessed by a Student’s t-test. ***, P<0.001,
compared to WT. Fig. S5. Mutation of the SUMOylation sites in elF5A1 does not prevent ubiquitin conjugation.
HEK-293 cells were transfected with a plasmid encoding HA-tagged elF5AT-WT, elF5A1-3KA or elF5A1-5KA together
with pcDNA or His6-Ubiquitin (Ub). 36 h after transfection cells were treated with MG132 for 16 h and whole-protein
extracts (WCE) and Histidine (His)-tagged purified proteins were analyzed by Western-blot with the indicated
antibodies. Fig. $6. Mutants of elF5A1 in the SUMOylation sites are degraded by the proteasome. HEK-293 cells were
transfected with HA-elF5A1-3KA, or HA-elF5A1-5KA, and 24 h after transfection cells were treated with MG132 or
DMSO for 16h. Cells were then incubated with cycloheximide (CHX) and at the indicated times after CHX treat-
ment, protein extracts were analyzed by Western-blot with the indicated antibodies (upper panels). The intensity

of the bands was quantified using ImageJ software. elF5A bands intensity were normalized to actin bands from
each respective time and plotted (lower panels). Data represent the mean and error bars of 3 biological replicates.
Statistical analysis was assessed by a Student’s t-test. *, P<0.05; ***, P<0.001. Fig. S7. Mutation of the SUMOylation
sites in elF5AT modulates its subcellular localization. A A549 cells were transfected with HA-elF5A1-WT, HA-elF5A1-
3KA, or HA-elF5A1-5KA and 36 h after transfection localization of elF5A was evaluated using immunofluorescence
assay with anti-HA antibody. B A549 cells were transfected with HA-elF5AT-WT or HA-elF5A1-3KA, as indicated. 36

h after transfection cells were subjected to subcellular fractionation and the levels of elF5A1 protein in the nucleus
and cytoplasm were evaluated using Western-blot analysis with anti-HA antibody. Fig. S8. Analysis of poly-SUMO2
chain formation on elF5A1 upon MG132 treatment. HEK-293 cells were co-transfected with HA-elF5A1-WT, Ubc9
and His6-SUMO?2 (S2) or His6-SUMO2-KO0. 36 h after transfection cells were treated with MG132 for 16 h and whole-
protein extracts and Histidine-tagged purified proteins were analyzed by Western-blot with the indicated antibodies.
Fig. S9. An elF5A1 SUMOylation-deficient mutant cannot substitute for yeast HYP2. A Histidine-tagged proteins
were purified from yeast cells transformed with an empty vector, Histidine- and Flag-tagged human elF5A1-WT or
Histidine- and Flag-tagged human elF5A1-3KA under denaturing conditions. Purified proteins were then analyzed
by Western-blot using anti-Smt3 antibody. BWT and hyp2-1 (upper row) or hyp2-3 (lower row) yeast strains were
transformed with different alleles of Histidine- and Flag-tagged human elF5A1 in a pAG425GPD vector or with the
empty vector. The resulting strains were streaked on synthetic complete medium lacking leucine (SC-Leu) plates,
incubated at 25 °C or 37 °C for 3 days and imaged in a GelDoc documentation system. C Expression levels of the dif-
ferent versions of elF5A in the indicated strains, growing at 25 °C or after 4 h at 37 °C, were analyzed by Western-blot.
Ponceau staining of the membrane is shown as a loading control. Fig. $10. SUMOylation of elF5A1 is necessary for
polysome disassembly. Yeast cells with temperature sensitive elF5A mutant hyp2-1 were transformed with Histidine-
and Flag-tagged human elF5A1-5KR mutant in a pAG425GPD vector. Cells were grown in SC-Leu media until early
exponential phase, incubated at 37 °C for 4 hours to deplete endogenous elF5A and then subjected to severe heat
shock stress (46 °C 30 minutes). Polysomes profiles after gradient fractionation of yeast extracts are shown and the
ribosomal subunits (40S and 60S), monosomes (80S) and polysomes are indicated. The percentage of polysomes is
indicated. Fig. S11. SUMOylation of elF5A1 is important for SG formation upon heat shock stress. hyp2-1 yeast strains
were co-transformed with the SG marker Pab1-GFP together with an empty vector or the Histidine- and Flag-tagged
human elF5A1T WT, K50R or 3KA. The resulting strains were incubated at 25 oC or heat-shocked at 46 oC for 10 min
and the formation of SG was then evaluated using a fluorescence microscope.

Acknowledgements
We thank Dr. Myung Hee Park for elF5A plasmids, Dr. Roy Parker for Pab1-GFP plasmid, and Dr. Helle Ulrich for the anti-
Smt3 antibody. We thank Genentech for the anti-hipusine antibody (FabHpu24).

Author contributions

RS, AMR, TL-D, SV, AEM, YHB, MB, RMT, JCM, and AM-F conducted the experiments. RS, AMR, and TL-D analyzed the
results; RF, DX, MSR, AG-S, JDS, RB, PA, and MGB provided critical revision of the manuscript; CR designed the experiments
and wrote the paper.


https://doi.org/10.1186/s11658-024-00533-5

Seoane et al. Cellular & Molecular Biology Letters (2024) 29:15 Page 26 of 29

Funding

Open Access funding provided thanks to the CRUE-CSIC agreement with Springer Nature. Funding at the laboratory of
CR is provided by Ministry of Science, Innovation and Universities and FEDER (BFU-2017-88880-P), (PID2021-126510NB-
100), and Xunta de Galicia (ED431G 2023/10). RS, SV and TLD are predoctoral fellows funded by Xunta de Galicia-Con-
sellerfa de Cultura, Educacion y Ordenacién Universitaria (ED481A-2020/160, ED481A-2018/110, and ED481A-2018/042,
respectively). AMR is a postdoctoral funded by Generalitat Valenciana (CIAPOS2021/117). MB is a predoctoral fellow
funded by Banco Santander and University of Santiago de Compostela. RMT is a predoctoral fellow funded by Instituto
de Investigacion Sanitaria de Santiago de Compostela. The Blanco lab is supported by MCIN/AEI/https://doi.org/10.
13039/501100011033[PID2020-115472 GB-100] and Xunta de Galicia/ FEDER 'Una manera de hacer Europa’ [ED431C
2019/013]. RF lab is supported by Fondo de Investigacién Sanitaria, ISCIII (P120-00194). PA lab is supported by MCIN/
AEl/https://doi.org/10.13039/501100011033(PID2020-120066RB-100) and by GVA CIAICO/2022/237. AMF is a predoctoral
fellow funded by Asociacion Espanola Contra el Cancer (AECC APRO 2018). RB and JDS thank MCIN/AEI/https://doi.org/1
0.13039/501100011033(PID2020-114178 GB-100, CEX2021-001136-S). CR, RF and RB acknowledge SAF2017-90900-REDT
support (UBIRed Program, Spain) and COST Action ProteoCure CA20113.

Availability of data and materials
All data generated or analysed during this study are included in this published article (and its supplementary informa-
tion files).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

!Centro de Investigacion en Medicina Molecular (CIMUS), IDIS, Universidade de Santiago de Compostela, Avda Barcelona,
15706 Santiago de Compostela, Spain. “Departamento de Bioquimica e Bioloxia Molecular, Universidade de Santiago

de Compostela, 15706 Santiago de Compostela, Spain. *Departamento de Bioquimica y Biologia Molecular, Facultad de
Ciencias Bioldgicas, Universitat de Valencia, Burjassot, 46100 Valencia, Spain. “Centro de Investigacion Principe Felipe,
46012 Valencia, Spain. >Research Department in Genomics and Proteomics, Instituto Conmemorativo Gorgas de Estudios
de la Salud, 0816-02593 Panam4, Republic of Panama. 5 aboratoire de Chimie de Coordination LCC-UPR 8241-CNRS,
31400 Toulouse, France. ’Present Address: Department of Microbiology, Icahn School of Medicine at Mount Sinai, New
York, NY, USA. 8Global Health and Emerging Pathogens Institute, Icahn School of Medicine at Mount Sinai, New York, NY
10029, USA. °Division of Infectious Diseases, Department of Medicine, Icahn School of Medicine at Mount Sinai, New
York, NY, USA. '°The Tisch Cancer Institute, Icahn School of Medicine at Mount Sinai, New York, NY, USA. ' Montpellier
Cell Biology Research Center (CRBM), CNRS-UMR 5237 Université de Montpellier, Montpellier, France. '?Center for Coop-
erative Research in Biosciences (CIC bioGUNE), Basque Research and Technology Alliance (BRTA), Bizkaia Technology
Park, Building 801A, 48160 Derio, Spain. "*Instituto Bio TecMed, Universitat de Valéncia, Burjassot, 46100 Valencia, Spain.
14Depar‘[amento de Biologia Molecular y Celular, Centro Nacional de Biotecnologia (CNB), CSIC, Darwin 3, 28049 Madrid,
Spain. *Present Address: Centro Andaluz de Biologia Molecular y Medicina Regenerativa (CABIMER), C/ Américo Vespu-
cio 24, Edificio Cabimer, 41092 Seville, Spain. 19present Address: Lunenfeld-Tanenbaum Research Institute, Mount Sinai
Hospital, Toronto, ON M5G 1X5, Canada.

Received: 19 July 2023 Accepted: 4 January 2024
Published online: 16 January 2024

References

1. Mathews MB, Hershey JW. The translation factor elF5A and human cancer. Biochim Biophys Acta.
2015,1849(7):836-44.

2. LiCH, OhnT, Ivanov P,Tisdale S, Anderson P. elF5A promotes translation elongation, polysome disassembly and
stress granule assembly. PLoS ONE. 2010;5(4): €9942.

3. OhnT,Kedersha N, Hickman T, Tisdale S, Anderson P. A functional RNAi screen links O-GlcNAc modification of ribo-
somal proteins to stress granule and processing body assembly. Nat Cell Biol. 2008;10(10):1224-31.

4. Schuller AR Wu CC, Dever TE, Buskirk AR, Green R. elF5A functions globally in translation elongation and termina-
tion. Mol Cell. 2017;66(2):194-205.e5.

5. Saini P, Eyler DE, Green R, Dever TE. Hypusine-containing protein elF5A promotes translation elongation. Nature.
2009;459(7243):118-21.

6. PelechanoV, Alepuz P. elF5A facilitates translation termination globally and promotes the elongation of many non
polyproline-specific tripeptide sequences. Nucleic Acids Res. 2017;45(12):7326-38.

7. Tauc M, Cougnon M, Carcy R, Melis N, Hauet T, Pellerin L, et al. The eukaryotic initiation factor 5A (elF5A1), the mol-
ecule, mechanisms and recent insights into the pathophysiological roles. Cell Biosci. 2021;11(1):219.

8. Clement PM, Henderson CA, Jenkins ZA, Smit-McBride Z, Wolff EC, Hershey JW, et al. Identification and characteriza-
tion of eukaryotic initiation factor 5A-2. Eur J Biochem. 2003;270(21):4254-63.


https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033

Seoane et al. Cellular & Molecular Biology Letters (2024) 29:15

20.

21.

22.

23.

24,

25.
26.

27.

28.

29.

30.

31

32.
33

34

35.

36.

37.
38.

39.

40.

41.

42.

43.

Guan XY, Sham JS, Tang TC, Fang Y, Huo KK, Yang JM. Isolation of a novel candidate oncogene within a frequently
amplified region at 3926 in ovarian cancer. Cancer Res. 2001;61(9):3806-9.

Guan XY, Fung JM, Ma NF, Lau SH, Tai LS, Xie D, et al. Oncogenic role of elF-5A2 in the development of ovarian
cancer. Cancer Res. 2004;64(12):4197-200.

Zender L, Lowe SW. Integrative oncogenomic approaches for accelerated cancer-gene discovery. Curr Opin Oncol.
2008,;20(1):72-6.

Martinez-Férriz A, Gandfa C, Pardo-Sanchez JM, Fathinajafabadi A, Ferrando A, Farras R. Eukaryotic initiation factor
5A2 localizes to actively translating ribosomes to promote cancer cell protrusions and invasive capacity. Cell Com-
mun Signal. 2023;21(1):54.

Jongjitwimol J, Baldock RA, Morley SJ, Watts FZ. Sumoylation of elF4A2 affects stress granule formation. J Cell Sci.
2016;129(12):2407-15.

Marmor-Kollet H, Siany A, Kedersha N, Knafo N, Rivkin N, Danino YM, et al. Spatiotemporal proteomic analysis of
stress granule disassembly using APEX reveals regulation by SUMOylation and links to ALS pathogenesis. Mol Cell.
2020,80(5):876-91.€6.

Keiten-Schmitz J, Wagner K, Piller T, Kaulich M, Alberti S, Miller S. The nuclear SUMO-targeted ubiquitin quality
control network regulates the dynamics of cytoplasmic stress granules. Mol Cell. 2020;79(1):54-67.e7.

Ohn T, Anderson P. The role of posttranslational modifications in the assembly of stress granules. Wiley Interdiscip
Rev RNA. 2010;1(3):486-93.

Banani SF, Rice AM, Peeples WB, Lin Y, Jain S, Parker R, et al. Compositional control of phase-separated cellular bod-
ies. Cell. 2016;166(3):651-63.

Hofweber M, Dormann D. Friend or foe-post-translational modifications as regulators of phase separation and RNP
granule dynamics. J Biol Chem. 2019;294(18):7137-50.

Chen G, Gharib TG, Thomas DG, Huang CC, Misek DE, Kuick RD, et al. Proteomic analysis of elF-5A in lung adenocar-
cinomas. Proteomics. 2003;3(4):496-504.

Luo JH, Hua WF, Rao HL, Liao YJ, Kung HF, Zeng YX, et al. Overexpression of EIF-5A2 predicts tumor recurrence and
progression in pTa/pT1 urothelial carcinoma of the bladder. Cancer Sci. 2009;100(5):896-902.

Shang Y, Zhao X, Tian B, Wang Y, Ren F, Jia B, et al. CHIP/Stub1 interacts with elF5A and mediates its degradation. Cell
Signal. 2014;26(5):1098-104.

Lee SB, Park JH, Folk JE, Deck JA, Pegg AE, Sokabe M, et al. Inactivation of eukaryotic initiation factor 5A (elF5A)

by specific acetylation of its hypusine residue by spermidine/spermine acetyltransferase 1 (SSAT1). Biochem J.
2011;433(1):205-13.

Park MH, Lee YB, Joe YA. Hypusine is essential for eukaryotic cell proliferation. Biol Signals. 1997;6(3):115-23.
Murphey RJ, Gerner EW. Hypusine formation in protein by a two-step process in cell lysates. J Biol Chem.
1987;262(31):15033-6.

Barba-Aliaga M, Alepuz P. Role of elF5A in mitochondrial function. Int J Mol Sci. 2022;23(3).

Schnier J, Schwelberger HG, Smit-McBride Z, Kang HA, Hershey JW. Translation initiation factor 5A and its hypusine
modification are essential for cell viability in the yeast Saccharomyces cerevisiae. Mol Cell Biol. 1991;11(6):3105-14.
Golebiowski F, Matic |, Tatham MH, Cole C, Yin Y, Nakamura A, et al. System-wide changes to SUMO modifications in
response to heat shock. Sci Signal. 2009;2(72):ra24.

Hendriks IA, D'Souza RC, Yang B, Verlaan-de Vries M, Mann M, Vertegaal AC. Uncovering global SUMOylation signal-
ing networks in a site-specific manner. Nat Struct Mol Biol. 2014;21(10):927-36.

Hendriks IA, Vertegaal AC. A comprehensive compilation of SUMO proteomics. Nat Rev Mol Cell Biol.
2016;17(9):581-95.

Zhao X, Hendriks IA, Le Gras S, Ye T, Ramos-Alonso L, Nguéa PA, et al. Waves of sumoylation support transcription
dynamics during adipocyte differentiation. Nucleic Acids Res. 2022;50(3):1351-69.

Flotho A, Melchior F. Sumoylation: a regulatory protein modification in health and disease. Annu Rev Biochem.
2013;82:357-85.

Wang CY, She JX. SUMO4 and its role in type 1 diabetes pathogenesis. Diabetes Metab Res Rev. 2008;24(2):93-102.
Chen S,YangT, Liu F, Li H, Guo Y, Yang H, et al. Inflammatory factor-specific sumoylation regulates NF-kB signalling in
glomerular cells from diabetic rats. Inflamm Res. 2014;63(1):23-31.

Baczyk D, Audette MC, Drewlo S, Levytska K, Kingdom JC. SUMO-4: a novel functional candidate in the human
placental protein SUMOylation machinery. PLoS ONE. 2017;12(5): e0178056.

Liang YC, Lee CC, Yao YL, Lai CC, Schmitz ML, Yang WM. SUMO5, a novel poly-SUMO isoform, regulates PML nuclear
bodies. Sci Rep. 2016;6:26509.

Bouchard D, Wang W, Yang WC, He S, Garcia A, Matunis MJ. SUMO paralogue-specific functions revealed through
systematic analysis of human knockout cell lines and gene expression data. Mol Biol Cell. 2021;32(19):1849-66.
Seeler JS, Dejean A. SUMO and the robustness of cancer. Nat Rev Cancer. 2017;17(3):184-97.

Boulanger M, Chakraborty M, Tempé D, Piechaczyk M, Bossis G. SUMO and transcriptional regulation: the lessons of
large-scale proteomic, modifomic and genomic studies. Molecules. 2021;26(4).

Chymkowitch P, Nguéa PA, Enserink JM. SUMO-regulated transcription: challenging the dogma. BioEssays.
2015;37(10):1095-105.

Vertegaal AC, Andersen JS, Ogg SC, Hay RT, Mann M, Lamond Al. Distinct and overlapping sets of SUMO-1 and
SUMO-2 target proteins revealed by quantitative proteomics. Mol Cell Proteomics. 2006;5(12):2298-310.

Desterro JM, Rodriguez MS, Hay RT. SUMO-1 madification of IkappaBalpha inhibits NF-kappaB activation. Mol Cell.
1998;2(2):233-9.

Alberti S, Gitler AD, Lindquist S. A suite of Gateway cloning vectors for high-throughput genetic analysis in Saccha-
romyces cerevisiae. Yeast. 2007,24(10):913-9.

Campagna M, Herranz D, Garcia MA, Marcos-Villar L, Gonzalez-Santamaria J, Gallego P, et al. SIRT1 stabilizes PML
promoting its sumoylation. Cell Death Differ. 2011;18(1):72-9.

Page 27 of 29



Seoane et al. Cellular & Molecular Biology Letters (2024) 29:15

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

Campagna M, Marcos-Villar L, Arnoldi F, de la Cruz-Herrera CF, Gallego P, Gonzalez-Santamaria J, et al. Rotavirus viro-
plasm proteins interact with the cellular SUMOylation system: implications for viroplasm-like structure formation. J
Virol. 2012,87(2):807-17.

Papouli E, Chen S, Davies AA, Huttner D, Krejci L, Sung P, et al. Crosstalk between SUMO and ubiquitin on PCNA is
mediated by recruitment of the helicase Srs2p. Mol Cell. 2005;19(1):123-33.

Suzuki K, Bose P, Leong-Quong RY, Fujita DJ, Riabowol K. REAP: a two minute cell fractionation method. BMC Res
Notes. 2010;3:294.

Marcos-Villar L, Lopitz-Otsoa F, Gallego P, Mufioz-Fontela C, Gonzalez-Santamarfa J, Campagna M, et al. Kaposi's
sarcoma-associated herpesvirus protein LANA2 disrupts PML oncogenic domains and inhibits PML-mediated tran-
scriptional repression of the survivin gene. J Virol. 2009;83(17):8849-58.

Fujimura K, Choi S, Wyse M, Strnadel J, Wright T, Klemke R. Eukaryotic translation initiation factor 5A (EIF5A) regulates
pancreatic cancer metastasis by modulating RhoA and Rho-associated kinase (ROCK) protein expression levels. J
Biol Chem. 2015;290(50):29907-19.

Munoz-Soriano V, Domingo-Muelas A, Li T, Gamero E, Bizy A, Farifas |, et al. Evolutionary conserved role of eukary-
otic translation factor elF5A in the regulation of actin-nucleating formins. Sci Rep. 2017;7(1):9580.

Garre E, Romero-Santacreu L, De Clercq N, Blasco-Angulo N, Sunnerhagen P, Alepuz P. Yeast mRNA cap-binding
protein Cbc1/Sto1 is necessary for the rapid reprogramming of translation after hyperosmotic shock. Mol Biol Cell.
2012,23(1):137-50.

Da Silva-Ferrada E, Xolalpa W, Lang V, Aillet F, Martin-Ruiz |, de la Cruz-Herrera CF, et al. Analysis of SUMOylated
proteins using SUMO-traps. Sci Rep. 2013;3.

Park MH, Wolff EC. Hypusine, a polyamine-derived amino acid critical for eukaryotic translation. J Biol Chem.
2018,293(48):18710-8.

Zhao Q, Xie Y, Zheng Y, Jiang S, Liu W, Mu W, et al. GPS-SUMO: a tool for the prediction of sumoylation sites and
SUMO-interaction motifs. Nucleic Acids Res. 2014;42(Web Server issue):W325-30.

Beauclair G, Bridier-Nahmias A, Zagury JF, Saib A, Zamborlini A. JASSA: a comprehensive tool for prediction of
SUMOylation sites and SIMs. Bioinformatics. 2015;31(21):3483-91.

Lee SB, Park JH, Kaevel J, Sramkova M, Weigert R, Park MH. The effect of hypusine modification on the intracellular
localization of elF5A. Biochem Biophys Res Commun. 2009;383(4):497-502.

WOhIT, Klier H, Ammer H, Lottspeich F, Magdolen V. The HYP2 gene of Saccharomyces cerevisiae is essential for aero-
bic growth: characterization of different isoforms of the hypusine-containing protein Hyp2p and analysis of gene
disruption mutants. Mol Gen Genet. 1993;241(3-4):305-11.

Schwelberger HG, Kang HA, Hershey JW. Translation initiation factor elF-5A expressed from either of two

yeast genes or from human cDNA. Functional identity under aerobic and anaerobic conditions. J Biol Chem.
1993;268(19):14018-25.

LiT, Belda-Palazon B, Ferrando A, Alepuz P. Fertility and polarized cell growth depends on elF5A for translation of
polyproline-rich formins in Saccharomyces cerevisiae. Genetics. 2014;197(4):1191-200.

Valentini SR, Casolari JM, Oliveira CC, Silver PA, McBride AE. Genetic interactions of yeast eukaryotic translation
initiation factor 5A (elF5A) reveal connections to poly(A)-binding protein and protein kinase C signaling. Genetics.
2002;160(2):393-405.

Fujimura K, Wang H, Watson F, Klemke RL. KRAS oncoprotein expression is regulated by a self-governing elF5A-
PEAK1 feed-forward regulatory loop. Cancer Res. 2018;78(6):1444-56.

Fujimura K, Wright T, Strnadel J, Kaushal S, Metildi C, Lowy AM, et al. A hypusine-elF5A-PEAKT switch regulates the
pathogenesis of pancreatic cancer. Cancer Res. 2014;74(22):6671-81.

Strnadel J, Choi S, Fujimura K, Wang H, Zhang W, Wyse M, et al. elF5A-PEAK1 signaling regulates YAP1/TAZ protein
expression and pancreatic cancer cell growth. Cancer Res. 2017,77(8):1997-2007.

Schneeweis C, Hassan Z, Schick M, Keller U, Schneider G. The SUMO pathway in pancreatic cancer: insights and
inhibition. Br J Cancer. 2021;124(3):531-8.

Kumar S, Schoonderwoerd MJA, Kroonen JS, de Graaf IJ, Sluijter M, Ruano D, et al. Targeting pancreatic cancer by
TAK-981: a SUMOylation inhibitor that activates the immune system and blocks cancer cell cycle progression in a
preclinical model. Gut. 2022;71(11):2266-83.

Becker J, Barysch SV, Karaca S, Dittner C, Hsiao HH, Berriel Diaz M, et al. Detecting endogenous SUMO targets in
mammalian cells and tissues. Nat Struct Mol Biol. 2013;20(4):525-31.

Lamoliatte F, McManus FP, Maarifi G, Chelbi-Alix MK, Thibault P. Uncovering the SUMOylation and ubiquitylation
crosstalk in human cells using sequential peptide immunopurification. Nat Commun. 2017;8:14109.

Saitoh H, Hinchey J. Functional heterogeneity of small ubiquitin-related protein modifiers SUMO-1 versus SUMO-
2/3. J Biol Chem. 2000;275(9):6252-8.

Schimmel J, Larsen KM, Matic |, van Hagen M, Cox J, Mann M, et al. The ubiquitin-proteasome system is a key com-
ponent of the SUMO-2/3 cycle. Mol Cell Proteomics. 2008;7(11):2107-22.

Gosslau A, Jao DL, Butler R, Liu AY, Chen KY. Thermal killing of human colon cancer cells is associated with the loss of
eukaryotic initiation factor 5A. J Cell Physiol. 2009,219(2):485-93.

Parreiras-E-Silva LT, Gomes MD, Oliveira EB, Costa-Neto CM. The N-terminal region of eukaryotic translation initiation
factor 5A signals to nuclear localization of the protein. Biochem Biophys Res Commun. 2007,362(2):393-8.

Jao DL, Yu CK. Subcellular localization of the hypusine-containing eukaryotic initiation factor 5A by immunofluores-
cent staining and green fluorescent protein tagging. J Cell Biochem. 2002;86(3):590-600.

Lee NP, Tsang FH, Shek FH, Mao M, Dai H, Zhang C, et al. Prognostic significance and therapeutic potential of eukary-
otic translation initiation factor 5A (elF5A) in hepatocellular carcinoma. Int J Cancer. 2010;127(4):968-76.

Aksu M, Trakhanov S, Gorlich D. Structure of the exportin Xpo4 in complex with RanGTP and the hypusine-contain-
ing translation factor elF5A. Nat Commun. 2016;7:11952.

Gutierrez E, Shin BS, Woolstenhulme CJ, Kim JR, Saini P, Buskirk AR, et al. elF5A promotes translation of polyproline
motifs. Mol Cell. 2013;51(1):35-45.

Page 28 of 29



Seoane et al. Cellular & Molecular Biology Letters (2024) 29:15 Page 29 of 29

75. Ude S, Lassak J, Starosta AL, Kraxenberger T, Wilson DN, Jung K. Translation elongation factor EF-P alleviates ribo-
some stalling at polyproline stretches. Science. 2013;339(6115):82-5.

76. Doerfel LK, Wohlgemuth |, Kothe C, Peske F, Urlaub H, Rodnina MV. EF-P is essential for rapid synthesis of proteins
containing consecutive proline residues. Science. 2013;339(6115):85-8.

77. Park MH, Joe YA, Kang KR, Lee YB, Wolff EC. The polyamine-derived amino acid hypusine: its post-translational forma-
tion in elF-5A and its role in cell proliferation. Amino Acids. 1996;10(2):109-21.

78. Cracchiolo BM, Heller DS, Clement PM, Wolff EC, Park MH, Hanauske-Abel HM. Eukaryotic initiation factor 5A-1
(elF5A-1) as a diagnostic marker for aberrant proliferation in intraepithelial neoplasia of the vulva. Gynecol Oncol.
2004,94(1):217-22.

79. Lubas M, Harder LM, Kumsta C, Tiessen |, Hansen M, Andersen JS, et al. elF5A is required for autophagy by mediating
ATG3 translation. EMBO Rep. 2018;19(6).

80. Greco S, Zannotti A, Pellegrino P, Giantomassi F, Delli Carpini G, D’Agostino M, et al. High levels of hypusinated
elF5A in leiomyoma and leiomyosarcoma pathologies: a possible novel therapeutic target. Reprod Biomed Online.
2023;47(1):15-25.

81. Smeltzer S, Quadri Z, Miller A, Zamudio F, Hunter J, Stewart NJF, et al. Hypusination of Eif5a regulates cytoplasmic
TDP-43 aggregation and accumulation in a stress-induced cellular model. Biochim Biophys Acta Mol Basis Dis.
2021;1867(1): 165939.

82. Enserink JM. Sumo and the cellular stress response. Cell Div. 2015;10:4.

83. Anderson P, Kedersha N, Ivanov P. Stress granules, P-bodies and cancer. Biochim Biophys Acta. 2015;1849(7):861-70.

84. Taylor JP, Brown RH, Cleveland DW. Decoding ALS: from genes to mechanism. Nature. 2016;539(7628):197-206.

85. Alberti S, Mateju D, Mediani L, Carra S. Granulostasis: protein quality control of RNP granules. Front Mol Neurosci.
2017;10:84.

86. Wolozin B, Ivanov P. Stress granules and neurodegeneration. Nat Rev Neurosci. 2019;20(11):649-66.

87. Fonteneau G, Redding A, Hoag-Lee H, Sim ES, Heinrich S, Gaida MM, et al. Stress granules determine the develop-
ment of obesity-associated pancreatic cancer. Cancer Discov. 2022;12(8):1984-2005.

88. Sfakianos AP, Raven RM, Willis AE. The pleiotropic roles of elF5A in cellular life and its therapeutic potential in cancer.
Biochem Soc Trans. 2022,50(6):1885-95.

89. Chien W, Lee KL, Ding LW, Wuensche P, Kato H, Doan NB, et al. PIAS4 is an activator of hypoxia signalling via VHL sup-
pression during growth of pancreatic cancer cells. Br J Cancer. 2013;109(7):1795-804.

90. Biederstadt A, Hassan Z, Schneeweis C, Schick M, Schneider L, Muckenhuber A, et al. SUMO pathway inhibition
targets an aggressive pancreatic cancer subtype. Gut. 2020;69(8):1472-82.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.



	SUMOylation modulates eIF5A activities in both yeast and pancreatic ductal adenocarcinoma cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Cells and reagents
	Transfection and plasmids
	In vitro SUMOylation assay
	In vitro deSUMOylation assay
	Protein analysis and antibodies
	Immunofluorescence
	Nuclear-cytoplasm fractionation
	Histidine purification
	Migration assays
	Cell growth assays
	Yeast strains and viability assays
	Polysome analysis
	Stress granules analysis
	Statistical analysis

	Results
	eIF5A protein is modified by SUMO2 in vitro and in vivo in an hypusination-independent manner
	SUMO can conjugate to different residues in eIF5A1
	Mutation of the SUMOylation sites in eIF5A alters its stability and subcellular localization in mammalian cells
	SUMOylation of eIF5A1 is modulated by stress
	Mutation of the SUMOylation sites in eIF5A1 reduces its ability to restore growth of yeast cells with endogenous eIF5A depletion
	SUMOylation of eIF5A1 is important for polysome disassembly and stress granule formation upon heat-shock stress in S. cerevisiae
	Mutation of the SUMOylation sites in eIF5A1 counteracts the proproliferative and promigratory effects of eIF5A1 overexpression on pancreatic ductal adenocarcinoma cells

	Discussion
	Conclusion
	Acknowledgements
	References


