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Eukaryotic Initiation Factor 5A2 localizes i

to actively translating ribosomes to promote
cancer cell protrusions and invasive capacity
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Abstract

Background Eukaryotic Initiation Factor 5A (elF-5A), an essential translation factor, is post-translationally activated by
the polyamine spermidine. Two human genes encode elF-5A, being elF5-A1 constitutively expressed whereas elF5-A2
is frequently found overexpressed in human tumours. The contribution of both isoforms with regard to cellular prolif-
eration and invasion in non-small cell lung cancer remains to be characterized.

Methods We have evaluated the use of elF-5A2 gene as prognosis marker in lung adenocarcinoma (LUAD) patients
and validated in immunocompromised mice. We have used cell migration and cell proliferation assays in LUAD lines
after silencing each elF-5A isoform to monitor their contribution to both phenotypes. Cytoskeleton alterations were
analysed in the same cells by rhodamine-phalloidin staining and fluorescence microscopy. Polysome profiles were
used to monitor the effect of elF-5A2 overexpression on translation. Western blotting was used to study the levels
of elF-5A2 client proteins involved in migration upon TGFB1 stimulation. Finally, we have co-localized elF-5A2 with
puromycin to visualize the subcellular pattern of actively translating ribosomes.

Results We describe the differential functions of both elF-5A isoforms, to show that elF5-A2 properties on cell
proliferation and migration are coincident with its features as a poor prognosis marker. Silencing of elF-5A2 leads to
more dramatic consequences of cellular proliferation and migration compared to elF-5A1. Overexpression of elF-
5A2 leads to enhanced global translation. We also show that TGF{ signalling enhances the expression and activity of
elF-5A2 which promotes the translation of polyproline rich proteins involved in cytoskeleton and motility features as
it is the case of Fibronectin, SNAIT, Ezrin and FHOD1. With the use of puromycin labelling we have co-localized active
ribosomes with elF-5A2 not only in cytosol but also in areas of cellular protrusion. We have shown the bulk invasive
capacity of cells overexpressing elF-5A2 in mice.

Conclusions We propose the existence of a coordinated temporal and positional interaction between TFGB and
elF-5A2 pathways to promote cell migration in NSCLC. We suggest that the co-localization of actively translating
ribosomes with hypusinated elF-5A2 facilitates the translation of key proteins not only in the cytosol but also in areas
of cellular protrusion.

Keywords Eukaryotic translation initiation factor 5A2, TGFB1 signaling, Translating ribosomes, Cytoskeleton
organization, Cell migration, Lung adenocarcinoma
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Background

Translational control is essential to maintain cell func-
tion and is a crucial component in cancer development
and progression. Alterations in the translation machinery
lead to changes in protein synthesis and translation of
specific mRNAs that promote tumor growth and metas-
tasis [1].

The non-canonical eukaryotic translation initiation fac-
tor 5A (elF-5A) is a small, essential and abundant protein
that is highly conserved throughout evolution [2]. Human
elF-5A consists of two different isoforms encoded by
EIF5A1 and EIF5A2 genes located in chromosome 17 [3]
and 3 [4] respectively. The coding sequence of EIF5AI
and EIF5A2 share 80% identity and their proteins are 84%
identical and 94% similar [4]. However, while elF-5A1
is abundant and ubiquitously expressed in most tissues
and cells [5], eIF-5A2 is rarely expressed in most tissues
except in brain and testis, and it is overexpressed in sev-
eral human cancers [4-7].

elF-5A1 and elF-5A2 are the only known proteins
that undergo a post-translational modification, unique
in nature, that generates the hypusine residue, which is
essential for its activity [8]. Hypusination occurs through
a pathway that includes two consecutive enzymatic reac-
tions carried out by the enzymes deoxyhypusine syn-
thase (DHS) and deoxyhypusine hydroxylase (DOHH) to
modify the conserved Lys™ residue of eIF-5A. The first
enzymatic step catalyzed by DHS uses the aminobutyl
moiety of spermidine as a donor to generate the deoxy-
hypusinated residue which is subsequently hydroxylated
by DOHH to render the hypusinated eIF-5A, which is the
active and functional form of the factor in the ribosome
[7, 9]. Notably, both enzymatic steps of the hypusination
modification are susceptible of drug inhibition [10-12].

The best studied elF-5A protein is by far eIF-5A1. Its
biological function, in addition to translation, has been
related to mRNA turnover, and nucleocytoplasmic trans-
port [7]. Its original description as translation initiation
factor [13] was later reassigned to the step of translation
elongation [14]. More specifically its role during trans-
lation elongation in the ribosome has been allocated to
conditions of ribosome stalling caused by the presence
of polyproline domains or other specific motifs that
slow-down ribosomal advance [15-17]. It has been iden-
tified as a tumor suppressor in lymphoma [18]. In con-
trast, tumor promoting actions for elF-5A1 have been
described in glioblastoma [19], colorectal cancer [20],
cervical [21] and epithelial ovarian cancer [22].

elF-5A2 function has been related to the regulation of
transcription but not protein synthesis [23, 24]. It is over-
expressed in tumor tissues [7, 25-28], and its overexpres-
sion leads to metastasis in hepatocellular carcinoma [29],
non-small cell lung cancer [30], esophageal squamous cell
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carcinoma [31] and bladder cancer [32]. Since eIlF-5A2 is
not widely expressed in normal tissue and its overexpres-
sion is associated with cancer, it has been postulated as
a marker of bad prognosis and more aggressive stage of
the disease [30, 33, 34]. In addition, the fact that e[F-5A2
knock-out mouse were viable and had normal develop-
ment [12] made elF-5A2 a very attractive therapeutic
target in cancer. However, the regulation of eIlF-5A2, its
modification by hypusination and its functional role as
translation factor in cancer cells undergoing migration
and invasion is still poorly understood.

In the present study we have addressed the role of elF-
5A2 in lung adenocarcinoma (LUAD), the most common
histological type of non-small cell lung cancer (NSCLC).
We have compared the different cellular phenotypes by
altering eIF-5A1 or elF-5A2 expression in cell prolifera-
tion and migration of NSCLC cell lines. Additionally, we
have addressed the role of elF-5A2-mediated transla-
tional control in TGFB1-activated EMT, and the results
obtained has allowed us to propose a novel function for
elF-5A2 as a key regulator in the translation of proteins
involved in the migration and invasion properties of

NSCLC cells.

Methods

Cell culture and expression vectors, reagents

and antibodies

A549 and H1395 cells were cultured in DMEM/F12 sup-
plemented with 10% foetal bovine serum. H1395 stable
cell lines were generated transfecting cells with pCIG-
IRES-GFP (empty vector) and pCIG-Flag-eIF-5A2-IRES-
GFP using Lipofectamine 3000 (Invitrogen). Transfected
cells were selected by resistance to G418 antibiotic and
GEFP positive cell populations were sorted by flow cytom-
etry (MoFlo XDP, Beckman-Coulter). TGFB1 ligand
(Pepro-Tech) was added to a final concentration of 10 ng/
mL. Puromycin was added at a final concentration of
50 pg/mL for 5 min at 37 °C. The antibodies used for
western blotting are listed in Additional file 1: Table S1.
Primary and secondary antibodies used for immunohis-
tochemistry and immunofluorescence microscopy are
listed in Additional file 1: Tables S2 and S3.

NSCLC patient samples
Seven samples from NSCLC patients of normal tissue
(NT) and primary tumor (PT) were included in this study
(Additional file 1: Table S4) and [35]. Fixed samples from
these biopsies were used for the construction of a Tissue
microarray (TMA) including two cylinders per sample.
The TMA was used for immunohistochemical analyses as
described in [35].

Frequencies of EIF5A1 and EIF5A2 gene alterations
and Z-score of EIF5AI and EIF5A2 amplification in



Martinez-Férriz et al. Cell Communication and Signaling (2023) 21:54

LUAD cancer dataset (TCGA Pan-Cancer Atlas Studies)
were obtained from cBioPortal for Cancer Genomics [36]
in November 2022.

RNA interference experiments and RT-qPCR
Cells were transfected with 200 ng of EIF5A1 and EIF5A2
siRNA (Additional file 1: Table S5) or with negative con-
trol siRNA using Lipofectamine 3000 (Invitrogen). After
24 h, TGFB1 ligand was added and medium with TGFB1
was replaced every day. The gene silencing effect was
measured by western blotting and qPCR 72 h post trans-
fection and 48 h hours post treatment.

RT-qPCR were performed as described in [37]. The
primers used for PCR are listed in Additional file 1:
Table S5.

Fluorescence microscopy

Fluorescence microscopy was performed as described
in [37]. For actin cystoskeleton staining, cells were first
incubated with 0.2 mg/ml of DSP (dithiobis(succinimidyl
propionate) and washed with 0.1 M glycine DMEM and
then with PBS. The samples were then incubated with
TSB at pH 6.9 (1 mM EGTA, 4% polyethylene glycol
6000, 100 mM PIPES and 0.5% Triton x-100 in distilled
water). Next, cells were fixed with 4% PFA and washed
with 0.1 M glycine in PBS. Cells were permeabilized with
1% Triton X-100 in PBS for 10 min and blocked for 1 h
with 5% BSA in PBS. The primary and secondary anti-
bodies were incubated under the conditions detailed in
Additional file 1: Table S2 and S3. Actin filaments were
labelled with Phalloidin-TRITC (Merck). The coverslips
were mounted with Dako Ultramount permanent aque-
ous medium with DAPI (Agilent Dako). and analysed
using a Leica TSC SP2 inverted confocal microscope
(Leica Biosystems), a Leica TSC SP8 high-resolution
multiphoton confocal microscope (Leica Biosystems), or
an Apotome light microscope (Carl Zeiss).

Polysome profiling

Cells were seeded in 150 mm plates and lysed as
described by [38]. 10-50% sucrose linear gradients were
performed on the Gradient Master (BioComp Instru-
ments, Canada). The samples were ultracentrifuged at
230,000 x g for 2 h at 4 °C. Samples were fractionated and
profiled with with the Piston Gradient Fractionator and
the Triax™™ flow cells software (BioComp Instruments,
Canada). Total protein from the collected fractions was
precipitated with trichloroacetic acid and used for west-
ern blot analysis.

Cell proliferation assay (MTS)
Cells were seeded at a density of 1000 cells per well in
a 96-well plate. Proliferation was evaluated 72 h after
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seeding with the kit CellTiter 96 Aqueous non-radiacitive
Cell Proliferation Assay (Promega Corporation) accord-
ing to standard protocols and analysed with a Victor 2
plate reader (Perkin Elmer). Cell titration assay was per-
formed to optimize the initial cell number plated and to
ensure linearity between cell density and MTS absorb-
ance at 490 nm (Additional file 1: Fig. S3), according to
the manufacturer instructions.

Cell migration assay

Cells were seeded at 25—-30% confluence in 96 well plate
and treated as indicated. A wound on the monolayer was
performed automatically with the AutoScratch (BioTek).
Phase contrast images were taken every hour for 48 h
in a BioSpa 8 system (BioTek) coupled with a Cyation 5
system (BioTek). Cell migration was analyzed with Gene
5 software (BioTek), to calculate the width of the wound
over time. The width of the wound was analyzed by cal-
culating the microns that the cells had traveled in each
image taken with respect to the image taken at time 0.

Xenograft mouse models

8 NSG mice (JAX® Mice Strain, NOD.Cg-Prkdcscid
II2rgtm1Wjl/Sz], Charles River Laboratories) aged
5-6 weeks were included in the study without distinc-
tion by sex. Mice were injected subcutaneously with 500
H1395-EV and H1395-eIF-5A2 cells suspended in 200 pL
of serum-free medium and Matrigel in a 1:1 ratio (n=4/
cell line). Mice behavior and tumor growth were observed
over subsequent weeks and tumor growth was measured
as described in [35]. Mice were euthanized with CO,
according to animal welfare criteria. Tumor, lungs, and
liver from mice were fixed by immersion in 4% PFA. 7 um
thick lung sections were mounted on slides with Fluo-
romount-G aqueous mounting medium (Thermo Fisher
Scientific). Images of random areas in each tissue section
were taken in an Apotome light microscope.

Statistical analysis
ANOVA and t-test analyses were performed using the
GraphPad Prism software version 7.00 for Windows.

Results

elF-5A2 is highly expressed in lung adenocarcinoma
tumors and is associated with poor prognosis

We have scored the presence of genetic alterations of
EIF5A1 and EIF5A2 in LUAD data sets from TCGA with
cBioportal for Cancer genomics [36]. We found that 9%
of the tumor samples displayed amplification and high
mRNA levels of EIFSA2, while 5% showed high levels of
mRNA and deep deletion for EIF5AI gene (Fig. 1A). We
next addressed whether high eIlF-5A levels were associ-
ated with bad prognosis in LUAD and found that cancer
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patients with high EIF5A2 levels showed poorer prog-
nosis than the rest of patients (Fig. 1B). In contrast, high
levels of EIF5A1 mRNA were not associated with bad
prognosis (Fig. 1B).

Next, we performed immunohistological analysis to
evaluate the levels of e[F-5A2 protein and its localization
in biopsy tumor tissue samples and normal adjacent tis-
sue from 7 patients with early stage LUAD. elF-5A2 was
expressed in the cytoplasm, nucleus and perinucleus of
carcinoma cells (Fig. 1C), while in adjacent normal lung
samples eIF-5A2 immunological signal was strongly
reduced and limited to the cytoplasm of alveolar walls
and alveolar macrophages.

Altogether the genomic data from the Cancer Genom-
ics Portal, together with individual analysis from 7 LUAD
patients suggest that e[F-5A2 enhanced expression shows
strong correlation with bad prognosis.

Functional divergences between elF-5A1 and elF-5A2

on cell proliferation, cell migration and cytoskeleton
organization

To discriminate between the roles of elF-5A1 and elF-
5A2 in cell proliferation and cell migration in LUAD cells,
we investigated the consequence of their genetic inhibi-
tion in A549 and H1395 cell lines. Since both EIF5A1
and EIF5A2 display high sequence similarity, siRNA
sequences (SiEIFSAI1 and siEIF5A2) were designed to
specifically silence each gene (Additional file 1: Fig. S1).

We confirmed the siRNA specificity by analysing the
mRNA and protein expression of el[F-5A1 and elF-5A2
by RTqPCR (Fig. 2A) and western blot (Fig. 2B) respec-
tively. It should be remarked here that the western blot
studies were performed with a different anti-eIF-5A2
antibody which also recognized, to a lower extent, the
elF-5A1 protein. Notably, we observed an increase in the
levels of el[F-5A2 mRNA and protein in the cells trans-
fected with sielF-5A1 (Fig. 2A and B), but not the other
way around, suggesting a unidirectional compensation
between both homologs.

Next, cell proliferation was scored by MTS prolifera-
tion assay in the same cells with the same silencing con-
structs. The results showed that depletion of EIF5AI
increased 14% and 2% cell proliferation of A549 and
H1395 cells respectively (Fig. 2C). In contrast, depletion
of elF-5A2 decreased cell proliferation by 38% in A549

(See figure on next page.)
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cells and 20% in H1395 cell line. In addition, we also
tested cell migration alterations by wound healing assays
(Fig. 2D). The results showed a decrease in cellular migra-
tion when depleting any of the genes, with a more drastic
effect of elF-5A2 depleted cells in comparison with elF-
5A1 depletion in both A549 and H1395 cell lines.

It has been shown that among the different actin
polymerization proteins, formins are bona fide eIF5A cli-
ent proteins as they contain large stretches of consecutive
polyproline domains (Additional file 1: Fig. S2) [39]. To
evaluate possible cytoskeleton alterations upon elF-5A
silencing, we stained A549 and H1395 cells transfected
with siEIF5A1, siEIF5A2 or siControl cells treated with
rhodamine-phalloidin to visualize the structure of the
stress actin cables. As shown in Fig. 2E, the depletion of
elF-5A2 altered the organization of the actin cytoskele-
ton of both A549 and H1395 cell lines to a larger extent
than with siEIF5A1 treatment. We could observe upon
SiEIF5A2 transfection drastic effects like broken and dis-
organized actin fibers and cytoplasmic aggregates.

All together, these data suggest that eIF-5A1 and elF-
5A2 have different impact on cancer cell proliferation,
migration and cytoskeleton rearrangements. While
opposite effects were detected in cell proliferation, both
genes seemed to behave similarly in cell migration assays
and cytoskeleton alterations, although with a different
degree, being more extreme for eI[F-5A2 depletion.

Overexpression of elF-5A2 promotes cell proliferation

and cell migration and is associated to polysomes

To assess the effect in cell proliferation and migration
upon elF-5A2 overexpression, we generated an H1395
cell line stably expressing Flag-eIF-5A2 under the con-
trol of the pCIG-IRES-GFP promoter (H1395-elF-5A2).
As a control, we generated transgenic H1395 cells stably
expressing pCIG-IRES-GFP empty vector (H1395-EV).
We observed that endogenous elF-5A1 protein expres-
sion was not altered in H1395-eIF-5A2 cells compared
to H1395-EV cells (Fig. 3A). Cell proliferation assays by
MTS showed that overexpression of elF-5A2 increased
cell proliferation by more than 85% compared with empty
vector cells (Fig. 3B). In addition cell migration was also
increased in cells overexpressing eIF-5A2 (Fig. 3C). These
results suggest that overexpression of eIF-5A2 promotes
both, cell proliferation and cell migration.

Fig. 1 EIF5A2 overexpression in LUAD is associated with poor survival. A Genomic alterations of EIF5AT and EIF5A2 analysis using the dataset of
TCGA Pan-Cancer Atlas Studies at the cBioPortal for Cancer Genomics. Green, mutation; red, amplification; blue, deep deletion. B Survival prognostic
curve in patients with LUAD is shown. C elF-5A2 localises in the nucleus, perinucleus and cytoplasm of cancer cells. In normal lung tissues elF-5A2

is expressed in alveolar walls and cytoplasm of alveolar macrophages. Tissue microarray immunohistochemistry of the samples from patients LFO1,
LF05, LFO9, LF15, LF19, LF20, LF21 and LF29 [35]. Normal lung tissue adyacent to primary tumor and primary tumor tissue are shown. Images show
Hematoxylin and eosin (H&E) staining along immunohistochemistry with the anti-elF-5A2 antibody. Sale bar for 5X images are 500 um; scale bar for

20X images are 100 um
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Next, we tested the association of elF-5A2 protein
isoforms to polysome fractions. Polysome profiling
analysis in H1395-EV and H1395-elF-5A2 showed an
increase in the number of heavy polysomes in eIF-5A2
overexpressing cells, which suggests enhanced pro-
tein translation in these cells (Fig. 3D). In addition,
we observed enhanced association of Flag-elF-5A2
with polysomes (Fig. 3E, fractions 16-21) suggesting
that overexpression of el[F-5A2 may be involved in the
increased translational rate of these cells. Inmunoblots
of ribosomal proteins rpL4 and rpS6 were performed
with the same fractions showing similar expression pat-
terns (Fig. 3E).

The increase in elF-5A2 association to translating
ribosomes suggests that e[F-5A2 is involved in the syn-
thesis of proteins possibly involved in cell proliferation
and migration.

TGFB1 induces elF-5A2 expression

elF-5A2 has been previously involved in the epithelial
to mesenchymal transition (EMT) in LUAD [40]. One
of the signaling pathways involved in EMT activation is
transforming growth factor beta (TGF-P) [41-43]. We
addressed whether TEGB1-induced EMT signaling affects
elF-5A1 and elF-5A2 expression in A549 and H1395
cells. First, we analyzed the mRNA levels of EIF5A1 and
EIF5A2 in cells treated or not with TGFB1 peptide. We
observed that addition of TGFB1 induced subtle changes
in the levels of EIF5A1 and EIFSA2 mRNA (Fig. 4A), how-
ever, when silencing EIF5A1, TGFB1 treatment provoked
a notable increase in the expression of EIF5A2.

We then analysed the protein levels and observed
a drastic positive effect of TFGB1 treatment on the
expression of elF-5A2 protein compared to the non-
treated control cells. Similar to the transcriptional data,
no obvious effect of TFGB1 could be detected on elF-
5A1 level (Fig. 4B).

(See figure on next page.)
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We can conclude that the TFGB1-dependent EMT
activation leads to enhanced expression of elF-5A2 with
no consequence on elF-5A1 protein.

TGFB1 treatment induces hypusination of elF-5A2

and elF-5A2-dependent EMT protein expression

To determine whether TGFB1-dependent induction of
elF-5A2 expression is transferred into higher eIlF-5A2
activity, we analised the kinetics of the post-translational
activation of elF-5A2 by hypusination by means of west-
ern blot analsysis with H1395-elF-5A2 and H1395-EV
cell lines treated with TGFB1 for 72 h. As shown in
Fig. 5A, neither EIF5AI nor EIF5A2 mRNA levels were
affected by TGFB1 treatment, although the EIF5A2
mRNA levels were high due to the overexpression of
Flag-EIF5A2. However, differences between elIF-5A1
and eIF-5A2 hypusination patterns were detected after
TGFBI1 treatment. Although the hypusination profile of
elF-5A1 did not display any alteration, the elF-5A2 hypu-
sination pattern was enhanced by the TGFB1 treatment
showing a peak around 24—48 h (Fig. 5B).

We then investigated the role of e[F-5A2 in the acqui-
sition of a mesenchymal phenotype induced by TGFBI.
For this purpose, we analysed the expression of two mes-
enchymal markers, Fibronectin and SNAI1, which, as
polyproline containing proteins (Additional file 1: Fig. S2)
qualify as elF-5A clients. In the cells treated with TGFB1
for 72 h, we observed an increase in the FNI mRNA lev-
els (Fig. 5C), concomitant with an increase in its protein
expression over time of TGFB1 exposure (Fig. 5D). More-
over, the expression of Fibronectin protein was higher
in H1395-elF-5A2 cells treated for 48 and 72 h in com-
parison to control cells. The expression kinetics of SNAII
mRNA during TGFB1 treatment showed a 2 to threefold
increase in both cells lines (Fig. 5C). The protein lev-
els of SNAI1 were higher in H1395-eIF-5A2 compared
to control cells (Fig. 5D). Of note, the protein showed a
transient increase during 4 to 48 h of TGFB treatment in

Fig. 2 Differential contribution of elF-5A1 and elF5-A2 to cell proliferation and migration. A A549 and H1395 cells were transfected with either

a control siRNA (Control) or EIF5AT- and EIF5A2-specific siRNAs (siEIF5AT and siEIF5A2) for 72 h. The mRNA expression was analyzed by RT-gPCR.
Experimental means (n =3 with experimental triplicates) were compared by two-way ANOVA analysis with Tukey’s test for multiple comparison

of samples (***p <0.001, ****p <0.0001). B elF-5A1 and elF-5A2 protein levels upon transfection of siRNA. elF-5A1 and elF-5A2 proteins levels

were assayed by immunoblotting in A549 and H1395 cells processed as in (A). b-Actin or HSP90 were used as a loading control. A representative
image of the experiments performed is shown (N=3). C Cell proliferation was assayed using the MTS assay upon siEIF5AT and siEIF5A2 transfection.
Experimental means (n =6 with experimental triplicates) were compared by two-way ANOVA with Tukey’s test for multiple sample comparison
(***p<0.001, ***p <0.0001).) D Analysis of cell migration in siRNA EIF5AT or siRNA EIF5A2 transfected cells. Wound closure was performed 96 h after
trasnfection and cell migration was monitored by phase-contrast microscopy. The means of the experiments (n = 3 with experimental triplicates)
were compared by two-way ANOVA analysis with Tukey's test for multiple comparison of samples (**p <0.01, ***p <0.001, ****p <0.0001) (left
panel). Phase constrast representatives images. Scale bar 500 um. E Genetic inhibition of EIF5AT and EIF5A2 alters the organization of the F-actin
citoeskeleton. Representative fluorescence microscopy images of A549 and H1395 cells transfected with siEIF5AT and siEIF5A2 for 72 h. F-actin
cytoskeleton was stained with rhodamine phalloidin (red). Dapi staining (blue) was used to visualised the nuclei. Scale bar of A549 fluorescence

images 25 um; scale bar of H1395 fluorescence images 10 um
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H1395-eIF-5A2 cells suggesting a post-transcriptional
regulation. These results confirmed that overexpression
of elF-5A2 promoted the expression of proteins inolved
in the adquisition of a TGFB1-dependent mesenchymal
phenotype.

Other polyproline containing proteins involved in the
EMT differentiation are Ezrin (Additional file 1: Fig. S2),
that connects the actin cytoskeleton with the cell mem-
brane [44] and the actin polymerization formin FHOD1
[45]. The expression of FHODI and EZR mRNA were
similar in both cell lines and had minor changes dur-
ing the TGFBI treatment (Fig. 5C). We also analised the
expression of FHOD1 and Ezrin proteins in H1395-EV
and H1395-eIF-5A2 cells treated with TGFB1 (Fig. 5D).
The protein levels of FHOD1 decreased after TGFB1
treatment in control H1395-EV cells. In contrast, the
expression of FHOD1 increased during TGFB1 treatment
in H1395-elF-5A2 cells. Similarly, Ezrin protein levels
continuously decreased in H1395-EV cells, while a sus-
tained high protein level was observed during the period
of TGFB1 treatment in H1395-eIF-5A2 until 72 h when
protein levels dropped (Fig. 5D). These results suggest
that eIF-5A2 overexpression did promote up-regulation
of FHOD1 and Ezrin at the post-transcriptional level.

Finally, we analysed cell migration by wound healing
assays of these cells upon TGFBI1 treatment. The results,
displayed in Fig. 5E, showed an increase in H1395-elF-
5A2 migrating cells, which were capable of closing the
wound after 12 h, unlike H1395-EV cells in which the
wound stayed unclosed. These results are in agreement
with data shown in Fig. 2D where inhibition of eIF-5A2
expression repressed cell migration.

elF-5A2 colocalizes with active translation sites

and promotes bulk cell invasion

TGEFBI treatment induces changes in the cytoskeleton to
allow the cell to adquire a mesenchymal phenotype. Thus,
we wanted to analyse whether the subcellular localisation

(See figure on next page.)
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of eIF-5A2 could be altered upon TGFBI treatment. In
fact, we observed that in TGFB1-treated cells for 72 h
elF-5A2 acumulates in the cell protrusions that appeared
after 72 h of TGFBI treatment (Fig. 6A).

We also analysed the subcellular localization of actively
translating elF-5A2. To this aim we perfomed colocaliza-
tion of elF-5A2 and puromycin in H1395-elF-5A2 cells
treated with TGFB1. Puromycin is a tyrosyl-tRNA mimic
that blocks translation by labeling and releasing elongat-
ing polypeptide chains from translating ribosomes [46],
therefore antibodies against puromycin were used to
localize translating ribosomes in the cells [47].

We observed that eIF-5A2 colocalized with puromy-
cin close to the cell membrane and in filopodia (Fig. 6B),
suggesting that elF-5A2 may be involved in the transla-
tion of specific proteins in the same places where they are
required to activate morphological changes.

We also used anti-Flag antibodies to specifically visual-
ize the exogenous elF-5A2 protein and observed that, in
the H1395- elF-5A2 cells treated with TGFB1, the levels
of immunolabelled puromycin increased (Fig. 6B). These
data indicate a higher translational rate of H1395-elF-
5A2 cells compared to H1395-EV cells, in agreement with
the results shown in Fig. 3D. In addition, positional colo-
calization of Flag-elF-5A2 with puromycin confirmed
active translation places where elF-5A2 may be required
to actively translate polyproline proteins involved in mor-
phological rearrangements (Fig. 6B).

Finally, the invasive capacity of H1395-EV and
H1395-elF-5A2 cells was studied in an in vivo model.
To this aim, 500 cells of each cell line were injected into
immunocompromised mice subcutaneously. Although
there were no differences in the final tumor volume
generated by the two cell lines, we observed that the
cells overexpressing elF-5A2 increased tumor volume
faster that H1395-EV cells, which had a more linear
growth (Fig. 6B). As these tumors showed differential
growth, we analised whether cancer cells had been able
to migrate and colonize other tissues once the tumor

Fig. 3 Overexpression of elF-5A2 induces cell proliferation and migration, and enhances translation. A Protein extracts from empty vector
(H1395-EV) or Flag-elF-5A2 (H1395-elF-5A2) stably-transfected H1395 cells were analysed by western blot with elF-5A2 and Flag antibodies. HSP90O
was used as a loading control protein expression. A representative image of the three idependent experiments is shown. B Cell proliferation

assay in H1395-EV and H1395-elF-5A2 cells. MTS assays were performed 24 h, 48 h and 72 h after seeding the cells. Experimental means (n=6
with experimental triplicates) were compared by two-way ANOVA with Tukey’s test for multiple sample comparison (**p<0.01). C Cell migration
assay in H1395-EV and H1395-elF-5A2 cells. Wound was performed in confluent monolayer cell culture, and wound closure was monitored by
phase-contrast microscopy. The means of the experiments (n =3 with experimental triplicates) were compared by two-way ANOVA analysis with
Tukey’s test for multiple comparison of samples (*p < 0.05) (right panel). Representative images of phase contrast microscopy are shown in the

left panel. Scale bar 500 pm. D Polysomal profile of H1395-EV and H1395-elF-5A2 cells. Global RNA polysome profiles generated by measurement
of the OD at 254 nm in the density gradient fractionation system are shown. From left to right, each peak represents the 40S subunit, the 60S
subunit, monosomes (80S), disomes, and polysomes. A representative graph of the experiments performed is shown (n = 3). E Protein extracts
from the fractions obtained in D were analysed by western blot with elF-5A2, RPL4 and rpS6 antibodies. A representative image of the experiments

performed is shown (n=2)
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Fig. 4 TGFB1 induces elF-5A2 protein expression. A EIF5AT and EIF5A2 mRNA levels in A549 and H1395 cells treated with TGFB1. Cells were
transfected with siEIF5AT, siEIF5A2 or siCT for 72 h and treated or not with TGF31 for 48 h. The mRNA relative expression was analyzed by RT-qPCR.
Experimental means (n =3 with experimental triplicates) were compared by two-way ANOVA analysis with Tukey's test for multiple comparison of
samples (*p <0.05, **p <0.01, ****p <0.0001). B elF-5A2 and elF-5A1 protein levels of cells in A were analised by western blot. 3-Actin or HSP90 were
used as a loading control. A representative image of the experiments performed is shown (n=3)

had reached its maximum size. This analysis was facili- able to confirm a difference in the invasive capacity of
tated by the GFP-labelling of xenografted cells, as the the cells. H1395-EV cells that reached the lung tissue
plasmid used to generate them is a bicistronic vector invaded it as individual cells, while H1395-elF-5A2
expressing GFP protein from an IRES sequence. We  cells were capable of forming larger bulks of cells in the
performed immunofluorescence on sections of lung lungs (Fig. 6D).

tissue collected at the time of euthanasia, and we were

(See figure on next page.)

Fig.5 TGFB1 induces elF-5A2 hypusination and elF-5A2-dependent expression of EMT proteins. A EIF5AT and EIF5A2 mRNA levels in H1395-EV and
H1395-elF-5A2 cells treated with TGFB1 for the indicated times. The mRNA expression was analyzed by RT-qPCR. Experimental means (n =3 with
experimental triplicates) were compared by two-way ANOVA analysis with Tukey’s test for multiple comparison of samples (*p <0.05, **p <0.01,
**¥p<0.001). B elF-5A1 and elF-5A2 protein levels and their hypsuinated forms of cells in A were analysed by western blot with elF-5A2 and
hypusine antibodies. HSP90 was used as a loading control. A representative image of the experiments performed is shown (n=3). C mRNA levels
of FN1, FHODT, EZRIN and SNAIT of cells in A. The mRNA expression levels were analyzed by RT-gPCR. Experimental means (n =3 with experimental
triplicates) were compared by two-way ANOVA analysis with Tukey's test for multiple comparison of samples (*p <0.05, **p <0.01). D Protein
expression of Fibronectin, FHOD1, Ezrin and SNAI1 of cells in A were analysed by western blot with the indicated antibodies. A representative image
of the experiments performed is shown (n=3). E Cell migration assays in H1395-EV and H1395-elF-5A2 cells, in the presence of TGFB1 ligand for

72 h.Wound was performed in confluent monolayer cell culture, and wound closure was monitored by phase-contrast microscopy. The means

of the experiments (n =3 with experimental triplicates) were compared by two-way ANOVA analysis with Tukey’s test for multiple comparison of
samples (*p <0.05) (left panel). Representative phase-contrast microscopy images are shown in the right panel. Scale bar 500 um



Martinez-Férriz et al. Cell Communication and Signaling (2023) 21:54 Page 11 of 15
A EIF5A2 B H1395-EV H1395-e|F-5A2
s EIF5A1 5
15 8 507 . . TGFB1(h) o % & 4 Y A & % o K3
% 1o g 40 FIag-eIF-5A2
oz} zlllll
g 05 g2 elF-5A1 -
< 210 DA, p
4 4
ns‘ %S S & 50 & A °1=f 0 * 2 & & elF-5A2-H -
SR O O’ - - ,
NN NS NI SR Iy yp m_
AL L L CRIL L © IF-5A1-H ek - -
0 H1395-EV elr- -Fyp g
H1395-eIF-5A2
HSPOD | "™ e o o v ww s o w— —— —
C
c
s FNT 2 SNAIT 5 FHOD1 § EZR
20 g4 815 815 .
215 53 5 I
] o 1.0 1.0
210 22 2 @
© = =
e s 7: 1 S5 Sos
< < - b
an: s < . o Zo N % 0.0 % 0.0
> S 5 o A N N
‘ 2 v@ q?‘ b“b '\,\'1. e (“‘oo\b‘ Q’\% v \@ N \¢ E &,}o \s‘o "é\\&o\&\(\’w £ 6"@ \g‘o "é\\'bw\@‘\(\'&
Q & ‘<°’ c§<° & CE S LLL FLLL L L FLSLL L L
RN ) ESARN OIS RN
B H1395-EV

[ H1395-elF-5A2

D H1395-EV

H1395-elF-5A2

TGFB1(h) o

¥ o R A S % R A

Fibronectin

- - B8

Esas-ac28285
FHODT | we w s e e e e o o =
Ezrin | o mme o ows o oo o oo e e G o
(RIS (0] TS ———
T -
= i =
g o H1395-EV[
S -
S 400 @
ke
5 4
2 200 +
0- T T '.,.I':L

0 6 9
Time (h)
0 H1395-EV + TGFB1 72h
[ H1395-elF-5A2 + TGFB1 72h
Fig. 5 (Seelegend on previous page.)




Martinez-Férriz et al. Cell Communication and Signaling (2023) 21:54

Discussion

Human translation factor elF-5A2 isoform is frequently
overexpressed in lung adenocarcinoma. It has been
considered as a valuable and safe target for therapeutic
intervention in cancer, since it is dispensable for normal
development and viability, however its regulation and
function is not completely understood. In the present
study we have investigated the pathogenic role of elF-
5A2 in LUAD. We have shown that eIF-5A2 is amplified
in 9% of LUAD patients and its overexpression is asso-
ciated with poor prognosis. These data were correlated
with our experimental evidence of a higher cell inva-
sion capacity when cells overexpressing elF-5A2 were
grafted into immunocompromised mice. We have also
analysed the effects of genetic silencing of elF-5A1 and
elF-5A2 isoforms in LUAD cells to study their contribu-
tion to cancer progression. By studying the phenotypic
consequences of the downregulation of both genes we
observed that, while eIF-5A2 function preferentially reg-
ulated cell migration, elF-5A1 function was more related
to cell proliferation. Additionally, overexpression of elF-
5A2 led to both enhanced proliferation and cell migra-
tion in LUAD. A functional link to the TGFB1 pathway
was also uncovered showing that TGFB treatment led
to enhanced expression of eIF-5A2 protein as well as a
transient expression of hypusinated eIF-5A2, thus boost-
ing the translation of polyproline containing proteins
involved in the cellular migration process.

One important aspect of our investigations, which
is often underestimated, is the genetic compensation
between the elF-5A isoforms. We have shown that deple-
tion of elF-5A1 induced upregulation of eIF-5A2 expres-
sion, but it did not occur in the opposite way. Thus,
targeted elimination of EIF5A1 should be taken wih care
as a side effect leading to EIF5A2 overproduction could
have colateral consequences.

Depletion of both isoforms led to desorganization of
the actin cytoskeleton, being this alteration more dra-
matic in elF-5A2 depleted cells. This is important since
the development of an invasive phenotype characteris-
tic of cancer progression requires loss of cell polarity,

(See figure on next page.)
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cytoskeleton reorganization and cell shape reprogram-
ming to increase the motility of individual cells. These
are basic hallmarks of the epithelial-mesenchymal tran-
sition. How do cells orchestrate these morphological
changes is a subject of extensive research, however there
are still questions to be solved. The recent demonstration
that elF-5A translation factor is required for the transla-
tion of proteins with consecutive Pro residues opens new
avenues of exploring the existence of elF-5A translation
hubs during EMT. Reinforcing this idea, gene ontology
studies showed an enrichment of polyproline-rich pro-
teins involved in cytoskeleton organization like the form-
ins, with direct functions in cell morphology, adhesion
and migration [48]. This idea was later confirmed with
functional studies [39, 49]. However, unlike eIF-5A1, elF-
5A2 has been implicated in the regulation of transcrip-
tion but not in protein translation [23]. Here we show
that eIF-5A2 overexpression is associated to translational
regulation in LUAD.

To study the role of eIF-5A2 in LUAD cells in a micro-
environment that facilitates EMT, we exogenously
applied TGFB1 causing an enhanced expression of elF-
5A2 protein as well as a transient expression of hypusi-
nated eIF-5A2. Importantly, the increased expression
of hypusinated elF-5A2 was associated with induction
of SNAII, Fibronectin, FHOD1 and Ezrin at the pro-
tein level. All these are polyproline containing proteins
involved in the EMT, cell migration and invasion, and
metastasis. Intriguingly, TGFB1 treatment induced local-
ization of elF-5A2 at the edge and protrusions of the
cells undergoing EMT, places associated with traslational
activity.

Conclusions

In summary, our data showed that amplification of elF-
5A2 associates with poor outcome in LUAD, and reveal
a novel potential role for eIF-5A2 to conform a specific
translation hub for polyproline-rich proteins whose coor-
dinated translation in predetermined subcellular loca-
tions is crucial for cell migration and invasion. Further

Fig. 6 Overexpression of elF-5A2 colocalizes with puromycin and promotes tumor metastasis in vivo. A Representative fluorescence microscopy
images of H1395-elF-5A2 cells untreated or treated with TGFB1 for the indicated times. Cells were stained with anti-elF-5A2 or anti-Flag antibodies,
and Dapi (blue) to observe the nuclei. Scale bar 10 um. B Visualisation of the translational activity of elF-5A2. H1395-EV and and H1395-elF-5A2
treated with puromycin in the presence or absence of TGFB ligand for 72 h were stained with anti-Flag (red) and anti-Puromycin (green) antibody to
visualize active places of translation in cells. Dapi (blue) staining was used to visualize nuclei. Scale bar 10 um. € Overexpression of elF-5A2 promotes
tumor metastasis in vivo. H1395-EV and H1395-elF-5A2 cells were subcutaneously injected in NSG mice. Tumor volume in the subcutaneous
xenograft model was measured every 3-4 days while the condition of the mice was checked. Approximately two months after implantation, mice
were euthanized and dissected (left panel). D Representative fluorescence microscopy images of lung metastasis of NSG mice injected as described
in C. H1395-EV and H1395-elF-5A2 metastasic cells expressing GFP is shown in green. Tissue was stained with Dapi (blue) to visualize nuclei. Scale
bar for H1395-EV cells images 50 um); scale bar for H1395-elF-5A2 cells images 100 um)
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studies should focus in the understanding of how are
these specialized ribosomal hubs organized and guided
to accomplish their functional role in LUAD metastasis
to uncover potential anticancer targets.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-023-01076-6.

Additional file 1. Figure S1. Design of specific oligonucleotides for siRNA
of EIF5AT and EIF5A2. Figure S2. Fibronectin, FHOD1, Ezrin and SNAI1
protein sequence. Figure S3. Linearity between cell density and MTS
absorbance at 490 nm. Table S1. List of primary antibodies used for west-
ern blot. Table S2. List of primary antibodies used for immunohistochem-
istry and immunofluorescence. Table S3. List of secondary antibodies
used for immunofluorescence. Table S4. Summary of the clinicopatho-
logical and immunohistochemical features of the patients included in the
study. Table S5. List of oligonucleotide sequences used in RT-gPCR.

Acknowledgements

We are grateful to Antonio Herrera for providing the pCIG-IRES-GFP and pCIG-
Flag-elF-5A2-IRESGFP plasmids. Francisco José Iborra is acknowledged for the
help with the puromycin experiments.

Author contributions

Conceptualization: All authors read and approved the final manuscript. AFe,
RF. Methodology: AMF, JMPS, CG, AFa, AFe, RF. Investigation: AMF, CG, JMPS,
AFa, RF. Supervision: AFe, RF. Writing original draft: AMF, AFe, RF. Writing review
& editing: AMF, JMPS, CG, AFa, AFe, RF.

Funding

This work was supported by: Fondo de Investigacion Sanitaria, ISCIII, grant
number PI20-194, co-funded by ERDF/ESF, “Investing in your future”. Ministerio
de Educacion, Culturay Deporte grant FPU13/02755 for JMPS. Asociacion
Espanola contra el Cancer, AECC predoctoral grant for AMF. Part of the equip-
ment employed in this work has been funded by Generalitat Valenciana and
co-financed with ERDF funds (OP ERDF of Comunitat Valenciana 2014-2020).
This article is based upon work from COST Action CA20113 ProteoCure, sup-
ported by COST (European Cooperation in Science and Technology).

Data availability
All data are available in the main text or the supplementary materials.

Declarations

Ethics approval and consent to participate

The handling of the animals and experimental procedures were carried out
according to the requirements stipulated by Spanish Royal Decree 53/2013 on
the protection of experimental animals and other scientific purposes. The pro-
cedure was approved by the General Directorate of Agriculture, Livestock and
Fisheries of the Generalitat Valenciana (Valencian Community, Spain, 2019/
VSC/PEA/0156). The rules and recommendations of the Ethics Committee for
Animal Welfare of the Principe Felipe Research Center were followed.

Consent to participate
Informed consent was obtained from all individual participants included in
the study.

Competing interests
Authors declare that they have no competing interests.

Received: 14 December 2022 Accepted: 11 February 2023
Published online: 13 March 2023

Page 14 of 15

References

1.

2.

20.

Silvera D, Formenti SC, Schneider RJ. Translational control in cancer. Nat
Rev Cancer. 2010;10:254-66.

Wolff EC, Kang KR, Kim YS, Park MH. Posttranslational synthesis of hypu-
sine: evolutionary progression and specificity of the hypusine modifica-
tion. Amino Acids. 2007;33:341-50.

Steinkasserer A, Jones T, Sheer D, Koettnitz K, Hauber J, Bevec D. The
eukaryotic cofactor for the human immunodeficiency virus type 1

(HIV-1) rev protein, elF-5A, maps to chromosome 17p12-p13: three
elF-5A pseudogenes map to 10g23.3, 17925, and 19q13.2. Genomics.
1995;25:749-52.

Jenkins ZA, Hadg PG, Johansson HE. Human elF5A2 on chromosome
3g25-g27 is a phylogenetically conserved vertebrate variant of eukaryotic
translation initiation factor 5A with tissue-specific expression. Genomics.
2001;71:101-9.

Clement PMJ, Johansson HE, Wolff EC, Park MH. Differential expression of
elF5A-1 and elF5A-2 in human cancer cells. FEBS J. 2006;273:1102.
Caraglia M, Park MH, Wolff EC, Marra M, Abbruzzese A. elF5A isoforms and
cancer: two brothers for two functions? Amino Acids. 2013;44:103-9.
Mathews MB, Hershey JWB. The translation factor elF5A and human can-
cer. Biochim Biophys Acta BBA Gene Regul Mechan. 2015;1849:836-44.
Park M-H, Cooper HL, Folk JE. Identification of hypusine, an unusual
amino acid, in a protein from human lymphocytes and of spermidine as
its biosynthetic precursor. Proc Natl Acad Sci U S A. 1981,78:2869-73.
Park M-H, Wolff EC, Folk JE. Hypusine: its post-translational formation in
eukaryotic initiation factor 5A and its potential role in cellular regulation.
BioFactors. 1993;4:95-104.

Park M-H, Wolff EC, Lee YB, Folk JE. Antiproliferative effects of inhibitors of
deoxyhypusine synthase. Inhibition of growth of Chinese hamster ovary
cells by guanyl diamines. J Biol Chem. 1994,269:27827-32.

. TanakaY, Kurasawa O, Yokota A, Klein MG, Ono K, Saito B, Matsumoto

S, Okaniwa M, Ambrus-Aikelin G, Morishita D, Kitazawa S, Uchiyama N,
Ogawa K, Kimura H, Imamura S. Discovery of novel allosteric inhibitors of
deoxyhypusine synthase. ] Med Chem. 2020;,63:3215-26.

Péallmann N, Braig M, Sievert H, Preukschas M, Hermans-Borgmeyer |,
Schweizer M, Nagel CH, Neumann M, Wild P, Haralambieva E, Hagel

C, Bokemeyer C, Hauber J, Balabanov S. Biological relevance and
therapeutic potential of the hypusine modification system. J Biol Chem.
2015;290:18343-60.

Cooper HL, Park MH, Folk JE, Safer B, Braverman R. Identification of the
hypusine-containing protein Hy+ as translation initiation factor elF-4D.
Proc Natl Acad Sci U S A. 1983;80:1854~7.

Saini P, Eyler DE, Green R, Dever TE. Hypusine-containing protein elF5A
promotes translation elongation Preeti. Nature. 2009;459:118-21.
Gutierrez E, Shin BS, Woolstenhulme CJ, Kim JR, Saini P, Buskirk AR,

Dever TE. eif5A promotes translation of polyproline motifs. Mol Cell.
2013;51:35-45.

Pochopien AA, Beckert B, Kasvandik S, Berninghausen O, Beckmann R,
Tenson T, Wilson DN. Structure of Gen1 bound to stalled and colliding
80S ribosomes. Proc Natl Acad Sci U S A. 2021;118(14):2022756118.
Schmidt C, Becker T, Heuer A, Braunger K, Shanmuganathan V, Pech M,
Berninghausen O, Wilson DN, Beckmann R. Structure of the hypusinylated
eukaryotic translation factor elF-5A bound to the ribosome. Nucleic Acids
Res. 2015;44:1944-51.

Scuoppo C, Miething C, Lindqvist L, Reyes J, Ruse C, Appelmann |, Yoon
S, Krasnitz A, Teruya-Feldstein J, Pappin D, Pelletier J, Lowe SW. A tumour
suppressor network relying on the polyamine- hypusine axis. Nature.
2012;487:244-8.

Preukschas M, Hagel C, Schulte A, Weber K, Lamszus K, Sievert H,
Péllmann N, Bokemeyer C, Hauber J, Braig M, Balabanov S. Expression of
Eukaryotic initiation factor 5A and Hypusine forming enzymes in glio-
blastoma patient samples: Implications for new targeted therapies. PLoS
ONE. 2012;7:e43468.

Tunca B, Tezcan G, Cecener G, Egeli U, Zorluoglu A, Yilmazlar T, Ak S, Yerci
O, Ozturk E, Umut G, Evrensel T. Overexpression of CK20, MAP3K8 and
EIF5A correlates with poor prognosis in early-onset colorectal cancer
patients. J Cancer Res Clin Oncol. 2013;139:691-702.

. Mémin E, Hoque M, Jain MR, Heller DS, Li H, Cracchiolo B, Hanauske-Abel

HM, Pe'ery T, Mathews MB,. Blocking elF5A modification in cervical cancer


https://doi.org/10.1186/s12964-023-01076-6
https://doi.org/10.1186/s12964-023-01076-6

Martinez-Férriz et al. Cell Communication and Signaling

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

(2023) 21:54

cells alters the expression of cancer-related genes and suppresses cell
proliferation. Cancer Res. 2014;74:552-62.

Zhang J, Li X, Liu X, Tian F, Zeng W, Xi X, Lin Y. EIF5A1 promotes epithelial
ovarian cancer proliferation and progression. Biomed Pharmacother.
2018;100:168-75.

Farache D, Liu L, Lee ASY. Eukaryotic initiation factor 5A2 regulates
expression of antiviral genes. J Mol Biol. 2022;434:167564.

Zhu W, Cai MY, Tong ZT, Dong SS, Mai SJ, Liao YJ, Bian XW, Lin MC, Kung
HF, Zeng YX, Guan XY, Xie D. Overexpression of EIF5A2 promotes colorec-
tal carcinoma cell aggressiveness by upregulating MTA1 through C-myc
to induce epithelial - mesenchymal transition. Gut. 2012;61:562-75.

Ning L, Wang L, Zhang H, Jiao X, Chen D. Eukaryotic translation initiation
factor 5A in the pathogenesis of cancers. Oncol Lett. 2020;20(4):81.
Wang F, Guan X, Xie D. Roles of eukaryotic initiation factor 5A2 in human
cancer. Int J Biol Sci. 2013;9:1013-20.

LiY,FuL, LiJ-B,QinY, Zeng T, Zhou J, Zeng Z-L, Chen J, Cao T-T, Ban X,
Qian C, Cai Z, Xie D, Huang P, Guan X-Y. Increased expression of EIF5A2,
via hypoxia or gene amplification, contributes to metastasis and
angiogenesis of esophageal squamous cell carcinoma. Gastroenterology.
2014;146:1701-13.€9.

Meng Q-B, Kang W-M, Yu J-C, Liu Y-Q, Ma Z-Q, Zhou L, Cui Q-C, Zhou W-X.
Overexpression of eukaryotic translation initiation factor 5A2 (EIF5A2)
correlates with cell aggressiveness and poor survival in gastric cancer.
PLoS ONE. 2015;10:¢0119229.

Tang DJ, Dong SS, Ma NF, Xie D, Chen L, Fu L, Lau SH, Li Y, Guan XY. Over-
expression of eukaryotic initiation factor 5A2 enhances cell motility and
promotes tumor metastasis in hepatocellular carcinoma. Hepatology.
2010;51:1255-63.

He LR, Zhao HY, Li BK, Liu YH, Liu MZ, Guan XY, Bian XW, Zeng YX, Xie D.
Overexpression of elF5A-2 is an adverse prognostic marker of survival in
stage | non-small cell lung cancer patients. Int J Cancer. 2011;129:143-50.
LiY,Fu L, LiJB,QinY, Zeng TT, Zhou J, Zeng ZL, Chen J, Cao TT, Ban X,
Qian C, Cai Z, Xie D, Huang P, Guan XY. Increased expression of EIF5A2, via
hypoxia or gene amplification, contributes to metastasis and angio-
genesis of esophageal squamous cell carcinoma. Gastroenterology.
2014;11(6):449-58.

Wei J-H, Cao J-Z, Zhang D, Liao B, Zhong W-M, Lu J, Zhao H-W, Zhang J-X,
Tong Z-T, Fan S, Liang C-Z, Liao Y-B, Pang J, Wu R-H, Fang Y, Chen Z-H, Li

B, Xie D, Chen W, Luo J-H. EIF5A2 predicts outcome in localised invasive
bladder cancer and promotes bladder cancer cell aggressiveness in vitro
and in vivo. Br J Cancer. 2014;110:1767-77.

Lin YM, Chen ML. Chen C lo, Yeh CM, Sung WW (2020) Overexpression

of EIF5A2 predicts poor prognosis in patients with oral squamous cell
carcinoma. Diagnostics. 2020;10(7):436.

Zheng X, Gao L, Wang BT, Shen P, Yuan XF, Zhang LQ, Yang L, Zhang DP,
Zhang Q, Wang XM. Overexpression of EIF5A2 is associated with poor
survival and aggressive tumor biology in gallbladder cancer. Histol Histo-
pathol. 2020;35:579-87.

Pardo-S&nchez JM, Manchefio N, Cerén J, Jorda C, Ansotegui E, Juan O,
Palanca S, Cremades A, Gandia C. Increased tumor growth rate and mes-
enchymal properties of NSCLC-patient-derived xenograft models during
serial transplantation. Cancers. 2021;13(12):2980.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen

A, Byrne CJ, Heuer ML, Larsson E, Antipin Y, Reva B, Goldberg AP, Sander
C, Schultz N. The cBio cancer genomics portal: an open platform for
exploring multidimensional cancer genomics data. Cancer Discov.
2012;2:401-4.

Pérez-Benavente B, Fathinajafabadi A, de la Fuente L, Gandia C, Martinez-
Férriz A, Pardo-Sanchez JM, Milidn L, Conesa A, Romero OA, Carretero J,
Matthiesen R, Jariel-Encontre |, Piechaczyk M. New roles for AP-1/JUNB in
cell cycle control and tumorigenic cell invasion via regulation of cyclin E1
and TGF-32. Genome Biol. 2022;23:1-35.

GandinV, Sikstrom K, Alain T, Morita M, McLaughlan S, Larsson O, Topi-
sirovic I. Polysome fractionation and analysis of mammalian translatomes
on a genome-wide scale. J Vis Exp. 2014;87:51455.

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;197:1191-200.

Xu G, YuH, Shi X, Sun L, Zhou Q, Zheng D, Shi H, Li N, Zhang X, Shao

G. Cisplatin sensitivity is enhanced in non-small cell lung cancer cells

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 15 of 15

by regulating epithelial-mesenchymal transition through inhibition of
eukaryotic translation initiation factor 5A2. BMC Pulm Med. 2014;14:174.
Zavadil J, Bottinger EP. TGF-B and epithelial-to-mesenchymal transitions.
Oncogene. 2005;24:5764-74.

Xu J, Lamouille S, Derynck R. TGF-B-induced epithelial to mesenchymal
transition. Cell Res. 2009;19:156-72.

Hao Y, Baker D, ten Dijke P. TGF-B-mediated epithelial-mesenchymal
transition and cancer metastasis. Int J Mol Sci. 2019;20(11):2767.

Clucas J, Valderrama F. ERM proteins in cancer progression. J Cell Sci.
2014;127:267-75.

Gardberg M, Kaipio K, Lehtinen L, Mikkonen P, Heuser VD, Talvinen K, Iljin
K, Kampf C, Uhlen M, Grénman R, Koivisto M, Carpén O. FHOD1, a formin
upregulated in epithelial-mesenchymal transition, participates in cancer
cell migration and invasion. PLoS ONE. 2013;8(9):e74923.

Nathans D. Puromycin inhibition of protein synthesis: incorporation of
puromycin into peptide chains. Proc Nat Acad Sci U S. 1964;51:585-92.
Bergeman J, Caillier A, Houle F, Gagné LM, Huot ME. Localized transla-
tion regulates cell adhesion and transendothelial migration. J Cell Sci.
2016;129:4105-17.

Mandal A, Mandal S, Park MH. Genome-wide analyses and functional
classification of proline repeat-rich proteins: potential role of elF5A in
eukaryotic evolution. PLoS ONE. 2014;9:e111800.

Mufoz-Soriano V, Domingo-Muelas A, Li T, Gamero E, Bizy A, Farifas |,
Alepuz P, Paricio N. Evolutionary conserved role of eukaryotic transla-
tion factor elF5A in the regulation of actin-nucleating formins. Sci Rep.
2017,7(1):9580.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Eukaryotic Initiation Factor 5A2 localizes to actively translating ribosomes to promote cancer cell protrusions and invasive capacity
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cell culture and expression vectors, reagents and antibodies
	NSCLC patient samples
	RNA interference experiments and RT-qPCR
	Fluorescence microscopy
	Polysome profiling
	Cell proliferation assay (MTS)
	Cell migration assay
	Xenograft mouse models
	Statistical analysis

	Results
	eIF-5A2 is highly expressed in lung adenocarcinoma tumors and is associated with poor prognosis
	Functional divergences between eIF-5A1 and eIF-5A2 on cell proliferation, cell migration and cytoskeleton organization
	Overexpression of eIF-5A2 promotes cell proliferation and cell migration and is associated to polysomes
	TGFB1 induces eIF-5A2 expression
	TGFB1 treatment induces hypusination of eIF-5A2 and eIF-5A2-dependent EMT protein expression
	eIF-5A2 colocalizes with active translation sites and promotes bulk cell invasion

	Discussion
	Conclusions
	Anchor 27
	Acknowledgements
	References


