Amino Acids (2013) 44:103-109
DOI 10.1007/s00726-011-1182-x

INVITED REVIEW

elF5A isoforms and cancer: two brothers for two functions?

M. Caraglia - M. H. Park - E. C. Wolff -
M. Marra - A. Abbruzzese

Received: 27 July 2011/ Accepted: 22 November 2011 /Published online: 3 December 2011

© Springer-Verlag 2011

Abstract Eukaryotic translation initiation factor 5A
(eIF5A) is the only cellular protein that contains the unu-
sual amino acid hypusine [N°-(4-amino-2-hydroxybu-
tyDlysine]. The role of hypusine formation in the eIFSA
protein in the regulation of cell proliferation and apoptosis
is addressed in the present review. Moreover, vertebrates
carry two genes that encode two eIF5SA isoforms, e[FSA-1
and elF5A-2, which, in humans, are 84% identical. How-
ever, the biological functions of these two isoforms may be
significantly different. In fact, eIF5A-1 is demonstrable in
most cells of different histogenesis, whereas eIF5A-2
protein is detectable only in certain human cancer cells or
tissues, suggesting its role as a potential oncogene. In this
review we focus our attention on the involvement of
elF5A-1 in the triggering of an apoptotic program and in
the regulation of cell proliferation. In addition, the potential
oncogenic role and prognostic significance of eIFSA-2 in
the prediction of the survival of cancer patients is descri-
bed. eIF5A-1 and/or the eIF5A-2 isoform may serve as a
new molecular diagnostic or prognostic marker or as a
molecular target for anti-cancer therapy.
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Introduction

The eukaryotic initiation factor SA (eIF5A) is unusual in
that its activity is modulated by post-translational modi-
fications that culminate in the formation of the unusual
amino acid hypusine. Hypusine [N°-(4-amino-2-hydrox-
ybutyD)lysine] is formed by the transfer of the butylamine
portion from the polyamine spermidine to the &-amino
group of a specific lysine residue of eIF5A precursor
(Wolff et al. 1990) catalyzed by deoxyhypusine synthase
(DHS) and by the subsequent hydroxylation at carbon 2
of the transferred 4-aminobutyl moiety by deoxyhypusine
hydroxylase (DOHH) (Abbruzzese et al. 1986; Park et al.
1993, 2006). eIFSA probably acts in the final stage of the
initiation phase of protein synthesis by promoting the
formation of the first peptide bond, but recent reports also
suggest its role in translation elongation (Zanelli and
Valentini 2007; Gregio et al. 2009; Saini et al. 2009).
Hypusine plays a key role in the regulation of elF5A
function because its precursors, which do not contain
hypusine, do not have activity in the in vitro assay of
methionyl-puromycin synthesis (Smit-McBride et al.
1989; Park et al. 1991). These biochemical correlates
make eIF-5A unique. In fact, it is the hypusine-containing
elF-5A form that is active and hypusine is contained only
in this factor. Consequently, intracellular hypusine content
in general reflects cellular eIF-5A activity. The correlation
between hypusine, and thus eIF5A activity, and cell
proliferation (Abbruzzese et al. 1988; Park et al. 2010)
suggests that activated eIF5A plays a role in cell growth
and differentiation (Schnier et al. 1991 see review Park
et al. 2010).

Two human isoforms of elF5A exist, el[F5A-1 and
elF5A-2 (Jenkins et al. 2001; Guan et al. 2001). Both
isoforms harbor the hypusine modification (Clement et al.
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2003). The first isoform, eIF5A-1, is constitutively
expressed in all mammalian cells and is abundant in pro-
liferating cells (Hanauske-Abel et al. 2002; Cracchiolo
et al. 2004; Clement et al. 2006). In fact, eIFSA-1 mRNA is
under control of the myc oncogene (Coller et al. 2000;
Boon et al. 2001) and eIF5A-1 is overexpressed in human
cancer tissues (Cracchiolo et al. 2004). In contrast, the
second isoform, eIFSA-2, protein is normally too low to be
detected in mammalian cells and tissues (Clement et al.
2003). Its mRNA is expressed only in specific tissues like
testis and parts of the brain or in certain cancer cell lines
(Jenkins et al. 2001; Clement et al. 2006) suggesting a
differentiated function of the second isoform, relevant to
chemotherapeutic intervention of eIlF-5A function in can-
cers (Caraglia et al. 2000, 2003; Clement et al. 2002).

Amplification and overexpression of the EIF5A2 gene
have frequently been detected in various human malig-
nancies such as ovarian, and colorectal cancer tissues and
cell lines (Guan et al. 2001; Clement et al. 2006) and can
cause cellular transformation (Guan et al. 2001, 2004; Tang
et al. 2010) indicating its potential role in cancer devel-
opment. In fact, overexpression of eIF5A-2 has been
reported to be associated with metastasis development in
multiple cancer types, including colon (Xie et al. 2008),
ovarian (Yang et al. 2009), bladder (Chen et al. 2009) and
liver cancer (Tang et al. 2010).

Gene disruption and mutation studies in yeast and higher
eukaryotes have provided valuable information on the
essential nature of eIF5A and the deoxyhypusine/hypusine
modification in cell growth and in protein synthesis. In fact,
disruption of both eIF5A genes or inactivation of the single
deoxyhypusine synthase gene, in the yeast Saccharomyces
cerevisiae, or substitution with a mutated eIF5A gene
(Lys50Arg) causes growth arrest (Schnier et al. 1991;
Sasaki et al. 1996; Park et al. 1998). Knock-down of eIF5A-
1 or the DHS gene is embryonic lethal in mice (Nishimura
et al. 2011). Furthermore, inhibitors of deoxyhypusine
synthase, such as N'-guanyl-1,7-diaminoheptane, and of
deoxyhypusine hydroxylase, such as ciclopirox, exert
strong anti-proliferative effects in mammalian cells,
including various human cancer cell lines, and cause arrest
of cell cycle progression (Park et al. 1994; Hanauske-Abel
et al. 1994; Chen et al. 1996; Clement et al. 2002;
Nishimura et al. 2005).

Role of hypusine synthesis and eIF5A-1 in apoptosis

It is well established that eIF5A is essential for prolifera-
tion and survival of eukaryotic cells and this aspect has
been extensively discussed in previous reviews (Park et al.
1998, 2010; Chen and Liu 1997). Therefore, we will focus
on another aspect of eIF5A-1 activity: its potential
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involvement in the regulation of apoptosis in mammalian
cells.

Endogenous elF5A exists predominantly as the hypusi-
nated form. The unhypusinated eIF5A precursor protein
accumulates only when deoxyhypusine synthesis is
blocked by inhibitors of DHS or by deprivation of the
polyamine spermidine. The potential involvement of this
polyamine-dependent modification of eIF5A in the trig-
gering of apoptosis in tumour cells was initially suggested
by Tome and Gerner (1997; Tome et al. 1997). In the
hepatoma cell line DH23A/b, expressing high levels of
stable ornithine decarboxylase, excess accumulation of
putrescine led to induction of apoptosis and suppression of
the formation of hypusine-containing eIF5A-1. Further-
more, we have obtained evidence for a role for eIFSA-1 in
the cellular apoptosis triggered by tissue transglutaminase
(tTG). Tissue transglutaminase catalyzes an in vitro mod-
ification of elF5A-1 by forming a 7y-glutamyl hypusine
bond between eIF5A-1 and dimethylcasein (Beninati et al.
1995). Interestingly, stable transfection of tTG in Balb-C
3T3 cells strongly reduced cellular hypusine levels and
increased y-glutamyl hypusine linkage in cellular proteins
(Beninati et al. 1998). These effects occurred together with
a significant reduction of cell proliferation, suggesting a
role for elF5A-1 in the regulation of apoptosis. In an
independent study, we have reported that interferon-o
(IFNa) induced growth inhibition and concomitant reduc-
tion of the hypusinated eIF5A-1 level and eIFSA-1 activity
in human epidermoid cancer KB cells and that these effects
were antagonized by EGF (Caraglia et al. 1997). IFNo
induced a strong inhibition of hypusine synthesis and
thereby of eIF5A-1 activity, while the total level of eIF5A-
1 protein (hypusine modified plus unmodified) increased.
This finding suggests a further reduction of the active
fraction of eIF5A-1 (hypusine-containing eIF5A:total
elF5A ratio) and an increase in unmodified eIF5A pre-
cursor upon treatment with IFNo. On the other hand, EGF
antagonized the apoptosis induced by IFNo and caused a
restoration of hypusine synthesis and an increase of
extracellular signal regulated kinase (ERK) activity. On the
basis of these results, we have investigated whether eIFSA
could be really critical for the biological effects induced
by IFNa. We have used a potent inhibitor of deoxyhypu-
sine synthase, Nl—guanyl—l,7—diaminoheptane (GC7), that
inhibits hypusine formation thereby leading to accumula-
tion of unmodified elFSA precursor (Nishimura et al.
2005). We have found that this agent synergized with IFNo
in inducing cell growth inhibition and apoptosis suggesting
a critical role for eI[F5A-1 in the modulation of cell pro-
liferation in human epidermoid cancer cells (Caraglia et al.
2003). All these data support the hypothesis of an
involvement of eI[FSA-1 in the apoptosis induced by IFNu«
in human epithelial cells.
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More recently, the potential role of eIF5A-1 in apoptosis
was directly addressed by suppression of eI[F5SA-1 expres-
sion by use of siRNAs (Taylor et al. 2004, 2007) or by
overexpression of e[FSA-1 using a plasmid vector (Li et al.
2004) or adenoviral vector (Taylor et al. 2007; Sun et al.
2010). Parenthetically, it is important to emphasize that
exogenous overexpression of elF5A results in accumula-
tion of unhypusinated elFSA precursor, but not of the
hypusinated eIFSA (Park et al. 2006), because exogenously
expressed eIF5A precursor is not effectively modified by
endogenous DHS and DOHH. In primary lamina cribrosa
cells of the human optic nerve head, siRNA-mediated
suppression of elF5A-1 expression protected cells from
TNF-«-induced apoptosis (Taylor et al. 2004) and reduced
the cytotoxic effects of actinomycin D (Taylor et al. 2007).
The role of elF5A-1 in apoptosis induction was also
investigated in colon cancer cells using adenoviral vectors
encoding e[F5A-1 wild type or mutant protein (KS0A) that
cannot be hypusinated. Infection with either wild type or
the mutant adenoviral vector led to a high accumulation of
elF5A-1 mainly as the unhypusinated form with concom-
itant decrease in hypusinated eIF5A-1 and caused a drastic
increase in apoptosis, again suggesting a role for the un-
hypusinated eIFSA-1 in apoptotic cell death (Taylor et al.
2004, 2007; Sun et al. 2010). Recent studies have further
indicated that apoptosis induction by eIF5A-1 involves
activation of the intrinsic mitochondrial pathway (Sun et al.
2010). In HCT116 cells, eI[F5A-1 level was increased by
mitomycin C treatment in a pS3-dependent manner, sug-
gesting that elF5A-1 is a target of p53-mediated tran-
scriptional control (Rahman-Roblick et al. 2007). In lung
cancer cells, exogenous overexpression of elF5A-1
enhanced apoptosis in a p53-dependent manner (Li et al.
2004).

Thus, the connection between elFSA and apoptosis
induction is rather complex. Apoptosis was induced in
various mammalian cells under conditions where hypusi-
nated eIF5A was reduced or where unhypusinated elFSA
precursor was accumulated or overproduced. However, it is
not clear whether the growth inhibition and apoptosis
induction by IFNa, TNFa or GC7 is mediated by the
reduced level of hypusinated eIFSA-1 or by increased
accumulation of unhypusinated eIF5SA-1 precursor. It is
also not clear how unhypusinated eIFSA-1 exerts apoptotic
effects, either by interfering with the activity of hypusi-
nated el[F5A-1 or by a new activity of its own.

In a mouse diabetes model system, hypusinated eIF5A-1
has been implicated in apoptosis induction through its role
in the expression of inflammatory cytokines (Maier et al.
2010). In this system, both eIF5SA-1 siRNA and the de-
oxyhypusine synthesis inhibitor GC7 were able to prevent
apoptotic death of pancreatic cells by inhibition of
inflammatory cytokine expression. Thus, reduction of

elF5A-1 expression or inhibition of hypusine modification
may cause induction of apoptosis or suppression of apop-
tosis, depending on the biological system.

In addressing the biological functions of hypusinated
and unhypusinated eIF5A, their subcellular localization
may hold significance to their cellular function. A few
previous reports suggested that eIFSA was distributed
throughout the cytoplasm and nucleus (Ruhl et al. 1993;
Rosorius et al. 1999; Jao and Chen 2002), whereas other
studies indicated that eIFSA was largely localized in the
cytoplasm and absent from the nucleus (Shi et al. 1996,
1997; Valentini et al. 2002; Jin et al. 2003; Cracchiolo et al.
2004). These initial studies were carried out without dis-
tinction between endogenous, hypusinated eIlF5SA from
those epitope-tagged exogenously expressed eIFSA that
stays as unmodified precursor. A more recent study ana-
lyzed the subcellular distribution of unhypusinated eI[FSA
generated from an eIF5A vector versus its hypusinated
counterpart formed by co-expression of eIFSA and its two
modification enzymes, DHS and DOHH. Unhypusinated
GFP-elFSA was distributed in whole cell (cytoplasm as
well as nuclei), whereas hypusinated GFP-eIF5A was
mainly localized in the cytoplasm, suggesting a role for
hypusine modification in eIF5A subcellular localization
(Lee et al. 2009), probably through its hypusine-dependent
binding to exportin 4 (Lipowsky et al. 2000). A rapid
translocation of eI[F5A-1 from the cytoplasm to the nucleus
was observed by Taylor et al. (2007) in colon cancer cells
sensitized with IFN-y and treated with TNF-o. Probably,
elFSA is retained in the cytoplasm until an apoptotic
stimulus triggers its translocation to the nucleus where it
may have pro-apoptotic functions (Taylor et al. 2007). The
exact role of nuclear eIF5A in apoptosis induction warrants
further investigation.

The mechanism by which eIFSA-1 contributes to
apoptosis induction has been investigated in conjunction
with p53. In various mammalian cells treated with cyto-
kines or cytotoxic drugs such as IFN7y, TNFa, mitomycin C
or actinomycin D, induction of apoptosis was often
accompanied by a notable increase in the levels of e[F5A-1
and p53 (Rahman-Roblick et al. 2007; Taylor et al. 2007)

(Fig. 1).
Oncogenic role of e[F5A-2

Unlike eIF5A-1, which is ubiquitously expressed, eIF5A-2
protein is normally not detected and its mRNA is expressed
in a tissue-dependent manner. Enhanced expression of
elF5A-1 was observed in human neoplastic or cancer tis-
sues and (Cracchiolo et al. 2004; Lam et al. 2010; Bala-
banov et al. 2007), EIF5A2 overexpression and gene
amplification have been specifically implicated in various
human cancers (Guan et al. 2001; He et al. 2011; Xie et al.
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Fig. 1 Mechanism of apoptosis induction by eIF5A-1/elF5A-1
precursor. Over-expression of eIFSA-1 (unhypusinated precursor
form) induces loss of mitochondrial transmembrane potential, trans-
location of Bax to the mitochondria, release of cytochrome c, caspase
9 and 3 activation. These events lead to apoptosis. On the other hand,
over-expression of el[F5A-1 can also increase reactive oxygen species
(ROS) generation that, creating mitochondrial dysfunction, releases
cytochrome ¢ and activates caspases leading to apoptosis. Hypusine-
containing elF5A-1 loses the ability to induce Bax translocation to
mitochondria and/or ROS elevation
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Fig. 2 Role of eI[FSA-2 in human tumors. Over-expression of eIFSA2
(preferentially hypusinated) is able to transform NIH-3T3 fibroblasts
and is correlated with tumor cell invasion, proliferation and epithelial-
mesenchymal transition (EMT). Its over-expression in human cancer
tissues is also associated with decreased cancer patient survival and
increased extension of disease and recurrence rate
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2008; Chen et al. 2003, 2009; Tang et al. 2010; Marchet
et al. 2007; Lee et al. 2010 Yang et al. 2009) (Fig. 2).
Overexpression of eIlFSA-2 mRNA has also been
observed in various cancer cell lines (Clement et al. 2006;
Guan et al. 2001), and eIF5A-2 has been suggested as a
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candidate oncogene associated with different cancers
(Guan et al. 2004). The EIF5A2 gene is commonly
amplified and/or over-expressed in several types of human
cancers, including ovarian (Guan et al. 2004; Yang et al.
2009), colorectal (Xie et al. 2008) and bladder cancer
(Chen et al. 2009) with a higher risk of lymph node
metastasis, in human gastric adenocarcinoma (Marchet
et al. 2007), hepatocellular carcinoma (HCC) (Tang et al.
2010; Lee et al. 2010), lung adenocarcinoma (Chen et al.
2003) and other non-small cell lung cancers (He et al.
2011). EIF5A2 gene is localized at a frequently amplified
region at chromosome 3q26 of a primary ovarian cancer
cell line (Jenkins et al. 2001; Guan et al. 2001). Amplifi-
cation of chromosome 3q has been frequently detected in
several human malignancies (Sham et al. 2002), including
lung cancer (Kettunen et al. 2000), suggesting that an
oncogene(s) localized in this region might play important
roles in carcinogenesis.

The potential oncogenic function of eIF5A-2 was
investigated by use of anti-sense DNA, siRNA or by
overexpression of elF5A-2 in mammalian cells. In the
ovarian cancer cell line UACC-1598, which overexpresses
elF5A-2 owing to EIF5A2 gene amplification, cell growth
could be inhibited by treatment with eIF5A-2 antisense
DNA (Guan et al. 2004). Furthermore, overexpression of
elF5A-2 in NIH3T3 cells and human liver cell line LO2
caused cell transformation/anchorage-independent growth,
and tumorigenicity in nude mice, respectively (Guan et al.
2004). Regarding the specific mechanism of elF5A-2 in
carcinogenesis, some insights were provided from studies
in HCC, in which eIF5A-2 expression was associated with
the metastatic stage and cancer progression (Tang et al.
2010). Interestingly, the invasive border between tumor
and non-tumor tissues showed a higher level of el[F5A-2
expression, indicating that this protein may contribute to a
more malignant and invasive phenotype of the cancer
cells. Over-expression of elFSA-2 significantly enhanced
cell motility and invasiveness of tumor cells, whereas
silencing of e[F5A-2 expression by siRNA against EIF5A2
resulted in significant inhibition of cell motility (Tang
et al. 2010) or cell proliferation in HCC cell lines (Lee
et al. 2010). Hepatocellular carcinoma cells over-express-
ing eIFSA-2 probably undergo epithelial mesenchymal
transition (EMT) to achieve higher motility and invasive-
ness through activation of RhoA and Racl (Tang et al.
2010). These data provide strong evidence that increased
expression of elF5A-2 may be involved in the invasive
and/or metastatic processes of several types of human
cancer.

An oncogenic function of eI[F5A-2 in liver cancer was
also revealed from an independent approach using an
oncogenomics-based in vivo RNAi screen designed to
search for tumor suppressors in liver cancer (Zender et al.
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2008). In this study, exportin 4, the proposed nuclear
transporter of eIFSA (Lipowsky et al. 2000) was identified
as a tumor suppressor. Retroviral transduction of e[F5A-2
cDNA into p53—/—, Myc hepatocytes promoted hepato-
cellular carcinoma, whereas cells transduced with eIF5A-1
retroviral vector did not develop tumors (Zender et al.
2008). Apparently, nuclear accumulation of eIF5SA-1 or
elFSA-2 was observed in exportin 4 deficient cells, sug-
gesting a possibility that nuclear accumulation of eI[FSA-2
is involved in cellular transformation.

Expression level of eI[FSA-2, measured by immunohis-
tochemistry, RTPCR or by microarray analysis, was cor-
related with clinical status in various human cancer tissues
including HCC (Lee et al. 2007, 2010), gastric cancer
(Marchet et al. 2007), ovarian cancer (Yang et al. 2009),
lung adenocarcinoma (Chen et al. 2003), urothelial carci-
noma of the bladder (Chen et al. 2009) and small cell lung
cancer (He et al. 2011). Overexpression of e[F5A-2 protein
was found to correlate with an ascending clinical stage and
poor patient prognosis in ovarian cancer patients (Yang
et al. 2009). Similar to that observed in ovarian carcinoma,
in non-small cell lung cancer (NSCLC) specimens, an
over-expression of eI[FSA-2 was frequently detected, and
the frequency of eIFSA-2 over-expression increased with
an ascending pT stage in NSCLC (He et al. 2011). Thus,
examination of eIF5A-2 expression by immunohisto-
chemistry was suggested as a useful molecular marker in
distinguishing stage I NSCLC patients with unfavorable
prognosis from those with better prognosis (He et al. 2011).
Also in human tissues from urothelial carcinoma of the
bladder (UC); up-regulated expression of e[FSA-2 mRNA
was observed in 50% of specimens, although the protein
expression level of eIFSA-2 did not always coincide with
gene amplification (Chen et al. 2009). More importantly,
stratified survival analysis of UC histopathologic grade
and/or pTN stage showed correlation between up-regulated
expressions of EIF5A2 with a poor prognostic phenotype
(Chen et al. 2009). High expression level of both eIF5A-1
and eIF5A-2 in liver tumor tissues correlated with the
appearance of many tumor nodules and tumor venous
infiltration, respectively, in HCC patients, for which the
number of tumor nodules is one of the criteria indicating
the degree of disease severity (Lee et al. 2010).

Conclusions

Eukaryotic translation initiation factor SA is an old factor
in the protein synthesis machinery with new and unex-
pected properties in the regulation of cell proliferation,
apoptosis and carcinogenesis of eukaryotic cells. The reg-
ulation of eIF5A function is complicated by the presence of
two isoforms and of different eIF5A forms with respect to

modification status for each isoform. The two isoforms
appear to have different functions, and the hypusinated and
unhypusinated elF5A proteins may also exert opposite
functions in cells. Under normal conditions (mammalian
cells and tissues), hypusinated eIF5SA-1 is the predominant
form and the eIF5A-2 isoform expression is silenced.
However, in certain human malignancies, eIF5A-2 gene on
3q26 is often amplified or activated leading to a high level
of eI[F5SA-2 protein. When addressing the biological effects
of exogenous expression of eIFSA in cells by transduction
or transfection, attention should be paid to the hypusine
modification status, because exogenously expressed eI[FSA
mainly exists as an unmodified eIF5A precursor and co-
expression of two modifying enzymes are usually required
for overproduction of hypusinated eI[F5SA. Another factor
that may contribute to the intracellular activity of eIFSA
isoforms (modified and unmodified) is subcellular locali-
zation of eIF5A. Although hypusinated eIF5A is mainly
distributed in cytoplasm and the unhypusinated eIF5A
throughout the cytoplasm and nucleus, their subcellular
localization and function may be altered under treatment
with cytokines or drugs. Hypusine modification appears to
be required for the proliferative activity of eIFSA in most
cells, including cancer cells. eI[FSA-1 precursor protein
(not hypusinated) seems to be involved in the triggering of
the programmed cell death in different cell models of
different histogenesis. Inversely, eIF5A-2 is often over-
expressed in cancer cells and its expression has been
directly correlated with the biological aggressiveness of the
tumors and with the presence of invasion and metastases.
From a clinical point of view, both eIF5SA-1 and its isoform
can be proposed as new diagnostic markers in several
cancers, whereas e[F5A-2 seems to be a good predictor of
the clinical outcome of patients affected by different neo-
plasms. Moreover, elFSA-2 may represent a molecular
target for gene therapy approaches based upon the use of
siRNAs eventually delivered with appropriate nanocarriers.
All these results provide strong evidence that both eIFSA-1
and elF5SA-2 can be explored as a tool in cancer manage-
ment, one as a modulator of apoptosis and the other to
block tumor formation and metastasis. Moreover, the use
of inhibitors of hypusine formation has been shown as a
promising strategy in an attempt to increase the anti-cancer
activity of chemotherapeutic agents such as type I inter-
ferons and warrant further investigations in pre-clinical
cancer models. For example, inhibition of eIFSA hypusi-
nation was demonstrated to have anti-tumorigenic effect on
leukemia cells when given either alone or in combination
with imatinib (Balabanov et al. 2007).
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