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SUMMARY

The eukaryotic initiation factor elF5A is a translation factor that, unusually, has been assigned
functions in both initiation and elongation. Additionally, it is implicated in transcription, mRNA
turnover and nucleocytoplasmic transport. Two elF5A isoforms are generated from distinct but
related genes. The major isoform, elF5A1, is considered constitutive, is abundantly expressed in
most cells, and is essential for cell proliferation. The second isoform, elF5A2, is expressed in few
normal tissues but is highly expressed in many cancers and has been designated a candidate
oncogene. Elevated expression of either isoform carries unfavorable prognostic implications for
several cancers, and both have been advanced as cancer biomarkers. The amino acid hypusine, a
presumptively unique elF5A post-translational modification, is required for most known elF5A
functions and it renders elF5A susceptible to inhibitors of the modification pathway as therapeutic
targets. elF5A has been shown to regulate a number of gene products specifically, termed the
elF5A regulon, and its role in translating proline-rich sequences has recently been identified. A
model is advanced that accommodates elF5A in both the initiation and elongation phases of
translation. We review here the biochemical functions of elF5A, the relationship of its isoforms
with human cancer, and evolving clinical applications.
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Introduction

Eukaryotic translation initiation factor 5A (elF5A) is as enigmatic as it is unique. Known for
some 40 years, its functions remain an active topic of research in diverse arenas
encompassing such fields as biochemistry, cell biology, development and oncology. In
humans, it is involved in the cell cycle, apoptosis, and viral replication — most notably of
HIV-1. elF5A is present in both the eukaryotic and archaeal domains of life, but its bacterial
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homolog is an elongation factor known as EF-P [1], and elF5A has also been implicated in
polypeptide chain elongation.

elF5A is an abundant, small, highly conserved, RNA-binding protein. It associates with
ribosomes and with the cytoskeleton, and shuttles between the nucleus and cytoplasm.
Remarkably, it contains the amino acid hypusine which has not been detected in any other
protein. Hypusine (a portmanteau word merging hydroxyputrescine with lysine) is formed
by post-translational modification of a specific lysine residue of elF5A. Sequential reactions
attach and hydroxylate an aminobutyl moiety derived from spermidine to the lysine side-
chain (Figure 1). Hypusine appears to be essential to most, if not all, of elF5A's functions,
and the two enzymes responsible for elF5A modification appear to be dedicated to this
pathway, underlining its importance and providing targets for inhibitors and therapeutic
intervention. In addition, elF5A is subject to other modifications which are less well studied
and whose implications are less well understood.

Eukaryotes typically harbor two paralogous genes encoding distinct elF5A isoforms,
elF5A1 and elF5A2, both of which are hypusinated (see [2] and [3] for reviews). The major
form, elF5A1, is very abundant in most cells and tissues, and essentially all biochemical
studies of elF5A have been carried out with this form. elF5A2 is rare in most normal tissues
but conspicuous in many malignancies. Both isoforms are up-regulated in some tumors, and
the association of elF5A2 with cancer has received considerable attention [4]. Whether and
how their differential distribution and sequence differences relate to the physiological and
pathophysiological roles of the two isoforms are important questions.

In this article, we review the discovery and functions of elF5A, with particular emphasis on
malignancy, its role as a biomarker, and the potential for cancer therapy. An underlying
theme is that the normal functions of the two elF5A isoforms in proliferation, growth and
development have been usurped during the selection and expansion of cancer cells.

Isolation and properties of elF5A

elF5A was first identified in 1976 as a mammalian protein that stimulates the translation of
poly-uridine mRNA in vitro [5]. The factor was then named IF-M2Ba, later elF4D, and
subsequently elF5A or elF5A1 as used here. With a similar translation initiation assay
comprising an 80S initiation complex formed with Met-tRNA;, AUG and purified initiation
factors, the formation of methionyl-puromycin (analogous to making the first peptide bond)
was promoted by elF5A [6, 7]. While named as an initiation factor, its actual function in
these assays is the stimulation of the peptidyl transferase reaction. It was speculated that the
requirement for elF5A was due to the unusual nature of the ribosomal complex involved in
formation of the first peptide bond: a positive charge on the aminoacyl-tRNA in the
ribosomal P site; and the absence of tRNA in the ribosomal E site.

Mammalian elF5A exhibits a molecular mass of 16.7 kDa, is acidic (pl = 5.4) and is one of
the most abundant of the initiation factors [7, 8]. The human gene encoding elF5A1
(EIF5A1) was cloned and sequenced [9, 10] and the second human elF5A gene (EIF5A2)
was characterized several years later [11, 12]. In contrast to elF5A1, which is ubiquitously
expressed, elF5A2 is rare apart from in testis and parts of the brain, and in malignancy
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[11-13]. The two human elF5A forms share 84% sequence identity and are 94% similar
[13]. elF5A is found in all eukaryaotic species examined and is conserved in sequence from
yeast to humans [14]. Two genes from the yeast Saccharomyces cerevisiae have been
identified and sequenced as well [15]. The two yeast elF5A proteins share 90% sequence
identify, but differ in their sequences near the C-terminus and in their interactions with other
proteins. Both human elF5A isoforms can individually support the growth of yeast lacking
its own elF5A genes, and the yeast protein functions in vitro in the mammalian elF5A assay
system [16], suggesting that elF5A activities are functionally interchangeable — to a degree,
at least — within and across species.

Formation and role of hypusine

A single lysine residue of elF5A is modified to form hypusine [1], [17] (Figure 1). This
entails two reactions: the transfer of an aminobutyl group from spermidine to the e-amino
group of lysine-50 (in humans) to form deoxyhypusine, catalyzed by deoxyhypusine
synthase (DHS; EC 2.5.1.46); and subsequent hydroxylation of the aminobutyl group,
catalyzed by deoxyhypusine hydroxylase (DOHH; EC 1.14.99.29). Thus elF5A(Lys) is
converted stepwise to elF5A(Dhp) and then to mature elF5A, sometimes called
elF5A(Hyp). These modifications appear to be unique to elF5A (both isoforms) as no other
similarly modified protein has been detected in any organism. However, caution is needed,
as it is conceivable that a low-abundant protein might be similarly modified whose detection
relative to the highly abundant elF5A could be missed.

All of the eukaryatic species examined show the ability to synthesize elF5A(Hyp); similarly,
archaea possess alF5A(Hyp), but bacteria lack elF5A and fail to generate hypusine [1]. The
hypusine modification is required for human elF5A activity in vitro, although elF5A(Dhp) is
partially active [9]. Deletion of the eIF5A gene or DHS gene is lethal in S. cerevisiae,
Caenorhabditis elegans, and mice, consistent with the in vitro results. DOHH deletion is
embryonically lethal in C. elegans, Drosophila melanogaster, and mice [18], yet the protein
is not essential in yeasts although their growth is impaired [19, 20]. Correspondingly,
hydroxylation of EF-P, discussed below, is not essential for peptide bond formation [21, 22].
This raises the question why hydroxylation occurs. Because elF5A(Dhp) can be converted
back to elF5A(Lys), but elF5A(Hyp) cannot, this suggests that hydroxylation is needed to
preserve the modification [18]. However, inhibition of DOHH leads to the accumulation of
elF5A(Dhp), implying that reversal of the DHS-catalyzed reaction, converting elF5A(Dhp)
back to elIF5A(Lys), is not always rapid [23].

In addition, elF5A can be modified by transglutaminylation [24], acetylation [25, 26] and
phosphorylation [27, 28], but clear effects on its activity have not been detected.

High-resolution structures of elF5A have been solved for the human factor [29] as well as
from numerous other species (reviewed in [3]). The N-terminal domain is positively charged
and contains 6 p-strands that form a -barrel. The domain also contains a flexible loop with
the hypusine residue surrounded by a highly conserved sequence. The less-conserved C-
terminal domain contains an OB fold p-barrel domain and is negatively charged. Although
no high-resolution structure is available for elF5A bound to the 80S ribosome, hydroxyl
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radical probing indicates that the protein is bound near the ribosomal E site. Further insight
is obtained from studies of EF-P, a bacterial ortholog of elF5A that lacks the hypusine
modification but is B-lysinylated and hydroxylated instead [1], [30]. EF-P stimulates fMet-
puromycin synthesis and is thought to promote early peptide bond formation events [31]. A
high-resolution structure for EF-P bound to ribosomes indicates that the protein is located in
the E site [32]. Based on this structure, together with hydroxyl radical probing, elF5A was
modeled onto the ribosome in the E site, with its flexible hypusine loop positioned near the
peptidyl transferase center and the P site tRNA [33] (Figure 2). These structural studies are
reviewed in detail [3] and provide key insights into elF5A function.

of elF5A

elF5A clearly is a factor that promotes protein synthesis, but its detailed molecular
mechanism is not yet rigorously elucidated. Genetic and reverse genetic studies indicate that
elF5A also participates in other mMRNA-related functions — transcription [34, 35], mMRNA
turnover [36, 37] and nucleocytoplasmic transport [38] — although these are less well
defined. The extent to which these processes are affected through elF5A action during
protein synthesis, as opposed to entirely different mechanisms, remains to be elucidated.
Based on the methionyl-puromycin assay used in its isolation, elF5A was called an initiation
factor. However, in this assay it appears not to affect the formation of the 80S initiation
complex, but rather stimulates peptidyl transferase activity. When yeast elF5A is partially
depleted in vivo, ribosomes shift into lighter polysomes, a phenomenon largely dependent on
growth in rich medium where initiation is thought to be more robust [39]. When lysates
from such depleted cells are tested in vitro, addition of purified elF5A stimulates protein
synthesis dependent on new initiation [39]. These findings support the view that elF5A acts
at or near the initiation phase of protein synthesis.

Recent studies suggest that elF5A functions during the elongation phase of protein
synthesis. Depletion of yeast elF5A or partial inactivation of temperature-sensitive mutants
results in inhibition of protein synthesis but retention of polysomes [33, 40]. Furthermore,
depletion prevents the disassembly of polysomes that normally result from inhibition of
initiation by arsenite [41]. In vitro studies with purified components find that tripeptide
synthesis is stimulated by elF5A [40]. Finally, genetic studies show an interaction between
elF5A and eEF2 [42], consistent with involvement during elongation.

Prolines and the ribosomal P site

Fresh insight into how elF5A might affect elongation was obtained from studies of bacterial
EF-P [21, 43]. This factor promotes the synthesis of proline- and glycine- containing
peptides by ribosomes, and is all but essential for them to translate oligo-proline regions in
proteins, specifically Pro-Pro-Pro and Pro-Pro-Gly. Yeast elF5A also plays a role in the
synthesis of oligo-proline motifs, both in vivo and in vitro [33], as illustrated in Figure 2.
Toe-printing experiments show that ribosomes stall when peptidyl-tRNAP™ resides in the P
site and Pro-tRNAPT resides in the A site [44]. Examination of the yeast proteome for Pro-
Pro-Pro/Gly motifs showed about 12.7% of proteins would be expected to have their
synthesis stimulated by elF5A [3]. The frequency of such motifs appears greater in humans,
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where about 10,000 motifs are found in 18,000 proteins [45]. In a genome-wide search for
proteins with Pro-Pro-Pro and Pro-Pro-Gly sequences, the frequency of such motifs was
found to be progressively higher as the organisms increased in complexity, suggesting a role
for elF5A in eukaryotic evolution [46].

Numerous stalling sites have been characterized in mouse embryonic stem cell mMRNAs [47].
Many of these are proline-rich although they do not routinely correspond to the canonical
Pro-Pro-Pro/Gly signals. It is not known if the murine sites are elF5A-related. However, EF-
P-dependent stalling sites in bacteria can be more complex than the canonical signal [48-51].
For example, distinct sequences and context effects are being uncovered. Whether the same
is true for mammalian elF5A is an open question. If stimulation of stalled ribosomes is the
major function of elF5A, this suggests that elF5A will affect the translation of only a subset
of mRNAs, those susceptible to stalling. Partial depletion of yeast elF5A has only a
moderate effect on overall protein synthesis, yet affects cell proliferation strongly,
suggesting that proteins required for proliferation may be disproportionally affected [52].
Similarly, experiments using the toxin mimosine or the drugs ciclopirox and deferiprone as
inhibitors of DOHH (Figure 1) support the idea that hypusinated elF5A is required for the
translation of specific MRNAs in human cells [23, 53]. Although selective binding of human
MRNAs to elF5A has been documented [54], connections between these mechanistic
findings and cellular behavior still need to be solidified.

The claims that elF5A functions either in initiation or elongation may be reconciled by
postulating that it promotes both phases of protein synthesis. In the two sets of claims, the
role played by elF5A appears to be to insert its hypusine loop into the ribosome in order to
“correct” a conformation caused by abnormal occupants in the P site, namely non-acylated
aminoacyl-tRNA during initiation, and distortions caused by peptidyl-prolyl-tRNA. Since
the docking models indicate that the binding of eIF5A on the 80S ribosome is expected to be
inhibited by tRNA in the E site, this problem is not present during initiation. During
elongation, the tRNA would presumably have to dissociate before elF5A could bind.
Neither the rates of tRNA dissociation from the E site, nor the rates of elF5A binding to
ribosomes, are known. However, it is tempting to speculate that when stalling occurs during
elongation, as caused by oligo-prolines, there would be sufficient time for the tRNA to
dissociate, thereby enabling elF5A to bind and “correct” the ribosome conformation to
stimulate peptide bond formation. Since ribosome stalling appears to be critical for correct
nascent protein folding, it likely occurs during the translation of many mRNAs.
Sophisticated kinetic experiments are required to establish if any of these ideas is correct.

Over-expression of elF5A in cancer

A strong correlation exists between increased levels of elF5A — often referred to as over-
expression — and cancer. This holds for both the elF5A1 and elF5A2 isoforms, each of
which is associated with several malignancies (Table 1), but the relationship is especially
striking in the case of eIF5A2. In contrast to elF5A1, which is widely expressed at a high
level, elF5A2 is undetectable or only weakly expressed in most normal cells and tissues
[13]. Consequently, elF5A2 over-expression is readily manifest in many tumors, to the
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extent that it has been deemed a candidate oncogene [12, 13, 55]. elF5AL1 is also often
associated with cell proliferation and it can serve as a marker for malignant growth.

Expression of the elF5A genes has been examined in a number of cancers and cancer cell
lines, both at the protein and RNA levels, using a range of techniques. For protein analysis,
methods include immunohistochemistry (IHC), western blotting (WB), two-dimensional gel
electrophoresis (2DG) and mass spectrometry (MS). For RNA, reverse transcription/
polymerase chain reaction (RT-PCR) and RNA microarray analysis (RMA) are methods of
choice. Often, multiple techniques have been applied in parallel but some studies did not
include protein assays, relying on surrogate RNA measures. This introduces an element of
uncertainty in view of the imperfect correlation between RNA and protein levels that has
been documented for elF5A1 [56, 57] and elF5A2 [58, 59]. It also may imply that
translational controls, or other post-transcriptional regulatory mechanisms, are in play.
Furthermore, interpretation of protein analyses may be complicated by antibody specificity
and protein modification issues. Nonetheless, a considerable body of information has been
accumulated about elF5A expression in cancer which we summarize for elF5A1 and
elF5A2 in turn, considering clinical associations, regulation, and the consequences of over-
expression.

elF5A1 association with cancer

elF5AL1 is up-regulated in several malignancies, as listed in Table 1 together with
clinicopathological and molecular correlates that have been reported. These malignancies
include lung adenocarcinoma [56, 60], vulvar intraepithelial neoplasia [61], colorectal
carcinoma [62-64], glioblastoma [65], pancreatic ductal adenocarcinoma [66], and cervical
cancer (both carcinoma and adenocarcinoma) [23]. Increased expression of elF5A1 was not
observed in hepatocellular carcinoma at either the RNA or protein level when tumor tissue
was compared to non-malignant tissue. There was, however, a correlation between elF5A1
RNA - but not protein — and liver tumor nodule number [57].

In addition to solid tumors, elF5A1 mRNA is also expressed at elevated levels in peripheral
blood cells from patients with chronic myeloid leukemia (CML) [67, 68]. Paradoxically,
elF5A1 and other genes in the hypusine pathway were identified as tumor suppressors in
lymphoma [69]. While this conclusion is difficult to square with the protein's essential role
in cell proliferation in several organisms [58], and its otherwise strong association with
malignancy (Table 1), resolution of the discrepancy will undoubtedly be enlightening.

Histopathological observations support the involvement of elF5A1 in tumor cell
proliferation. In vulvar and cervical cancers, the pattern of IHC staining of malignant
regions for elF5A1 closely matches that seen with Ki-67, a standard marker of cell
proliferation [23, 61]. Accordingly, elF5A1 has been proposed as a tumor marker in vulvar
and colorectal cancer [61, 62]. In lung adenocarcinoma, higher elF5A1 protein expression is
associated with a poorer prognosis and diminished cellular differentiation [56]. Similarly, in
colorectal cancer, greater elF5A1 RNA expression is also associated with less favorable
outcomes — increased metastasis and rate of recurrence, and decreased survival and
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progression-free survival times [63]. Pathology testing for elF5A1 protein and RNA may
therefore have prognostic value in the clinic.

Regulation of elF5A1 expression in cancer

Molecular

The mechanisms whereby elF5A1 gene expression is regulated are not well established, but
relationships with oncogenes have been reported. In tissue culture, the gene has been shown
to be myc-regulated [70, 71]. In lung carcinoma, increased elF5A1 protein expression
correlates with oncogenic mutations in K-ras at codons 12 and 13 [56]. Together with the
increased expression of elF5A1 in mouse NIH-3T3 cells brought about by v-HA-Ras [72],
these observations point to induction of elF5A via the K-ras signaling pathway. Treatment
of cultured Ber-Abl- positive K562 cells with imatinib, a drug that inhibits Abl tyrosine
kinase, reduces the level of elF5A1 and its MRNA [67]. This finding, and the increased level
of elIF5A1 RNA in CML mentioned above, suggest that elF5A1 may also be induced by the
Bcr-Abl oncogene. On the other hand, comparison of RNA and protein expression levels in
lung adenocarcinomas argues for post-transcriptional regulation of elF5A protein expression
[56]. A mechanism based on protein degradation induced by the E3 ubiquitin ligase CHIP/
Stubl has been reported, which can account for the inverse relationship between CHIP/
Stubl and elF5A1 protein expression observed in colorectal cancers [64]. Evidently elF5A1
is regulated by oncogene-driven transcription as well as post-transcriptionally. Additional
work is needed to augment our understanding of the mechanisms that govern elF5A1
expression in cancer.

basis of elF5A1 action in cancer

In tumor tissue, the elF5A1 protein has been observed in the cytoplasm of proliferating cells
in vulvar neoplasia [61], but in lung tumors it is also distributed in the nuclear compartment
[56]. Thus it may be involved in events taking place in the nucleus as well as in the
cytoplasm. Proteins and pathways affected by elF5A1 have been identified using techniques
including 2DG, MS and RT-PCR, with results that are summarized in Table 1. For example,
depletion of eIF5A1 or DOHH in cervical cancer or osteosarcoma cells and drug-mediated
DOHH inhibition by deferiprone or ciclopirox lead to reduced proliferation [23]. Protein and
RNA analysis identified three HeLa cell proteins that are down-regulated at the translational
level: Hsp27, DJ-1 (PARK7) and NM23, all of which are cancer-associated. The heat shock
chaperone Hsp27 regulates 1xB and hence NF-kB activity, providing a link between elF5A
and transcriptional effects, apoptosis and HIV-1 inhibition [34, 73]. Another protein, the
nonreceptor tyrosine kinase PEAKL, is also down-regulated by suppression of elF5A
synthesis (either isoform) or inhibition of hypusine formation. Concomitantly, the growth
and tumorigenicity of pancreatic ductal adenocarcinoma cells is reduced [66].

While Hsp27 and PEAK1 both contain oligo-proline sequences of the type reported to cause
elF5A-conditional stalling, DJ-1 and NM23 do not. It remains to be determined whether this
reflects the existence of additional, as-yet uncharacterized determinants of elF5A
dependence. Alternatively, it could be due to secondary effects of the drugs, or of
interference with elF5A function, as suggested by the finding that the synthesis of two
proteins — PRDX2 and TrpRS - is up-regulated when DOHH is inhibited [23]. This
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correlates with increased mRNA levels, presumably resulting from diminished mRNA
stability in the absence of mature elF5A1. We have proposed that these up-regulated and
down-regulated proteins are the founder members of an 'elF5A regulon’ (Figure 3)
comprising possibly some hundreds of proteins that are subject to control by elF5A at
different levels [23].

elF5A2 association with cancer

The association and functions of elF5A2 have been studied in several tumors. elF5A2
transcripts were initially detected by analysis of an amplified chromosomal region from
ovarian cancer [12] and database searches [11]. The elF5A2 protein was first detected by
WB in an ovarian cancer cell line, where it occurs at a high level, and to a lesser extent in an
adenocarcinoma cell line [13]. elF5A2 mRNA exists in several forms and can be detected in
a number of cell lines; it appears to be inefficiently translated compared to elF5A1 [58].

elF5A2 is weakly detectable, if at all, in normal tissues but is up-regulated in a number of
malignancies (Table 1). Its over-expression, usually visualized by IHC, has been observed in
cancer of the ovary [55, 74], colorectal carcinoma [75], bladder cancer [59, 76, 77],
hepatocellular carcinoma [78, 79], non-small cell lung cancer [80, 81], pancreatic cancer
[66], esophageal squamous cell carcinoma [35], and gastric cancer [82]. Both elF5A1 and
elF5A2 isoforms are present in hepatocellular [57] and pancreatic [66] cancer. On the other
hand, elF5A2 is not generally overexpressed in CML [68] or glioblastoma [65], and it is
poorly expressed in some lymphoma and leukemia cell lines [11, 13]. These observations
argue that elF5A2 over-expression is not an invariable hallmark of cancer and that either
isoform may be sufficient for establishment of the malignant phenotype.

As with elF5A1, higher expression of elF5A2 is associated with less favorable clinical
features and outcomes. In cancers that have been studied, elevated elF5A2 often correlates
with a more advanced and aggressive disease state, increased likelihood of recurrence after
surgery, metastasis, and diminished survival (Table 1). For example, correlation with more
advanced stage and/or grade was observed for ovarian, colorectal, gastric and non-small cell
lung cancer [55, 74, 80, 82, 83], although not bladder cancer [76]. Correlation with
decreased survival has been reported for many malignancies, including cancer of the ovary,
lower intestine, bladder, liver, lung, stomach and esophagus [35, 74, 76, 79, 80, 82, 83].
These data support consideration of elF5A2 as a prognostic marker in a variety of malignant
conditions.

Metastasis and lymph node invasion are elF5A2-related pathological features that have
attracted attention from a mechanistic point of view. elF5A2 over-expression is visualized at
hepatocellular carcinoma margins [78]. Interestingly, elF5A2 is one of only three genes
found to be predictive of lymph node metastasis in gastric cancer [84]. Association of
elF5A2 with metastasis is also seen in colorectal cancer [75] and esophageal squamous cell
carcinoma [35]. How the elF5A2-associated malignant phenotype relates to biochemical and
molecular characteristics of the tumors is discussed below.
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Regulation of elF5A2 expression in cancer

Molecular

As with elF5A1, the regulation of elF5A2 expression is poorly understood although
advances are being made. The EIF5A2 gene is often, but not invariably, amplified in cancers
and cancer cell lines [12, 35, 59, 74, 75, 80]. While tumors exhibiting gene amplification
generally exhibit high elF5A2 expression, many have high elF5A2 levels without gene
amplification so additional mechanisms of up-regulation must exist. No doubt these include
transcriptional activation by oncogenes such as K-ras, as in pancreatic cancer [66].
Recently, the involvement of hypoxia and the hypoxia- inducible factor HIF1a has been
described [35]. In esophageal squamous cell carcinoma cells, hypoxia increases elF5A2
RNA levels, at least in part via HIF1a. (A reciprocal action of elF5A2 on HIF1la
transcription is mentioned below.)

Post-transcriptional regulatory mechanisms are likely to contribute to elF5A2 expression. As
a result of differential polyadenylation site usage, and possibly alternative splicing, there are
at least 5 size classes of elF5A2 mRNA [58]. The various mRNA forms have distinct
stabilities presumably due to differences in their untranslated regions. Translation of eIF5A2
mMRNA is relatively inefficient compared to elF5A1 [58], and this has been attributed to
ribosome stalling, presumptively mediated by determinants located in untranslated regions
of the mRNA. It is likely, therefore, that elF5A2 is subject to controls acting at multiple
levels, perhaps reflecting its roles in normal processes, such as development or
differentiation, that await discovery.

and cell biological basis of elF5A2 action in cancer

elF5A2 depletion by antisense DNA or RNA interference slows the growth of ovarian
cancer cells [55] and several other types of tumor cells in culture and in vivo, including cells
from liver [57], pancreatic [66], esophageal [35], and gastric [82] cancers. elF5A2
knockdown also reduces cell migration in tissue culture, in wound healing and matrigel
invasiveness assays, as well as metastatic properties in vivo in xenograft experiments with a
range of cancer types [35, 57, 77, 82, 83]. Small molecule inhibitors of DHS and DOHH,
such as the spermidine analog GC7 and the drug ciclopirox (Figure 1), mimic many of these
effects; conversely, elF5A2 overexpression increases these mobility and metastatic
properties in many of the same cell types. Correspondingly, elF5A2 silencing and
overexpression experiments demonstrated that the protein favors the metastasis-related
epithelial-mesenchymal transition (EMT), as reflected in changes in the levels of epithelial
cell markers such as E-cadherin and p-catenin and mesenchymal markers such as fibronectin
and vimentin [35, 78, 81-83].

A variety of downstream events has been reported (Table 1). In colorectal and gastric
cancer, metastasis-related protein MTA1L, a key regulator of metastasis and invasiveness is
up-regulated by elF5A2, mediated by c-myc [82, 83]. In bladder cancer, TGFpB1 is
responsible for elF5A-inducd EMT and invasiveness, acting through STAT3 protein
stabilization [77]. Inhibition of elF5A2 expression or of hypusination reduces the level of
the PEAKT1 protein which is required for pancreatic cancer cell growth and metastasis [66].
In esophageal squamous cell carcinoma cell lines, hypoxia leads to an increase in elF5A2
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which engages in a complex interplay with HIF1a and angiogenesis [35]. One notable
finding is the binding of eIF5A2 protein to a region upstream of the HIF1a promoter in
chromatin immunoprecipitation assays, supporting a direct role for elF5A2 in transcriptional
regulation. Further, the vascular endothelial growth factor VEGF is also increased when
elF5A2 is overexpressed, consistent with a role in angiogenesis [35]. elF5A is also
associated with angiogenesis via another mechanism: in hepatocellular carcinoma, elF5A
overexpression increases matrix metalloproteinase MMP-2 RNA and activity via p38
MAPK and JNK/c-Jun transcriptional pathways [79].

Overall, the picture that emerges is of a broad up-regulation of tumorigenic parameters
triggered, directly or indirectly, by elF5A2 over-expression.

Therapeutic developments

The involvement of elF5A isoforms in cancer, and the singularity of their post-translational
modification pathway, has led to considerable attention from a therapeutic perspective. Both
elF5A isoforms and both of the enzymes required for hypusine formation have been
exploited as targets for drug development and cancer therapy. Modalities explored include
suppression of elF5A production, over-expression of an elF5A1 mutant, drugs and chemical
inhibitors of DHS and DOHH, and microRNAs directed against DOHH. Combination
therapy with drugs such as imatinib, 5-fluorouracil and cisplatin have also been explored
[67, 68], [79], [81].

At the nucleic acid level, strategies to limit elF5A-dependent cell proliferation in culture
have included decreasing the elF5A2 gene copy number by treatment with hydroxyurea to
eliminate double minute chromosomes in ovarian cancer [55]. A more generally applicable
approach is to attenuate elF5AL or elF5A2 gene expression with antisense DNA or
interfering RNA, as in several studies mentioned above. In a related approach, siRNA-
mediated down-regulation of elF5A1 is coupled with the over-expression of a mutant form
of the protein that cannot be hypusinated as a result of a substitution at lysine-50 [85]. The
SiRNA and expression vector are introduced together in a particle called SNSO1-T that is in
early stage clinical trial (Phase 1b/2a) for treatment of multiple myeloma and lymphoma. In
mouse studies, SNSO1-T inhibited cancer cell growth of xenografts and extended the
animals' survival, and it synergized with standard-of-care drugs bortezomib and
lenalidomide. Apoptosis appears to contribute to its mechanism of action [86], consistent
with previous studies in which an adenovirus vector expressing elF5A1 reduced tumor
growth, induced apoptosis and improved mouse survival [87]. An adenoviral vector
expressing elF5A2 was also effective, albeit to a somewhat lesser degree. In view of the
preponderance of evidence that elF5A promotes cell proliferation, it is germane to consider
why over-expression of either isoform would be pro-apoptotic. Remarkably, the induction of
apoptosis may be due to the accumulation of incompletely hypusinated forms of elF5A,
carrying either lysine or deoxyhypusine at position 50, as a result of DHS and DOHH
limitations [58].

Inhibitors of these enzymes have been studied extensively in tissue culture. DHS is a
metastasis signature gene [88] and its inhibitor GC7 has been used in many studies. Further
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small-molecule inhibitors have also been synthesized and tested [19, 68]. They inhibit cell
growth in tissue culture, and GC7 has been reported to reduce tumorigenicity, suppress cell
migration and reverse the EMT in vivo in liver, lung and pancreatic cancer models [78],
[81], [66] and in @ murine melanoma model [89].

Ablation of DOHH reduces cell proliferation and transformation in culture [18]. The drugs
ciclopirox (an antifungal) and deferiprone (an iron chelator used to relieve iron overload in
thalassemia) are DOHH inhibitors that have been studied in culture and in vivo [23], [34,
73]. Ciclopirox inhibits the growth of pancreatic tumor cells in culture [66]. Administered
orally, it is effective against human breast cancer and leukemia xenografts in mice [90, 91],
and improvement in clinical parameters was observed in some acute myeloid leukemia
patients during a phase 1 trial [92]. Mimosine, a natural compound that also inhibits DOHH
activity, acts synergistically with two different microRNAs (miR-331-3p and miR-642-5p)
that reduce DOHH mRNA and protein expression to suppress the proliferation of prostate
cancer cells in culture [93]. This raises the prospect of tumor chemotherapy with
combinations of agents that target the elF5A pathway.

Perspectives

Appreciation of the pivotal role of translational control in cancer is steadily increasing. In
regard to elF5A, the field has arrived at an interesting juncture, where biochemical and
clinical approaches to function intersect and inform each other. Biochemical and genetic
studies have defined protein sequences that impose a requirement for this translation factor,
while processes leading to cell transformation and tumorigenicity have been described
through clinical observations and related cell biological and animal model experimentation.
Within the common ground salient topics are beginning to come into focus, including the
regulation of elF5A gene expression, the identification of elF5A's molecular targets, and the
definition of the pathways and mechanisms affected by these targets. Progress has been
made on each of these topics as outlined above, but much still remains to be learned. For
example, the 'elF5A regulon' (Figure 3) needs to be substantiated, its membership
catalogued, and its control deciphered.

One of the most seminal unanswered questions relates to the functions of the two elF5A
isoforms. Both elF5A genes are implicated in cancer, as documented in Table 1, yet their
sequences and gene expression patterns are distinct and it is not clear whether their
biochemical activities differ. Evidence from yeast [16] and mammalian cell experiments [66,
87] is consistent with functional redundancy of elF5A1 and elF5A2, with the caveat that
these systems may not model cancer closely enough to be definitive. Further work is
required to uncover more subtle functional differences if they exist. An alternative
interpretation would posit that the isoforms differ in the conditions and circumstances of
their expression, i.e., the regulation of their gene expression, rather than in their protein
functions. Taking the two genes together, controls have been reported that act at various
levels, including translation, transcription, RNA processing, and protein modification,
localization and turnover. Fuller comprehension of elF5A's functions may allow differences
between the isoforms, either in their expression or their function, to be exploited
therapeutically.
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Another set of issues concerns the hypusine modification, which is generally held to be
specific for elF5A (both isoforms) because no other hypusine-containing protein has been
characterized. Likewise, the modifying enzymes DHS and DOHH are thought to be
dedicated to elF5A. A variety of experimental and therapeutic interventions has been
devised and exploited based on these premises, thereby enabling a great deal of progress.
Yet the premises are subject to limitations and some of the inhibitors employed —
particularly drugs and other small molecules — can have additional or alternative targets.
Furthermore, when such interventions bring about changes in gene expression and/or
biological activities, it is not always obvious which changes are primary (i.e., direct actions
on the target proteins) as opposed to secondary (e.g., downstream effects resulting from the
failure to produce a regulator such as a transcription factor). In addition, the question arises
whether the effects of DHS or DOHH inhibition are due simply to a decrease in mature
elF5A, or do the accumulating lysine- or deoxyhypusine-containing forms of elF5A exert
separate and distinctive functions as proposed in apoptosis [86]?

Building on our current appreciation of elF5A's function in translation, a crucial next step
will be to establish the precise role of elF5A and its hypusine modification in protein
synthesis and translational control. It remains to be determined whether the translational
effects are all related to proline-dependent stalling, and more broadly, to evaluate the
contribution of elF5A's actions on translational initiation and other processes such as mRNA
production, transport and stability. If elF5A also affects the initiation stage of protein
synthesis, it will be important to determine whether such stimulation affects all MRNAs
similarly, or whether only some specific mRNAs are significantly stimulated. Ribosome
profiling analysis [47] has the potential to provide decisive information about elF5A's
translational activities. In the context of the malignant phenotype, it will be important to
catalog the gene products whose expression is influenced by elF5A — the elF5A regulon (or
regulons, if the two isoforms prove to regulate distinct sets of genes) — and which play
essential roles in tumorigenesis. ldentification of these gene products may suggest additional
downstream targets for therapeutic intervention. Meanwhile, the canonical components of
the pathway — elF5AL1, elF5A2, DHS and DOHH - offer promise and inspiration for the
development of drugs and biologicals to combat cancer.
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Figure 1. elIF5A modification pathway and inhibitors
Deoxyhypusine synthase (DHS) catalyzes aminobutyl (blue ) transfer from spermidine to the

g-amino group of lysine-50 of human elF5A (gray ) using NAD™ as cofactor, yielding
deoxyhypusine (Dhp). Deoxyhypusine hydroxylase (DOHH) hydroxylates Dhp to hypusine
(Hpu) in an Fe(11)-dependent reaction using molecular oxygen. The spermidine analog GC7
(N1-guanyl-1,7-diaminoheptane) inhibits DHS. The drugs ciclopirox (6-cyclohexyl-1-
hydroxy-4-methyl-(1H)-pyrid-2-one) and deferiprone (1,2-dimethyl-3-hydroxypyridin-4-
one) inhibit DOHH. (Modified from Hoque et al. [34]; reproduction permitted by BioMed
Central.)
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Figure 2. Model of elF5A action during polypeptide chain elongation
In S. cerevisiae, elF5A relieves ribosomal stalling at sequences containing consecutive

proline residues (blue-circled P). The model depicts a ribosome stalled at a run of proline
codons after condensing 2 proline residues in a nascent polypeptide chain and before the
addition of a third proline. The peptidyl-tRNA is in the ribosomal P site and the next
residue, on Pro-tRNAPT, is in the A site (left). elF5A (brown) binds near the ribosomal E
site with its hypusine side chain adjacent to the peptidyl-tRNA in the peptidyl transferase
center of the ribosome where it can facilitate peptide bond formation (right). (Reprinted
from Guttierez et al. [33] with permission from Elsevier.)
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Figure 3. Putative elF5A regulon

Hypusine-containing elF5A is proposed to affect protein expression by enhancing the
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translation of Group 1 mRNASs (resulting in up-regulation), and the turnover of Group 2
mRNAs (resulting in down-regulation). The targets may be direct or secondary to elF5A's

biochemical action, are collectively considered the elF5A regulon, and influence
tumorigenesis and related cellular processes. (Reproduced from Mémin et al. [23] as

permitted by AACR.)
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Table 1
Cancer associations of the two elF5A isoforms.
Cancer type elF5A Clinical, pathological Molecular Refs.
isoform | and biological correlates
correlates
Bladder urothelial elF5A2 Stage, grade, TGFp1, STAT3 59,
carcinoma recurrence, progression, 76,
EMT, metastasis 77
Cervical carcinoma/ elF5A1 Cell proliferation Hsp27, NM23, DJ-1, | 23
adenocarcinoma PRDX2, TrpRS, 1xB
Chronic myeloid elF5A1 DHS, DOHH 67,
leukemia 68
Colorectal elF5A1 Prognosis AnnexinA3, 62,
adenoma/carcinoma S100A11, S100P, 63,
galectin-1, S100A9, 64
FABPL, IMPDH2,
CK20, MAP3KaS,
CHIP/Stubl
Colorectal elF5A2 Metastasis, EMT, MTAL, c-myc 75,
carcinoma motility, progression 83
Esophageal elF5A2 Metastasis, EMT, HIFla, VEGF 35
squamous cell hypoxia
carcinoma
Gastric cancer elF5A2 Metastasis, EMT, MTA1 82
prognosis
Glioblastoma elF5A1* | Grade-independent DHS, DOHH 65
Hepatocellular elF5A1 Tumor nodules 57
carcinoma
Hepatocellular elF5A2 Venous infiltration, EMT | DHS, DOHH, 57,
carcinoma metastasis, RhoA/Racl, MMP-2 | 78,
angiogenesis 79
Lung elF5A1 Poor differentiation, K-ras, p53, AOE372, | 56,
adenocarcinoma prognosis ATP5D, BAGALT, 60
PPase, GRP58,
GSTM4, P4HB, TPI,
UCHL1
Non-small cell lung elF5A2 Prognosis, EMT 80,
cancer 81
QOvarian carcinoma elF5A2 Stage, grade, Ki-67 12,
transformation, 55,
tumorigenicity, 74
prognosis
Pancreatic ductal elF5A1 Tumor growth PEAK1 66
adenocarcinoma elF5A2
Vulvar intraepithelial | elF5A1 Cell proliferation Ki-67 61

neoplasia
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For each cancer type, the elF5A isoform(s) reported to be over-expressed are listed together with associated clinical, pathological and biological
characteristics and with observed molecular correlations. Italicized proteins are down-regulated.

*
elF5A2 was detected in 1 sample.
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