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Abstract

The hormone insulin plays a central role in the metabolism of carbohydrates, lipids, and proteins. In relation to protein
metabolism, insulin stimulates amino acid uptake and activates protein synthesis in responsive cells by modulation of signal
transduction pathways, such as associated to Akt/PkB, mTOR, S6Ks, 4E-BP1, and several translation initiation/elongation
factors. In this context, there is no information on direct cellular treatment with insulin and effects on eukaryotic translation
initiation factor SA (eIF5A) regulation. The eIF5A protein contains an exclusive amino acid residue denominated hypusine,
which is essential for its activity and synthesized by posttranslational modification of a specific lysine residue using spermi-
dine as substrate. The eIF5A protein is involved in cellular proliferation and differentiation processes, as observed for satellite
cells derived from rat muscles, revealing that e[F5A has an important role in muscle regeneration. The aim of this study was
to determine whether eIF5A expression and hypusination are influenced by direct treatment of insulin on L6 myoblast cells.
We observed that insulin increased the content of eIF5A transcripts. This effect occurred in cells treated or depleted of fetal
bovine serum, revealing a positive insulin effect independent of other serum components. In addition, it was observed that
hypusination follows the maintenance of eIF5A protein content in the serum depleted cells and treated with insulin. These
results demonstrate that eIF5A is modulated by insulin, contributing the protein synthesis machinery control, as observed
by puromycin incorporation in nascent proteins.
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Introduction responsive tissues [3]. The mTOR protein forms two distinct

complexes, the rapamycin-sensitive mTORC1 complex and

Insulin is a peptide hormone produced in the islets of
Langerhans by the pancreatic -cells, which plays a central
role in the metabolism of carbohydrates, lipids, and pro-
teins [1, 2]. In protein metabolism, insulin stimulates the
uptake of amino acids and activates the translational machin-
ery through the PI3K/AKT/mTOR signaling pathway in
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the mTORC2 complex which is relatively resistant to this
compound [4]. The mTORCI activates the ribosomal pro-
tein S6 kinase (p70S6K) through phosphorylation, which
subsequently phosphorylates the ribosomal protein S6 inten-
sifying the protein synthesis and cell proliferation [5]. In
addition, mTORC1 is responsible for the phosphorylation
of the 4E-BPs, which are protein elF4E binding proteins and
act as translation repressors [6, 7]. When phosphorylated
by mTOR, 4E-BP1 dissociates from the eIF4E, allowing
it to connect to the cap present at the 5’ end of the mRNAs
and to the elF4G factor, forming the elF4F complex. As a
result, it activates cap-dependent translation [8]. Moreover,
insulin modulates other protein synthesis effectors, such as
some initiation and elongation translation factors (Table 1),
among which the eIF5A protein has not been characterized
in this context so far.
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Table 1 Effects promoted by insulin on translation factors

Factor Effect of insulin

elF2B Insulin activates elF2B through a signaling pathway involving PI 3-kinase and by the inactivation of GSK-3, increases the formation
of eIF2-GTP complexes by elF2 recycling [9]

elF4E Insulin increases the phosphorylation of eIF4E and of its inhibitor ligand 4E-BP1, activating eIF4E and by its dissociating from
inhibitor, which increases the formation of eIF4F complexes and the affinity for the cap [10-12]

elF2 Insulin activates elF2 by stimulating the dephosphorylation of elF2a, increasing the formation of 43S complexes [13, 14]

elF3 Insulin stimulates the elF3-eIF4G association through direct interaction of mTOR with eIF3 [15]

elF6 Insulin stimulated translation suggests that eIF6 and 60S availability control the translation of specific mRNAs as uORFcontaining
and G/C rich mRNAs encoding for lipogenic transcription factors [16]

elFAG Insulin stimulates phosphorylation through mTOR signaling pathway, increases the formation of eIF4G-eIFAE complexes [17, 18]

elF4B Insulin stimulates the phosphorylation of elF4B by S6K, promoting the interaction of eIF4B with eIF3 and allowing its interaction
with elF4G and elF4A [19-21]

elF4A Insulin stimulates S6K via mTOR, which in turn phosphorylates PDCD4, releasing elF4A, allowing the interaction between eI[F4A/
elF4G and the formation of the eIFAF complex [22, 23]

eEF1A1  Insulin stimulates phosphorylation in serine residue via PKC, resulting in stimulation of elongation activity in vivo and in vitro [24,
25]

eEF1A2  Insulin promotes the increase of mRNA of eEF1A2 [24]

eEF1B Insulin stimulates phosphorylation by MS6K and PKC [26-28]

eEF2

Insulin induces the inactivation of eEF2K via S6K, consequently prevents the inhibition of eEF2 via phosphorylation of eEF2K,
insulin also increases the protein content of eEF2 [29, 30]

Eukaryotic translation initiation factor SA (e[F5A) is an
essential protein of approximately 17 kDa and highly con-
served in eukaryotes and among its homologous of Archaea
[31-34]. eIF5A is the only protein known featuring the
amino acid residue hypusine, derived from a posttransla-
tional modification (hypusination), involving the polyamine
spermidine [35]. It is known that hypusination of eIF5A is
essential for cell viability because the cells in which it was
blocked became nonviable [32, 34, 36].

The eIF5A protein is involved in the initiation and elonga-
tion of translation and is related to the processes of transcrip-
tion, the transit of macromolecules through the nuclear pore
complex, nonsense-mediated mRNA decay and cell prolif-
eration and differentiation [32, 37-46]. The eIFSA protein
has also been linked to inflammatory processes, diabetes,
cancer, malaria and viral infections, such as HIV-1 and
Ebola [47-56]. eIF5A is associated with ribosomes actively
engaged in translation, strengthening the involvement of this
protein in the protein synthesis process [57, 58]. Moreover, it
has been shown that e[F5SA acts in the translation elongation
of proteins containing proline-rich motifs [59].

As previously described, several studies relate insulin to
different translational factors; however, there is no evidence
relating its action on eIFSA. Thus, this study aimed to evalu-
ate changes in the eIF5SA expression and hypusination profile
in relation to the action of insulin.
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Materials and methods
Cell culture

The myoblast cell line L6, derived from skeletal muscle
was acquired from the laboratory of Prof. Dr. Rui Curi
(ICB - USP) and it was grown in Dulbecco’s Modified
Eagle’s Medium supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin (Life Technologies, Inc., Carls-
bad, CA, USA) at 37 °C in a humidified atmosphere con-
taining 5% CO.,.

Real-time RT-PCR

Total RNA was extracted from L6 cells with the TRIzol®
Reagent (Invitrogen, Carlsbad, CA, USA) and 2 ug was
used as a template for the synthesis of cDNA using Rever-
tAid Reverse Transcriptase (Invitrogen). Real-time PCR
reactions were performed using 100 ng cDNA, 0.6 uM
primers (Exxtend, Paulinia, SP, Brazil), and SYBR®
Select Master Mix (Applied Biosystem, Warrington, UK).
For the PCR running, it was used the following param-
eters: 10 min at 95 °C followed by 40 cycles of 15 s at
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95 °C, 30 s at 60 °C, and 30 s at 72 °C. Each set of prim-
ers was designed to recognize unique regions of eIFSA
cDNA (Forward 5’AATAACTGGCTTCCAGGGTGG?3'
and Reverse S TGGATAGGAGTCCAGCCAAG3’) and the
constitutively expressed endogenous p2M cDNA (Forward
5S'TGAATTCACACCCACCGAGAZ' and Reverse 5'TTA
CATGTCTCGGTCCCAGG?3'). The f2M constitutive gene
was chosen because it was not significantly altered by the
treatments performed. Relative content of mRNAs was
determined after normalization with f2M gene using the
comparative Ct (cycle threshold) method. This method is
presented as the fold over of target gene of control. Prim-
ers concentrations were optimized for maximum ampli-
fication efficiency by testing combinations of different
concentrations of each primer (0.15, 0.3, and 0.6 puM).
Different dilutions of the target cDNAs were also assessed
to determine the amplification efficiency (400, 80, 16, 3.2,
and 0.64 ng).

Antibodies

Mouse monoclonal anti-eIFSA1 antibody (Cat. Number:
E1783) was acquired from Sigma-Aldrich, Inc. (Saint Louis,
MO, USA). Rabbit polyclonal anti-hypusine antibody (IU-
88) was provided by Raghavendra G. Mirmira and Bernhard
Maier [60]. Rabbit polyclonal anti-4E-BP1 (Cat. Number:
9452) was acquired from Cell Signaling Technology, Inc.
(Danvers, MA, USA), rabbit polyclonal anti-GAPDH anti-
body (Cat. Number: CSB-PA00025A0Rb) was acquired
from Cusabio Technology, Co., Ltd (Wuhan, Hubei, China),
and mouse monoclonal anti-puromycin antibody (Cat. Num-
ber: MABE343) was acquired from Merck Millipore (Darm-
stadt, HE, Germany). The secondary antibodies HRP-goat
anti-mouse (Cat. Number: 626520) and HRP-goat anti-rabbit
(Cat. Number: 656120) were acquired from Invitrogen.

Immunoblotting

L6 cells were washed with phosphate buffered saline (PBS)
followed by disruption using lysis buffer (100 mM Tris/
HCI, pH 7.4; 10 mM Na, ethylenediaminetetraacetic acid
[EDTA], pH 8.0; 1% Triton X-100; and complete EDTA-free
protease inhibitor cocktail [Roche Diagnostics GmbH, Man-
nheim, Germany]). For the protein separation, it was used
30 ug of total protein extract, which was resolved by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were transferred to nitrocellulose
membranes and blocked with Tris-buffered saline with tween
20 (TBS-T) containing 5% non-fat milk. Membranes were
then incubated overnight at 4 °C with the desired primary
antibodies diluted in TBS-T containing 5% non-fat milk
for anti-eIF5A1 and IU-88, or 5% bovine serum albumin
(BSA) for anti-4E-BP1, anti-puromycin, and anti-GAPDH.

Membranes were washed with TBS-T and incubated for 1 h
at room temperature with the appropriate specific horserad-
ish peroxidase-conjugated anti-immunoglobulin (IgG) (GE
Healthcare, Buckinghamshire, UK) diluted in TBS-T con-
taining 5% non-fat milk. Lastly, membranes were washed
with TBS-T and immunoreactive proteins were identified
using an enhanced chemiluminescence (ECL) reagent (GE
Healthcare).

Cell treatment

L6 cells were seeded at a density of 4 x 107 cells per well
in six-well plates and grown for 24 h in the regular culture
medium. The cells were treated with 50 uM GC7 in regular
culture medium for 48 h. The GC7 was protected against
the action of amine oxidases in serum using 1 mM amino-
guanidine (Sigma-Aldrich), it is used for others studies with
GC7 [61, 62]. The GC7-negative control was also treated
with 1 mM aminoguanidine. After the treatment period, cells
were grown in regular culture medium or serum-free culture
medium with or without 430 nM insulin (Sigma-Aldrich)
for 24 h. Finally, we used the surface sensing of translation
(SUnSET) technique by adding 1 pM puromycin dihydro-
chloride (Life Technologies) for 30 min before harvesting
cells for further analysis [63, 64]. This technique specifi-
cally comprises the use of the anti-puromycin antibody for
the immunological detection of puromycin-labeled peptides.

Cell counting and viability

Cells were collected by trypsinization from cell culture
plates and cell counting and cell viability were performed
in triplicates after Trypan Blue staining using Countess®
Automated Cell Counter (Invitrogen). For the assay, 10 uL
of sample was mixed with 10 pL of trypan blue, and 10 uL
pipetted into a Countess chamber slide for cell counting. The
procedure followed the manufacturer’s protocol.

Statistical analysis

Three to five independents experiments were performed
with cells pertaining to different passages. All values were
expressed as mean + SEM. Different treatments were com-
pared by One-Way ANOVA, followed by post-hoc Tukey
test or analyzed by Student’s #-test. For nonparametric data,
different treatments were compared by Kruskal-Wallis one-
way ANOVA on Ranks test. Statistical analyses were carried
out using SigmaStat version 3.5 for Windows (Systat Soft-
ware, Inc., Point Richmond, CA). Differences were consid-
ered statistically significant when probabilities were < 0.05
(P <0.05). Different letters indicate significant differences.
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Results

The Content of hypusinated elF5A is modulated
by insulin

To assess the protein content of total and hypusinated
elF5A, L6 cells were incubated for 24 h in culture medium
without fetal bovine serum (FBS) (Fig. 1a). Later, using
gqRT-PCR analysis, we observed a significant reduction
in the content of the transcript of eI[FSA. However, when
the FBS depleted cells were treated with insulin for 24 h,
it was observed an increase of the eIFSA transcript con-
tent, not only in relation to the cells submitted to the FBS

10 % FBS 10 % FBS

L6 cells

depletion but also in relation to the cells grown in regular
medium (10% FBS) (Fig. 1g).

In relation to the protein content of eI[F5A analyzed by
immunoblotting, it was found that the FBS depletion pro-
moted decrease of the protein content of eIFSA and of its
fraction hypusinated form (IU-88). However, the treatment
with insulin caused the maintenance of total and hypusinated
protein content, when compared with the regular culture
conditions (Fig. 1b, e, f). Similar effects were observed both
in the general protein synthesis pattern, by the observation of
the polypeptide chains with the incorporation of puromycin,
and in the profile of 4E-BP1 phosphorylation (Fig. 1b—d).
The FBS depletion promoted a reduction of the general pro-
tein synthesis and of the 4E-BP1 phosphorylation, while the
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Fig. 1 Analysis of the action of insulin on eIF5A expression and its
repercussion on elF5SA hypusination and on general protein synthe-
sis in L6 cells. a Diagram of the experimental procedures used in the
treatment of L6 cells. b Immunoblotting test using protein extracts
of L6 myoblasts. Representative image of polypeptides marked with
puromycin (SUnSET), GAPDH (normalizer), as well as of the profile
of phosphorylation of protein 4E-BP1, total eIFSA and hypusinated
elF5A (IU-88), in response to the treatment with insulin and/or total
removal of bovine fetal serum for 24 h. ¢ Graphic representation of
the puromycin normalized with GAPDH. d Graphic representation
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of the 4E-BP1 normalized with GAPDH. e Graphic representation of
the eIF5A normalized with GAPDH. f Graphic representation of the
hypusinated eIF5A (IU-88) normalized with GAPDH. Representative
images of 3 independent experiments. g Analysis of the relative con-
tent of the eIF5A transcript by real-time RT-PCR. Relative content of
mRNAs was determined after normalization with f2M gene using the
comparative cycle threshold (Ct) method. This method is presented
as the fold over of target gene of control. The results are presented as
mean=+ SEM of 3-5 independent experiments. Different letters indi-
cate significant differences (P <0.05)
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treatment with insulin in the absence of serum preserved the
expression profile in a similar level to the observed in the
regular culture conditions (Fig. 1b—d).

GC7 promotes a persistent inhibitory action

on deoxyhypusine synthase (DHS), causing

an expressive inhibitory action on protein synthesis
profile

In order to assess the general protein synthesis after inhibi-
tion of eIF5A hypusination and to determine whether the
action of insulin occurs directly on the reaction of hypusina-
tion, we used the analogous of spermidine N1-guanyl-1,7-di-
aminoheptane (GC7), an inhibitor of the DHS enzyme [65].
Treatment with GC7 caused a reduction in cell proliferation

A Control

(Fig. 2a, b), an effect already described in the literature [61,
66], but caused no effects on cell viability in the conditions
assayed (Fig. 2c). Thus, L6 cells with approximately 70% of
confluence, grown in regular medium, were first treated with
GC7 (50 uM) for 48 h, to reduce the content of hypusinated
elF5A. Then, the GC7 was removed by removing the regular
culture medium, which was replaced with medium without
FBS in the presence or absence of insulin (430 nM), condi-
tions under which the cells remained for 24 h. At the end
of the 24-h period, the cells were treated with puromycin
(1 uM) for 30 min, in order to observe the general protein
synthesis profile (Fig. 3a).

In relation to the eIF5A transcript, it was observed
that the treatment with GC7 promoted an increase in its
content in cells grown in regular medium (Fig. 3g). FBS
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Fig.2 Assessment of viability and number of cells after treatment
with GC7 for 48 h. a Microphotographs of L6 cells, before and 48 h
after treatment with GC7 (50 pM)+aminoguanidine (AG) (1 mM)
for 48 h. The GC7-negative control was also treated with AG (1 mM)
for 48 h. b Assessment of the total number of cells with Coun-
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tess® Automated Cell Counter (Invitrogen). ¢ Assessment of cell
viability by staining with trypan blue. The results are presented as
mean +SEM of 3 independent experiments. Different letters indicate
significant differences (P <0.05)
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Fig.3 Analysis of the action of insulin on eIF5A expression and its
repercussion on elF5A hypusination and on general protein synthe-
sis in L6 cells previously treated with an inhibitor of hypusination
(GC7). a Diagram of the experimental procedures used in the treat-
ment of L6 cells. b Immunoblotting test using protein extracts of L6
myoblasts. Representative image of polypeptides marked with puro-
mycin (SUnSET), GAPDH (normalizer), as well as of the phospho-
rylation profile of the protein 4E-BP1, eIF5A and hypusinated eIFSA
(IU-88), in response to the treatment with insulin in cells previously
treated with GC7 (50 uM)+ aminoguanidine (AG) (I mM) for 48 h
and total removal of bovine fetal serum for 24 h. The GC7-negative
control was also treated with AG (1 mM). Representative images of 3

depletion of cells treated with GC7 caused the reduc-
tion in the transcript content; however, when compared
with the cells grown in regular medium no difference was
observed. In the analysis of cells treated with GC7 in the
culture medium without FBS and treated with insulin, it
was observed an increase in the content of eI[F5A com-
pared to the cells grown in regular medium, similarly to
the effect observed with GC7 treatment in the presence
of FBS. In relation to the eIF5SA protein content and of
its hypusinated form (IU-88), only the hypusinated form
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independent experiments. ¢ Graphic representation of the puromycin
normalized with GAPDH. d Graphic representation of the 4E-BP1
normalized with GAPDH. e Graphic representation of the eIF5A nor-
malized with GAPDH. f Graphic representation of the hypusinated
elF5A (IU-88) normalized with GAPDH. Representative images of
3 independent experiments. g Analysis of the relative content of the
elF5A transcript by real-time RT-PCR. Relative content of mRNAs
was determined after normalization with f2M gene using the com-
parative cycle threshold (Ct) method. This method is presented as
the fold over of target gene of control. The results are presented as
mean+SEM of 3-5 independent experiments. Different letters indi-
cate significant differences (P <0.05)

was reduced after treatment with GC7 (Fig. 3b, e, f). In
addition, it was observed that cells treated with GC7 pre-
sented significant suppression of general protein synthesis
(Fig. 3b, ¢). Addition of either insulin or FBS, despite hav-
ing promoted the hyperphosphorylation of 4E-BP1, was
unable to revert this profile (Fig. 3b, d). This result shows
a lasting effect of the inhibition of hypusination promoted
by GC7, with clear detriment to the translational machin-
ery of the cells, as observed through the immunoblotting
of puromycin.
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Discussion

elF5A is an abundant and highly stable protein, with a half-
life of approximately 24 h [67—69]. So, the high stability
makes it difficult to observe discrete modulatory effects on
its protein content in regular growth conditions. In this con-
text, the presence of insulin and growth factors as compo-
nents of the FBS added in the culture medium impairs the
proper determination of the effects of insulin treatment on
the protein eIF5A content (data not shown). Therefore, in
order to evaluate the isolated action of insulin, the tests were
conducted in the absence of FBS. Under these conditions,
we observed a reduction of the mRNA contents and protein
of total and hypusinated eIFSA. However, when the cells
were treated with insulin, in the absence of FBS, there was
an increase in the parameters evaluated. This result shows a
regulatory effect of insulin on eIFSA. The results obtained
suggest different possibilities of action of insulin on the acti-
vation of e[F5A. One of the ways would be by modulating
the expression of elF5A transcripts, which may generate a
higher availability of the total protein, enabling the increase
of its hypusinated form. Another possibility would be by
directly favoring the hypusination of eIFSA and its conse-
quent activation. It is important to note that both proposi-
tions may occur simultaneously. However, the fact that the
treatment with insulin increased the protein content of total
elF5A, similarly to hypusinated eIF5A, makes it impossible
to affirm that insulin has a direct action on the hypusination
reaction. Thus, even if indirectly, we observed that insulin
modulated the activation of eI[F5SA having clear reflections
on cellular protein synthesis. A previous study observed
that rat insulinoma INS-1E cells treated with triiodo-L-thy-
ronine (T3) presented an increase in its e[F5A protein con-
tent accompanied by insulin increase [70]. Although this
aforementioned study presented a similar overview, it was
focused on thyroid hormone actions on translation factors.
These results in addition to ours corroborate the possibility
of an indirect effect of the T3 hormone on eIF5A expression,
which could also be a consequence of insulin increase and
action in those cells.

Aiming to determine a possible direct action of insulin
on the hypusination reaction, we conducted tests using the
synthetic compound GC7, the most potent inhibitor of the
DHS enzyme [65]. The GC7 acts by blocking the first stage
of the eIF5A hypusination process by inhibiting the deoxy-
hypusine synthase (DHS) enzyme [71]. In this study, we
observed decreased cell proliferation of L6 cells treated with
GC7, which had no impact on the reduction of cell viability.
Furthermore, it has been shown previously that the GC7
caused inhibition of the growth and proliferation of tumor
cells by induction of mitochondrial apoptotic pathways and
activation of AMPK [72] and also anticancer effects [38].

The treatment of cells with GC7 caused a decrease in
the protein content of hypusinated elF5A, as described
previously [73], the same was observed for total eIF5A.
However, treatment with GC7 increased the content of the
elF5A transcript. These results suggest that the inhibition of
hypusination mediated by GC7 could—through a compen-
sation mechanism—promote increased gene transcription
rate of the gene that encodes eIF5A or increased stability
of the transcript, in order to restore the content of eIF5A.
After removal of GC7 and addition of serum or insulin,
we observed that there was no restoration of the protein
content of hypusinated eIFSA, showing an expressive and
lasting effect of GC7. Moreover, treatment with GC7 pro-
moted a drastic reduction of the general protein synthesis,
as observed through the profile of the polypeptides incorpo-
rated by puromycin. In addition, the addition of insulin was
not capable of stimulating the general protein synthesis in
these cells. Recently, it was demonstrated that eIFSA deple-
tion results in a global translation elongation and termination
defect, which corroborates to our data and reinforces that
hypusinated eIF5SA acts on general protein synthesis [74].

Contrarily to the results previously described, we
observed an increase in the phosphorylation of 4E-BP1,
which would be related to a favoring of protein synthesis.
The protein 4E-BP1 is one of the important factors that regu-
late the initiation of translation, preventing the formation
of the elF4F complex, which is responsible for the activa-
tion of the cap-dependent translation of mRNAs [8]. The
hyperphosphorylation of 4E-BP1 indicates that its activity
is inhibited, which favors protein synthesis. Differently to
our results, it was observed in a previous study a decrease in
the phosphorylation of 4E-BP1 through the treatment with
GC7 [71]. However, in this study, differently from the afore-
mentioned work, after 48 h of treatment with GC7, the cells
remained for 24 h in the absence of this protein synthesis
inhibitor and in the presence of FBS or insulin. Thus, the
increased phosphorylation of 4E-BP1 may be related to the
cell’s attempt to resume protein synthesis after the block
period.

This study is the first report that demonstrates the modu-
latory action of insulin on eIF5A in mammalian cell culture,
contributing to expanding the knowledge on the regulation
of protein synthesis by insulin. Furthermore, it highlights
elF5A as a new target to be incorporated into the list of fac-
tors involved in the modulation of translation by the insulin
signaling pathway [3, 20, 75, 76]. Therefore, we conclude
that it is relevant to intensify the study on eIF5A in other
models, aiming to characterize the effects of insulin on
metabolism.
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