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Abstract:Protein folding is an important process for cellular function. ER is responsible for
the synthesis, folding, modification, and quality control of numerous secretory and membrane
proteins. The intracellular disturbance caused by different stressors leading to the
accumulation of unfolded/ misfolded proteins can all lead to an alteration in ER homeostasis.
If the unfolded/misfolded proteins continue to accumulate inside the ER, the unfolded protein
response (UPR) is induced to overcome this situation. UPR acts by three different
mechanisms:(1) increase the ER protein-folding capacity (Robertsonand Branch, 1987),(2)
reduce global protein synthesis, and (3) enhance ER-associated degradation process. The UPR
is mediated by three ER transmembrane protein sensors: (1) activating transcription factor 6
(ATF6), (2) inositol requiring kinase 1(IRE1), and (3) double-stranded RNA-activated protein
kinase (PKR) like endoplasmic reticulum kinase (PERK). Each sensor of the UPR protein
responds to the certain level of unfolded/misfolded protein in the ER. If the cell fails to restore
or overcome the protein-folding defect, cell-death signaling pathways are activated.

Keywords:ER stress, PERK, Translation, UPR, Protein synthesis, Firefly, Renilla, MIN6
cells.

INTRODUCTION
Translation, the first and most important phase
of protein synthesis, involves a process by
which mRNA is translated into proteins. The
translation of mRNA into proteins involves
five major components: ribosomes that
perform the process of polypeptide synthesis,
tRNA molecules that arrange amino acids in a
specific sequence within the mRNA template,
aminoacyl-tRNA synthetases that attach
amino acids to their tRNA molecules, mRNA
that encode the amino acids sequence
information for protein synthesis, and protein
initiation, elongation and termination factors
that facilitate the translation mechanism
(Merrick, 2010). mRNA is exported from the
nucleus and enters the cytosol as a messenger

ribonucleoprotein (mRNP), which is a mRNA
molecule coated with RNA binding proteins
(Robertson & Branch, 1987). The mRNA can
then be translated into protein and there are
three main stages to this process: initiation,
elongation, and termination (Kapp & Lorsch,
2004). The initiation of translation in
eukaryotes is considered the most important
stage in the regulation of protein translation. It
is also a highly complex step which involves
the recruitment of the 80S ribosome and the
initiator methionyl-tRNA (Met-tRNAi) on to
the start codon (AUG) of the mRNA. This
process is facilitated by at least 12 protein
initiation translation factors (elFs)
(Hinnebusch, 2011). The initiation phase is
completed when the Met-tRNAi base pairs to
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the start codon (AUG) in the P site of the
ribosome and is ready to begin the elongation
phase of protein synthesis (Hinnebusch &
Lorsch, 2012). One of the critical steps during
the initiation of translation is the formation of
the translational ternary complex (TC)
consisting of initiator methionyl-tRNA (Met-
tRNAi) and the GTP-bound form of
eukaryotic initiation factor 2 (elF2). Binding
of the TC to the 40S subunit requires initiation
factors such as elF1, 1A, 5, and the elF3
complex. The 43S pre-initiation complex
(PIC) binds to mRNA in a process facilitated
by elF3, the poly(A)-binding protein (PABP),
elFs 4B, 4H (in mammals), 4F, a complex
consisting of the cap-binding protein elF4E,
elF4G, and the RNA  Thelicase elF4A
(Hinnebusch, 2011).eIF4E is the critical factor
for the formation of elF4F complex (Duncan
& Hershey, 1989), and the binding of eIF4E to
elF4G is inhibited by elF4E-binding proteins
(4E-BPs). elF4G and 4E-BPs compete for
elF4E binding and as a result of binding
elF4E to 4E-BPs inhibits the formation of
elF4F complex (Haghighat, Mader, Pause, &
Sonenberg, 1995). The affinity of eIF4E for
4EBPs is deceased by 4E-BPs
phosphorylation which leads to elF4E free to
bind elF4G (Proud, 2007), (Friedland,
Wooten, LaVoy, Hagedorn, & Goss, 2005).

In eukaryotes, the untranslated regions of
mRNA have been shown to be essential in the
regulation of protein synthesis (Jackson,
Hellen, & Pestova, 2010). The 5’ leaders can
regulate downstream expression through
upstream open reading frames (uORF), these
5> leaders structures act as codes so that
ribosomes can recognize which transcripts are
to be repressed or preferentially translated
(Dever et al., 1993).

Internal ribosome entry site (IRES):
Eukaryotic cells apply different mechanisms
to initiate translation of their mRNAs (Komar
& Hatzoglou, 2005). Some viral and
eukaryotic cellular mRNA are translated using
a cap-independent mechanism such as the

IRES mediated mechanism by which the 40S
ribosomal subunit is directed to a site 3’ of the
5’end often by specific mRNA tertiary
structures termed internal ribosome entry sites
(IRESs) (Jackson et al., 2010). Poliovirus and
encephalomyocarditis virus (EMCV) were the
first biological systems found to translate their
mRNA by the internal ribosome entry
mechanism (Pelletier & Sonenberg, 1988).
Later on, many other virus families were also
found to use this mechanism for their mRNA
translation (Vagner, Galy, & Pyronnet, 2001).
It was found that IRES-dependent translation
requires a variable number of translation
initiation factors depending on the particular
IRES (Hellen, 2009). For instant, the hepatitis
C virus (HCV) IRES does not require any of
the initiation factors of the eIF4 family
(Pestova, Shatsky, Fletcher, Jackson, &
Hellen, 1998), and the cricket paralysis virus
(CrPV) IRES is translated without the
requirement for any of the canonical initiation
factors including elF2(Jackson et al., 2010).

Translation control under ER stress: ER
plays a central role in protein synthesis.
Translation of new proteins takes place on
ribosomes associated with the ER. Newly
synthesized membrane or secretory proteins
are then folded and modified in the ER lumen
(Harding & Ron, 2002). Under ER stress
condition, protein folding is disrupted which
lead to the accumulation of unfolded proteins
resulting in activation of unfolded protein
response (UPR). In reaction to ER stress, UPR
is intended to restore ER homeostasis through
decreasing ER load, increasing ER folding
capacity and increasing ER associated
degradation. This decrease in ER load is
classically initiated by the activation of the
ER-transmembrane protein PERK, which
phosphorylates the translation initiation factor
elF2a resulting in a decrease in global protein
synthesis (Back & Kaufman, 2012). It is
believed that the inhibition of protein
synthesis in response to ER stress gives ER
more time to qualifying the loading proteins
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and  correctly  folded (Evans-Molina,
Hatanaka, & Mirmira, 2013). During the ER
stress, the kinase PERK phosphorylates elF2a
which leads to translation attenuation to
overcome ER stress. Phosphorylation of elF2a
has a dual action during ER stress which
inhibits the general mRNA translation and
promoting selective translation of specific
stress responsive mRNA. (Harding, Zhang,
Bertolotti, Zeng, & Ron, 2000). We
speculated that additional mechanisms/factors
may be involved in repression of protein
synthesis in response to ER stress. To
investigate this, we exploit the differences in
the dependency of viral IRES for translation
initiation factors to identify which initiation
factors are affected by ER stress and thus may
be important in the ER stress response.

General reagents and materials:Thapsigargin
was purchased from Merck M, and °S-L-
Methionine was purchased from Perk Almar.
Dual-luciferase Reporter Assay System was
purchased from Promega. Lipofectamine 2000
was purchased from Invitrogen.
Viability/Cytotoxicity Kit was purchased from
Molecular Probes. Plasmids were used: pEMCV,
pCrpv, Renilla/Firefly (pRF), and pHCV were
provided by Professor Martin Bushell-MRC,
Leicester.

Cell culture and transfection :Mouse
Insulinoma 6 cells Insulinoma (MIN6) were
cultured in DMEM media containing 25mM
glucose, 15% heat-inactivated FBS, 100pg/ml
streptomycin, 100units/ml penicillin,
100units/ml neomycin (PSN), 40mM NaHCO3
and 75uM B-mercaptoethanol and maintained at
37°C and 5%CO,. Lipofectamine 2000 was
used for transfection, prior to transfection, cells
were split into 24 sterile multi-well plates.
0.2png of plasmid was used to transfect one well
of 24 wells plate. Transfection were performed
as recommended by the manufacturer.

Cell treatment and lysis: Detailed descriptions
of treatments are provided in the figure legend.
After experimentation, growth medium was

aspirated off the cells and the cells washed
twice with 1x PBS. For measuring luciferase
activity, cells were scrapped into 100ul of
passive lysis buffer (Promega) on ice. Lysates
were subjected to two freeze-thaw cycles and
then centrifuged at 14,000rpm at 4 C for 10 min.
The supernatant was kept for further analysis.

Dual-luciferase reporter assay system:
Samples were harvested and prepared to
measure luciferase activity using dual-luciferase
reporter assay system from Promega. The
Luciferase Assay Reagent II (LARII) and
Stop&Glo reagent were prepared according to
manufactory instruction. After treatment, cells
were harvested using ice-cold 50ul passive lysis
buffer. Before the measurement, LARII and
Stop&Glo reagent should be warmed up to
room temperature .10ul of sample lysate was
added to 96 well-read plate then 50ul LARII
were added to measure firefly luciferase activity
using Novastar plate reader to determine
luminescence. After that 50ul Stop&Glo was
added to measure Renilla luciferase activity
using Novastar plate reader to determine
luminescence.

TCA Precipitation of protein and protein
synthesis measurements: 5l of cell lysate was
spotted onto a lcm of 3MM Whatman filter
papers in a triplicate. Filter papers were boiled
for 1 minute in 100 ml of 5% Trichloroacetic
acid (TCA) with a pinch of L-methionine. The
5% TCA was discarded and replaced with 100ml
of 5% TCA and boiled again for 1 minute. The
5% TCA was discarded again, and the papers
were rinsed in 5% TCA followed by washing
with absolute ethanol. The papers were dried at
80C for one hour. The filter papers were
immersed in 3ml of scintillant (Emulsifier-safe,
PerkinElmer) and DPM determined by
Scintillation counting using a Beckman-Coulter
liquid scintillation counter.

Quantification and Statistical Analysis:
Statistical differences between different groups
were analyzed via single factor analysis of
variance (ANOVA) followed by a Bonferroni.
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Comparison between two sets of data was
analyzed using Paired t-test or Mann-Whitney
non-parametric test. A statistical test was only
carried out when the experiments had at least
n=3. Statistical significance was only presented
when p<0.05. Statistical analyses were performed
using the GraphPad Prism software.

RESULTS

Bicistronic  constructs initiation factors
requirement for translation: In order to
identify which initiation factors are responsible
for the inhibition of protein synthesis in response
to ER stress, a series of bicistronic constructs
were used in which the translation of the
upstream cistron is controlled by a cap-dependent
mechanism whereas the downstream cistron
(cap-independent) is regulated by a specific viral
IRES. These bicistronic constructs have different
requirements to initiate translation via their
IRES. EMCV IRES can direct translation
independently of elE4E, whereas the CrPV IRES
requires no initiation factors, and directly recruits
ribosomal subunits. HCV IRES requires all the
initiation factors except the elF4E/4B and 4A
(Meijer et al., 2013). pRF which was translated
through cap-dependent only and has no IRES
was used as the control.

Determination of efficacy of the constructs:
The efficacy of the constructs was determined by
how protein synthesis 1is repressed under
conditions of ER stress (Fig. 3.1) by assessing: 1.
the effect of ER stress on cap-dependent renilla
expression, and 2. the dependency of the
expression of firefly on the presence of an inter-
cistronic IRES. To investigate this, MING6 cells
were transfected with pRF and pEMCV. 48 h
post-transfection, the cells were incubated for 4 h
in the presence or absence of thapsigargin (Tg)
and the expression renilla (Ren), and firefly
luciferase (FF) was determined by their activity
using luminometry.

c) Tirme (4h)

Firefly-luciferase activity (R LU)

Firefly-luciferase actiy

Tirme (4h)

Tirne: (4)
Figure (1). Characterisation of the reporter constructs. MIN6
cells transfected with pRF (a,c). Cells transfected with pEMCV
(b,d) by using Lipofectamine for 48h, all the cells except the
control were incubated with (Tg,1uM) for 4 h at 37 C and 5%
CO,.The luciferase activity of FF and Ren was measured by
using Dual-luciferase reporter assay system as a Relative Light
Unit (R.L.U). The results are + s.e.m of n>3 experiments, data
were analyzed by using Paired t test,* P < 0.05.**P<0.01.

Under control conditions, the activities of Ren
either pRF or pEMCV were similar. However,
treatment with Tg caused a 20-25% decrease in
Ren activity compared to untreated cells. Thus,
changes in Ren activity in response to ER stress
can be used as a readout of ER stress-induced
repression of protein synthesis (Fig. 3.1a) and
(Fig. 3.1b). The expression of FF in cells
transfected with pRF, in either the presence or
absence of Tg, was negligible compared to the
expression of FF driven by the EMCV IRES in
cells transfected with pEMCV (Fig. 3.1c and
3.1d). Thus, the expression of the downstream
cistron encoding FF is highly dependent upon the
presence of IRES. Our results revealed that the
measurement of FF expression from different
IRES with different initiation factor requirements
can be used to determine the role of specific
initiation factors in ER stress-induced repression
of protein synthesis.

The repression of protein synthesis in
response to ER stress is mediated by the
inhibition of the initiation :MING6 cells were
transfected with pCrPV and incubated under
standard conditions. post transfection, the cells
were treated with Tg and the activity of Ren
and FF determined by luminometry (Fig. 3.2).
The activity of Ren from cells transfected with
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pCrPV, under control conditions, was (approx.
15,000 RLU). The addition of Tg caused a 30%
decrease in Ren activity and readout of ER
stress-induced repression of protein synthesis
(Fig. 3.2a). The expression of FF in cells
transfected with pCrPV in the presence or
absence of Tg was unaffected and thus is able to
overcome or bypass the effect of ER stress on
protein synthesis repression (Fig. 3.2b). In
addition, the FF/Ren ratio significantly
increased in the presence of Tg (Fig. 3.2¢). As a
control, the effect of Tg inhibition of protein
synthesis was also determined by measuring
3S-Methionine incorporation into protein (Fig.
3.2d). As the translation of CrPVIRES is
independent of all initiation factors, this
provides evidence that the ER stress-induced
repression of protein synthesis is likely caused
by the repression of initiation through
modulation of one or more initiation factors, but
not through the inhibition of elongation phase of
protein synthesis.

a)

- = ~
@ H > 15
2 2 2 Hl
s H H H
H H H H

Rerille-luciferase activiy (R.L1J)

Tirre: (4 d} Tirne (4h)

o
R
=

AkEE

F/R ratio
*#5 Metincorpration

0
Tg +
Time (4h)

Time (4h)

Figure (2). ER stress-induced inhibition of protein synthesis is
independent of initiation factors. MING6 cells transfected with
pCrPV by using Lipofectamine for 48 h, all cells treated with
(Tg,1uM) except control, [*°S]-Methionine was added to all
cells include control and then incubated for 4 h at 37°C and 5%
CO,, The luciferase activity of FF and Ren was measured by
using Dual-luciferase reporter assay system as R.L.U (a,b). The
F/R ratio was checked (c). Total protein synthesis was
determined by measuring TCA perceptible count (d). The
results are + s.e.m of n>3 experiments, data were analyzed by
using Paired t-test, * P < 0.05, **P<0.01. For F/R ratio data
were analyzed by using Mann-Whitney non-parametric test.

the repression of protein synthesis in response
to ER stress occurs independently of the cap
binding complex : As EMCV IRES, driven FF
expression is known to occur independently of
elF4E. the results showed that the activity of Ren
from cells transfected with pEMCV (Fig. 3.3)
was (approx. 90,000RLU). Upon the addition of
Tg, there was a 20-25% decrease in Ren activity
compared to untreated cells, and thus readout of
ER stress-induced repression of protein synthesis
(Fig. 3.3a). Similarly, Tg caused a 30% decrease
in FF luciferase activity compared to untreated
cells (Fig. 3.3b). Thus, there was no significant
change in the FF/Ren ratio demonstrating that
both cap-dependent and EMCV IRES dependent
translation are equally repressed in response to
ER stress (Fig. 3.3c). Therefore, ER stress-
induced repression of protein synthesis must
occur independently of eIF4E. As a control, the
inhibition of protein synthesis in cells treated
with Tg was also determined by measuring >°S-
Methionine incorporation into protein (Fig. 3.3d).
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Figure (3). ER stress-induced inhibition of protein synthesis is
not dependent on eIF4E.MING6 cells were transfected with
PEMCYV (by using Lipofectamine for 48 h, all cells treated with
Tg,1uM except the control, and **S]-Methionine was added to
all cells including control cells and then incubated for 4 h at
377C and 5% CO,, The luciferase activity of FF and Ren was
measured by using Dual-luciferase reporter assay system as
R.L.U (a,b). The F/R ratio was checked (c). Total protein
synthesis was determined by measuring TCA perceptible count
(d). The results are + s.e.m of n>3 experiments, data were
analyzed by using Paired t-test, * P < 0.05, ****P<(. 0001. For
F/R ratio data were analyzed by using Mann-Whitney non-
parametric test.
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The repression of the initiation of protein
synthesis in response to ER stress occurs
independently of the cap binding complex or
the RNA helicase elF4A: MING6 cells were
transfected with pHCV. Post transfection, the
cells were with Tg (Fig.3.4). The activity of
Ren from cells transfected with HCV, under
control conditions, was (approx.
27,000RLU).The addition of Tg caused a 25-
30% decrease in Ren activity, a readout of ER
stress-induced repression of protein synthesis
(Fig. 3.4a), and a 35-40 % decrease in the
expression of FF driven by the HCV IRES
(Fig. 3.4b). The FF/Ren ratio showed no
significant changes which demonstrate that
both upstream and downstream translations are
similarly inhibited by Tg (Fig. 3.4c). As the
translation from the HCV IRES is independent
of elF4E/4B/4A, this provides evidence that
ER stress-induced repression of protein
synthesis is independent of eIF4E, elF4B, and
elF4A. As a control the rate of protein
synthesis was determined in cells treated with
thapsigargin, and was measuring °°S-
Methionine incorporation into protein (Fig.
3.4d).
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Figure (4). ER stress-induced inhibition of protein synthesis is
independent of elF4E/4B/4A. MING6 cells were transfected with
HCV by using Lipofectamine for 48 h, all the cells treated with
(Tg,1uM) except control, [*S]-Methionine was added to all cells
including the control and then incubated for 4 h at 37 C and 5%
CO,. The luciferase activity of FF and Ren was measured by
using Dual-luciferase reporter assay system as R.L. U (a,b). The
F/R ratio was checked (c). Total protein synthesis was determined
by measuring TCA perceptible count (d). The results are = S.E.M
of n>3 experiments, data were analyzed by using Paired t-test, * P
< 0.05, **P<0.01, ****P<(0.0001. For F/R ratio data were
analyzed by using Mann-Whitney non-parametric test.
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Figure(5).ER stress-induced inhibition of protein synthesis is
cap-dependent only. MIN6 cells were transfected with pRF
using Lipofectaminefor 48 h. The cells either treated or
untreated with (Tg,1uM), [*°S]-Methionine was added to all
cells (control cells included). incubation time 4 h at 37 C and
5% CO,.The luciferase activity of FF and Ren was measured
by using Dual-luciferase reporter assay as R.L.U (a,b).The F/R
ratio was checked (c). Total protein synthesis was determined
by measuring TCA perceptible (d). The results are + s.e.m of
n=3 experiments, data were analyzed by using Paired t-test, * P
< 0.05, **P<0.01, ****P<0.001. For F/R ratio data were
analyzed by using Mann-Whitney non-parametric test.

Together these results demonstrate that the
repression of protein synthesis in response to
ER stress is independent on rates of elongation
but dependent on changes in the rate of
initiation and more specifically changes in
initiation factors required for EMCV and HCV
IRES mediated translation. One likely initiation
factor 1s elF2a which is known to be
phosphorylated by PERK in response to ER
stress resulting in the repression of protein
synthesis.

Inhibition of PERK leads to restore protein
synthesis in response to ER stress in MIN6
cell: To investigate the role of PERK-
dependent elF2a phosphorylation in the
repression of protein synthesis in response to
ER stress, MIN6 cells were either treated or
untreated with Tg in the presence or absence of
PERK inhibitor (GSK2656157), and the rate of
total protein synthesis was determined by
measuring ~°S-L-Methionine incorporation into
protein. The results show that upon the addition
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of thapsigargin for 4 h, protein synthesis is
inhibited by about 70%. However, in the
presence of the PERK inhibitor, recovery of
protein synthesis was around 100%. We can,
therefore, conclude that the PERK is
responsible for the repression of global protein
synthesis via its phosphorylation of the a
subunit of elF2 (Fig. 3.6).

200001

15000 +

10000 +

5000 1

355 Met.incorpration
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Tg - + +
PERKI = - +

Time (4h)

Figure (6). Inhibition of PERK can restore protein synthesis in
response to ER stress. MING6 cells were either treated or untreated
(Tg,1uM) with or without PERK inhibitor, GSK2656157 (0.5uM
added 30 min prior to thapsigargin). [*°S]-Methionine was
posted to all cells including control and then incubated for 4 h
(37T and 5% CO,) Total protein synthesis was then determined
by measuring TCA perceptible count. The results are + s.e.m of
n=3, data were analyzed by using one-way ANOVA and
subsequently with Bonferroni's test, **** P < 0.0001

DISCUSSION

The results showed that the repression in
protein synthesis is independent of a group of
initiation factors such as elF4E/4A and 4B.
Ribosome binding to picornavirus IRESes such
as EMCV IRES requires the complete set of
initiation factors necessary for 5’ end cap-
dependent translation, except eIF4E (Meijer et
al.,, 2013),(Pestova, Hellen, & Shatsky, 1996).
elF4E has an important role in the translation
process since protein synthesis and cellular
transformation in human and mouse cells are
increased upon overexpression of elF4E
(Herbert & Laybutt, 2016). Under stress
condition, the phosphorylation of elF4E and the
increasing in rate of translation are not always
correlated. For instant, when cells stressed by
arsenite or anisomycin show an increase in

elF4E phosphorylation, however, translation
rate is inhibited. Indeed, the inhibition of protein
synthesis could be caused by other components

of the translational machinery such as elF2a
phosphorylation ~ (Gingras, = Raught, &
Sonenberg, 1999). In an agreement with

previous studies, the results showed that both
cap-dependent and EMCV IRES-dependent
translation are equally repressed in response to
ER stress and there was no significant change in
the FF/Ren ratio (Fig. 3.3c), which indicated
that the ER stress-induced repression of protein
synthesis must occur independently of elF4E.
Regulation of eIF4E activity is through its
interaction with a proteins repressor termed the
elF4E-binding proteins (4E-BPs) (Altmann,
Schmitz, Berset, & Trachsel, 1997).

4E-BP1 in its hypo phosphory-lation status
inhibits the initiation of translation through the
interaction with elF4E, it prevents its binding to
other partners of other initiation factor complex
including elF4G. Thus, block the assembly of
elF4F complex. The study provided evidence
that ER stress-induced repression of protein
synthesis is independent of eIF4E, elF4B, and
elF4A in HCV IRES. Since the FF/Ren ratio
showed no significant changes which
demonstrate that both upstream and downstream
translations are similarly inhibited by Tg (Fig
3.4). It is believed that the effect of ER stress on
translation from HCV IRES is cell-type
dependent. In HeLa cells, translation from the
HCV IRES is sensitive to the inhibitory effect
of ER stress whereas in Huh-7 cells and
HEK293T is fairly resistant. HelLa cells are
equally sensitive to the inhibitory effects in
response to ER stress, which is likely mediated
via phosphorylation of elF2a (MacCallum et al.,
2006). These findings are consistent with other
studies that observed the degree of repression
was similar in cap dependent and cap-
independent translation in response to ER stress,
resulting in similar IRES/Cap ratio. Moreover,
using Tg shows similar suppressive effects on
translational activities (Chan & Egan, 2009). It
has been shown that expression of a
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phosphorylated elF2o mimetic in HeLa cells
repressed cap-dependent and IRES-mediated
translation to a similar extent (MacCallum et al.,
2006). In addition, the results showed that the
translation of CrPV IRES was not affected by
the addition of Tg, and was able to bypass the
effects of ER stress on protein synthesis. As the
translation from CrPV IRES is independent of
all initiation factors, the repression of cap
dependent/total protein synthesis is likely
mediated by repression of the activity of an
initiation factor (Fig 3.2). Moreover, as the
efficiency of the translation from the CrPV
IRES is unaffected by ER stress, it is unlikely
that ER stress inhibits translation elongation.
Therefore, the repression of translation could be
through inhibition of a number of initiation
factors including elF2a.Accumulation of
misfolded proteins in the ER leads to
phosphorylation of elF2a and results in the
repression of global protein synthesis. It was
reported that the inhibition of cellular
translation is mainly caused by phosphorylation
of elF2a (Wek, Jiang, & Anthony, 2006).

In addition to the phosphorylation of elF2a-
dependent mechanisms for translational
repression during ER  stress, mTORCI
suppression activity was in parallel to the
elF2a-P mechanism. mTORCI is involved in
the regulation of elF4G, elF4B and 4EBP1, of
which 4EBP1 regulates the function of eIF4E
that binds to the 5SmRNA cap structure. Under
normal condition, hypophosphorylated 4EBP1
binds tightly to eIlF4E. As 4EBP1 competes
with elF4G for binding site on elF4E, 4EBPI
prevents elF4G from interacting with elF4E.
However on mTORCI1 activation,
hyperphosphorylated 4EBP1 dissociates from
elF4E, allowing for the recruitment of elF4G
and elF4A to the 5'end of a mRNA (Ma &
Blenis, 2009). Another mechanism of regulating
protein synthesis involves eukaryotic elongation
factor 2 (eEF2). Phosphorylation of eEF2 at
Thr56 by eEF2 kinase (eEF2K) interferes with
the binding of eEF2 to the ribosome and the
translocation step during elongation (Browne &

Proud, 2002).As the repression of protein
synthesis in this work was independent of
elF4E/4A and 4B initiation factors as well as
elongation factors. Thus, we can conclude that
the repression of protein synthesis is most likely
independent of mTORCI activation and
elongation translation. Accumulating evidence
has shown the role of PERK-dependent elF2a
phosphorylation in the repression of protein
synthesis in response to ER stress. The data
showed that there was a complete recovery of
protein synthesis in the presenceof the PERK
inhibitor (Fig.3.6) which gives us a strong
evidence for the essential role of PERK in
protein synthesis. This result is consistent with
other findings that prove PERK is required for
both the phosphorylation of elF2a and the
attenuation of translation in response to ER
stress (Harding, Novoa, et al., 2000).

There are a number of mechanisms that are
involved in the repression of protein synthesis
during stress conditions. It was suggested that
the regulating of ternary complex formation and
subsequently, global translation and protein
synthesis is through the competitive inhibition
of elF2B by the phosphorylation of elF2a (Ma
& Blenis, 2009)[30]. Since elF2 1is highly
abundant than elF2B, phosphorylation of only a
fraction of elF2 inhibits elF2B and leads to
block protein synthesis [31]. Phosphorylation of
elF2a under cellular stress leads to inhibition of
elF2B activity [28]. Phosphorylated eIF2 binds
tightly to the regulatory subunit of elF2Ba, 3,
and & which lead to inhibit its activity.
Moreover, the inhibition of phosphorylated elF2
is prevented by deletion of eI[F2Ba subunit from
the complex (Wortham & Proud, 2015).
Another mechanism includes the untranslated
regions of mRNA, which have been shown an
importance in the regulation of protein
synthesis. Indeed, specific mRNAs are
selectively translated in response to stress
conditions when elF2 is phosphorylated such as
mRNA for general control non-depressible 4
(GCN4) in yeast, which is translated in response
to amino acid deprivation (Hinnebusch, 2014),
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and in mammals ATF4 mRNA is preferentially
translated via elF2a phosphorylation in
response to ER stress which leads to upregulate
GADD34, subsequently dephosphorylates elF2a
with aid of protein phosphatase I, resulting in a
recovery of protein synthesis(Rojas,
Vasconcelos, & Dever, 2015).

The data suggest that the assay system was able

to determine the role of specific initiation
factors in investigating how protein synthesis is
repressed under conditions of ER stress in real-
time based on the Iluciferase activity. The
system has previously been used as a reporter
assay in mammalian cells to monitor processing
of proteins through the secretory pathway and
endoplasmic reticulum monitor after treatment
with the ER stress inducer Tg(Browne & Proud,
2002). Indeed, the measurement of total protein
synthesis using *°S-L-Methionine incorporation
as control indicated that the system we used was
efficient. Since we showed about 80% decrease
in total protein synthesis whereas there was
about 30% inhibition in luciferase (Fig. 3.3 and
3.4), which indicated that the inhibition
reflected the target protein that meant to be
measured.In Summary, this work is an attempt
to identify which initiation factor was
responsible for the repression of protein
synthesis in response to ER stress. The data
showed that the elF2a is likely responsible for
the repression of protein synthesis in the
presence of ER stress. Also, we showed the
importance of PERK activation in repression of
protein synthesis in response to ER stress.

ACKNOWLEDGMENTS

Elfowiris was supported by OMU, Libya and
Herbert was supported by the School of Health
and Biomedical Science, RMIT University.

REFERENCES

elF4E. The EMBO Journal,, 16(5), 1114-
1121. doi:10.1093/emboj/16.5.1114

Back, S. H., & Kaufman, R. J. (2012).
Endoplasmic reticulum stress and
type 2 diabetes. Annu Rev Biochem,
81, 767-793. doi:10.1146/annurev-
biochem-072909-095555

Browne, G. J.,, & Proud, C. G. (2002).

Regulation of peptide-chain
elongation in mammalian
cells. European  Journal  of

Biochemistry, 269(22), 5360-5368.

Chan, S. W., & Egan, P. A. (2009). Effects
of hepatitis C virus envelope
glycoprotein unfolded protein
response activation on translation and
transcription. Archives of Virology,
154(10), 1631-1640.
doi:10.1007/s00705-009-0495-5

Consultation, W. (1999).  Definition,
diagnosis and classification  of
diabetes mellitus and its
complications: World Health
OrganizationPart 1 p 65.

Dever, T. E., Chen, J. J., Barber, G. N.,
Cigan, A. M., Feng, L., Donahue, T.
F., . . . Hinnebusch, A. G. (1993).
Mammalian  eukaryotic initiation
factor 2 alpha kinases functionally
substitute for GCN2 protein kinase in
the GCN4 translational control
mechanism of yeast. Proceedings of
the National Academy of Sciences U
S 4, 90(10), 4616-4620.

Duncan, R. F., & Hershey, J. W. (1989). Protein
synthesis and protein phosphorylation
during heat stress, recovery, and
adaptation.The Journal of Cell Biology,

Altmann, M., Schmitz, N., Berset, C., & Trachsel,
H. (1997). A novel inhibitor of cap-
dependent translation initiation in yeast: Evans-Molina, C., Hatanaka, M., & Mirmira, R.
p20 competes with elF4G for binding to G. (2013). Lost in translation:

109(4 Pt 1), 1467-1481.

© 2018 The Author(s). This open access article is distributed under a CC BY-NC 4.0 license.
ISSN: online 2617-2186 print 2617-2178
177


https://link.springer.com/journal/705

Al-Mukhtar Journal of Sciences 33 (3): 169-181, 2018

endoplasmic reticulum stress and the
decline of beta-cell health in diabetes
mellitus. Diabetes Obes Metab, 15 Suppl
3, 159-169. doi:10.1111/dom.12163

Friedland, D. E., Wooten, W. N., LaVoy, J. E.,
Hagedorn, C. H., & Goss, D. J. (2005). A
mutant of eukaryotic protein synthesis
initiation factor elF4E(K119A) has an
increased binding affinity for both m7G
cap analogues and eIF4G peptides.
Biochemistry, 44(11), 4546-4550.
doi:10.1021/bi047645m

Gingras, A. C., Raught, B., & Sonenberg, N.
(1999). elF4 initiation factors: effectors of
mRNA recruitment to ribosomes and
regulators of translation. Annual Review
of  Biochemistry,, 68, 913-963.
doi:10.1146/annurev.biochem.68.1.913

Haghighat, A., Mader, S., Pause, A.,, &
Sonenberg, N. (1995). Repression of cap-
dependent translation by 4E-binding
protein 1: competition with p220 for
binding to eukaryotic initiation factor-4E.
The EMBO Journal, 14(22), 5701-5709.

Harding, H. P., Novoa, 1., Zhang, Y., Zeng, H.,
Wek, R., Schapira, M., & Ron, D. (2000).
Regulated translation initiation controls
stress-induced  gene  expression  in
mammalian cells. Molecular Cell, 6(5),
1099-1108.

Harding, H. P., & Ron, D. (2002). Endoplasmic
reticulum stress and the development of

diabetes: a review. Diabetes, 51 Suppl 3,
S455-461.

Harding, H. P., Zhang, Y. H., Bertolotti, A.,
Zeng, H. Q., & Ron, D. (2000). Perk is
essential for translational regulation and
cell survival during the unfolded protein
response. Molecular Cell, 5(5), 897-904.
doi:Doi 10.1016/S1097-2765(00)80330-5

Hellen, C. U. (2009). IRES-induced
conformational changes in the
ribosome and the mechanism of
translation initiation by internal
ribosomal entry. Biochim Biophys
Acta, 1789(9-10), 558-570.
doi:10.1016/j.bbagrm.2009.06.001

Herbert, T. P., & Laybutt, D. R. (2016). A
Reevaluation of the Role of the
Unfolded Protein Response in Islet
Dysfunction: Maladaptation or a
Failure to Adapt? Diabetes, 65(6),
1472-1480. d0i:10.2337/db15-1633

Hinnebusch, A. G. (2011). Molecular
mechanism of scanning and start
codon selection in eukaryotes.
Microbiology and Molecular Biology

Reviews, 75(3), 434-467.

Hinnebusch, A. G. (2014). The scanning
mechanism of eukaryotic translation
initiation.  Annual  Review  of
Biochemistry, , 83, 779-812.
doi:10.1146/annurev-biochem-
060713-035802

Hinnebusch, A. G., & Lorsch, J. R. (2012).
The mechanism of eukaryotic
translation initiation: new insights
and challenges. Cold Spring Harbor
Laboratory Press, 27pp.
doi:10.1101/cshperspect.a011544

Jackson, R. J., Hellen, C. U., & Pestova, T.
V. (2010). The mechanism of
eukaryotic translation initiation and
principles of its regulation.Nature
Reviews Molecular Cell Biology,
11(2), 113-127. d0i:10.1038/nrm2838

Kapp, L. D., & Lorsch, J. R. (2004). The
molecular mechanics of eukaryotic
translation.  Annual  Review  of

Biochemistry, 73, 657-704.
doi:10.1146/annurev.biochem.73.030
403.080419

© 2018 The Author(s). This open access article is distributed under a CC BY-NC 4.0 license.

ISSN: online 2617-2186 print 2617-2178
178


https://www.annualreviews.org/journal/biochem
https://www.annualreviews.org/journal/biochem
http://emboj.embopress.org/
https://www.nature.com/nrm/
https://www.nature.com/nrm/

Al-Mukhtar Journal of Sciences 33 (3): 169-181, 2018

Komar, A. A., & Hatzoglou, M. (2005). initiation factors determine initiation
Internal ribosome entry sites in of translation by internal ribosomal
cellular mRNAs: mystery of their entry.Molecular and Cellular
existence. The Journal of Biological Biology,, 16(12), 6859-6869.
Chemistry, 280(25), 23425-23428.
doi:10.1074/jbc.R400041200. Pestova, T. V., Shatsky, 1. N., Fletcher, S. P.,

Jackson, R. J., & Hellen, C. U.

Ma, X. M., & Blenis, J. (2009). Molecular (1998). A prokaryotic-like mode of
mechanisms of mTOR-mediated cytoplasmic  eukaryotic ribosome
translational control. Nature Reviews binding to the initiation codon during
Molecular Cell Biology, 10(5), 307- internal  translation initiation of
318. do0i:10.1038/nrm2672 hepatitis C and classical swine fever

virus RNAs. Genes & Development,

MacCallum, P. R., Jack, S. C., Egan, P. A., 12(1), 67-83.

McDermott, B. T., Elliott, R. M., &

Chan, S. W. (2006). Cap-dependent Proud, C. G. (2007). Signalling to

and hepatitis C virus internal translation: how signal transduction

ribosome entry site-mediated pathways control the protein synthetic

translation are  modulated by machinery.  Biochemical Journal,

phosphorylation of elF2alpha under 403(2), 217-234.

oxidative stress. Journal of General doi:10.1042/BJ20070024

Virology,, 87(Pt 11), 3251-3262.

doi:10.1099/vir.0.82051-0 Robertson, H. D., & Branch, A. D. (1987).
RNA processing--a meeting review.

Meijer, H. A., Kong, Y. W., Lu, W. T., Genes & Development, 1(5), 415-

Wilczynska, A., Spriggs, R. V., 417.

Robinson, S. W., Bushell, M. (2013).

Translational repression and elF4A2 Rojas, M., Vasconcelos, G., & Dever, T. E.

activity are critical for microRNA- (2015). An elF2alpha-binding motif

mediated gene regulation. Science, in protein phosphatase 1 subunit

340(6128), 82-85. GADD34 and its viral orthologs is

doi:10.1126/science.1231197 required to promote
dephosphorylation of elF2alpha.

Merrick, W. C. (2010). Eukaryotic protein Proceedings of the National
synthesis: still a mystery. The Journal Academy of SciencesU S A, 112(27),
of Biological Chemistry, 285(28), E3466-3475.

21197-21201. doi:10.1073/pnas. 1501557112

doi:10.1074/jbc.R110.111476
Vagner, S., Galy, B., & Pyronnet, S. (2001).

Pelletier, J., & Sonenberg, N. (1988). Internal Irresistible IRES. Attracting the
initiation of translation of eukaryotic translation machinery to internal
mRNA directed by a sequence ribosome entry sites. EMBO Rep,
derived from poliovirus RNA. 2(10), 893-898. doi:10.1093/embo-
Nature, 334(6180), 320-325. reports/kve208

doi:10.1038/334320a
Wek, R. C,, Jiang, H. Y., & Anthony, T. G.

Pestova, T. V., Hellen, C. U., & Shatsky, I. (2006). Coping with stress: elF2
N. (1996). Canonical -eukaryotic kinases and translational control.

© 2018 The Author(s). This open access article is distributed under a CC BY-NC 4.0 license.
ISSN: online 2617-2186 print 2617-2178
179


http://jgv.microbiologyresearch.org/
http://jgv.microbiologyresearch.org/
https://mcb.asm.org/
https://mcb.asm.org/

Al-Mukhtar Journal of Sciences 33 (3): 169-181, 2018

Biochemical Society Transactions,
34(Pt 1), 7-11.
doi:10.1042/BST20060007

Wortham, N. C., & Proud, C. G. (2015).
elF2B:  recent  structural  and
functional insights into a key
regulator of translation. Biochemical
Society Transactions, 43(6), 1234-
1240. doi:10.1042/BST20150164

© 2018 The Author(s). This open access article is distributed under a CC BY-NC 4.0 license.
ISSN: online 2617-2186 print 2617-2178
180



2018 <181-169 :(3) 33 pslell_lisal/ ilas
AaaDlygady) ASpdl) alga) Alla & opig o) deas liles Janfii (8 dpal) il LYY LS
Aglal Jala
ZCpA o b FToupgdl) Judd Sl 2

L= Ll ¢ jlisal] sac deals cdlauall LIS o pacsl] ale ausd !
Ll yysule RTM dnals ciggund Lpball o slelly dniall duspra®

2018 usSi 01 sl gyl [ 2018 4l 3: D) fp)ls
2018 f‘«“w DOiddl s ©
https://doi.org/10.54172/mjsc.v33i3.192:Doi

(s (b caal go Jgpaall (o AlA) 8 ARl ealy) Al LAl Ak o dals dlee sa (gl (h palidial)
e aais Ally LA Jaly abbl V) o) e Liall PLA e iy Jaad (Al lisg pll (e 20l 53920l 38054
& ) s ) s o oSe Al dasaal) 5y5eally Lt paey gl oSI ) g 8 Adliaa) ila gaal)
i Agaydlsaiy) ASlll Jals daaa 35y Ashaall e Clagis ) aSHS il 13) (A iBlysas) A5l dals )l
538 5aly) (1) rddbiae Ll EDU Gl e el Aylaiul ] oday L aoall 13a e calaall 00 (ye Dl Cyaas
oe g rmaa JSG Ahadll e sl G paliall e 5030 (3) 5 il B85 e 8 (2) <o all (g il
el b 13 s s il o)l salaan ellyy (PERK)s (IRE1) 1¢(ATF6)die ciljlass Jalse Jarits (35l

AR Cise ) 605 Cilylse Japi Sy o igpall Gl cue e alal i salaiy)

Gl (il (o paad S il el Dlsn) 408 JUS (g n cdaaDlgis ) A3 alga) dsabidall cilalsl)
L ime 8 (e At WS Sty e bl el

e Lol ¢ LA e Raala cdaall 44K o gandl ale ol Abdulsalam.eafowiris@omu.edu.ly i sdl) 2l 2c®
181



https://doi.org/10.54172/mjsc.v33i3.192

