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Abstract By environmental stresses, cells can initiate a sig-
naling pathway in which eukaryotic translation initiation fac-
tor 2-alpha (eIF2-α) is involved to regulate the response.
Phosphorylation of eIF2-α results in the reduction of overall
protein neogenesis, which allows cells to conserve resources
and to reprogram energy usage for effective stress control. To
investigate the role of eIF2-α in cell stress responses, we con-
ducted a viability-based compound screen under endoplasmic
reticulum (ER) stress condition, and identified 1-(4-
biphenylylcarbonyl)-4-(5-bromo-2-methoxybenzyl) pipera-
zine oxalate (AMC-01) and its derivatives as eIF2-α-
inactivating chemical. Molecular characterization of this sig-
naling pathway revealed that AMC-01 induced inactivation of
eIF2-α by phosphorylating serine residue 51 in a dose- and
time-dependent manner, while the negative control com-
pounds did not affect eIF2-α phosphorylation. In contrast with
ER stress induction by thapsigargin, phosphorylation of
eIF2-α persisted for the duration of incubation with AMC-
01. By pathway analysis, AMC-01 clearly induced the activa-
tion of protein kinase RNA-activated (PKR) kinase and nu-
clear factor-κB (NF-κB), whereas it did not modulate the ac-
tivity of PERK or heme-regulated inhibitor (HRI). Finally, we
could detect a lower protein translation rate in cells incubated
with AMC-01, establishing AMC-01 as a potent chemical

probe that can regulate eIF2-α activity. We suggest from these
data that AMC-01 and its derivative compounds can be used
as chemical probes in future studies of the role of eIF2-α in
protein synthesis-related cell physiology.
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Introduction

Various types of stress, such as nutrient excess or deprivation,
xenobiotics, or DNA damage, can cause cellular injury and
disruption of cellular processes, including translation (Holcik
and Sonenberg 2005; Sonenberg and Hinnebusch 2009). In
this respect, protein synthesis is among the most critical cel-
lular pathways for maintaining homeostasis, and cells careful-
ly control translational regulation to regulate gene expression
and relieve cell stress. Accordingly, this process plays a cru-
cial role in cell growth and proliferation, and also contributes
to pathophysiology (Silvera et al. 2010).

Protein translation can be controlled at each of the three
major steps: initiation, elongation, and termination. A critical
event in the initiation process is phosphorylation of the alpha
(α) subunit of protein translation initiation factor eIF2
(eIF2-α) at serine residue 51, a modification that blocks initi-
ation (Koromilas 2015) that can be mediated by kinases that
respond to diverse forms of stress (Wang and Kaufman 2014).
Family members among the serine-threonine kinases known
as eIF2-α kinases are responsible for the phosphorylation of
eIF2-α (Donnelly et al. 2013). This kinase family includes
heme-regulated inhibitor (HRI), general control non-
depressible-2 (GCN2), interferon-inducible protein kinase
RNA-activated (PKR), and PKR-like endoplasmic
reticulum-resident kinase (PERK). HRI becomes activated
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when cells are insufficient in iron or heme or are exposed to
oxidative stress (Han et al. 2001). GCN2 can be activated by
uncharged transfer RNA (tRNA) in response to amino acid
starvation, which results in the induction of amino acid bio-
synthetic genes (Deval et al. 2009). The activity of PERK is
induced by the presence of unfolded proteins in the endoplas-
mic reticulum (ER) and results in a reduction in protein syn-
thesis that can prevent the accumulation of incorrectly folded
or unfolded proteins (Healy et al. 2009; Szegezdi et al. 2006).
Finally, PKR is activated by double-stranded (ds) RNA pro-
duced during virus replication, which results in the inhibition
of viral and host protein synthesis (Galluzzi et al. 2008; Ito
et al. 1999; Nakamura et al. 2010; Onuki et al. 2004; Ruvolo
et al. 2001). Each of these enzymes exhibits many sequence
similarities, particularly in the protein kinase domain (KD)
(Harding et al. 1999).

Because eIF2-α is very tightly regulated, dysregula-
tion of eIF2-α can lead to pathological conditions
(Balachandran and Barber 2004) and it is positively ac-
cepted that phosphorylation-dependent temporal inacti-
vation of eIF2-α can make cells resistant to various
stress-related cell death conditions, including ER
stress-induced cell death. By contrast, the role of
sustained eIF2-α phosphorylation in final cell fate deci-
sions remains unclear. In this context, one small mole-
cule, salubrinal, can sustain eIF2-α phosphorylation and
shows cytoprotective properties under ER stress induc-
tion conditions (Boyce et al. 2005). However, salubrinal
has a relatively high range of working concentrations
and its molecular target profile remains unclear, suggest-
ing that the identification of a new chemical probe
would be useful.

To identify a new chemical probe for investigating eIF2-α
function, we performed high throughput compound screening,
isolated candidate compounds, and characterized AMC-01
and its derivative compounds, which were enhanced using a
combined assessment of both chemical properties and biolog-
ical effects. We suggest from our findings that AMC-01 and
its derivative compounds can be used as potent chemical
probes to induce eIF2-α inactivation in future studies of pro-
tein translation in various biomedical contexts.

Materials and methods

Cell cultureCSM 14.1 cells, a rat immortalized mesencephal-
ic neural progenitor cell line, were maintained in DMEM sup-
plemented with 10 % fetal bovine serum (FBS), 100 μg/ml
streptomycin, 100 IU penicillin, and 1% L-glutamine.MCF-7
cells, a human breast carcinoma cell line, were maintained in
RPMI-1640 with 10 % FBS, 100 μg/ml streptomycin, 100 IU
penicillin, and 1 % L-glutamine.

Compound screening The high throughput screening efforts
to isolate inhibitors of ER stress-induced cell death were de-
scribed in a previous report (Kim et al. 2009).

Cell viability assay Cell viability was evaluated using an
assay to measure intracellular ATP content (CellTiterGlo;
Promega, Madison, WI) according to the manufacturer’s pro-
tocol with somemodifications. After a 1 h pre-incubation with
compounds, cells were treated with cell death-inducing agents
for 24 h. Each well contained 10-μl assay solution, and raw
luminescence data were analyzed using GraphPad Prism
(GraphPad, La Jolla, CA) to evaluate relative cell survival
rate. Raw values from untreated wells were adjusted for an
indication of 100 % relative survival.

Chemicals and reagentsAll chemical compounds isolated in
the high throughput screen were purchased from Chembridge
(San Diego, CA). The IDs of probe compounds in the Bhit2
lead.com^ site are as follows: AMC-01 (5990041), AMC-02
(5955734), AMC-03 (6035098), and AMC-04 (5990137).
The ID numbers of negative control compounds for mecha-
nistic studies and structure-activity relationship analyses are
6033233 (inactive analog: IA-1), 5397316 (IA-2), 6033487
(IA-3), 5990076 (IA-4), 5935965 (IA-5), 5951294 (IA-6),
5996087 (IA-7), 6036165 (IA-8), 5952061 (IA-9), and
5998646 (AMC-05). The ID number for the positive control
(salubrinal) was 5147990. The ER stress inducer thapsigargin
was from Enzo Life Science (Farmingdale, NY).
Tunicamycin, VP16, staurosporine, and all other chemicals
for experiments were purchased from Sigma-Aldrich (St.
Louis, MO).

Western blotting analysis Cells were extracted by scraping
in the presence of lysis buffer (50 mM Tris–HCl pH 7.4, 1 %
IGEPAL, 200 mM NaCl, 1 mM MgCl2, 1 mM sodium
orthovanadate, 2.5 mM β-glycerophosphate, 1 mM sodium
fluoride, and a protease inhibitor cocktail from Roche
(Basel, Switzerland)). After extraction, 30 μg total cell protein
extract was resolved in a sodium dodecyl sulfate-
polyacrylamide gel by electrophoresis (SDS-PAGE).
Separated proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane (Immobilon-P membrane;
Millipore, Billerica, MA). After blocking, membranes were
incubated with primary antibodies at a 1:1000 dilution, and
with secondary antibodies at a 1:5000 dilution. After washing,
the protein bands were visualized using horseradish
peroxidase-conjugated immunoglobulin G (Bio-Rad and
Cell Signaling) with a chemiluminescent substrate
(SuperSignal West Pico; Pierce, Rockford, IL). As a loading
control, membranes were stripped and re-probed with an
anti-α-tubulin antibody.

Antibodies used in this study were as follows: anti-caspase-
3 (Cell Signaling Technology; catalog #9665), anti-poly-ADP
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ribosyl polymerase (Cell Signaling Technology; #9532), anti-
phospho-eIF2-α (Cell Signaling Technology; #3597), anti-
eIF2-α (Santa Cruz; #sc-11386), anti-phospho-c-Jun (Cell
Signaling Technology; #9164), anti-c-Jun (Santa Cruz; #sc-
1694), ant i -phospho-p38 MAPK (Cel l Signal ing
Technology; #9216), anti-p38 MAPK (Santa Cruz; #sc-728),
anti-phospho-PERK (Santa Cruz; #32577), anti-PERK (Cell
Signaling Technology; #5683), anti-phospho-PKR (Life
Technologies; #44-668G), anti-PKR (Cell Signaling
Technology; #3072), anti-phospho-GCN2 (Abcam; #75836),
anti-GCN2 (Cell Signaling Technology; #3302), anti-
phospho-p65 (Cell Signaling Technology; #3031), anti-p65
(Cell Signaling Technology; #4764), anti-β-actin (Novus
Biologicals; #NB 600–501), anti α-tubulin (Sigma;
cat#T9026), anti ATF4 (Santa cruz; cat#sc-200), anti Cyclin
D1 (Cell signaling technology; cat#2978), anti ATF6 (Abcam;
cat#65838), anti IRE1-α (Abcam; cat#37073), and anti-
phospho IRE1-α (Abcam; cat#48187).

XBP-1 splicing assayX-box binding protein 1 (XBP-1) splic-
ing in response to stress induction was examined by reverse
transcription-polymerase chain reaction (RT-PCR) using total
RNA extracted from cells. CSM 14.1 cells were cultured with
25μMAMC-01 in DMSO for 1 h, followed by treatment with
TG for 2 h. Total RNA samples (1 μg) were analyzed by RT-
PCR using the following primer set for rat XBP-1: forward, 5′-
CAGAGTAGCAGCACCAGACTGC-3 ′; reverse, 5 ′-
TCCTTCTGGGTAGACCTCTGGGAG-3′.

Phospho-eIF2-α ELISA Enzyme-linked immune sorbent as-
say (ELISA) was used to quantitatively evaluate the ratio of
phospho-eIF2-α to total eIF2-α with a BPathScan Sandwich
ELISA kit^ to detect phospho-eIF2-α (Ser51) and total eIF2-α
(Cell Signaling Technology; #7286 and #7295) according to
the manufacturer’s protocol. Briefly, after incubation with
compounds, cells were lyzed with lysis buffer (supplied by
manufacturer), and the protein concentrations were calculated
using the bicinchoninic acid (BCA assay). A total of 30 μg
protein extract was used for measurements. The eIF2-α induc-
tion rate was evaluated by normalizing the raw value of
phospho-eIF2-α to that of total eIF2-α. The calculated value
of p-eIF2-α/eIF2-α from DMSO-treated samples was adjust-
ed to 1, and the relative fold-induction of the ratio was
recorded.

Evaluation of the cap-dependent translation rate The cap-
dependent translation rate was evaluated by calculating the
rate of reporter gene translation using a pRMF reporter vector
(a kind gift from Dr. Sung Key Jang, Pohang University of
Science and Technology, Pohang, Republic of Korea). After
plating in 6-well plates, MCF-7 cells were transfected with
pRMF vector (1 μg) for 24 h. After incubation with com-
pounds, cell lysates were extracted in cell extract buffer. An

equal amount of lysate was subjected to analysis using a dual-
luciferase assay to calculate the cap-dependent translation of
renilla reporter and internal ribosomal entry site (IRES)-de-
pendent translation of the firefly reporter gene. Briefly, raw
values of the renilla reporter were normalized to the raw value
of the firefly reporter in one sample, as reported previously
(Chappell et al. 2000; Ling et al. 2005). Each experiment was
conducted twice and three independent samples were ana-
lyzed in each experiment.

Results

Identification of small molecule inhibitors of ER
stress-induced cell death

Prolonged stress induced by ER dysfunction ultimately results
in cell death, usually with an apoptotic phenotype (Schroder
and Kaufman 2005; Tabas and Ron 2011). To identify chem-
ical probes of ER stress-induced cell death, we performed
high-throughput screening and isolated small molecule inhib-
itors of thapsigargin-induced cell death using CSM14.1, a rat
neuroprogenitor cell line (Kim et al. 2009). As previously
reported, 198 primary hit compounds had been identified as
inhibitors of ER stress-induced cell death in a screen of a
commercially available chemical library of 50,000 com-
pounds (ChemBridge Corp., San Diego, CA) (Kim et al.
2009). A counter-screen of primary hit compounds revealed
that 26 were cytoprotective for undifferentiated CSM14.1
cells against thapsigargin- or tunicamycin-induced cell death.
Based on a chemical classification analysis, we found that 4 of
26 hit compounds shared a benzyl piperazine benzamide core
structure (Fig. 1a). Figure 1b shows raw data of four plates
acquired from the primary screen in which compounds AMC-
01~04 were identified as strong inhibitors of thapsigargin-
induced cell death in CSM14.1 cells.

To confirm the protective effects of these four structurally
related compounds, fresh stocks of each compound were ob-
tained and subjected to an additional round of cell death anal-
ysis. Both the cell proliferation assay (Fig. 1c, upper) and flow
cytometry analysis (Fig. 1c, lower) revealed that all four com-
pounds tested were cytoprotective against thapsigargin-
induced cell death in CSM14.1 cells. The AMC compounds
exhibited cytoprotective efficiency at 25 μM that was compa-
rable to 100 μM salubrinal, a well-characterized inhibitor of
ER stress-induced cell death (Boyce et al. 2005). Pre-
incubation of cells with AMC-01 clearly inhibited
thapsigargin-induced caspase-3 activation and the cleavage
of poly ADP-ribosyl polymerase (PARP), implying that apo-
ptotic cell death pathways were suppressed by AMC-01
(Fig. 1d).

To compare the efficacy of salubrinal with that of our hit
compounds, the concentration of compounds required to
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achieve a 50 % cell survival rate after incubation with
thapsigargin (EC50) was determined by measuring cellular
ATP levels as a surrogate for cell viability. AMC compounds
suppressed thapsigargin-induced cell death more efficiently
than salubrinal with lower EC50 levels (Fig. 1e and Table 1).

A total of 10 structural analogs of benzyl piperazine
benzamide (IA-1 to IA-9 and AMC-05) were tested for effects
on CSM14.1 cell viability. Among the newly acquired struc-
tural derivative compounds, 1-(4-biphenylylcarbonyl)-4-(2,4,
5-trimethoxybenzyl)piperazine (AMC-05) was found to be
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effective in suppressing thapsigargin-induced cell death with a
comparable or better EC50 compared with that of other com-
pounds. Therefore, we have identified a series of small

molecules that can more potently protect cells from
thapsigargin-induced cell death than salubrinal.

Structure-activity relation analysis

As described above, 14 structural derivative compounds,
including AMC compounds, were tested for their effica-
cy in inhibiting thapsigargin-induced cell death
(Table 1). Among these compounds, the best relative
survival activity (EC50 = 12.43 ± 1.07 μM) was shown
by AMC-01, which contains an ortho-methoxy and a
meta-bromo group on its benzyl ring (Fig. 1a and
Table 1). By structure-activity relation (SAR) analysis,
we found that the introduction of a methoxy group to
the benzyl ring of the substituent at the ortho position
resulted in increased relative cell survival. Compounds
with phenyl substituents on the piperazine benzamide
showed promising EC50 values. This relative increase
suggests that an ortho methoxy on the benzyl ring and
a phenyl moiety on piperazine benzamide play roles in
cell survival. To determine whether the ortho methoxy
moiety on the benzyl ring was important for this activ-
ity, the methoxy group of compound IA-4 was modi-
fied. The phenyl moiety on piperazine benzamide was
also substituted for a methoxy group (compound IA-2).
In compounds with substitutions in the methoxy or phe-
nyl groups, the activity was dramatically reduced.
Additionally, compound AMC-05 that contained tri-
methoxy groups on the benzyl ring showed relatively
less survival activity (EC50 = 35.57 ± 4.28 μM).

�Fig. 1 Identification of benzyl piperazine benzamide (AMC)
compounds as inhibitors of ER stress-induced cell death. a Structures of
the AMC compounds with a benzyl piperazine benzamide scaffold.
Inactive analog compounds are indicated as IA-1 and IA-2. b Raw data
pictograph of plates for a high-throughput screen in which AMC-01~04
were isolated as hit compounds. Relative ATP contents were interpreted
as a Brelative survival value^ (y-axis) that was plotted against the well
number in a 96-well plate (A1 to H12). Wells A1 to D1 represent positive
controls (salubrinal 100 μM + thapsigargin 15 μM), wells E1 to H1 are
negative controls (DMSO + thapsigargin 15 μM), and wells A12 to H12
are assay controls (DMSO only) that imply a 100 % survival rate. c Four
benzyl piperazine benzamide compounds and salubrinal were compared
with respect to cytoprotective activity against ER stress (thapsigargin)-
induced death in CSM14.1 cells. Relative survival data were evaluated
using an ATP content assay (upper graph) or flow cytometry analysis of
cells stained with Annexin V-FITC and propidium iodide (lower graph).
Data are expressed as percentages of control cells with DMSO without
thapsigargin (upper graph) or as percentages of Annexin V-negative cells
(lower graph). As a positive control, cells were treated with 100 μM Sal
(salubrinal). The final concentrations of AMC compounds were 25 μM
(n = 2, data represent the means ± SD). d ER stress-induced apoptotic
caspase-3 activation was inhibited by AMC-01. Cells were pre-
incubated with DMSO or AMC-01 and then treated with thapsigargin
for 12 h. Cell lysates were harvested and used for western blotting to
assess the cleavage of caspase-3 and poly ADP-ribosyl polymerase
(PARP). e CSM14.1 cells were treated with thapsigargin (15 μM) and
increasing concentrations of AMC compounds (AMC-01 to AMC-04),
inactive analogs (IA-1 and IA-2), or salubrinal (Sal). ATP levels in cells
were measured in triplicate, and were interpreted as relative survival
normalized to DMSO controls. A dose–response curve for each
compound is shown and the data in the graph represent the means
± S.D. The calculated EC50 values are presented in Table 1

Table 1 Structures of cytoprotective benzyl piperazine benzamide compounds (AMC)

CSM14.1 cells were treated with thapsigargin (15 μM) after pre-incubation with various concentration of AMC-01 or its structural derivative

Cellular levels of ATP were evaluated using triplicate samples. Data were analyzed using a dose–response equation with non-linear regression using
GraphPad Prism to calculate the EC50 required to sustain a level of 50 % relative cell survival

A reference dose–response curve for each compound is shown in Fig. 1e. Structures of the AMC compound scaffolds are presented with seven variable
positions (R1–R7)
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AMC compounds protect cells fromER stress-induced cell
death

Cell death can be triggered in various ways. To determine the
cell death pathway targeted by the hit compounds, we evalu-
ated the protective activities of the compounds in CSM14.1
cells under various cell death-stimulating conditions (Fig. 2).
CSM14.1 cells were challenged with tunicamycin (an N-
linked glycosylation inhibitor) to compare the effects of an
ER stress inducer other than thapsigargin, or with VP16 (a
topoisomerase inhibitor that induces DNA damage and
mitochondria-mediated cell death), staurosporine (STS, a
broad spectrum kinase inhibitor), a combination of tumor ne-
crosis factor alpha (TNF-α) and cyclohexamide (CHX) to
induce the receptor-mediated extrinsic cell death pathway, hy-
drogen peroxide (H2O2) to induce oxidative stress, or pacli-
taxel (Taxol, a tubulin-stabilizing mitotic inhibitor). The AMC
compounds efficiently inhibited tunicamycin-induced cell
death (Fig. 2a), but not cell death initiated by VP16, STS,
TNF-α/CHX, H2O2, or Taxol (Fig. 2b–f).

Analysis of unfolded protein response pathways modified
by hit compounds

To characterize the cell signaling pathway modified by AMC
compounds, we analyzed signaling events associated with the
ER stress conditions, by immunoblotting and RT-PCR.
Specifically, we analyzed the phosphorylation of eIF2-α at
serine 51, c-JUN at serine 73, IRE1 at serine 724, and p38
MAPK at Thr180/Tyr182. We also evaluated overall levels of
GRP78, ATF-4 protein expression, cleavage of ATF-6, and
XBP-1 messenger RNA (mRNA) transcript splicing.
Interestingly, pre-incubation of CSM14.1 cells with AMC-
01 (20 μM) increased phosphorylation of eIF2-α. Figure 3a
shows that increased phosphorylation of eIF2-α by AMC-01
before artificial ER stress induction (time 0 of TG treatment).
Similarly with eIF2-α, p38 MAPK was activated by AMC-01
treatment (Fig. 3a). However, no substantial changes were
observed in the cleavage level of ATF-6, phosphorylation of
IRE-1, phosphorylation of c-JUN, expression level of GRP
78, splicing of XBP-1 mRNA transcripts or in the levels of
ATF-4 proteins when cells were incubated with only this com-
pound (Fig. 3a, b). Bands from immunoblotting data were
subjected to densitometry analysis (Fig. 3a, right panel)

The kinetics of the induction of eIF2-α phosphorylation in
cells treated with AMC-01 and related compounds were next
characterized. As shown in Fig. 3c, phosphorylation of eIF2-α
could be induced by AMC-01 in a time-dependent manner.
Additionally, we assessed the duration of eIF2-α phosphory-
lation by AMC compounds in comparison with the ER stress
inducer thapsigargin (Fig. 3d). Following the addition of
20 μM compounds to cultures, increased amounts of eIF2-α
phosphorylation could be detected within 2 h, which persisted

for at least 24 h. By contrast, the phosphorylation of eIF2-α
was somewhat more transient in cells treated with
thapsigargin, and progressively declined by 24 h (Fig. 3d).

To identify the upstream signaling pathway triggered by
AMC compounds, we examined the activation of eIF2-α ki-
nases after incubation with AMC-01. Pre-incubation of cells
with AMC-01 did not activate GCN2 or PERK. However, in
contrast to GCN2 and PERK, PKR could be activated by
AMC-01 pre-incubation, irrespective of the induction of ER
stress (Fig. 3e). To confirm that PKR activation could induce
pro-survival signaling, we examined the activation of nuclear
factor kappa-B (NF-κB) p65, because p65 has been reported
to be phosphorylated by activated PKR (Zamanian-Daryoush
et al. 2000). As shown in Fig. 3e, NF-κB p65 was activated
with phosphorylation by AMC-01 incubation similarly to
PKR. Time-dependent activation of both of PKR and p65
were re-examined and presented in Fig. 3f with densitometry
analysis.

Correlation of AMC compound-mediated induction
of eIF2-α phosphorylation with cytoprotection

The ability of other AMC compounds to induce eIF2-α phos-
phorylation was also examined by immunoblotting to detect
the phosphorylation of eIF2-α. Two structural analog com-
pounds with less cytoprotective characteristics (IA-1 and IA-
2) were compared with the AMC compounds. All four
cytoprotective AMC compounds induced eIF2-α phosphory-
lation in a dose-dependent manner, while the inactive analogs
IA-1 and IA-2 failed to do so (Fig. 4a). The efficacy of
salubrinal was also compared within the same experiment
(Fig. 4a, lower). Whereas the AMC compounds induced
eIF2-α phosphorylation at concentrations of 10–20 μM, the
minimum concentration of salubrinal required for activation
was ~30 μM.

To confirm our phospho-protein immunoblotting results,
the ability of AMC compounds to stimulate eIF2-α phosphor-
ylation was also examined using enzyme-linked immune sor-
bent assay (ELISA) (Fig. 4b). All hit compounds induced a
dose-dependent increase in the Bphospho-eIF2-α/eIF2-α^ ra-
tio, whereas the inactive analogs IA-1 and IA-2 failed to sig-
nificantly increase the phospho-eIF2-α ratio, even for the
highest concentration tested (Fig. 4a). Salubrinal also in-
creased levels of phospho-eIF2-α in a dose-dependent man-
ner, but it was less potent compared with the AMC
compounds.

CAP-dependent translation can be suppressed by AMC
compounds

Inactivation of eIF2-α by serine phosphorylation is known to
result in a shutdown of global mRNA translation that can
relieve the loading of an incoming peptide into the ER
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(Donnelly et al. 2013). The eIF2-α protein is a component of
the eIF2 complex, which mediates the joining of the
methionyl-initiator tRNAMet to the 43S ribosome; the
resulting 43S complex can trigger the first step in CAP-
dependent mRNA translation (Hinnebusch 2012).
Accordingly, we speculated that our chemical probes that
could stimulate eIF2-α phosphorylation might also slow the
rate of protein synthesis within a cell. To characterize the
efficacy of the AMC compounds as eIF2-α-inactivating
probes, levels of CAP-dependent translation were examined.

CSM14.1 cells were transfected with pRMF vector, which
encodes a CAP-dependent Renilla reporter with an IRES-
dependent firefly luciferase reporter. We found that CAP-
dependent translation was suppressed in CSM14.1 cells with
dose-dependent manners by AMC compounds (Fig. 5a).

To independently verify the reporter gene-based method of
assessing CAP-dependent translation, we next evaluated the
expression level of Cyclin D1 protein by immunoblotting.
Cyclin D1 mRNA transcripts have been characterized as a
target for which the translation rate can be affected by

Fig. 2 Benzyl piperazine benzamide (AMC) compounds selectively
inhibit ER stress-induced cell death. CSM14.1 cells were seeded in a 6-
well plate for flow cytometry analysis, or in a 96-well plate for assays of
ATP content. After 24 h, cells were incubated with DMSO (0.5 %), AMC
compounds (25 μM), or control compounds (100 μM salubrinal or
25 μM zVAD). After 2 h of pre-incubation with these above-mentioned
compounds, cells were treated with the following cell death-inducing
chemical reagents: 10 μg/ml tunicamycin (TUN) for 72 h (a), 50 μM
VP16 for 48 h (b), 2.5 μM staurosporine (STS) for 24 h (c), 30 ng/ml
TNF-α with 10 μg/ml cyclohexamide (CHX) for 24 h (d), 1 mM

hydrogen peroxide (H2O2) for 24 h (e), and paclitaxel 100 nM for 48 h
(f). Cellular ATP contents were measured for in VP16, STS, TNF/CHX,
H2O2, and Taxol-treated samples; values were normalized to those of
DMSO alone-treated cells and are presented as relative survival
(percentages of controls). To measure the viability of cells after
treatment with tunicamycin, cells were stained with Annexin V-FITC
and analyzed by flow cytometry to identify live cells. Assays were
performed in duplicate, and data represent survival relative to control
cells (DMSO alone) expressed as means ± S.D. (n= 2)
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Fig. 3 Pre-incubation of CSM14.1 cells with AMC-01 induced eIF2-α
phosphorylation. a CSM14.1 cells were cultured with DMSO or 25 μM
AMC-01 for 2 h, followed by treatment with thapsigargin (10 μM) for the
indicated amounts of time. Cell lysates were prepared and analyzed by
western blotting using the indicated antibodies. To detect XBP-1 splicing,
total RNA samples (1 μg) were analyzed by RT-PCR using a rat XBP-1
primer set. The data is a representative image from three independent
experiments. The densitomeric analysis results from western blotting
are presented at the right panel. The bar means ± SD (n = 3; * p< 0.05).
b CSM14.1 cells were pre-incubated with AMC-01 (25 μM) for 2 h and
treated by thapsigargin for the indicated time. After preparing cell lysates,
ATF-4 induction was detected by western blotting. c To detect eIF2-α
phosphorylation in response to treatment with AMC-01, CSM14.1 cells
were incubated with 20 μM AMC-01 for the indicated time. After
preparing cell lysates, cell extracts were subjected to western blotting to
detect phospho-eIF2-α. Unphosphorylated eIF2-α and α-tubulin were

also detected; the latter served as a loading control. d CSM14.1 cells
were incubated with AMC compounds or thapsigargin for 2 or 24 h,
and cell extracts were subjected to western blotting. Note, eIF2-α
phosphorylation induced by AMC compounds was maintained for 24 h.
e CSM14.1 cells were pre-incubated with AMC-01 (25 μM) for 2 h and
treated with thapsigargin for the indicated time. After preparing cell
lysates, eIF2-α kinase activation was examined by western blotting
using phosphorylation-specific and normal form antibodies. The data is
a representative image from three independent experiments. The
densitometric analysis results from western blotting are presented at the
right panel. The bar means ± SD (n = 3; *p < 0.05). f CSM14.1 cells were
incubated with AMC-01 for 2 or 24 h, and extracts were used for western
blotting of PKR and NF-κB p65. The data is a representative image from
three independent experiments. The densitometric analysis results from
western blotting are presented at the right panel. The bar means ± SD
(n = 3; *p < 0.05; **p< 0.01)
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eIF2-α activity (Stockwell et al. 2012). When CSM14.1 cells
were incubated with AMC compounds, Cyclin D1 protein
expression was downregulated in a dose-dependent manner
within 4 h of compound exposure. However, the two inactive
analog compounds failed to reduce Cyclin D1 expression
(Fig. 5b).

Discussion

The synthesis of new proteins requires considerable amounts
of cellular energy, and free amino acids are competitively
utilized by protein translation and other components of the
cell metabolic machinery (Wieser and Krumschnabel 2001).
For example, cells with secretory functions, such as primary
hepatocytes, are thought to use more than 50% of their energy
for protein synthesis (Pannevis and Houlihan 1992).
Accordingly, the machinery that reversibly attenuates protein
synthesis is an important cellular adaptation mechanism for

maintaining energetic homeostasis, especially during times of
cellular stress. The protein translational initiation factor
eIF2-α and its upstream kinases represent a physiologically
important system for controlling protein translation, and this
complex machinery satisfies cellular needs for the careful reg-
ulation of protein synthesis (Donnelly et al. 2013). The impor-
tance of this cell stress response suggests the need for the
development of new chemical probes that can modulate
eIF2-α activity, and thereby alter the rate of protein synthesis.

We previously described a cell-based phenotypic screening
method to identify small molecule inhibitors of thapsigargin-
induced cell death (Kim et al. 2009). Herein, using this ap-
proach, we identified structurally related small molecules, in-
cluding AMC-01, and suggest that they have potential utility
as chemical probes that can induce eIF2-α phosphorylation.
Our present findings also indicate that AMC-01 and analog
compounds can suppress ER stress-induced cell death, which
correlates with the induction of eIF2-α phosphorylation at
serine residue 51 (Figs. 3 and 4) and the consequential reduced
protein synthesis rate and Cyclin D protein depletion (Fig. 5).

Fig. 3 continued.
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To investigate the specific molecular role of our novel probe
compounds, we used two structurally related control com-
pounds that did not exhibit a cell death-inhibitory function
against ER stress-induced cell death (Figs. 1e, 4, and 5). Our
findings show that AMC-01 and its analogs are clearly distin-
guishable from inactive control compounds in the inhibition
of ER stress-induced cell death, induction of eIF2-α phos-
phorylation, and Cyclin D depletion.

Salubrinal, an inhibitor of eIF2-α dephosphorylating phos-
phatase, has been implicated as an inhibitor of ER stress-
induced cell death and was used as a positive control for all
of the AMC compound tests that we conducted.We found that
AMC-01 had a lower EC50 in cell death inhibition assays
(Fig. 1e and Table 1), and a lower range of working concen-
trations for the induction of eIF2-α phosphorylation compared
with salubrinal (Fig. 4). These data suggest that AMC com-
pounds will be more effective chemical probes in future

studies of the function of eIF2-α in both stress responses
and cell homeostasis.

In our present study, only a fraction of the molecular mech-
anism whereby AMC compounds can induce the persistent
phosphorylation of eIF2-α is addressed. At least four kinases
are known to phosphorylate eIF2-α under various cell stress
conditions (Donnelly et al. 2013), heme-regulated inhibitor
kinase (EIF2AK1/HRI) (Han et al. 2001), RNA-dependent
protein kinase (EIF2AK2/PKR) (Galluzzi et al. 2008; Ito
et al. 1999; Nakamura et al. 2010; Onuki et al. 2004; Ruvolo
et al. 2001), PKR-like ER kinase (EIF2AK3/PERK) (Healy
et al. 2009; Szegezdi et al. 2006), and general control non-
depressible-2 kinase (EIF2AK4/GCN2) (Deval et al. 2009).
Additionally, because we isolated the AMC series of com-
pounds from the ER stress inhibitor screen, we speculate that
AMC-01 likely activates one or more signaling pathways re-
lated to EIF2A kinases in the unfolded protein response

Fig. 4 AMC compounds induce
eIF2-α phosphorylation more
potently than salubrinal. a
CSM14.1 cells were incubated
with the indicated doses of AMC
compounds, inactive analog
compounds (IA-1 and IA-2), or
salubrinal. Cell extracts were
prepared and analyzed by western
blotting to detect eIF2-α
phosphorylation. b Using the
same procedures described in (a),
cell extracts were prepared and
analyzed to detect the ratio of
Bphospho-eIF2-α/total eIF2-α^
using a scanning ELISA. The raw
value of phospho-eIF2-α/total
eIF2-α from the control extract
(DMSO alone) was adjusted to 1,
and raw values for other values
were normalized to those of the
control. Experiments were
performed in duplicate with three
independent samples. Data
represent the means ± SD (n= 2)
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(UPR), which results in eIF2-α phosphorylation. However,
our data showed that AMC compounds do not modulate
PERK activity, and we also established that ATF-4 was not
induced by AMC compounds. These data indicated that the
PERK-eIF2-α pathway is not essential for the activities of
AMC compounds. Instead, we found that RNA-dependent
protein kinase (EIF2AK2/PKR) could be activated by
pre-incubation with AMC-01 (Fig. 3). One interesting
result is that ATF-4 expression was not upregulated al-
though eIF2-α phosphorylation was enhanced by AMC-
01, considering inactivation of eIF2-α by phosphoryla-
tion is a precondition for ATF-4 induction (Fig. 3b).
However, there are some conditions including UV irra-
diation which induces eIF2-α phosphorylation without
affecting ATF-4 protein expression level (Jiang and
Wek 2005), and we can expect the stimuli which
AMC compounds give to cell shares similar mechanism
of eIF2-α inactivation with these conditions.

Furthermore, we established that NF-κB p65 could be ac-
tivated by AMC-01, and this finding was comparable to a
previous report describing the signaling transduction pathway
from PKR to NF-κB (Gil et al. 2000). The activation of GCN2
by AMC compounds was also tested; however, we did not
detect marked differences in the activation of GCN2.
Conclusively, our data show that AMC compound-induced
signaling can proceed via the PKR-eIF2-α pathway rather
than the PERK-eIF2-α-ATF4 pathway.

Another possible mechanism whereby AMC com-
pounds result in sustained eIF2-α phosphorylation is
the inhibition of eIF2-α dephosphorylation, which oc-
curs by suppressing the activity of a phosphatase, such
as protein phosphatase-1; notably, this activity is similar
to that of salubrinal (Boyce et al. 2005). Salubrinal has
been reported to inhibit PP1-mediated dephosphorylation
of eIF2-α, although our data remain insufficient at pres-
ent to confirm this finding. Future studies that employ a

Fig. 5 AMC compounds
negatively regulate protein
synthesis and CAP-dependent
translation. a CSM14.1 cells were
transfected with 1 μg pRMF
vector for 24 h. After incubation
with the indicated dose of AMC
compounds, inactive analogs (IA)
and salubrinal (Sal.) for 6 h, cell
extracts were prepared and
subjected to a dual-luciferase
assay to evaluate the rate of CAP-
dependent translation. Raw
values from the control cells were
adjusted to 1 and used for
normalization of values from
compound-treated cells.
Experiments were performed in
duplicate with three independent
samples. Data represent means
± SD (n= 2). b CSM14.1 cells
were treated with AMC
compounds at the indicated doses,
and cell extracts were analyzed
for cyclin D depletion by western
blotting
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target deconvolution strategy will be needed to address
these basic questions regarding the cellular mechanisms
activated by the AMC series of compounds.

Although AMC compounds inhibit only ER stress-
induced cell death from our test, it is not clear whether
these compounds are specific inhibitors against only ER
stress-induced cell death. As we defined, the cytoprotective
activity of compounds originated from inactivation of eIF2-α,
with NF-κB activation by the modulation of PKR activity
which is not related with ER stress. And it is possible that
the prolonged inactivation of eIF2-α was unlikely to be per-
manently cytoprotective because the compounds could also
suppress protein synthesis. In our preliminary studies, AMC
compounds showed no detectable cytotoxicity within 24 h at a
concentration of 25 μM. However, the prolonged incubation
of cells with AMC-01 could induce death in breast cancer
cells (data not shown). We propose that the persistent inacti-
vation of eIF2-α results in the depletion of essential proteins
by reducing the rate of protein synthesis. Similarly to various
protein synthesis inhibit ing compounds, such as
cyclohexamide, emetine, and hemoharringtonine, the induc-
tion of cell death by prolonged eIF2-α inactivation will rep-
resent another interesting area of investigation.

To date, certain findings have been suggested to ex-
plain the role of eIF2-α in disease pathogenesis and its
control. In cancer cells, the prolonged inactivation of
eIF2-α result in reduced viability because of the loss
of anti-apoptotic proteins, which are required for the
survival of cancer cel ls (Fri tsch et al . 2007) .
Theoretically, a small molecule that could induce the
phosphorylation of eIF2-α could sensitize cancer cells
to paclitaxel (Stockwell et al. 2012). In contrast to a
previous cancer study (Lee do et al. 2010), activation
of PERK, which is a kinase upstream of eIF2-α, was
shown to be beneficial in beta-amyloid-induced murine
models of neurotoxicity. In future studies, modulation of
the activity of eIF2-α represents a potential strategy to
study pathogenic conditions that involves EIF2A.

In summary, we have identified a series of eIF2-α-
inactivating chemical probes that can more potently sus-
tain eIF2-α phosphorylation than either ER stress-
inducing agents or salubrinal. These compounds may
provide a useful mechanistic tool for studies of various
diseases that involve eIF2-α and its cellular regulators.
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