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Abstract: Protein synthesis is important for maintaining cellular homeostasis under various stress
responses. In this study, we screened an anticancer drug library to select compounds with transla-
tional repression functions. AZD8055, an ATP-competitive mechanistic target of rapamycin complex
1/2 (mTORC1/2) inhibitor, was selected as a translational suppressor. AZD8055 inhibited protein
synthesis in mouse embryonic fibroblasts and hepatocellular carcinoma HepG2 cells. Extracellular
signal-regulated kinase (ERK) and p38 mitogen-activated protein kinase (MAPK) were activated
during the early phase of mTORC1/2 inhibition by AZD8055 treatment. Combined treatment of
AZD8055 with the MAPK kinase1/2 (MEK1/2) inhibitor refametinib or the p38 inhibitor SB203580
markedly decreased translation in HepG2 cells. Thus, the inhibition of ERK1/2 or p38 may enhance
the efficacy of AZD8055-mediated inhibition of protein synthesis. In addition, AZD8055 down-
regulated the phosphorylation of eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), and
AZD8055-induced phosphorylation of ERK1/2 and p38 had no effect on phosphorylation status
of 4E-BP1. Interestingly, AZD8055 modulated the 4E-BP1 mRNA pool by up-regulating ERK1/2
and p38 pathways. Together, these results suggest that AZD8055-induced activation of MAPKs
interferes with inhibition of protein synthesis at an early stage of mTORC1/2 inhibition, and that it
may contribute to the development of resistance to mTORC1/2 inhibitors.
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1. Introduction

Regulation of protein synthesis is an energy-requiring cellular process. Several eukary-
otic initiation factors (eIFs) tightly regulated by various signals are involved in translation
initiation. As dysregulation of translation machinery in cancer cells is associated with
poor cancer prognosis, it is imperative to investigate the role of anticancer agents in the
regulation of protein synthesis. For instance, eIF4E-binding proteins (4E-BPs) are well-
known suppressors of protein synthesis. Hypophosphorylated 4E-BP1 competes with
eIF4G and binds to eIF4E, therefore interfering with the formation of the 43S pre-initiation
complex and consequently disrupting protein synthesis [1,2]. Phosphorylation at mul-
tiple sites of 4E-BP1 is regulated by various protein kinases such as mechanistic target
of rapamycin (mTOR) and mitogen-activated protein kinases (MAPKs). Subsequently,
hyperphosphorylated 4E-BP1 fails to bind to eIF4E and is released, which restarts the
translation machinery [3–7].

MAPKs are serine/threonine protein kinases that activate multiple cellular signal-
ing pathways such as gene expression and programmed cell death through sequential
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phosphorylation of different molecules. MAPKs include extracellular signal-regulated
kinases (ERKs), p38 MAPKs, and c-Jun N-terminal kinases (JNKs) [8]. Given their substrate
specificity, each MAPK can bind specifically to its downstream target [9]. ERK1/2 is acti-
vated by growth factors and plays an important role in cell proliferation and survival [10].
Dysregulation in the upstream kinase rat sarcoma (Ras) may contribute to ERK-mediated
oncogenesis [11]. In contrast, p38s and JNKs, also known as stress-activated protein ki-
nases, mainly activate inflammatory and stress responses [12–15]. However, the crosstalk
between MAPK signaling and activity may vary depending on the cell type and stress
conditions [16].

mTOR is a serine/threonine-protein kinase that is distinguished into mTORC1 and
mTORC2 by its key components; mTORC1 contains regulatory-associated protein of mTOR
(Raptor), while mTORC2 contains rapamycin-insensitive companion of mTOR (Rictor).
mTORC1 controls translation initiation and energy metabolism by regulating its down-
stream targets such as 4E-BP1 and S6K. mTORC2 functions in cell survival and cytoskeleton
rearrangement by activating protein kinase B (AKT) or protein kinase C (PKC) [17]. Several
studies have reported that the activation of mTOR signaling is common in numerous
cancer cells [18]. Its physiological and pathological significance is true because of its
multifunctional mechanism.

Therefore, first-generation mTORC1 allosteric inhibitors, rapamycin and its analogs
(rapalogs), have been developed [19]. However, the application of these agents to monother-
apy is limited because of AKT activation [20–22] and incomplete inhibition of 4E-BP1
function [5]. To overcome these problems, second-generation mTOR inhibitors, also
known as ATP-competitive mTORC1/2 inhibitors, such as AZD8055, have been devel-
oped [23,24]. Many reports have shown that treatment with these drugs completely reduces
residual 4E-BP1 Thr37/46 phosphorylation and AKT Ser473 phosphorylation [25–27].
These agents exhibit significant antitumor effects in a variety of cancer cells compared to
rapamycin [28–30].

Recent studies, however, have found that mTORC1/2 inhibitors have side-effects such
as restoration of AKT Thr308 phosphorylation [31,32], epidermal growth factor receptor
(EGFR) feedback activation [33], or ERK activation, which are more serious than the
side-effects related to rapalogs [34,35]. Therefore, it is essential to elucidate the signaling
pathway of mTORC1/2 inhibitors to provide an accurate clinical prognosis. Studies have
demonstrated ERK1/2 activation mediated by mTORC1/2 inhibitors, but there is little
evidence of their effects on other MAPK signaling or protein synthesis. In the present
study, we show that in the HepG2 hepatocellular carcinoma cell line, AZD8055-mediated
translational inhibition is masked by ERK1/2 and p38 activation. Our studies suggest that
AZD8055 exerts an inhibitory effect on the mTORC1/2 downstream pathway and that
the AZD8055-mediated activation of ERK1/2 and p38 is likely to increase resistance to
mTORC1/2 inhibitors in HepG2 cells.

2. Results
2.1. The mTOR Inhibitor AZD8055 Was Selected during the Screening Process as an Anticancer
Drug with Inhibitory Effects on Protein Translation

We attempted to select compounds with inhibitory functions on protein translation.
After conducting different trials, the following screening process was performed using an
anticancer drug library: MEFs were treated with 10 µM drugs from the Selleck Anticancer
Compound Library for 24 h, and the degree of protein synthesis was analyzed using
puromycin incorporation assay and Operetta High-Content analysis system. However, as
the conditions used were too harsh for the cells, low cell viability affected the level of trans-
lation (Figure 1a). A secondary screening test was, therefore, conducted using diluted drugs
under the assumption that accurate protein synthesis can be measured under conditions
when cell viability is higher than 50%. As a result, AZD8055, an mTOR inhibitor, was found
to inhibit protein synthesis without significantly affecting cell viability (Figure 1b). As
eIF2α is a well-known translational regulator that responds to various stress stimuli [36,37],
we investigated whether AZD8055-mediated translational inhibition is dependent on eIF2α.
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We used wild-type MEFs with normal eIF2α protein (MEF S/S) and mutant MEFs with
mutated eIF2α phosphorylation site (serine 51 was replaced with alanine) (MEF A/A)
(Figure 1c). Protein synthesis decreased in thapsigargin (Tg)-treated wild-type MEFs but
not in Tg-treated mutant MEFs; however, both wild-type and mutant MEFs treated with
AZD8055 showed a significant decrease in protein synthesis (Figure 1c,d). Similar results
were observed in the Western blots from the puromycin incorporation assay (Figure 1e).
Under these experimental conditions, AZD8055 treatment in wild-type MEFs did not
change the phosphorylation of eIF2α (Figure 1e). Tg, used as a positive control for the
degree of protein synthesis, had no obvious effect on the phosphorylation of eIF2α because
it was used for a short time (1 µM, 30 min). These results suggest that AZD8055 inhibits
translation and that the AZD8055-mediated translational inhibition is independent of
eIF2α function.

2.2. AZD8055 Inhibits Protein Synthesis and Up-Regulates Phosphorylation of ERK1/2 in
Hepatocellular Carcinoma HepG2 Cells

As cancer cells actively produce anti-apoptotic proteins rather than pro-apoptotic
proteins [38,39], we attempted to understand the effect of AZD8055 on translation in
cancer cells using the hepatocellular carcinoma cell line HepG2. HepG2 cells treated with
2 µM AZD8055 for 2–24 h were pulse-labeled with puromycin. The relative intensity
of puromycin increased at 2 h and then started to decrease from 8 h (Figure 2a). The
phosphorylation of eIF2α was up-regulated under these conditions (Figure 2b), but the
pattern was not consistent with AZD8055-mediated regulation of translational. These
results were obtained under conditions wherein AZD8055 treatment did not affect cell
viability (Figure 2c). Therefore, we concluded that AZD8055 could inhibit protein synthesis
in HepG2 cells and aimed to determine the underlying signaling pathways. Recent studies
have reported that the resistance to second-generation mTORC1/2 inhibitors is associated
with ERK1/2 activation [22,34,35,40]. Therefore, we hypothesized that ERK1/2 activation
is related to protein synthesis pathways regulated by AZD8055. We treated HepG2 cells
with AZD8055 for 2–24 h and found that the phosphorylation level of ERK1/2 clearly
increased, peaked at 8 h, and then decreased at 24 h (Figure 2d) when protein synthesis
decreased (Figure 2a). Thus, ERK1/2 activation may be involved in the regulation of
AZD8055-mediated protein synthesis.

2.3. AZD8055 Up-Regulates Phosphorylation of ERK1/2 and p38 and Independently
Down-Regulates Phosphorylation of 4E-BP1

Next, we investigated whether other MAPKs, p38 and JNK [8], exert similar effects.
HepG2 cells were treated with 2 µM AZD8055 and MAPK phosphorylation was detected
by immunoblot analyses. Although both p38 and JNK were phosphorylated by AZD8055
treatment, the phosphorylation pattern of p38, but not JNK, was regulated in a manner
similar to that of ERK1/2 (Figure 3a).

Several previous studies have shown that ERK1/2 and p38 phosphorylate 4E-BP1,
a key factor in protein translation that functions downstream of mTOR [5]. We investi-
gated whether activation of ERK1/2 and p38 by AZD8055 induces phosphorylation of
4E-BP1. Treatment of HepG2 cells with AZD8055 for 0.5–24 h led to a clear decrease in
the phosphorylated form of 4E-BP1 at Ser65 (p-4E-BP1) at 2 h; phosphorylated 4E-BP1
almost disappeared thereafter (Figure 3b). This result is almost in line with the decrease in
protein synthesis after 8 h of AZD8055 treatment (Figure 2a). Interestingly, the phospho-
rylation patterns of ERK1/2 and p38 (Figure 3a) did not correlate with those of 4E-BP1.
Furthermore, the phosphorylation status of 4E-BP1 in AZD8055-treated HepG2 cells did
not change after pre-treatment with the ERK1/2 inhibitor refametinib or the p38 inhibitor
SB203580 for 1 h before AZD8055 treatment (Figure 3c,d). These observations suggest that
AZD8055 up-regulates phosphorylation of ERK1/2 and p38 but down-regulates that of
4E-BP1, and that the phosphorylation status of 4E-BP1 is unaffected by AZD8055-mediated
activation of ERK1/2 and p38.
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Figure 1. Screening anticancer drugs for identification of translation inhibitors. (a,b) The level of translation in mouse
embryonic fibroblasts (MEFs) was measured using puromycin incorporation assay. Polypeptide chains in wild-type MEFs
treated with 10 µM (a) or the indicated concentrations (b) of Selleck Anti-cancer Compound Library for 24 h were labeled
with puromycin for 10 min. The number of cells (left column) and Alexa Fluor 488 intensities of each area (right column) were



Int. J. Mol. Sci. 2021, 22, 11824 5 of 15

assessed using Operetta High-Content analysis system. Operetta images were analyzed using Harmony software. Red dots
in the red dotted circle in B indicate MEFs treated with various concentrations of AZD8055. To recognize the shape of cells,
cells were stained with Hoechst 33342 prior to the measurement of cytoplasmic Alexa Fluor 488 intensities. The number
of compounds include DMSO- and Tg-treated samples. (c–e) Wild-type (S/S) or eIF2α mutant (A/A) MEFs were treated
with the indicated concentrations of AZD8055 for 24 h; two representative confocal images are shown (c). The intensity of
Alexa Fluor 488 was visualized (c) and MEFs treated with various concentrations of AZD8055 were magnified (c). Scale
bar = 200 µM. The obtained images were measured using Harmony Software (d). Immunoblot analyses were performed to
determine the relative amount of puromycin and phosphorylated form of eIF2α using specific antibodies for puromycin,
eIF2α, phosphorylated form of eIF2α (p-eIF2α), and GAPDH (e). Treatment with thapsigargin (Tg), an ER stress inducer,
was used as a positive control. Fold changes in d were calculated by comparing DMSO control group of each cell line with
AZD8055 treatment groups. Statistically significant differences were determined by Student’s t-test and were indicated as
*** p < 0.001.
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Figure 2. AZD8055 inhibits protein synthesis and up-regulates phosphorylation of ERK1/2 in
hepatocellular carcinoma HepG2 cells. (a,b) HepG2 cells were treated with 2 µM AZD8055 for the
indicated periods. Cells were pulse-labeled with puromycin for 10 min and immunoblot analyses
were performed. The relative levels of puromycin and p-eIF2α were normalized using GAPDH
(a) and eIF2α (b), respectively. (c) MTT assay was performed to measure viability of cells treated
with various concentrations of AZD8055 for 24 h. The data obtained from three independent
experiments were presented as means ± S.D. (d) HepG2 cells were treated with 2 µM AZD8055
for 2–24 h and immunoblot analyses were performed using specific antibodies for ERK1/2 and
phosphorylated form of ERK1/2 (p-ERK1/2). Open arrowheads and closed arrowheads indicate
ERK1 and ERK2, respectively.

2.4. AZD8055-Mediated ERK1/2 Up-Regulation Was Associated with AZD8055-Mediated
Inhibition of Protein Synthesis

Next, we investigated the role of MAPKs in AZD8055-mediated inhibition of protein
synthesis. First, we used the MEK1/2 inhibitor refametinib. As MEK1/2 is known to be
directly upstream of ERK1/2 [9,41], refametinib treatment significantly reduced ERK1/2
phosphorylation (Figure 4a). Furthermore, refametinib pre-treatment before AZD8055
exposure led to a dose-dependent synergistic effect on translational inhibition (Figure 4a).
Indeed, the combined treatment with AZD8055 and refametinib for different time points
resulted in lower translational activity than AZD8055 treatment alone (Figure 4c). Under
these conditions, however, the phosphorylation of ERK1/2 significantly reduced and



Int. J. Mol. Sci. 2021, 22, 11824 6 of 15

that of eIF2α was not relevant to the relative level of puromycin (Figure 4c). Indeed,
MEK1/2 inhibitors are known to phosphorylate eIF2α and therefore inhibit translation [42].
Although HepG2 cells are known to be sensitive to MEK inhibitors [31], we used MEK
inhibitor concentrations that did not significantly affect cell viability while ERK activity
was rapidly inhibited (Figure 4b). These results suggest that early activation of ERK1/2 by
AZD8055 positively regulates translation.
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ulates phosphorylation of 4E–BP1. (a) HepG2 cells were treated with 2 µM AZD8055 for various
time points and immunoblot analyses were performed to measure the activation of three MAPKs
using specific antibodies for ERK1/2, p–ERK1/2, p38, p–p38, JNK, and p–JNK. (b–d) HepG2 cells
were treated with 2 µM AZD8055 for various time points (b) or pre–treated with or without 100 nM
refametinib (c) or 10 µM SB203580 (d) for 1 h, followed by 2 µM AZD8055 treatment as indicated.
Immunoblot analyses were performed using specific antibodies for 4E-BP1, phosphorylated form
of 4E–BP1 at Ser65 (p–4E–BP1), ERK1/2, p–ERK1/2, p38, p–p38, and GAPDH. Three isoforms of
4E–BP1 are indicated (α, β, and γ). α and β isoforms are hypophosphorylated, and γ isoform is hy-
perphosphorylated. Open arrowheads and closed arrowheads indicate ERK1 and ERK2, respectively.

2.5. Activation of p38 by AZD8055 Treatment Was Associated with AZD8055-Mediated
Inhibition of Protein Synthesis

As the phosphorylation of p38 was regulated in the same manner as that of ERK1/2 by
AZD8055 treatment, we investigated whether p38 had a similar effect. Indeed, inhibition
of p38 using the inhibitor SB203580 [13] synergistically increased the inhibitory effect of
AZD8055 on translation at 8 h in a dose-dependent manner (Figure 5a). As with refametinib
treatment, we used SB203580 concentrations and treatment times that did not affect cell
viability (8 h; Figure 5b). In contrast, treatment with the JNK inhibitor SP600125 was
insufficient to strengthen AZD8055-mediated inhibition of protein synthesis (Figure 5c,
left). Concentrations of SP600125 that used in this experiment were sufficient to inhibit
the JNK downstream factor c-Jun and had no effect on the phosphorylation of ERK1/2
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and p38 (Figure 5c, right). Therefore, the activity of JNK appears to be independent of
AZD8055-mediated translational inhibition. Afterwards, we investigated whether ERK1/2
and p38 activation independently affected protein synthesis. Combined treatment of 2 µM
AZD8055 with 100 nM refametinib and 10 µM SB203580, however, did not significantly
down-regulate the degree of protein synthesis compared to the use of 2 µM AZD8055
with refametinib or SB203580 (Figure 5d). Taken together, these results suggest that
AZD8055-mediated up-regulation of ERK1/2 and p38 activation eventually interrupts
with AZD8055-mediated inhibition of protein synthesis. In addition, activation of ERK1/2
and p38 by AZD8055 may be integrated into unknown signaling pathways.
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Figure 4. Inhibition of ERK1/2 enhances the efficacy of AZD8055–mediated inhibition of protein synthesis. (a) HepG2 cells
pre–treated with various concentrations of the MEK1/2 inhibitor refametinib for 1 h were treated with 2 µM AZD8055
for 8 h by adding an AZD8055 solution, and the relative rate of protein synthesis was determined by immunoblotting
using specific antibodies for puromycin, ERK1/2, p–ERK1/2, and GAPDH. (b) HepG2 cells were cotreated with various
concentrations of refametinib and 2 µM AZD8055 for 8 h, and cell viability were measured using MTT assay. The data
obtained from three independent experiments were presented as means ± S.D. Statistically significant differences were
calculated using Student’s t-test and indicated as * p < 0.05, ** p < 0.01, and *** p < 0.001. (c) HepG2 cells pre–treated with
or without 100 nM refametinib for 1 h were treated with 2 µM AZD8055 for indicated periods. Cell were labeled with
puromycin for 10 min and immunoblot analysis was performed using specific antibodies for puromycin, GAPDH, ERK1/2,
p–ERK1/2, eIF2α, and p–eIF2α. The relative levels of puromycin were normalized using GAPDH. Fold changes were used
to compare the relative translation levels between AZD8055 treated–HepG2 cells with or without refametinib treatment.
Open arrowheads and closed arrowheads indicate ERK1 and ERK2, respectively.

2.6. AZD8055 Regulates the 4E-BP1 mRNA Pool by Up-Regulating ERK1/2 and p38 Pathways

A previous study has reported a novel paradigm involving ERK1/2- and p38-mediated
inhibition of the transcriptional and translational levels of 4E-BP1 [43]. Therefore, we
tested whether ERK1/2 and p38 activated by AZD8055 regulate 4E-BP1 transcriptional
levels. Treatment with 2 µM AZD8055 reduced the expression of 4E-BP1 mRNA in a
time-dependent manner (Figure 6a). Pre-treatment with refametinib or SB203580 prior to
AZD8055 rescued the decrease in 4E-BP1 mRNA expression, suggesting that AZD8055-
mediated down-regulation of 4E-BP1 mRNA expression is dependent on the ERK1/2 and
p38 signaling pathways (Figure 6b). Subsequently, we investigated other factors that are
known to be associated with 4E-BP1 function. First, we measured the transcription of
eIF4E which is known to decrease hypophosphorylated 4E-BP1 to maintain homeostasis
following down-regulation of eIF4E mRNA expression [44]. This phenomenon is also
related to the acquisition of resistance [45]. However, we did not observe any significant
change in the relative eIF4E mRNA expression level (Figure 6c). Second, 4E-BP2 mRNA,
which is known to be ubiquitously expressed and particularly highly expressed in the



Int. J. Mol. Sci. 2021, 22, 11824 8 of 15

brain [46,47], was not altered after AZD8055 treatment (Figure 6d). These results suggest
that AZD8055 regulates 4E-BP transcription levels via ERK1/2 and p38, which are involved
in the inhibition of protein synthesis pathways.
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(a) HepG2 cells pre–treated with various concentrations of p38 inhibitor SB203580 for 1 h were treated with 2 µM AZD8055
for 8 h and labeled with puromycin for 10 min. Immunoblot analyses were performed using specific antibodies for
puromycin, p38, p–p38, and GAPDH. Fold change was determined by comparing DMSO control and SB203580–treated
groups. (b) HepG2 cells were cotreated with various concentrations of SB203580 and 2 µM AZD8055 for 8 h and MTT assay
was performed. (c) HepG2 cells pre–treated with or without the JNK inhibitor SP600125 (20 µM) for 2 h were treated with
2 µM AZD8055 for various periods and labeled with puromycin for 10 min. Immunoblot analyses were performed using
specific antibodies for puromycin and GAPDH (left), JNK, p–JNK, c–Jun, p–c–Jun, ERK1/2, p–ERK1/2, p38, p–p38, and
GAPDH (right). (d) HepG2 cells pretreated with or without 100 nM refametinib and 10 µM SB203580 were treated with
2 µM AZD8055 for 8 h. Cells were labeled with puromycin for 10 min and immunoblot analyses were performed using
specific antibodies for puromycin and GAPDH. Fold change was determined by comparing the DMSO control group with
the inhibitor–treated group. Open arrowheads and closed arrowheads indicate ERK1 and ERK2, respectively.
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Figure 6. AZD8055 regulates the 4E–BP1 mRNA pool by up-regulating ERK1/2 and p38 pathways.
(a,b) HepG2 cells pretreated with (b) or without (a) 100 nM refametinib (Refa) or 10 µM SB203580 (SB)
for 1 h were treated with 2 µM AZD8055 for indicated periods, and the relative mRNA expression of
4E–BP1 was determined by qPCR using specific primer. (c,d) Cells were treated with 2 µM AZD8055
for 2–24 h. Endogenous levels of eIF4E (c) and 4E–BP2 (d) mRNAs were measured by qPCR. The
relative expression levels of target mRNAs were determined by comparing DMSO control with
the experimental group after normalization using β–Actin mRNA. The data obtained from three
independent experiments were presented as means ± S.D. Statistically significant differences were
calculated using Student’s t-test and indicated as * p < 0.05 and *** p < 0.001.

3. Discussion

In this study, we screened an anticancer drug library to select compounds with
translation-repressive functions. AZD8055, an mTORC1/2 inhibitor, was selected based
on its ability to inhibit protein synthesis in MEFs and HepG2 cells without significantly
affecting their viability. We investigated factors involved in AZD8055-mediated inhibition
of protein synthesis and found phosphorylation of ERK1/2 and p38 to play a positive
role in translation. AZD8055 treatment induced phosphorylation of ERK1/2 and p38, and
the inhibition of ERK1/2 or p38 led to an increase in the AZD8055-mediated inhibition of
protein synthesis. In addition, AZD8055 down-regulated the phosphorylation of 4E-BP1,
and the AZD8055-mediated up-regulation of ERK1/2 and p38 phosphorylation was inde-
pendent of 4E-BP1 phosphorylation status. Interestingly, AZD8055 regulated the 4E-BP1
mRNA pool by up-regulating the ERK1/2 and p38 pathways. Therefore, the results of this
study suggest that activation of ERK1/2 and p38 may contribute to the development of
resistance to mTORC1/2 inhibitors with antitumor effects.

Studies on translational regulators of cancer cells to enhance anticancer therapy are
ongoing [2,48,49] and AZD8055 is one of the known translation suppressors in acute
myeloid leukemia cells [30]. Many studies have reported that the mechanism of resis-
tance to mTORC1/2 inhibitors is related to ERK1/2 activation [22,34,35,40]. We tested
the role of ERK1/2 in AZD8055-mediated inhibition of protein synthesis and found no
inhibitory effect on protein synthesis following single treatment with refametinib; however,
co-treatment with AZD8055 and refametinib could significantly down-regulate the protein
synthesis pathway after 8 h (Figure 4a,c), a period when ERK1/2 phosphorylation was
clearly observed after AZD8055 treatment alone. After 24 h of treatment with AZD8055,
ERK1/2 phosphorylation reduced. During this period, the decrease in protein synthesis
by co-treatment with AZD8055 and refametinib was not significantly different from that
observed after treatment with AZD8055 alone, suggesting that down-regulation of ERK1/2
activity enhances AZD8055 function (Figure 4c). Although the MEK inhibitor used for
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monotherapy is known to repress eIF2α-mediated translation [42], no inhibitory effect was
observed under our experimental conditions (Figure 4c, lane 2). Thus, inhibition of ERK1/2
in mTORC1/2-resistant cells may enhance the effectiveness of chemotherapy. However,
there is a slight change in cell viability by AZD8055 treatment compared to its ability to
inhibit ERK1/2 activation. This is because the concentration of refametinib used in this
experimental condition was low and the treatment time was too short to observe an obvious
cell death effect. Several reports have demonstrated that the use of anticancer drugs in com-
bination with refametinib has a synergistic cell death effect both in vitro and in vivo [50–52].
Taken together, our results explain why treatment with mTORC1/2 inhibitors and MEK1/2
inhibitors down-regulates cell proliferation and enhances apoptosis [31,39,53].

The MAPK cascade is one of the most important pathways regulating cellular re-
sponses, and most studies have noted that ERK1/2 and p38 function distinctly in response
to stress signals. Activation of p38 and ERK1/2 under stress conditions occurs differ-
ently [8,15,54–56]. However, treatment with AZD8055 for a short period activated both
ERK1/2 and p38 in HepG2 cells (Figure 3a). In terms of genetics, the neuroblastoma RAS
viral oncogene homolog (NRAS) mutant cell line has a disrupted negative feedback loop
between ERK1/2 and p38. Consequently, p38 is activated together with ERK1/2 upon
anticancer drug treatment, contributing to cell proliferation [16]. Indeed, unlike other
HCC cell lines such as Hep3B and Huh-7, HepG2 cells used in the present study carry
NRAS mutations [31,50]. Therefore, the results of phosphorylation of both ERK and p38
by AZD8055 treatment are consistent with these reports. In other words, there is limits to
obtaining the same results in other cell lines due to the characteristics of HepG2 cells. In
addition, as in the case of ERK1/2, inhibition of p38 with AZD8055 treatment resulted in
the synergistic down-regulation of protein synthesis at 8 h (Figure 5a). Therefore, contrary
to the reports that constitutive ERK1/2 activity and repression of p38 contribute to cell
survival through expression of the proto-oncogene transcriptional regulators YAP1 and
c-MYC [55], the simultaneous activation of ERK1/2 and p38 observed in our study appears
to contribute to cell survival.

Several studies have demonstrated that phosphorylation of 4E-BP1 at multiple sites is
mediated by mTOR and MAPKs [4,5,57]. Phosphorylation states and their relative ratios to
eIF4E are closely related to the expression of eIF4E-sensitive mRNAs [2,58] and serve as
an indicator of the efficiency of ATP-competitive mTORC1/2 inhibitors [59–61]. Indeed,
treatment with AZD8055 substantially reduced the γ-isoform of 4E-BP1 by inhibiting the
phosphorylation of 4E-BP1 at Ser65 (Figure 3b). Therefore, the α-and β-isoforms of 4E-BP1
could bind to eIF4E and inhibit protein synthesis. In addition, the combined treatment with
AZD8055 and refametinib or SB203580 did not affect the phosphorylation pattern of 4E-BP1
(Figure 3c,d). Considering that the ERK1/2-mediated 4E-BP1 phosphorylation is induced
by growth factors or ERK activators such as phorbol ester [7,62], our results suggest that the
AZD8055-induced MAPK activation and reduction of 4E-BP1 phosphorylation in HepG2
cells are mediated via independent pathways.

An increase in translation can be expected from the decrease in the level of 4E-BP1,
which acts as an inhibitor of eIF4E. 4E-BP1 is a major target of mTORC1 and is regulated
by the degree of phosphorylation [17]. Rolli-Derkinderen et al. showed another regulatory
pathway where activated ERK1/2 and p38 down-regulated 4E-BP1 mRNA expression [43].
Consistent with these results, we found that AZD8055 treatment significantly reduced
the expression of 4E-BP1 mRNA (Figure 6a). However, the apparent decrease in 4E-BP1
mRNA level at 8–24 h is not consistent with the results shown in Figure 2a describing
the decrease in protein synthesis at the same time point. Considering that the 4E-BP1
protein has a long half-life [63,64], we speculate that reduced 4E-BP1 mRNA levels by 24 h
may not affect the translation machinery. However, prolonged treatment with AZD8055
may eventually down-regulate 4E-BP1 protein levels. As the eIF4E/4E-BP ratio is an
important determinant of the sensitivity to mTOR inhibitors [61], restoration of 4E-BP1
mRNA expression by refametinib or SB203580 treatment is indicative of the restoration
of sensitivity to the mTORC1/2 inhibitor (Figure 6b). Thus, our results suggest that ERK
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and p38 are closely related to the translation machinery through the regulation of 4E-BP1
mRNA expression. Taken together, combination therapy of mTORC1/2 inhibitors and
MEK1/2 inhibitors has the potential to synergistically promote cell death.

Although eIF4E overexpression is common in malignant tumors [65], changes in its
transcriptional or protein level have little effect on translation [44,49]. Cope et al. showed
that eIF4E gene amplification confers acquired resistance to AZD8055 and MEK1/2 in-
hibitors [45]; therefore, we investigated the association between AZD8055-mediated regula-
tion of protein synthesis and eIF4E levels but failed to detect any in HepG2 cells (Figure 6c).
Unlike other studies [43], 4E-BP2 mRNA expression did not change (Figure 6d). Based on
the roles of ERK1/2 and p38 in AZD8055-mediated protein synthesis, as shown in this study,
it seems that enhancing the inhibitory effect on protein synthesis using MEK1/2 inhibitors
or p38 MAPK inhibitors would help overcome resistance to mTORC1/2 inhibitors.

4. Materials and Methods
4.1. Reagents

Thapsigargin (Tg), puromycin dihydrochloride, p38 inhibitor (SB203580), and JNK in-
hibitor (SP600125) were purchased from Sigma (St. Louis, MO, USA). AZD8055 and refame-
tinib were procured from Cayman Chemical (Ann Arbor, MI, USA). The anti-puromycin
and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies were purchased
from Millipore (Burlington, MA, USA) and Santa Cruz Biotechnology (Dallas, TX, USA), re-
spectively. The anti-phospho 4E-BP1 (Ser65), anti-4E-BP1, anti-phospho ERK 1/2, anti-ERK
1/2, anti-phospho p38, anti-p38, anti-phospho-JNK, anti-JNK, anti-phospho eIF2α, anti-
eIF2α, anti-phospho c-Jun, anti-c-Jun, and horseradish peroxidase-conjugated secondary
antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Alexa
Fluor® 488 AffiniPure Goat Anti-Mouse IgG (Fcγ fragment specific) was supplied by Jack-
son ImmunoResearch Laboratories (West Grove, PA, USA). The Selleck Anti-Cancer Com-
pound Library consisting of 414 drugs was purchased from the Department of Convergence
Medicine, ASAN Medical Center, University of Ulsan College of Medicine (Seoul, Korea).

4.2. Cell Lines and Cell Culture

HepG2 cells were purchased from the American Type Culture Collection (ATCC)
and cultured in 10% serum-containing DMEM as previously described [66]. Mouse em-
bryonic fibroblasts (MEFs) eIF2α S/S and MEFs eIF2α A/A were prepared and cultured
as described previously [67]. MEFs (eIF2α S/S and eIF2α A/A) were cultured in 10%
serum-containing DMEM medium containing MEM amino acid solution (50×, Gibco) and
MEM non-essential amino acid solution (100×, Gibco).

4.3. Puromycin Incorporation Assay and Analysis

3 × 103 MEFs were plated in 96-well plates a day before treatment with chemicals.
The cells were treated with dimethyl sulfoxide (DMSO; Biosesang, Korea) or Selleck Anti-
Cancer Compound Library for 24 h. Cells treated with 1 µM Tg for 30 min served as positive
control. The medium was replaced with that containing 12 µg/mL puromycin, and the cells
were incubated for 10 min. The cells were then fixed with 4% paraformaldehyde for 15 min.
After washing twice with phosphate-buffered saline (PBS), the cells were permeabilized in
0.3% Triton X-100 in 1% bovine serum albumin (BSA)/PBS for 45 min and treated with the
primary anti-puromycin antibody (1:5000) at 4 ◦C overnight. After washing with PBS, the
cells were incubated with Alexa Fluor® 488 AffiniPure Goat Anti-Mouse IgG (1:400; Alexa
Fluor 488-conjugated anti-mouse antibody) for 90 min. Cells were washed with PBS and
incubated with Hoechst 33342-containing PBS (1:2500; Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA). The fluorescence intensity of Alexa 488 was detected using a
fluorescence confocal microscope (Operetta High-content analysis system; PerkinElmer,
Waltham, MA, USA). The cell number and cytoplasmic intensity of Alexa Fluor 488 in the
acquired images were determined using Harmony software.
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4.4. Measurement of Cell Viability

7× 103 MEFs or 3× 104 HepG2 cells seeded in 48-well plates were incubated overnight
and then treated with various concentrations of AZD8055. Cells were co-treated with
refametinib at different concentrations, as needed. The medium was replaced with fresh
medium containing 0.5 mg/mL 3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium
bromide (MTT) (Biosesang, Seongnam, Korea) reagent, and the plates were incubated for
30 min (HepG2 cells) or 2 h (MEFs) at 37 ◦C. The precipitated formazan crystals were
dissolved in DMSO, and absorbance was measured using a UVM340 plate reader (ASYS
Hitech, Eugendorf, Austria) at a wavelength of 570/690 nm.

4.5. Immunoblot Analysis

25 × 104 MEFs or 7 × 105 HepG2 cells were seeded in 60 pi dish the day before
chemical treatment. Immunoblot analysis was performed as previously described [68]. The
primary antibody (1:1000) and the horseradish peroxidase-conjugated secondary antibody
(1:2500) were diluted in 1% skim milk.

4.6. Reverse-Transcription Polymerase Chain Reaction (RT-PCR) and Real-Time Quantitative PCR
(qPCR) Primers

RT-PCR and qPCR were performed as previously described [69]. The following primer
sequences were used to amplify specific genes: Human 4E-BP1, 5′-TCGTGAACACCAGCA-
GATACC-3′ (forward) and 5′-GTTCTTGTCCACTTCCTGGC-3′ (reverse); human eIF4E, 5′-
CCTACAGAACAGATGGGCACTC-3′ (forward) and 5′-GCCCAAAAGTCTTCAACAGTA-
TCA-3′ (reverse) [70]; human 4E-BP2, 5′-TCAAGGCAACTGGTGAAGGG-3′ (forward) and
5′-TCGCTCAAGGGGAATGCAAA-3′ (reverse); human β-Actin, 5′-CATGTACGTTGCTAT-
CCAGGC-3′ (forward) and 5′-CTCCTTAATGTCACGCACGAT-3′ (reverse). The expression
level of β-Actin was used as an endogenous control for normalization.

4.7. Statistical Analysis

The values in the figures are expressed as mean ± standard deviation (S.D.). The
results are representative of at least three independent experiments. Statistical analysis of
the data between experimental groups was performed using the Student’s t-test. Statistical
significance was set at p < 0.05.

5. Conclusions

• Anticancer drugs that inhibit protein synthesis were selected in MEFs through screen-
ing using puromycin incorporation assay.

• AZD8055 inhibits translation in hepatocellular carcinoma HepG2 cell lines.
• AZD8055 inhibits 4E-BP1 phosphorylation and induces ERK1/2 and p38 phosphory-

lation, which are independent of each other.
• Combined treatment of AZD8055 with refametinib or SB203580 has a synergistic effect

on translational inhibition than AZD8055 treatment alone.
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