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Abstract

Exposure of living organisms to short electric pulses is widely utilized in the life sciences,  
for example, for DNA transfection. Recent advances in electrical engineering have 
enabled the production of extremely short electric pulses in the range of nanoseconds, 
namely, nanosecond pulsed electric fields (nsPEFs). nsPEFs are increasingly recognized 
as a novel means for cancer therapy, because of their ability to induce cell death. Recent 
studies have demonstrated that nsPEFs act as cellular stress and activate two indepen-
dent signaling pathways that involve phosphorylation of translation initiation factors 
and lead to suppression of general protein synthesis. eIF2α phosphorylation is one of 
the key reactions in stress-induced translational suppression and is rapidly induced by 
nsPEFs. Concomitantly, PERK and GCN2, both of which are stress-responsive protein 
kinases, are activated in nsPEF-exposed cells. Furthermore, nsPEFs cause a reduction 
in 4E-BP1 phosphorylation, which is controlled by mTORC1 and constitutes an alterna-
tive mechanism for translational suppression, independent of eIF2α phosphorylation. 
In accordance with elevated eIF2α phosphorylation and decreased 4E-BP1 phosphor-
ylation, general protein synthesis is acutely suppressed after nsPEF exposure. These 
findings demonstrate that nsPEFs induce two independent signaling pathways for trans-
lational suppression, further highlighting a unique feature of nsPEFs as a novel means 
for life sciences.

Keywords: stress response, electroporation, pulsed electric field, eIF2α, PERK, GCN2, 
4E-BP1, translational suppression, protein synthesis

1. Introduction

Living cells respond to various environmental stimuli by activating distinct sets of intracellular  

reactions. Cellular responses to external stimuli generally involve signal transduction that is 
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mediated by protein phosphorylation and eventually leads to modulation of various cellular 

events, such as metabolism, gene expression, proliferation, and cell death [1].

Some physical and chemical stimuli have adverse physiological effects and are known as cel-
lular stress. In addition to adverse external stimuli, endogenous deleterious events are also 

regarded as cellular stress, such as accumulation of misfolded proteins in the endoplasmic 

reticulum (ER). Cells respond to these cellular stresses by inducing various intracellular reac-

tions, which are collectively referred to as stress responses. Timely induction of stress responses 
is critical for maintenance of cellular physiology, and its dysregulation is frequently observed 

in various diseases, such as cancer [2], neurodegenerative disorders [3], and inflammatory 
diseases [4], indicating the importance of stress responses in physiological and pathological 

processes.

Currently, diverse forms of physical stimuli are utilized as tools for various biological and 
clinical applications. Among these physical stimuli, pulsed electric fields (PEFs) have been 
proven particularly useful, because different biological effects can be achieved, depending on 
the duration of the electric pulses. PEFs in the range of milliseconds to microseconds primar-

ily act on the cell membrane and generate membrane pores, which are suited for introduction 

of exogenous macromolecules, such as plasmid DNA, into living cells [5, 6]. Thus, these PEFs 
are widely used for DNA transfection [7].

Recent advances in electric engineering allow us to generate ultrashort PEFs in the range of 
nanoseconds, which are referred to as nanosecond PEFs (nsPEFs). Although nsPEFs do not 
generate membrane pores suitable for DNA transfection, they have been proven to be useful 

for cancer therapy, because of their ability to induce cell death [8, 9]. Furthermore, nsPEFs 
have been shown to induce stress responses that are mediated by phosphorylation of mul-

tiple translation initiation factors and eventually lead to transient suppression of general pro-

tein synthesis. For these reasons, nsPEFs have received considerable attention as a potential 
therapeutic method with a novel mechanism of action. This review is intended to provide an 
overview of the stress responses induced by nsPEFs. First, two major mechanisms for stress 
responses in human cells are explained. Phosphorylation-mediated control of two translation 
initiation factors, eIF2α and 4E-BP1, is critical in these pathways. Second, an outline of the 
biological actions of PEFs is provided, with particular emphasis on nsPEFs. Finally, stress 
responses induced by nsPEFs are described in detail.

2. Stress responses in human cells

2.1. Overview of stress response

The fundamental aspects of cellular stress responses are highly conserved among eukaryotes 
from yeast to humans. Figure 1 shows a simplified scheme for eukaryotic stress responses. 
Under normal physiological conditions, cells continuously undergo protein synthesis, and 

the rate of protein synthesis is primarily regulated at the translation initiation step. When cells 

sense stress, they rapidly activate signal transduction that involves phosphorylation-mediated  
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control of translation initiation factors. Stress-induced alterations in the phosphorylation  

status of translation initiation factors reduce translation initiation and thereby result in atten-

uation of general protein synthesis. Because protein synthesis requires significant amounts 
of energy and materials, transient suppression of general protein synthesis conserves cel-

lular resources and is thus beneficial for cells under stress. For these reasons, stress-induced 
suppression of general protein synthesis serves as a mechanism for survival. Once the stress 
ends, translation capacity is rapidly recovered by dephosphorylation of the translation 

factors. Intriguingly, persistent activation of stress responses is often associated with the 

induction of cell death, suggesting that timely induction and attenuation of stress responses 
are both critical for cell survival [10–12]. Although eukaryotic cells share a fundamental 

stress response mechanism [13, 14], as described below, human cells possess more intri-

cate stress responses, including at least two distinct pathways involving phosphorylation 

of multiple proteins.

2.2. Stress response mediated by eIF2α phosphorylation

2.2.1. Stress-induced eIF2α phosphorylation and translational suppression

Translation initiation is a critical rate-limiting step in protein synthesis, and eukaryotic 
translation initiation factor 2 (eIF2) plays an essential role in this process [15]. eIF2 binds to 
guanine nucleotides, such as GDP and GTP. During initiation of translation, an eIF2-bound  
guanine nucleotide needs to cycle between GDP and GTP (see Figure 2A for details of 

GDP-GTP cycling in translation initiation). eIF2 consists of three subunits, α, β, and γ, 
and phosphorylation of the α subunit of eIF2 (eIF2α) is induced by various forms of  
stress [14, 16]. Phosphorylation of eIF2α at serine 51 interferes with GDP-GTP exchange on  
eIF2 [17] and consequently suppresses translation initiation (Figure 2B). The role of eIF2α 
phosphorylation in inhibition of translation initiation is highly conserved among eukary-

otes, and the site of stress-induced phosphorylation (serine 51) is conserved in yeast and 
humans [13, 14].

Figure 1. General principle of stress responses in eukaryotic cells. When a cell is exposed to stress, a stress-sensing 
protein is activated, inducing signal transduction mediated by protein phosphorylation. The stress-induced signal is 
transduced to downstream effector proteins. Stress responses generally lead to inhibition of cap-dependent translation 
initiation and consequent suppression of general protein synthesis. Stress responses often cause additional changes, 

such as alteration of gene expression.
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Although initiation of translation of most mRNA species is dependent on their 5′ cap and is 
profoundly affected by eIF2α phosphorylation, a subset of mRNA species is actively trans-

lated under stressed conditions via alternative translation mechanisms that are independent 

of the cap structure. Approximately 2.5% of total mRNA is estimated to be preferentially 
translated under stressed conditions [20, 21], permitting synthesis of a subset of proteins that 
play critical roles in control of the stress response. For example, initiation of translation of 
ATF4 (activating transcription factor 4) mRNA is increased by ER stress caused by accumu-

lation of unfolded proteins in the ER. The 5′ UTR of ATF4 mRNA contains two small open 
reading frames (upstream open reading frames [uORFs]), which play a critical role in initia-

tion of translation under stressed conditions. ATF4 mRNA encodes a transcription factor that 
induces gene expression for adaptive responses. Thus, stress-induced eIF2α phosphorylation 
results in both suppression of general protein synthesis to conserve cellular resources and 

elevated translation of specific mRNA species for adaptive responses [22, 23].

Figure 2. Suppression of translation initiation by eIF2α phosphorylation. (A) Role of GDP-GTP exchange on eIF2 in 
translation initiation. eIF2 is a trimer composed of three subunits, α, β, and γ, and binds to guanine nucleotides, such as 
GTP and GDP. For translation initiation, GTP-bound eIF2 recruits the initiator methionyl-tRNA (Met-tRNAi) and in turn 
forms the 43S preinitiation complex with the small ribosomal subunit and the initiation factors eIF1, eIF1A, and eIF3. 
The 43S preinitiation complex is recruited to the 5′ end of mRNA, which is marked with a cap structure, and scans the 5′ 
untranslated region of mRNA for the initiation codon. During this process, GTP on eIF2 is hydrolyzed to GDP, and GDP-
bound eIF2 is released from the translation machinery. eIF2B, which has guanine exchange activity, replaces GDP on 
eIF2 with GTP, and GTP-bound eIF2 enters a new round of translation initiation [18, 19]. (B) Phosphorylation-mediated 
suppression of GDP-GTP exchange on eIF2. Under stressed conditions, serine 51 of eIF2α is rapidly phosphorylated 
by a stress-responsive protein kinase. Phosphorylation of eIF2α transforms eIF2 from a substrate into an inhibitor of 
eIF2B. eIF2B stalls on phosphorylated eIF2 and thus cannot exert its guanine exchange activity. Consequently, eIF2α 
phosphorylation leads to an increase in the GDP-bound form of eIF2, which is inactive for translation initiation, and 
results in attenuation of general protein synthesis [14, 16, 17].
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In human cells, phosphorylation of eIF2α is induced by a wide variety of exogenous as well 
as endogenous stresses, such as amino acid deprivation, UV irradiation, and accumulation of 

unfolded proteins in the ER. Although these stresses are sensed by individual mechanisms, 

multiple stress-induced events converge on a single reaction, namely, eIF2α phosphorylation. 
Thus, eIF2α phosphorylation integrates various stress-induced signals. The stress-induced 
signaling pathway in human and mammalian cells that involves eIF2α phosphorylation and 
downstream ATF4 induction is referred to as the integrated stress response (Figure 3) [12, 24].

2.2.2. Stress-responsive protein kinases

In human and mammalian cells, eIF2α is phosphorylated by four serine/threonine protein 
kinases, which are differentially activated by stress [14, 25]. These protein kinases show 
structural homology in their catalytic domains and are considered to exist in a monomeric 

form under unstressed conditions. Upon stress induction, they undergo homodimerization 

to become catalytically active, followed by autophosphorylation for full activation [26, 27].

PERK (protein kinase RNA-like endoplasmic reticulum kinase) is an ER transmembrane 
protein, and its N-terminal domain resides in the ER lumen and plays a role in sensing 

unfolded proteins. The C-terminal region of PERK is located in the cytoplasm and contains 
a kinase domain. PERK is activated by accumulation of unfolded proteins in the ER and in 
turn phosphorylates eIF2α.

GCN2 (general control nonderepressible 2) is critical for translational suppression under 
amino acid deprivation [28]. GCN2 binds to uncharged transfer RNAs and exerts its catalytic 

Figure 3. Integrated stress response. Eukaryotic cells respond to various stresses by inducing eIF2α phosphorylation 
that leads to suppression of general protein synthesis. Human and mammalian cells possess four stress-responsive 

protein kinases: PERK, GCN2, PKR, and HRI. These protein kinases are differentially activated by stress and in turn 
phosphorylate eIF2α. eIF2α phosphorylation and downstream ATF4 induction are known as the integrated stress 
responses, because different cellular reactions induced by various external cues converge to these reactions. eIF2α 
phosphorylation inhibits cap-dependent initiation of translation and consequently suppresses general protein synthesis. 

A complex of GADD34 and PP1 dephosphorylates eIF2α and serves as a negative feedback mechanism for the integrated 
stress response.
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activity for eIF2α phosphorylation. In addition to amino acid deprivation, GCN2 has been 
reported to be activated by UV irradiation [29] and proteasome inhibition [30], although the 

activation mechanisms remain elusive.

PKR (double-stranded RNA-dependent protein kinase) was originally identified as a pro-

tein kinase activated by double-stranded RNA, which emerges during viral infection [31]. 

Phosphorylation of eIF2α by PKR interferes with translation of viral mRNA and thus serves 
as an antiviral mechanism. In addition, activation of PKR is involved in the pathology of obe-

sity [32] and cancer [33], suggesting various physiological roles of PKR.

Heme-regulated inhibitor (HRI) has physiological roles particularly in erythroid tissues [34]. 

HRI is activated by heme deprivation and phosphorylates eIF2α to reduce globin synthesis 
under low-iron conditions [35].

2.2.3. Recovery from eIF2α phosphorylation-mediated translational suppression

Once stressed conditions end, eIF2α must be dephosphorylated to restore general protein 
synthesis. GADD34 (growth arrest and DNA damage-inducible protein 34) is a critical regula-

tor of eIF2α dephosphorylation, and its activity in the relief of stress responses is controlled 
at both the transcriptional and translational levels. Expression of GADD34 gene is low under 

normal physiological conditions and is activated by various forms of stress. GADD34 mRNA 
is translated by a cap-independent mechanism, in which uORFs in the 5′ UTR of GADD34 
mRNA play critical roles [36]. GADD34 protein forms a complex with protein phosphatase 1 
(PP1), yielding a catalytically active protein phosphatase that specifically catalyzes dephos-

phorylation of eIF2α to relieve translational suppression [37]. Thus, GADD34 constitutes a 
negative feedback mechanism for eIF2α-mediated translational suppression.

2.3. Stress response mediated by 4E-BP1 phosphorylation

Human cells have an alternative mechanism for stress-induced translational suppression, 

which involves 4E-binding protein 1 (4E-BP1) [38]. As mentioned above, most mRNA species 

are translated in a cap-dependent manner. eIF4E binds to the cap structure of mRNA and in 
turn recruits eIF4G and other translation initiation factors, resulting in formation of an active 
translation initiation complex on the 5′ end of mRNA. 4E-BP1 serves as a negative regulator 
of this process. In unstressed conditions, 4E-BP1 is highly phosphorylated at multiple sites, 
suppressing its inhibitory activity. Under energy deprivation and other stressed conditions, 

phosphorylation of 4E-BP1 is substantially decreased, and 4E-BP1 competes with eIF4G for 
binding to eIF4E, thereby inhibiting translation initiation (Figure 4) [38].

Phosphorylation of 4E-BP1 is primarily controlled by mTORC1 (mammalian target of rapamy-

cin complex 1), which is a member of the phosphatidylinositol 3-kinase-related family of 
kinases [39]. Under normal physiological conditions, mTORC1 is catalytically active and sup-

presses the inhibitory activity of 4E-BP1 by phosphorylation. The kinase activity of mTORC1 
is regulated by several cellular proteins, one of which is AMP-activated protein kinase 
(AMPK). AMPK senses the cellular energy status and negatively regulates mTORC1 activity 
[40]. AMPK, mTORC1, and 4E-BP1 constitute a stress-responsive mechanism for translational  
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suppression, independent of eIF2α phosphorylation. Thus, two mechanisms, the eIF2α-
mediated integrated stress response and the 4E-BP1-mediated mechanism, function in transla-

tional suppression in human cells (Figure 4).

3. Pulsed electric fields as a novel physical tool in the life sciences

3.1. Effects of pulsed electric fields on living organisms

Pulsed electric fields (PEFs) refer to high-voltage electric pulses, which are milliseconds, 
microseconds, and nanoseconds in duration. PEFs have different effects on living organisms 
depending on pulse duration (Figure 5). PEFs with duration of milliseconds to microseconds 
primarily act on the cell membrane and cause pore formation. These membrane pores are 
suitable for transfer of macromolecules, such as plasmid DNA and drugs [5, 6]. Therefore, 
exposure of living cells to these PEFs is called electroporation and is commonly used for DNA 
transfection [7]. In addition, these PEFs are used for the introduction of antitumor drugs, 
which is called electrochemotherapy [41, 42]. Because PEFs with duration of milliseconds to 
microseconds primarily act on the cell membrane, these PEFs often induce cell death via cell 
membrane damage.

Recent advances in electrical engineering have enabled the generation of high-voltage elec-

tric pulses for ultrashort periods in the nanosecond range, which are called nanosecond PEFs 

Figure 4. Control of translation initiation mediated by 4E-BP1 phosphorylation. Human cells possess an alternative 
mechanism for translational suppression, which is distinct from the eIF2α phosphorylation-mediated integrated stress 
response. eIF4E and other translation initiation factors form an active complex for initiation of translation at the cap 
structure of mRNA. 4E-BP1 serves as a negative regulator for the complex formation of eIF4E and other factors. (A) 
Under normal conditions, 4E-BP1 is highly phosphorylated by mTORC1 and sequestered from the translation initiation 
complex. (B) Under stressed conditions, such as energy deprivation, mTORC1 kinase activity is reduced, resulting in 
decreased 4E-BP1 phosphorylation, allowing inhibition of eIF4G-eIF4E binding.
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(nsPEFs). It has become increasingly evident that nsPEFs have unique biological actions dis-

tinct from electroporation. The pulse duration of nsPEFs is too short to generate membrane 
pores large enough for entry of macromolecules. Thus, nsPEFs are generally unsuitable for 
DNA transfection and cancer electrochemotherapy. Instead, nsPEFs produce very small mem-

brane pores that allow passage of small molecules, such as ions and water [43–45]. Accordingly, 

exposure of cultured human cells to nsPEFs causes Ca2+ influx and membrane blebbing due to 
ion imbalance across the cell membrane [46–48].

Whereas millisecond-to-microsecond PEFs primarily act on the cell membrane, previous the-

oretical studies have strongly suggested that nsPEFs exert their effects on both the cell mem-

brane and intracellular components [49, 50]. In accordance, extensive biochemical analyses 

have proven that nsPEFs elicit various intracellular responses, as described below.

3.2. Cellular responses to nsPEFs

Recent studies have revealed that nsPEFs elicit different intracellular responses in a manner 
dependent on nsPEF intensity. Figure 6 summarizes the relationship between nsPEF intensity 
and intracellular responses in human cells. Relatively weak nsPEFs do not cause morphologi-
cal changes observable under a microscope, growth retardation, or cell death. However, cells 

rapidly respond to such stimuli by activating multiple intracellular signal pathways, includ-

ing MAPK pathways [51, 52] and AMPK pathway [53]. Intracellular signaling is mediated by 

sequential phosphorylation of proteins in these pathways, leading to expression of down-

stream genes [51, 52]. When moderate-intensity nsPEFs are used, two independent mecha-

nisms for stress responses are activated [54]. Intense nsPEFs efficiently induce cell death  
in vitro [8] as well as in vivo [9].

Figure 5. Comparison between electroporation and nsPEF action. PEFs have different effects on living organisms 
depending on pulse duration. (Left) PEFs with duration of milliseconds to microseconds are widely used for 
electroporation, because these PEFs primarily act on the cell membrane and generate membrane pores suited for 
macromolecule transfer. (Right) nsPEFs generate small membrane pores that permeate small molecules, such as ions 
and water. Furthermore, nsPEFs have been suggested to directly affect intracellular components. Although nsPEFs are 
unsuitable for DNA transfection and cancer electrochemotherapy by electroporation, these PEFs can induce various 
cellular responses, including cell death induction.
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When cultured human cells are exposed to intense nsPEFs, cell-type dependency of cell 
death modes has been observed. For example, apoptosis is induced in HL-60 and Jurkat 
cells by intense nsPEFs [8, 55, 56], whereas necrotic cell death is elicited in several cell lines, 

including U937, K562, and HeLa S3 [56, 57], demonstrating that the cellular context deter-

mines the mode of cell death. Induction of necrosis by intense nsPEFs is a Ca2+-dependent 

process [48, 58], while nsPEF-induced apoptosis is largely unaffected by the presence or 
absence of Ca2+ [58].

Because of the ability of nsPEFs to induce efficient cell death, many studies have attempted to 
apply nsPEFs to cancer therapy and have demonstrated their effectiveness in several mouse 
models [9, 59, 60]. Furthermore, a human clinical trial of nsPEFs for cancer therapy has started 
[61]. For these reasons, nsPEFs have attracted much interest and are increasingly recognized 
as a novel method of cancer therapy.

4. Induction of stress responses by nsPEFs

Previously, nsPEFs have been shown to activate two independent stress-responsive pathways, 
both of which are mediated by protein phosphorylation and result in translational suppres-

sion. First, nsPEFs induce eIF2α phosphorylation via two protein kinases, PERK and GCN2. 
Concomitant with eIF2α phosphorylation, GADD34 expression is elevated. Second, nsPEFs 
cause decreased phosphorylation of 4E-BP1, which is presumably controlled by mTORC1. 
Following induction of these phosphorylation-mediated stress responses, general protein 
synthesis is markedly reduced in nsPEF-exposed cells. Figure 7 represents a summary of 

nsPEF-induced stress responses.

4.1. eIF2α phosphorylation induced by nsPEFs

Most mRNA species are translated in a cap-dependent manner, and eIF2 plays a critical role 
in this process. Under stressed conditions, the activity of eIF2 for translation initiation is sup-

pressed by phosphorylation of its α subunit (eIF2α) [14]. eIF2α phosphorylation is consid-

ered to be a hallmark of induction of the integrated stress response and can be examined by 

Figure 6. Relationship between nsPEF intensity and cellular responses. Exposure of human cells to nsPEFs causes 
different cellular responses, depending on intensity of nsPEFs. Relatively weak nsPEFs activate several signal 
transduction pathways, such as MAPK pathways, and their downstream gene expression without affecting on cell 
viability. Moderate-intensity nsPEFs elicit stress responses and cause growth retardation. Intense nsPEFs induce either 
apoptotic or necrotic cell death in a cell-type-dependent manner and can be used for cancer therapy.
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Western blotting using an antibody specific to phosphorylated eIF2α. When cultured cells are 
exposed to nsPEFs, eIF2α phosphorylation can be detected, indicating that nsPEFs activate 
the integrated stress response [54]. nsPEF-induced eIF2α phosphorylation can be detected in 
all cell lines examined so far, which include HeLa S3, HCT116, Jurkat, and mouse embryonic 
fibroblasts (MEFs). In HeLa S3 cells, eIF2α phosphorylation is detectable within 1 min after 
nsPEF exposure, persists at high levels for 30 min, and decreases thereafter [54]. GADD34 is 
known to play a critical role in recovery from the integrated stress response. Under stressed 

conditions, GADD34 is positively controlled at the transcriptional and translational levels. 
Consistently, expression of GADD34 is significantly activated in nsPEF-exposed cells, sug-

gesting that GADD34 is involved in recovery from the nsPEF-induced stress response [54].

As described above, cellular responses to nsPEFs are dependent on nsPEF intensity (Figure 6). 
Relatively mild nsPEFs activate several signal transduction pathways, such as MAPK path-

ways, but are insufficient to induce eIF2α phosphorylation. Moderate levels of nsPEF inten-

sity are required for induction of eIF2α phosphorylation. Such nsPEFs also cause retardation 
in cell proliferation but not cell death [54]. Intense nsPEFs induce eIF2α phosphorylation and 
cell death. Currently, it remains unknown whether the nsPEF-induced stress response posi-
tively affects cell survival or facilitates cell death induction.

4.2. Participation of PERK and GCN2 in nsPEF-induced eIF2α phosphorylation

Human and mammalian cells have four stress-responsive protein kinases for eIF2α phos-

phorylation. These kinases differentially respond to various forms of stress, and at least one 

Figure 7. Stress responses induced by nsPEFs. nsPEFs affect multiple stress-responsive proteins in the two independent 
signaling pathways, both of which result in suppression of general protein synthesis. The first signaling pathway induced 
by nsPEFs is mediated by eIF2α phosphorylation. nsPEFs activate PERK and GCN2, which in turn phosphorylate eIF2α. 
eIF2α phosphorylation interferes GDP-GTP exchange in translation initiation, resulting in suppression of general protein 
synthesis. The second pathway induced by nsPEFs involves a reduction in 4E-BP1 phosphorylation. 4E-BP1 is highly 
phosphorylated by mTORC1 under normal conditions. nsPEFs cause a decrease in 4E-BP1 phosphorylation, leading to 
inhibition of eIF4G-eIF4E complex formation and consequent suppression of translation initiation. nsPEFs are known to 
activate AMPK, which is known to function as a negative regulator of mTORC1 under energy deprivation conditions. 
AMPK activation may account for the decrease in 4E-BP1 phosphorylation following nsPEF exposure. Direct effects 
of nsPEFs on mTORC1 will be examined by future research. Increased eIF2α phosphorylation and decreased 4E-BP1 
phosphorylation serve as two independent mechanisms for the suppression of general protein synthesis.
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of them is activated for eIF2α phosphorylation [14]. Autophosphorylation is critical for the 

activation of these kinases and can be analyzed by Western blot analysis using antibodies 

against phosphorylated forms of these kinases. In nsPEF-exposed cells, PERK and GCN2 are 
activated, as shown by their autophosphorylation [54]. Experiments using PERK and GCN2 
knockout cells suggest that these kinases play mutually compensatory roles in nsPEF-induced 
eIF2α phosphorylation. MEFs lacking either PERK or GCN2 gene display nsPEF-induced 
eIF2α phosphorylation comparable to that in wild-type cells. However, double-knockout cells 
lacking both PERK and GCN2 genes exhibit a significant reduction in nsPEF-induced eIF2α 
phosphorylation [54]. These observations suggest that PERK and GCN2 perform redundant 
functions in nsPEF-induced eIF2α phosphorylation.

Because PERK is well known to be activated by ER stress, the observation on the nsPEF-induced  
PERK activation raised the possibility that nsPEFs cause ER stress. To clarify this point, down-

stream events in the ER stress pathway were analyzed [54]. The signal pathway induced 
by ER stress generally leads to alterations of gene expression [62]. Transcription of CHOP 

(CCAAT-enhancer-binding protein homologous protein) gene is a major downstream event 
in the ER stress response. In addition, mRNA for XBP1 (X-box-binding protein 1) is known 
to undergo alternative splicing after ER stress induction [63]. However, quantitative RT-PCR 
analysis of CHOP and XBP1 mRNAs demonstrated that nsPEF-exposed cells showed nei-
ther elevated CHOP expression nor altered XBP1 splicing. Furthermore, UV irradiation has 
been reported to induce activation of GCN2 and transcription of downstream genes, such as 
GADD45 (growth arrest and DNA damage-inducible 45) [64, 65], but quantitative RT-PCR 
analysis showed no substantial changes in these mRNAs in nsPEF-exposed cells. These obser-

vations indicate that nsPEFs exert their effects in a manner that is distinct from ER stress or 
UV irradiation, although nsPEFs activate PERK and GCN2 [54].

4.3. Decreased 4E-BP1 phosphorylation by nsPEFs

In addition to the eIF2α-mediated response, a distinct mechanism involving 4E-BP1 phos-

phorylation is known to play a critical role in stress-induced translational suppression [38]. 

Under normal physiological conditions, 4E-BP1 is highly phosphorylated by mTORC1 [39], 

and hyperphosphorylation suppresses its inhibition of cap-dependent translation initiation. 

Stressed conditions, particularly energy deprivation, reduce mTORC1 activity and result in 
decreased 4E-BP1 phosphorylation. 4E-BP1 at low phosphorylation status interferes with 
assembly of translation factors on the cap structure of mRNAs and thereby suppresses gen-

eral protein synthesis (Figure 4). In nsPEF-exposed cells, 4E-BP1 phosphorylation is rapidly 
decreased [54], suggesting that nsPEFs activate stress responses mediated by 4E-BP1 phos-

phorylation. The decrease in 4E-BP1 phosphorylation is indistinguishable between wild-type 
cells and PERK/GCN2 double-knockout cells, supporting the idea that nsPEFs activate two 
independent mechanisms.

The decrease in 4E-BP1 phosphorylation following nsPEF exposure suggests that nsPEFs 
cause a reduction in the catalytic activity of mTORC1. A previous study demonstrated that 
AMPK is rapidly activated by nsPEFs [53]. AMPK functions as an energy sensor and is acti-
vated by elevated intracellular AMP levels, which are primarily caused by energy deprivation 
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[40]. The catalytic activity of mTORC1 is well known to be negatively regulated by AMPK 
[39]. A previous study has demonstrated that, concomitant with AMPK activation, nsPEFs 
induce phosphorylation of AMPK substrates, such as acetyl-CoA carboxylase-2 [53], suggest-

ing that nsPEF-activated AMPK also phosphorylates other substrates, including mTORC1. 
Although mTORC1 catalytic activity has not been examined in nsPEF-exposed cells yet, the 
above observations suggest that AMPK downregulates mTORC1, leading to reduced 4E-BP1 
phosphorylation in nsPEF-exposed cells (Figure 7).

4.4. Suppression of general protein synthesis by nsPEFs

As described above, nsPEFs cause elevated eIF2α phosphorylation and decrease 4E-BP1 
phosphorylation, both of which are known to be involved in suppression of general pro-

tein synthesis. To test whether exposure to nsPEFs actually leads to translational suppres-

sion, measurement of protein synthesis rates was required. To this end, metabolic labeling of 
newly synthesized proteins with radioactive amino acids was employed [54]. Figure 8 shows 

an outline of metabolic labeling using 35S-labeled amino acids. Using this method, suppres-

sion of general protein synthesis in nsPEF-exposed cells was demonstrated [54]. After nsPEF 
exposure, overall protein synthesis quickly decreased, and maximum suppression of pro-

tein synthesis was observed at 30 min. Protein synthesis in nsPEF-exposed cells recovered to 
approximately 80% within 2 h. When cells were treated with UV irradiation, general protein 
synthesis decreased gradually for several hours. Compared to UV irradiation, nsPEFs cause 
acute translational suppression, and recovery is more rapid than in UV-irradiated cells.

5. Conclusion

Exposure of cultured human cells to nsPEFs elicits two distinct stress responses, both of 
which are controlled by phosphorylation of translation initiation factors. nsPEFs rapidly 
induce eIF2α phosphorylation and concomitant activation of the stress-responsive kinases, 

Figure 8. Measurement of protein synthesis rates by metabolic labeling of newly synthesized proteins with radioactive 
amino acids. A rate of protein synthesis can be measured as incorporation of radioactive amino acids into cellular 

proteins. Following appropriate treatment, such as nsPEF exposure, cells are incubated in culture medium containing 
35S-labeled methionine and cysteine. During incubation, cells use radioactive amino acids to synthesize proteins, yielding 
35S-labeled proteins. Following preparation of whole-cell lysate, the protein fraction is separated from the free amino 
acids, and the radioactivity incorporated into the proteins is quantified by liquid scintillation counting.
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PERK and GCN2. In addition, nsPEFs cause decreased 4E-BP1 phosphorylation and AMPK 
activation, which appear to constitute a stress response pathway involving mTORC1. nsPEFs 
elicit acute suppression of general protein synthesis via two reactions for inhibition of transla-

tion initiation. Collectively, these findings clearly indicate that nsPEFs act as a novel form of 
cellular stress and suppress general protein synthesis.

Although the identification of key events in nsPEF-induced stress responses has significantly 
advanced our understanding of the biological effects of nsPEFs, several critical questions remain 
to be elucidated. First, the site of action of nsPEFs for eIF2α-mediated stress response is currently 
unclear. Because PERK and GCN2 are the most upstream molecules in their signaling pathways, 
nsPEFs may act directly on these kinases, causing eIF2α phosphorylation. Second, the decrease in 
4E-BP1 phosphorylation and the activation of AMPK strongly suggest that mTORC1 participates 
in the nsPEF-induced stress response, because energy deprivation sequentially causes AMPK 
activation, reduced mTORC1 activity, and consequent decreased phosphorylation of 4E-BP1. 
To test this idea, the relationships among AMPK, mTORC1, and 4E-BP1 in nsPEF-exposed cells 
should be investigated in detail. Furthermore, analysis of effects of nsPEFs on cellular energy 
levels is also important for understanding how nsPEFs control 4E-BP1 phosphorylation.

Finally, the significance of nsPEF-induced stress responses for cell survival should be deter-

mined. Suppression of general protein synthesis under stressed conditions conserves bio-

logical resources and is regarded as an important mechanism for cell survival [2]. However, 

prolonged activation of stress responses often has an opposite effect, facilitating the induction 
of cell death, presumably because elimination of overstressed cells is beneficial for the body 
[10, 14]. Currently, it remains unclear whether nsPEF-induced stress responses serve as a 
prosurvival mechanism or serve to facilitate cell death induction. Future efforts will focus 
on understanding the contribution of nsPEF-induced stress responses to cell survival and 
death. Previous studies have revealed the unique effects of nsPEFs as a novel form of cellular 
stress. More detailed understanding of the molecular mechanisms and biological importance 
of nsPEF-induced stress responses will pave the way toward more effective applications of 
this novel technology in a wide range of biomedical sciences.

Acknowledgements

This work was supported by JSPS KAKENHI grant numbers 26350540 and 16H02311 and by 
a grant from the SEI Group CSR Foundation.

Author details

Ken-ichi Yano* and Keiko Morotomi-Yano

*Address all correspondence to: yanoken@kumamoto-u.ac.jp

Institute of Pulsed Power Science, Kumamoto University, Kumamoto, Japan

Phosphorylation-Mediated Control of Stress Responses Induced by Nanosecond Pulsed Electric ...
http://dx.doi.org/10.5772/intechopen.69782

109



References

[1] Alberts B, Johnson A, Lewis J, Morgan D, Raff M, Roberts K and Walter P. Molecular 
Biology of the Cell, 6th ed. Garland Publishing, Inc; New York, NY, USA; 2014

[2] Leprivier G, Rotblat B, Khan D, Jan E and Sorensen PH. Stress-mediated translational 
control in cancer cells. Biochimica et Biophysica Acta. 2015;1849:845-860

[3] Duennwald ML. Cellular stress responses in protein misfolding diseases. Future Science 
OA. 2015;1:FSO42

[4] Grootjans J, Kaser A, Kaufman RJ and Blumberg RS. The unfolded protein response in 
immunity and inflammation. Nature Reviews Immunology. 2016;16:469-484

[5] Rems L and Miklavcic D. Tutorial: Electroporation of cells in complex materials and tis-

sue. Journal of Applied Physics. 2016;119:201101

[6] Teissie J. Electropermeabilization of the cell membrane. Methods in Molecular Biology. 
2014;1121:25-46

[7] Heller R and Heller LC. Gene electrotransfer clinical trials. Advances in Genetics. 
2015;89:235-262

[8] Beebe SJ, Fox PM, Rec LJ, Willis EL and Schoenbach KH. Nanosecond, high-intensity 
pulsed electric fields induce apoptosis in human cells. FASEB Journal. 2003;17:1493-1495

[9] Nuccitelli R, Chen X, Pakhomov AG, Baldwin WH, Sheikh S, Pomicter JL, Ren W, 
Osgood C, Swanson RJ, Kolb JF et al. A new pulsed electric field therapy for melanoma 
disrupts the tumor's blood supply and causes complete remission without recurrence. 

International Journal of Cancer. 2009;125:438-445

[10] Woehlbier U and Hetz C. Modulating stress responses by the UPRosome: A matter of life 
and death. Trends in Biochemical Sciences. 2011;36:329-337

[11] Sano R and Reed JC. ER stress-induced cell death mechanisms. Biochimica et Biophysica 
Acta. 2013;1833:3460-3470

[12] Pakos-Zebrucka K, Koryga I, Mnich K, Ljujic M, Samali A and Gorman AM. The inte-

grated stress response. EMBO Reports. 2016;17:1374-1395

[13] Hinnebusch AG. Translational regulation of GCN4 and the general amino acid control 
of yeast. Annual Review of Microbiology. 2005;59:407-450

[14] Koromilas AE. Roles of the translation initiation factor eIF2alpha serine 51 phosphoryla-

tion in cancer formation and treatment. Biochimica et Biophysica Acta. 2015;1849:871-880

[15] Proud CG. eIF2 and the control of cell physiology. Seminars in Cell and Developmental 
Biology. 2005;16:3-12

[16] Spriggs KA, Bushell M and Willis AE. Translational regulation of gene expression dur-

ing conditions of cell stress. Molecular Cell. 2010;40:228-237

Protein Phosphorylation110



[17] Rowlands AG, Panniers R and Henshaw EC. The catalytic mechanism of guanine nucle-

otide exchange factor action and competitive inhibition by phosphorylated eukaryotic 

initiation factor 2. Journal of Biological Chemistry. 1988;263:5526-5533

[18] Sonenberg N and Hinnebusch AG. Regulation of translation initiation in eukaryotes: 
Mechanisms and biological targets. Cell. 2009;136:731-745

[19] Hinnebusch AG. The scanning mechanism of eukaryotic translation initiation. Annual 
Review of Biochemistry. 2014;83:779-812

[20] Dang Do AN, Kimball SR, Cavener DR and Jefferson LS. eIF2alpha kinases GCN2 and 
PERK modulate transcription and translation of distinct sets of mRNAs in mouse liver. 
Physiological Genomics. 2009;38:328-341

[21] Baird TD and Wek RC. Eukaryotic initiation factor 2 phosphorylation and translational 
control in metabolism. Advances in Nutrition. 2012;3:307-321

[22] Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M, Sadri N, Yun C, Popko B, 
Paules R, et al. An integrated stress response regulates amino acid metabolism and resis-

tance to oxidative stress. Molecular Cell. 2003;11:619-633

[23] Vattem KM and Wek RC. Reinitiation involving upstream ORFs regulates ATF4 mRNA 
translation in mammalian cells. Proceedings of the National Academy of Sciences of the 
United States of America. 2004;101:11269-11274

[24] Ron D. Translational control in the endoplasmic reticulum stress response. Journal of 
Clinical Investigation. 2002;110:1383-1388

[25] Donnelly N, Gorman AM, Gupta S and Samali A. The eIF2alpha kinases: Their struc-

tures and functions. Cellular and Molecular Life Sciences. 2013;70:3493-3511

[26] Dey M, Cao C, Dar AC, Tamura T, Ozato K, Sicheri F and Dever TE. Mechanistic link 
between PKR dimerization, autophosphorylation, and eIF2alpha substrate recognition. 
Cell. 2005;122:901-913

[27] Lavoie H, Li JJ, Thevakumaran N, Therrien M and Sicheri F. Dimerization-induced allo-

stery in protein kinase regulation. Trends in Biochemical Sciences. 2014;39:475-486

[28] Zhang P, McGrath BC, Reinert J, Olsen DS, Lei L, Gill S, Wek SA, Vattem KM, Wek RC, 
Kimball SR, et al. The GCN2 eIF2alpha kinase is required for adaptation to amino acid 
deprivation in mice. Molecular Cell. Biology. 2002;22:6681-6688

[29] Deng J, Harding HP, Raught B, Gingras AC, Berlanga JJ, Scheuner D, Kaufman RJ, Ron D 
and Sonenberg N. Activation of GCN2 in UV-irradiated cells inhibits translation. Current 
Biology. 2002;12:1279-1286

[30] Jiang HY and Wek RC. Phosphorylation of the alpha-subunit of the eukaryotic initiation 
factor-2 (eIF2alpha) reduces protein synthesis and enhances apoptosis in response to 
proteasome inhibition. Journal of Biological Chemistry. 2005;280:14189-14202

Phosphorylation-Mediated Control of Stress Responses Induced by Nanosecond Pulsed Electric ...
http://dx.doi.org/10.5772/intechopen.69782

111



[31] Meurs E, Chong K, Galabru J, Thomas NS, Kerr IM, Williams BR and Hovanessian AG. 
Molecular cloning and characterization of the human double-stranded RNA-activated 
protein kinase induced by interferon. Cell. 1990;62:379-390

[32] Nakamura T, Furuhashi M, Li P, Cao H, Tuncman G, Sonenberg N, Gorgun CZ and 
Hotamisligil GS. Double-stranded RNA-dependent protein kinase links pathogen sens-

ing with stress and metabolic homeostasis. Cell. 2010;140:338-348

[33] Kim SH, Gunnery S, Choe JK and Mathews MB. Neoplastic progression in melanoma 
and colon cancer is associated with increased expression and activity of the interferon-

inducible protein kinase, PKR. Oncogene. 2002;21:8741-8748

[34] Crosby JS, Lee K, London IM and Chen JJ. Erythroid expression of the heme-regulated 
eIF-2 alpha kinase. Molecular and Cellular Biology. 1994;14:3906-3914

[35] Han AP, Yu C, Lu L, Fujiwara Y, Browne C, Chin G, Fleming M, Leboulch P, Orkin SH and 
Chen JJ. Heme-regulated eIF2alpha kinase (HRI) is required for translational regulation 
and survival of erythroid precursors in iron deficiency. EMBO Journal. 2001;20:6909-6918

[36] Lee YY, Cevallos RC and Jan E. An upstream open reading frame regulates translation 
of GADD34 during cellular stresses that induce eIF2alpha phosphorylation. Journal of 
Biological Chemistry. 2009;284:6661-6673

[37] Novoa I, Zeng H, Harding HP and Ron D. Feedback inhibition of the unfolded pro-

tein response by GADD34-mediated dephosphorylation of eIF2alpha. Journal of Cell 
Biology. 2001;153:1011-1022

[38] Ma XM and Blenis J. Molecular mechanisms of mTOR-mediated translational control. 
Nature Reviews Molecular Cell Biology. 2009;10:307-318

[39] Heberle AM, Prentzell MT, van Eunen K, Bakker BM, Grellscheid SN and Thedieck K. 
Molecular mechanisms of mTOR regulation by stress. Molecular and Cellular Oncology. 
2015;2:e970489

[40] Hardie DG and Ashford ML. AMPK: Regulating energy balance at the cellular and 
whole body levels. Physiology (Bethesda). 2014;29:99-107

[41] Mir LM. Electroporation-based gene therapy: Recent evolution in the mechanism descrip-

tion and technology developments. Methods in Molecular Biology. 2014;1121:3-23

[42] Miklavcic D, Mali B, Kos B, Heller R and Sersa G. Electrochemotherapy: From the draw-

ing board into medical practice. Biomedical Engineering Online. 2014;13:29

[43] Vernier PT, Sun Y and Gundersen MA. Nanoelectropulse-driven membrane perturba-

tion and small molecule permeabilization. BMC Cell Biology. 2006;7:37

[44] Pakhomov AG, Kolb JF, White JA, Joshi RP, Xiao S and Schoenbach KH. Long-lasting 
plasma membrane permeabilization in mammalian cells by nanosecond pulsed electric 

field (nsPEF). Bioelectromagnetics. 2007;28:655-663

Protein Phosphorylation112



[45] Silve A, Leray I and Mir LM. Demonstration of cell membrane permeabilization to 
medium-sized molecules caused by a single 10 ns electric pulse. Bioelectrochemistry. 
2012;87:260-264

[46] Vernier PT, Sun Y, Marcu L, Salemi S, Craft CM and Gundersen MA. Calcium bursts induced 
by nanosecond electric pulses. Biochemical and Biophysical Research Communications. 
2003;310:286-295

[47] White JA, Blackmore PF, Schoenbach KH and Beebe SJ. Stimulation of capacitative cal-
cium entry in HL-60 cells by nanosecond pulsed electric fields. Journal of Biological 
Chemistry. 2004;279:22964-22972

[48] Pakhomova ON, Gregory B, Semenov I and Pakhomov AG. Calcium-mediated pore 
expansion and cell death following nanoelectroporation. Biochimica et Biophysica Acta. 

2014;1838:2547-2554

[49] Schoenbach KH, Beebe SJ and Buescher ES. Intracellular effect of ultrashort electrical 
pulses. Bioelectromagnetics. 2001;22:440-448

[50] Beebe SJ and Schoenbach KH. Nanosecond pulsed electric fields: A new stimulus to acti-
vate intracellular signaling. Journal of Biomedicine and Biotechnology. 2005;2005:297-300

[51] Morotomi-Yano K, Uemura Y, Katsuki S, Akiyama H and Yano K. Activation of the JNK 
pathway by nanosecond pulsed electric fields. Biochemical and Biophysical Research 
Communications. 2011;408:471-476

[52] Morotomi-Yano K, Akiyama H and Yano K. Nanosecond pulsed electric fields acti-
vate MAPK pathways in human cells. Archives of Biochemistry and Biophysics. 
2011;515:99-106

[53] Morotomi-Yano K, Akiyama H and Yano K. Nanosecond pulsed electric fields activate 
AMP-activated protein kinase: Implications for calcium-mediated activation of cellular 
signaling. Biochemical and Biophysical Research Communications. 2012;428:371-375

[54] Morotomi-Yano K, Oyadomari S, Akiyama H and Yano K. Nanosecond pulsed electric 
fields act as a novel cellular stress that induces translational suppression accompanied by 
eIF2alpha phosphorylation and 4E-BP1 dephosphorylation. Experimental Cell Research. 
2012;318:1733-1744

[55] Ren W, Sain NM and Beebe SJ. Nanosecond pulsed electric fields (nsPEFs) activate intrin-

sic caspase-dependent and caspase-independent cell death in Jurkat cells. Biochemical 
and Biophysical Research Communications. 2012;421:808-812

[56] Morotomi-Yano K, Akiyama H and Yano K. Nanosecond pulsed electric fields induce 
poly(ADP-ribose) formation and non-apoptotic cell death in HeLa S3 cells. Biochemical 
and Biophysical Research Communications. 2013;438:557-562

[57] Pakhomova ON, Gregory BW, Semenov I and Pakhomov AG. Two modes of cell death 
caused by exposure to nanosecond pulsed electric field. PLoS One. 2013;8:e70278

Phosphorylation-Mediated Control of Stress Responses Induced by Nanosecond Pulsed Electric ...
http://dx.doi.org/10.5772/intechopen.69782

113



[58] Morotomi-Yano K, Akiyama H and Yano K. Different involvement of extracellular cal-
cium in two modes of cell death induced by nanosecond pulsed electric fields. Archives 
of Biochemistry and Biophysics. 2014;555-556:47-54

[59] Nuccitelli R, Tran K, Athos B, Kreis M, Nuccitelli P, Chang KS, Epstein EH, Jr. and 
Tang JY. Nanoelectroablation therapy for murine basal cell carcinoma. Biochemical and 
Biophysical Research Communications. 2012;424:446-450

[60] Nuccitelli R, Huynh J, Lui K, Wood R, Kreis M, Athos B and Nuccitelli P. 
Nanoelectroablation of human pancreatic carcinoma in a murine xenograft model with-

out recurrence. International Journal of Cancer. 2013;132:1933-1939

[61] Nuccitelli R, Wood R, Kreis M, Athos B, Huynh J, Lui K, Nuccitelli P and Epstein EH, 
Jr. First-in-human trial of nanoelectroablation therapy for basal cell carcinoma: Proof of 
method. Experimental Dermatology. 2014;23:135-137

[62] Szegezdi E, Logue SE, Gorman AM and Samali A. Mediators of endoplasmic reticulum 
stress-induced apoptosis. EMBO Reports. 2006;7:880-885

[63] Yoshida H, Matsui T, Yamamoto A, Okada T and Mori K. XBP1 mRNA is induced by 
ATF6 and spliced by IRE1 in response to ER stress to produce a highly active transcrip-

tion factor. Cell. 2001;107:881-891

[64] Takekawa M and Saito H. A family of stress-inducible GADD45-like proteins mediate 
activation of the stress-responsive MTK1/MEKK4 MAPKKK. Cell. 1998;95:521-530

[65] Campbell KJ, Rocha S and Perkins ND. Active repression of antiapoptotic gene expres-

sion by RelA(p65) NF-kappa B. Molecular Cell. 2004;13:853-865

Protein Phosphorylation114


