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Abstract: The aim of this study is to elucidate the detailed mechanism of endoplasmic reticulum
(ER) stress-induced auditory cell death based on the function of the initiator caspases and molecular
complex of necroptosis. Here, we demonstrated that ER stress initiates not only caspase-9-dependent
intrinsic apoptosis along with caspase-3, but also receptor-interacting serine/threonine kinase
(RIPK)1-dependent necroptosis in auditory cells. We observed the ultrastructural characteristics of
both apoptosis and necroptosis in tunicamycin-treated cells under transmission electron microscopy
(TEM). We demonstrated that ER stress-induced necroptosis was dependent on the induction of
RIPK1, negatively regulated by caspase-8 in auditory cells. Our data suggested that ER stress-induced
intrinsic apoptosis depends on the induction of caspase-9 along with caspase-3 in auditory cells.
The results of this study reveal that necroptosis could exist for the alternative backup cell death
route of apoptosis in auditory cells under ER stress. Interestingly, our data results in a surge in the
recognition that therapies aimed at the inner ear protection effect by caspase inhibitors like zVAD-fmk
might arrest apoptosis but can also have the unanticipated effect of promoting necroptosis. Thus,
RIPK1-dependent necroptosis would be a new therapeutic target for the treatment of sensorineural
hearing loss due to ER stress.

Keywords: endoplasmic reticulum stress; necroptosis; apoptosis; auditory cells

1. Introduction

The endoplasmic reticulum (ER) is the central cellular organelle responsible for synthesis and
maturation of transmembrane and secretory proteins [1,2]. The ER stress is the intracellular stress
caused by the accumulation of unfolded or misfolded proteins in the ER lumen [3]. Under ER
stress, unfolded protein response (UPR), the adaptive system conserved from yeast to eukaryotic cells,
is activated to restore ER homeostasis [4]. However, sustained ER stress ultimately leads to cell death [5].
Accumulating evidence suggests that ER stress-induced cellular dysfunction and death is involved in
the pathogenesis of several human diseases, such as neurodegenerative diseases, psychiatric diseases,
and aging [6–8]. Furthermore, it has been reported that ER stress results in acute sensorineural hearing
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loss or age-related hearing loss, inducing apoptosis in auditory cells [9–11]. However, it is clinically
difficult to attribute the hearing loss to apoptosis (programmed cell death) because the hearing level
varies widely in the treatment process.

Historically, cell death has been divided into three types based on morphological criteria; type I
(apoptosis), type II (autophagic cell death), and type III (necrosis) [12,13]. It has been widely reported
that ER stress induces apoptosis, which relies on the activation of caspase cascades [14]. Specific
morphological characteristics of apoptotic cells are cell shrinkage, chromatin condensation, and nucleus
fragmentation [13]. The morphologic features of apoptosis result from the activation of caspases,
like caspase-3 [15]. Tunicamycin is one of the widely used ER stress inducers [16]. It inhibits N-linked
glycosylation of immature proteins [17], which leads to the accumulation of misfolded or unfolded
proteins in the ER and ultimately results in cell death [18]. Some reports have demonstrated that the
treatment of tunicamycin-induced apoptosis is characterized by the expression of C/EBP homologous
protein (CHOP), a specific ER stress-associated pro-apoptotic factor, in hair cells and spinal ganglion
cells in the cochlea [9,10]. The ER stress-induced apoptosis in hair cells and spinal ganglion cells
caused sensorineural hearing loss [9–11]. Recently, it has been appreciated that various types of
non-apoptotic cell deaths, like necroptosis, exist [19]. Necroptosis is a programmed necrotic cell
death, defined as a distinct form of cell death that is caspase-independent and mediated through the
formation of the receptor-interacting serine/threonine kinase (RIPK)1/RIPK3 complex called necrosome.
Necroptosis is involved in many pathological processes of human diseases, such as ischemic brain
injury, injury-induced inflammatory, and neurodegenerative diseases [20–22]. Mixed lineage kinase
domain-like protein (MLKL) is a key downstream factor of RIPK3 in the necroptosis pathway. During
RIPK3 activation, MLKL is translocated to the plasma membrane where it causes membrane lysis,
which eventually results in necroptosis [23–26]. A report has demonstrated that there is the crosstalk
between apoptosis and necroptosis through caspase-8 [27]. Specifically, apoptosis inhibits necroptosis
by RIPK1 cleavage through the activation of caspase-8 [28]. This indicates that caspase-8 functions as
an important negative regulator of RIPK1. However, the crosstalk between apoptosis and necroptosis
through caspase-8 and RIPK1 in auditory cells remains unclear.

Recently, several reports have suggested that ER stress causes necroptosis [29–32]. The induction of
ER stress by tunicamycin caused necroptosis in fibroblasts has also been indicated [33,34]. Endoplasmic
reticulum stress is widely reported to induce caspase-dependent apoptosis through an intrinsic
pathway [14]. Apoptosis occurs through two main pathways, extrinsic and intrinsic pathway.
The extrinsic pathway originates from the activation of cell-surface death receptors and results in the
activation of initiator caspase-8. The intrinsic pathway originates from the mitochondrial release of
cytochrome c and associated activation of initiator caspase-9 [35]. The initiator caspases, caspase-8
and caspase-9, cleave inactive forms of effector caspase-3, thereby activating them. Effector caspase-3,
in turn, cleave other protein substrates in the cell, resulting in the apoptotic process [14,36]. However,
the function of the initiator caspases on ER stress-induced apoptosis and necroptosis has not been
elucidated in auditory cells.

We have reported on the crosstalk between the ER stress signaling pathway and autophagy in
auditory cells [37]. However, the detailed mechanism of ER stress-induced auditory cell death based
on the function of the initiator caspases and molecular complex of necroptosis remained unclear.
The investigation of the mechanisms of ER stress-induced cell death in auditory cells focusing on the
association of necroptosis and apoptosis can make a major contribution to the understanding of the
pathogenesis of inner ear diseases, including sensorineural hearing loss. Furthermore, understanding
the precise mechanisms of ER stress-induced cell death in auditory cells could provide significant
therapeutic insights and lead to the development of novel therapeutics. Therefore, we investigated the
mechanism of ER stress-induced cell death in auditory cells.
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2. Results

2.1. ER Stress Induces Not Only Apoptosis but also Necroptosis in HEI-OC1 Cells

Sustained ER stress induces auditory cell death (Figure 1a) [37]. To detect the cell death
modality induced by ER stress, first we observed the morphology of tunicamycin-treated cells by
transmission electron microscopy (TEM) (Figure 1b and Figure S1a). Transmission electron microscopy
revealed that cells in the control condition exhibited normal nuclei and organelles. In contrast,
cells treated with tunicamycin displayed condensed cytosol and marginalized chromatin and nuclear
fragmentations, which were typical morphological characteristics of apoptosis. On the other hand,
some tunicamycin-treated auditory cells showed a disrupted plasma membrane, translucent cytoplasm,
swollen mitochondria, and preserved nuclear membrane. These morphological changes indicated
characteristics of necroptosis [21,38,39].
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represented as means ± S.D. of three or more independent studies (* p < 0.05 and *** p < 0.001 compared
to the control group, determined using unpaired Student’s t-test). (b) Representative transmission
electron microscopy photomicrographs of HEI-OC1 cells treated with tunicamycin (50 µg/mL for 24 h).
The control cells showed normal cell organelles and nucleus. (upper left panel, 5000×magnification).
Apoptotic cells showed condensed cytosol and marginalized chromatin and nuclear fragmentation
(upper right panel, 5000× magnification). Necroptotic cells showed disrupted plasma membrane,
translucent cytoplasm, swelled organelles, and preserved nuclear membrane (lower panel, left: 5000×
and right: 20,000× magnifications). Transmission electron microscopy images of low magnifying
scales are presented in Figure S1a. (c,d) Flow cytometry analysis showed that tunicamycin treatment
(50 µg/mL for 24 h) increased the populations of late apoptotic and necrotic cells (Annexin V+, PI+).
The data are shown as means ± S.D. of three or more independent studies (*** p < 0.001 compared
to the 0 h group, determined using unpaired Student’s t-test). (e–h) Representative Western blots
showing the expressions of IRE1-α, XBP1s, and cleaved/full-length caspase-3 in tunicamycin-treated
cells (50 µg/mL for 48 h). β-actin was included as the loading control. The expressions of IRE1-α,
XBP1s, and cleaved/full length caspase-3 were detected, and the means ± S.D. (fold changes compared
to the control group) of three or more independent studies were presented (** p < 0.01 compared to
the 0 h group, determined using one-way ANOVA followed by Bonferroni test). Full-length blots are
presented in Figure S1b–f.

Then, we performed flow cytometry analysis and evaluated the expression of cleaved/full-length
caspase-3 by Western blot analysis to clarify the differences between apoptosis and necroptosis
(Figure 1c–h). Indeed, flow cytometry analysis also showed that tunicamycin treatment induced the
increase in populations of both late apoptotic and necrotic cells. Western blot analysis revealed increased
expression levels of the ER stress marker inositol-requiring protein1α (IRE1α) and spliced X-box-binding
protein 1 (XBP1s), and the apoptosis marker cleaved/full-length caspase-3 in tunicamycin-treated cells.
These results suggested ER stress induced apoptosis in auditory cells.

On the basis of these findings, we hypothesized that ER stress could induce not only apoptosis,
but also necroptosis in auditory cells. In order to investigate whether ER stress by tunicamycin
induces necroptosis in auditory cells after pretreatment with necrostatin-1 (Nec-1), a RIPK1 allosteric
inhibitor, cells were treated with tunicamycin and then the cell viability was measured. As shown in
Figure 2a, the cell viability in the cells treated with tunicamycin, in combination with Nec-1, significantly
increased more than that of the cells treated with tunicamycin alone. Next, we knocked down (KD)
RIPK3 using small interfering RNA (siRNA) and then evaluated the cell viability (Figure 2b–d).
Tunicamycin-treated RIPK3 KD cells showed a significant increase in cell viability compared with
tunicamycin-treated si-control cells. It has been reported that MLKL is a key molecule mediating
necroptosis downstream of RIPK3 [23–26]. In order to investigate whether MLKL is involved in the
necroptosis signaling pathway in auditory cells, after pretreatment with necrosulfonamide (NSA),
an MLKL allosteric inhibitor, cells were treated with tunicamycin, and then the cell viability was
measured. As shown in Figure 2e, the viability of the cells treated with tunicamycin, in combination
with NSA, significantly increased more than that of the cells treated with tunicamycin alone. Next,
we performed a co-immunoprecipitation assay to detect the direct interaction between RIPK1, RIPK3,
and MLKL. Co-immunoprecipitation revealed that physical interactions between RIPK1, RIPK3,
and MLKL in tunicamycin-treated cells (Figure 2f). These results suggested that MLKL was involved
in ER stress-induced necroptosis signaling pathway in auditory cells. Taken together, these results
suggested that ER stress induced not only apoptosis, but also necroptosis in auditory cells.
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Figure 2. ER stress induces necroptosis in HEI-OC1 cells. (a) After Nec-1 treatment (20 µM for 24 h),
the cells were treated with tunicamycin (50 µg/mL for 48 h), and cell viability was determined by
trypan blue staining. The data are represented as means ± S.D. of three or more independent studies
(** p < 0.01 and *** p < 0.001 compared to the control group, determined using unpaired Student’s
t-test). (b) After transfection with RIPK3 and control siRNA for 48 h, the cells were treated with
tunicamycin (50 µg/mL for 48 h), and cell viability was determined by trypan blue staining. The data
are represented as means ± S.D. of three or more independent studies (* p < 0.05 and ** p < 0.01
compared to the control group, determined using unpaired Student’s t-test). (c,d) Representative
Western blots showing the expression of RIPK3 in RIPK3 KD cells. β-actin was included as the loading
control. The expression of RIPK3 was detected, and the means ± S.D. (fold changes compared to the
control group) of three or more independent studies were presented (*** p < 0.001 compared to the
control group, determined using unpaired Student’s t-test). Full-length blots are presented in Figure
S2a,b. (e) After NSA treatment (2.5 µM for 24 h), the cells were treated with tunicamycin (50 µg/mL for
48 h), and cell viability was determined by trypan blue staining. The data are represented as means ±
S.D. of three or more independent studies (* p < 0.05 and ** p < 0.01 compared to the control group,
determined using unpaired Student’s t-test). (f) Co-immunoprecipitation revealed physical interactions
between RIPK1, RIPK3, and MLKL in tunicamycin-treated cells (50 µg/mL for 24 h). Data presented are
representative of three independent experiments. Full-length blots are presented in Figure S2c–e.

2.2. ER Stress Induces RIPK1-Dependent Necroptosis in HEI-OC1 Cells

We investigated whether ER stress induces either caspase-dependent or -independent cell death
using Z-Val-Ala-Asp-fluoromethylketone (zVAD-fmk), a pan-caspase inhibitor before tunicamycin
treatment for clarifying differences between apoptosis and necroptosis in auditory cells. Surprisingly,
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the cell viability was significantly decreased, although the expression level of cleaved/full-length
caspase-3 was significantly suppressed in zVAD-fmk-treated cells (Figure 3a–c). These results suggest
that caspase-3-independent pathway exists in auditory cell death induced by ER stress. We then
evaluated the expression of RIPK1 in zVAD-fmk-treated cells by Western blot analysis to uncover
the function of RIPK1 as a mediator of necroptosis in auditory cells under ER stress. Importantly,
the expression level of RIPK1 was significantly increased in zVAD-fmk-treated cells (Figure 3b,d).
Flow cytometry analysis showed a significant increase in the population of both late apoptotic and
necrotic cells in the cells treated with tunicamycin in combination with zVAD-fmk compared with
the cells treated with tunicamycin alone (Figure 3e,f). Taken together, these results suggested that ER
stress-induced necroptosis might be dependent on RIPK1 in auditory cells.
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Figure 3. ER stress induces RIPK1-dependent necroptosis in HEI-OC1 cells. (a) After treatment with
zVAD-fmk (20 µM for 5 h), the cells were treated with tunicamycin (50 µg/mL for 48 h), and cell
viability was determined by trypan blue staining. The data are represented as means ± S.D. of three
or more independent studies (* p < 0.05 and ** p < 0.01 compared to the control group, determined
using unpaired Student’s t-test). (b–d) Representative Western blots showing the expressions of
the cleaved-/full-length caspase-3 and RIPK1 in zVAD-fmk-treated cells after tunicamycin treatment
(50 µg/mL for 48 h). β-actin was included as the loading control. The expressions of cleaved/full-length
caspase-3 and RIPK1 were detected, and the means ± S.D. (fold changes compared to the control group)
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of three or more independent studies were presented (** p < 0.01 and *** p < 0.001 compared to the
control group, determined using unpaired Student’s t-test). Full-length blots are presented in Figure
S3a–d. (e,f) Flow cytometry analysis showed an increase in the populations of late apoptotic and
necrotic cells (Annexin V+, PI+) in zVAD-fmk-treated cells after tunicamycin treatment (50 µg/mL
for 24 h). The data are shown as means ± S.D. of three or more independent studies (* p < 0.05 and
** p < 0.01 compared to the control group, ## p < 0.01 compared to the tunicamycin-treated group,
determined using one-way ANOVA followed by Bonferroni test).

2.3. Caspase-8 Regulates ER Stress-Induced Necroptosis in HEI-OC1 Cells

Recently, it was reported that RIPK1 is negatively regulated by caspase-8 [27,28]. This suggests
that caspase-8 might be a key regulator, making a distinction between apoptosis and necroptosis.
We evaluated the expressions of cleaved/full-length caspase-8 and RIPK1 in tunicamycin-treated
cells to study the cell death signaling pathway based on apoptosis and necroptosis in auditory cells
(Figure 4a). The increase in the expression of cleaved/full-length caspase-8 was time-dependent in
the tunicamycin-treated cells (Figure 4b). On the other hand, the expression of RIPK1 was decreased
in a time-dependent manner (Figure 4c). These findings showed that there was a significant inverse
correlation between cleaved/full-length caspase-8 and RIPK1 expression. Then, the expression of
RIPK1 was evaluated in tunicamycin-treated caspase-8 KD cells (Figure 4d–g). The expression of
RIPK1 was significantly up regulated in caspase-8 KD cells. However, no significant difference was
observed between si-control and caspase-8 KD cells in the expression level of cleaved/full-length
caspase-3. Surprisingly, the cell viability was decreased in tunicamycin-treated caspase-8 KD
cells than in si-control cells (Figure 4h). These results suggested that caspase-8 suppresses ER
stress-induced necroptosis through negatively regulating RIPK1 in auditory cells, whereas it did not
affect caspase-3-dependent apoptosis.

2.4. Caspase-9 Influences the Induction of Intrinsic Apoptosis with Caspase-3 in HEI-OC1 Cells

It was reported that caspase-9 and caspase-3 have distinct roles during intrinsic apoptosis [14,40].
The expression of cleaved/full-length caspase-9 was increased time-dependently in tunicamycin-treated
cells (Figure 5a,b). Then, we confirmed the expression of cleaved/full-length caspase-3 in
tunicamycin-treated caspase-9 KD cells to investigate whether ER stress by tunicamycin induces
intrinsic apoptosis in auditory cells. As shown in Figure 5c–e, tunicamycin-treated caspase-9 KD cells
showed significantly suppressed cleaved/full-length caspase-3 expression level. The decreasing rate of
cell viability was significantly suppressed in tunicamycin-treated caspase-9 KD cells than in si-control
cells (Figure 5g). These results suggest that ER stress induced by tunicamycin initiates caspase-3
activation via the intrinsic apoptotic pathways in auditory cells. Next, we evaluated the expression of
RIPK1 in caspase-9 KD cells by Western blot analysis to confirm the effect of caspase-9 to necroptosis
in auditory cells under ER stress. As shown in Figure 5c,f, there is no significant difference in RIPK1
expression between si-control and caspase-9 KD cells. These results indicate that caspase-9 has no
effect on the induction of necroptosis in auditory cells.
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Figure 4. Caspase-8 regulates ER stress-induced necroptosis in HEI-OC1 cells. (a–c) Representative
Western blots showing the expressions of cleaved/full-length caspase-8 and RIPK1. β-actin was included
as the loading control. The expressions of cleaved/full-length caspase-8 and RIPK1 were detected,
and the means± S.D. (fold changes compared to the control group) of three or more independent studies
were presented (** p < 0.01 compared to the 0 h group, determined using one-way ANOVA followed by
Bonferroni test). Full-length blots are presented in Figure S4a–d. (d–g) Representative Western blots
showing the expressions of caspase-8, cleaved/full-length caspase-3, and RIPK1 in tunicamycin-treated
caspase-8 KD cells (50 µg/mL for 48 h). Knockdown of caspase-8 upregulated the expression level of
RIPK1. β-actin was included as the loading control. The expressions of caspase-8, cleaved/full-length
caspase-3, and RIPK1 were detected, and the means ± S.D. (fold changes compared to the control
group) of three or more independent studies were presented (* p < 0.05, ** p < 0.01, and *** p < 0.001
compared to the control group, determined using unpaired Student’s t-test). Full-length blots are
presented in Figure S4e–i. (h) After transfection with caspase-8 and control siRNA for 48 h, the cells
were treated with tunicamycin (50 µg/mL for 48 h), and cell viability was determined by trypan blue
staining. The data are represented as means ± S.D. of three or more independent studies (* p < 0.05 and
*** p < 0.001 compared to the control group, determined using unpaired Student’s t-test).
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cells. (a,b) Representative Western blots showing the expression of cleaved/full-length caspase-9. β-actin
was included as the loading control. The expression of cleaved/full-length caspase-9 was detected,
and the means± S.D. (fold changes compared to the control group) of three or more independent studies
were presented (** p < 0.01 compared to the 0 h group, determined using one-way ANOVA followed by
Bonferroni test). Full-length blots are presented in Figure S5a–c. (c–f) Representative Western blots
showing the expressions of caspase-9, cleaved/full-length caspase-3, and RIPK1 in tunicamycin-treated
caspase-9 KD cells (50 µg/mL for 48 h). β-actin was included as the loading control. The expressions of
caspase-9, cleaved/full-length caspase-3, and RIPK1 were detected, and the means ± S.D. (fold changes
compared to the control group) of three or more independent studies were presented (* p < 0.05,
** p < 0.01, and *** p < 0.001 compared to the control group, determined using unpaired Student’s t-test).
Full-length blots are presented in Figure S5d–h. (g) After transfection with caspase-9 and control siRNA
for 48 h, the cells were treated with tunicamycin (50 µg/mL for 48 h), and cell viability was determined
by trypan blue staining. The data are represented as means ± S.D. of three or more independent studies
(* p < 0.05 and ** p < 0.01 compared to the control group, determined using unpaired Student’s t-test).
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3. Discussion

In this study, we provided evidence that ER stress induced by tunicamycin initiates not only
caspase-9-dependent intrinsic apoptosis along with caspase-3, but also RIPK1-dependent necroptosis
in auditory cells. First, we demonstrated that ER stress-induced necroptosis was dependent on
RIPK1 in auditory cells, and negatively regulated by caspase-8. Secondly, our data suggested that ER
stress-induced intrinsic apoptosis depends on the induction of caspase-3 and caspase-9 in auditory cells.
To our knowledge, this is the first report indicating that caspase-8 negatively regulates necroptosis via
RIPK1, and caspase-9 activation initiates apoptosis along with caspase-3 in auditory cells under ER
stress (Figure 6).
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Figure 6. ER stress induces RIPK1-dependent necroptosis and caspase-9-dependent intrinsic apoptosis
in auditory cells. A schematic model shows ER stress induces necroptosis and apoptosis in auditory cells.
RIPK1-dependent necroptosis is regulated negatively by caspase-8 under ER stress. ER stress-induced
intrinsic apoptosis depends on the induction of caspase-9 along with caspase-3.

Sensorineural hearing loss is one of the most frequent physical disabilities in the world, and hearing
impairment has an exceedingly bad impact on the person’s quality of life. A variety of research
has been done for the hearing protection in basic principles and clinical applications. Some reports
from the point of cell biology demonstrated that the unfolded protein response (UPR) triggered by
endoplasmic reticulum (ER) stress is deeply involved in the pathogenesis of sensorineural hearing
loss, inducing apoptosis in cochlear hair cells, stria vascularis and spiral ganglion cells [9–11,41–44].
It has been widely reported that ER stress induces apoptosis, which depends on the activation of
the caspase cascade [14,40]. Recent studies have shown that ER stress causes not only apoptosis but
also necroptosis [17–20,29–32,45]. Necroptosis is a form of caspase-independent cell death and is
programmed necrosis relying on the activity of necrosome. We have previously reported that sustained
ER stress by tunicamycin induces auditory cell death [37]. However, the detailed mechanism of ER
stress-induced cell death in auditory cells has not been fully understood.

As an initial step to investigate the modality of ER stress-induced cell death, we observed the
existence of two different findings for apoptosis and necroptosis in ER stress-treated auditory cells
under TEM [13,15,21,38,39] (Figure 1b) and an increase of populations of the late apoptotic and necrotic
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cells in flowcytometry analysis (Figure 1c,d). These results indicate that ER stress could induce both
apoptosis and necroptosis in auditory cells, in agreement with the previous reports [45].

Necroptosis is mediated through the formation of the RIPK1/RIPK3 complex called
necrosome [29–32]. Necrosome is the key molecular component of the necroptosis signaling
cascade [46,47]. The MLKL is a key downstream factor of RIPK3 in the necroptosis pathway and is
a core component of RIPK1/RIPK3 necrosome [23–26,48]. Our results indicated that the cell viabilities
were significantly increased in Nec-1 or NSA-treated cells and RIPK3 KD cells [48] (Figure 2a–e),
and co-immunoprecipitation revealed the direct interaction between RIPK1, RIPK3, and MLKL
(Figure 2f). These results suggest that ER stress induces necroptosis, stimulating the molecular complex
of RIPK1, RIPK3, and MLKL in auditory cells.

Interestingly, we considered that it is not enough to regulate only apoptosis for protecting
auditory cells from ER stress since the cell viability was significantly decreased in cells treated
with tunicamycin in combination with zVAD-fmk, a pan-caspase inhibitor, although the expression
of cleaved/full-length caspase-3 was suppressed (Figure 3a–c), and the expression of RIPK1 was
significantly upregulated in the zVAD-fmk-treated cells. Necroptosis is reported to be enhanced
by zVAD-fmk [28,49] The morphological characteristics of necroptotic cells are disrupted plasma
membrane, translucent cytoplasm, and preserved nuclear membrane [21,38,39]. PI cannot cross intact
plasma membrane and therefore will only be present in DNA of cells where the plasma membrane has
been permeabilized. Based on this theory, our flow cytometry data suggests that zVAD-fmk treatment
increases PI positive and Annexin V positive cells showing usually late apoptosis and necrosis with
disrupted plasma membrane (Figure 3e,f). However, the formation of small pores in the plasma
membrane of cells can be considered as a general feature in necroptosis that drives final membrane
disruption, promoting PI intake [50]. In addition, the expression of RIPK1 was extremely increased in
TM and zVAD-fmk-treated cells. These results indicated that necroptosis could be regulated by the
induction of RIPK1. Taken together, these data suggest that targeting apoptosis based on caspase-3 for
suppressing auditory cell death caused by ER stress is not sufficient, and it is necessary to regulate not
only apoptosis but also necroptosis for protecting auditory cell from ER stress.

Caspase-8 was reported to suppress necroptosis through inactivating RIPK1 by cleavage,
in addition to activating apoptosis [27,28]. Thus, necroptosis serves as an alternative cell death
route of apoptosis. Here, we focused on the regulation of both apoptosis and necroptosis in auditory
cells by caspase-8. The expressions of cleaved/full-length caspase-8 and RIPK1 showed an inverse
correlation (Figure 4a–c). Based on these findings, we identified that caspase-8 KD cells showed
a significant increase in the expression of RIPK1 and a significant decrease in cell viability and in the
population of zVAD-fmk-treated cells (Figure 3a,b,d and Figure 4d,e,g,h). However, the expression
of cleaved/full-length caspase-3 and MLKL did not change in caspase-8 KD cells compared to the
si-control cells (Figure 4d,f and Figure S4j). These results indicated that RIPK1, not MLKL, should be
a key regulator of necroptosis induction in auditory cells under tunicamycin-induced ER stress. On the
other hand, caspase-9 has an important role in the intrinsic apoptotic pathway in auditory cells under
tunicamycin-induced ER stress, and in interacting with caspase-3 (Figure 5c–g). Our study suggests that
caspase-8 activation inhibits ER stress-induced necroptosis through the negative regulation of RIPK1
expression independently of the apoptosis pathway in auditory cells under ER stress. Necroptosis is
involved in the pathological process of various diseases, such as ischemic brain injury, injury-induced
inflammatory disease, and neurodegenerative diseases [20–22]. The induction of necroptosis provokes
strong inflammatory responses, which shows a detrimental effect on various organs [51,52]. As shown
in Figures 3a and 4h, necroptosis enhancement resulted in an increase in auditory cell death. This result
suggests that necroptosis could exist as an alternative cell death route of apoptosis in auditory cells
under ER stress. Based on these findings, we speculated that necroptosis is considered an important
backup mechanism of apoptosis, and caspase-8 inhibits necroptosis by suppressing the expression of
RIPK1 through the independent pathway to apoptosis under ER stress in auditory cells. This result
suggested that caspase inhibitors, like zVAD-fmk, have two sides of arresting apoptosis and promoting
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necroptosis. Namely, our results indicated that a new treatment targeting on necroptosis should
be established for protecting inner ear from ER stress. ER stress was reported to be involved in
cochlear cell apoptosis in a cisplatin-induced ototoxicity rat model, inducing sensorineural hearing
loss [42]. Recent studies reported that cisplatin and aminoglycoside ototoxicity induce necroptosis and
apoptosis in organ of Corti and spiral ganglion cells, which lead to sensorineural hearing loss in in vivo
models [53,54]. However, no study has demonstrated crosstalk between caspases and necrosome in
apoptosis and necroptosis under ER stress. In this study, we investigated the precise mechanism of ER
stress-induced auditory cell death by focusing on the function of the initiator caspases and molecular
complex of necroptosis and showed that ER stress induced both apoptosis and necroptosis in auditory
cells, based on the previous study that ER stress inhibitor attenuates auditory cell death both in vitro
and in vivo [55,56].

ER stress has been reported to be associated with the pathogenesis of hereditary hearing loss
such as Wolfram syndrome (WFS) [43]. Increasing vulnerability against ER stress by wolframin
protein deficiency contributes to the pathogenesis of WFS. WFS-deficient β-cells are susceptible to
ER stress-mediated apoptosis [43,57]. However, there are currently no studies that have reported the
involvement of ER stress-induced necroptosis in the pathogenesis of WFS. Our study should be a new
insight for understanding the pathogenesis of WFS.

In conclusion, our study reveals that ER stress induces not only caspase-9 dependent apoptosis
along with caspase-3, but also RIPK1-dependent necroptosis in auditory cells. In this process, caspase-8
regulates necroptosis despite not being involved in caspase-3 activation. To our knowledge, this is
the first ever study to show that ER stress induced both apoptosis and necroptosis in auditory cells.
The study also contributed to pathology underlying hearing impairment. However, our study should
be limited by one cell line and one ER stressor. Further studies are required for the elucidation of
the more detailed pathogenesis of hearing impairment by using other auditory cell lines and ER
stress-inducing reagents.

4. Materials and Methods

4.1. Reagents and Antibodies

Tunicamycin was purchased from Sigma-Aldrich (St. Louis, MO, USA). Necrostatin-1 (Nec-1)
was from Cayman Chemical (Ann Arbor, MI, USA). Z-Val-Ala-Asp-fluoromethylketone (zVAD-fmk)
was from MBL (Nagoya, Japan). Necrosulfonamide (NSA) was from MedChem Express (Princeton,
NJ, USA). The following primary antibodies were purchased from Cell Signaling Technology (Danvers,
MA, USA): Anti-IRE1-α, anti-XBP1s, anti-RIPK1, anti-RIPK3, anti-MLKL, anti-caspase-8, anti-caspase-9,
and anti-β-actin antibodies. Anti-goat mouse IgG and anti-rabbit IgG antibodies were from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA) and Cell Signaling Technology, respectively. Small interfering
RNA (siRNA) for control siRNA, caspase-8 siRNA, and caspase-9 were purchased from Santa Cruz
Biotechnology, Inc., and RIPK3 siRNA were purchased from Cell Signaling Technology.

4.2. Cell Culture and Culture Condition

The HEI-OC1 (House Ear Institute-Organ of Corti 1) cell line was kindly provided by F.
Kalinec (UCLA, Los Angeles, CA, USA) [58]. This conditionally immortalized mouse auditory
cell line is a well-established in vitro system for investigating cellular and molecular mechanisms.
The cells were cultured with high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco,
Grand Island, NY, USA) containing 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA) and
1% penicillin-streptomycin (Gibco) at 33 ◦C in a humidified incubator with 10% CO2.

4.3. Cell Viability Assay

HEI-OC1 cells (5 × 104 cells/well in 24 well plates) were incubated with 50 µg/mL of tunicamycin
at 33 ◦C for designated periods of time. The viability was measured by staining with 0.4% trypan blue



Int. J. Mol. Sci. 2019, 20, 5896 13 of 17

(Gibco) and manual counting with hemocytometer. The percentage of viability was defined as percent
live per total cells.

4.4. Western Blot Analysis

The cells were seeded in 35 mm culture dishes at a density of 2 × 105 cells/well and incubated with
50 µg/mL of tunicamycin for designated periods of time. After the designated treatment, cells were
lysed in 300 µL of sodium dodecyl sulfate (SDS) buffer. The samples (10 µL) were subjected to
electrophoresis on 4–12% or 12% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE; Invitrogen)
for 90–120 min at 20 mA and then transferred onto polyvinylidene difluoride (PVDF) membranes
(Invitrogen) using iBlot (Life Technologies, Carlsbad, CA, USA). The membranes were blocked in Super
Block Blocking Buffer in TBS (Thermo Fisher Scientific, Waltham, MA, USA) for 1 h and incubated
overnight at 4 ◦C in the presence of primary antibodies at dilutions of 1:1000–1:3000 in Tris Buffered
Saline with Tween 20 (TBS-T). After three washes with TBS-T, the membranes were incubated with
the corresponding species-appropriate secondary antibodies at dilutions of 1:1000–1:3000 in TBS-T
for 1 h. Then, the immunoreactive bands on the membrane were visualized with ECL Prime Western
Blotting Detection Reagents (GE healthcare, Chicago, IL, USA) and the images were captured using the
LAS-4000 mini (FUJIFILM, Tokyo, Japan). The band density was analyzed using Multi Gauge version
3.1 (FUJIFILM). The quantitative densitometric values for each protein were normalized to β-actin.

4.5. Co-Immunoprecipitation

Co-immunoprecipitation was performed using the Dynabeads® Protein G Immunoprecipitation
Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. The cells were seeded in
35 mm culture dishes at a density of 2× 105 cells/well and were incubated with 50 µg/ml tunicamycin for
24 h. The cells were lysed in RIPA buffer (Wako, Osaka, Japan) containing a protease inhibitor (Nacalai,
Tokyo, Japan). Lysates were incubated overnight at 4 ◦C with the primary antibody, and then the beads
were added and incubated for 90 min. After 3 washes using the washing buffer, the immunoprecipitates
were eluted with 20 µL of SDS sample buffer by boiling for 10 min at 70 ◦C and were subsequently
subjected to Western blot analysis.

4.6. Transmission Electron Microscopy

The cells were harvested by trypsinization, and then were fixed with 2.5% glutaraldehyde in 0.1 M
cacodylic buffer solution (pH 7.4) overnight followed by 1% osmium tetroxide in 0.1 M cacodylic buffer
solution (pH 7.4) for 2 h. Then, the samples were dehydrated through graded ethanol, and embedded
in Quetol-812. Ultrathin sections were cut with a diamond knife on an ultramicrotome (ULTRACUT
UCT, Leica, Wien, Austria), and were stained with uranyl acetate and lead citrate. The sections were
observed using a transmission electron microscope (JEM-1200EX, JEOL, Tokyo, Japan).

4.7. Flow Cytometry Analysis

The Annexin V-FITC/Propidium iodide (PI) flow cytometric assay was used to detect cell death.
Briefly, the cells were seeded in 60 mm culture dishes at a density of 6 × 105 cells/well. The cells were
incubated with 50 µg/mL of tunicamycin for 24 h. After removing the culture medium, the cells were
washed with binding buffer, and then 5 µL of Annexin V-FITC and PI were added. The cells were
immediately acquired by flow cytometer (GalliosFlowCytometer, Beckman Coulter, Brea, CA, USA)
and analyzed using FlowJo software (FlowJo, LLC, Ashland, OR, USA). Cells that were PI negative and
Annexin V negative were considered healthy, cells that were PI negative and Annexin V positive were
considered early apoptotic, and cells that were positive to both PI and Annexin V were considered late
apoptotic and necrotic.
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4.8. Transient Small Interfering RNA (siRNA) Transfection

Small interfering RNA (siRNA) against RIPK3 (Cell Signaling Technology), caspase-8, caspase-9,
and control siRNA (Santa Cruz Biotechnology, Inc.) were used for knockdown of the RIPK3, caspase-8,
and caspase-9 genes. The cells were seeded in 35 mm culture dishes at a density of 2 × 105 cells/well and
cultured overnight to achieve 60–80% confluency. Then, the cells were transfected with siRNA using
RNAiMAX reagent (Invitrogen), according to the manufacturer’s protocol. After 48 h of transfection,
the cells were treated as designed.

4.9. Statistical Analysis

The experiments were performed independently, at least three times. The data were expressed
as mean ± S.D. The differences between groups were determined by one-way analysis of variance
(ANOVA), followed by the Bonferroni post hoc test, when appropriate. For analysis of the statistical
analysis differences between two groups, an unpaired Student’s t-test was applied.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/23/
5896/s1.

Author Contributions: A.K., K.H., Y.N., and T.O. designed these experiments; A.K., M.M., and T.J. conducted the
experiments; A.K., K.H., C.H., and Y.N. analyzed the data, and A.K. and K.H. wrote the manuscript. All authors
reviewed the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank Federico Kalinec (UCLA, Los Angeles, CA, USA) for providing HEI-OC1
auditory cell.

Conflicts of Interest: The authors declare no competing interests.

References

1. Schronder, M.; Kaufman, R.J. The mammalian unfolded protein response. Annu. Rev. Biochem. 2005, 74,
739–789. [CrossRef] [PubMed]

2. Marniciniak, S.J.; Ron, D. Endoplasmic reticulum stress signaling in disease. Physiol. Rev. 2006, 86, 1133–1149.
[CrossRef] [PubMed]

3. Traves, K.J.; Patil, C.K.; Wodicka, L.; Lockhart, D.J.; Weissman, J.S.; Walter, P. Functional and genomic analysis
reveal an essential coordination between the unfolded protein response and ER-associated degradation. Cell
2000, 101, 249–258. [CrossRef]

4. Hetz, C. The unfolded protein response: Controlling cell fate decisions under ER stress and beyond. Nat.
Rev. Mol. Cell Biol. 2012, 13, 89–102. [CrossRef] [PubMed]

5. Gorman, A.M.; Healy, S.J.; Jäger, R.; Samali, A. Stress management at the ER: Regulators of ER stress-induced
apoptosis. Pharmacol. Ther. 2012, 134, 306–316. [CrossRef] [PubMed]

6. Scheper, W.; Nijholt, D.A.; Hoozemans, J.J. The unfolded protein response and proteostasis in Alzheimer
disease: Preferential activation of autophagy by endoplasmic reticulum stress. Autophagy 2011, 7, 910–911.
[CrossRef]

7. Kato, T.; Kitamura, K.; Maeda, M.; Kimura, Y.; Katayama, T.; Ashida, H.; Yamamoto, K. Free oligosaccharides
in the cytosol of Caenorhabditis elegans are generated through endoplasmic reticulum-golgi trafficking. J.
Biol. Chem. 2007, 282, 22080–22088. [CrossRef]

8. Duan, Q.; Ni, L.; Wang, P.; Chen, C.; Yang, L.; Ma, B.; Gong, W.; Cai, Z.; Zou, M.H.; Wang, D.W. Deregulation of
XBP1 expression contributes to myocardial vascular endothelial growth factor-A expression and angiogenesis
during cardiac hypertrophy in vivo. Aging Cell 2016, 15, 625–633. [CrossRef]

9. Fujinami, Y.; Mutai, H.; Kamiya, K.; Mizutari, K.; Fujii, M.; Matsunaga, T. Enhanced expression of C/EBP
homologous protein (CHOP) precedes degeneration of fibrocytes in the lateral wall after acute cochlear
mitochondrial dysfunction induced by 3-nitropropionic acid. Neurochem. Int. 2010, 56, 487–494. [CrossRef]

10. Fujinami, Y.; Mutai, H.; Mizutari, K.; Nakagawa, S.; Matsunaga, T. A novel animal model of hearing loss
caused by acute endoplasmic reticulum stress in the cochlea. J. Pharmacol. Sci. 2012, 118, 363–372. [CrossRef]

http://www.mdpi.com/1422-0067/20/23/5896/s1
http://www.mdpi.com/1422-0067/20/23/5896/s1
http://dx.doi.org/10.1146/annurev.biochem.73.011303.074134
http://www.ncbi.nlm.nih.gov/pubmed/15952902
http://dx.doi.org/10.1152/physrev.00015.2006
http://www.ncbi.nlm.nih.gov/pubmed/17015486
http://dx.doi.org/10.1016/S0092-8674(00)80835-1
http://dx.doi.org/10.1038/nrm3270
http://www.ncbi.nlm.nih.gov/pubmed/22251901
http://dx.doi.org/10.1016/j.pharmthera.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22387231
http://dx.doi.org/10.4161/auto.7.8.15761
http://dx.doi.org/10.1074/jbc.M700805200
http://dx.doi.org/10.1111/acel.12460
http://dx.doi.org/10.1016/j.neuint.2009.12.008
http://dx.doi.org/10.1254/jphs.11227FP


Int. J. Mol. Sci. 2019, 20, 5896 15 of 17

11. Oishi, N.; Duscha, S.; Boukari, H.; Meyer, M.; Xie, J.; Wei, G.; Schrepfer, T.; Roschitzki, B.; Boettger, E.C.;
Schacht, J. XBP1 mitigates aminoglycoside-induced endoplasmic reticulum stress and neuronal cell death.
Cell Death Dis. 2015, 6, e1763. [CrossRef] [PubMed]

12. Clarke, P.G. Developmental cell death: Morphological diversity and multiple mechanisms. Anat. Embryol.
1990, 181, 195–213. [CrossRef] [PubMed]

13. Edinger, A.L.; Thompson, C.B. Death by design: Apoptosis, necrosis and autophagy. Curr. Opin. Cell Biol.
2004, 16, 663–669. [CrossRef] [PubMed]

14. Bredesen, D.E.; Rao, R.V.; Mehlen, P. Cell death in the nervous system. Nature 2006, 443, 796–802. [CrossRef]
15. Lockshin, R.A.; Zakeri, Z. Apoptosis, autophagy, and more. Int. J. Biochem. Cell Biol. 2004, 36, 2405–2419.

[CrossRef]
16. Xu, C.; Bailly-Maitre, B.; Reed, J.C. Endoplasmic reticulum stress: Cell life and death decisions. J. Clin.

Investig. 2005, 115, 2656–2664. [CrossRef]
17. Elbein, A.D. Inhibitors of the biosynthesis and processing of N-linked oligosaccharides. CRC Crit. Rev.

Biochem. 1984, 16, 21–49. [CrossRef]
18. Takatsuki, A.; Arima, K.; Tamura, G. Tunicamycin, a new antibiotic. I. Isolation and characterization of

tunicamycin. J. Antibiot. 1971, 24, 215–223. [CrossRef]
19. Tait, S.W.; Ichim, G.; Green, D.R. Die another way-non-apoptotic mechanisms of cell death. J. Cell Sci. 2014,

127, 2135–2144. [CrossRef]
20. Yang, X.S.; Yi, T.L.; Zhang, S.; Xu, Z.W.; Yu, Z.Q.; Sun, H.T.; Yang, C.; Tu, Y.; Cheng, S.X. Hypoxia-inducible

factor-1 alpha is involved in RIP-induced necroptosis caused by in vitro and in vivo ischemic brain injury.
Sci. Rep. 2017, 7, 5818. [CrossRef]

21. Challa, S.; Chan, F.K. Going up in flames: Necrotic cell injury and inflammatory diseases. Cell Mol. Life Sci.
2010, 67, 3241–3253. [CrossRef] [PubMed]

22. Zhang, S.; Tang, M.B.; Luo, H.Y.; Shi, C.H.; Xu, Y.M. Necroptosis in neurodegenerative diseases: A potential
therapeutic target. Cell Death Dis. 2017, 8, e2905. [CrossRef]

23. Cai, Z.; Jitkaew, S.; Zhao, J.; Chiang, H.C.; Choksi, S.; Liu, J.; Ward, Y.; Wu, L.G.; Liu, Z.G. Plasma membrane
translocation of trimerized MLKL protein is required for TNF-induced necroptosis. Nat. Cell Biol. 2014, 16,
55–65. [CrossRef] [PubMed]

24. Chen, X.; Li, W.; Ren, J.; Huang, D.; He, W.T.; Song, Y.; Yang, C.; Li, W.; Zheng, X.; Chen, P.; et al. Translocation
of mixed lineage kinase domain-like protein to plasma membrane leads to necrotic cell death. Cell Res. 2014,
24, 105–121. [CrossRef] [PubMed]

25. Wang, H.; Sun, L.; Su, L.; Rizo, J.; Liu, L.; Wang, L.F.; Wang, F.S.; Wang, X. Mixed Lineage Kinase Domain-like
Protein MLKL Causes Necrotic Membrane Disruption upon Phosphorylation by RIP3. Mol. Cell. 2014, 54,
133–146. [CrossRef] [PubMed]

26. Dondelinger, Y.; Declercq, W.; Montessuit, S.; Roelandt, R.; Goncalves, A.; Bruggeman, I.; Hulpiau, P.;
Weber, K.; Sehon, C.A.; Marquis, R.W.; et al. MLKL Compromises Plasma Membrane Integrity by Binding to
Phosphatidylinositol Phosphates. Cell Rep. 2014, 7, 971–981. [CrossRef]

27. Ofengeim, D.; Yuan, J. Regulation of RIP1 kinase signalling at the crossroads of inflammation and cell death.
Nat. Rev. Mol. Cell Biol. 2013, 14, 727–736. [CrossRef]

28. Duprez, L.; Takahashi, N.; Van Hauwermeiren, F.; Vandendriessche, B.; Goossens, V.; Vanden Berghe, T.;
Declercq, W.; Libert, C.; Cauwels, A.; Vandenabeele, P. RIP kinase-dependent necrosis drives lethal systemic
inflammatory response syndrome. Immunity 2011, 35, 908–918. [CrossRef]

29. Tamai, K.; Toyoshima, M.; Tanaka, N.; Yamamoto, N.; Owada, Y.; Kiyonari, H.; Murata, K.; Ueno, Y.; Ono, M.;
Shimosegawa, T.; et al. Loss of hrs in the central nervous system causes accumulation of ubiquitinated
proteins and neurodegeneration. Am. J. Pathol. 2008, 173, 1806–1817. [CrossRef]

30. Yamanaka, T.; Tosaki, A.; Kurosawa, M.; Akimoto, K.; Hirose, T.; Ohno, S.; Hattori, N.; Nukina, N. Loss of
aPKCλ in differentiated neurons disrupts the polarity complex but does not induce obvious neuronal loss or
disorientation in mouse brains. PLoS ONE 2013, 8, e84036. [CrossRef]

31. Tamai, K.; Tanaka, N.; Nara, A.; Yamamoto, A.; Nakagawa, I.; Yoshimori, T.; Ueno, Y.; Shimosegawa, T.;
Sugamura, K. Role of Hrs in maturation of autophagosomes in mammalian cells. Biochem. Biophys. Res.
Commun. 2007, 360, 721–727. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/cddis.2015.108
http://www.ncbi.nlm.nih.gov/pubmed/25973683
http://dx.doi.org/10.1007/BF00174615
http://www.ncbi.nlm.nih.gov/pubmed/2186664
http://dx.doi.org/10.1016/j.ceb.2004.09.011
http://www.ncbi.nlm.nih.gov/pubmed/15530778
http://dx.doi.org/10.1038/nature05293
http://dx.doi.org/10.1016/j.biocel.2004.04.011
http://dx.doi.org/10.1172/JCI26373
http://dx.doi.org/10.3109/10409238409102805
http://dx.doi.org/10.7164/antibiotics.24.215
http://dx.doi.org/10.1242/jcs.093575
http://dx.doi.org/10.1038/s41598-017-06088-0
http://dx.doi.org/10.1007/s00018-010-0413-8
http://www.ncbi.nlm.nih.gov/pubmed/20532807
http://dx.doi.org/10.1038/cddis.2017.286
http://dx.doi.org/10.1038/ncb2883
http://www.ncbi.nlm.nih.gov/pubmed/24316671
http://dx.doi.org/10.1038/cr.2013.171
http://www.ncbi.nlm.nih.gov/pubmed/24366341
http://dx.doi.org/10.1016/j.molcel.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24703947
http://dx.doi.org/10.1016/j.celrep.2014.04.026
http://dx.doi.org/10.1038/nrm3683
http://dx.doi.org/10.1016/j.immuni.2011.09.020
http://dx.doi.org/10.2353/ajpath.2008.080684
http://dx.doi.org/10.1371/journal.pone.0084036
http://dx.doi.org/10.1016/j.bbrc.2007.06.105
http://www.ncbi.nlm.nih.gov/pubmed/17624298


Int. J. Mol. Sci. 2019, 20, 5896 16 of 17

32. Roudier, N.; Lefebvre, C.; Legouis, R. CeVPS-27 is an endosomal protein required for the molting and the
endocytic trafficking of the low-density lipoprotein receptor-related protein 1 in Caenorhabditis elegans.
Traffic 2005, 6, 695–705. [CrossRef] [PubMed]

33. Saveljeva, S.; Mc Laughlin, S.L.; Vandenabeele, P.; Samali, A.; Bertrand, M.J. Endoplasmic reticulum stress
induces ligand-independent TNFR1-mediated necroptosis in L929 cells. Cell Death Dis. 2015, 6, e1587.
[CrossRef] [PubMed]

34. Chang, L.; Wang, Z.; Ma, F.; Tran, B.; Zhong, R.; Xiong, Y.; Dai, T.; Wu, J.; Xin, X.; Guo, W.; et al. ZYZ-803
Mitigates Endoplasmic Reticulum Stress-Related Necroptosis after Acute Myocardial Infarction through
Downregulating the RIP3-CaMKII Signaling Pathway. Oxid. Med. Cell. Longev. 2019, 2019, 6173685.
[CrossRef] [PubMed]

35. Salvesen, G.S.; Dixit, V.M. Caspases: Intracellular signaling by proteolysis. Cell 1997, 91, 443–446. [CrossRef]
36. Nikoletopoulou, V.; Markaki, M.; Palikaras, K.; Tavernarakis, N. Crosstalk between apoptosis, necrosis and

autophagy. Biochim. Biophys. Acta 2013, 1833, 3448–3459. [CrossRef]
37. Kishino, A.; Hayashi, K.; Hidai, C.; Masuda, T.; Nomura, Y.; Oshima, T. XBP1-FoxO1 interaction regulates ER

stress-induced autophagy in auditory cells. Sci. Rep. 2017, 6, 24652. [CrossRef]
38. Maeda, A.; Fadeel, B. Mitochondria released by cells undergoing TNF-α-induced necroptosis act as danger

signals. Cell Death Dis. 2014, 5, e1312. [CrossRef]
39. Tian, F.; Yao, J.; Yan, M.; Sun, X.; Wang, W.; Gao, W.; Tian, Z.; Guo, S.; Dong, Z.; Li, B.; et al. 5-Aminolevulinic

Acid-Mediated Sonodynamic Therapy Inhibits RIPK1/RIPK3-Dependent Necroptosis in THP-1-Derived
Foam Cells. Sci. Rep. 2016, 6, 21992. [CrossRef]

40. Brentnall, M.; Rodriguez-Menocal, L.; De Guevara, R.L.; Cepero, E.; Boise, L.H. Caspase-9, caspase-3 and
caspase-7 have distinct roles during intrinsic apoptosis. BMC Cell Biol. 2013, 14, 32. [CrossRef]

41. Wang, W.; Sun, Y.; Chen, S.; Zhou, X.; Wu, X.; Kong, W.; Kong, W. Impaired unfolded protein response in the
degeneration of cochlea cells in a mouse model of age-related hearing loss. Exp. Gerontol. 2015, 60, 61–70.
[CrossRef] [PubMed]

42. Zong, S.; Liu, T.; Wan, F.; Chen, P.; Luo, P.; Xiao, H. Endoplasmic Reticulum Stress Is Involved in Cochlear
Cell Apoptosis in a Cisplatin-Induced Ototoxicity Rat Model. Audiol. Neurootol. 2017, 22, 160–168. [CrossRef]
[PubMed]

43. Fonseca, S.G.; Ishigaki, S.; Oslowski, C.M.; Lu, S.; Lipson, K.L.; Ghosh, R.; Hayashi, E.; Ishihara, H.; Oka, Y.;
Permutt, M.A.; et al. Wolfram syndrome 1 gene negatively regulates ER stress signaling in rodent and human
cells. J. Clin. Investig. 2010, 120, 744–755. [CrossRef] [PubMed]

44. Blanco-Sánchez, B.; Clément, A.; Fierro, J., Jr.; Washbourne, P.; Westerfield, M. Complexes of Usher proteins
preassemble at the endoplasmic reticulum and are required for trafficking and ER homeostasis. Dis. Model.
Mech. 2014, 7, 547–559. [CrossRef] [PubMed]

45. Oshima, R.; Hasegawa, T.; Tamai, K.; Sugeno, N.; Yoshida, S.; Kobayashi, J.; Kikuchi, A.; Baba, T.; Futatsugi, A.;
Sato, I.; et al. ESCRT-0 dysfunction cpmpromises autophagic degradation of protein aggregates and facilitates
ET stress-mediated neurodegeneration via apoptotic and necroptotic pathways. Sci. Rep. 2016, 6, 24997.
[CrossRef]

46. Cho, Y.S.; Challa, S.; Moquin, D.; Genga, R.; Ray, T.D.; Guildford, M.; Chan, F.K. Phosphorylation-driven
assembly of the RIP1-RIP3 complex regulates programmed necrosis and virus-induced inflammation. Cell
2009, 137, 1112–1123. [CrossRef]

47. Sun, L.; Wang, H.; Wang, Z.; He, S.; Chen, S.; Liao, D.; Wang, L.; Yan, J.; Liu, W.; Lei, X.; et al. Mixed Lineage
Kinase Domain-like Protein Mediates Necrosis Signaling Downstream of RIP3 Kinase. Cell 2012, 148, 213–227.
[CrossRef]

48. Vercammen, D.; Beyaert, R.; Denecker, G.; Goossens, V.; Van Loo, G.; Declercq, W.; Grooten, J.; Fiers, W.;
Vandenabeele, P. Inhibition of caspases increases the sensitivity of L929 cells to necrosis mediated by tumor
necrosis factor. J. Exp. Med. 1998, 187, 1477–1485. [CrossRef]

49. Kaczmarek, A.; Vandenabeele, P.; Krysko, D.V. Necroptosis: The Release of Damage-Associated Molecular
Patterns and Its Physiological Relevance. Immunity 2013, 38, 209–223. [CrossRef]

50. Ros, U.; Peña-Blanco, A.; Hänggi, K.; Kunzendorf, U.; Krautwald, S.; Wong, W.W.; García-Sáez, A.J.
Necroptosis Execution Is Mediated by Plasma Membrane Nanopores Independent of Calcium. Cell Rep.
2017, 19, 175–187. [CrossRef]

http://dx.doi.org/10.1111/j.1600-0854.2005.00309.x
http://www.ncbi.nlm.nih.gov/pubmed/15998324
http://dx.doi.org/10.1038/cddis.2014.548
http://www.ncbi.nlm.nih.gov/pubmed/25569104
http://dx.doi.org/10.1155/2019/6173685
http://www.ncbi.nlm.nih.gov/pubmed/31281585
http://dx.doi.org/10.1016/S0092-8674(00)80430-4
http://dx.doi.org/10.1016/j.bbamcr.2013.06.001
http://dx.doi.org/10.1038/s41598-017-02960-1
http://dx.doi.org/10.1038/cddis.2014.277
http://dx.doi.org/10.1038/srep21992
http://dx.doi.org/10.1186/1471-2121-14-32
http://dx.doi.org/10.1016/j.exger.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26173054
http://dx.doi.org/10.1159/000480346
http://www.ncbi.nlm.nih.gov/pubmed/29049998
http://dx.doi.org/10.1172/JCI39678
http://www.ncbi.nlm.nih.gov/pubmed/20160352
http://dx.doi.org/10.1242/dmm.014068
http://www.ncbi.nlm.nih.gov/pubmed/24626987
http://dx.doi.org/10.1038/srep24997
http://dx.doi.org/10.1016/j.cell.2009.05.037
http://dx.doi.org/10.1016/j.cell.2011.11.031
http://dx.doi.org/10.1084/jem.187.9.1477
http://dx.doi.org/10.1016/j.immuni.2013.02.003
http://dx.doi.org/10.1016/j.celrep.2017.03.024


Int. J. Mol. Sci. 2019, 20, 5896 17 of 17

51. Fernandes-Alnemri, T.; Litwack, G.; Alnemri, E.S. CPP32, a novel human apoptotic protein with homology
to Caenorhabditis elegans cell death protein Ced-3 and mammalian interleukin-1 beta-converting enzyme. J.
Biol. Chem. 1994, 269, 30761–30764.

52. Glab, J.A.; Doerflinger, M.; Nedeva, C.; Jose, I.; Mbogo, G.W.; Paton, J.C.; Paton, A.W.; Kueh, A.J.; Herold, M.J.;
Huang, D.C.; et al. DR5 and caspase-8 are dispensable in ER stress-induced apoptosis. Cell Death Differ. 2017,
24, 944–950. [CrossRef] [PubMed]

53. Choi, M.J.; Kang, H.; Lee, Y.Y.; Choo, O.S.; Jang, J.H.; Park, S.H.; Moon, J.S.; Choi, S.J.; Choung, Y.H.
Cisplatin-Induced Ototoxicity in Rats Is Driven by RIP3-Dependent Necroptosis. Cells 2019, 8, 409. [CrossRef]
[PubMed]

54. Ruhl, D.; Du, T.T.; Wagner, E.L.; Choi, J.H.; Li, S.; Reed, R.; Kim, K.; Freeman, M.; Hashisaki, G.; Lukens, J.R.;
et al. Necroptosis and Apoptosis Contribute to Cisplatin and Aminoglycoside Ototoxicity. J. Neurosci. 2019,
39, 2951–2964. [CrossRef] [PubMed]

55. Hu, J.; Li, B.; Apisa, L.; Yu, H.; Entenman, S.; Xu, M.; Stepanyan, R.; Guan, B.J.; Müller, U.; Hatzoglou, M.;
et al. ER stress inhibitor attenuates hearing loss and hair cell death in Cdh23erl/erl mutant mice. Cell Death Dis.
2016, 7, e2485. [CrossRef]

56. Jia, Z.; He, Q.; Shan, C.; Li, F. Tauroursodeoxycholic acid attenuates gentamicin-induced cochlear hair cell
death in vitro. Toxicol. Lett. 2018, 294, 20–26. [CrossRef]

57. Fonseca, S.G.; Fukuma, M.; Lipson, K.L.; Nguyen, L.X.; Allen, J.R.; Oka, Y.; Urano, F. WFS1 is a novel
component of the unfolded protein response and maintains homeostasis of the endoplasmic reticulum in
pancreatic beta-cells. J. Biol. Chem. 2005, 280, 39609–39615. [CrossRef]

58. Kalinec, G.M.; Webster, P.; Lim, D.J.; Kalinec, F. A cochlear cell line as an in vitro system for drug ototoxicity
screening. Audiol. Neurootol. 2003, 8, 177–189. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/cdd.2017.53
http://www.ncbi.nlm.nih.gov/pubmed/28409774
http://dx.doi.org/10.3390/cells8050409
http://www.ncbi.nlm.nih.gov/pubmed/31052605
http://dx.doi.org/10.1523/JNEUROSCI.1384-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/30733218
http://dx.doi.org/10.1038/cddis.2016.386
http://dx.doi.org/10.1016/j.toxlet.2018.05.007
http://dx.doi.org/10.1074/jbc.M507426200
http://dx.doi.org/10.1159/000071059
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	ER Stress Induces Not Only Apoptosis but also Necroptosis in HEI-OC1 Cells 
	ER Stress Induces RIPK1-Dependent Necroptosis in HEI-OC1 Cells 
	Caspase-8 Regulates ER Stress-Induced Necroptosis in HEI-OC1 Cells 
	Caspase-9 Influences the Induction of Intrinsic Apoptosis with Caspase-3 in HEI-OC1 Cells 

	Discussion 
	Materials and Methods 
	Reagents and Antibodies 
	Cell Culture and Culture Condition 
	Cell Viability Assay 
	Western Blot Analysis 
	Co-Immunoprecipitation 
	Transmission Electron Microscopy 
	Flow Cytometry Analysis 
	Transient Small Interfering RNA (siRNA) Transfection 
	Statistical Analysis 

	References

