Oncotarget, Vol. 7, No. 32

www.impactjournals.com/oncotarget/

Research Paper

Inhibition of endoplasmic reticulum (ER) stress sensors
sensitizes cancer stem-like cells to ER stress-mediated apoptosis

Asaha Fujimoto!, Kei Kawana', Ayumi Taguchi!, Katsuyuki Adachi!, Masakazu
Sato!, Hiroe Nakamura!, Juri Ogishima', Mitsuyo Yoshida!, Tomoko Inoue!?,
Haruka Nishida', Kensuke Tomio', Aki Yamashita', Yoko Matsumoto!, Takahide
Arimoto!, Osamu Wada-Hiraike!, Katsutoshi Oda!, Takeshi Nagamatsu!, Yutaka
Osuga’, Tomoyuki Fujii*

1Department of Obstetrics and Gynecology, Graduate School of Medicine, The University of Tokyo, Tokyo 113-8655, Japan

Correspondence to: Kei Kawana, email: kkawana-tky@umin.org
Keywords: cancer stem-like cell, sphere forming cell, endoplasmic reticulum (ER) stress, cisplatin, tunicamycin
Received: March 13, 2016 Accepted: May 23, 2016 Published: June 17, 2016

ABSTRACT

Although cancer stem cells (CSC) have been implicated in the development of
resistance to anti-cancer therapy including chemotherapy, the mechanisms underlying
chemo-resistance by CSC have not yet been elucidated. We herein isolated sphere-
forming (cancer stem-like) cells from the cervical cancer cell line, SiHa, and examined
the unfolded protein reaction (UPR) to chemotherapeutic-induced endoplasmic
reticulum (ER) stress. We revealed that tunicamycin-induced ER stress-mediated
apoptosis occurred in monolayer, but not sphere-forming cells. Biochemical assays
demonstrated that sphere-forming cells were shifted to pro-survival signaling
through the inactivation of IRE1 (XBP-1 splicing) and activation of PERK (elF2a
phosphorylation) branches under tunicamycin-induced ER stress conditions. The
proportion of apoptotic cells among sphere-forming cells was markedly increased by
the tunicamycin+PERK inhibitor (PERKi) treatment, indicating that PERKi sensitized
sphere-forming cells to tunicamycin-induced apoptosis. Cisplatin is also known to
induce ER stress-mediated apoptosis. A low concentration of cisplatin failed to shift
sphere-forming cells to apoptosis, although IRE1 branch, but not PERK, was activated.
ER stress-mediated apoptosis occurred in sphere-forming cells by the cisplatin+IREla
inhibitor (IRE1i) treatment. IRE1i, synergistic with cisplatin, up-regulated elF2a
phosphorylation, and this was followed by the induction of CHOP in sphere-forming
cells. The results of the present study demonstrated that the inhibition of ER stress
sensors, combined with ER stress-inducible chemotherapy, shifted cancer stem-like
cells to ER stress-mediated apoptosis.

INTRODUCTION

Although cancer stem cells (CSC) account for only
a small population of disseminated tumor cells, they
exhibit several unique properties that are similar to those
of adult stem cells, but are not observed in the majority
of cancer cells. One of the most important properties of
CSC is the ability to self-renew, by which CSC are not
only a progenitor of cancer cells, but also maintain the
population of CSC [1-3]. CSC have also been implicated
in the development of resistance to chemotherapy,
which may result in the recurrence or metastasis of
disseminated cancer cells [4, 5]. Previous studies revealed

a relationship between CSC features and aggressive cancer
dissemination which is resulted from chemo-resistance
and metastasis [6-8].

Anti-apoptotic mechanisms have been suggested
to involve the immortalization and chemo-resistance of
malignant cells. A transcriptome analysis of ovarian cancer
recently revealed that carboplatin-resistant high-grade
serous ovarian cancer (HGSC) showed the up-regulation
of anti-apoptotic signals as well as DNA repair signals [9].
The clinical samples examined in that study were obtained
from CA125-negative HGSC cells, which are poorly
differentiated and have similar features to CSC. A number
of anti-apoptotic systems in cancer have been examined
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in detail [10-12] and the blockade of these systems may
represent a successful strategy for cancer therapy including
that for chemo-resistant tumors. Therefore, apoptosis
resistance in CSC may be a crucial mechanism for chemo-
resistance in disseminated tumors. However, anti-apoptotic
mechanisms have not yet been elucidated in CSC.

The endoplasmic reticulum (ER) is a multi-function
organelle that supports ubiquitous cellular metabolic
processes including protein synthesis, post-translational
modifications to and the translocation of glycoproteins,
the protein quality control checking, and calcium ion
homeostasis. ER stress, including endogenous stress,
such as the accumulation of disturbed glycoproteins,
or exogenous stress, such as chemotherapeutics and
hypoxia, activate cellular responses to stress, termed the
unfolded protein response (UPR). UPR plays a crucial
role in the maintenance of ER homeostasis. Three
major UPR branches and proximal sensors have been
identified: PKR-like ER stress kinase (PERK), inositol-
requiring transmembrane kinase and endonuclease 1
(IRE1), and activating transcription factor 6 (ATF6)
[13]. PERK phosphorylates elF2a while IRE1 induces
the splicing of X-box binding protein 1 (XBP-1) and
activates the TRAF2/JNK pathway. ATF6 cleaved at
the Golgi apparatus up-regulates UPR genes. Three ER
stress sensors are inactivated by binding to the binding
immunoglobulin protein (BiP) and/or unfolded proteins
under steady conditions. Once ER stress occurs, the BiP/
unfolded protein complex dissociates from ER stress
sensors. This accompanies the activation of their signaling
pathways and consequently blocks the initiation of protein
synthesis until the cell recovers from ER stress, namely,
the cell shifts to pro-survival [14].

Prolonged ER stress has been shown to induce
ER stress-mediated apoptosis in order to clear cells
with disrupted ER functions [15]. Phosphorylated elF2a
(p-elF2a) and spliced XBP-1 up-regulate the expression
of UPR genes (including GRP78) and the C/EBP-
homologous protein (CHOP). CHOP leads to the induction
of genes involved in cell death and the suppression
of p-elF2a which is a major branch involved in cell
quiescence via the translational repression of cell survival
[15]. IREI also promotes the caspase pathway through the
activation of c-Jun N-terminal kinase (JNK). Therefore,
UPR in response to ER stress has opposing effects: pro-
apoptotic and pro-survival (anti-apoptotic) signaling.
Cellular fates are determined by the timing of PERK and
IRE1 signaling in a complex manner as well as in a cell
type-dependent manner [15-17].

Cervical cancer is known to be caused by oncogenic
human papillomavirus (HPV) and to ubiquitously express
viral oncogenes E6 and E7 at high levels [18]. E6 and
E6AP synergistically degrade p53 via a proteasome
pathway and E6 also activates hTERT [19, 20]. These
findings imply that p53-dependent apoptosis may be
ignored in sphere-forming and monolayer cells derived

from SiHa cells. SiHa cells appeared to be suitable for
examining ER stress-mediated apoptosis.

Based on the importance of CSC in chemo-
resistance and opposing cellular fates in the presence of
ER stress in a cell-specific manner, we herein investigate
UPR in response to ER stress including chemotherapeutics
in CSC. We demonstrated that cancer stem-like (sphere-
forming) cells derived from SiHa cells resisted ER
stress-mediated apoptosis and that signaling activated
with chemotherapeutic ER stress was different between
sphere-forming and monolayer cells. The combination of
cisplatin and an IRE1a inhibitor had a synergistic effect on
ER stress-mediated apoptosis. Our results demonstrated
that the inhibition of ER stress sensors combined with
chemotherapy has potential as a novel therapeutic strategy.

RESULTS AND DISCUSSION

Isolation and characterization of cancer stem-
like cells derived from a cervical cancer cell line

Previous studies have used cancer sphere-forming
cells isolated from various malignant cell lines and
clinical samples to investigate the properties of CSC
[21, 22]. We herein isolated sphere-forming cells derived
from the cervical cancer cell line, SiHa (HPV 16-positive
squamous cell carcinoma), according to the standard
protocol for sphere formation using a low-attachment plate
and serum-free media [23]. A representative microscopic
picture showed that several sphere-forming, but not
monolayer cells were observed on the low-attachment
plate (Figure 1A). In order to confirm whether sphere-
forming cells possess the features of cancer stem-like
cells, we investigated cell populations exhibiting high
ALDH enzymatic activity among monolayer or sphere-
forming cells. Most (78.5%) sphere-forming cells were
positive for high ALDH activity, in contrast to only 13.9%
of monolayer cells (Figure 1B), indicating that the sphere-
forming cells we collected were cervical cancer stem-like
cells that possess the features of CSC. Some basic and
clinical studies on cervical cancer reported that the CSC or
cancer stem-like cells of cervical cancer expressed ALDH,
CD44, and CD49f [7, 21]. ALDH was strongly expressed
in sphere-forming cells in the present study, while the
expression of CD44 and CD49f was slightly stronger
than that in monolayer cells (Supplementary Figure S1).
Monolayer cells have been suggested to include a small
population of sphere-forming cells; however, since they
were in the minority, monolayer cells showed different
features from those of sphere-forming cells.

ER stress-mediated apoptosis did not occur in
cancer stem-like cells

In the tumor microenvironment, exogenous and
prolonged ER stress, such as that caused by chemotherapy
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and radiotherapy, induces ER stress-mediated apoptosis
in order to clear cells with disrupted ER functions. We
investigated the susceptibility of cancer cells to apoptosis
induced by ER stress in monolayer and sphere-forming
cells. Monolayer or sphere-forming cells were exposed
to tunicamycin, an ER stress inducer, and apoptotic cells
were counted using flow cytometry for PI/Annexin-V
(Figure 2). Apoptotic cells accounted for only 0.7% of
sphere-forming cells and 13.8% of monolayer cells (Figure
2A). A flow cytometric analysis showed that tunicamycin-
induced apoptosis occurred in monolayer cells, but not
in sphere-forming cells (Figure 2B). Furthermore, a flow
cytometric analysis on cell cycle proportions demonstrated
that the sub-G1 population was clearly increased in
monolayer cells exposed to tunicamycin, but not in
sphere-forming cells (Figure 2C and 2D). These results
suggest that cellular fates in response to tunicamycin-
mediated ER stress differed between monolayer and
sphere-forming cells, with the latter being resistant to
tunicamycin-induced apoptosis.

Differences in UPR to ER stress sensors between
cancer stem-like and cancer cells

We examined the difference in UPR to tunicamycin-
mediated ER stress between monolayer and sphere-

A

forming cells, with a focus on pro- and anti-apoptotic ER
stress-mediated pathways. We assessed the splicing of
XBP-1 and phosphorylation of elF2a by RT-qPCR and
Western blotting, respectively (Figure 3A and 3B). XBP-1
splicing was clearly increased by tunicamycin in monolayer
cells, but was absent in sphere-forming cells (Figure 3A).
Western blotting for elF2a and a semi-quantitative analysis
of the bands showed that the ratio of p-elF2a/B-actin was
increased 6.4-fold in sphere-forming cells, while it was
not increased in monolayer cells by tunicamycin (Figure
3B). The expression of CHOP and GRP78 was clearly
increased by tunicamycin in monolayer cells, but only
negligibly so in sphere-forming cells (Figure 3B and 3C).
In monolayer cells, ER homeostasis was disrupted during
the tunicamycin treatment. Our results indicate that the
UPR balance shifted to pro-apoptotic signaling through
the preferential activation of the IRE1 branch followed by
CHOP-mediated apoptosis and also through the suppression
of the PERK/p-elF2a branch by the increased expression
of CHOP, which blocked pro-survival signaling by the
PERK branch. In contrast, in sphere-forming cells, the
PERK branch was preferentially activated and elF2o was
then strongly phosphorylated by the tunicamycin treatment,
suggesting that UPR shifted to pro-survival signaling. The
lack of XBP-1 splicing indicated that the IRE1 branch did
not play a crucial role in tunicamycin-induced ER stress in

ALDH

negative control

ALDH positive
1° 0 1
TE o w0

Figure 1: Sphere-forming cells were isolated from SiHa cells. A. A representative microscopic image of SiHa-derived sphere-
forming cells. The scale bar indicates 200 um. B. Monolayer or sphere-forming cells were treated with Aldefluor reagent alone (left) or in
the presence of the ALDH inhibitor DEAB (negative control, right), and were analyzed by flow cytometry.
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sphere-forming cells. The slight increase observed in the
expression of CHOP and GRP78 was attributed to p-elF2a/
ATF4 and/or ATF6. Sphere-forming cells had the ability to
shift from pro-apoptotic to pro-survival signaling through
the inactivation of the IRE1 branch and activation of the
PERK branch, at least under tunicamycin-induced ER
stress.

Inhibitors of ER stress sensors induced ER
stress-mediated apoptosis in cancer stem-like
cells

UPR branches balance pro-apoptosis and pro-
survival signaling under ER stress. ER stress sensor
inhibitors may disturb the balance caused by the shift of
cells to one side. Monolayer and sphere-forming cells
were exposed to the inhibitors of ER stress sensors,
GSK2606414 (a PERK inhibitor: PERKi) or 4u8C (an
IREla inhibitor: IREli), combined with tunicamycin.

A

Flow cytometric analyses for PI/Annexin-V and cell
cycle proportions were performed on treated monolayer
and sphere-forming cells in order to detect apoptotic cells
(Figure 4 and Supplementary Figure S2). In monolayer
cells, PERKi and IRE1i both promoted the induction of
apoptosis caused by tunicamycin; neither PERKi nor
IRE1i alone induced apoptosis (Supplementary Figure
S2). This result indicated that both inhibitors sensitized
monolayer cells to ER stress-mediated apoptosis
because of the blockade of UPR branches followed by
a disturbance in the UPR balance. Tunicamycin did not
induce apoptosis in sphere-forming cells; the proportions
of apoptotic cells detected by PI/Annexin-V and cell cycle
proportion assays were only approximately 1-2%. These
proportions in sphere-forming cells were increased to
approximately 15% by the tunicamycin+PERKi treatment,
but not by the tunicamycin+IRE1i treatment (Figure 4A,
4B, and 4C). This result indicated that PERKi, but not
IRE1i sensitized sphere-forming cells to tunicamycin-
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Figure 2: Tunicamycin-induced apoptosis occurred in monolayer cells, but not in sphere-forming cells. A. Monolayer
(mono) or sphere-forming (sphere) cells were untreated (control: con, left) or treated with 0.03 uM tunicamycin (TM, right) for 72 hours,
and then subjected to PI/Annexin-V staining and analyzed by flow cytometry. B. A quantitative analysis of PI-negative/Annexin-V-positive
apoptotic cells showed that tunicamycin-induced apoptosis only occurred in monolayer cells. The values shown represent the means + SEM
(*p < 0.05). C. Monolayer or sphere-forming cells were untreated (left) or treated with 0.03 pM tunicamycin (right) for 72 hours, then
fixed and stained with propidium iodide for a flow cytometry assay. D. A quantitative analysis of sub-G1 region (M1) cells showed that
tunicamycin-induced apoptosis only occurred in monolayer cells. The values shown represent the means £ SEM (*p < 0.05).

51857 Oncotarget

www.impactjournals.com/oncotarget



induced apoptosis. UPR in response to tunicamycin
balanced the inactivated IRE1 branch and activated PERK
branch in sphere-forming cells. Therefore, the inhibition of
the PERK branch disturbed pro-survival signaling, which
was activated by tunicamycin, followed by a preferential
shift to apoptotic signaling.

Different UPR to cisplatin-mediated ER stress in
cancer stem-like cells

Cisplatin is a key anti-cancer drug that induces
DNA damage followed by p53-dependent apoptosis
and the inhibition of cell replication, and is also an ER
stress inducer, which is followed by ER stress-mediated
apoptosis [24, 25]. On the other hand, cisplatin-resistant
cancer cells including CSC have the ability to evade
cisplatin-induced apoptosis [26, 27]. Since our results
indicated that the sphere-forming cells of cervical cancer
evaded ER stress-mediated apoptosis, we addressed
differences in UPR in response to cisplatin between

monolayer and sphere-forming cells. In order to exclude
the possibility of apoptosis due to cisplatin-dependent
DNA damage, we used 20 uM of cisplatin in the treatment
of monolayer and sphere-forming cells because a previous
study reported that the concentration of cisplatin did not
change the expression level of Bax [28]. We confirmed that
20 uM of cisplatin did not induce apoptosis in monolayer
or sphere-forming cells (Supplementary Figure S3). At the
concentration of cisplatin used, we examined the activities
of the IRE1 and PERK branches in monolayer and sphere-
forming cells. In monolayer cells, neither XBP-1 splicing
nor elF2a phosphorylation was changed by the treatment
with 20 uM of cisplatin (Figure 5), indicating that UPR
branches were not activated by cisplatin-induced ER
stress at that concentration. In contrast, XBP-1 splicing
was enhanced by the treatment with 20 uM of cisplatin
in sphere-forming cells, but not monolayer cells, whereas
elF2o was not influenced (Figure 5A and 5B). The
expression of CHOP and GRP78 was not changed in either
cell. These results indicated that the low concentration of
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Figure 3: UPR to tunicamycin-induced ER stress differed between cancer stem-like and cancer cells. Monolayer (mono)
or sphere-forming (sphere) cells were untreated (control: con) or treated with 0.03 pM tunicamycin (TM) for 72 hours, and live cells were
fractioned. A. Total RNA was extracted for RT-PCR and the ratio of spliced XBP1 mRNA to total XBP1 mRNA was calculated using
the comparative Ct method. XBP1 splicing was increased by tunicamycin in monolayer cells. The values shown represent the means +
SEM (¥*p < 0.05). B. Cell extracts were prepared for Western blotting of the indicated proteins, and representative blots are shown. The
ratio indicated that each protein level was normalized by B-actin levels (loading control). The phosphorylation of elF2a was increased by
tunicamycin in sphere-forming cells. C. The relative expression of CHOP was calculated and normalized by GAPDH. The values shown

represent the means = SEM (¥p < 0.05).
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cisplatin activated the IRE1 branch in sphere-forming
cells, but failed to activate ER stress-mediated apoptotic
signaling.

Cisplatin has been shown to up-regulate GRP78
and shift exposed cells to ER stress-mediated apoptosis at
a concentration of more than 20 uM [24]. In the present
study, we used a low concentration of cisplatin in order
to detect differences in sensitivity to cisplatin-induced
ER stress between monolayer and sphere-forming cells.
IRE1la was very weakly activated in sphere-forming cells
only, while PERK was not activated. Martins et al recently
demonstrated that cisplatin failed to activate PERK or the
phosphorylation of elF2a whereas oxaliplatin did [25].
Our results also suggest that the IRE1 branch is pivotal
in the balance of UPR to cisplatin-mediated ER stress
for deciding cellular fates. This branch may be more

susceptible to the cisplatin treatment in sphere-forming
cells than in monolayer cells.

The IRE1 inhibitor sensitized cancer stem-like
cells to cisplatin-induced ER stress-mediated
apoptosis

In order to confirm that the IRE1 branch plays a pivotal
role in the UPR balance for sphere-forming cells against
cisplatin, sphere-forming cells were exposed to either IRE1i
(4u8C) or PERKIi (GSK2606414), with or without 20 pM of
cisplatin, and the proportion of apoptotic cells was examined
using flow cytometry for PI/Annexin-V (Figure 6). Cisplatin
alone, PERK alone, or cisplatin+PERKi failed to increase
the proportion of apoptotic cells. In contrast, the proportion
of apoptotic cells was 3 to 4-fold higher in cisplatin+IREli-
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Figure 4: The PERK inhibitor induced tunicamycin-mediated apoptosis in cancer stem-like cells. Sphere-forming cells
were untreated (control) or treated with 0.03 uM tunicamycin (TM) and/or 1.5 pM GSK 2606414 (a PERK inhibitor: PERKi), or 7 uM
4u8C (an IRE 1o inhibitor: IRE1i) for 72 hours. A. After the treatment, cells were subjected to PI/Annexin-V staining and analyzed by flow
cytometry. B. A quantitative analysis of PI-negative/Annexin-V-positive apoptotic cells showed that the proportion of apoptotic cells in
sphere-forming cells was clearly increased by the PERKi combined with tunicamycin treatment. The values shown represent the means
+ SEM (*p < 0.05). C. After being treated, cells were fixed and stained with propidium iodide for a flow cytometry assay. A quantitative
analysis of sub-G1 region (M1) cells showed that the tunicamycin+PERK inhibitor treatment induced apoptosis in sphere-forming cells.
The values shown represent the means = SEM (¥*p < 0.05).
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treated cells than in control, cisplatin-treated, or IRE li-treated
cells (Figure 6B). As expected, the PERKi treatment did
not influence the proportion of apoptotic cells regardless of
the cisplatin treatment. We confirmed that cisplatin+IRE1i
increased the proportion of sub-G1 phase cells in sphere-
forming cells to approximately 18%, which was equivalent
to that in tunicamycin-treated monolayer cells, as shown in
Figure 2 (Figure 6C). These results clearly indicated that
IRE1i sensitized sphere-forming cells to cisplatin-induced
apoptosis.

In order to determine whether apoptotic signaling was
mediated by ER stress, we assessed the phosphorylation
of elF2a and expression of CHOP in sphere-forming
cells exposed to either IRE1i or PERKi with or without
cisplatin (Figure 7). Western blotting for elF2a revealed
that p-elF2a/B-actin was increased by cisplatin+IRE11, and
was decreased by PERKi as expected (Figure 7A). CHOP
expression was increased significantly by cisplatin+IRE11,
but not by cisplatin alone, PERKi alone, IRE1i alone, or
cisplatin+PERKi. The increase observed in the expression of

CHOP paralleled the proportion of apoptotic cells shown in
Figure 6B, indicating that cisplatin+IRE1i sensitized sphere-
forming cells to ER stress-mediated apoptosis through
the compensatory activation of elF2a signaling with the
inhibition of IRE1.

UPR to ER stress is known to differ depending on
the cell type, and the timing of UPR branch signaling
determines cellular fates [16]. Our results demonstrated
that sphere-forming cells showed different responses to
ER stress inducers (tunicamycin and cisplatin), whereas
these inducers alone failed to induce apoptosis in these
cells. Regarding the tunicamycin treatment we used here,
sphere-forming cells preferentially activated the PERK
branch (PERK/p-elF2a) compared with monolayer cells.
Therefore, the UPR balance may shift sphere-forming
cells to cell survival rather than apoptosis. Our results
indicate the potential of PERKi as an effective sensitizer
to ER stress-mediated apoptosis for sphere-forming cells.

In contrast, the UPR balance in cisplatin-treated cells
was markedly different from that in tunicamycin-treated
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Figure 5: UPR to cisplatin-induced ER stress differed between cancer stem-like and cancer cells. Monolayer (mono)
or sphere-forming (sphere) cells were untreated (control: con) or treated with 20 uM cisplatin (CDDP) for 72 hours, and live cells were
fractioned. A. Total RNA was extracted for RT-PCR and the ratio of spliced XBP1 mRNA to total XBP1 mRNA was calculated by the
comparative Ct method. The values shown represent the means = SEM (*p < 0.05). B. Cell extracts were prepared for Western blotting
of the indicated proteins, and representative blots are shown. The ratio indicated that each protein level was normalized by B-actin levels
(loading control). The phosphorylation of elF2a was negligibly increased by the treatment with 20 uM cisplatin. C. The relative expression
of CHOP was calculated and normalized by GAPDH. No significant change was observed in CHOP expression by the treatment with 20
UM cisplatin. The values shown represent the means = SEM.
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cells. The UPR branch responsible for determining the
balance from pro-apoptotic to pro-survival signaling was the
IRE1 branch due to the lack of PERK activation by cisplatin
[26]. The IRE1 branch was only activated in sphere-forming
cells by the treatment with the low concentration of cisplatin
(Figure 5A). The sensitivity of IRE1 to cisplatin-induced
ER stress in sphere-forming cells may be higher than that in
monolayer cells. Therefore, IRE1i sensitized sphere-forming
cells to cisplatin-induced ER stress-mediated apoptosis.
Notably, CHOP expression was increased in sphere-forming
cells treated with cisplatin+IRE1i, but did not change with
the cisplatin treatment. EIF2a was activated by the inhibition
of the IRE1 branch, and this was followed by the induction
of CHOP. The compensatory activation of the PERK branch
occurred in sphere-forming cells, even with the cisplatin
treatment. The UPR balance in sphere-forming cells may
shift from the IRE1 to PERK branch in order to overcome the
cisplatin-mediated suppression of PERK. These pro-apoptotic
signals decided the fate of sphere-forming cells to apoptosis.
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When combined with IRE1i, 20 uM of cisplatin
shifted sphere-forming cells to ER stress-mediated
apoptosis. The results of the present study suggest that
inhibitors of ER stress sensors have the ability to sensitize
CS-like cells to apoptosis. Several approaches for ER
stress branches, including inhibitors of ER stress sensor,
have been under development as therapies against cancer
[17, 29]. However, the previous studies did not approach
CSC, but cancer cells. The combination of cisplatin and
IRE1i may be a novel approach to cisplatin-resistant
cancer with the survival of CS-like cells through their
evasion of apoptosis. Although further studies are needed
in order to elucidate the mechanisms by which sphere-
forming cells acquire resistance to ER stress, UPR to
stress may differ between cancer cells and CS-like cells.
Our results suggest that inhibitors of ER stress sensors
combined with chemotherapeutics provide a novel insight
into CSC-targeting therapy that shifts CS-like cell to ER
stress-mediated apoptosis.
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Figure 6: The IRE1a inhibitor induced cisplatin-mediated apoptosis in cancer stem-like cells. Sphere-forming cells were
untreated (control) or treated with 20 uM cisplatin (CDDP) and/or 1.5 uM GSK 2606414 (a PERK inhibitor: PERKi) or 7 uM 4u8C (an
IRE1a inhibitor: IRE11) for 72 hours. A. After the treatment, cells were subjected to PI/Annexin-V staining and analyzed by flow cytometry.
B. A quantitative analysis of PI-negative/Annexin-V-positive apoptotic cells showed that the proportion of apoptotic cells in sphere-forming
cells was clearly increased by the IRE1a inhibitor combined with cisplatin treatment. The values shown represent the means + SEM (*p <
0.05). C. After being treated, cells were fixed, stained with propidium iodide, and the sub-G1 population was calculated by flow cytometry.
The cisplatin+IRE 1 a inhibitor treatment induced apoptosis in sphere-forming cells.
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Figure 7: UPR production was increased in cancer stem-like cells treated with the IRE1o inhibitor combined with
cisplatin. Sphere-forming cells were untreated or treated with 20 uM cisplatin (CDDP) and/or 1.5 uM GSK 2606414 (a PERK inhibitor:
PERK:I) or 7 uM 4pu8C (an IRE1a inhibitor: IRE11) for 72 hours, and live cells were fractioned. A. Cell extracts were prepared for Western
blotting of the indicated proteins, and representative blots are shown. The ratio indicated that each protein level was normalized by B-actin
levels (loading control). The phosphorylation of e[F2a was increased by the cisplatin+IRE1a inhibitor treatment. B. The relative expression
of CHOP, normalized by GAPDH, was also increased by the cisplatin+tIRE1a inhibitor treatment. The values shown represent the means

+ SEM (*p < 0.05).

MATERIALS AND METHODS

Cell lines

SiHa (ATCC HTB-35), a human cervical squamous
carcinoma cell line, was maintained in Dulbecco’s
Modified Eagle’s Medium (Wako) supplemented with
10% fetal bovine serum (Gibco) and antibiotics (Wako) at
37°C in a humidified atmosphere with 5% CO,.

Isolation of sphere-forming cells

Cells were cultured in DMEM/F-12 (Gibco)
supplemented with 0.4% bovine serum albumin (Sigma-
Aldrich), 20 ng/mL epidermal growth factor (Invitrogen),
and 10 ng/mL basic fibroblast growth factor (Invitrogen)
in ultra-low attachment plates at 37°C in a humidified
atmosphere with 5% CO,. Floating spheres were collected
by slow centrifugation and dissociated into single cells by
0.25% trypsin/EDTA (Wako).

Treatment with tunicamycin / cisplatin and ER
stress sensor inhibitors

Tunicamycin, cisplatin, GSK2606414, and 4u8C
were obtained from Wako. Cells were incubated in

DMEM + 10% FBS + antibiotics in 10-cm normal plates
at a density of 5x10° cells/plate for monolayer cells
or in DMEM/F-12 + 0.4% BSA + 20 ng/mL EGF + 10
ng/mL FGF in 10-cm ultra-low attachment plates at the
same density for sphere-forming cells. After a 3-hour
incubation, cells were treated with or without TM 0.03
uM/cisplatin 20 uM, GSK2606414 1.5 uM/4u8C 7 uM
for 72 hours.

Surface marker analyses and ALDH activity of
sphere-forming cells

After dissociating into single cells, sphere-forming
cells were labeled with an APC-conjugated anti-human
CD49f antibody (Miltenyi Biotec) or PE-conjugated anti-
human CD44 antibody (Miltenyi Biotec) at 4°C for 10
minutes in the dark, and this was followed by washing
with PBS containing 0.5% BSA. Isotype control samples
were treated in an identical manner with an APC-labeled
rat IgG2a antibody or PE-labeled mouse IgG1 antibody,
respectively. Cell pellets were resuspended for an analysis
by flow cytometry.

In order to identify the cell population with
high ALDH enzymatic activity, an ALDEFLUOR™
Kit (STEMCELL) was used as recommended by the
manufacturer.
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Apoptotic analyses

Apoptosis was measured by flow cytometry using
an Annexin-V-FITC Apoptosis Detection Kit (Abcam).
Cells were treated with drugs for 72 hours, floating and
attached cells were both collected, washed with PBS
twice, and resuspended in buffer containing Annexin-V
and PI according to the manufacturer’s instructions. The
proportions of PI-negative/Annexin-V-positive cells were
examined.

A cell cycle analysis was performed as an alternative
method to assess apoptosis. Cells were washed with PBS
twice, fixed in 70% ethanol (Wako) at 4°C for 2 hours,
washed twice again, resuspended in PBS containing 250
pg/mL of RNase A (Sigma-Aldrich) at 37°C for 20 min,
and then incubated with 25 pg/mL propidium iodide
(Sigma-Aldrich) at 4°C for 30 min in the dark.

All samples were acquired in a FACSCalibur
system, and analyzed using Kaluza software.

Western blotting

A phospho-elF2a antibody and elF2a antibody were
obtained from Cell Signaling Technology, and an anti-
GRP78 BiP antibody and anti-beta actin antibody were
from Abcam.

After cells had been collected and dissociated with
0.25% trypsin/EDTA, dead cells were removed using a
dead cell removal kit (Miltenyi).

The same amount of protein from whole cell lysates
was separated using Tris-glycine gels, and transferred to
nitrocellulose membranes. Membranes were blocked at
room temperature for 1 hour in 5% milk/TBS-T, and this
was followed by an incubation with primary antibodies
diluted in 5% milk/TBS-T or 5% BSA/TBS-T (for
P-elF2a antibody) at 4°C overnight. After washing with
TBS-T, HRP-conjugated secondary antibodies (DAKO)
in 5% milk/TBS-T were incubated at room temperature
for 1 hour. Blots were developed using Immobilon
Western Chemiluminescent HRP Substrate (MILLIPORE)
according to the manufacturer’s instructions.

RT-quantitative PCR

Total RNA was extracted from live cells using a
Blood/Cultured Cell Total RNA Mini Kit (FAVORGEN)),
followed by reverse transcription. cDNA was amplified for
40 cycles in a Light Cycler 480 (Roche). The expression
of CHOP was normalized using GAPDH mRNA as an
internal standard, and splicing of XBP1 (XBP1s/XBP1t)
was calculated by the comparative Ct method.

The primer pairs used were as follows; human total
XBP1 (XBP1t) 5 -GGCATCCTGGCTTGCCTCCA-3’ and
5’-GCCCCCTCAGCAGGTGTTCC-3°, human spliced
XBP1 (XBP1s) 5-CGCTTGGGGATGGATGCCCTG-3’
and 5 -CCTGCACCTGCTGCGGACT-3’, human CHOP

5-GGAGCATCAGTCCCCCACTT-3" and 5 -TGTGGGA

TTGAGGGTCACATC-3’, and human GAPDH 5’-GAA4A4
GGTGAAGGTCGGAGTIC-3’ and 5’-GAAGATGGTGA
TGGGATTTC-3".

Statistical analysis

Data are presented as means + SEM. Statistical
analyses were carried out using the Student’s #-test or
Dunnett’s analysis using JMP software. A value of p <0.05
was considered significant. Asterisks indicate comparisons
with significant differences (p < 0.05).

ACKNOWLEDGMENT

We would like to thank Dr. Terufumi Yokoyama for
expert advice on experimental methodologies.

CONFLICTS OF INTEREST

None of the authors have any financial support or
relationships that may pose a conflict of interest related
to this study.

GRANT SUPPORT

This work was supported by JSPS KAKENHI
Grant number 26293357 (KK), 26893057 (AK), and by
the Practical Research for Innovative Cancer Control from
Japan Agency for Medical Research and Development,
AMED No. 15¢k0106178h0001 (KK).

REFERENCES

1. Visvader JE and Lindeman GJ. Cancer stem cells: current
status and evolving complexities. Cell Stem Cell. 2012 Jun
14;10:717-28.

Boiko AD, Razorenova OV, van de Rijn M, Swetter SM,
Johnson DL, Ly DP, Butler PD, Yang GP, Joshua B, Kaplan
MJ, Longaker MT, and Weissman IL. Human melanoma-
initiating cells express neural crest nerve growth factor
receptor CD271. Nature. 2010 Jul 1;466:133-7.

3. Antoniou A, Hebrant A, Dom G, Dumont JE, and

Maenhaut C. Cancer stem cells, a fuzzy evolving concept:

a cell population or a cell property? Cell Cycle. 2013;

12:3743-3748.

Mitra A., Mishra L., and Li S. EMT, CTCs and CSC

in tumor relapse and drug-resistance. Oncotarget.
2015;6:10697-10711. doi:10.18632/oncotarget.4037.

5. Perona R, Lopez-Ayllon BD, de Castro Carpeiio J, and
Belda-Iniesta C. A role for cancer stem cells in drug
resistance and metastasis in non-small-cell lung cancer. Clin

Transl Oncol. 2011 May;13:289-93.

www.impactjournals.com/oncotarget

51863

Oncotarget



10.

11.

13.

14.

16.

17.

19.

Chen J, McKay RM, and Parada LF. Malignant Glioma:
Lessons from Genomics, Mouse Models, and Stem Cells.
Cell. 2012 Mar 30; 149: 36-47.

Liu SY and Zheng PS. High aldehyde dehydrogenase
activity identifies cancer stem cells in human cervical
cancer. Oncotarget. 2013 Dec; 4: 2462-2475. doi:10.18632/
oncotarget.1578.

Tjhay F, Motohara T, Tayama S, Narantuya D, Fujimoto K,
Guo J, Sakaguchi I, Honda R, Tashiro H, and Katabuchi H.
CD44 variant 6 is correlated with peritoneal dissemination
and poor prognosis in patients with advanced epithelial
ovarian cancer. Cancer Sci. 2015 Oct; 106: 1421-1428.
Janzen DM, Tiourin E, Salehi JA, Paik DY, Lu J, Pellegrini M,
and Memarzadeh S. An apoptosis-enhancing drug overcomes
platinum resistance in a tumour-initiating subpopulation of
ovarian cancer. Nat Commun. 2015 Aug 3;6:7956.

Baguley BC. Multidrug resistance in cancer. Methods Mol
Biol. 2010;596:1-14.

Xi G, Hu X, Wu B, Jiang H, Young CY, Pang Y, and
Yuan H. Autophagy inhibition promotes paclitaxel-
induced apoptosis in cancer cells. Cancer Lett. 2011 Aug
28;307:141-8.

Baldwin AS. Regulation of cell death and autophagy by
IKK and NF-kB: critical mechanisms in immune function
and cancer. Immunol Rev. 2012 Mar;246:327-45.

Ron D and Walter P. Signal integration in the endoplasmic
reticulum unfolded protein response. Nat Rev Mol Cell
Biol. 2007 Jul;8:519-29.

Boyce M and Yuan J. Cellular response to endoplasmic
reticulum stress: a matter of life or death. Cell Death Differ.
2006 Mar;13:363-73.

Oyadomari S and Mori M. Roles of CHOP/GADDI153
in endoplasmic reticulum stress. Cell Death Differ. 2004
Apr;11:381-9.

Walter F, Schmid J, Diissmann H, Concannon CG, and
Prehn JH. Imaging of single cell responses to ER stress
indicates that the relative dynamics of IRE1/XBP1 and
PERK/ATF4 signalling rather than a switch between
signalling branches determine cell survival. Cell Death
Differ. 2015 Sep;22:1502-16. Epub 2015 Jan 30.

Chevet E, Hetz C, and Samali A. Endoplasmic reticulum

stress-activated cell reprogramming in oncogenesis. Cancer
Discov. 2015 Jun;5:586-97. Epub 2015 May 14.

. Yim EK and Park JS. The role of HPV E6 and E7

oncoproteins in HPV-associated cervical carcinogenesis.
Cancer Res Treat. 2005 Dec;37:319-24. Epub 2005 Dec 31.
zur Hausen H. Papillomaviruses and cancer: from basic studies
to clinical application. Nat Rev Cancer. 2002 May;2:342-50.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

James MA, Lee JH, and Klingelhutz AJ. HPV16-E6
associated hTERT promoter acetylation is E6AP dependent,
increased in later passage cells and enhanced by loss of
p300. Int J Cancer. 2006 Oct 15;119:1878-85.

Lépez J, Poitevin A, Mendoza-Martinez V, Pérez-Plasencia
C, and Garcia-Carranca A. Cancer-initiating cells derived
from established cervical cell lines exhibit stem-cell
markers and increased radioresistance. BMC Cancer. 2012
Jan 28;12:48.

Liao J, Qian F, Tchabo N, Mhawech-Fauceglia P, Beck A,
Qian Z, Wang X, Huss WJ, Lele SB, Morrison CD, and
Odunsi K. Ovarian cancer spheroid cells with stem cell-
like properties contribute to tumor generation, metastasis
and chemotherapy resistance through hypoxia-resistant
metabolism. PLoS One. 2014 Jan 7;9:¢84941.

Sato A, Ishiwata T, Matsuda Y, Yamamoto T, Asakura H,
Takeshita T, and Naito Z. Expression and role of nestin in
human cervical intraepithelial neoplasia and cervical cancer.
Int J Oncol. 2012 Aug;41:441-8. Epub 2012 May 10.

Mandic A, Hansson J, Linder S, and Shoshan MC. Cisplatin
induces endoplasmic reticulum stress and nucleus-
independent apoptotic signaling. J Biol Chem 278: 9100-
9106, 2003.

Martins I, Kepp O, Schlemmer F, Adjemian S, Tailler M,
Shen S, Michaud M, Menger L, Gdoura A, Tajeddine N,
Tesniere A, Zitvogel L, and Kroemer G. Restoration of the
immunogenicity of cisplatin-induced cancer cell death by
endoplasmic reticulum stress. Oncogene 30: 1147-1158, 2011.
Tatokoro M, Koga F, Yoshida S, Kawakami S, Fujii Y,
Neckers L, and Kihara K. Potential role of Hsp90 inhibitors
in overcoming cisplatin resistance of bladder cancer-
initiating cells. Int J Cancer. 2012 Aug 15;131:987-96. Epub
2011 Nov 10.

Liu CL, Chen SF, Wu MZ, Jao SW, Lin YS, Yang CY, Lee
TY, Wen LW, Lan GL, and Nieh S. The Molecular and
Clinical Verification of Therapeutic Resistance via the p38
MAPK-Hsp27 Axis in Lung Cancer. Oncotarget. 2016 Mar
22;7:14279-90. doi: 10.18632/oncotarget.7306.

Beuvink I, Boulay A, Fumagalli S, Zilbermann F, Ruetz S,
O’Reilly T, Natt F, Hall J, Lane HA, and Thomas G. The
mTOR inhibitor RADOO1 sensitizes tumor cells to DNA-
damaged induced apoptosis through inhibition of p21
translation. Cell. 2005 Mar 25;120:747-59.

Atkins C, Liu Q, Minthorn E, Zhang SY, Figueroa DJ, Moss
K, Stanley TB, Sanders B, Goetz A, Gaul N, Choudhry AE,
Alsaid H, Jucker BM, et al. Characterization of a novel
PERK kinase inhibitor with antitumor and antiangiogenic
activity. Cancer Res. 2013 Mar 15;73:1993-2002. doi:
10.1158/0008-5472.CAN-12-3109. Epub 2013 Jan 18.

www.impactjournals.com/oncotarget

51864

Oncotarget



