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Department of Pharmaceutical Physiology, Faculty of Pharmaceutical Sciences, University of Toyama, Toyama, Japan

Cisplatin [cis-diamminedichloroplatinum (Il)] is a platinum-based anticancer drug widely
used for the treatment of various cancers. It forms interstrand and intrastrand cross-
linking with DNA and block DNA replication, resulting in apoptosis. On the other hand,
intrinsic and acquired cisplatin resistance restricts its therapeutic effects. Although some
studies suggest that dramatic epigenetic alternations are involved in the resistance
triggered by cisplatin, the mechanism is complicated and remains poorly understood.
Recent studies reported that cytoskeletal structures regulate cisplatin sensitivity and
that activities of membrane transporters contribute to the development of resistance
to cisplatin. Therefore, we focus on the roles of actin filaments and membrane
transporters in cisplatin-induced apoptosis. In this review, we summarize the relationship
between actin cytoskeleton and membrane transporters in the cisplatin resistance of
cancer cells.
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INTRODUCTION

Cisplatin [cis-diamminedichloroplatinum (II)], a platinum-based anticancer drug, is a widely
used chemotherapeutic drug in the treatment of various cancers including testicular, bladder,
prostate, ovarian, head and neck, small cell lung, non-small cell lung, esophageal, cervical, and
stomach cancers (Lebwohl and Canetta, 1998; Boulikas and Vougiouka, 2004). Cisplatin enters
inside cancer cells in a balance between influx and efflux through membrane transporters. The
accumulated cisplatin forms intrastrand and interstrand adducts with DNA, which interferes
with DNA replication and transcription. The cisplatin-triggered DNA damage activates a variety
of signaling pathways such as a tumor suppressor p53 and mitogen-activated protein kinases
(MAPKSs), leading to apoptotic cell death (Siddik, 2003). However, the cisplatin treatment is limited
in cancer therapy because cancer cells develop acquired resistance to cisplatin. The molecular
mechanisms involved in the cisplatin resistance are complicated. Generally, the following three
events, (1) reduced intracellular cisplatin accumulation, (2) increased DNA damage repair, and
(3) inactivation of the apoptotic signaling pathways, are associated with the cisplatin resistance
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(Siddik, 2003; Tanida et al., 2012; Zhu et al., 2016; Lambert and
Serensen, 2018). We, therefore, begin the review by providing an
overview of the cisplatin-resistant mechanism.

REDUCED INTRACELLULAR CISPLATIN
ACCUMULATION IN CISPLATIN
RESISTANCE

The independent influx and efflux pathways regulate the amount
of cellular cisplatin in cancer cells (Figure 1). Although the
mechanism of cisplatin uptake remains poorly understood,
cisplatin passes through the plasma membrane via facilitated
diffusion. The copper transporter 1 (CTR1), the first member
of the solute carrier transporter 31 family (SLC31A1), is
demonstrated to play a pivotal role in the cisplatin influx
(Howell et al,, 2010; Liu et al., 2012). The deletion of CTRI
not only reduced intracellular cisplatin accumulation but also
increased the cisplatin resistance (Ishida et al., 2002; Lin et al,,
2002). Besides, some cisplatin-resistant cancer cells exhibited low
expression of CTR1 (Song et al., 2004; Kalayda et al., 2012). These
results suggest that the downregulation of CTR1 contributes to
the cisplatin resistance. The organic cation transporters (OCT),
which belong to the SLC22 family, are known to transport organic
cations containing medicines down an electrochemical gradient.
Several reports showed that the overexpression of OCT1-3
(SLC22A1-3) enhanced cisplatin uptake and cisplatin-triggered
cytotoxicity (Ciarimboli et al., 2005; Yonezawa et al., 2006; Li
et al, 2012). Recently, the expression of OCT6 [SLC22A1l6,
also called carnitine transporter 2 (CT2)] is demonstrated to
contribute to the cisplatin uptake and its cytotoxicity (Kunii
et al,, 2015). These results suggest that these OCT proteins
might function as influx transporters of cisplatin. Further studies
are awaited to clarify the importance of OCT proteins in the
cisplatin resistance.

Volume-sensitive outwardly rectifying (VSOR) anion
channels (called volume-regulated anion channels: VRAC)
are also considered to mediate cisplatin influx (Planells-Cases
et al., 2015; Jentsch et al., 2016) and contribute to the cisplatin
resistance (Lee et al., 2007; Shimizu et al., 2008). The VSOR anion
channels generally play principal roles in cell volume recovering
after cell swelling and initial cell shrinkage on apoptotic cell
death (Okada et al., 2001; Shimizu et al., 2004; Pedersen et al.,
2016; Okada et al., 2019). Recent studies demonstrated that
the VSOR anion channels are composed of hetero-hexameric
leucine-rich repeat-containing 8 (LRRCS8) proteins with four
membrane-spanning domains and intracellular C-terminal
leucine-rich repeat domains (Qiu et al, 2014; Voss et al,
2014; Deneka et al., 2018; Kasuya et al., 2018; Kefauver et al,,
2018). The LRRC8 family consists of five members LRRC8A to
LRRC8E. LRRCS8A is an essential component to form VSOR
anion channels. Interestingly, the stoichiometry of LRRCS8
proteins modifies the electrophysiological properties of VSOR
anion channels. The combination of LRRC8A with LRRC8C or
LRRCSE exhibits slower or faster inactivation of VSOR anion
channel currents at positive potentials, respectively (Voss et al.,
2014; Ullrich et al., 2016). LRRC8D regulates the permeability

of VSOR anion channels (Lee et al., 2014; Planells-Cases et al.,
2015). The transport of organic compounds such as osmolyte
taurine, antibiotic blasticidin S, and chemotherapeutic cisplatin
is dependent on the incorporation of LRRC8D into VSOR
anion channels. Thus, cisplatin would pass through LRRC8D-
containing VSOR anion channels. Consistently, the structural
study using the cryo-electron microscopy revealed that LRRC8D
homo-hexamers have a wider pore compared with LRRCS8A
(Nakamura et al., 2020). Intriguingly, ovarian cancer patients
with low LRRC8D expression significantly exhibited poor
prognosis in cisplatin therapies (Planells-Cases et al., 2015).

Some ATP-dependent active transporters are involved in the
cisplatin efflux. ATP7A and ATP7B are known to be P-type
ATPases to export an excess of copper (Li et al., 2018). These
transporters located at the frans-Golgi network sequester copper
from the cytosol and the accumulated copper in the trans-Golgi
network might be released from the cell via a secretory vesicle
pathway (Suzuki and Gitlin, 1999). ATP7A and ATP7B similarly
transport cisplatin and regulate cisplatin sensitivity (Samimi
et al,, 2004). Interestingly, these transporters mainly existed at
the trans-Golgi network in the cisplatin-sensitive cancer cells but
distributed in more peripherally located vesicles in its cisplatin-
resistant cells (Kalayda et al., 2008). These results suggest that
cisplatin regulates the rapid trafficking of these transporters
between the trans-Golgi network and the secretory vesicles.
Moreover, several cisplatin-resistant cancer cells exhibited an
increased expression of ATP7A and ATP7B (Katano et al., 2002).
Multidrug resistance-associated protein 2 (MRP2), a member
of the ATP-binding cassette (ABC) transporter family, also
exports cisplatin as a conjugate with glutathione (Koike et al.,
1997; Kawabe et al., 1999) and contributes to the cisplatin
resistance (Taniguchi et al, 1996; Cui et al, 1999; Hinoshita
et al., 2000). MRP2 localizes in the apical membrane of various
cells and the ability of MRP2 to transport cisplatin confers the
cisplatin resistance (Borst et al., 1999). Besides, cancer patients
with a high level of MRP2 expression showed less sensitivity
to cisplatin therapies (Korita et al., 2010; Yamasaki et al.,
2011; Halon et al., 2013). Thus, the active transporters such as
ATP7A/B and MRP?2 regulate cisplatin efflux, although the ways
to transport cisplatin are different. These results suggest that the
expression of these ATP-dependent cisplatin exporters decreases
intracellular cisplatin accumulation, resulting in the cisplatin
resistance of cancer cells.

INCREASED DNA DAMAGE REPAIR IN
CISPLATIN RESISTANCE

Accumulated cisplatin forms interstrand and intrastrand cross-
link with DNA, resulting in DNA damage. Two different
pathways generally contribute to DNA repair: nucleotide excision
repair (NER) and mismatch repair (MMR). The NER removes
the bulky DNA adducts induced by cisplatin. On the other
hand, the MMR corrects single-strand DNA errors during DNA
replication. The protein expression involved in the NER and
MMR processes positively and negatively correlates with the
cisplatin resistance, respectively. The following reviews describe
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FIGURE 1 | Membrane transporters involved in the regulation of cisplatin
accumulation.

the detailed mechanism of the NER and MMR process in the
cisplatin resistance (Martin et al., 2008; Rocha et al., 2018; Damia
and Broggini, 2019).

INACTIVATED APOPTOTIC SIGNALING
PATHWAY IN CISPLATIN RESISTANCE

Apoptosis, a programmed cell death observed in old and
unwanted cells, is characterized by morphological and
biochemical features such as initial cell shrinkage (called
apoptotic volume decrease: AVD), cell membrane blebbing,
cytochrome ¢ release, chromatin condensation, caspase
activation, DNA fragmentation, and apoptotic body formation
(Maeno et al., 2000; Saraste and Pulkki, 2000; Okada et al.,
2001; Barros et al,, 2003). Cisplatin activates multiple signaling
pathways such as reactive oxygen species (ROS), a tumor
suppressor gene p53, and mitogen-activated protein kinases
(MAPKs) to induce these phenomena.

As mentioned above, the VSOR anion channels mediate the
cisplatin influx. On the other hand, the VSOR anion channels also
contribute to the induction of AVD, a hallmark of an early stage
of apoptosis. The AVD is accompanied by a coupled activation
of KT channels and the VSOR anion channels (Maeno et al.,
2000; Okada et al., 2001; Shimizu et al., 2004). Importantly, the
AVD precedes other apoptotic events because blockers of Kt
channels and the VSOR anion channels inhibited cytochrome ¢
release, caspase activation, and DNA fragmentation triggered by
mitochondria- and death receptor-mediated apoptotic inducers
in various types of cells (Maeno et al, 2000). The VSOR
anion channel activities are also essential for cisplatin-induced
apoptosis in human epidermoid carcinoma KB cells (Ise et al.,
2005). A VSOR anion channel blocker not only suppressed
caspase activation and cell death after exposure to cisplatin but
also lowered the concentration dependence of cisplatin on cell
viability. Intriguingly, the cisplatin-resistant cells including KCP-
4 cells derived from KB cells (Lee et al., 2007), mouse Ehrlich
ascites tumor cells (MDR-EATC: Poulsen et al., 2010), and
human lung adenocarcinoma A549/CDDP cells (Min et al., 2011)
exhibited downregulation of VSOR anion channel activities.

Notably, the expression of LRRC8 members, components of
the VSOR anion channel, is comparable between the parent
KB cells and its cisplatin-resistant KCP-4 cells (Okada et al.,
2017; Shimizu et al, 2020). These results suggest that the
activation signals but not the expression of the VSOR anion
channels are associated with the cisplatin resistance of KCP-4
cells. Histone deacetylases (HDACs) are essential enzymes for
the regulation of gene expression. Their inhibition enhances gene
transcription and reverses aberrant epigenetic changes associated
with cancers (Bolden et al., 2006). Interestingly, HDAC inhibitors
such as trichostatin A and apicidin recovered the function
of the VSOR anion channels in KCP-4 cells, resulting in the
enhanced cisplatin potency (Lee et al., 2007; Shimizu et al., 2008).
This result strengthens that the AVD triggered by cisplatin-
induced activation of the VSOR anion channels is pivotal for the
induction of apoptosis.

We previously demonstrated that staurosporine, a
mitochondria-mediated apoptotic inducer, generated ROS,
resulting in the activation of the VSOR anion channels (Shimizu
et al., 2004). Thus, ROS production is one of the factors
inducing AVD. The mitochondrial electron transport chain in
the mitochondrial inner membrane and the NADPH oxidase
complex (NOX) at the plasma membrane are the major ROS
generators (Liu et al., 2002; Meitzler et al., 2014; Kim et al., 2019).
The mitochondrial electron transport chain generates superoxide
converted to hydrogen peroxide in the intermembrane space or
the matrix of mitochondria. The transmembrane enzyme NOX
produces superoxide from oxygen. Cisplatin exposure induced
the ROS production via the electron transport chain impairment
triggered by direct damage of mitochondrial DNA (Marullo
et al., 2013) and the activation of NOX isoforms at the plasma
membrane (Kim et al., 2010). Some cisplatin-resistant cancer
cells highly expressed superoxide dismutase 1, a superoxide
scavenger, compared with the parent cells (Brown et al., 2009;
Hour et al,, 2010). Liu et al. (2020) recently found an increased
expression of mitochondrial apurinic/apyrimidinic endonuclease
1 (mtAPEl) in cisplatin-resistant cancer cells. The mtAPE1
expression negatively correlated with intracellular ROS levels.
These results suggest that the redox homeostasis contributes to
the cisplatin resistance.

The activation of a tumor suppresser gene p53 is known to
be essential for cisplatin-mediated apoptosis. As a transcriptional
factor, p53 controls the gene transcription to promote apoptosis
(Fridman and Lowe, 2003). The members of the Bcl-2 family are
one of the transcriptional targets for p53. During apoptosis, p53
promotes the transcription of pro-apoptotic proteins including
Bax, Puma, Noxa, and Bid (Miyashita et al., 1994; Oda et al., 20005
Nakano and Vousden, 2001; Sax et al., 2002) and suppress that
of anti-apoptotic proteins Bcl-2 (Wu et al., 2001). Interestingly,
cancer patients who respond to cisplatin had a higher frequency
of p53-positive cells than non-responders (Garzetti et al., 1996).
These suggest that the cisplatin efficacy positively correlates with
the function of p53 among cancers. Importantly, half of the
cancer patients carry mutations of p53 (Toledo and Wahl, 2006).

Mitogen-activated protein kinases (MAPKs), serine/threonine
kinases, play pivotal roles in physiological functions such as cell
survival, proliferation, migration, and apoptosis (Dhillon et al.,
2007). In mammalians, members of the MAPK family include

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 597835


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Shimizu et al.

Membrane Transporters in Cisplatin Resistance

extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38 kinase. The activation of these MAPKs
is essential for cisplatin-induced apoptosis. Not only cisplatin
activates all ERK, JNK, and p38 kinase during apoptosis, but
also reduced activation of these MAPKs correlates with the
cisplatin resistance (Brozovic and Osmak, 2007). In cisplatin-
induced apoptosis, the p53 transcriptional activity preceded
the activation of p38 (Bragado et al., 2007). Since all MAPKs
target and phosphorylate p53 at its different positions (Yue and
Lopez, 2020), on the other hand, MAPKSs are an upstream signal
of p53-mediated regulation. These results suggest that there
might be the crosstalk between p53 and MAPKs in cisplatin-
triggered signaling pathways, resulting in positive feedback loops
(see Figure 2).

THE ROLE OF THE ACTIN
CYTOSKELETON IN
CISPLATIN-INDUCED APOPTOSIS

The actin cytoskeleton is a principal structure that is essential
for various cellular functions such as intracellular trafficking,
contraction, motility, and apoptosis (Desouza et al, 2012).
The monomer actin, a globular protein (G-actin), forms actin

Cisplatin
| ' |
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damage stress /r dynamics

Rho GTPase
7

Positive
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' 4

L Positive
p53 feedback VSOR channel
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!
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FIGURE 2 | The proposed signaling pathways in cisplatin-induced apoptosis.
Cisplatin-resistant cancer cells may interfere with the F-actin dynamics,
resulting in the inhibition of the subsequent apoptotic signals. Furthermore,
the disturbed F-actin dynamics could reduce the functional expression of
cisplatin transporters on the plasma membrane, decreasing the cisplatin
accumulation in the cells.

filaments (F-actin) by twisting two strands of G-actin. The F-actin
structure is highly dynamic. The F-actin reversibly polymerizes
and depolymerizes during cellular functions. The Rho family
of small GTPase is an indispensable regulator of the actin
cytoskeleton organization (Mokady and Meiri, 2015). The Rho
GTPases function as molecular switch shifting between two
conformations: a GDP-bound inactive state and a GTP-bound
active state. The increased activities of Rho GTPases regulate
the rearrangement of the actin cytoskeleton organization by
interacting with various effector proteins.

The actin cytoskeleton dramatically changes in the apoptotic
process (Desouza et al., 2012). However, the actin cytoskeleton
organization during apoptosis seems to be complicated. Some
cells showed actin polymerization after apoptotic stimuli
(Ishimoto et al., 2011), whereas the other cells exhibited actin
depolymerization during apoptosis (Udi et al., 2011; Ohno et al,,
2013). Consistently, a stabilizer of F-actin, jasplakinolide, induced
apoptosis (Posey and Bierer, 1999; Odaka et al., 2000). On the
other hand, an inhibitor of actin polymerization, cytochalasin
D, also resulted in apoptotic responses (Suria et al., 1999; Paul
etal., 2002). Surprisingly, both jasplakinolide and cytochalasin D
initiate apoptosis in the same human airway epithelial IHAEo™
cells (White et al., 2001). These results suggest that the F-actin
dynamics rather than the states of actin cytoskeleton would be
associated with apoptotic induction.

In the case of cisplatin-triggered apoptosis, the actin
cytoskeleton is markedly modified. Table 1 summarizes the
effects of cisplatin on F-actin in various types of cells. Cisplatin
increased cell stiffness via the stabilization of F-actin in
several human prostate cells (Raudenska et al, 2019) and
also depolymerized F-actin in human mammary carcinoma
MCEF-7 cells (Zeidan et al.,, 2008) and porcine oocytes (Zhou
et al., 2019). We observed that cisplatin enhanced the F-actin
staining in KB cells (Figure 3A). Interestingly, cisplatin-induced
F-actin rearrangement is reported to be an initial phase of
apoptosis (Kruidering et al., 1998; Rebillard et al., 2010). Besides,
cisplatin changes membrane organization and fluidity during
early apoptosis (Martinho et al., 2019). Thus, the regulation of
actin cytoskeleton dynamics would be a membrane-associated
signaling pathway in cisplatin-induced apoptosis.

How do actin cytoskeleton dynamics modulate cisplatin-
induced apoptosis? One of the answers is that F-actin regulates
the expression and function of membrane transporters involved
in cisplatin transport. The previous reports demonstrated that
the rearrangement of F-actin increased the expression of cisplatin
importer CTR1 (Abdellatef et al., 2015) and that the translocation
of cisplatin exporters, ABC7A and ABC7B, from the trans-Golgi
network to the plasma membrane is regulated by the formation of
F-actin (Cobbold et al., 2002; Gupta et al., 2016). It is well known
that the actin cytoskeleton regulates the VSOR anion channels,
which contributes to cisplatin influx and sustained cell shrinkage
during early apoptosis. The regulation patterns are dependent
on cell types: the actin polymerization involves the activation
of VSOR anion channels in some cells (Fatherazi et al., 1994;
Zhang et al., 1997; Wei et al., 2003; Catacuzzeno et al., 2014;
Burow et al., 2015), whereas the VSOR anion channel activation
requires the F-actin disruption in the other cells (Levitan et al.,
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TABLE 1 | F-actin regulation triggered by cisplatin in various types of cells.

Cells

A state of the actin cytoskeleton

Reference

Human prostatic epithelial PNT1A cells. Human prostate carcinoma 22Rv1 and
PC-3 cells.

Human colon carcinoma HT-29 cells

Human epidermoid carcinoma KB cells

Human mammary carcinoma MCF-7 cells

Porcine oocytes

Primary porcine proximal tubular cells. Porcine renal proximal tubular LLC-PK1 cells.

Cisplatin-resistant human ovarian cancer CP70, OVCAR5-CisR, PEO6, and
SKOV3-CisR cells.

Cisplatin-resistant human epidermoid carcinoma KB-CP20 cells. Cisplatin-resistant
human liver carcinoma 7404-CP20 cells.

Cisplatin-resistant human epidermoid carcinoma KCP-4 cells.

Increased number and length of F-actin.

Transient actin polymerization at cell edges.
Enhanced staining for F-actin.

Disruption of membrane-bound F-actin.
Impaired assembly of F-actin.
Depolymerization of F-actin.

High density of F-actin networks.

Cluster type of actin cytoskeleton.

Disrupted F-actin networks.

Raudenska et al., 2019

Rebillard et al., 2010
Figure 3

Zeidan et al., 2008

Zhou et al., 2019
Kruidering et al., 1998
Sharma et al., 2012, 2014

Shen et al., 2004

Shimizu et al., 2020
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FIGURE 3 | Cisplatin-triggered regulation of the actin cytoskeleton and the VSOR anion channels in human epidermoid carcinoma KB cells. KB cells were exposed
to 15 uM cisplatin for 12 h. (A) Cellular distribution of B-actin in control (left panel) and cisplatin-pretreated (right panel) cells. Scale bars: 20 pm. (B) The
current-voltage relationships of the VSOR anion channel currents in control (Circles: n = 13) and cisplatin-pretreated (Squares: n = 21) cells. *P < 0.05.
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1995; Shen et al., 1999; Morishima et al., 2000). Intriguingly, the
cisplatin-induced formation of the F-actin structure enhanced
the activities of the VSOR anion channel currents in KB cells
(Figure 3B). These regulations of membrane transporters by
the actin cytoskeleton organization would change the cisplatin
accumulation, modulating the following apoptotic processes.

THE CISPLATIN-RESISTANT CELLS
EXHIBIT ABNORMAL ACTIN
CYTOSKELETON DYNAMICS

Although the mechanism of the cisplatin resistance is quite
complicated, the dynamic changes in the actin cytoskeleton
organization are recently known to be involved in the cisplatin
resistance. Some cisplatin-resistant cancer cells have higher
stiffness than their parent cells sensitive to cisplatin (Sharma et al.,
2012, 2014). In contrast, the other cancer cells with the cisplatin
resistance exhibit the disrupted actin cytoskeleton compared
with their cisplatin-sensitive cells (Figure 4; Shen et al., 2004:
Shimizu et al., 2020). Although little is known about how the
difference of F-actin occurs in the cisplatin-resistant cells, the
different expression of Rho GTPases may contribute. The Rho
subfamily of Rho GTPases composed of RhoA, RhoB, and RhoC
is one of the key regulators of actin cytoskeletal organization
(Aspenstrom et al., 2004). Cancer cells exhibit distinct expression

levels of these proteins: RhoA and RhoC are highly expressed,
whereas RhoB is downregulated in various human tumors
(Mokady and Meiri, 2015). Interestingly, the decrease in RhoB
expression was associated with the cisplatin resistance in
human laryngeal carcinoma cells (Cimbora-Zovko et al., 2010).
Therefore, the expression balance of these Rho GTPases might
modulate the F-actin dynamics and the subsequent sensitivity
to cisplatin in cancer cells. Notably, the cisplatin-induced p53
transcriptional activity is linked with the Rho GTPase pathways
(Xia and Land, 2007). The epigenetic regulation of Rho GTPases
by p53 may alter the F-actin organization. This pathway would
cause positive feedback loops (see Figure 2), which might
contribute to the chronic changes in the actin cytoskeleton of
cisplatin-resistant cells. In the cisplatin resistance, the barrier
function of the actin cytoskeleton might not be essential, because
the cells with disturbed F-actin exhibit the cisplatin resistance.
The membrane-associated signaling pathways regulated by the
F-actin dynamics may modulate the cisplatin resistance.

THE REGULATION OF VSOR ANION
CHANNELS BY ACTIN CYTOSKELETON
IN CISPLATIN-RESISTANT CELLS

We and others previously demonstrated that some cisplatin-
resistant cancer cells exhibited decreased activities of the VSOR

KB cells

KCP-4 cells

KCP-4 cells treated with TSA

B-actin
image

F-actin

network ++

VSOR

activity ++

Cisplatin-
induced
apoptosis

++

FIGURE 4 | The relationship between actin network, VSOR activity, and cisplatin-induced apoptosis. Cellular distribution of B-actin in human epidermoid carcinoma
KB cells (left), its cisplatin-resistant KCP-4 cells (middle), and KCP-4 cells treated with 400 nM trichostatin A (TSA) for 30 h (right) are shown in the upper lane.
Scale bars: 20 um. The degrees of F-actin network, VSOR activity, and cisplatin-induced apoptosis in each cell group are indicated as ++: strongly positive, +:

positive, and —: negative. There is a close relationship between them.
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FIGURE 5 | The molecular mechanism of the cisplatin resistance in human epidermoid carcinoma cells. In the cisplatin-sensitive KB cells, cisplatin induces F-actin
polymerization, enhancing the activation of the VSOR anion channels and K channels. Their activation results in sustained cell shrinkage, apoptotic volume
decrease (AVD), leading to apoptosis. On the other hand, the cisplatin-resistant KCP-4 cells exhibit the disruption of F-actins. The deficiency of F-actin
rearrangement after cisplatin treatment attenuates the activation of the VSOR anion channels, causing the cisplatin resistance. KCP-4 cells treated with trichostatin A
(TSA) shows clear F-actins, recovering the VSOR anion channel activities and its cisplatin sensitivity.
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anion channels compared with their parent cells sensitive to
cisplatin (Lee et al, 2007; Poulsen et al., 2010; Min et al,
2011). In the cisplatin-resistant KCP-4 cells, interestingly, the
downregulation of the VSOR anion channels was associated
with the disruption of F-actin but not the expression of LRRC8
members (Shimizu et al., 2020). Additionally, the inhibition
of actin cytoskeleton dynamics by p-actin knockdown or
cytochalasin D treatment in the parent KB cells decreased the
VSOR anion channel currents and suppressed cisplatin-induced
apoptosis. Intriguingly, treatment of KCP-4 cells with an HDAC
inhibitor trichostatin A, which promotes gene transcription,
induced a marked increase of B-actin. The KCP-4 cells exposed
to trichostatin A exhibited clear F-actin and recovered the
VSOR anion channel activities, resulting in the restoration of
cisplatin sensitivity (Figure 4: Lee et al., 2007; Shimizu et al.,
2020). These results suggest that the defect of the VSOR anion
channel activities by impaired F-actin dynamics contributes to
the cisplatin resistance. Figure 5 illustrates how the VSOR anion
channel modulates the sensitivity to cisplatin in KB and KCP-
4 cells. As described above, the VSOR anion channels play

essential roles in apoptotic induction. The dysfunction of the
VSOR anion channels would decrease the cisplatin influx and
suppress initial cell shrinkage during apoptosis, leading to the
cisplatin resistance.

DISCUSSION/CONCLUSION

The cisplatin resistance of cancer cells is one of the therapeutic
problems. In this review, we summarized the roles of the actin
cytoskeleton and membrane transporters in cisplatin-induced
apoptosis and the cisplatin resistance. Figure 2 indicates the
proposed signaling pathways in cisplatin-induced apoptosis.
Cisplatin generates oxidative stress and modulates F-actin
dynamics, resulting in the activation of the VSOR anion channels.
The following sustained cell shrinkage is reported to activate
the stress-responsive MAPK cascade for the apoptotic induction
(Hasegawa et al., 2012). Cisplatin also induces DNA damage by
cross-linking or in response to generated oxidative stress (Salehi
et al,, 2018). The DNA damage activates a transcriptional factor
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p53, which causes the subsequent MAPK phosphorylation to
induce apoptosis. This p53-mediated MAPK activation would be
mediated by the accumulation of ROS (Shi et al., 2014). Besides,
the increased activity of MAPK triggers further activation of
p53 (Yue and Lopez, 2020). On the other hand, the p53
activation would regulate the F-actin dynamics via the Rho
GTPase activities (Xia and Land, 2007; Rebillard et al., 2010).
These signals create positive feedback loops. Thus, the signal
cascade induced by cisplatin would be complex.

Many mechanisms involved in reduced intracellular
cisplatin accumulation, increased DNA damage repair, and
inactivation of the apoptotic signaling pathway contribute to
the cisplatin resistance. We here propose that the regulation
of membrane transporters by the actin cytoskeleton dynamics
has a significant role in the cisplatin resistance. The state of
F-actin may not be critical, because some cisplatin-resistant
cancer cells have different states of the actin cytoskeleton.
The impaired F-actin dynamics may modulate the expression
and function of membrane transporters carrying cisplatin.
Several cisplatin-resistant cancer cells showed decreased
activities of the VSOR anion channels. The actin cytoskeleton
organization would contribute to the functional defect of
the VSOR anion channels. However, we do not know

REFERENCES

Abdellatef, S. A., Tange, R., Sato, T., Ohi, A., Nabatame, T., and Taniguchi,
A. (2015). Nanostructures control the hepatocellular responses to a
cytotoxic agent “cisplatin.”. Biomed. Res. Int. 2015:925319. doi: 10.1155/2015/
925319

Aspenstrom, P., Fransson, A, and Saras, J. (2004). Rho GTPases have diverse effects
on the organization of the actin filament system. Biochem. J. 377, 327-337.
doi: 10.1042/BJ20031041

Barros, L. F., Kanaseki, T., Sabirov, R., Morishima, S., Castro, J., Bittner, C. X,,
et al. (2003). Apoptotic and necrotic blebs in epithelial cells display similar
neck diameters but different kinase dependency. Cell Death Differ. 10, 687-697.
doi: 10.1038/sj.cdd.4401236

Bolden, J. E., Peart, M. J., and Johnstone, R. W. (2006). Anticancer activities of
histone deacetylase inhibitors. Nat. Rev. Drug Discov. 5, 769-784. doi: 10.1038/
nrd2133

Borst, P., Evers, R., Kool, M., and Wijnholds, J. (1999). The multidrug resistance
protein family. Biochim. Biophys. Acta Biomembr. 1461, 347-357. doi: 10.1016/
S0005-2736(99)00167-4

Boulikas, T., and Vougiouka, M. (2004). Recent clinical trials using cisplatin,
carboplatin and their combination chemotherapy drugs. Oncol. Rep. 11, 559
595. doi: 10.3892/0r.11.3.559

Bragado, P., Armesilla, A., Silva, A., and Porras, A. (2007). Apoptosis by cisplatin
requires p53 mediated p38a MAPK activation through ROS generation.
Apoptosis 12, 1733-1742. doi: 10.1007/s10495-007-0082-8

Brown, D. P. G., Chin-Sinex, H., Nie, B., Mendonca, M. S., and Wang, M. (2009).
Targeting superoxide dismutase 1 to overcome cisplatin resistance in human
ovarian cancer. Cancer Chemother. Pharmacol. 63, 723-730. doi: 10.1007/
500280-008-0791-x

Brozovic, A., and Osmak, M. (2007). Activation of mitogen-activated protein
kinases by cisplatin and their role in cisplatin-resistance. Cancer Lett. 251, 1-16.
doi: 10.1016/].CANLET.2006.10.007

Burow, P., Klapperstiick, M., and Markwardt, F. (2015). Activation of ATP
secretion via volume-regulated anion channels by sphingosine-1-phosphate in
RAW macrophages. Pfliigers Arch. Eur. ]. Physiol. 467, 1215-1226. doi: 10.1007/
s00424-014-1561-8

Catacuzzeno, L., Michelucci, A., Sforna, L., Aiello, F., Sciaccaluga, M., Fioretti,
B., et al. (2014). Identification of key signaling molecules involved in the

how impaired actin dynamics modulate the VSOR anion
channel activities in the cisplatin-resistant cancer cells. Further
understandings of the relationship between F-actin dynamics
and the VSOR anion channel function would be attractive.
The VSOR anion channel is responsible for the early events
of apoptosis, such as the cisplatin influx and the sustained
cell shrinkage AVD. Given that reduced activities of the
VSOR anion channels closely correlate with the cisplatin
resistance of cancer cells, the VSOR anion channels may
be one of the potential therapeutic targets to overcome the
cisplatin resistance.

AUTHOR CONTRIBUTIONS

TS, TE, and HS wrote and edited the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was in part supported by JSPS KAKENHI Grant
Numbers JP15K15029, JP16K08490, and JP17K08531.

activation of the swelling-activated chloride current in human glioblastoma
cells. J. Membr. Biol. 247, 45-55. doi: 10.1007/500232-013-9609-9

Ciarimboli, G., Ludwig, T., Lang, D., Pavenstadt, H., Koepsell, H., Piechota, H. J.,
et al. (2005). Cisplatin nephrotoxicity is critically mediated via the human
organic cation transporter 2. Am. J. Pathol. 167, 1477-1484. doi: 10.1016/S0002-
9440(10)61234-5

Cimbora-Zovko, T., Fritz, G., Mikac, N., and Osmak, M. (2010). Downregulation
of RhoB GTPase confers resistance to cisplatin in human laryngeal carcinoma
cells. Cancer Lett. 295, 182-190. doi: 10.1016/j.canlet.2010.02.025

Cobbold, C., Monaco, A. P., Ponnambalam, S., and Francis, M. J. (2002). Novel
membrane traffic steps regulate the exocytosis of the Menkes disease ATPase.
Hum. Mol. Genet. 11, 2855-2866. doi: 10.1093/hmg/11.23.2855

Cui, Y., Konig, J., Buchholz, U., Spring, H., Leier, I, and Keppler, D. (1999).
Drug resistance and ATP-dependent conjugate transport mediated by the apical
multidrug resistance protein, MRP2, permanently expressed in human and
canine cells. Mol. Pharmacol. 55, 929-937.

Damia, G., and Broggini, M. (2019). Platinum resistance in ovarian cancer: role of
DNA repair. Cancers 11:119. doi: 10.3390/cancers11010119

Deneka, D., Sawicka, M., Lam, A. K. M., Paulino, C., and Dutzler, R. (2018).
Structure of a volume-regulated anion channel of the LRRC8 family. Nature
558, 254-259. doi: 10.1038/541586-018-0134-y

Desouza, M., Gunning, P. W., and Stehn, J. R. (2012). The actin cytoskeleton as a
sensor and mediator of apoptosis. Bioarchitecture 2, 75-87. doi: 10.4161/bioa.
20975

Dhillon, A. S., Hagan, S, Rath, O, and Kolch, W. (2007). MAP kinase
signalling pathways in cancer. Oncogene 26, 3279-3290. doi: 10.1038/sj.onc.12
10421

Fatherazi, S., Izutsu, K. T., Wellner, R. B., and Belton, C. M. (1994). Hypotonically
activated chloride current in HSG cells. J. Membr. Biol. 142, 181-193.

Fridman, J. S., and Lowe, S. W. (2003). Control of apoptosis by p53. Oncogene 22,
9030-9040. doi: 10.1038/sj.onc.1207116

Garzetti, G. G., Ciavattini, A., Provinciali, M., Di Stefano, G., Lucarini, G., Goteri,
G., et al. (1996). Expression of p53 and apoptosis of tumor cells in locally
advanced cervical carcinoma after cisplatin based neoadjuvant chemotherapy.
Anticancer Res. 16, 3229-3234.

Gupta, A., Schell, M. J., Bhattacharjee, A., Lutsenko, S., and Hubbard, A. L. (2016).
Myosin Vb mediates Cu+ export in polarized hepatocytes. J. Cell Sci. 129,
1179-1189. doi: 10.1242/jcs.175307

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 597835


https://doi.org/10.1155/2015/925319
https://doi.org/10.1155/2015/925319
https://doi.org/10.1042/BJ20031041
https://doi.org/10.1038/sj.cdd.4401236
https://doi.org/10.1038/nrd2133
https://doi.org/10.1038/nrd2133
https://doi.org/10.1016/S0005-2736(99)00167-4
https://doi.org/10.1016/S0005-2736(99)00167-4
https://doi.org/10.3892/or.11.3.559
https://doi.org/10.1007/s10495-007-0082-8
https://doi.org/10.1007/s00280-008-0791-x
https://doi.org/10.1007/s00280-008-0791-x
https://doi.org/10.1016/J.CANLET.2006.10.007
https://doi.org/10.1007/s00424-014-1561-8
https://doi.org/10.1007/s00424-014-1561-8
https://doi.org/10.1007/s00232-013-9609-9
https://doi.org/10.1016/S0002-9440(10)61234-5
https://doi.org/10.1016/S0002-9440(10)61234-5
https://doi.org/10.1016/j.canlet.2010.02.025
https://doi.org/10.1093/hmg/11.23.2855
https://doi.org/10.3390/cancers11010119
https://doi.org/10.1038/s41586-018-0134-y
https://doi.org/10.4161/bioa.20975
https://doi.org/10.4161/bioa.20975
https://doi.org/10.1038/sj.onc.1210421
https://doi.org/10.1038/sj.onc.1210421
https://doi.org/10.1038/sj.onc.1207116
https://doi.org/10.1242/jcs.175307
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Shimizu et al.

Membrane Transporters in Cisplatin Resistance

Halon, A., Materna, V., Donizy, P., Matkowski, R., Rabczynski, J., Lage, H., et al.
(2013). MRP2 (ABCC2, cMOAT) expression in nuclear envelope of primary
fallopian tube cancer cells is a new unfavorable prognostic factor. Arch. Gynecol.
Obstet. 287, 563-570. doi: 10.1007/s00404-012-2589-7

Hasegawa, Y., Shimizu, T., Takahashi, N., and Okada, Y. (2012). The apoptotic
volume decrease is an upstream event of MAP kinase activation during
staurosporine-induced apoptosis in HeLa cells. Int. J. Mol. Sci. 13, 9363-9379.
doi: 10.3390/ijms13079363

Hinoshita, E., Uchiumi, T., Taguchi, K. L, Kinukawa, N., Tsuneyoshi, M., Maehara,
Y., et al. (2000). Increased expression of an ATP-binding cassette superfamily
transporter, multidrug resistance protein 2, in human colorectal carcinomas.
Clin. Cancer Res. 6, 2401-2407. doi: 10.11501/3178943

Hour, T.-C,, Lai, Y.-L., Kuan, C.-I,, Chou, C.-K., Wang, J.-M., Tu, H.-Y,, et al.
(2010). Transcriptional up-regulation of SOD1 by CEBPD: a potential target
for cisplatin resistant human urothelial carcinoma cells. Biochem. Pharmacol.
80, 325-334. doi: 10.1016/j.bcp.2010.04.007

Howell, S. B., Safaei, R., Larson, C. A., and Sailor, M. J. (2010). Copper transporters
and the cellular pharmacology of the platinum-containing cancer drugs. Mol.
Pharmacol. 77, 887-894. doi: 10.1124/mol.109.063172

Ise, T., Shimizu, T., Lee, E. L., Inoue, H., Kohno, K., and Okada, Y. (2005).
Roles of volume-sensitive Cl- channel in cisplatin-induced apoptosis in human
epidermoid cancer cells. J. Membr. Biol. 205, 139-145. doi: 10.1007/s00232-
005-0779-y

Ishida, S., Lee, J., Thiele, D. J., and Herskowitz, I. (2002). Uptake of the
anticancer drug cisplatin mediated by the copper transporter Ctr1 in yeast and
mammals. Proc. Natl. Acad. Sci. U.S.A. 99, 14298-14302. doi: 10.1073/pnas.1624
91399

Ishimoto, T., Ozawa, T., and Mori, H. (2011). Real-time monitoring of actin
polymerization in living cells using split luciferase. Bioconjug. Chem. 22, 1136-
1144. doi: 10.1021/bc100595z

Jentsch, T. J., Lutter, D., Planells-Cases, R., Ullrich, F., and Voss, F. K.
(2016). VRAC: molecular identification as LRRC8 heteromers with differential
functions. Pfliigers Arch. Eur. ]. Physiol. 468, 385-393. doi: 10.1007/500424-015-
1766-5

Kalayda, G. V., Wagner, C. H., Buf3, I, Reedijk, J., and Jachde, U. (2008). Altered
localisation of the copper efflux transporters ATP7A and ATP7B associated
with cisplatin resistance in human ovarian carcinoma cells. BMC Cancer 8:175.
doi: 10.1186/1471-2407-8-175

Kalayda, G. V., Wagner, C. H., and Jaehde, U. (2012). Relevance of copper
transporter 1 for cisplatin resistance in human ovarian carcinoma cells. J. Inorg.
Biochem. 116, 1-10. doi: 10.1016/j.jinorgbio.2012.07.010

Kasuya, G., Nakane, T., Yokoyama, T., Jia, Y., Inoue, M., Watanabe, K,
et al. (2018). Cryo-EM structures of the human volume-regulated anion
channel LRRC8. Nat. Struct. Mol. Biol. 25, 797-804. doi: 10.1038/s41594-018-
0109-6

Katano, K., Kondo, A, Safaei, R., Holzer, A., Samimi, G., Mishima, M., et al. (2002).
Acquisition of resistance to cisplatin is accompanied by changes in the cellular
pharmacology of copper. Cancer Res. 62, 6559-6565.

Kawabe, T., Chen, Z. S., Wada, M., Uchiumi, T., Ono, M., Akiyama, S. I, et al.
(1999). Enhanced transport of anticancer agents and leukotriene C4 by the
human canalicular multispecific organic anion transporter ((MOAT/MRP2).
FEBS Lett. 456, 327-331. doi: 10.1016/S0014-5793(99)00979-5

Kefauver, J. M., Saotome, K., Dubin, A. E., Pallesen, J., Cottrell, C. A., Cahalan,
S. M., et al. (2018). Structure of the human volume regulated anion channel.
eLife 7:E38461. doi: 10.7554/eLife.38461

Kim, H.-J., Lee, J.-H., Kim, S.-J., Oh, G. S., Moon, H.-D., Kwon, K.-B,,
et al. (2010). Roles of NADPH oxidases in cisplatin-induced reactive oxygen
species generation and ototoxicity. J. Neurosci. 30, 3933-3946. doi: 10.1523/
JNEUROSCI.6054-09.2010

Kim, S. J., Kim, H. S., and Seo, Y. R. (2019). Understanding of ROS-inducing
strategy in anticancer therapy. Oxid. Med. Cell. Longev. 2019:5381692. doi:
10.1155/2019/5381692

Koike, K., Kawabe, T., Tanaka, T., Toh, S., Uchiumi, T., Wada, M., et al. (1997). A
canalicular multispecific organic anion transporter (c(MOAT) antisense cDNA
enhances drug sensitivity in human hepatic cancer cells. Cancer Res. 57, 5475~
5479.

Korita, P. V., Wakai, T., Shirai, Y., Matsuda, Y., Sakata, J., Takamura, M., et al.
(2010). Multidrug resistance-associated protein 2 determines the efficacy of

cisplatin in patients with hepatocellular carcinoma. Oncol. Rep. 23, 965-972.
doi: 10.3892/0r_00000721

Kruidering, M., Van De Water, B., Zhan, Y., Baelde, J. J., De Heer, E., Mulder,
G.J., etal. (1998). Cisplatin effects on F-actin and matrix proteins precede renal
tubular cell detachment and apoptosis in vitro. Cell Death Differ. 5, 601-614.
doi: 10.1038/sj.cdd.4400392

Kunii, E., Oguri, T., Kasai, D., Ozasa, H., Uemura, T., Takakuwa, O., et al. (2015).
Organic cation transporter OCT6 mediates cisplatin uptake and resistance to
cisplatin in lung cancer. Cancer Chemother. Pharmacol. 75, 985-991. doi: 10.
1007/500280-015-2723-x

Lambert, I. H., and Serensen, B. H. (2018). Facilitating the cellular accumulation
of Pt-based chemotherapeutic drugs. Int. J. Mol. Sci. 19:2249. doi: 10.3390/
ijms19082249

Lebwohl, D., and Canetta, R. (1998). Clinical development of platinum complexes
in cancer therapy: an historical perspective and an update. Eur. J. Cancer 34,
1522-1534. doi: 10.1016/S0959-8049(98)00224-X

Lee, C. C,, Freinkman, E., Sabatini, D. M., and Ploegh, H. L. (2014). The protein
synthesis inhibitor blasticidin s enters mammalian cells via Leucine-rich repeat-
containing protein 8D. J. Biol. Chem. 289, 17124-17131. doi: 10.1074/jbc. M114.
571257

Lee, E. L., Shimizu, T., Ise, T., Numata, T., Kohno, K., and Okada, Y. (2007).
Impaired activity of volume-sensitive Cl- channel is involved in cisplatin
resistance of cancer cells. J. Cell. Physiol. 211, 513-521. doi: 10.1002/jcp.
20961

Levitan, I., Almonte, C., Mollard, P., and Garber, S. S. (1995). Modulation of a
volume-regulated chloride current by F-actin. J. Membr. Biol. 147, 283-294.

Li, Q., Peng, X,, Yang, H., Rodriguez, J. A., and Shu, Y. (2012). Contribution of
organic cation transporter 3 to cisplatin cytotoxicity in human cervical cancer
cells. J. Pharm. Sci. 101, 394-404. doi: 10.1002/jps.22752

Li, Y.-Q., Yin, J.-Y., Liu, Z.-Q., and Li, X.-P. (2018). Copper efflux transporters
ATP7A and ATP7B: novel biomarkers for platinum drug resistance and targets
for therapy. IUBMB Life 70, 183-191. doi: 10.1002/iub.1722

Lin, X., Okuda, T., Holzer, A., and Howell, S. B. (2002). The copper transporter
CTRI regulates cisplatin uptake in Saccharomyces cerevisiae. Mol. Pharmacol.
62, 1154-1159. doi: 10.1124/mol.62.5.1154

Liu, J.J., Lu, J., and McKeage, M. J. (2012). Membrane transporters as determinants
of the pharmacology of platinum anticancer drugs. Curr. Cancer Drug Targets
12, 962-986. doi: 10.2174/156800912803251199

Liu, Y., Fiskum, G., and Schubert, D. (2002). Generation of reactive oxygen species
by the mitochondrial electron transport chain. J. Neurochem. 80, 780-787.
doi: 10.1046/j.0022-3042.2002.00744.x

Liu, Y., Zhang, Z., Li, Q., Zhang, L., Cheng, Y., and Zhong, Z. (2020). Mitochondrial
APEI promotes cisplatin resistance by downregulating ROS in osteosarcoma.
Oncol. Rep. 44, 499-508. doi: 10.3892/0r.2020.7633

Maeno, E., Ishizaki, Y., Kanaseki, T., Hazama, A., and Okada, Y. (2000).
Normotonic cell shrinkage because of disordered volume regulation is an early
prerequisite to apoptosis. Proc. Natl. Acad. Sci. U.S.A. 97, 9487-9492. doi:
10.1073/pnas.140216197

Martin, L. P., Hamilton, T. C., and Schilder, R. J. (2008). Platinum resistance: the
role of DNA repair pathways. Clin. Cancer Res. 14, 1291-1295. doi: 10.1158/
1078-0432.CCR-07-2238

Martinho, N., Santos, T. C. B., Florindo, H. F., and Silva, L. C. (2019). Cisplatin-
membrane interactions and their influence on platinum complexes activity and
toxicity. Front. Physiol. 10:1898. doi: 10.3389/fphys.2018.01898

Marullo, R., Werner, E., Degtyareva, N., Moore, B., Altavilla, G., Ramalingam, S. S.,
et al. (2013). Cisplatin induces a mitochondrial-ROS response that contributes
to cytotoxicity depending on mitochondrial redox status and bioenergetic
functions. PLoS One 8:¢81162. doi: 10.1371/journal.pone.0081162

Meitzler, J. L., Antony, S., Wu, Y., Juhasz, A., Liu, H,, Jiang, G., et al. (2014).
NADPH oxidases: a perspective on reactive oxygen species production in tumor
biology. Antioxid. Redox Signal. 20, 2873-2889. doi: 10.1089/ars.2013.5603

Min, X,, Li, H., Hou, S., He, W,, Liu, J., Hu, B, et al. (2011). Dysfunction of volume-
sensitive chloride channels contributes to cisplatin resistance in human lung
adenocarcinoma cells. Exp. Biol. Med. 236, 483-491. doi: 10.1258/ebm.2011.
010297

Miyashita, T., Krajewski, S., Krajewska, M., Wang, H. G., Lin, H. K., Liebermann,
D. A, et al. (1994). Tumor suppressor p53 is a regulator of bcl-2 and bax gene
expression in vitro and in vivo. Oncogene 9, 1799-1805.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 597835


https://doi.org/10.1007/s00404-012-2589-7
https://doi.org/10.3390/ijms13079363
https://doi.org/10.11501/3178943
https://doi.org/10.1016/j.bcp.2010.04.007
https://doi.org/10.1124/mol.109.063172
https://doi.org/10.1007/s00232-005-0779-y
https://doi.org/10.1007/s00232-005-0779-y
https://doi.org/10.1073/pnas.162491399
https://doi.org/10.1073/pnas.162491399
https://doi.org/10.1021/bc100595z
https://doi.org/10.1007/s00424-015-1766-5
https://doi.org/10.1007/s00424-015-1766-5
https://doi.org/10.1186/1471-2407-8-175
https://doi.org/10.1016/j.jinorgbio.2012.07.010
https://doi.org/10.1038/s41594-018-0109-6
https://doi.org/10.1038/s41594-018-0109-6
https://doi.org/10.1016/S0014-5793(99)00979-5
https://doi.org/10.7554/eLife.38461
https://doi.org/10.1523/JNEUROSCI.6054-09.2010
https://doi.org/10.1523/JNEUROSCI.6054-09.2010
https://doi.org/10.1155/2019/5381692
https://doi.org/10.1155/2019/5381692
https://doi.org/10.3892/or_00000721
https://doi.org/10.1038/sj.cdd.4400392
https://doi.org/10.1007/s00280-015-2723-x
https://doi.org/10.1007/s00280-015-2723-x
https://doi.org/10.3390/ijms19082249
https://doi.org/10.3390/ijms19082249
https://doi.org/10.1016/S0959-8049(98)00224-X
https://doi.org/10.1074/jbc.M114.571257
https://doi.org/10.1074/jbc.M114.571257
https://doi.org/10.1002/jcp.20961
https://doi.org/10.1002/jcp.20961
https://doi.org/10.1002/jps.22752
https://doi.org/10.1002/iub.1722
https://doi.org/10.1124/mol.62.5.1154
https://doi.org/10.2174/156800912803251199
https://doi.org/10.1046/j.0022-3042.2002.00744.x
https://doi.org/10.3892/or.2020.7633
https://doi.org/10.1073/pnas.140216197
https://doi.org/10.1073/pnas.140216197
https://doi.org/10.1158/1078-0432.CCR-07-2238
https://doi.org/10.1158/1078-0432.CCR-07-2238
https://doi.org/10.3389/fphys.2018.01898
https://doi.org/10.1371/journal.pone.0081162
https://doi.org/10.1089/ars.2013.5603
https://doi.org/10.1258/ebm.2011.010297
https://doi.org/10.1258/ebm.2011.010297
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Shimizu et al.

Membrane Transporters in Cisplatin Resistance

Mokady, D., and Meiri, D. (2015). RhoGTPases — A novel link between
cytoskeleton organization and cisplatin resistance. Drug Resist. Updat. 19,
22-32. doi: 10.1016/j.drup.2015.01.001

Morishima, S., Shimizu, T., Kida, H., and Okada, Y. (2000). Volume expansion
sensitivity of swelling-activated Cl- channel in human epithelial cells. Jpn. J.
Physiol. 50, 277-280. doi: 10.2170/jjphysiol.50.277

Nakamura, R., Numata, T., Kasuya, G., Yokoyama, T., Nishizawa, T., Kusakizako,
T., et al. (2020). Cryo-EM structure of the volume-regulated anion channel
LRRC8D isoform identifies features important for substrate permeation.
Commun. Biol. 3:240. doi: 10.1038/s42003-020-0951-z

Nakano, K., and Vousden, K. H. (2001). PUMA, a novel proapoptotic gene,
is induced by p53. Mol. Cell 7, 683-694. doi: 10.1016/S1097-2765(01)
00214-3

QOda, E., Ohki, R., Murasawa, H., Nemoto, J., Shibue, T., Yamashita, T., et al. (2000).
Noxa, a BH3-only member of the Bcl-2 family and candidate mediator of
p53-induced apoptosis. Science 288, 1053-1058. doi: 10.1126/science.288.5468.
1053

Odaka, C., Sanders, M. L., and Crews, P. (2000). Jasplakinolide induces apoptosis in
various transformed cell lines by a caspase-3-like protease-dependent pathway.
Clin. Diagn. Lab. Immunol. 7, 947-952. doi: 10.1128/CDLL7.6.947-952.
2000

Ohno, O., Morita, M., Kitamura, K., Teruya, T., Yoneda, K., Kita, M., et al. (2013).
Apoptosis-inducing activity of the actin-depolymerizing agent aplyronine A
and its side-chain derivatives. Bioorgan. Med. Chem. Lett. 23, 1467-1471. doi:
10.1016/j.bmcl.2012.12.052

Okada, T., Islam, M. R., Tsiferova, N. A., Okada, Y., and Sabirov, R. Z. (2017).
Specific and essential but not sufficient roles of LRRC8A in the activity of
volume-sensitive outwardly rectifying anion channel (VSOR). Channels 11,
109-120. doi: 10.1080/19336950.2016.1247133

Okada, Y., Maeno, E., Shimizu, T., Dezaki, K., Wang, J., and Morishima, S. (2001).
Receptor-mediated control of regulatory volume decrease (RVD) and apoptotic
volume decrease (AVD). J. Physiol. 532, 3-16. doi: 10.1111/j.1469-7793.2001.
0003g.x

Okada, Y., Okada, T., Sato-Numata, K., Islam, M. R., Ando-Akatsuka, Y., Numata,
T., etal. (2019). Cell volume-activated and volume-correlated anion channels in
mammalian cells: their biophysical, molecular, and pharmacological properties.
Pharmacol. Rev. 71, 49-88. doi: 10.1124/pr.118.015917

Paul, C., Manero, F., Gonin, S., Kretz-Remy, C., Virot, S., and Arrigo, A.-P. (2002).
Hsp27 as a negative regulator of cytochrome C release. Mol. Cell. Biol. 22,
816-834. doi: 10.1128/mcb.22.3.816-834.2002

Pedersen, S. F., Okada, Y., and Nilius, B. (2016). Biophysics and physiology
of the volume-regulated anion channel (VRAC)/volume-sensitive outwardly
rectifying anion channel (VSOR). Pflugers Arch. Eur. J. Physiol. 468, 371-383.
doi: 10.1007/s00424-015-1781-6

Planells- Cases, R., Lutter, D., Guyader, C., Gerhards, N. M., Ullrich, F., Elger, D. A,,
et al. (2015). Subunit composition of VRAC channels determines substrate
specificity and cellular resistance to P t-based anti-cancer drugs. Embo J. 34,
2993-3008. doi: 10.15252/embj.201592409

Posey, S. C., and Bierer, B. E. (1999). Actin stabilization by jasplakinolide enhances
apoptosis induced by cytokine deprivation. J. Biol. Chem. 274, 4259-4265. doi:
10.1074/jbc.274.7.4259

Poulsen, K. A., Andersen, E. C., Hansen, C. F., Klausen, T. K., Hougaard, C,,
Lambert, I. H., et al. (2010). Deregulation of apoptotic volume decrease
and ionic movements in multidrug-resistant tumor cells: role of chloride
channels. Am. J. Physiol. Cell Physiol. 298, C14-C25. doi: 10.1152/ajpcell.00654.
2008

Qiu, Z., Dubin, A. E., Mathur, J., Tu, B,, Reddy, K., Miraglia, L. J., et al
(2014). SWELLLI, a plasma membrane protein, is an essential component of
volume-regulated anion channel. Cell 157, 447-458. doi: 10.1016/j.cell.2014.
03.024

Raudenska, M., Kratochvilova, M., Vicar, T., Gumulec, J., Balvan, J., Polanska, H.,
et al. (2019). Cisplatin enhances cell stiffness and decreases invasiveness rate
in prostate cancer cells by actin accumulation. Sci. Rep. 9:1660. doi: 10.1038/
541598-018-38199-7

Rebillard, A., Jouan-Lanhouet, S., Jouan, E., Legembre, P., Pizon, M., Sergent,
O., et al. (2010). Cisplatin-induced apoptosis involves a Fas-ROCK-ezrin-
dependent actin remodelling in human colon cancer cells. Eur. J. Cancer 46,
1445-1455. doi: 10.1016/j.€jca.2010.01.034

Rocha, C. R. R,, Silva, M. M., Quinet, A., Cabral-Neto, J. B., and Menck, C. F. M.
(2018). DNA repair pathways and cisplatin resistance: an intimate relationship.
Clinics 73:e478s. doi: 10.6061/clinics/2018/e478s

Salehi, F., Behboudi, H., Kavoosi, G., and Ardestani, S. K. (2018). Oxidative DNA
damage induced by ROS-modulating agents with the ability to target DNA: a
comparison of the biological characteristics of citrus pectin and apple pectin.
Sci. Rep. 8:13902. doi: 10.1038/s41598-018-32308-2

Samimi, G., Katano, K., Holzer, A. K., Safaei, R., and Howell, S. B. (2004).
Modulation of the cellular pharmacology of cisplatin and its analogs by the
copper exporters ATP7A and ATP7B. Mol. Pharmacol. 66, 25-32. doi: 10.1124/
mol.66.1.25

Saraste, A., and Pulkki, K. (2000). Morphologic and biochemical hallmarks
of apoptosis. Cardiovasc. Res. 45, 528-537. doi: 10.1016/S0008-6363(99)
00384-3

Sax, J. K., Fei, P., Murphy, M. E., Bernhard, E., Korsmeyer, S. J., and El-Deiry, W. S.
(2002). BID regulation by p53 contributes to chemosensitivity. Nat. Cell Biol. 4,
842-849. doi: 10.1038/ncb866

Sharma, S., Santiskulvong, C., Bentolila, L. A., Rao, J. Y., Dorigo, O., and
Gimzewski, J. K. (2012). Correlative nanomechanical profiling with super-
resolution F-actin imaging reveals novel insights into mechanisms of cisplatin
resistance in ovarian cancer cells. Nanomed. Nanotechnol. Biol. Med. 8,757-766.
doi: 10.1016/j.nano0.2011.09.015

Sharma, S., Santiskulvong, C., Rao, J., Gimzewski, J. K., and Dorigo, O. (2014). The
role of Rho GTPase in cell stiffness and cisplatin resistance in ovarian cancer
cells. Integr. Biol. 6, 611-617. doi: 10.1039/c3ib40246k

Shen, D.-W., Liang, X.-J., Gawinowicz, M. A, and Gottesman, M. M.
(2004). Identification of cytoskeletal [14C]carboplatin-Binding proteins reveals
reduced expression and disorganization of actin and filamin in cisplatin-
resistant cell lines. Mol. Pharmacol. 66, 789-793. doi: 10.1124/mol.66.
4.789

Shen, M. R., Chou, C. Y., Hsu, K. F., Hsu, K. S., and Wu, M. L. (1999). Modulation
of volume-sensitive Cl- channels and cell volume by actin filaments and
microtubules in human cervical cancer HT-3 cells. Acta Physiol. Scand. 167,
215-225. doi: 10.1046/j.1365-201x.1999.00611.x

Shi, Y., Nikulenkov, F., Zawacka-Pankau, J., Li, H., Gabdoulline, R., Xu, J.,
et al. (2014). ROS-dependent activation of JNK converts p53 into an efficient
inhibitor of oncogenes leading to robust apoptosis. Cell Death Differ. 21,
612-623. doi: 10.1038/cdd.2013.186

Shimizu, T., Fujii, T., Ohtake, H., Tomii, T., Takahashi, R., Kawashima, K., et al.
(2020). Impaired actin filaments decrease cisplatin sensitivity via dysfunction
of volume-sensitive Cl- channels in human epidermoid carcinoma cells. J. Cell.
Physiol. 235, 9589-9600. doi: 10.1002/jcp.29767

Shimizu, T., Lee, E. L., Ise, T., and Okada, Y. (2008). Volume-sensitive Cl-
channel as a regulator of acquired cisplatin resistance. Anticancer Res. 28,
75-84.

Shimizu, T., Numata, T., and Okada, Y. (2004). A role of reactive oxygen species
in apoptotic activation of volume-sensitive Cl- channel. Proc. Natl. Acad. Sci.
U.S.A. 101, 6770-6773. doi: 10.1073/pnas.0401604101

Siddik, Z. H. (2003). Cisplatin: mode of cytotoxic action and molecular
basis of resistance. Oncogene 22, 7265-7279. doi: 10.1038/sj.onc.12
06933

Song, I. S., Savaraj, N., Siddik, Z. H., Liu, P., Wei, Y., Wu, C. ], et al. (2004). Role of
human copper transporter Ctrl in the transport of platinum-based antitumor
agents in cisplatin-sensitive and cisplatin-resistant cells. Mol. Cancer Ther. 3,
1543-1549.

Suria, H., Chau, L. A., Negrou, E., Kelvin, D. J., and Madrenas, J. (1999).
Cytoskeletal disruption induces T cell apoptosis by a caspase-3 mediated
mechanism.  Life Sci. 65, 2697-2707. doi: 10.1016/50024-3205(99)
00538-X

Suzuki, M., and Gitlin, J. D. (1999). Intracellular localization of the Menkes
and Wilson’s disease proteins and their role in intracellular copper
transport. Pediatr. Int. 41, 436-442. doi: 10.1046/j.1442-200x.1999.
01090.x

Tanida, S., Mizoshita, T., Ozeki, K., Tsukamoto, H., Kamiya, T., Kataoka, H.,
et al. (2012). Mechanisms of cisplatin-induced apoptosis and of cisplatin
sensitivity: potential of BIN1 to act as a potent predictor of cisplatin sensitivity
in gastric cancer treatment. Int. J. Surg. Oncol. 2012:862879. doi: 10.1155/2012/
862879

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 597835


https://doi.org/10.1016/j.drup.2015.01.001
https://doi.org/10.2170/jjphysiol.50.277
https://doi.org/10.1038/s42003-020-0951-z
https://doi.org/10.1016/S1097-2765(01)00214-3
https://doi.org/10.1016/S1097-2765(01)00214-3
https://doi.org/10.1126/science.288.5468.1053
https://doi.org/10.1126/science.288.5468.1053
https://doi.org/10.1128/CDLI.7.6.947-952.2000
https://doi.org/10.1128/CDLI.7.6.947-952.2000
https://doi.org/10.1016/j.bmcl.2012.12.052
https://doi.org/10.1016/j.bmcl.2012.12.052
https://doi.org/10.1080/19336950.2016.1247133
https://doi.org/10.1111/j.1469-7793.2001.0003g.x
https://doi.org/10.1111/j.1469-7793.2001.0003g.x
https://doi.org/10.1124/pr.118.015917
https://doi.org/10.1128/mcb.22.3.816-834.2002
https://doi.org/10.1007/s00424-015-1781-6
https://doi.org/10.15252/embj.201592409
https://doi.org/10.1074/jbc.274.7.4259
https://doi.org/10.1074/jbc.274.7.4259
https://doi.org/10.1152/ajpcell.00654.2008
https://doi.org/10.1152/ajpcell.00654.2008
https://doi.org/10.1016/j.cell.2014.03.024
https://doi.org/10.1016/j.cell.2014.03.024
https://doi.org/10.1038/s41598-018-38199-7
https://doi.org/10.1038/s41598-018-38199-7
https://doi.org/10.1016/j.ejca.2010.01.034
https://doi.org/10.6061/clinics/2018/e478s
https://doi.org/10.1038/s41598-018-32308-2
https://doi.org/10.1124/mol.66.1.25
https://doi.org/10.1124/mol.66.1.25
https://doi.org/10.1016/S0008-6363(99)00384-3
https://doi.org/10.1016/S0008-6363(99)00384-3
https://doi.org/10.1038/ncb866
https://doi.org/10.1016/j.nano.2011.09.015
https://doi.org/10.1039/c3ib40246k
https://doi.org/10.1124/mol.66.4.789
https://doi.org/10.1124/mol.66.4.789
https://doi.org/10.1046/j.1365-201x.1999.00611.x
https://doi.org/10.1038/cdd.2013.186
https://doi.org/10.1002/jcp.29767
https://doi.org/10.1073/pnas.0401604101
https://doi.org/10.1038/sj.onc.1206933
https://doi.org/10.1038/sj.onc.1206933
https://doi.org/10.1016/S0024-3205(99)00538-X
https://doi.org/10.1016/S0024-3205(99)00538-X
https://doi.org/10.1046/j.1442-200x.1999.01090.x
https://doi.org/10.1046/j.1442-200x.1999.01090.x
https://doi.org/10.1155/2012/862879
https://doi.org/10.1155/2012/862879
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Shimizu et al.

Membrane Transporters in Cisplatin Resistance

Taniguchi, K., Wada, M., Kohno, K., Nakamura, T., Kawabe, T., Kawakami, M.,
et al. (1996). A human canalicular multispecific organic anion transporter
(cMOAT) gene is overexpressed in cisplatin-resistant human cancer cell lines
with decreased drug accumulation. Cancer Res. 56, 4124-4129.

Toledo, F., and Wahl, G. M. (2006). Regulating the p53 pathway: in vitro
hypotheses, in vivo veritas. Nat. Rev. Cancer 6, 909-923. doi: 10.1038/
nrc2012

Udi, J., Wider, D., Catusse, J., Schnerch, D., Follo, M., Thorst, G., et al.
(2011). Multikinase inhibitor sorafenib induces apoptosis, CDI138-
downregulation, actin depolymerization and inhibition of M210B4-triggered
chemotaxis in multiple myeloma cell lines and synergyzes with proteasome
inhibitor bortezomib. Blood 118:2380. doi: 10.1182/blood.v118.21.2380.
2380

Ullrich, F., Reincke, S. M., Voss, F. K., Stauber, T., and Jentsch, T. J. (2016).
Inactivation and anion selectivity of volume-regulated anion channels (VRACs)
depend on c-terminal residues of the first extracellular loop. J. Biol. Chem. 291,
17040-17048. doi: 10.1074/jbc.M116.739342

Voss, F. K., Ullrich, F., Muiich, J., Lazarow, K., Lutte, D., Mah, N., et al. (2014).
Identification of LRRC8 heteromers as an essential component of the volume-
regulated anion channel VRAC. Science 344, 634-638. doi: 10.1126/science.
1252826

Wei, H., Mei, Y. A, Sun, J. T., Zhou, H. Q., and Zhang, Z. H. (2003). Regulation
of swelling-activated chloride channels in embryonic chick heart cells. Cell Res.
13, 21-28. doi: 10.1038/sj.cr.7290147

White, S. R, Williams, P., Wojcik, K. R., Sun, S., Hiemstra, P. S., Rabe, K. F.,
etal. (2001). Initiation of apoptosis by actin cytoskeletal derangement in human
airway epithelial cells. Am. J. Respir. Cell Mol. Biol. 24, 282-294. doi: 10.1165/
ajrcmb.24.3.3995

Wu, Y., Mehew, J. W., Heckman, C. A., Arcinas, M., and Boxer, L. M. (2001).
Negative regulation of bcl-2 expression by p53 in hematopoietic cells. Oncogene
20, 240-251. doi: 10.1038/sj.0nc.1204067

Xia, M., and Land, H. (2007). Tumor suppressor p53 restricts Ras stimulation
of RhoA and cancer cell motility. Nat. Struct. Mol. Biol. 14, 215-223. doi:
10.1038/nsmb1208

Yamasaki, M., Makino, T., Masuzawa, T., Kurokawa, Y., Miyata, H., Takiguchi, S.,
etal. (2011). Role of multidrug resistance protein 2 (MRP2) in chemoresistance
and clinical outcome in oesophageal squamous cell carcinoma. Br. J. Cancer
104, 707-713. doi: 10.1038/sj.bjc.6606071

Yonezawa, A., Masuda, S., Yokoo, S., Katsura, T., and Inui, K. L. (2006).
Cisplatin and oxaliplatin, but not carboplatin and nedaplatin, are substrates
for human organic cation transporters (SLC22A1-3 and multidrug and toxin
extrusion family). J. Pharmacol. Exp. Ther. 319, 879-886. doi: 10.1124/jpet.106.
110346

Yue, J., and Lépez, J. M. (2020). Understanding MAPK signaling pathways in
apoptosis. Int. J. Mol. Sci. 21:2346. doi: 10.3390/ijms21072346

Zeidan, Y. H., Jenkins, R. W., and Hannun, Y. A. (2008). Remodeling of cellular
cytoskeleton by the acid sphingomyelinase/ceramide pathway. J. Cell Biol. 181,
335-350. doi: 10.1083/jcb.200705060

Zhang, J., Larsen, T. H., and Lieberman, M. (1997). F-actin modulates swelling-
activated chloride current in cultured chick cardiac myocytes. Am. J. Physiol.
Physiol. 273, C1215-C1224. doi: 10.1152/ajpcell.1997.273.4.C1215

Zhou, C., Zhang, X., ShiYang, X., Wang, H., and Xiong, B. (2019). Tea polyphenol
protects against cisplatin-induced meiotic defects in porcine oocytes. Aging 11,
4706-4719. doi: 10.18632/aging.102084

Zhu, H., Luo, H., Zhang, W., Shen, Z., Hu, X., and Zhu, X. (2016). Molecular
mechanisms of cisplatin resistance in cervical cancer. Drug Des. Dev. Ther. 10,
1885-1895. doi: 10.2147/DDDT.S106412

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Shimizu, Fujii and Sakai. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

11

October 2020 | Volume 8 | Article 597835


https://doi.org/10.1038/nrc2012
https://doi.org/10.1038/nrc2012
https://doi.org/10.1182/blood.v118.21.2380.2380
https://doi.org/10.1182/blood.v118.21.2380.2380
https://doi.org/10.1074/jbc.M116.739342
https://doi.org/10.1126/science.1252826
https://doi.org/10.1126/science.1252826
https://doi.org/10.1038/sj.cr.7290147
https://doi.org/10.1165/ajrcmb.24.3.3995
https://doi.org/10.1165/ajrcmb.24.3.3995
https://doi.org/10.1038/sj.onc.1204067
https://doi.org/10.1038/nsmb1208
https://doi.org/10.1038/nsmb1208
https://doi.org/10.1038/sj.bjc.6606071
https://doi.org/10.1124/jpet.106.110346
https://doi.org/10.1124/jpet.106.110346
https://doi.org/10.3390/ijms21072346
https://doi.org/10.1083/jcb.200705060
https://doi.org/10.1152/ajpcell.1997.273.4.C1215
https://doi.org/10.18632/aging.102084
https://doi.org/10.2147/DDDT.S106412
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Relationship Between Actin Cytoskeleton and Membrane Transporters in Cisplatin Resistance of Cancer Cells
	Introduction
	Reduced Intracellular Cisplatin Accumulation in Cisplatin Resistance
	Increased Dna Damage Repair in Cisplatin Resistance
	Inactivated Apoptotic Signaling Pathway in Cisplatin Resistance
	The Role of the Actin Cytoskeleton in Cisplatin-Induced Apoptosis
	The Cisplatin-Resistant Cells Exhibit Abnormal Actin Cytoskeleton Dynamics
	The Regulation of Vsor Anion Channels by Actin Cytoskeleton in Cisplatin-Resistant Cells
	Discussion/Conclusion
	Author Contributions
	Funding
	References


