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PREFACE

The following thesis has been submitted for evaluation to obtain the degree Philosophiae Doctor
(PhD) at Faculty of Science, University of Copenhagen, Denmark. The presented work was carried
out during my employment at Department of Biology from December 2014 to November 2017 under
supervision of Ass. Prof. Ian Henry Lambert and Prof. Per Amstrup Pedersen. Parts of the work was
carried out at EMA-University of Greifswald, Germany under the supervision of Prof. Patrick J.
Bednarski. This stay was financed by European Cooperation in Science and Technology (COST)
Action CM110 - Short Term Scientific Mission (STSM).
The overall aim of my PhD was to provide new insight into the involvement of taurine transporting
systems i.e., the volume regulated anion channels (VRACs), the sodium-dependent taurine
transporter (TauT) and their associated cellular signaling in development of resistance to
platinum(II)-based, chemotherapeutic drugs in selected human cancers.

Main objectives:
1. Investigate the role of the sensitive channels for organic osmolytes and anions, which is composed
of members of the Leucin-Rich-Repeat containing 8 (LRRC8) family, in cellular accumulation
and cytotoxicity of cisplatin, as well as development of cisplatin resistance in human ovarian and
alveolar cancer.
2. The cellular effect of cisplatin (and oxaliplatin) on taurine transport and associated intracellular
signaling associated with apoptosis and cell growth in human ovarian and alveolar cancer.
3. In vitro evaluation and characterization of the enantiomeric R- and S-1,1’-binaphthyl-2,2’diaminodichlorido-Pt(II) complexes as putative chemotherapeutic drugs in human Burkitt
lymphoma cells.

Front cover picture: Differential interference contrast (DIC) microscopy images of GUMBUS cells
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ABSTRACT

Although, cisplatin is one of the most effective broad-spectrum anticancer drugs, prolonged cisplatin
treatment often results in development of chemoresistance and subsequent therapeutic failure.
Dysregulation of the taurine transporting systems i.e., the taurine transporter (TauT) and volume
regulated anion channels (VRACs) have been assigned important roles in apoptotic cell death,
proliferation and cell survival, as well as in development of multi-drug resistance. However, the
molecular mechanisms contributing to the altered TauT and VRAC regulation in cancer cells are
incompletely understood. Cisplatin resistance correlates with a reduction in the volume regulated
anion current and taurine release mediated by VRACs, as well as an improved cellular accumulation
of taurine through TauT. In human ovarian A2780 cancer cells, for instance, cisplatin resistance is
associated with an absent swelling-induced taurine release and inability to volume regulate. The
dismissed taurine release was due to an almost absent leucin-rich-repeat containing 8A (LRRC8A)
total protein expression. LRRC8A is an important component of VRACs. Cellular taurine contributes
to the intracellular pool of organic osmolytes. Moreover, taurine has in various rodent models been
denoted protective roles against cisplatin-induced side effects as nephrotoxicity, hepatotoxicity and
cardiotoxicity.
This dissertation includes one review on the role of volume-regulated and calcium-activated anion
channels in cell volume homeostasis, cancer and drug resistance (articles I), as well as four original
articles (articles II, III, IV and V), which focuses on the role of TauT and the VRAC mediating
swelling-induced taurine release in development of cisplatin resistance. In article II, we show that
siRNA-mediated silencing of LRRC8A and pharmacological inhibition of VRAC protects human
ovarian A2780 and alveolar A549 carcinoma cells against cisplatin-induced apoptosis, through an
impaired expression of p53, MDM2 and p21Waf1/Cip1, as well as a reduced Caspase-9/-3 activation.
Moreover, we show that termination of prolonged cisplatin treatment or vector-mediated
overexpression of LRRC8A restores cisplatin sensitivity. In article III, we show that the VRAC
mediating swelling-induced taurine release is also responsible for the cellular uptake of cisplatin.
Hypoosmotic cell swelling and membrane depolarization, which stimulates the activity of VRACs,
increase the cellular accumulation of cisplatin in A2780 and ELA cells.
Article IV focusses on in vitro evaluation of the enantiomeric R- and S-1,1’-binaphthyl-2,2’diaminodichlorido-Pt(II) complexes (denoted S- and R-[Pt(DABN)Cl2]) in human Burkitt lymphoma
cells with emphasis on cellular accumulation, cytotoxicity, DNA binding, and ability to induce
apoptosis. We demonstrate that cisplatin-resistant Gumbus cells are not cross-resistant to S- and R[Pt(DABN)Cl2]. Furthermore, we show that S-[Pt(DABN)Cl2] is slightly more toxic compared to R9

[Pt(DABN)Cl2], even though the cellular accumulation and calf thymus-DNA-binding of
R[Pt(DABN)Cl2] is significantly better than S-[Pt(DABN)Cl2]. We find that the cellular accumulation
of S- and R-[Pt(DABN)Cl2] are much greater compared to cisplatin and involves a VRAC
independent mechanism. Furthermore, we show that S- and R-[Pt(DABN)Cl2] induces apoptosis and
G0/G1 cell cycle arrest.
Finally, article V focusses on the involvement of growth-associated signaling in the regulation of
swelling-induced taurine release and the effect of cisplatin on TauT and the LRRC8A/D-dependent
VRAC activity. We demonstrate that cisplatin reduces the activity of TauT. Furthermore, we find that
the PI3K/PTEN/mTORC2/Akt cascade is important for the swelling-induced taurine release.
Cisplatin leads to a transient activation of Akt, and it seems that the PI3K/PTEN/Akt pathway
interferes with cisplatin-mediated effects on the LRRC8A/D-dependent VRAC.
Collectively, the results presented in this PhD thesis provide new insights into the molecular
mechanisms underlying development of cisplatin resistance. Furthermore, elucidation of this topic
may contribute to development of new therapeutic treatment strategies against tumors which has
become resistant to cisplatin.
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ABSTRACT (PÅ DANSK)

Trods, at cisplatin er et af de mest effektive og bredspektrede kemoterapeutiske-lægemidler, så
resulterer langvarig cisplatin-behandling ofte i udvikling af kemoresistens og efterfølgende
terapeutisk ineffektivitet. Fejl-regulering af taurin-transportsystemerne, dvs. taurin-transportøren
(TauT) og de volumen-regulerede anion-kanaler (VRAC), er blevet tildelt vigtige roller i apoptotisk
celledød, proliferation og celle-overlevelse, såvel som ved udvikling af lægemiddel-resistens.
Imidlertid forstås de molekylære mekanismer, der bidrager til den ændrede TauT- og VRACregulering i cancerceller, ufuldstændigt. Cisplatin-resistens korrelerer med en reduktion i den
volumen-regulerede anion-strøm og taurin-frigivelse medieret af VRAC, samt en forbedret cellulær
akkumulation af taurin gennem TauT. I humane æggestokke A2780 cancerceller er cisplatin-resistens
forbundet med en fraværende svulmings-induceret taurin-frigivelse og manglende evne til at regulere
celle-volumen. Den manglende taurin-frigivelse skyldtes en næsten fraværende total proteinekspression af leucin-rich-repeat containing 8A (LRRC8A). LRRC8A er en vigtig bestanddel af alle
VRAC kanaler. Cellular taurin bidrager til den intracellulære pulje af organiske osmolytter. Desuden
er taurin i forskellige gnavermodeller blevet tilegnet en beskyttende rolle mod de cisplatin-inducerede
bivirkninger såsom nefrotoksicitet, hepatotoksicitet og kardiotoksicitet.
Denne afhandling inkluderer en oversigtsartikel, der beskriver involveringen af de volumenregulerede og calciumaktiverede anion kanaler i cellevolumen homeostase, kræft og
lægemiddelresistens (artiklel I), samt fire originale artikler (artikler II, III, IV og V), som fokuserer
på involveringen af TauT og VRAC i udvikling af cisplatin-resistens. I artikel II viser vi, at siRNAmedieret LRRC8A ”knock-down” og farmakologisk inhibering beskytter humane æggestok A2780
og alveolar A549 carcinom-celler mod cisplatin-induceret apoptose gennem en svækket ekspression
af p53, MDM2 og p21Waf1 / Cip1, såvel som en reduceret caspase-9/-3 aktivering. Desuden viser vi, at
ophør af langvarig cisplatin-behandling eller vektormedieret overekspression af LRRC8A
genopretter cisplatin-følsomheden. I artikel III viser vi, at den LRRC8A/D-afhængige VRAC også
er ansvarlig for cellernes evne til at optage cisplatin. Hypoosmotisk celle-svulmning og membran
depolarisering, som begge stimulerer aktiviteten af VRAC, øger den cellulære akkumulering af
cisplatin i A2780- og ELA-celler.
Artikel IV fokuserer på in vitro-evaluering af de enantiomere komplekser; R- og S-1,1'-binaphthyl2,2'-diaminodichlorid-Pt (II) (betegnet S- og R-[Pt(DABN)Cl2]) i humane Burkitt lymfomceller med
vægt på cellulær akkumulering, cytotoksicitet, DNA-binding og deres evne til at inducere apoptose.
Vi demonstrerer, at cisplatin-resistente Gumbus-celler ikke er krydsresistente over for S- og R[Pt(DABN)Cl2]. Desuden viser vi, at S-[Pt(DABN)Cl2] er lidt mere toksisk sammenlignet med R[Pt(DABN)Cl2], selvom den cellulære akkumulering og DNA-binding af R-[Pt(DABN)Cl2] er
signifikant bedre end S-[Pt(DABN)Cl2]. Vi finder, at den cellulære akkumulering af S- og R11

[Pt(DABN)Cl2] er meget større sammenlignet med cisplatin og involverer en VRAC-uafhængig
mekanisme. Desuden viser vi, at S- og R-[Pt(DABN)Cl2] inducerer apoptose og G0/G1 cellecyklusstop.
Endelig, fokuserer artikel V på involveringen af vækstassocieret signalering i reguleringen af
svulmnings-induceret taurin-frigivelse og virkningen af cisplatin på TauT og den LRRC8A/Dafhængige VRAC-aktivitet. Vi viser, at cisplatin reducerer aktiviteten af TauT. Desuden finder vi, at
PI3K/PTEN/mTORC2/Akt-kaskaden er vigtig for den svulminigs-inducerede taurin-frigivelse.
Cisplatin fører til en forbigående aktivering af Akt, og det ser ud til, at PI3K/PTEN/Akt-kaskaden
interfererer med de cisplatin-medierede virkninger på den LRRC8A/D-afhængige VRAC.
Samlet set bidrager resultaterne fra denne PhD-afhandling med ny viden om de molekylære
mekanismer, der ligger til grund for udviklingen af lægemiddel-resistens. Desuden vil belysning af
dette emne kunne bidrage til udvikling af nye terapeutiske behandlingsstrategier mod tumorer, der er
blevet resistente overfor cisplatin.
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INTRODUCTION AND AIM

Taurine has been described as a conditionally essential β-amino acid involved in a plethora of
physiological functions, such as conjugation of bile acids, membrane stabilization, and modulation
of cellular signaling (70; 93). Besides this, taurine is most often acknowledged for its contribution to
cell volume regulation (93). Taurine contributes to the intracellular pool of organic osmolytes, which
also includes the amino acids; proline and glycine, the methylamines, betaine and trimethylamine-Noxide (TMAO), and the polyols and sugars; sorbitol and sucrose (82).
Maintaining a stable cell volume is critical for normal cell functions including gene regulation,
cellular signaling, proliferation and metabolism, as well as migration, regulation of trans-epithelial
transport, and programmed cell death (PCD) (65). Mammalian cell membranes are highly permeable
to water due to the presence of water conducting aquaporins (AQP) (65). Because of high water
permeability, the water content and hence cell volume are determined by the concentration and
distribution of osmotic active compounds between the intracellular and extracellular compartments.
During steady-state conditions, the cell volume is maintained by the “pump-and-leak” concept, in
which the cell actively excludes Na+ ions in exchange for K+ ions via the Na+/K+-ATPase (65). The
Na+ and K+ gradients subsequently drive anion/cation and organic osmolyte uptake/release through
co-transporters, channels and exchangers (65). The steady-state volume, at which the swelling- or
shrinkage-activated transport systems are minimally active, is known as “the volume set-point” (65).
The process by which a shrunken or swollen cell returns to its steady-state volume is termed
regulatory volume increase (RVI) and regulatory volume decrease (RVD), respectively (65).
Osmotically shrunken cells, in general, initiate a net uptake of KCl and water through activation of
Na+-K+-2Cl--co-transport (NKCC), Na+/H+-exchange (e.g. NHE1), the Na+/K+-ATPase, and nonselective cation channels (65). Furthermore, long-term cell shrinkage involves increased
activity/expression of the Na+-dependent taurine transporter (TauT) (see section 2.2) (65; 93).
Osmotically swollen cells, in contrast, release KCl, organic osmolytes and water through activation
of K+ channels, Cl- and osmolytes leak channels (e.g., volume regulated anion channels (VRACs)),
as well as K+/Cl--co-transporters (KCCs) (65).
As indicated above, one of the cellular functions regulated by changes in cell volume is PCD. In
necrotic death, one type of PCD, cell swelling (termed “necrotic volume increase”) and intracellular
ATP depletion are typical characteristics (129). During necrosis, water accumulates in the cytosol
and organelles, and loss of membrane integrity ultimately causes rupture of the plasma membrane,
release of cell materials into the extracellular space, inflammation and cell death (129). Apoptosis, in
contrast, is a form of PCD characterized by changes in cell structure, particularly membrane blebbing,
cell shrinkage, nuclear fragmentation, chromatin condensation, and chromosomal DNA
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fragmentation through activation of proapoptotic members of the Bcl-2 family and caspases (129)
(see section 1.2.2). Apoptosis is a homeostatic mechanism that normally occurs during development
and aging to maintain an optimal cell population and eliminate unwarranted and potentially damaging
cells. Apoptosis is activated by either extrinsic or intrinsic stimuli (129). Extrinsic stimuli are usually
death receptors ligands e.g., members of the tumor necrosis factor (TNF) receptor superfamily.
Intrinsic stimuli are molecules or stress situations that result in mitochondrial dysfunction, as UV
radiation, reactive oxygen species (ROS), staurosporine, and the platinum(II) drugs; cisplatin,
carboplatin and oxaliplatin (129). Moreover, it has been demonstrated that hypertonic cell shrinkage
results in caspase-3 activation and apoptosis in several cell types (34; 64). In this regard, it has been
suggested that shrinkage-induced apoptosis may involve activation of p38/p53 signaling, trafficking
of CD95 death receptors to the plasma membrane, and inhibition of growth factor-mediated signaling
(64).
Iso-osmotic cell shrinkage, which is seen early after apoptotic stimulation, is termed apoptotic volume
decrease (AVD) and involves loss of KCl, taurine (and other non-essential osmolytes) and cell water
(64; 66). In Ehrlich ascites tumor cells (EATC), Poulsen and colleagues have demonstrated that the
AVD process following cisplatin-stimulation, can be divided into three phases (136). An early phase
termed AVD1, which was dominated by the activation of various pro-apoptotic K+ and Cl- channels
(e.g., VRACs). This phase was followed by a transition phase (termed AVDT), in which the cell
attempts to recover from shrinkage (i.e., unsuccessful RVI response) by activating several antiapoptotic channels. After about 12 hours, the EATC cells start to shrink even further and ultimately
die by apoptosis. This late phase is termed AVD2 (136). Figure 1 shows some of the most welldescribed pro- and anti-apoptotic channels and transporters.
Figure 1: Pro- and anti-apoptotic channels
and transporters. The pro-apoptotic
channels and transporters include the
membrane-bound Ca2+ channel (Orai1) and
various transient receptor potential
channels (TRPs) and K+ and Cl− channels.
The anti-apoptotic transporters include the
plasma membrane Ca2+-ATPase (PMCA),
hypertonicity-induced cation channels
(HICCs), the Na+/H+ exchanger (NHE1),
the Na+/K+-ATPase, the taurine transporter
(TauT) and the Na+-K+-2Cl--co-transporter
(NKCC1). For more information see (64).

A dysregulated expression and activity of the pro- and antiapoptotic ion/osmolyte channels and
transporters have in several cell types been associated with an impaired apoptotic response and
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development of multi-drug resistance (MDR) (64). For instance, a reduction in volume-regulated
anion current and taurine release (mediated by VRACs) has been related to MDR in several cell lines
including mouse EATC (136), the human epidermoid KCP-4 cancer cells (97), the human lung A549
adenocarcinoma cells (117; 158) (Article 1 and II), and the human promyelogenous leukemia cell
line (HL60) (41). We have demonstrated that cisplatin-resistance in human ovarian A2780 cancer
cells correlates with an almost absent taurine release system (VRAC) and hence inability to volume
regulate and accumulate cisplatin (135; 157; 161). This will be discussed in detail in chapter 1 and 2.
DNA fragmentation is a well-known feature of apoptosis and it has been shown that HPB-ALL T
cells lacking the type I transmembrane CD45 phosphatase have a reduced capacity to activate Cl −
channels and an impaired AVD in response to treatment with the apoptotic agent; Tributyltin (TBT)
(25; 26). Moreover, the CD45-deficient variant showed less DNA fragmentation following induction
of apoptosis (26). Interestingly, it was found that hypoosmotic shock, which is known to activate
VRACs, induced DNA fragmentation in the apoptotic CD45-deficient cell line, thus indicating that
CD45, plays a significant role in the intrinsic apoptotic pathway by regulating of the chloride channels
responsible for AVD (26). Activation of anion currents, similar to those carried by VRACs (i.e., in
terms of outward rectification, ATP dependence, and pharmacological profile), in response to
apoptotic stimuli has been observed in a variety of cell types (124). However, VRACs are normally
activated by cell swelling and a reduction in ionic strength, while apoptosis is characterized by a
decrease in cell volume and increase in ionic strength. It must therefore be assumed that, if VRACs
participate in AVD, the apoptotic stimuli must shift the volume set point for activation to a lower
value or the channel is upon apoptotic stimulation simply gated by other mechanisms.
Although, there is increasing evidence showing that induction of AVD is reduced by VRAC blockers
in various cell types, more specific methods are needed to elucidate the involvement of VRACs in
AVD (64). A recent study performed by Planells-Cases et al. (2015) has shown that a channel formed
by the combination of Leucine-Rich Repeat Containing 8A and D (LRRC8A and LRRC8D)
participates in AVD and apoptosis in KBM7 and HAP1 cells (135). Interestingly, this combination
i.e., LRRC8A and D is also the VRAC channel mediating the swelling-induced release of taurine, but
is not responsible for the typical anion currents (135) (see section 2.3.1). The role of taurine in cell
volume regulation (i.e., RVD and RVI) is well documented. In contrast, evidence regarding the
contribution of taurine to AVD is more inadequate. However, apoptotic taurine efflux has been
documented in Jurkat lymphocytes (94), cerebellar granule neurons (119) and mouse NIH3T3
fibroblast cells (34), as well as in Ehrlich cells (136).
The overall aim of this project was to gain insight into the role of TauT and LRRC8A/D-dependent
VRAC in development of resistance against platinum(II)-based anti-cancer drugs – with emphasis
om cisplatin resistance. Furthermore, test of new alternative platinum(II) drugs to overcome cisplatin
resistance has been in focus. The aim of this report is to give an overview of the mechanisms behind
cisplatin resistance and the possible involvement of taurine, as well as the taurine transporting systems
(i.e., TauT and VRAC).
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CHAPTER 1: CLINICAL APPROVED PLATINUM(II)BASED DRUGS USED FOR CHEMOTHERAPEUTIC
TREATMENT

1.1. DISCOVERY AND CLINICAL USE OF CISPLATIN
Since Barnett Rosenberg’s discovery of cisplatin in 1965 (141), thousands of new platinum
compounds have been synthesized and evaluated for their potential anti-tumor activity. Despite this,
only very few of these drugs have gone through clinical trials and gained marketing approval for
clinical use on humans. In the search for new drugs with improved pharmacological profiles e.g.,
fewer side effects as nephrotoxicity, ototoxicity, peripheral neurotoxicity and an ability to overcome
the limitations of cisplatin, e.g., development of drug resistance, only carboplatin and oxaliplatin have
been approved for clinical use world-wide (Fig. 2) (182). Another three platinum compounds;
nedaplatin, lobaplatin and heptaplatin have gained approval in Japan, China and South Korea,
respectively (Fig. 2) (182).

Figure 2: Chemical structure of cisplatin, carboplatin, oxaliplatin, heptaplatin, nedaplatin and lobaplatin
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1.2. CELLULAR MODE OF ACTION OF CISPLATIN
1.2.1. Administration, distribution and cellular accumulation
Platinum-based drugs are frequently used to treat solid tumors including ovarian, testicular, bladder
cancer, melanomas, myelomas, lung cancer and lymphomas (182). Cisplatin is administrated
intravenously as a saline solution. In the bloodstream cisplatin is taken up by the cells through various
types of transporters.
The Cupper (Cu) transporters (CTR1 and CTR2), which normally maintain the cellular Cu
homeostasis, have for long time been believed to be the main route for cisplatin uptake/release, and
alteration of these transporters has been linked to the development of resistance and side effects of
cisplatin (Fig. 3) (see section 1.3.1) (163). The cupper transporter 1 (CTR1) is ubiquitously expressed
in human cells and has an important role in the cellular accumulation of Cu-ions. The human CTR1
transporter is a 190-amino acid protein, composed of three trans-membrane domains with the Cterminal facing the cytosol (68). The functional CTR1 transporter is a homo-trimer, and guidance of
Cu ions through the CTR1 pore requires trans-chelation to methionine residues (163). It is assumed
that cisplatin uses the same pathway. Loss of the labile chloride ligands facilitates methionine binding
and guidance through the CTR1 pore. Down-regulation of CTR1 significantly decreases cellular
cisplatin accumulation (73). CTR2, which belong to the same family as CTR1, is mainly found in
endosomes and lysosomes (10). CTR2 is through to be involved in transport of cisplatin into
endosomes and macropinocytosis through activation of Rac1 and cdc42. Knock-down of CTR2 has
been suggested as a strategy to overcome cisplatin resistance (10).
Another important protein is Antioxidant 1 (Atox1). Atox1 is a Cu chaperone, which delivers Cu+
ions to the two ATPases, ATP7A and ATP7B. Atox1 is required for uptake of cisplatin via CTR1, as
loss of Atox1 reduces both cellular accumulation and DNA-binding (127; 145).
ATP7A and ATP7B are to ATPases important for the export Cu and regulation of the cellular Cu
concentration. ATP7A and B contain 8 transmembrane domains with both the N-terminal and Cterminal parts facing the cytosol (178). ATP7A and B are under normal physiological conditions
expressed in the trans-Golgi network and inactivation results in Menkes’ disease (reduced ATP7A)
and Wilson’s disease (reduced ATP7B) (58). Furthermore, ATP7A and ATP7B play an important
role in cellular sensitivity and resistance to platinum drugs, as they mediate increased efflux and/or
sequestration in sub-cellular compartments (58; 80; 143; 144; 146; 186). Increased Cu+ or cisplatin
availability increases trafficking of ATP7A and ATP7B to the plasma membrane (80; 178). Other
transporters, involved in accumulation and release of cisplatin are Organic Cation Transporter 1 and
2 (OCT1/2), Multidrug and toxin extrusion protein 1-3 (MATE1-3) and Multidrug resistanceassociated protein 1/2 (MRP1/2) (Fig. 3), however, these transporters have been investigated to a
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lesser extent and their influence on resistance is not fully understood. OCT1/2, MATE1-3 and
MRP1/2 have been described in more detail in (157)(Article III).

Figure 3: Cellular cisplatin accumulation and distribution

More recently, we and Planells-Cases et al. (2015) have demonstrated that the uptake of cisplatin and
carboplatin, but not oxaliplatin, is highly dependent on the presence and activity of VRACs formed
by Leucin-rich-repeat containing 8A and D (LRRC8A and D) heteromers (Fig. 3) i.e., the same
channel configuration, which are responsible for the swelling-induced efflux of taurine (135; 157)
(Article III). We have demonstrated that pharmacological inhibition and siRNA-mediated knockdown of LRRC8A markedly reduced cellular accumulation of cisplatin in human ovarian A2780
cells, whereas hypoosmotic cell swelling and plasma membrane depolarization, which is known to
activate LRRC8A/D-dependent VRACs, increased the cellular accumulation of cisplatin in human
ovarian A2780 cancer cells and mouse Ehrlich ascites letter tumor (ELA) cells (Article III)(157).
1.2.2. Implication on cell division, growth and death
The clinical antitumor activities of cisplatin and its derivatives have for long time been acknowledged
for their capability to induce non-reparable DNA lesions, thereby causing permanent proliferative
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arrest (cellular senescence) and ultimately trigger the mitochondrial apoptotic pathway, i.e., the
intrinsic cell death pathway (Fig. 4)(39).
Cisplatin is chemically inert until one or both of its cis-positioned chloro-groups are replaced by water
molecules. Both mono- and bi-aquated cisplatin are highly reactive and tend to form high affinity
covalent bonds with methionine and cysteine residue-containing peptides/proteins, as well as with
nucleophilic purine bases (adenine/guanine) in nuclear DNA. Covalent-binding of cisplatin to DNA
causes inter- and intra-stand adducts (Fig. 4). If limited, these DNA adducts can be recognized and
repaired by several repair-systems operating within the cell during temporary cell cycle arrest (39).
Intra-strand cross-links are repaired by nucleotide excision repair (NER) whereas inter-strands crosslinks are repaired by a complex mechanism involving both NER, DNA double-strand breaks (DSBs)
repair and translation synthesis (TLS) polymerases (140). If not repaired, DNA adducts may cause
transcription, replication blockage and DSBs, as well as initiation of programmed cell death
(apoptosis).

Figure 4: Cisplatin-induced apoptosis through p53. See text for description.

DSBs and blockage of replication forks are serious lesions that are recognized by the Ataxia
telangiectasia mutated (ATM) and Ataxia telangiectasia and Rad3-related (ATR) kinases (Fig. 4)
(140). ATM and Double-strand break repair protein (MRE11), DNA repair protein (RAD50) and
Nibrin (NBN) form a complex at the site of lesion, whereas stalled replication forks involve
recruitment of Replication protein-A (RPA), the ATR-ATRIP complex, TopBP1, and the 9-1-1
complex. When activated, ATM and ATR phosphorylate and activate check-point kinase 1 and 2
(Chk1/2), which then phosphorylate the tumor-suppressor and transcription factor p53 (Fig. 4). p53
is directly phosphorylated by ATM and ATR causing its activation and translocation to the nucleus,
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where p53 enhances transcription of several genes involved in cell cycle progression and cell death.
Two of these genes code for the cyclin-dependent kinase inhibitor p21Waf1/Cip1, which inhibits cyclindependent kinase 1 and 2 (CDK-1 and -2) leading to G1/S and G2/M cell cycle-arrest, and the p53upregulated modulator of apoptosis (PUMA), which prevents the interaction between pro-apoptotic
members of the Bcl-2 family and anti-apoptotic proteins, thereby enabling Bax/Bak activation (Fig.
4). Activated Bax and Bak localize to the outer mitochondrial membrane, where they dimerize, induce
formation of mitochondrial permeability transition pores, and facilitate release of cytochrome c and
second mitochondria-derived activator of caspases/direct IAP-binding protein with a low isoelectric
point (SMAC/DIABLO) from the mitochondria into the cytosol (62).
Cisplatin-induced p53 activation enhances the transcription of CD95 death receptor (also known as
First apoptosis signal receptor (FasR)) (Fig. 4) (120). The CD95 death receptor is a transmembrane
receptor belonging to the tumor necrosis factor/nerve growth factor (TNF/NGF) receptor superfamily
(33). Upon binding of CD95 ligand, the CD95 death domain (DD) assembles the death-inducing
signaling complex (DISC) through recruitment of the adaptor molecule Fas-associated with a death
domain (FADD), procaspase-8 (previously known as FLICE), procaspase-10, and the caspase-8/10
regulator cellular FLICE inhibitory protein (c-FLIP) (133). Activated caspase-8 initiates the apoptotic
program by cleaving various intracellular proteins resulting in the execution of apoptosis (133). For
instance, caspase-8 activation leads to cleavage and activation of the pro-apoptotic Bcl-2 family
member; BH3-interacting domain death agonist (BID) (8). Truncated Bid (tBID) migrates to
mitochondria, where it together with Bax and Bak induces permeabilization of the outer
mitochondrial membrane and causes cytochrome-c release (Fig. 4) (5). Hereby, the intrinsic and
extrinsic (i.e., dearth receptor mediated) apoptotic pathways converge at the stage of performing outer
mitochondrial membrane permeabilization.
Cytochrome c, once released from the mitochondria, recruits and activates the cytosolic scaffold
protein; apoptotic protease activating factor 1 (Apaf-1) and caspase-9, through assembling into a
complex holoenzyme termed “apoptosome” (Fig. 4) (62). Caspase-9 in complex with cytochrome c
and Apaf-1 activates downstream executer caspases – most importantly caspase-3, -6 and -7, which
sequentially results in DNA fragmentation, cell shrinkage and formation of apoptotic bodies (129).
Release of SMAC/DIABLO concomitantly lifts the effect of the caspase inhibitor X-linked inhibitor
of caspases (XIAP), thereby enhancing apoptosis. As indicated in the introduction, cell shrinkage i.e.,
AVD is an essential, initial feature of apoptosis and reduced expression and activity of membrane
bound transporters responsible for loss of osmolytes and hence cell water is in some cell lines a
phenotypic characteristic of drug-resistance (66) (Article I).
Besides formation of DNA adduct and DSBs, some data suggests that cisplatin induce cell death
independent of DNA damage (12). One of these mechanisms is cisplatin-induced formation of
reactive oxygen species (ROS) and oxidative stress-induced apoptosis. As mentioned before, monoand bi-aquated cisplatin can covalently bind to a large panel of methionine and cysteine residuecontaining peptides and proteins, including reduced glutathione (L-γ-glutamyl-L-cysteinyl-glycine,
GSH) and metallothionin’s (39). Due to the high thiol activity of GSH, it is hypothesized that cisplatin
is inactivated by direct binding to GSH, thus leading to cellular detoxification (12). In some cell lines,
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GSH-bound cisplatin is exported out of the cell by the transporters MRP1 and MRP2, which activities
are often elevated in chemo-resistant cells (74).
The homeostatic intracellular redox balance is normally tightly regulated, and disturbance may cause
oxidative stress and apoptosis. One of the most important redox systems in mammalian cells is the
glutathione (GSH/GSSG) system (12). In the cytosol, GSH is used as a substrate for the glutathione
peroxidase-catalyzed reduction of hydrogen peroxide (H2O2) and lipid hydroxyperoxides, a reaction
that produces glutathione disulfide (GSSG). GSSG is rapidly reduced to GSH by glutathione
reductase. In regard to cisplatin-induced ROS production and apoptosis, Berndtsson and colleagues
(7) have reported that low cisplatin-doses causes DNA damage, whereas high cisplatin-doses results
in an increased superoxide production and presumably induction of apoptosis in the melanoma cell
line 224 and the colon carcinoma cell line HCT116 (7). To date, there are described three intracellular
ways by which cisplatin can induce ROS: (i) by binding to lipids, phospholipids and fatty acid and
thereby altering the membrane fluidity and activity of proteins imbedded in the membrane (ii) by
binding to cytosolic proteins, thus affecting intracellular signaling cascades resulting in ROS
production, and (iii) by interacting with various organelle (mitochondria, endoplasmic reticulum,
nucleus) functions (12). As indicated below cisplatin-induced ROS production in the plasma
membrane may alter the cellular cisplatin-sensitivity by affecting the activity of various pro-apoptotic
channels/transporters for ions and organic osmolytes (87).
Except from apoptosis, unwanted cells can likewise be eliminated by process known as autophagy
(“self-eating”)(169). In general, autophagy is known as a pro-survival mechanism that protects the
cells during starvation, but new data indicates that autophagy may also play an essential role in
regulating cell death (123). Autophagy is a tightly regulated catabolic process, in which unwanted
cytosolic materials and organelles are captured in vesicles known as autophagosomes. These
autophagosomes then fuses with hydrolytic enzyme-containing lysosomes forming an autolysosome,
in which the cargo material is degraded for intracellular recycling. Formation of autophagosomes are
a complex process involving activation of autophagy-related (ATG) proteins. The modes of action of
these ATG proteins are beyond the scope of this report and discussed in more detail in (123). One of
the main regulators of autophagy is the mammalian target of rapamycin (mTOR), which activity is
known to inhibit autophagy (169). In response to nutrient starvation and a drop in intracellular ATP,
activation of the AMP-activated protein kinase (AMPK) leads to inhibition of mTOR, thereby
triggering autophagy. Also, activation of p53 activates AMPK, thus leading to repression of mTOR
and induction of autophagy. In respect to cisplatin, Leisching and colleagues show that inhibition of
mTOR activity enhances cisplatin cytotoxicity through induction of autophagolysosomal
degradation, thus implying that cisplatin-mTOR-inhibitor co-treatment may have treatment potential
(99). In congruence, newest data show that autophagy and mTOR play essential roles in cisplatininduced ototoxicity (187). As indicated below mTOR also regulates various transport systems for
organic osmolytes by increasing the uptake and decreasing the efflux (92). Hence, rapamycin might
enhance cisplatin cytotoxicity and cell death by enhancing cisplatin-induced cell shrinkage and
apoptosis.
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1.3. DEVELOPMENT OF CISPLATIN-RESISTANCE AND ITS
IMPLICATIONS
Although, cisplatin and its derivatives are still the front-line clinical therapies for many types of
cancer and most patients usually have a good initial response, a later relapse due to development of
drug resistance, markedly reduces their clinical effectiveness (152). Cisplatin resistance can be
divided into intrinsic resistance, which is achieved through genetic changes during tumor
development, and acquired resistance which develop following cisplatin chemotherapy (85). Cancer
cells develop resistance through (I) changes in cisplatin transport resulting in a reduced intracellular
cisplatin accumulation, (II) an increased detoxification of cisplatin by GSH, metallothioneins and
other cytoplasmic ‘scavengers’ with nucleophilic properties, (III) changes in DNA repair mechanisms
as increased inter-strand cross-link repair, increased NER response or loss of mismatch repair, (IV)
changes in DNA damage tolerance through increased TLS, and finally (VI) changes to the cell
signaling pathways involved in apoptosis and cellular growth (85). The mechanism behind changes
in DNA repair and tolerance is beyond the scope of this report and has been reviewed in (85).
1.3.1. Decreased cellular accumulation
A reduced intracellular drug accumulation is one of the main reasons for development of cisplatin
resistance. In human cells, it has been shown that cisplatin triggers a rapid degradation of CTR1,
causing a diminished cisplatin uptake and resulting in development of cisplatin resistance (152).
Furthermore, genetic knockout of CTR1 resulted in cellular cisplatin resistance in vivo, and overexpression of CTR1 was associated with an increased cisplatin accumulation and sensitivity (152).
In contrast, an increased expression and altered N-linked glycosylation of MRP1 and MRP4 in an
oxaliplatin-resistant human ovarian carcinoma IGROV-1 cell line was associated with resistance to
oxaliplatin and cisplatin, with markedly reduced accumulation of the platinum drugs (6). Here, it has
to be noted that cisplatin resistant tumors are normally not cross-resistant to oxaliplatin, however
oxaliplatin-resistant tumors are often resistant to cisplatin (6).
In addition to MRPs, ATP7A and ATP7B are often upregulated in cisplatin-resistant cancer cell lines
and overexpression has been shown to support the cisplatin-resistant phenotype (152). In line with
this, we have demonstrated that development of cisplatin resistance in a human ovarian A2780
carcinoma cell line correlates with a reduced expression of the cisplatin accumulation systems e.g.,
CTR1 and LRRC8A/VRAC and an increased expression of ATP7A and B, which mediates the active
efflux of cisplatin (157) (Article III). The molecular identity and regulation of VRACs are described
in section 2.3.1.
Downregulation of LRRC8A/D-dependent VRACs, which is responsible for the swelling-induced
release of taurine, has been observed in several cell lines including mouse EATC (136), the human
epidermoid KCP-4 cancer cells (97), the human lung A549 adenocarcinoma cells (117; 158) (Article
II), and the human promyelogenous leukemia cell line (HL60) (41). In human ovarian A2780 cancer
cells, the reduced VRAC activity, shown as reduced taurine release in response to hypoosmotic cell
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swelling and inability to volume regulate, was due to a decreased protein expression of LRRC8A
(Article II and III)(157; 161). Cisplatin-resistant human alveolar A549 cells, however, exhibited an
increased LRRC8A protein expression, although the swelling-induced taurine release was reduced
with around 50 %. In these cells, cisplatin-resistance was achieved by down-regulating the membrane
expression of LRRC8A (Article II)(159). Pharmacological inhibition of the LRRC8A/D-dependent
VRAC and siRNA-mediated knock-down of LRRC8A markedly reduced cisplatin accumulation and
prevented cisplatin-induced apoptotic signaling i.e., expression of p53, murine double minute-2
(MDM2) and p21Waf1/Cip1, as well as caspase-9/-3 cleavage in human ovarian A2780 and human
alveolar A549 cancer cells (Article II and III)(158; 159). Interestingly, constitutive vector-mediated
expression of LRRC8A reduced cell viability and restored cisplatin-sensitivity in the cisplatinresistant ovarian A2780 cancer cell line, thus indicating that LRRC8A play an important role in
development of cisplatin-resistance (Article II)(158).
Long-term cisplatin exposure results in an increased protein expression of LRRC8A, however, the
capability to activate VRAC is often down-regulated (Article II and III). Voss et al. (2014) has
demonstrated that overexpression of LRRC8A in HeLa cells decreased VRAC activity (180).
Therefore, it was hypothesized that LRRC8A contributes to a heteromeric channel complex (see
section 2.3.1), and that overexpression of LRRC8A led to a subunit stoichiometry incompatible with
VRAC channel activity. Based on this, we speculate whether stress-induced overexpression of
LRRC8A is a pro-survival mechanism trying to protect the cells against further damage, AVD and
apoptosis. Chronic LRRC8A overexpression might even result in development of cisplatin resistance
in some cell lines.
Prolonged cisplatin treatment is used to maintain acquired cisplatin-resistance in vitro. We have
demonstrated that termination of cisplatin treatment restores the LRRC8A expression and cisplatinsensitivity (i.e., ability to activate p53, p21Waf1/Cip1, Noxa and caspase-9) within 3 to 6 weeks in human
ovarian A2780 cancer cells (Article II)(158). Planells-Cases et al. (2015), have by the use of a
genomewide screen identified LRRC8A and LRRC8D as mediators of carboplatin and cisplatin
uptake and resistance in haploid KBM7 cells (135). To determine whether LRRC8A or LRRC8D
expression might affect chemotherapy in patients, Planells-Cases et al. (2015) examined The Cancer
Genome Atlas data collection of ovarian cancer patients, who were treated with platinum drugs. They
found that low expression of LRRC8D but unfortunately not LRRC8A correlated with shorter
survival of high grade serous ovarian cancer patients treated with platinum‐based drugs (135). In
summary, decreased cellular cisplatin accumulation involves a reduced uptake through CTR1 and
LRRC8A and LRRC8D-dependent VRACs, as well as an increased efflux through MRP, and the
ATPases ATP7A and ATP7B. Down-regulation of LRRC8A and LRRC8D-dependent VRACs may
involve alteration of the membrane and/or total expression of either LRRC8A of LRRC8D.
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1.3.2. Prevention of apoptotic and enhancement of pro-survival signaling
The tumor suppressor p53 and apoptosis
Data obtained from collected tumor samples have revealed that the functional status of the tumor
suppressor and transcription factor p53 can be used as a strong predictor for the outcome of
platinum(II)-based chemotherapy (85). It has been demonstrated that ovarian cancer patients with
wild-type p53 tumors had good chances to respond to cisplatin treatment, whereas patients with
mutated p53 experienced a lower therapeutic responsiveness (37).
Cisplatin treatment results in the activation of the mitogen-activated protein kinases (MAPKs);
p38MAPK and extracellular-signal-regulated kinase (ERK) (20; 159). Cisplatin-mediated activation of
p38MAPK leads to activation of p53 through interaction with p18, whereas activation of ERK directly
phosphorylates p53, thus causing p53-mediated cell cycle arrest and apoptosis (20; 159). In line with
this, we have demonstrated that cisplatin-induces ERK-2 phosphorylation within 12 hours, whereas
p53 phosphorylation was first detectible 24 hour following cisplatin exposure in human ovarian
A2780 cancer cells (158) (Article II). Importantly, in the cisplatin resistant subtype (A2780CisR)
cisplatin likewise induced ERK-2 and p53 phosphorylation, thus indicating the cisplatin resistance in
A2780CisR is not due to changes in the ERK-2/p53 pathway (158) (Article II).

Figure 5: p53 regulation and activity. Upon
cisplatin-mediated DNA damage, p53 is
activated through p38MAPK, ATM, ATR and
Chk-1 and 2 (only p38MAPK is shown). P53
regulates the transcription of several genes
including Bax, PUMA, NOXA, FasR, Bid
and p21Waf1/Cip1, as well as MDM2. An
increased expression of these genes leads to
cell cycle arrest and induction of apoptosis
(both intrinsic and extrinsic). P53 is
negatively regulated by MDM2. Aktmediated activation of MDM2 targets p53 for
proteosomal degradation. See text for
description.
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Functional p53 plays an important role in the apoptotic pathway in several tested cell lines including
breast, lung, colon, kidney, ovarian, leukaemia, melanoma and prostate cancer, and it has been shown
that p53 mutations result in cisplatin resistance (85). As indicated previously, functional p53 regulates
the trans-activation of pro-apoptotic and cell cycle regulatory genes such as PUMA, CD95 death
receptor and Bax, as well as p21Waf1/Cip1 (Fig. 5)(63). In this regard, it has been reported that colorectal
cancer cells lacking functional p53, had reduced levels of FasR and Apaf-1 (69). Furthermore, we
have recently demonstrated that siRNA-mediated knock-down of LRRC8A and p53 causes cisplatin
resistance i.e., reduced phosphorylation of p53, reduced p21Waf1/Cip1 expression and caspase-9
activation in human alveolar A549 cells (Article II)(159). See section 1.2.2 for description of the
function of FasR, Apaf-1, p21Waf1/Cip1, and caspase-9.
Fraser et al. (2008) investigated the role of p53 in cisplatin-induced apoptosis in human ovarian
cancer cells (32). They demonstrate that cisplatin-induced apoptosis, at least in part, is mediated
through upregulation of PUMA and phosphorylation of p53 at Ser-15 and Ser-20. They found that
p53 phosphorylation was decreased in cells overexpressing Akt and cisplatin resistant cells carrying
high Akt activities, suggesting that Akt mediates chemoresistance by blocking cisplatin-induced p53
phosphorylation (32).
Cellular growth and the PI3K/Akt/mTORC2 pathway
Activation of the serine/threonine kinases Akt is involved in the regulation of metabolism, autophagy,
cell proliferation, growth, and survival (11). Akt works downstream of the phosphoinositide 3-Kinase
(PI3K), a phospholipid kinase activated by a variety of growth factors, cytokines, G-protein-coupled
receptors (GPCRs) and adhesion molecules e.g., integrins (Fig. 6) (11). Activation of PI3K leads to
phosphorylation of phosphatidylinositol-3,4-bisphosphate (PIP2) thus causing the formation of
phosphatidylinsitol-3,4,5-triphosphate (PIP3). PIP3 recruits Akt to the plasma membrane, where Akt
by phosphorylation at Thr-308 and Ser-473 is activated (59). Phosphoinositide-dependent kinase-1
(PDK1) is the kinase responsible for phosphorylation of Thr-308, whereas phosphorylation of Ser473 requires activation of mammalian target of rapamycin (mTOR) complex 2 (mTORC2), a multiprotein complex consisting of mTOR, the rapamycin-insensitive companion of mTOR (Rictor),
mammalian stress-activated protein kinase interacting protein 1 (mSin1), mammalian lethal with
SEC13 protein 8 (mLST8), Protor1/2, and DEP domain-containing mTOR-interacting protein
(Deptor) (Fig. 6) (106).
In several studies, the mTORC2 component rictor has been found to be a determinant of cisplatin
resistance through activation and stabilization Akt (72; 102; 103). Im-aram et al. (2013) have shown
that cisplatin treatment induces down-regulation of rictor by caspase-3 cleavage and proteasomal
degradation in cisplatin-sensitive ovarian cells, whereas the rictor content remained unaffected in the
cisplatin-resistant ovarian cells (72). Interestingly, rictor down-regulation sensitized chemo-resistant
ovarian cancer cells to cisplatin-induced apoptosis in a p53-dependent manner (72). Oncogenic EGFR
signaling has been demonstrated to activate an mTORC2/Akt/NF-κB pathway that promotes
chemotherapy resistance in primary glioblastoma cells (170). As for the mTORC2 component rictor,
several studies have suggested that Akt itself might be involved in chemoresistance to cisplatin in
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uterine, ovarian, lung, breast and pancreatic cancers (38; 43; 183). In human breast (MDA MB-468)
carcinoma cells, Winograd-Katz and Levitzki (2006) have demonstrated that cisplatin activates Akt,
as measured by Thr-308 phosphorylation, in a way dependent on the epidermal growth factor receptor
(EGFR) and Src kinase (183).

Figure 6: PI3K/Akt-signaling cascade. See text for description.

Epithelial-Mesenchymal Transition (EMT) and growth signaling
In a recent study, it was shown that upregulation of contactin-1 (CNTN-1) promotes the malignant
progression (including metastasis and drug resistance) of cisplatin resistant A549 lung
adenocarcinoma cells through induction of an Epithelial-Mesenchymal Transition (EMT) phenotype
by activating the PI3K/Akt signaling cascade (189). Similarly, we have previously shown that
cisplatin resistant ELA cells, which originate from a mammary gland adenocarcinoma i.e., epithelial
origin, has an increased expression of the mesenchymal integrins; αv, α5 and β1 (160). This could be
taken to indicate that development of resistance in the ELA cells involves EMT (160). In MV3
melanoma cells, integrin activation by manganese was found to induce phosphorylation of PI3K/Akt
(134). Moreover, the MV3 cells displayed a higher resistance against cisplatin when the integrins
were activated by manganese or collagen (83). In these cells, it was demonstrated that inhibition of
PI3K/mTOR using Dactolisib increased cellular sensitivity toward cisplatin treatment, by blocking
the effects of manganese and collagen (83). The expression of cluster of differentiation 24 (CD24),
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which is normally found in developing tissue, has in ovarian cancer patients been found to correlate
with poor survival prognosis, as well as presence of peritoneal and lymph node metastasis. CD24 was
demonstrated to induces EMT characterized by an increased cell invasiveness, proliferation and
colony formation in ovarian Caov-3 cells (122). These characteristics was associated with cisplatin
resistance and activation of PI3K/Akt, NF-κB and ERK cascades (122). In summery these data
indicate that cisplatin resistance in some cancer cells of epithelial origin involves trans-differentiation
into mesenchymal-like cells which may involve changes to the signaling cascades involved in cellular
growth and survival i.e., the PI3K/Akt, NF-κB and MAP kinase pathways. In this regard it is noted
that the LRRC8A/D-dependent VRACs, mediating the swelling-induced release of taurine and
isoosmotic uptake of cisplatin and carboplatin, are regulated through the PI3K/Akt/mTORC2
pathway (see section 2.3.4). An increased growth-signaling may therefore increase the activity of
VRACs which cause isoosmotic cell shrinkage and trigger the apoptotic pathway (Article V). It
seems that at least some cancer cells develop cisplatin-resistance through down-regulation of the
LRRC8A/D dependent VRACs and thereby prevent cellular cisplatin accumulation but also VRAC
activation and cell shrinkage caused by an abnormal growth signaling.
The tumor suppressor PTEN as a novel regulator of p53 and Akt-mediated signaling
Akt activity is regulated by the tumor suppressor phosphatase and tensin homolog deleted on
chromosome ten (PTEN), a phosphatase that antagonizes PI3K activity by dephosphorylating PIP3
to PIP2 (Fig. 6) (114). In human ovarian cancer, overexpression of PTEN was found to up-regulate
p53 content and increase the sensitivity of resistant cells to cisplatin induced apoptosis (185). They
found that only cisplatin resistant C13* ovarian cancer cells carrying wild-type p53 was sensitive to
PTEN-overexpression. In the p53 mutant ovarian cancer cell line A2780-cp, PTEN over-expression
failed to sensitize the cells to cisplatin-induced apoptosis, unless the cells ware co-transfected with
wild-type p53 (185). Interestingly, up-regulation of p53 and chemo-sensation mediated by PTEN
overexpression was found without detectable changes in the phosphorylated levels of Akt and the
forkhead box protein O1 (FOXO1) (185). However, it has to be noted that these studies were
performed 24 hours after cisplatin stimulation, and that we have recently demonstrated that cisplatin
and oxaliplatin induces a transient activation of Akt with a maximum activation within 6-12 hours in
human alveolar A549 cells (Article V). This could indeed be the explanation for the lack of
observable Akt activation in these studies.
Akt activity is directly regulated by protein phosphatase 2A (PP2A) or the PH domain leucine-rich
repeat protein phosphatases (PHLPP1 and 2) that dephosphorylates Akt at Thr-308 and Ser-473,
respectively (Fig. 6) (114). Wei and colleagues (2014) have demonstrated that silencing cancerous
inhibitor of protein phosphatase 2A (CIP2A), an oncoprotein inhibiting the activity of PP2A, led to
decreased proliferation, impaired clonogenicity and enhanced chemosensitivity and apoptosis to
cisplatin in human non-small lung cancer (NSCLC) cells, as well as reduced Akt (Ser-473)
phosphorylation (181). In addition, CIP2A overexpression diminished NSCLC cell sensitivity to
cisplatin treatment by inducing activation of the Akt pathway (181).
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The mTORC1 complex
One of the most well-characterized substrates of Akt is the serine/threonine kinase mTOR. Akt
indirectly activates mTOR by phosphorylating and inactivating tuberous sclerosis complex 2 (TSC2),
which inhibits mTOR (59). Activated mTOR form, besides mTORC2, another multi-protein complex
called mTOR complex 1 (mTORC1), with consists of mTOR itself, regulatory-associated protein of
mTOR (Raptor), mLST8 and the recently identified PRAS40 and DEPTOR (114). mTORC1 activate
a variety of downstream effectors including 4E-binding proteins 1 (4E-BP1), p70 S6 kinase
(p70S6K1), and the transcription factor EB (TFEB) (Fig. 6). Liu et al. have investigated the
involvement of PI3K/Akt1-mTOR-p70S6K1 cascade in the development of cisplatin resistance in
human alveolar A549 cells (109). They find that cisplatin resistant A549 cells exhibited a higher level
of Akt-1 (Ser-473) and p70S6K1 (Thr-421/Ser-424) phosphorylation compared to the cisplatinsensitive parental cells (109). Furthermore, treating the cisplatin resistant cells with rapamycin
decreased p70S6K1 activation. Thus indicating that cisplatin resistance in A549 cells is most probable
associated with mTOR and p70S6K1 activation (109).
Other direct targets of Akt – the forkhead transcription factors (FoxOs) and the Bcl-2-associated
death promoter (BAD) protein
Upon activation, Akt translocates to the nucleus, where it is involved in regulation of the activity of
several transcriptional regulators as; cyclic-AMP response element-binding protein (CREB), E2
factor (E2F), nuclear factor kappa from B cells (NF-κB) via inhibitor kappa B protein kinase (Iκ-K),
the forkhead transcription factors (FoxOs) and MDM2, which negatively regulates p53 activity (Fig.
5 and 6) (165). As indicated, Akt regulates the FoxO family of transcription factors. In mammals, the
FoxO family consists of four members, FoxO1, FoxO3, FoxO4 and FoxO6 (29). Akt-mediated
phosphorylation of the FoxO proteins results in 14–3–3 chaperone binding, nuclear export and
inactivation (29). When active, FoxOs localize to the nucleus, where they regulate key genes involved
in the regulation of cell cycle and apoptosis, such as p27Kip1, cyclin D1 and cyclin D2, p130, FasL
and Bim (29). Cisplatin enhances FoxO3a expression, nuclear translocation and activity in lung and
colon cancer cells (29; 107). In human cholangiocarcinoma (CCA), FoxO3 inactivation was
associated with tumorigenesis and chemoresistance through a signaling cascade involving Kelch-like
ECH-associated protein 1 (Keap1) and Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (42).
Normally, Nrf2 is degraded through the ubiquitin-proteasome system and Keap1 is the ubiquitin
ligase adaptor that targets Nrf2 to degradation (Fig. 7) (42). In cells depleted of FoxO3, Keap1 was
significantly down-regulated and there was a concomitant induction of several known Nrf2
downstream targets e.g., detoxification enzymes as oxygenase 1 (HO-1) and NAD(P)H quinone
dehydrogenase 1 (NQO1) (42). FoxO3 depletion resulted in a significant reduction in intracellular
ROS levels (42). Constitutive activation of Akt in CCA cells results in reduced Keap1 mRNA and
protein level, as well as a commutant increase in Nrf2 accumulation and activation (42).
In lung cancer, mutant p53 was found to confer cisplatin resistance through upregulation of Nrf2
expression and its down-stream target genes Bcl-2, Bcl-xL, and HO-1 (177). It was demonstrated that
wild-type p53 normally binds to a p53 putative binding site to block Sp1 binding to the Nrf2 promoter
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and consequently to suppress the Nrf2 promoter activity (177). Thus, cisplatin resistance may involve
decreased p53 activity as well as an increased Akt activity which results in nuclear export of FoxO3A
and increased expression of Nrf2 and its down-stream target genes Bcl-2, Bcl-xL, and HO-1.

Figure 7: The Akt/Nrf2 cascade.
Akt-mediated
phosphorylation
causes nuclear export of FoxO3.
FoxO3 regulates the expression of
Keap-1, which interacts with and
targets Nrf2 for proteosomal
degradation. Nrf2 is a protooncogene regulating the expression
of several cytoprotective proteins,
including detoxification enzymes
like HO-1 and GST, antioxidant
enzymes (e.g., NQO1), and antiapoptotic members of the Bcl-2
family; Bcl-2 and Bcl-XL. Nrf2 is
regulated via p53. Akt activates
MDM2, which interacts with and
targets
p53
for
proteosomal
degradation. P53 suppress the Nrf2
promoter activity by blocking Sp1
binding to the Nrf2 promoter.

Another well-described substrate of Akt is the Bcl-2-associated death promoter (BAD) protein.
Active Bad regulates cytochrome c release through interaction and inhibition of Bcl-2, Bcl-xL and
Bcl-W (155). It has been demonstrated that cisplatin-induced DNA damage in human ovarian Caov3 and A2780 cells causes phosphorylation of BAD at Ser-136 via a PI3K/Akt cascade and Ser-112
via an ERK cascade (60). Furthermore, inhibition of either of these cascades chemo-sensitizes Caov3 and A2780 cells, thus indicating that ERK- and PI3K/Akt-signaling cascades coverage at BAD to
suppress cisplatin-induced apoptosis and maintain cell viability (60). In summery several
mechanisms are involved in development of cisplatin resistance including decreased cisplatin
accumulation, decreased apoptotic signaling and increased growth-associated signaling.
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CHAPTER 2: TAURINE HOMEOSTASIS, CISPLATIN
CYTOTOXICITY AND RESISTANCE

2.1. TAURINE HOMEOSTASIS AND CISPLATIN RESISTANCE
2.1.2. Physiological Relevance
Taurine is the most important free intracellular β-amino acid in mammalian cells. It was first
discovered in isolated bile from an ox, Bos Taurus in 1827 (36; 70). Taurine accounts for
approximately 0.1% of the total body weight of mammals, with the highest concentrations in
metabolic active tissues e.g., skeletal and heart muscle, liver, kidneys and brain (93). Taurine is an
amino acid, but it differs from the more conventional amino acids (e.g., alanine, glycine, glutamate,
aspartate etc.), as it has a sulfonate group instead of the carboxylate group, and it is a β-amino acid
rather than an α-amino acid (Fig. 8)(70).

Figure 8: Chemical structure and acidic disassociation constants pKa of taurine and β-alanine (β-amino acids) and αalanine (α-amino acid) at physiological pH 7.4.

The molecular structure of taurine is very similar to that of γ-aminobutyric acid (GABA), which is
the main inhibitory neurotransmitter in the central nervous system (CNS) (36). Similarly, synthetic
guanidoethane sulfonate (GES) and β-alanine, an important constituent of vitamin B5, are analogous
to taurine, and therefor often used as competitive inhibitors of taurine transport.
Due to the acidic disassociation constant (pKa) of the sulfonate group (pKa = 1.5), taurine has
zwitterionic properties in the physiological range, high water solubility and low lipophilicity. This
implicates that diffusion of taurine, through lipophilic bilayers is rather slow (70). Therefore, the
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presence of transporters is needed for cellular taurine uptake and release. Cellular accumulation of
taurine occurs via the high-affinity, low capacity taurine transporter (TauT) (see section 2.2) and the
high capacity, proton-coupled β-amino acid transporter (PAT1) (93). Cellular release of taurine, in
contrast, involves volume sensitive and volume-insensitive leak pathways, in which the first relays
on the presence of the Leucine-rich-repeat containing 8A/D (LRRC8A/D)-dependent volume
regulated anion channel (VRAC) (see section 2.3).
In the adult human body, taurine is mainly synthesized in the lever, but also to some extent in the
central nervous system (CNS) and kidneys (93). The total pool of taurine in mammals is a balance
between (I) absorption from food in the intestine, (II) reabsorption from the urine in the kidneys, (III)
synthesis from methionine/cysteine, and (IV) faecal excretion as bile salt (taurocholate) as well as
(VI) urinary excretion as unconjugated taurine. Even through adult humans are able to synthesis
taurine, the fetus completely relies on maternal taurine supply (93). Taurine deficiency in cats and
rodents has been associated with lower births weights, heart and skeletal muscle dysfunction, retinal
and visual cortex degeneration and blindness, and deficits in brain development.
Taurine is described as metabolically inert, i.e. it is not incorporated into proteins and mainly free in
the cytosol. It is however noted that taurine is a conditionally essential amino acid playing important
roles in a variety of biological functions, such as conjugation of bile acids in the liver, antioxidation,
osmoregulation, membrane stabilization, and modulation of cellular calcium signaling (70; 93).
Several studies have demonstrated that taurine inhibits apoptosis induced by various types of cellular
stress e.g., heart ischemia (168), glutamate-mediated neurotoxicity associated with Amyotrophic
lateral sclerosis (ALS) (98), Ultraviolet B (UVB) radiation (21; 22), some diabetic complications (e.g.
retinopathy) (31; 188), and chemotherapeutic agents (e.g., cisplatin and Doxorubicin) in native tissues
(2; 84; 115; 121). Various mechanisms, explaining the anti-apoptotic properties of taurine and its
derivates, has been suggested. The major mechanism appears to involve a conjugation reaction
between taurine and the wobble position of uridine mitochondrial tRNAs (154; 166). This conjugation
reaction seems to strengthen the interaction between the UUG codon of leucine mRNA and the tRNA
and thereby increase the expression of leucine dependent, mitochondrial proteins. Some of these
proteins are subunits of the electron transport chain (ETC) complex I. Sufficient taurine accessibility
therefore contributes to an adequate translation of mitochondrial encoded proteins and assembly of
the ETC complex. A reduction in mitochondrial translation and ETC complex assembly is known to
stall the energy production and increase mitochondrial superoxide production, thus promoting cellular
starvation, ROS damage and apoptosis (139). Furthermore, taurin appears to regulate the oxidative
metabolism (57). Hansen et al (2015) have recently shown that the pH optimum for pyruvate
dehydrogenase (PDH) (at 37°C) in taurine-based buffers is in the range 8.0-8.5, which corresponds
to the pH detected in the mitochondrial matrix and lies within the maximum taurin buffer capacity
(pKa = 8.6) (57). Based on this, it cannot be excluded that taurine might acts as matrix buffer
regulating the oxidative metabolism and ATP production.
A second beneficial mechanism suggests that taurine prevents stress-induced intracellular and
mitochondrial Ca2+ overload (27). It is hypothesized that taurine interacts with membrane
phospholipids, which then leads to an altered calcium binding (16). This hypothesis builds on the
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observation that physiological taurine concentrations results in an interaction between biological
membranes and taurine, thus increasing the possibility of calcium efflux and uptake into intracellular
stores (16). Furthermore, it is hypothesized that taurine alters the phosphorylation of proteins involved
in calcium transport (104; 110). This hypothesis relies on the observation that taurine blocks phorbol
12-myristate 13-acetate (PMA)-stimulated (PMA is a PKC activator) phosphorylation and stimulates
ATP-independent calcium uptake into mitochondrial preparations from rat brains (104). A third
mechanism suggests that taurine works as an indirect antioxidant, i.e., taurine reacts with
hypochlorous acid (HOCl) resulting in the formation of taurine chloramine (154). Hypochlorous acid
is a ROS known to cause DNA oxidation, protein / DNA nitration, and lipid peroxidation, whereas
taurine chloramine is less reactive (154). These studies suggest that taurine protects cells from ROSinduced injuries and apoptosis. In agreement with this, it was recently found that taurine deficient
cardiomyocytes and fibroblasts are oxidatively stressed, an effect which could be reversed by taurine
supplementation (79). As described in section 1.2.2, cisplatin treatment leads to an increase in
intracellular ROS and cell death through induction of apoptosis and autophagy. Based on the above
data, it is suggested that an increase in intracellular taurine might protect cells against cisplatininduced cell-damage by increasing the mitochondrial buffer-capacity and maintaining the oxidative
metabolism.
2.1.2. Taurine, Cisplatin Cytotoxicity and Resistance
Various groups have investigated the protective role of taurine in cisplatin-induced nephrotoxicity,
hepatotoxicity, cardiotoxicity, and muscle atrophy (2; 17; 81; 164; 175). Especially, the beneficial
effects of taurine on cisplatin-induced nephrotoxicity have been in scope of investigation (2; 142;
147; 175). It has been found that rats treated with cisplatin gained less weight and had higher levels
of serum creatine kinase, urea and uric acid, which are all well-described markers related to renal
dysfunction. Furthermore, it was found that cisplatin induced a marked increase in urinary excretion
of glucose (i.e. glycosuria) and protein (i.e. proteinuria), as well as kidney fibrosis which are all
considered to be signs of nephropathic development (2; 147). Interesting, simultaneous
administration of taurine and cisplatin almost eliminated the cisplatin-induced reduction in body
weight and improved the level of the serum kidney markers (2; 147).
Similarly, S. Chowshury and colleagues investigated the intracellular signaling events responsible for
the advantageous effect of taurine on cisplatin-induced myocardial oxidative stress, ER stress,
inflammation, apoptosis, and mitochondrial abnormalities (17). They found that male mice treated
with cisplatin had elevated serum creatine kinase (CK) activity, lactate dehydrogenase (LDH) activity
and cardiac troponin T (cTnT), which are serum markers related to cardiac dysfunction. However,
simultaneous treatment with taurine and cisplatin almost restored these levels.
As cisplatin is known to cause oxidative stress (i.e. formation of ROS) and lipid peroxidation (LPO),
the status of (I) the total antioxidant capacity (TAC), (II) cellular level of reduced GSH, (III) the
activity and expression levels of the anti-oxidative enzymes e.g., Superoxide Dismutase (SOD),
Catalase (CAT) and Glutathione Peroxidase (GPx), as well as (IV) malondialdehyde (MDA) in rat
kidneys or mouse myocardial tissue have been determined (2; 17; 142). MDA is one of the final
products of polyunsaturated fatty acids (e.g., arachidonic acid) peroxidation and is often used as a
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marker for lipid peroxidation and oxidative stress (2; 17; 142). It was found that MDA was increased
following cisplatin administration, whereas TAC and the level and activity of GPx, SOD, GR and
CAT were decreased, indicating that cisplatin induces an increased LPO and oxidative stress.
Simultaneous administration of taurine ameliorated the enzymatic antioxidant status, as shown by an
increase in the level and activity of SOD, GPx, GR and/or CAT (2; 17; 142).
Cisplatin-induced ROS formation is known to increase production of reactive nitrogen species and
lead to nitrite and nitrate-mediate DNA damage (81). Oxygen radicals react with nitric oxide (NO) to
form peroxynitrite which is known to be a strong nitrative and oxidative agent. The production of NO
occurs by the conversion of L-arginine to L-citrulline by nitric oxide synthase (NOS) (179). The
expression of inducible nitric oxide synthase (iNOS), one of the three known NOS isoforms, is often
seen elevated in cells treated with cisplatin, whereas the iNOS expression is found reduced in cisplatin
resistant cells (100). Furthermore, iNOS has been found required for cisplatin-induced p53
accumulation and apoptosis. A study performed by T. Kato and colleagues has investigated the effect
of taurine supplementation on iNOS-dependent DNA damage in cisplatin-induced nephrotoxicity
(81). They found that taurine supplementation completely ameliorated cisplatin-induced iNOS
activity in renal tissue dissected from male Wistar rats treated with cisplatin for three days (81). This
indicates that taurine has protective effects on cisplatin-induced renal and myocardial dysfunction
caused by oxidative and nitrative stress in vivo.
To gain insight into the signaling events involved in taurine-mediated stress-protection, S. Chowshury
and colleagues investigated the effect of taurine supplementation on cisplatin-induced ER stress
dependent apoptosis (i.e. unfolded protein response (UPR)) and inflammation (17). They found that
cisplatin exposure resulted in an UPR-regulated up-regulation of the CCAAT/enhancer binding
protein (CHOP), induction of the heat-shock protein (HSP) family member; GRP78 (i.e. a marker of
ER stress), phosphor Protein kinase RNA-like endoplasmic reticulum kinase (p-PERK), and
Eukaryotic translation initiation factor 2A (eIF2a) (17). Moreover, they observed an increase in
calpain-1 expression, caspase-12 and 3, cleavage and inactivation of Poly (ADP-ribose) polymerase
(PARP), as well as inhibition of the antiapoptotic protein Bcl-2. Taurine supplementation could,
however, counteract these cisplatin-mediated effects (17). Furthermore, taurine supplementation
significantly improved the cisplatin-induced overexpression of nuclear factor-κB (NF-κB) and
inhibited the elevation of proinflammatory cytokines (Interleukin-1 and 6 (IL-1 and IL-6)), adhesion
molecules (intercellular and vascular cell adhesion protein 1 (ICAM-1 and VCAM-1)), and
chemokine (MCP-1). Also, M. Tsunekawa and colleagues studied the effect of taurine on cisplatininduced inflammation and DNA damage, as well as the expression of the taurine transporter (TauT)
in rat renal tissue (175). Cisplatin administration was found to induced DNA damage (increased 8OHdG and p53 expression), inflammation (increased CD68 expression) and reduced TauT
expression. Similarly, to the other studies, they found that taurine supplementation mitigated the
cellular effects of cisplatin. These findings suggest that taurine plays a beneficial role in providing
protection against cisplatin-induced cardiac and renal damage by modulating the redox status,
apoptosis, inflammatory responses and ER stress.
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In cancer cell lines, taurine has been associated with resistance to cisplatin-induced apoptosis. In
Ehrlich mouse carcinoma cells, the cellular taurine content has been found significantly higher in
cisplatin-resistant adherent Ehrlich Lettre ascites tumor cells (ELA) compared to cisplatin-sensitive
non-adherent Ehrlich ascites tumor cells (EATC) (171). Similarly, we have shown that the taurine
content is significantly higher in cisplatin-resistant human ovarian A2780 (A2780 RES) cancer cells
compared to its cisplatin-sensitive parental cells (A2780 WT) (Fig. 9) (161).
Figure 9: Amino acid content in cisplatin sensitive (WT)
and cisplatin-resistant (RES) ovarian A2780 cancer cells
determined by HPLC (161).

Even though, studies have suggested that taurine supplementation directly protects cells against
cisplatin-induced apoptosis in vivo, Tastesen and colleagues have demonstrated that direct
modulation of the cellular taurine content, achieved through preincubation with high extracellular
taurine (20 and 40 mM), had no significant effect on the cisplatin-induced caspase-3 activity in neither
EATC nor ELA cells in vitro (171). Likewise, it has been demonstrated that single treatment of human
cervical cancer cells (HeLa cells) (83), human hepatocellular carcinoma HepG2 cells (176), human
colon cancer cells (LoVo) (191), and human breast cancer cell lines (MCF‑7 and MDA‑MB‑231)
(190) with taurine (20-160 mM) decreased cell proliferation in a time- and dose-dependent manner.
Cisplatin and taurine co-treatment was found to decrease cell proliferation additionally compared to
treatment with cisplatin alone (83). It was here demonstrated that the reduction in cell proliferation
was caused by induction of apoptosis i.e., increased p53, Bax and PUMA expression, decreased Bcl2 and activation of caspase-9, caspase-6, caspase-7, and caspase-3 (83; 176; 190; 191).
This is all taken to indicate that taurine supplementation protects native cells against cisplatin-induced
cytotoxicity in vivo, whereas extracellular taurine supplementation seems to promote apoptosis in
carcinogenic cell lines in vitro. Whether an increased intracellular taurine content achieved through
adaptive changes in i.e., cellular synthesis, taurine uptake or reduced taurine efflux contributes to
development of cisplatin resistance is still an open question, which need to be addressed. One could
argue that the use of an in vivo Xenograft model of human cancer, would have been more preferable
model to study the effect of taurine supplementation on cisplatin-induced tumor suppression and
development of drug resistance.
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2.2. THE TAURINE TRANSPORTER (TAUT) AND CISPLATIN
2.2.1. Molecular identity and Distribution
The taurine transporter (TauT/SLC6A6) belongs to the solute carrier 6 (SLC6) family, which also
includes the neurotransmitter transporters for 3-aminobutyric acid (GABA), glycine, monoamines
(dopamine, serotonin and norepinephrine) and amino acids transporters (i.e., proline, cationic and
neutral amino acids transporters), as well as two other osmolyte transporters, which transports betaine
and creatine (137). TauT is highly expressed in the brain, but is also found in non-neuronal tissue
especially in the kidneys (137). The genes encoding TauT of different species and tissues share a high
degree of identity (53). The TauT gene is located in the central region of human chromosome 3 and
on mouse chromosome 6 (53).

Figure 10: Topological model of TauT (SLC6A6). See text for description

The taurine transporter has 12 transmembrane (TM) domains with both the N- and C-terminal
exposed to the cytosolic site of the plasma membrane (Fig. 10) (93). The accumulation of taurine
through TauT is dependent on the sodium and chloride gradients, as depletion of extracellular Na+
prevents the taurine accumulation and depletion of Cl- significantly reduces the taurine accumulation
(93). Hereby, taurine uptake occurs by secondary active transport, where the energy for transport is
derived from movement of Na+ into the cells along its electrochemical gradient. The sodium gradient
is maintained by the Na+/K+-ATPase (53). Binding of sodium and chloride to the first N-terminal,
extracellular loop of the transporter enhances taurine accumulation, whereas gating and binding of
taurine involve an arginine residue (Arg-324) localized in the fourths intracellular segment of the
transporter (Fig. 10) (93). An increased expression of TauT has in several studies been associated
with cisplatin resistance (see above) (49; 171).
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2.2.2. Physiological relevance and regulation
Loss of taurine transport in TauT knockout mice, has been associated with various abnormalities, as
reduced exercise tolerance, changed cell surface expression of receptors and neural activity, loss of
retinal photoreceptors, reduced nociception, inner ear degradation, altered kidney development and
function, cardiomyopathy and liver fibrosis/hepatitis, as well as blunted erythrocyte apoptosis, and
an altered adaptive immune system (e.g., reduced generation of memory T-cells) (93).
The activity of TauT is highly regulated by the extracellular taurine concentration (53). Incubation of
cells in taurine-free medium rapidly induces an increase in taurine uptake, whereas exposure to high
taurine medium results in a reduced uptake. It was found that these changes were due to changes in
maximal uptake (Vmax) i.e. the number of transporters present in the plasma membrane rather than
altering taurine affinity (Km) (53).
The taurine transporter is thought to play a role in osmoregulation across basolateral membranes of
some epithelial cells, and expression of TauT is regulated by changes in extracellular osmolarity.
Cellular acidification, cell swelling and an increase in reactive oxygen species (ROS) lead to a
reduction in TauT expression (93). Activation of protein kinase C (PKC) has been shown to reduce
the maximal TauT activity (Fig. 11A) (44; 53; 93). In this regard, site-directed mutagenesis has shown
that PKC phosphorylates TauT at Ser-322 and this phosphorylation presumable causes a
conformational change of TauT that prevent the ionic binding of taurine to Arg-324 (45). CyclicAMP-dependent protein kinase (PKA) has been found to stimulate TauT in a way that could be
abolished by activation of PKC (93). Opposite to this, in Xenopus oocytes expressing the mouse
retinal TauT it has been demonstrated that TauT was negatively regulated by activators of PKA (i.e.,
8-Br-cAMP) and PKC (i.e., sn-l,2-dioctanoylglycerol), and that regulation largely occurs by changes
in the number of transporters in the plasma membrane (111). Similarly, administration of Calyculin
A (Cal A), a specific inhibitor of PP-1, 2A and 3, induced at reduction in TauT-mediated taurine
transport (111; 118). A study performed by Mollerup and Lambert (1996 and 1998) has demonstrated
that preincubation of EATC with Cal A reduces the initial taurine influx to around 20% by reducing
the taurine affinity (i.e., increased Km) and maximal uptake (118). Casein kinase 2 (CK2), which is a
ubiquitously expressed and constitutively active serine/threonine protein kinase, negatively regulates
TauT assumable through phosphorylation at Thr-28 (Fig. 10 and Fig. 11A) (76). It was found that
4,5,6,7-tetrabromobenzotriazole (TBB) and 2-Dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole
(DMAT) mediated CK2 inhibition increases TauT activity. Furthermore, DMAT was found to
increases Vmax and reduces the affinity of TauT towards taurine. In summary, PKC and CK2
negatively regulates TauT, whereas PKA and PP1, PP2A and PP3 stimulate TauT (Fig. 11A).
2.2.3. Cellular stress, Cisplatin-resistance and Long-term TauT regulation
Expression of TauT plays an important role in cellular stress-response to various types of stress as
ischemia and cytotoxic agents (e.g., cisplatin) (49; 50). In this regard, Han and Chesney have
demonstrated that functional TauT protects against cisplatin-Induced Acute Kidney Injury (AKI) in
a TauT transgenic mice model (49; 50). Furthermore, Tastesen et al. (2010) demonstrates that
microRNA (miRNA) mediated knock-down of TauT, sensitizes cisplatin-resistant ELA cells towards
47

cisplatin-induced caspase-3 activation (171). In addition to this, we have demonstrated that cisplatinresistant A2780 cells had an increased TauT activity and intracellular taurine content compared to its
cisplatin-sensitive parental cell line (Fig. 9 and 12) (161).

Figure 11: TauT regulation. See text for description.

Long-term regulation of TauT activity involves modulation of TauT gene regulation. The expression
of TauT is repressed by the tumor suppressor p53 and is transactivated by proto-oncogenes such as
WT1, c-Jun, and c-Myb (Fig. 11B) (46; 53). Expression of TauT was decreased after activation of
p53 by doxorubicin in HEK-293 and NRK-52E renal cells. TauT promoter activity was decreased
when a TauT promoter-reporter construct was co-transfected with functional p53 (51). Han and
Chesney have demonstrated that cisplatin represses the TauT gene at the transcriptional level and
decreases taurine uptake through a p53-dependent mechanism (47; 48; 52; 54). Similarly, we have
demonstrated that long-term cisplatin exposure activates p53 and decreases TauT activity with around
50 % in cisplatin-sensitive human alveolar A549 cells (158) (Article II and V).
As mentioned above, TauT is regulated by changes in extracellular osmolarity. Studies have shown
that hypo-osmotic cell swelling is associated with an increase in the ROS production (35). In NIH3T3
cells, an increase ROS generated by NADPH oxidase 4 (NOX4) and cell swelling lead to a reduction
in TauT transcription and activity presumably through activation of p53 (Fig 11B) (55). In addition,
cisplatin treatment causes an increased ROS production (see section 1.2.2). Therefore, it is speculated
whether the decreased TauT activity in cisplatin-sensitive human alveolar A549 cancer cells is due
to cisplatin-induced ROS production and hence p53 activation (Article V).
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Figure 12: TauT dependent taurine accumulation in cisplatin-sensitive (WT) and cisplatin-resistant (RES) human
ovarian cancer (A2780) cells. A. Time course and B. Relative taurine influx. Data taken from (161)

Exposure to a hypertonic environment has been shown to increase the expression of TauT in a way
involving activation of the tonicity-responsive enhancer binding protein (TonEBP), also known as
NFAT5 (Fig 11C) (75). TonEBP binds and activates the tonicity response element (TonE) in the
promoter region of TauT, thus increasing TauT expression. In mouse NIH3T3 fibroblasts it was
shown that TonEBP activity and TauT transcription are significantly increased following
hyperosmotic exposure (55). Furthermore, Treatment of NIH3T3 and ELA cells with Rapamycin, an
inhibitor of Mammalian Target of Rapamycin (mTOR), for 24 hours reduces the TauT mRNA
accumulation and inhibits the uptake of taurine (Fig 11C) (92). Long-term Rapamycin exposure
resulted in an unaltered taurine affinity, whereas Vmax was reduced with around 20%. Mammalian
Target of Rapamycin, mTOR has been shown to regulate the translation of osmo-sensitive stressresponse genes, including TonEBP-dependent genes by enhancing histone H4 acetylation and the
recruitment of RNA polymerase II (126). Therefore, it has been hypothesized that the increased TauT
expression and activity observed in response to a hypertonic environment might reflect a mTORdependent activation of TonEBP (93). In isolated rat nucleus pulposus cells and HeLa cells for
instance, Tsai et. al. (2007) have demonstrated that hypertonicity results in phosphorylation and
activation of ERK1/2 (174). Treatment with ERK and p38 inhibitors were found to decrease binding
of TonEBP to TonE and hereby downregulate TonE promoter activity of TauT (Fig 11C). Moreover,
hypertonic stimulation of ARPE-19 cells, a human retinal pigment epithelial cell line, was found to
increase TonEBP mRNA and protein level, as well as TonEBP nuclear translocation and
transactivation (105). Using a dominant negative form of TonEBP, the hypertonicity-induced
increase in TonEBP transactivation and TauT mRNA accumulation was abolished. Furthermore, they
demonstrated that inhibition of the p38 protein kinase’s isoforms (p38α and p38β) could prevent the
TonEBP nuclear translocation and transactivation in ARPE-19 cells exposed to hyperosmolar
stimulation (105). A link between p38 and mTOR has been demonstrated in human alveolar A549
cells and Drosophila (19). Hydrogen peroxide (H2O2), growth factors and amino acid were able to
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activate mTORC1, in a way that could be blocked by RNAi against mitogen-activated protein kinase
3 and 6 (MKK3/6) in A549 or by knock-out of p38 in Drosophila. In a mouse model, heart
ischemia/reperfusion injury was associated with p38-dependent mTOR activation, as ribosomal S6
protein phosphorylation, a down-stream target of mTOR, was markedly reduced when p38 activity
was pharmacologically inhibited or silenced using siRNA (61). In addition, it was found that
treatment of primary neonatal rat ventricular myocytes (NRVM) with H2O2 resulted in a similar
activation of mTOR. This activation was found to be dependent on p38-MAPK and Akt/PKB, but
independent on AMPK (61). Therefore, one could speculate whether the observed hypertonicityinduced increase in TonEBP transactivation and TauT mRNA accumulation are dependent on a
coupled pathway involving both Akt/PKB, p38 and mTOR. The fact that stress activates mTOR is a
relatively new concept, as the majority of present work has suggested that stress inactivates mTOR.
Akt/PKB and p38-dependent mTOR activation and TauT expression seem to work as a pro-survival
mechanism during both ischemia and oxidative stress. In summary, hypoosmotic cell swelling causes
an increased NOX-dependent ROS production, activation of p53 and decreased p53-depndent TauT
expression (Fig. 11). Hyperosmotic cell shrinkage, in contrast, increases the expression of TauT
through activation of the Akt/mTORC1/TonEBP-cascade. As noted, amplification of the
PI3K/Akt/mTOR signaling cascade has in several cell lines been associated with development of
cisplatin-resistance (see section 1.3.2). An increased TauT activity might therefore be due to an
increased Akt/mTORC1/TonEBP-signaling cascade.

2.3.THE VOLUME-REGULATED ANION CHANNELS (VRACS)
AND CISPLATIN RESISTANCE
2.3.1. Molecular identity
The channel mediating the swelling-induced efflux of taurine (sometimes termed the volume sensitive
organic anion channel ‘VSOAC’) belongs to a family of volume regulated anion channels (VRACs).
VRACs are crucial for cell volume regulation, but are also important for many other physiological
processes including release of neurotransmitters, cell migration and proliferation, apoptosis, and cell
cycle maintenance, as well as drug resistance (Article 1, II and III)(66).
VRACs facilitate efflux of halides (e.g., chloride, bromide and iodide) and the organic osmolytes
taurine and myo-inositol, as well as the neurotransmitters glutamate, D-aspartate and γ-aminobutyric
acid (GABA) and the co-activator D-serine (112). VRACs has been known for more than 30 years.
However, their molecular identities have for long time remained a mystery. Several channels has been
proposed as candidates for VRACs including chloride channel 3 (CLC3), phospholeman, and the
anion exchanger (AE) (65). First 3-years ago, two separate research groups identified the leucine-rich
repeat-containing 8 (LRRC8) protein family as being responsible for VRACs (138; 180). The LRRC8
proteins are membrane-spanning proteins composed of four transmembrane (TM) segments located
in the N-terminal part of the protein and a long C-terminal leucine rich repeat domain (LRRD) with
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up to 17 leucine-rich repeats (LRRs) (Fig. 13) (1). Both the N- and C-terminus are facing the cytosolic
side of the plasma membrane (1).

Figure 13: Topological model of LRRC8A. See text for description

The LRRC8 protein family share a common ancestor with pannexins, which are hexameric channels
involved the release of signaling molecules (as ATP) from the cytoplasm to the extracellular space
(1; 162). Due to sequence-similarity of the first half of LRRC8 proteins with pannexins, it has been
suggested that LRRC8 proteins may form hexameric channels like those for pannexins (1). The
LRRC8 protein family consists of five members denoted LRRC8A/B/C/D/E.
Using small-interfering RNA (siRNA) mediated knock-down or genomic disruption (knock-out) of
LRRC8A, Qiu et al., (2014) and Voss et al., (2014) have demonstrated that LRRC8A is crucial for
the swelling-activated Cl− current (ICl,vol) and taurine efflux (138; 180). Moreover, in primary rat
astrocytes swelling- and ATP-induced D-aspartate (used as a non-metabolizable glutamate analogue)
and taurine release were dismissed, when LRRC8A expression was silenced by transfection with
siRNA directed against LRRC8A (71). In addition, it was demonstrated that cellular release of taurine
and the Cl− current were abolished in cells lacking all the LRRC8 subunits except LRRC8A, thus
indicating that LRRC8A is essential for VRACs in combination with at least one of the other LRRC8
isoforms (LRRC8B, LRRC8C, LRRC8D or LRRC8E) (180).
2.3.2. The VSOAC-VRAC controversy
For long time, it has remained unclear, whether the channel responsible for swelling-induced chloride
currents (previously termed “VRAC”) was distinct from the channel mediating swelling-induced

51

taurine efflux (previously termed “VSOAC”). Transport of halides (e.g., Cl-) and organic osmolytes
(e.g. taurine) both seemed to be activated by cell swelling and could be inhibited by an overlapping
spectrum of more or less non-specific inhibitors i.e., the phospholipase A2 inhibitor RO-31-4639, the
calmodulin blocker pimozide, the 5-lipooxygenase inhibitors; nordihydroguaiaretic acid (NDGA) and
ETH 615-139, and the chloride channel blockers indacrinone (MK196) and NS3728 (91). However,
the time-frame for activation, as well as their sensitivity to membrane depolarization and MβCDmediated cholesterol depletion differed remarkably (91). Furthermore, “VRAC” and “VSOAC”
exhibits different pharmacological profiles; arachidonic acid and leukotriene D-4 (LTD-4) stimulate
“VSOAC” activity, whereas arachidonic acid has no effect on “VRAC” and LTD-4 even seemed to
inhibit “VRAC”. Furthermore, the AE inhibitor 4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid
(DIDS), which is known to inhibits some chloride channels, only slightly inhibits “VRAC”, although
the swelling-induced activity of “VSOAC” is completely blocked, thus leading to the assumption that
“VRAC” is different from ”VSOAC” (91).

Figure 14: Various VRACs and their substrates. LRRC8A and LRRC8D mediates the swelling-induced release of
Taurine, β-alanine. Myo-inositol, lysine and GABA. Swelling-induced release of halides (e.g., Cl-) are mediated by
LRRC8A, LRRC8B, LRRC8C and LRRC8E. Efflux of glutamate and aspartate involve LRRC8A and LRRC8E.
Furthermore, LRRC8A and LRRC8D seems to be involved in the uptake of cisplatin, carboplatin and Blasticidin. See
text for more information.

Today, it has become clear that transport of the uncharged myo-inositol or zwitterionic taurine, lysine,
and GABA, strongly depends on the presence of LRRC8A/D (Fig. 14), whereas transport of halides
seems to be dependent on LRRC8A/E, LRRC8A/C and to some degree LRRC8A/D heteromers (78;
112; 135; 150). Transport of charged (physiological pH) D-aspartate was by Lutter et. al (2017)
shown to be transported by LRRC8A/D and LRRC8A/E heteromers with similar efficiencies in
HEK239 cells (112). However, Schober et. al (2017) have demonstrated that D-aspartate release in
primary rat astrocytes was strongly reduced by deletion of LRRC8A/C+E, but almost unaffected by
deletion of LRRC8A/D (150). To further elucidate the idea that charged and uncharged organic
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osmolytes are released through separate swelling-activated VRACs, Schober et. al (2017) used
varying pH conditions to alter the charge on taurine (150). At physiological pH (pH 7.4) most of the
taurine molecules are electroneutral, whereas changing the pH to 9.8 makes about 91% of taurine
molecules negatively charged. They find that knockdown of LRRC8D causes a significant reduction
in the swelling-induced taurine release at physiological pH (150). However, changing the pH to 9.8
eliminated the sensitivity of swelling-induced taurine release to LRRC8D knockdown (150). This
suggests that switching the charge of taurine, diverts its movement from the LRRC8A/D-dependent
VRAC to another LRRC8A-depednet channel, which is independent on LRRC8D. As described in
section 1.2.1, the LRRC8A and LRRC8D-dependent VRAC also contribute to a novel drug
transporter mediating the uptake of both cisplatin and carboplatin (Fig. 14)(135; 157). Moreover, Lee
et al (2014) have shown that the Protein synthesis inhibitor Blasticidin S accumulates in mammalian
cells through a channel/transporter dependent on LRRC8D (95).
2.3.3. Physiological Relevance and Cisplatin Resistance
As stated in the beginning of this section, VRACs are critical for many cellular functions and
physiological processes including cell volume regulation, release of neurotransmitters, cell migration
and proliferation, apoptosis, and cell cycle maintenance, as well as drug resistance (Article 1).
Cellular migration is a fundamental process in development and maintenance of multicellular
organisms (113). Tissue formation during embryonic development, immune responses and wound
healing require cellular movement. Often, cells are migrating in response to specific external chemical
and mechanical signals, and errors during this process might have serious consequences, including
tumor formation and metastasis (113). Activation of VRAC, has been demonstrated to facilitate cell
migration (65). In H-Ras-transformed NIH3T3 fibroblasts an increased migratory capacity was found
to reflect an increased volume sensitivity of VRAC (149). Furthermore, administration of the Clchannel inhibitor NS3728, which blocks VRAC activities, inhibited migration (149). It is a general
hypothesis that shrinkage-activated transporters (e.g., NHE1) are found at the leading edge of the
migrating cell and swelling-activated channels, as VRACs, at the lagging edge (65). The resulting
cell shrinkage at the lagging edge and swelling at the leading edge facilitate retraction and protrusion,
respectively. Also during cell cycle, VRACs seem to play an important role. Cl - channel blockers
have in several studies been found to inhibit cell proliferation, and VRACs is differently expressed
during cell cycle (65). However, most of these studies are based on the use of more or less nonselective inhibitors, and therefore, they have to be confirmed by more selective methods as knockdown or knock-out of one or more of the LRRC8 family members. As indicated previously, the
LRRC8A/D-dependent VRAC also contribute to development of cisplatin- and carboplatin-resistance
through impairment if cellular uptake. See section 1.3.1 and Article II and III for a more detail
description.
LRRC8A was first time discovered in a patient suffering from congenital agammaglobulinemia and
minor facial anomalies due to lacked B-cells in peripheral blood (1; 18; 148). More recently,
LRRC8A has been found important for lymphocyte, thymocyte and adipocyte development and
function (86; 192). In this regard, LRRC8A has been identified as an important regulator of adipocyte
size, insulin signaling, lipid content, and glucose metabolism through a mechanism involving the
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Insulin/PI3K/Akt pathway (192). Y. Zhang et al. (2017) have shown that LRRC8A is responsible for
a volume-sensitive ion current (presumably VRAC-mediated current) activated in hypertrophic
adipocytes isolated from obese mice and humans. Interestingly, an increased LRRC8A, LRRC8B and
LRRC8D, but not LRRC8C and E, expression was observed in obese mice compared to their lean
littermates (192). Furthermore, in 3T3-F442A and primary mouse adipocytes, LRRC8A was found
required for adipocyte growth and Insulin-mediated activation of the PI3K/Akt2 cascade through a
mechanism involving a LRRD-mediated Grb2 interaction (192). In this regard, it was demonstrated
that LRRC8A co-immunoprecipitated with both Grb2, insulin receptor substrate-1 (IRS1), the insulin
receptor (IR) and caveolin-1 (Cav1). Therefore, Y. Zhang et al. suggested a model in which LRRC8A
is activated by an increased adipocyte volume during adipocyte hypertrophy. LRRC8A then
potentiates insulin-mediated PI3K/Akt2 signaling through C-terminal LRRD interactions with Grb2Cav1-IRS1-IR and supports insulin-mediated glucose transporter 4 (GLUT4) plasma membrane
translocation, glucose import and lipogenesis.
We have recently observed that cisplatin activates Akt within 4-12 hours (Article V) and an increased
PI3K/Akt signaling has previously been identified as a possible mechanism of development of
cisplatin resistance in several cells lines (see section 1.3.2). Based on the above data, it seems that
LRRC8A contributes to growth factor receptor mediated signaling. Therefore, it could be speculated,
whether the cisplatin-induced Akt activation is simply mediated by LRRC8A itself. Moreover, as
described in the next section, swelling-induced VRAC activation and assumable RVD require
activation of Akt (101). Thus, the LRRC8A/D-dependent VRACs and Akt activation normally work
as pro-survival mechanisms preventing the cell from bursting upon hypoosmotic challenges.
2.3.4. Swelling-induced Signal-transduction, VRAC activation and Taurine Release
As indicated previously, the LRRC8A/D-dependent VRAC channel mediating efflux of taurine is
highly sensitive to hypoosmotic cell swelling (93). Increased release of taurine through VRAC is seen
within minutes following hypoosmotic exposure in several cell lines (93). Several protein kinases and
phosphatases have been identified to modulate the swelling-induced VRAC activation and taurine
release (93). One of these kinases is the serine/threonine kinase CK2. Inhibition of CK2 reduces
swelling-induced taurine release from ELA and NIH3T3 cells (56).
Furthermore, the Erb/PI3K/Akt pathway has been identified as an important regulator of swellinginduced taurine release (see section 1.3.2 for description of the Akt pathway) (Fig. 15) (101). In
cultured cerebellar granule neurons, hypoosmotic cell swelling was found to stimulate tyrosine
phosphorylation of ErbB4 and activation of the focal-adhesion kinase (FAK), the Src kinase, Akt and
ERK-1/2 (101). Inhibition of ErbB4 (with AG213), the non-receptor tyrosine kinases Src and FAK
(with PP2) and PI3K (with wortmannin) prevented the swelling-induced activation of Akt and ERK1/2 as well as reduced the swelling-induced taurine release with around 50% (101). Similarly,
inhibition of the non-receptor tyrosine kinases Src and FAK and PI3K reduced the swelling-induced
taurine release in ELA, NIH3T3 and A549 cells (Article V) (56; 92). Interestingly, inhibition of PI3K
significantly reduced LRRC8A/D-dependent VRAC inactivation in A549 cells (Article V). This
could potentially be due to an impaired RVD response. As indicated in section 1.3.2, the tumor
suppressor and phosphatase PTEN counteracts the action of PI3K and enhances PI3K-Akt signaling.
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In mouse ELA and human alveolar A549 cancer cells, the volume-sensitive taurine release was
potentiated in the presence of the PTEN inhibitor BpV HOpic, thus supporting the involvement of
the PI3K-Akt cascade in swelling-induced taurine release (92) (Article V). The serine/threonine
kinase mTOR is a regulator and down-stream target of the PI3K-Akt pathway. Mammalian target of
rapamycin forms the catalytic subunit of the complexes mTORC1 and mTORC2 (see section 1.3.2).
As stated previously, mTORC1 acts down-stream to Akt, whereas mTORC2 seems to be involved
for the phosphorylation (Ser-473) and activation of Akt in response to stimulation of receptor-tyrosine
kinases (RTKs) (see section 1.3.2). mTORC1 and mTORC2 differs in their sensitivity to rapamycin.
It is generally believed that low-dose rapamycin interacts with mTORC1 but not mTORC2 (4). In
epidermal cells, low-dose rapamycin potentiated the mTORC2 pathway i.e., increased SIN-1 (Thr86) and Akt (Ser-473) phosphorylation, whereas high-dose rapamycin had no effect or even decreased
the activation of the mTORC2 pathway (4). In agreement with this, low-dose (50 nM) rapamycin
increased the swelling-induced taurine release in mouse ELA and NIH3T3 cells, which could be due
to a decreased mTORC1 activity and increased mTORC2/Akt signaling (92). We have shown that
high-dose (400 nM) had no significant effect on the swelling-induced taurine release from human
alveolar A549 cells (Article V). However, knock-down of the mTORC2 compound Rictor (siRNA)
significantly reduced swelling-induced taurine release from human alveolar A549 cells to the same
level as achieved by treatment with the PI3K inhibitor wortmannin (Article V). In summary,
swelling-induced taurine release seems to require activation of the PI3K/Akt cascade through
involvement of RTKs (e.g., ErbB4) and the non-receptor tyrosine kinases Src and FAK, as well as
mTORC2 (Fig. 15).
VRAC activation and taurine release in Ehrlich (i.e., EAT and ELA), A549, NIH3T3, HeLa and
A2780 cells involve mobilization of arachidonic acid through phospholipase A2 (PLA2) activation,
oxidation of fatty acids to eicosanoids by the 5-lipoxygenase (5-LOX) pathway, and binding of an
eicosanoid to the cysteinyl leukotriene receptor 1 (CysLTR1) (Fig. 15) (67; 89; 161). In EAT cells,
leukotriene D4 (LTD4) has been identified as the CysLTR1 agonist responsible for VRAC activation
and taurine release following hypoosmotic cell swelling (93).
The PLA2 family includes the platelet-activating factor (PAF) acetyl hydrolases, the low-molecularmass, Ca2+-dependent secretory PLA2s (sPLA2s), the high-molecular-mass Ca2+-independent PLA2s
(iPLA2s), and the high-molecular-mass cytosolic Ca2+-dependent PLA2s (cPLA2s) (65). The cPLA2
family consists of an α, β, and β isoform, of which cPLA2α and cPLA2γ preferably catalyze the
hydrolysis of the sn-2 position of glycerophospholipids to yield free arachidonic acid (40; 88) (Fig.
15). The cPLA2α isoform does not require Ca2+ for its catalytic activity, but needs free intracellular
Ca2+ [Ca2+]i for translocation to the perinuclear envelope and phosphorylation at Ser-505 by members
of the MAP kinase family (e.g., ERK1/2, p38MAPK, JNK) to obtain full catalytic activity (40; 88).
Studies has shown that cPLA2α in EAT cells, but not the γ-isoform, is distributed randomly in the
cytosol under isoosmotic conditions, but translocates to the perinuclear envelope upon hypoosmotic
exposure in a process independent of MAP-kinase-mediated phosphorylation and changes to the Factin cytoskeleton (88; 131). Furthermore, hypoosmotic cells swelling did not result in measurable
chances in [Ca2+]i in the EAT cells, thus leading to the assumption that the pre-exciting [Ca2+]i is
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sufficient for binding and docking of cPLA2α to nuclear envelope in the EAT cells (88). However,
an increase in [Ca2+]i and MAP kinase activation following hypoosmotic exposure have been
observed in several other cell lines as human cervical cancer cells (153), hepatocytes (30), and rabbit
corneal epithelial cells (128). Moreover, inhibition of ERK and JNK signaling cascades has in a
glioma cell line been shown to decrease the osmo-sensitive release of taurine (5), thus indicating that
MAP kinase activation and small (presumably local) changes to [Ca2+]i might still be relevant for
swelling-induced taurine release through VRACs (Fig. 15).

Figure 15: Volume-sensitive taurine release pathways. See text for description.

Following translocation to the perinuclear envelope, cPLA2 docks and binds to the intermediate
filament, vimentin, where it gets access to glycerophospholipids and the eicosanoid-generating
enzymes (e.g. 5-LOX and cyclooxygenses) (Fig. 15) (40). As indicated previously, cPLA2 catalyzes
the hydrolysis of glycerophospholipids to free fatty acids i.e., arachidonic acid and lysophospholipids
(40; 65). Free arachidonic acid is either recycled back into the membrane, designated a role as a
second messenger, or converted into epoxides by the cytochome P450, prostaglandins,
thrombohexanes, and prostacyclines through the cyclooxygenases (COX1/COX2) pathway, or
hydroxyl fatty acids and leukotrienes through the lipoxygenase (LOX) pathway (40; 65). As indicated
previously, free arachidonic acid stimulates isoosmotic taurine release through a DIDS sensitive
pathway in EAT cells (88).
The 5-LOX in collaboration with 5-lipoxygenase-activating protein (FLAP) catalyzes the oxidation
of arachidonic acid into 5-hydroperoxyeicosatetraenoic acid (5-HPETE) and next the subsequent
dehydration of 5-HPETE into the unstable leukotriene A4 (LTA4) (Fig. 15)(40). A glutathione Stransferase conjugates GSH with LTA4 causing the formation of leukotriene C4 (LTC4). Sequential
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loss of the glycine and the glutamic acid from LTC4 results in the formation of leukotriene E4 (LTE4)
and subsequently leukotriene D4 (LTD4). Interestingly, LTD4 has in Ehrlich cells been designated a
key role in the swelling induced taurine and K+ efflux (93). However, the swelling activated Cl- loss
is insensitive to LTD4 (93), thus indicating that LTD4-mediated activation could be specific for the
LRRC8A/D dependent VRACs. As the enzymes involved in the conversion of LTC4 to LTD4 are
mainly located in the plasma membrane, it has been proposed that LTD4 upon synthesis is directly
released to the extracellular compartment. Extracellular LTD4 binds to the CysLT1 receptor and
promotes the activation of the VRAC channel mediating the volume-sensitive release of taurine.
Apart from LTD4 synthesis, the PLA2 products; arachidonic acid, lysophosphatidylcholine (LPC)
and lysophosphatidic acid (LPA) are also presumed to generate ROS and directly regulate the
swelling-induced taurine efflux through activation of the small GTP-binding proteins Rho (Fig. 15)
(93). Like arachidonic acid, LPC is produced by PLA2-mediated hydrolysis of phosphatidylcholines.
Subsequently, LPA is generated by removal of the choline group from LPC by lysophospholipase D
(also known as autotaxin) (65). In rat retinal vascular endothelial cells, human HeLa and mouse
NIH3T3 cells, LPC and LPA have been shown to enhance the swelling-induced taurine release (35;
90; 167). Exposure to exogenous LPC leads to taurine release in a process that involves a calmodulin/CaMKII modulated ROS production in HeLa cells (90). The LPC-mediated taurine release was
unaffected by inhibitors of PKC, but could be markedly attenuated by presence of the antioxidants;
BHT and Vitamin E (90). In rat retinal vascular endothelial cells, LPA enhanced taurine release under
hypoosmotic conditions in a way independent on the LPA1 and LPA3 receptors (167). Remarkedly,
taurine release enhanced by LPA was improved by the antagonist of LPA1 and LPA3 receptors
(VPC32183s) under hypoosmotic conditions (167).
It has been demonstrated that LPA receptors mediate the activation of the small GTP-binding proteins
Rho and Rac causing a variety of cellular effects, such as cell adhesion, cell motility and cytoskeletal
changes e.g., changes to the F-actin cytoskeleton (167). Pretreatment of rat retinal vascular
endothelial cells with a specific inhibitor of Rho (C3 exotoxin) and Rac1 (NSC23766) attenuated the
LPA-enhanced and basal taurine release (167). In NIH3T3 mouse fibroblast, overexpression of RhoA
caused a marked increase in the swelling-induced taurine release (132). Base on this, it is assumed
that LPA acts through the small GTP-binding protein Rho and structural elements (e.g., stress fibers
and integrins) to potentiate taurine release (Fig. 15)(93).
As indicated above, arachidonic acid and LPA are also presumed to generate ROS in a process
involving NAD(P)H-oxidase (NOX) activity (Fig. 15) (93). Cell swelling increases production of
ROS in several cell lines, and it has been demonstrated that exogenous addition of hydrogen peroxide
(H2O2) and inhibition of antioxidative enzymes (e.g., catalase) directly potentiates the swellinginduced release of taurine, whereas antioxidants (e.g., BHT and NAC) prevents swelling-induced
taurine release (87; 89; 92). In ELA and NIH3T3 cells, the swelling-induced ROS production and
taurine release was reduced by the NOX inhibitor diphenylene iodonium chloride (DPI) and siRNAmediated NOX4 knockdown, indicating that NOX4 may play an important role in swelling-induced
ROS production and taurine release through VRACs (26). Exposure to the Ca2+-mobilizing agonist
ATP, which are known to cause an increase in [Ca2+]i through activation of the G-protein-coupled
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purinergic receptors (P2Y), potentiates the release of taurine, but had no effect on ROS production
under hypoosmotic conditions (35). On the other hand, addition of PMA or lysophosphatidic acid
(LPA) potentiate the swelling-induced ROS production as well as the taurine release (35). Therefore,
it has been suggested that NOX4 accounts for the swelling-induced increase in ROS production in
NIH3T3 cells, and that oxidase activity of NOX4 can be potentiated by PKC and LPA but not by
ATP-mediated increase in [Ca2+]i.
The effect of H2O2 on swelling-induced taurine release was reported to interfere with protein tyrosine
phosphatases, and hence phosphorylation (87; 89). The phosphate analogue and protein tyrosine
phosphatase inhibitor vanadate (VO43-) were found to potentiate swelling-induced taurine release,
which could be prevented by the (DPI)-mediated NADPH oxidase inhibition in ELA and NIH3T3
cells (87; 89). Moreover, the protein tyrosine kinase inhibitor genistein abolished both swelling- and
H2O2-induced taurine release in NIH3T3 cells (87), thus suggesting that ROS potentiates swellinginduced taurine release through enhancement of protein tyrosine kinase (PTK) activity and/or
inhibition of protein tyrosine phosphatases (PTPs) (88). Activation of tyrosine kinases during RVD
has been reported in a variety of cells, such as cardiac myocytes, H4IIE hepatoma cells, and I407
intestinal cells (65). In Hela cells, administration of PP1, an inhibitor of the Src family of tyrosine
kinases, was found to reduce the swelling-induced taurine release (125). Moreover, the non-receptor
tyrosine kinase (e.g., Src and FAK) inhibitor PP2 reduced the taurine release from several cell lines
(see beginning of this section).
Although, ATP-mediated changes to [Ca2+]i had no effect on NOX4 activity and ROS production, it
was still found to potentiate the swelling-induced taurine release in NIH3T3. The involvement of
[Ca2+]i in swelling-induced taurine release is cell type specific – some cell types require increased
[Ca2+]i, whereas other cell types have improved taurine release in the absence of Ca2+ (93). However,
Ca2+-mobilizing agents as ATP, LPA, histamine or ionophores have been found to potentiate the
swelling-induced taurine release (28; 65; 88; 93). It is suggested that the Ca2+-signal, affecting the
swelling-induced calcium release involves calmodulin, calmodulin-dependent protein kinases II
(CAMKII), PI3K and Ca2+-dependent PKC (65). As indicated previously, an increase in intracellular
Ca2+ is important for cPLA2α to achieve full catalytic activity. Therefore, one could speculate,
whether the ATP-induced changes in [Ca2+]i results in amplification of the cPLA2/5-LOX pathway
and thereby potentiate VRAC activation and taurine release. Also the CysLTR1, which is a Gprotein–coupled receptor (GPCR), is involved in the mobilization of [Ca2+]i. Binding of LTD4 to
CysLTR1 results in a conformational change that is transmitted to the bound Gα subunit of the
heterotrimeric G protein (primarily Gq/11-protein) (Fig. 16) (116; 156). This interaction functions as
a GDP/GTP exchange factor promoting the release of GDP and subsequent binding of GTP to the αsubunit. This, in turn, triggers the dissociation of the Gα subunit from the Gβγ dimer. The released
GTP-Gα and Gβγ subunits can now interact with a variety of downstream effectors, such as protein
kinases (e.g., PI3K/Akt and Raf/MEK/ERK signaling cascades), phospholipases, adenylate cyclase
(AC), and ion channels (116; 156). One of the Gαq/11 effectors is phospholipase C (PLC), which
catalyzes the cleavage of PIP2 into the second messenger inositol (1,4,5) trisphosphate (IP3) and
diacylglycerol (DAG) (Fig. 16). IP3 acts on the IP3-receptor, which serves as a Ca2+ channel and is
found in the membrane of the endoplasmic reticulum (ER). Activation of the IP3-receptor elicits Ca2+
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release from the ER, thus causing an increased in [Ca2+]i. The membrane-bound DAG, in contrast,
recruits and activates the Ca2+-dependent PKCs.

Figure 16: CysLT receptor
activation, Ca2+ mobilization
and PKC activation. See text
for description.

In HeLa cells, swelling-induced taurine release depends on IP3-receptor and PKC activation (125).
Hela cells treated with a cell-permeant IP3-receptor blocker (i.e., 2-APB), a PLC inhibitor (i.e.,
U73122), and PKC inhibitors (i.e., BIM-1, Gö6976 and chelerythrine) had a markedly reduced
swelling-induced taurine release (125). Furthermore, administration of the Ca2+-mobilizing hormone
histamine was found to potentiate the swelling-induced and DIDS-sensitive taurine release from
HeLa cells (28). The histamine/Ca2+-mediated augmentation of the swelling-induced taurine release
was abolished by inhibition of calmodulin (CaM, antagonist W-7), but unaffected by inhibition of
CAMK-II, myosin light chain kinase (MLCK) and calcineurin (28). Moreover, the effect of
histamine-induced Ca2+-mobilization and taurine release was mimicked by PMA-mediated activation
of PKC and abolished in the presence of the PKC inhibitor Gö6976 (28). This indicates that PLC and
Ca2+ modulates the swelling-induced activation of the LRRC8A/D-dependent VRAC and taurine
release through a PKC- and calmodulin-dependent mechanism. Although, PKC seems to potentiate
swelling-induced taurine release, LTD4 exposure was also demonstrated to induce a rapid
homologous desensitization of the CysLTR1 in human monocyte/macrophage like cells, which was
followed by PKC-dependent receptor internalization (15). Hereby, activation of PKC also works as
a feedback mechanism.
As development of cisplatin resistance seems to involve down-regulation of the LRRC8A/Ddependent VRAC activity, one could speculate, whether targeted stimulation of swelling-induced
signal-transduction could be a strategy to increase cisplatin accumulation, promote cancer cell death,
and prevent development of cisplatin resistance. Alkhamees et al (2017) have reported that cisplatin
treatment leads to a considerable up-regulation in the mRNA and protein expression of 5-LOX,
FLAP, 12-LOX, LTA4 hydrolase, LTC4 synthase, LTB4 receptor, and CysLTR1 and 2 in renal tissue
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dissected from rats (3). Moreover, co-administration of the 5-LOX inhibitor NDGA was found to
accelerate renal function recovery from cisplatin-induced acute renal failure by stimulating tubular
epithelial cell regeneration in rats (96). Thus, these data suggest that the LOX enzymes and products
could be putative targets to decrease cisplatin-associated renal toxicity. However, it has to be noted
that swelling-induced activation of the 5-LOX/CysLTR1 pathway and taurine release through VRAC
operate in a different setting upon hypoosmotic exposure. As stated previously, swelling-induced
taurine release is a pro-survival mechanism protecting the cell from bursting due to water overload,
whereas cisplatin-mediated and isoosmotic activation of VRAC and taurine release drains the cell
from osmolytes and water which result in shrinkage-induced apoptosis. In congruence, increasing
evidence supports the direct involvement of the 5-LOX pathway in the progression of different types
of cancer including prostate, lung, and colorectal cancers (9; 24). Moreover, a 5-LOX, FLAP or
CysLTR1 antagonist-based therapy have even been suggested as new approaches towards cancer
chemotherapy (9; 13; 24). Based on the above data, targeted stimulation of the 5-LOX/CysLTR1
pathway might not be a proper strategy to increase VRAC-mediated cisplatin accumulation and overcome cisplatin resistance. Alternative strategies are discussed in the next chapter.
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CHAPTER 3: STRATEGIES TO OVER-COME
CISPLATIN-RESISTANCE

Based on the described mechanisms of cisplatin resistance, several strategies have been proposed to
overcome the resistance phenotype. These include combination of cisplatin with modulators of
intracellular signaling molecules involved in cisplatin resistance and development of new platinating
drugs with alternative functions.
Targeting the resistance mechanism can be achieved by (I) increasing cisplatin accumulation i.e.,
increased release and decreased uptake, (II) interfering with cisplatin detoxification pathways e.g.,
GSH, (III) modulating DNA repair, (IV) stimulating death-associated signaling i.e., p53, and finally
(V) inhibiting growth signaling i.e., PI3K/Akt/mTOR pathway. We demonstrate that cisplatinresistance in both human ovarian A2780 and alveolar A549 correlates with a decreased LRRC8A cell
surface expression, and that LRRC8A is important for the cellular accumulation of cisplatin and
carboplatin (135; 157; 159) (Article II and III). In a preclinical study, it has been shown that
inhibition of proteasomal degradation using bortezomib prevented cisplatin-induced down-regulation
of CTR1 in ovarian cancer cells causing an increased cisplatin accumulation and cytotoxicity (77).
Similarly, we have found that inhibition of proteasomal degradation using MG132 had no effect on
the cisplatin-sensitive A549 cells (unpublished data). However, treatment of the cisplatin-resistant
A549 cells, which was carrying an increased LRRC8A expression and a reduced maximal swellinginduced taurine release i.e., LRRC8A/D-dependent VRAC activity, resulted in a decreased LRRC8A
expression and increased maximal swelling-induced taurine release (unpublished data). Moreover,
substitution of the evolutionary conserved ubiquitinoylation site Lys-501 to Arg501 (identified by the
PhosphoSitePlus database) on the C-terminal cytoplasmic tail of LRRC8A almost prevented the
swelling-induced taurine release (unpublished data).
The membrane expression of several receptors and channels is regulated by ubiquitinoylation and
phosphorylation (108; 173). Taken CTR1 as an example, phosphorylation of Tyr-103 of hCTR1 is
both required for the transport of Cu and cisplatin, but is also important for the ability of Cu to trigger
hCTR1 internalization (173). Phosphorylation of Tyr-103 in CTR1 was by Tsai et al (2014) of special
interest, because it is located within a Tyr-X-X-Met motif (X denotes a random amino acid) that, once
phosphorylated, is a candidate for PI3K binding (173). PI3K is known to mediates endocytosis of
PDGF and many other surface proteins (173). Furthermore, in yCTR1, two lysine residues in the Cterminal cytoplasmic tail (Lys340 and Lys345) were by Liu et al. (2007) found to be critical for Cudependent endocytosis and degradation (108). Moreover, yCTR1 was found to be ubiquitylated by
the ubiquitin ligase Rsp5 in response to Cu addition (108). Based on these data, it is suggested that
the decreased cell surface expression and activity of LRRC8A in some cisplatin resistant cells might
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be due to an increased cell surface internalization. Whether substitution of the ubiquitinoylation site
Lys-501 on the C-terminal cytoplasmic tail of LRRC8A prevents its internalization is now under
investigation. Moreover, the reason for the decreased swelling-induced taurine release in response to
substitution of the ubiquitinoylation site Lys-501 likewise has to be elucidated. As indicated
previously, overexpression of LRRC8A decreases VRAC activity in HeLa cells (180), and it was
suggested that LRRC8A overexpression might lead to a subunit stoichiometry incompatible with
VRAC channel activity. Therefore, it cannot be ruled out whether substitution of both Lys-501 on
LRRC8A and its corresponding site on LRRC8D might result in an increased swelling-induced
VRAC activity and taurine release, as well as increase the cellular accumulation of cisplatin in
cisplatin-sensitive and resistant cancer cells. Moreover, increasing the cell surface expression of
VRACs may improve the initial AVD process in response to chemotherapeutic treatment.
Modulation of GSH/GSSG system by GSH depletion or GST blocking agents enhanced cisplatin
toxicity in bladder cancer cells (14). In malignant non-Hodgkin B-cell lymphomas, which had become
resistant to chemotherapy i.e., cisplatin, etoposide, methotrexate and bortezomib and had a
significantly increased glutathione peroxidase-1 (GPx1) expression, N-[(E)-(4-hydroxyphenyl)methyleneamino]-2-(2-methyl-imid-azol-1-yl) acetamide reversed the resistance phenotype and
increased cisplatin cytotoxicity (151). Furthermore, the chemotherapeutic drug6-(7-nitro-2,1,3benzoxadiazol-4-ylthio)hexanol (NBDHEX), an inhibitor of GST, reversed cisplatin resistance in
human osteosarcoma cell lines (130). Therefore, it is suggested that inhibitors of GST and GPx
administrated together with cisplatin could be a new therapeutic possibility for patients who had
developed resistance against cisplatin chemotherapy. The activity of the LRRC8A/D-dependent
VRAC, which mediates cellular uptake of cisplatin and swelling-induced taurine release, is
potentiated by cellular ROS (see section 2.3.4). Therefore, inhibiting the antioxidative enzymes may
increase cellular cisplatin accumulation through activation of VRACs.
Combination of cisplatin with other drugs targeting anti-apoptotic signaling-cascades has been
proven to be a successful therapeutic approach (85). As an example, the combination of cisplatin and
trastuzumab, which is human epidermal growth factor receptor 2 (HER2) antibody, has shown clinical
activity in patients with advanced breast cancer overexpressing HER2 (85). Moreover, coadministration of bevacizumab, a monoclonal antibody against vascular endothelial growth factor
(VEGF) and cisplatin resulted in an improved response and survival in patients with non-small cell
lung cancer (85). These data indicate that bevacizumab or trastuzumab-mediated RTK inhibition in
combination with platinum-based chemotherapy offers a clinical benefit for patients with non-small
cell lung and breast cancer. In addition to this, Wu et. al (2005) have found that the mTOR inhibitor
CCI-779 was able to restore cisplatin sensitivity in small cell lung cancer cell lines selected for
cisplatin resistance as well as cell lines derived from patients who failed to respond to cisplatin
chemotherapy (184). We find that swelling-induced taurine release is dependent on the PI3K/AktmTORC2 cascade and interferes with the effect of cisplatin on VRAC (Article V). However, it has
not yet been elucidated whether this cascade is also important for the cellular accumulation of Ptbased drugs. We demonstrate that inhibition of the PI3K delays VRAC inactivation (Article V). This
might be beneficial, as it might increase cisplatin uptake and accelerate apoptotic cell shrinkage i.e.,
AVD and death.
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Introduction of new partially or completely non-cross resistant cisplatin analogous is a different
approach to overcome cisplatin resistance (85). Using oxaliplatin as an example, the lack of crossresistance seems to be due to differences in uptake mechanisms. drugs (23). The organic cation
transporters OCT1 and OCT2 have been suggested to mediate oxaliplatin uptake, whereas uptake of
cisplatin requires the presence of CTR1 and the LRRC8A/D-dependent VRACs (Article III)(23;
157). In addition to this, the use of drug carriers might be an alternative mechanism to over-come
cisplatin resistance. Tran et al (2016) investigated the possibility of using B12 (cyano-cob(III)alamin)
as a drug carrier for cisplatin. They found that that B12 derivatives delivered cisplatin to both cellular
cytosol and nuclei in K562, EAT and ELA cells (172).
Several new-platinum drugs has been tested for their anti-tumor activity and ability to overcome
cisplatin resistance (23). We have evaluated the anti-tumor activity of two enantiomeric R- and S1,1’-binaphthyl-2,2’-diaminodichlorido-Pt(II) complexes (S- and R-[Pt(DABN)Cl2]) in a malignant
non-Hodgkin B-cell lymphoma cell line (GUMBUS) resistant to cisplatin (Article IV). We have
demonstrated that the cellular uptake of S- and R-[Pt(DABN)Cl2] involves a transport mechanism
independent of the LRRC8A/D-dependent VRACs, which facilitates cisplatin accumulation.
Moreover, the cisplatin resistant GUMBUS cells were not cross-resistant to either S- or R[Pt(DABN)Cl2]. We found that S-[Pt(DABN)Cl2] is slightly more cytotoxic compared to R[Pt(DABN)Cl2]. The cellular action of S- and R-[Pt(DABN)Cl2] involved G0/G1 cell cycle arrest and
cell death induced by activation of the extrinsic and intrinsic apoptotic pathways i.e., activation of
Noxa, caspase-9, p53, and Bid, as well as inactivation of PARP (Article IV).
The new generation cisplatin analogues; picoplatin and satraplatin have in preclinical studies been
identified as candidates to overcome cisplatin resistance in osteosarcomas and ovarian cancer cell
lines (85). Satraplatin and picoplatin seem to introduce bulkier DNA lesions compared to cisplatin,
which might be more difficult for the cells to remove and tolerate (85). Moreover, picoplatin appears
to be less reactive towards thiol-containing molecules and is therefore less subjected to detoxification
by GSH (85). Both picoplatin and satraplatin are in clinical trial and have shown promising clinical
activities in patients with prostate and non-small lung cancer (85). These are at least some of the
strategies, which can be used to over-come cisplatin resistance.
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CONCLUSION AND PERSPECTIVE

The overall aim of my thesis was to gain insight into the involvement of taurine transporting systems
i.e., TauT and VRAC in development of Pt(II)-based drug resistance. In particular, I was interested
in how the taurine transport pathways contribute to development of cisplatin resistance in various
human cancer cell lines. We have shown that cisplatin resistance in human alveolar A549 and ovarian
A2780 cancer cells correlates with a decreased cell surface expression of LRRC8A and ability to
release taurine in response to cell swelling. Moreover, the LRRC8A/D-dependent VRAC, which is
also responsible for the swelling-induced release of taurine, was identified as an important drug
transporter mediating the cellular uptake of cisplatin and carboplatin. We found that siRNA-mediated
knock-down and pharmacological inhibition of the LRRC8A/D-dependent VRAC results in cisplatin
resistance through an impaired cisplatin accumulation and apoptotic signaling in human alveolar
A549 and ovarian A2780 cancer cells. Furthermore, we show that hypoosmotic cell swelling and
membrane depolarization, which is known to activate the LRRC8A/D-dependent VRAC, increases
cisplatin accumulation.
We have demonstrated that overexpression of LRRC8A in the cisplatin-resistant human ovarian
A2780 restores cisplatin sensitivity. Moreover, termination of cisplatin treatment, which is used to
maintain resistance in vitro, restores LRRC8A expression, VRAC activity and cisplatin sensitivity
within 3-6 weeks in the cisplatin-resistant A2780 cells. We demonstrate that cisplatin-treatment
decreases TauT activity within 24h, which is assumable due to an increased p53 activation. Apart
from activation of the apoptotic pathway, cisplatin induced a transient activation of the Ser/Thr kinase
Akt in a way dependent on the PI3K/PTEN/mTOR cascade in cisplatin-sensitive A549 cells. We
demonstrate that inhibition of PI3K reduces swelling-induced taurine release and delays VRAC
inactivation. Moreover, transient knock-down of the mTORC2 compound Rictor decreases the
maximal taurine release similar to inhibition of PI3K. In contrast, both inhibition of mTOR
(assumable mTORC1) with rapamycin and PTEN increases the maximal taurine release and
accelerates channel inactivation following hypoosmotic cell swelling. Cisplatin seems to increase
LRRC8A/D-dependent VRAC activity but decreases the swelling induced taurine release and delays
channel inactivation. Inhibition of mTOR and PTEN was found to ameliorate effect of cisplatin on
taurine release, indicating that cisplatin may achieve its effect on VRAC in a way dependent on the
PI3K/PTEN/Akt cascade. Most recently we have observed that inhibition of proteosomal degradation
restores the sensitivity of cisplatin-resistant A549 cells to swelling-induced taurine release.
Another part of the project was focused on the evaluation of new drugs with alternative mechanism
of action compared to cisplatin. We find that cisplatin-resistant Gumbus cells are not cross-resistant
to the two enantiomeric drugs S- and R-[Pt(DABN)Cl2]. Moreover, it was found that S[Pt(DABN)Cl2] seems slightly more toxic compared to R-[Pt(DABN)Cl2], although the cellular
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accumulation and ct-DNA-binding of R-[Pt(DABN)Cl2] was significantly better than S[Pt(DABN)Cl2]. The cellular uptake of S- and R-[Pt(DABN)Cl2] were much greater compared to
cisplatin and involved a mechanism independent on the LRRC8A/D-dependent VRAC. However,
both S- and R-[Pt(DABN)Cl2] induces apoptosis through a process involving cell shrinkage, G0/G1
cell cycle arrest and formation of apoptotic bodies, as well as cleavage of both caspase-9 and PARP,
as well as Noxa.
The results obtained during my PhD studies provide new insights into the current understanding of
TauT and LRRC8A/D-dependent VRACs in development of cisplatin resistance and
chemotherapeutic treatment. However, the results also raise new questions, and studies focusing on
the reestablishment of VRAC activity and cisplatin sensitivity in cisplatin-resistant cancer cells are
needed to determine whether VRACs and TauT are potential targets in cancer treatment.
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(proliferation, migration, apoptosis) and their role in cancer (cell
viability, metastasis, drug resistance).

Volume-regulated channels for anions (VRAC) / organic
osmolytes (VSOAC) play essential roles in cell volume
regulation and other cellular functions, e.g. proliferation, cell
migration and apoptosis. LRRC8A, which belongs to the
leucine rich-repeat containing protein family, was recently
shown to be an essential component of both VRAC and
VSOAC. Reduced VRAC and VSOAC activities are seen in drug
resistant cancer cells. ANO1 is a calcium-activated chloride
channel expressed on the plasma membrane of e.g., secretory
epithelia. ANO1 is ampliﬁed and highly expressed in a large
number of carcinomas. The gene, encoding for ANO1, maps
to a region on chromosome 11 (11q13) that is frequently
ampliﬁed in cancer cells. Knockdown of ANO1 impairs cell
proliferation and cell migration in several cancer cells. Below
we summarize the basic biophysical properties of VRAC,
VSOAC and ANO1 and their most important cellular functions
as well as their role in cancer and drug resistance.

Volume-Regulated Anion Channel – VRAC

Introduction
Movement of anions across the plasma membrane is essential
for cellular homeostasis and many physiological functions. Volume sensitive and Ca2C activated Cl- channels are well-characterized and recently cloned.1-5 In the following we describe
structure and function of VRAC, VSOAC and ANO1 with
emphasis on their role in essential physiological functions
*Correspondence to: Else K Hoffmann; Email: ekhoffmann@bio.ku.dk
Submitted: 05/06/2015; Revised: 07/28/2015; Accepted: 08/24/2015
http://dx.doi.org/10.1080/19336950.2015.1089007
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Although osmolarity of the extracellular fluid in the body is
well controlled,6 many cells are still challenged by change in
extra- or intracellular electrolytes and water (see e.g.7). Hence,
the ability to regulate cell volume is essential for maintenance of
most cellular processes. Important examples of a challenge to cell
volume is solute and water flow through epithelia,8 and volume
perturbation, resulting from neuronal activity in CNS.9
Conversely, to the ability to regulate cell volume following
changes in the intracellular or extracellular osmolarity, cell volume changes act as signals that control cell proliferation, migration and programmed cell death.7 The osmotic permeability to
water is 105 to 106 times higher compared to the cation (NaC/
KC) and anion (Cl-) permeabilities,10,11 thus an increase in the
intracellular osmolarity or a reduction in the extracellular tonicity
elicit a rapid increase in cell volume. Cell swelling is followed by
a restoration of the cell volume through a process termed regulatory volume decrease (RVD). RVD reflects increase in the permeability to the dominant cellular cation KC, the anion Cl- and
amino acids.7,12,13 That cell swelling transiently activates electrogenic anion permeability was first described in Ehrlich ascites
tumor cells (EATC)10 and in lymphocytes.14 Figure 1A illustrates Cl- efflux under isotonic, hypotonic and hypertonic conditions, and it has been determined that under isotonic conditions
less than 5% represents conductive Cl- flux with the rest being
electroneutral anion exchange (AE).15 In contrast, increased Clflux under swollen and shrunken conditions represent Cl- conductance (VRAC) and electroneutral Cl- transport via the Na,
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Figure 1. VRAC characteristics. (A) Volume dependence of the rate constant for 36Cl efﬂux at steady state in EATC. Under isotonic conditions 95% of the
Cl- efﬂux is mediated by an electroneutral anion exchange (AE). Under hypotonic conditions an increasing part of the Cl- efﬂux constitutes conductive Clﬂux taken to represent VRAC activity. Under hypertonic conditions an increasing part of the Cl- efﬂux constitutes cation dependent electroneutral Na, K,
2Cl cotransporter (NKCC). Values from15,158 and Figure adapted from7. (B) Transient increase in the Cl- permeability following hypoosmotic cell swelling.
EATC cells were at time zero exposed to hypotonic, NaC-free medium containing quinine to block intrinsic, volume sensitive KC channels. Gramicidin
was added as indicated by the arrow to ensure high cation permeability, i.e., to establish conditions where the rate of RVD is dictated by the Cl- permeability. Figure modiﬁed from159. (C) Current / voltage (I-V) relationship for VRAC in EATC. Cl- current under isotonic and hypotonic (27% decrease) conditions was obtained from whole cell patch clamp recordings (¡140 mV to C80 mV, fast ramp-protocol). Figure modiﬁed from41. (D) VRAC permeation
properties. VRAC permeabilities to organic substrates [aspartate (asp), glutamate (glu), gluconate (gluc), lactate (lact), taurine (taur), glycine (gly)] and
anions are given relative to the Cl- permeability. Figure 1D © John Wiley and Sons. Reproduced by permission of John Wiley and Sons. Permission to
reuse must be obtained from the rightsholder.

K,2Cl cotransporter (NKCC), respectively.10 Figure 1B shows
the volume regulatory response in EATC under hypotonic conditions, where the intrinsic volume sensitive KC channel has been
blocked by quinine but a high KC conductance has been ensured
by addition of the cation-ionophore gramicidin, hence making
Cl- movement rate limiting for volume changes. Here it is seen
that the Cl- permeability increases dramatically following hypotonic exposure (seen as an accelerated RVD response) but
decreases within 10 minutes.

Biophysical characterization of VRAC
These early studies were later followed by patch clamp experiments16,17 that revealed the presence of an outwardly rectifying
anion current, which was activated by cell swelling in most cell
types.18 Figure 1C illustrates the volume-sensitive, outwardly
rectifying anion current in EATC. Figure 1D illustrates that
VRAC shows a type I Eisenman permeability sequence (I- >Br> Cl-) and low permeability to amino acids. Figure 2A illustrates
that VRAC shows voltage-dependent deactivation at positive
(> 40 mV) potentials, which is seen in many cell types.7,18-20
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Activation and modulation
of VRAC activity
A decrease in the intracellular ionic strength due to cellular
hydration is the main signal for VRAC activation.21,22 Furthermore, VRAC is also activated under isotonic conditions by an
increase in the intracellular concentration of GTP-g-S, presumably by a mechanism that involves the small G-protein RhoA
and F-actin polymerization.23,24 In agreement with this, VRAC
is in several cell types demonstrated to be Rho and Rho-kinase
regulated.23-25 Activation of VRAC following a modest hypoosmotic challenge is potentiated following cholesterol depletion
(Fig. 9D)26 apparently due to an increased open probability of
the channel.27 It has been suggested that this effect reflects prevention of a hypotonicity-induced reduction in the Rho activity
and hence promotion of F-actin polymerization.26 It is noted
that membrane stretch per se does not activate VRAC.20,28 In
addition, signaling pathways contributing to VRAC activity
include phosphatidyl-inositol-3-phosphate kinase (PI3K),
NADH-dependent oxidases and reactive oxygen species (ROS)
as well as tyrosine kinases.29-36 Recently it was demonstrated that
knockdown of integrin b1 reduces RVD in adherent Ehrlich
Lettre ascites cells (ELA) cells37 and as integrin b1 stretch in
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Figure 2. VRAC and ANO1. Representative current traces over time of
Capan-1 (pancreatic cancer cell line) cells at Vm = C 65 mV. (A) Cells, in
the absence of intracellular Ca2C, were exposed to a hypotonic solution
(210 mOsm). This swelling-activated current showed deactivation at positive potentials as described for VRAC. Shown trace was recorded after
full saturation of swelling-activated current. (B) In the presence of 1mM
free Ca2C in pipette solution, a voltage- and time-dependent activated
current was detected. This current was sensitive to the ANO1 - inhibitor
T16Ainh-A01 (punctuated line). Figure adapted from.120

cardiac ventricular myocytes is shown to regulate VRAC,38 it is
likely that inhibition of RVD by integrin b1 knockdown in ELA
cells involves inhibition of VRAC. VRAC current can in most
cell types be activated under conditions with strongly buffered
intracellular Ca2C.39-42 Finally, intracellular ATP seems to be
required for VRAC activation.22,43,44 For further discussion of
VRAC activation and modulation see.7,9,19
VRAC versus anoctamins
The Ca2C- activated channels ANO1 and ANO6 have been
discussed as VRAC candidates.45 They show outward-rectification and a similar permeability sequence as described for VRAC
(SCN->I->NO3->Br->Cl->gluconate), they are activated by
osmotic cell swelling in the presence of extracellular Ca2C40 and
requires cellular ATP.22,43,44,46 However, VRAC and ANO1/6
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Figure 3. VRAC activity in human pancreatic ductal epithelium (HPDE)
and a pancreatic ductal adenocarcinoma cell line (BxPC-3). Current densities over time at VmD ¡47 mV and C 93 mV in absence of intercellular
Ca2C and exposed to hypotonic medium (210 mOsm). ANO1 inhibitors
(T16Ainh-A01; CaCCinh-A01) were applied at the time where maximum
volume-activated current was obtained. VRAC inhibitor (NS3728) was
applied to verify that current represented VRAC current. Figure adapted
from.120

activities can be distinguished by (i) their sensitivity to strongly
buffered intracellular Ca2C, i.e. VRAC can be activated whereas
ANO1 cannot, (ii) activation/deactivation at positive potentials,
i.e., VRAC deactivates9,41,47 whereas ANO1/6 activates
(Fig. 2A–B), and (iii) their pharmacological profile, i.e. several
compounds inhibit VRAC18 with acidic di-aryl-urea (NS3728)
(Fig. 3A–B)48 and 4-(2-butyl-6,7-dichlor-2-cyclopentyl-indan1-on-5-yl)-oxybutyric acid (DCPIB)49 being among the more
effective, whereas the ANO1 inhibitors T16Ainh-A0150(Fig. 2A)
and CaCCinh-A0151 have no effect on VRAC (Fig. 3A–B). With
respect to channel biophysics VRAC has a unitary conductance
of 10–20 pS for inward currents and 40–80pS for outward
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currents.52,53 Native CaCC in rabbit pulmonary artery myocytes
exhibit 2 conductance states with 1.8 and 3.5 pS when examined
in a single-channel patch-clamp experiment.54 ANO1 unitary
conductance is measured at 8.3 pS from the slope conductance5
and at 3.5 pS from noise analysis.55
In 2009, Almaça and coworkers found that anoctamin knockdown significantly reduced the swelling-activated Cl- current and
the concommitant RVD in the presence of extracellular Ca2C.45
To evaluate the contribution of anoctamins to the RVD response
in the presence or absence of extracellular Ca2C, WT EATC and
ANO6-KD EATC (KD Clone: miR-ANO6-1) were exposed to a
hypotonic solution and RVD response was followed by electronic
cell sizing. In the presence of 0.5 mM extracellular Ca2C
ANO6 KD reduced the rate of RVD (Fig. 4A), whereas the
RVD rate didnt change in the absence of extracellular Ca2C
(Fig. 4B). Hence, loss of Cl- via ANO6 contributes to the RVD

response in the presence of extracellular Ca2C. Moreover, neither
ANO1 nor ANO6 (Fig. 5) contributed to the volume-activated
current in ANO-overexpressing HEK293 cells in the absence of
Ca2C.40
Role of VRAC in proliferation, migration and apoptosis –
Role in multidrug resistance
VRAC in Cell cycle progression
The role of specific cell volume changes for cell cycle progression is well described in glia cells.56-59 In several cell types it is
found that VRAC is regulated throughout the cell cycle and that
VRAC inhibitors obstruct cell proliferation.60-62 In particular,
changes in VRAC activity seem important for the G1/S transition
phase and many cells are halted in the G1 phase by Cl- channel
inhibitors.63-69 It should be noted that conclusions about VRAC
and cell cycle generally rely on data obtained with pharmacological compounds with low selectivity / specificity and should be
reinvestigated now that essential components of VRAC have
been cloned.2,4 In ELA cells patch clamp experiments revealed
that VRAC activity decreased as ELA cells go from G0 to G1,
and increased again when they go from G1 to S66 (Fig. 6). Thus,
if ELA cells in G0 decrease their VRAC activity they will progress
into G1 and avoid apoptosis (see discussion later). A decreased
VRAC activity, as seen in many multidrug resistant cells (see
below), is thus favoring cell cycle progression and preventing
apoptosis.70
VRAC in Cell migration
VRAC inhibitors inhibit cell migration in several cell types
(Fig. 7)71,72 and the Schwab group has presented a model, where
cell migration involves shrinkage-activated transporters at the
leading end and KC, Cl- channels at the lagging end. Cell expansion / protrusion at the leading end is according to the model
obtained by uptake of ions, whereas retraction at the lagging end
is obtained by ion loss and cell shrinkage (see73). However, as
indicated above for cell cycle studies, conclusions on migration
are also based on inadequate and questionable pharmacological
compounds.

Figure 4. Cell volume regulation in WT and ANO6-KD EATC in the
absence or presence of extracellular Ca2C. Cell volume for WT and
ANO6-KD EATC was determined by electronic cell sizing (Coulter
Counter) under isotonic conditions and after transfer to hypotonic
medium (time zero) in the presence of 0.5 mM Ca2C (A) or absence of
extracellular Ca2C (medium supplemented with 1 mM EGTA)(B). Values
are given relative to the initial cell volume. Figure adapted from.40
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VRAC in apoptosis and in multidrug resistance
Activation of VRAC under isovolumetric conditions results in
cell shrinkage and has been shown to be involved in the early
phase of apoptosis in several cell types.74-77 This initial cell
shrinkage, which reflects net loss of KCl and amino acids, is
termed apoptotic volume decrease (AVD)75 and is essential to
initiation of the apoptotic process.78 Hence, inhibition of VRAC
blocks AVD and cell death.74,75,78,79 Activation of VRAC by
apoptotic stimuli under isovolumetric conditions necessitates a
shift in the volume set-point for VRAC toward a lower value.35
Following the increased Cl- conductance during AVD, the cells
depolarize which facilitates apoptotic KC loss.78 In several multidrug-resistant cancer cell types, there is a reduction in VRAC,
which limits the initial cell shrinkage, and hence protects the cell
against apoptosis.70,74,80-82 Using multidrug-resistant EATC
(MDR EATC) as an illustrative example, it is seen from
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Figure 5. Volume-sensitive Cl- currents in mANO1 and mANO6 transfected HEK293 cells. Patch-clamp recordings in the whole cell conﬁguration in the
absence of intracellular Ca2C (10 mM EGTA). (A) Mock-transfected HEK293 cells were exposed to isotonic and hypotonic superfusate (indicated by bars)
and the volume activation (left) and voltage dependency (right) of the endogenous VRAC current in a single cell was followed with time. (B) Mean values
for development of Cl- current in HEK cells transfected with mock or mANO6. (C) Mean values for development of Cl- current in HEK cells transfected with
mock or mANO1. Figure adapted from.40

Figure 6. I/V relationships of the Cl- current in ELA cells in G0, G1, or (S)
phase, following exposure to hypotonic extracellular solution and at
nominally Ca2C free concentration. Cl- current data were obtained by
whole-cell patch-clamp measurements (Vhold was 0 mV; voltage ramps
from -0 to C150 mV of 2.6 sec duration were applied every 15 sec, after
a 500 msec pre-pulse to C30 mV). Figure adapted from.66
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Figure 7. NIH3T3 migration - trajectories. Single cell migration during a
5-h time period was monitored for NIH3T3 ﬁbroblasts (left) and H-Rastransformed NIH3T3 (right) mouse ﬁbroblasts in the absence (top panels)
and presence (bottom panels) of the anion channel blocker NS3728 (400
nmol/l). Figure adapted from.72
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Figure 8. Comparison of Apoptotic volume decrease, Cisplatin sensitivity, and Chloride conductance in WT EATC and MDR EATC. (A) Cell volume, determined by electronic cell sizing was followed with time in WT EATC and MDR EATC following exposure to 5 mM Cisplatin. Values are given relative to the
initial cell volume. (B) Apoptotic progress in EATC and MDR EATC following exposure to 5 mM Cisplatin was determined as an increase in Caspase 3 activity. Values are given relative to control cells not exposed to Cisplatin. (C) Swelling activated Cl- current (pA/pF) following exposure to hypotonicity (2/3 of
the isotonic value) was determined by patch clamp technique at C80 mV. (D) Effect of VRAC inhibition on Cisplatin induced apoptose (Caspase 3 activity) was determined in the absence and presence of an increasing concentration the VRAC inhibitor NS3728 (added concentration indicated). Values are
relative to Caspase activity in untreated control cells. Figure adapted from.74

Figure 8A that MDR EATC show no initial AVD response after
exposure to the platinum based chemotherapeutic drug cisplatin,
whereas wild type EATC (WT EATC) show a significant cell
shrinkage within 10 hours following the drug exposure. Within
this time frame WT EATC but not MDR EATC enters apoptosis, seen as an increase in Caspase-3 activity (Fig. 8B). Patchclamp experiments indicate that VRAC is reduced in MDR
EATC compared to WT EATC (Fig. 8C). Finally, Figure 8D
shows that prevention of VRAC activity (NS3728) renders WT
EATC resistant to cisplatin, i.e., WT EATC now express a MDR
phenotype. Thus, cisplatin resistance correlates with impaired
VRAC activity and lack of AVD.

Volume-Sensitive Organic Anion Transporters –
VSOAC
Amino acids play an important role as organic osmolytes in
mammalian cells, i.e., a reduced release and an increased accumulation of amino acids are reflected by an increase in cell volume
and vice versa. Taurine (b-amino ethane sulphonic acid), which
accounts for approximately 0.1% of our total bodyweight,83 is
often used as a model to illustrate how cells modulate the cellular
content of the organic osmolytes following cellular stress
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(osmotic challenge, hypoxia, ischemia).13 It is emphasized that a
shift in the cellular taurine content will not only affect cell volume but also have an impact on membrane dynamics, metabolism, antioxidative capacity as well as apoptotic progression and
drug resistance (see e.g.,13). An extraordinarily high cellular to
extracellular taurine concentration gradient (400:1) is reported in
e.g. EATC and the retina,84,85 which reflects a low plasma membrane permeability to the zwitter-ionic taurine (high water solubility/low lipophilicity) and the presence of a NaC-dependent,
high-affinity transporter TauT (SLC6A6) in the plasma membrane.13 However, it has been demonstrated that following
osmotic cell swelling in e.g., EATC84 and NIH3T3 mouse fibroblasts86,87 a net loss of taurine and hence restoration of cell volume are partly ensured by activation of a volume-sensitive leak
pathway for organic osmolytes, designated VSOAC (volume sensitive organic anion channel) and a concomitant down-regulation
of TauT. Using HeLa cells (Fig. 9A) or the human ovarian cancer cell line (Fig. 10C) as illustrative examples, it has been demonstrated that maximal release of organic osmolytes is obtained
within minutes following osmotic challenge, where after the volume-sensitive release pathway inactivates, the release decreases. It
has been estimated that 15% cell swelling is required for VSOAC
activation in NIH3T3 cells.87 Swelling-induced activation of
VSOAC has, in a variety of cell lines, been demonstrated to
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Figure 9. Comparison of VSOAC and VRAC properties (A) The fractional rate constant for release of 3H-labeled taurine (tracer for VSOAC activity) and 125I(tracer for VRAC activity) from HeLa cells, preloaded with the isotope, was followed with time under isotonic and hypotonic conditions (shift in tonicity
indicated by the arrow). Data from160 and Figure adapted from88. (B) Release of 3H-labeled taurine and 125I- (tracer for VRAC activity) from human intestinal epithelial cells following exposure to reduced tonicity. Values are given as increase in osmolyte release (peak value) relative to isotonic control. Figure
adapted from161. (C) Effect of cholesterol depletion on taurine release under hypotonic conditions in ELA. Cells loaded with 3H-labeled taurine in serumfree medium in the absence (control) or presence of 5 mM methyl-b-cyclodextrine (cholesterol depleted cells) were exposed to isotonic (300 mOsm) or
hypotonic (range: 280. . .200 mOsm) and the release followed with time. Release of taurine increases transiently following hypoosmotic exposure (see
e.g. Fig. 10C) and the rate constants (min-1) were determined as mean rate constants for taurine release under isotonic conditions (300 mOsm) and max
rate constants obtained under hypotonic conditions. Values for the maximal rate constant obtained under hypotonic conditions are given relative to the
respective isotonic value in control and depleted cells. Figure adapted from.162 (D) Effect of cholesterol depletion on VRAC current under hypotonic conditions in ELA cells. Cells were cholesterol-depleted as indicated under 9C and VRAC current followed with time by patch clamp (whole cell recording /
¡55 and C40 mV) under isotonic (300 mOsm) and hypotonic (255 mOsm) conditions as indicated by the bars. Figure adapted from.26

involve sequential activation of a cell-specific phospholipase A2
(PLA2) and the 5-lipoxygenase (5-LO) and once activated,
VSOAC activity can be modulated by (i) protein and phosphoinositide kinases/phosphatases, (ii) nucleotides/Ca2C/calmodulin,
as well as (iii) ROS generated by NADPH oxidases.13,88,89
VRAC vs. VSOAC
The molecular identity of VSOAC has been controversial and
more than one channel has been demonstrated to be involved in
release of organic osmolytes.90 VRAC has been suggested as a
VSOAC candidate53,91 and as indicated below the discovery of
LRRC8 family members as essential components of VSOAC and
VRAC2,4 nourishes this hypothesis. However, there are discrepancies between VSOAC and VRAC, i.e., differences in (i) time
course for swelling induced activation/inactivation of taurine
(VSOAC) and I- (tracer for Cl-, VRAC) (Fig. 9A), (ii) osmotic
set-point (Fig. 9B) and modulation of volume sensitivity by
RhoA,24 (iii) sensitivity to cholesterol depletion (VSOAC activity
decreased Fig. 9C/VRAC activity increased, Fig. 9D), (iv)
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sensitivity to membrane potential (VSOAC inhibited by depolarization / VRAC shows outward rectification and varying degree of
inactivation at positive potentials7), and (v) regulation via integrin
b1, i.e., VSOAC is unaffected by integrin b1 knockdown37
whereas VRAC is activated by integrin b1 stretch.34,38,92 Variation
in stoichiometry of LRRC8 components and their regulation /
localization to subdomain in the plasma membrane could explain
differences between VSOAC and VRAC activities (see below).
VSOAC – Cell death and Drug resistance
Resistance to apoptosis induced by DNA-damaging drugs has
been correlated to downregulation of pro-apoptotic transporters
that release osmolytes and/or up-regulation of anti-apoptotic transporters that accumulate osmolytes.70 From Figure 10A it can be
seen that the cellular amino acid pool in WT-EATC is significantly
reduced within 10 hours following exposure to cisplatin, i.e., at the
time point where apoptosis is detectable (Fig. 8B). However, in
MDR-EATC (Fig. 10B) and cisplatin resistant A2780 (A2780
RES, Fig. 10C) the drug resistant phenotype correlates with a
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Figure 10. Downregulation of VSOAC and upregulation of TauT activity in drug resistant cells. (A) Release of amino acids in EATC following exposure to
cisplatin under isotonic conditions. Amino acids content was determined as ninhydrin positive substances (NPS) and given relative to cell dry weight.
Figure adapted from.74 (B) Down regulation of volume-sensitive taurine release via VSOAC in MDR EATC. Maximal obtainable rate constant for swelling
induced taurine release was determined by tracer technique and values for MDR EATC cells given relative to WT EATC. Figure adapted from.74 (C) Down
regulation of volume-sensitive taurine release via VSOAC in Cisplatin resistant human ovarian cancer cells (A2780 RES). Fractional rate constant (min-1)
for taurine release was determined from release of 3H-labeled taurine isotonic and hypotonic conditions (shift in tonicity indicated by the arrow) in Cisplatin sensitive (WT) A2780 cells and RES A2780 cells. Figure adapted from95. (D) Loss of viability in human lung epithelial cell (A549) during hypoxia. Viability was determined by MTT assay. Hypoxia (1% O2, 94% N2, 5% CO2) was obtained by incubation of cells in a Biospherix ExVivo (Biospherix, Redﬁeld,
NY) for 18 hours. Figure adapted from79. (E) Prevention of taurine loss reduces apoptosis induced by hypoxia. Cells were exposed to hypoxia for 18 hours
in the absence (Control) or presence of DIDS (inhibition of VSOAC) or 20 mM extracellular taurine (prevention of taurine loss by elimination of the cellular
to extracellular taurine gradient). Figure adapted from79. (F) Cisplatin resistance in A2780 cells correlates with increased TauT activity. Taurine inﬂux in
A2780 WT and A2780 RES was determined by tracer technique and values given relative to values from WT cells. Figure adapted from95. (G) TauT knockdown renders ELA cells sensitive to cisplatin. TauT was knocked down by miRNA transfection. Inﬂux determined by tracer technique in control ELA,
mock miRNA- and TauT miRNA transfected cells. Values are given relative to inﬂux in control ELA cells. Figure adapted from.93

reduction in the volume-sensitive permeability to taurine. Hypoxia
elicits, just like cisplatin exposure, loss in cell viability in human cancer lung cells (A549, Fig. 10D). However, hypoxia-induced caspase-3 activity is partly reduced when taurine release is prevented by
addition of the VSOAC / VRAC inhibitor DIDS or elimination of
the cellular to extracellular taurine gradient (high extracellular taurine) (Fig. 10E). Comparing (i) non-adherent cisplatin sensitive
EATC with adherent, cisplatin resistant ELA,93 (ii) A2780 WT
with A2780 RES (Fig. 10F)94,95 as well as (iii) colorectal cancer cell
lines (LoVo, SW480, DLD1, HT-29, HCT116) with normal colonocytes96 it appears that TauT expression is high in drug resistant
cells compared to their drug-sensitive parental counterparts which
support earlier findings in kidney cells that cisplatin resistance complies with high expression of functional TauT.97 Furthermore, similar to findings in colorectal cancer by Yasunaga and Matsumuru96
we see that TauT knockdown enhances drug sensitivity in cisplatinresistant ELA cells (Fig. 10G). It is noted that down-regulation of
VSOAC activity in MDR-EATC is accompanied by a reduction in
TauT expression and activity,98 which could indicate that down regulation of VSOAC in drug resistant cells contributes more to limitation in the initial cell shrinkage following drug exposure74 than
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upregulation in the number of TauT copies in the plasma membrane. Whether the actual cellular taurine content affects apoptotic
progress has been questioned,93 but taurine supplementation experiments reveal that taurine not only attenuates the onset of apoptosis
induced by hypoxia (rat retinal ganglion cells99), exposure to high
glucose (retinal glial cells100) and IL-2 (anti-CD3-activated Jurkat
cells101), but also interferes with apoptotic signaling through down
regulation of ligands for the death receptors,101 reduction in DNA
fragmentation, and cell shrinkage (Jurkat T-lymphocytes102), prevention of cytochrome c release99 and suppression of Apaf-1/caspase-9 apoptosome assembly (cardiomyocytes103). Under hypoxic,
ischemic, swollen conditions, where taurine is released to a constrained extracellular compartment, one could envision taurine as
an anti-apoptotic agent.

The LRRC8 Family – Important Components
of VRAC and VSOAC
In April 2014, 2 groups simultaneously identified the
LRRC8A protein also known as SWELL1 (Fig. 11A) as being
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Figure 11. LRRC8A / SWELL1 knockdown abolishes endogenous VRAC currents, VSOAC activity and ability to perform RVD following hypoosmotic cells
swelling. (A) Putative LRCC8A model. LRR indicates leucine reach repeats. LRRC8 proteins may form hexameric channels.109 (B) Whole-cell currents (right)
monitored by voltage step protocols (left) under isotonic conditions (black) and after 6 min in hypotonic solution (210 mOsm/kg Hypo, green) in
HEK293T cells transfected with either scrambled or SWELL1 siRNA. (C) Rate constant for swelling-induced 3H-taurine efﬂux in HeLa cells transfected with
either scrambled siRNA (black) or siRNA against SWELL1 (blue). Shift in tonicity to hypotonic solution (210 mOsm/kg) is indicated by an arrow. (D) Cell
volume under isotonic conditions and following exposure to hypotonic solution (220 mOsm/kg; indicated by the arrow) in HeLa cells transfected with
either scrambled siRNA (black) or siRNA against SWELL1, blue). Panels B, C, D © Elsevier. Reproduced by permission of Elsevier. Permission to reuse must
be obtained from the rightsholder.

an essential component of VRAC / VSOAC.2,4 LRRC8A is a
member of the plasma membrane spanning protein leucinerich-repeat-containing LRRC8 family, which was originally
described in a girl that lacked B cells in peripheral blood, and
who suffered from congenital agamma-globulinemia and
minor facial anomalies.104 The girl was found to carry a C-terminal truncated variant of the LRRC8A gene, and this truncation was identified as being the direct cause of the disease.
Despite the role of the LRRC8 family in B cell maturation,
the LRRC8 family has also been associated with adipocyte differentiation as well as lymphocyte and monocyte activation105107
In Lrrc8a -/- mice prenatal/postnatal mortality is increased
and although the mice appear normal at birth and feed normally their growth became retarded, the hind legs turn weak,
the stratum corneum is thickened, cysts are formed in the kidneys and the mice become sterile (no ovarian corpora
lutea).108
The LRRC8 family is composed of 4 transmembrane segments located at the N-terminal half of the protein and as illustrated for LRRC8A in Figure 11A a leucine rich repeat domain
carrying up to 17 leucine-rich repeats (only 6 are shown in
LRRC8A) located at the C-terminal end.109 Sequence
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comparison of the LRRC8 family, which is composed of 5 members (A-E), has revealed that the LRRC8 proteins share a common ancestor with pannexines, a protein family considered to
form hexameric channels and known to be involved in leakage of
Ca2C from the ER and ATP-dependent cell death.109,110 With
respect to VRAC / VSOAC activity Patapoutian and coworkers2
demonstrated that LRRC8A localizes to the plasma membrane
and that LRRC8A current resembles VRAC (ICl,swell) with
respect to ion selectivity (I->Cl-), sensitivity to inhibitors and a
mild outwardly rectification. Transfection with siRNA against
LRRC8A prevented endogenous VRAC current (Fig. 11B), volume sensitive taurine efflux (Fig. 11C) and the overall ability to
perform RVD (Fig. 11D). Jentsch and coworkers4 at the same
time demonstrated a LRRC8A ion selectivity similar to VRAC
(I->NO3->Cl->gluconate), that LRRC8B-E translocation to
the plasma membrane required LRRC8A and that disruption of
LRRC8B-E in contrast to LRRC8A disruption had no effect on
VRAC current. As ICl,swell and the swelling-induced release of
taurine are abolished in LRRC8A-/- cells as well as LRRC8(B/C/D/
E)-/- cells, it was suggested that VRAC and VSOAC activities
depend on LRRC8 heteromerization and that VRAC and
VSOAC are most likely identical.2,4 As indicated above this
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Figure 12. LRRC8A plays a central role in ATP-induced release of excitatory amino acids and Cisplatin resistance. (A) Taurine release from rat astrocytes
treated with mock (siNC) or LRRC8A_4 siRNA. Taurine release is determined as the fractional release of 14C-taurine from preloaded cells before and after
addition of ATP (50 mM). Figure adapted from111. (B, C, D) LRRC8A protein expression in Cisplatin-sensitive (WT) and Cisplatin-resistant (RES) human ovarian cancer cells (A2780) without (Control) or with 18 hours pretreatment with 5 / 10 mM Cisplatin. Figure is adapted from.95

conclusion does not exclude that variation in substrate preference
(ions versus organic osmolytes), gating mechanisms for LRRC8
(yet unknown), osmo-sensitivity as well as channel localization to
specific subcellular domains (calveolae, rafts) could be dictated
by the stoichiometry of the LRRC8 subunits forming the functional, volume-activated channel.
Later in 2014, Mongin and colleagues111 demonstrated that
LRRC8A expression was also essential for ATP-induced release
of excitatory amino acids (glutamate and taurine (Fig. 12A) in
rat astrocytes under isosmotic conditions, indicating an

important role of LRRC8A in astrocyte-to-neuron purinergic signaling. Our newest data show that LRRC8A is markedly downregulated in the cisplatin-resistant human ovarian A2780 cancer
cell line compared to the drug-sensitive parental cell line
(Fig. 12B), and that this downregulation correlates with an
absent swelling-induced taurine efflux (Fig. 10C) and an inability to volume regulate.95 Furthermore, 18 hour cisplatin treatment results in a 2-2.25 fold increase in the LRRC8A protein
content in the cisplatin-sensitive A2780 cells (Fig. 12C), whereas
the protein expression in resistant cells was unaffected by

Figure 13. Steady-state I–V relationship of Cl- current in Capan-1, AsPC-1, and BxPC-3 cells in the presence and absence of intracellular Ca2C. Steadystate current voltage relationships of Capan-1, AsPC-1, and BxPC-3 cells with and without Ca2C in intracellular solution evoked by families of voltage
steps from ¡100 to C100 mV in 20 mV increments. Figure adapted from.120
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Figure 14. ANO1 is overexpressed in human pancreatic carcinoma cell lines. (A) ANO1 expressions at the mRNA level is demonstrated by RT-qPCR in the
5 PDAC cell lines Panc-1, Mia PaCa-2, BxPC-3, AsPC-1, and Capan-1. Values are relative to the immortalized human pancreatic ductal epithelium cell line
(HPDE). (B) ANO1 expressions at the protein level is demonstrated by Western blot analysis in 3 pancreatic cancer cell lines and HPDE using b-actin as a
loading control. C: Steady-state I–V relationships of cells transfected with either scrambled siRNA (MOCK) or siRNA targeting ANO1. Whole-cell patch
clamp recordings were performed with 1 mM Ca2C in pipette solution. Figure adapted from.120

cisplatin (Fig. 12D). Thus, an increase in LRRC8A expression
correlates with initiation of apoptosis in wild type A2780 cells
whereas a reduction in the protein expression correlates with
development of cisplatin resistance.

Anoctamin1 – ANO1
ANO1 – Identification – Biophysical properties
In 2008 3 different groups identified a member of the Anoctamin
family, i.e., ANO1 which was found to translocate to the plasma membrane where it provokes a current with the same characteristics as the
well-known Ca2C dependent Cl- current (CaCC).1,3,5 The Anoctamin
family has 10 members all with 8 transmembrane domains and the
NH2 and COOH termini exposed to the cytosolic side.112 It is shown
that functional ANO1 is an obligate dimer, i.e., dimerization of units
happens en route to the plasma membrane.113,114 For characterization
of Anoctamin structure and function see refs.115-118. In the following
we focus on ANO1.
ANO1 current exhibits typical characteristics: (i) Ion selectivity follows a type I Eisenmann sequence,3,5 (ii) Dependence on
cytosolic Ca2C (Fig. 13) and membrane voltage (outwardly rectifying) with activation at positive potentials at sub-micromolar
[Ca2C]i,119 and (iii) ANO1 becomes voltage insensitive (linear
steady state I-V relationship) at higher micromolar [Ca2C]i.120
Concomitantly, the time-dependent component of ANO1 activation disappears.1,3,5,119
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ANO1 – Pharmacological profile
Verkmanns group identified 2 ANO1 inhibitors (T16inhA01; CaCCinh-A01),50,51 which have no effect on VRAC
(Fig. 3) although some side effects of CaCCinh-A01 on Ca2C
signaling was reported.120,121 In addition the VRAC inhibitor
NS3728 was found to be an inhibitor of ANO1 (IC50

Figure 15. ANO6 is involved in Cisplatin induced cells death. Caspase-3
activity in WT and ANO6-KD ELA cells was determined in untreated control cells and cells exposed to 10 mM Cisplatin for 24 hours. Figure
adapted from.40
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demonstrated that a specific mutation (S741T) in a proposed reentrant loop, connected to 2 Ca2C-binding sites, increased the
calcium sensitivity of ANO1 and at the same time rendered the
Ca2C-gating voltage-independent.126 Two putative CaM binding
sites were identified on ANO1, which led to the proposal that
Ca2C sensitivity is mediated by calmodulin.46,127 Recent papers
did however present strong evidence against the possible role of
calmodulin.128,129 The most direct evidence that the Ca2C sensitivity is intrinsic and not dependent on calmodulin comes from
the observation that purified ANO1 reconstituted in liposomes
recapitulates the functional properties of ANO1.129 Hence, the
Ca2C/calmodulin issue is still controversial. Ca2C independent
regulation of ANO1 has also been suggested because 2 intracellular binding sites for ERK were shown to be necessary for receptor-mediated activation of ANO1.130 ANO1 interacts with
actin-binding proteins belonging to the ezrin-radixin-moesin
(ERM) network and knockdown of moesin reduced ANO1 current by >50 % without affecting the surface expression.131

Figure 16. ANO1 is essential for cell migration. Migration was determined by a scratch wound healing assay (density of wounded area relative to conﬂuency of cell region) over time in AsPC-1 (A) and BxPC-3 (B)
cells transfected with either scrambled siRNA (5 nM)(MOCK) or siRNA
targeting ANO1 (50 nM). Figure adapted from.120

»1.3 mM120). Finally Eugenol is an ANO1-antagonist with
an IC50 »150 mM122 and gallotannins, which are found in
red wine and green tea, also potently inhibit ANO1.123
Activation and modulation of ANO1 activity
ANO1 contains no canonical Ca2C binding motif questioning
whether the Ca2C-dependent gating is controlled by direct binding of Ca2C to ANO1. Acidic residues on the 3rd intracellular
loop participate in the regulation of the protein activity by
Ca2C117,124,125 and recently, Bill and coworkers identified mutations in ANO1 that affected channel activity and they
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Role of ANO1 in cancer cells
Expression in cancer cells
ANO1 was originally identified as a protein overexpressed
in several tumors,112 where it was designated DOG-1 (Discovered on Gastrointestinal stromal tumor), ORAOV2 (Oral
cancer overexpressed) and TAOS2 (tumor amplified and
overexpressed sequence).132-134 The coding sequence for
ANO1 is located on amplicon 11q13, which contains the
coding sequence for several proteins related to cell cycle, proliferation and apoptosis, and which is often amplified in cancers with poor prognosis.118,135-138 ANO1 is upregulated in
several cancer tissues including head and neck squamous cell
carcinoma, prostate, breast, pancreatic cancer and gastrointestinal stromal tumor cells.120,139-142 Figure 14A and 14B
show overexpression of ANO1 at the mRNA level and the
protein level, respectively, in PDAC cells compared to normal
human pancreatic ductal epithelium cells (HPDE). Finally,
the functional expression of ANO1 was assessed using the
whole-cell patch-clamp technique (steady-state I-V relationship) and cells transfected with scrambled siRNA or siRNA
targeting ANO1. It is seen that the Ca2C-sensitive Cl- current
is reduced by more than 80% following ANO1 gene silencing, indicating that the current is conducted by ANO1.
Together the data in Figure 14 indicate a strong over expression of ANO1 in the carcinogenic pancreatic ductal epithelium cells.
Proliferation
A pro-proliferative role of ANO1 is found in most cancer cells
investigated118,141-146 and Stanich and coworkers demonstrated
that ANO1 regulates cell proliferation at the G1/S transition in
the cell cycle.147 Other studies, however, show that cell proliferation in certain cell types is unaffected by ANO1, e.g. ANO1
overexpression or knockdown do not affect proliferation in head
and neck squamous cell carcinoma (HNSCC)137,139 and ANO1
knockdown does not affect proliferation in pancreatic ductal
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adenocarcinoma cells.120 ANO1 isoforms are shown to produce
different channel characteristics (voltage and Ca2C dependency).148 However, as expression of these ANO1 isoforms does
not affect proliferation or migration differently and does not
associate with specific cancer tissues Ubby and coworkers suggested that the actual ANO1 channel activities are not directly
involved in cell growth and motility.149
Apoptosis
As described above (1.4), activation of Cl- channels under
isovolumetric conditions results in cell shrinkage that is
required for initiation of apoptosis.78 VRAC is known to
play an important role in this process but also ANO proteins
appear to play a role in AVD/apoptotic cell death in several
cell types investigated.45,150,151 The amplicon 11q13 contains
the Ano1 gene as well as well as a Fas-Associated protein
with Death Domain (FADD) gene, i.e., a gene associated
with apoptosis, suggesting a coupling between the regulation
of ANO1 and cell death. Not much is published about
ANO1 and apoptosis. Inhibition of ANO1 is shown to shift
gastrointestinal stromal tumor cells from early apoptotic to
late apoptotic stages.140 ANO6 has received more attention
in relation to apoptosis compared to ANO1 and in particular
its role as a putative scramblase involved in the redistribution
of phospholipids between the outer/inner membrane during
apoptosis.118,152,153 siRNA KD of ANO6 reduces cisplatin
induced Caspase 3 activation (apoptosis) in ELA cells
(Fig. 15) and staurosporine induced cell death in lung epithelial cells (A549151). On the other hand, Okada and coworkers
found that ANO6 KD has no effect on staurosporine induced
AVD.154 Hence, the role of ANO6 in AVD/apoptosis seems
to vary among cell types.

Migration and metastasis
Cell migration is shown to involve local cell volume
changes, e.g., cells retract at the rear part due to activation of
KC and Cl- channels and hence cell shrinkage.73 Cell migration is Ca2C-dependent155 and Ca2C-activated channels have
been allocated a role in cell migration in several cell types
(see73). Migration analysis in ELA cells after knockdown of
either ANO1 or ANO6 showed that the directional cell
migration involves ANO1 and that the migration rate
involves ANO6.156 Figure 16 shows relative wound density
over time monitored in 2 pancreatic ductal adenocarcinoma
cell lines (AsPC-1; BxPC-3) following ANO1 siRNA
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Sørensen BH, Nielsen D, Thorsteinsdottir UA, Hoffmann EK,
Lambert IH. Downregulation of LRRC8A protects human ovarian and
alveolar carcinoma cells against Cisplatin-induced expression of p53,
MDM2, p21Waf1/Cip1, and Caspase-9/-3 activation. Am J Physiol Cell
Physiol 310: C857–C873, 2016. First published March 16, 2016;
doi:10.1152/ajpcell.00256.2015.—The leucine-rich repeat containing 8A
(LRRC8A) protein is an essential component of the volume-sensitive
organic anion channel (VSOAC), and using pharmacological anion
channel inhibitors (NS3728, DIDS) and LRRC8A siRNA we have
investigated its role in development of Cisplatin resistance in human
ovarian (A2780) and alveolar (A549) carcinoma cells. In Cisplatinsensitive cells Cisplatin treatment increases p53-protein level as well as
downstream signaling, e.g., expression of p21Waf1/Cip1, Bax, Noxa,
MDM2, and activation of Caspase-9/-3. In contrast, Cisplatin-resistant
cells do not enter apoptosis, i.e., their p53 and downstream signaling are
reduced and caspase activity unaltered following Cisplatin exposure.
Reduced LRRC8A expression and VSOAC activity are previously
shown to correlate with Cisplatin resistance, and here we demonstrate
that pharmacological inhibition and transient knockdown of LRRC8A
reduce the protein level of p53, MDM2, and p21Waf1/Cip1 as well as
Caspase-9/-3 activation in Cisplatin-sensitive cells. Cisplatin resistance is
accompanied by reduction in total LRRC8A expression (A2780) or
LRRC8A expression in the plasma membrane (A549). Activation of
Caspase-3 dependent apoptosis by TNF␣-exposure or hyperosmotic cell
shrinkage is almost unaffected by pharmacological anion channel inhibition. Our data indicate 1) that expression/activity of LRRC8A is
essential for Cisplatin-induced increase in p53 protein level and its
downstream signaling, i.e., Caspase-9/-3 activation, expression of
p21Waf1/Cip1 and MDM2; and 2) that downregulation of LRRC8Adependent osmolyte transporters contributes to acquirement of Cisplatin
resistance in ovarian and lung carcinoma cells. Activation of LRRC8Acontaining channels is upstream to apoptotic volume decrease as hypertonic cell shrinkage induces apoptosis independent of the presence of
LRRC8A.
platinum drugs; multidrug resistance; organic anion channels; transcription factors; taurine; apoptosis
UNDER PHYSIOLOGICAL and pathophysiological conditions and
following chemotherapeutic treatment, outdated/damaged cells
become eliminated by apoptosis. This cell death process is
characterized by sequential net loss of osmolytes (chloride,
potassium, amino acids), cell shrinkage [termed apoptotic vol-
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ume decrease (AVD)], DNA fragmentation, cleavage/activation of executor caspases, and formation of apoptotic bodies,
which in our human body is removed by blood-circulating
macrophages (8). Platinum derivatives have for a long time
been recognized for their clinical antitumor activity and are
commonly used in chemotherapeutic treatment (3). Cisplatin
[cis-diamine dichloroplatinium (II)] was the first member of a
class of platinum-based anticancer drugs, which also includes
carboplatin and oxaliplatin. Once administrated to the patients’
blood circulation, Cisplatin accumulates in the cell cytosol/
nucleus, where an aquation reaction causes the formation of a
highly reactive aqualigand (3). Binding of platinum (II) to the
nucleobases causes the formation of DNA adducts and interstrand cross-links that might lead to DNA lesions and trigger
the intrinsic cell death pathway. The latter involves the ataxia
telangiectasia mutated and the RAD3-related protein kinases
(ATR/ATM) as well as the transcription factor p53, and culminates in the activation of apoptosis (12, 24) and/or cell cycle
arrest (10). Human p53 is described as the “guardian of the
genome” due to its ability to control the expression of several
genes and miRNAs affecting cellular processes, e.g., proliferation, DNA repair, apoptosis, autophagy, metabolism, and
migration (40). The protein level and transcriptional activity of
p53 is under normal physiological conditions kept at low levels
by the E3 ubiquitin ligase MDM2 which binds to p53’s
transactivation domain and targets p53 toward proteasomal
degradation (4, 35). DNA damage mediated by Cisplatin treatment leads to a rise in p53 protein stability through ATR/ATMmediated phosphorylation (35) and subsequently affects cell
fate through increased transcription of 1) the cyclin-dependent
kinase inhibitor p21, which blocks cyclin-dependent kinase 1
and 2 (CDK-1 and -2) and causes G1/S and G2/M cell cycle
arrest; and/or 2) PUMA (p53-upregulated modulator of apoptosis) and Noxa (PMAIP1, phorbol-12-myristate-13-acetateinduced protein 1), which via prevention of the interaction
between proapoptotic members of the Bcl-2 family (Bax/Bak)
and anti-apoptotic proteins stabilizes the proapoptotic Bcl-2
family proteins. The latter oligomerize to form pores in the
mitochondrial membrane and facilitate cytochrome c and
SMAC (second mitochondria-derived activator of caspases)
release from the mitochondria into the cytosol. Once released
cytochrome c promotes Caspase-9 activation on a cytosolic
scaffold protein (APAF-1, apoptotic protease activating factor
1) and SMAC concomitantly lifts the effect of the caspase
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stoichiometry between LRRC8 members affects channel activity/selectivity (44). In this regard, it was demonstrated that
the swelling-induced Cl⫺ conductance via VRAC is mediated by LRRC8A, LRRC8C, and LRRC8E (49), whereas
swelling-induced taurine efflux via VSOAC relies on
LRRC8A and LRRC8D (36). LRRC8A has been identified
as an essential component for both VRAC and VSOAC
activities, as reduced expression of LRRC8A correlates with
a reduced ability to regulate cell volume in human ovary
(A2780), colon (HCT116), cervical (HeLa), and embryonic
kidney (HEK) cells, as well as in T-lymphocytes (39, 44, 49).
Furthermore, LRRC8A expression has been demonstrated to
correlate with the swelling-induced release of the organic
osmolyte taurine from, e.g., HeLa (39), HCT116 (49), human
ovarian A2780 cancer cells (44) and primary rat astrocytes
(20). Finally, LRRC8A is also required for ATP-induced release of glutamate and taurine from nonswollen rat astrocytes
(20). A role of LRRC8 family members in cisplatin transport is
recently reviewed by Jentsch and coworkers (22).
With respect to acquirement of Cisplatin resistance, data
from our group show that LRRC8A is markedly downregulated
in Cisplatin-resistant A2780 (A2780CisR) cancer cells compared with the Cisplatin-sensitive parental A2780WT, and that
this downregulation correlates with an absent swelling-induced
taurine efflux (44). Furthermore, we found that 18 h Cisplatin
exposure resulted in a 2- to 2.5-fold increase in the LRRC8A
protein content in A2780WT, whereas its expression in
A2780CisR was unaffected (44). Recent studies performed by
Yang and coworkers (55) have indicated that Cisplatin activates a Cl⫺ current in nasopharyngeal CNE-2Z carcinoma
cells, which exhibits properties similar to VRAC (outward
rectification, ATP dependence, selectivity sequence of I⫺ ⬎
Br⫺ ⬎ Cl⫺ ⬎ gluconate), and which could be inhibited by the
anion channel blocker tamoxifen and extracellular ATP. Studies by Planells-Cases and coworkers (36) indicate that Cisplatin induced taurine release and the cytotoxic effects of the
chemotherapeutic drugs Staurosporine, Cisplatin and Carboplatin are abolished in LRRC8A and LRRC8D knockout HEK
cells (36). In this context it is noted that osmotic cell shrinkage
previously has been shown to induce Caspase-3 activation and
apoptosis in EATC via activation of a volume sensory cell
death pathway, where p53 is phosphorylated by the protein
kinase p38 and hence protected against degradation (11, 27).
Consequently, it has been suggested that Cisplatin-induced cell
death in A2780WT cells via the intrinsic cell death pathway
involves activation of the volume sensory cell death pathway
due to activation of transporters for ions/organic osmolytes/
AVD (37) and that the reduced Cisplatin sensitivity in
A2780CisR partly reflects reduced LRRC8A expression/
AVD (44). In congruence the volume sensitive Cl⫺ conductance (VRAC) and the amino acid permeability (VSOAC)
have been shown to be reduced and the AVD1 absent in
EATC-MDR (37).
In the present work we have used the human ovarian
(A2780) and lung (A549) cancer cells and find that LRRC8A
contributes to the initial phase of apoptosis induced by genotoxic stress as well as the regulation of p53, MDM2, and
p21Waf1/Cip1 in Cisplatin-sensitive A2780 and A549 cells. We
find that cellular sensitivity toward Cisplatin is reinstalled in
the otherwise resistant A2780 cells following expression/reestablishment of LRRC8A activity. LRRC8A downregulation,
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inhibitor XIAP (X-linked inhibitor of caspases). Caspase-9
subsequently activates the effector Caspases-3, -6 and -7, i.e.,
the execution of apoptosis (8).
Despite that Cisplatin has been proven to be a highly
effective chemotherapeutic agent, cancer cells tend to develop
resistance to the drug whereupon its efficacy vanishes with
time and cancer treatment fails. Drug resistance can be an
innate property (intrinsic resistance) due to permanent genetic
changes/cell differentiation or an acquired property due to
adaptations by the tumor cells (extrinsic resistance) (24). The
mechanism of platinum(II) resistance involves direct changes
in 1) drug transport systems resulting in a reduced drug uptake
via the copper transporter 1 (CTR1) and increased drug efflux
via the copper transporting ATPases (ATP7A and ATP7B); 2)
an enhanced drug detoxification due to elevated levels of
intracellular scavengers as glutathione and/or metallothio-proteins; 3) changes in DNA repair involving increased nucleotide
excision, interstrand crosslink and/or less mismatch repair; 4)
changes in the tolerance toward DNA damage; or 5) changes in
the apoptotic signal transduction pathways (12, 24, 25, 32, 46).
However, within recent years, it has been found that acquirement of chemotherapeutic resistance in addition to the changes
above also implies a modulated activity of volume-sensitive
transporters/channels for ions and organic osmolytes, which
limits AVD and ultimately impairs the initiation of apoptosis
(17). Using wild-type mouse Ehrlich ascites tumor cells
(EATC-WT), Hoffmann and coworkers (37) demonstrated that
AVD is a three-step process which reflects a balance between
the activities of pro- and antiapoptotic transporters for ions and
organic osmolytes. The first phase (termed AVD1) reflects net
loss of KCl and amino acids through activation of separate,
proapoptotic channels (VRAC ⬇ volume-regulated anion
channel; VSOAC ⬇ volume-sensitive organic anion channel;
TASK-2 ⬇ KCNK5 ⬇ potassium channel subfamily K member 5); The second transient phase (termed AVDT) reflects net
uptake of extracellular NaCl via antiapoptotic exchange systems (NHE1: Na⫹/H⫹ exchanger) or cotransporters (NKCC1:
Na⫹/K⫹/2Cl⫺); The third phase (termed AVD2) implies massive loss of osmolytes which reflects the inability of the
antiapoptotic systems to compensate osmolyte loss via proapoptotic transporters (37). The activity of the proapoptotic channels is often seen downregulated or even absent in drugresistant cancer cells, e.g., human epidermoid carcinoma
KCP-4 cells, human lung epithelial A549 cells (A549/CDDP),
EATC (EATC-MDR), human leukemia cells (HL60/AR), and
human ovarian A2780 (A2780CisR) (13, 30, 33, 37, 44).
Furthermore, pharmacological inhibition by administration of
more or less specific anion-channel blockers are reported to
cause drug resistance in, e.g., human epidermoid KB-3-1,
human non-small-cell lung A549, erythroleukemia K562,
HL60 promyelocytic leukemia, and MG-63 osteosarcoma
cells, as well as EATC (5, 13, 30, 33, 37).
The volume-sensitive channels for anions and organic osmolytes (VSOAC/VRAC) are ubiquitously expressed in mammalian cells (18) and in April 2014 two separate groups
independently identified members of the leucine-rich repeat
containing 8 (LRRC8) family as being essential compounds/
regulators of VRAC and VSOAC (39, 45, 49). The LRRC8
family includes five members (LRRC8A to LRRC8E), and it
has been suggested that the functional channel is formed by 6
proteins from the LRRC8 family (1) and that a shift in
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obtained by a reduction in either total LRRC8A protein expression (A2780) or the fraction expressed in the plasma
membrane (A549), was found to be a promoting factor for
development of resistance toward Cisplatin-induced apoptosis.
EXPERIMENTAL PROCEDURES

LRRC8A-expression vector. The LRRC8A-GFP expression vector
was generated by homologous recombination in yeast. Yeast cells
were transformed with BamHI. SalI and HindIII (Fermentas, Thermo
Fischer Scientific) digested pPAP7160 vector (14) and a LRRC8A
DNA fragment. The LRRC8A cDNA fragment was obtained by PCR
using AccuPol polymerase (VWR, Denmark), a human LRRC8A
cDNA ORF clone (RC208632, OriGene) and the following primers:
LRRC8A (forward) 5=-ATA TAA GCA GAG CTG GTT TAG TGA
ACC GTC AGA TCG GGT TGA ACC ATG ATT CCG GTG ACA
GAG CT-3=and LRRC8A (reverse) 5=-ACC CCG GTG AAC AGC
TCC TCG CCC TTG CTC ACC ATG GCC TGC TCC TTG TCA
GC-3= (Tag Copenhagen A/S, Denmark). The 5= LRRC8A PCR
product carried a 35-nucleotide sequence identical to the pPAP7160
vector upstream to the restriction enzyme digestion-site while the 3=
LRRC8A PCR product contained a 35-nucleotide sequence identical
to the 5= coding sequence of EGFP on the pPAP7160 vector. Following transformation the yeast cells were lysed by centrifugation (3.000
rpm, 5 min), addition of 1:1 lyticase buffer and 10 l lyticase (5
unit/l in TE buffer, Sigma). Cells were incubated 1 h at 37°C with
thorough vortexing. After incubation, the cells were added to 10 l
20% SDS, mixed, and frozen (⫺20°C). The LRRC8A-expression
vector was purified using a NucleoSpin Plasmid DNA purification kit
(Macherey-Nagel, Germany). DNA yield was amplified by transformation into E.coli (OmniMax cells), followed by NucleoBond Xtra
Maxi Plasmid DNA Purification (Macherey-Nagel, Germany). The
correct nucleotide sequence of the LRRC8A vector was confirmed by
DNA sequencing. The functionality of the LRRC8A-GFP expression
vector was verified in human embryonic kidney LRRC8A KO cells
(LRRC8A⫺/⫺, kindly provided by Prof. Thomas J. Jentsch) where it
was determined that LRRC8A expression (verified by Western blot,
n ⫽ 4, see technique below) and maximal swelling-induced taurine
release (verified by tracer technique, n ⫽ 3, see technique below) were
increased 17.5 ⫾ 7.4-fold and 7.9 ⫾ 2.1-fold, respectively, following
transfection with 0.05 ng/l LRRC8A-GFP vector and 1.2 ⫾ 0.4-fold
and 1.9 ⫾ 0.4-fold, respectively. following transfection with 0.05
ng/l empty-GFP vector.
SDS-PAGE and Western blotting. SDS-PAGE and Western blotting were used to quantify changes in protein levels of LRRC8A (94
kDa), p53 (53 kDa), Bax (20 kDa), p21Waf1/Cip1 (p21CDKN1A, 21
kDa), Noxa (10 kDa), MDM2 (90 kDa), phosphor-MDM2 (Ser166),
ATM (350 kDa), phospho-ATM (Ser1981), p42/p44 (Erk1/2, 42/44
kDa), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), human
Caspase-9 (35, 37, and 47 kDa), and the housekeeping protein ␤-actin
(42 kDa), histone H3 (17 kDa), or ␣-tubulin (52 kDa). Protein
extraction and blotting were performed on cells grown to 80 –90%
confluence in 6-cm Petri dishes or 6-well culture plates. Cells were
gently washed once in ice-cold PBS and subsequently lysed in lysis
buffer containing 1% SDS, 10% glycerol, 150 mM NaCl, 20 mM
HEPES, 1 mM EDTA, 0,5% Triton X-100, 1 mM Na3VO4 and 1%
protease inhibitor cocktail. Lysates were briefly sonicated and subsequently centrifuged for 5 min at 5°C and 20,000 rpm to separate the
proteins extracts from insoluble cell material. The protein content was
estimated using a Bio-Rad DC protein assay (Bio-Rad, Hercules, CA).
Lysates were diluted in ddH2O (20 – 40 g per loading), mixed with
NuPAGE sample buffer including dithiothreitol (DTT), and proceeded to SDS-PAGE gel electrophoresis (NuPAGE precast 10% or
4 –12% Bis-tris gels in NuPAGE MOPS SDS running buffer, Invitrogen, Waltham, MA) in NOVEX chambers under reducing and
denaturing conditions. A benchmark protein ladder (Invitrogen) was
used to indicate the molecular weight. Following electrophoresis,
NuPAGE transfer buffer (Invitrogen) was used for protein transfer to
nitrocellulose membranes. Proper protein transfer was verified by
Ponceau-S staining. Unspecific membrane-binding were blocked by
incubation in TBST (0.01 M Tris-HCl, 0.15 M NaCl, 0.1% Tween
20, pH 7.4) containing 5% nonfat dry milk at 37°C for 1 h on a
shaking table. Membranes were incubated with primary antibodies
diluted in blocking buffer overnight at 4°C. Next, the membranes
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Inorganic solutions. Phosphate-buffered saline (PBS) contained
137 mM NaCl, 2.6 mM KCl, 6.5 mM Na2HPO4, and 1.5 mM
KH2PO4. Isotonic (A2780 cells) NaCl solution (300 mOsM) contained 143 mM NaCl, 5 mM KCl, 1 mM Na2HPO4, 1 mM CaCl2, 1
mM MgSO4, and 10 mM N-2-hydroxyethyl piperazine-N=-2-ethanesulfonic acid (HEPES). The 320 mOsM isotonic NaCl solution (for
A549 cells) was prepared by increasing the NaCl concentration to
152.5 mM. The hypotonic NaCl solution was prepared by reducing
the NaCl concentration to 92.5 mM (200 mOsM) without changing
the concentration of the other components. pH was in all solutions
adjusted to 7.4. Leu-Lys (yeast) media contained 10% ASD-10, 2%
glucose, 0.01% CaCl2, 1% leucine and 1% lysine in ddH2O (autoclaved before use) and added 0.5% V-200 and 8 ng/ml tetracycline.
Lyticase buffer contained 100 mM Tris-HCl, pH 8.0, 100 mM EDTA
and 2/3 LB media.
Cell culture. Wild-type (WT) and Cisplatin-resistant (CisR) humane ovarian A2780 and lung A549, as well as human embryonic
kidney (HEK-293) cells, were cultured in 75-cm2 culture flasks
(CellStar, Grenier Bio, Germany) in Roswell Park Memorial Institute
(RPMI) 1640 medium or Dulbecco’s Modified Eagle medium
(DMEM), respectively. All media were supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. The media for
A2780 cells were additionally supplemented with 2 mM L-glutamine.
Penicillin/streptomycin, RPMI-1640, and DMEM medium, FBS, Lglutamine, and trypsin/EDTA were purchased from Sigma Aldrich
(St. Louis, MO). Hypertonic media were obtained by supplementation
of the growth media with 150 mM NaCl. All cell cultures were kept
at 37°C, 5% CO2, and 100% humidity. The cells were subcultured two
times a week using 0.25% trypsin/EDTA in PBS. The Cisplatinresistant A2780 cells (A2780CisR) were, between every third passage, treated with 1 M Cisplatin to maintain their resistance phenotype. Likewise, resistant A549 cells were continuously treated with
either 5 (A549CisR5) or 10 (A549CisR10) M Cisplatin once a week.
Resistant A549 cells (A549CisR5 and A549CisR10) were developed
by exposing A549WT cells to an increasing concentration (up to 5 or
10 M) of Cisplatin for a period of 6 mo. The A2780 cells were a gift
from Dr. I. Romero-Canelón (Univ. of Warwick, UK). The HEK-293
lrrc8A⫺/⫺ (clone E7) was a gift from Prof. Thomas J. Jentsch FMP
(Leibniz-Institut fuer Molekulare Pharmakologie) and MDC (MaxDelbrueck-Centrum fuer Molekulare Medizin), Berlin, Germany.
Transient knock-down. Transient knock-down of A2780wt and
A549wt cells was carried out using a pool of four siRNA LRRC8A
(SMARTpool: ON-TARGETplus, GE Healthcare, Dharmacon),
which has previous been used by Voss et al. (49) and siRNA p53
(SignalSilence p53, Cell signaling). MISSION Universal Negative
Control siRNA (Sigma Aldrich) was used to create a baseline for
knock-down efficiency. Cells grown to 40 –50% confluence were
transfected with LRRC8A or negative control (scramble) siRNA at a
concentration of 25 nM using DharmaFECT-1 Transfection Reagent
(Thermo Scientific). For p53 silencing A2780 cells were transfected
with 10 nM, 25 nM, or 50 nM siRNA p53 for estimation of the
minimal concentration. After 24 h incubation, the medium was replaced by transfection reagent-free medium, and the cells were left for
another 24 h. Knockdown efficiency was estimated by Western blot
analysis of LRRC8A and by its capability to reduce swelling-induced
taurine efflux. In the case of siRNA p53 the cisplatin (10 M, 24 h)
induced increase in the p53 protein expression was found to be
reduced to 24%, 31%, and 41% by 10 nM, 25 nM, or 50 nM siRNA
p53, respectively. A concentration of 25 nM was chosen for p53
siRNA silencing.
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tubes, and centrifuged (5 min at 10,000 g, 4°C) to precipitate nonsoluble cell material. The supernatants were transferred to new Eppendorf tubes and protein concentrations were estimated using a
Bio-Rad DC protein assay with bovine serum albumin (BSA) as a
standard. Lysates, which were not used immediately, were stored
at ⫺80°C until use. The protein content was, before activity measurements, adjusted to 4 g/l. Caspase-3 activity in cell lysates was
estimated in black 96-well plates with transparent bottom using the
ApoTarget Caspase-3/CPP32 Colorimetric assay (Invitrogen, Taastrup, Denmark) according to the manufacturer’s manual by measuring
protease activity toward the peptide substrate acetyl-Asp-Glu-ValAsp p-nitroanilide (Ac-DEVD-pNA) and estimating the p-nitroanilide
(pNA) production. Absorbance was measured at 405 nm using a
Wallac Envision Multilabel plate reader (Perkin Elmer). Experiments
were performed in duplicate.
Caspase-9 activity. The intrinsic proteolytic Caspase-9 activity was
determined by SDS-PAGE and Western Blotting (see above).
Estimation of taurine efflux. Swelling-induced taurine efflux was
estimated at room temperature on cells grown to 80% confluence in 6
well polyethylene culture plates as previously described (26). Cells
were loaded with [3H]taurine (PerkinElmer, 37,000 Bq/well) in complete growth medium for 2 h (37°C, 5% CO2, 100% humidity). Before
the experiment, the growth media was removed and each well (each
representing one experiment) was washed 3 times with 1 ml isotonic
NaCl medium (300 or 320 mOsm) to remove residual extracellular
isotope and growth media. The experiment was performed at room
temperature by transferring the NaCl medium from each well to
individual scintillation vials (Snaptwist Scintillation vial, 6.5 ml,
VWR) and replacing it with fresh medium at 2-min intervals. The
experiment was run for the total of 30 min, in the absence or presence
of inhibitors, i.e., the specific VRAC/VSOAC blocker NS3728 (a gift
from NeuroSearch, Denmark) and DIDS (4,4=-diisothiocyanatostilbene-2,2=-disulfonate, dissolved in ddH2O, Sigma Aldrich). At time
12 min, isotonic medium was replaced by hypotonic medium (200
mOsm). At the end of the experiment, remaining intracellular isotope
was extracted by addition of 1 ml 1 M NaOH (1 h, shaking table)
followed by two additional washes with ddH2O. Each vial was added
to 3.5 ml scintillation fluid (Parkard Ultima Gold, PerkinElmer),
mixed carefully, and proceeded to ␤-scintillation counting in a Perkin
Elmer scintillation counter (Waltham, MA). The total 3H activity in
the cell system was calculated as the sum of 3H activity released
during the efflux experiment and in the NaOH/water washouts. The
fractional taurine release rate constant (k, min⫺1) was calculated from
the equation: k ⫽ [ln(X1) ⫺ ln(X2)]/(t1 ⫺ t2), where X1 and X2 denote
the fraction remaining in the cell at time t1 and t2, respectively.
Statistics. All data were statistically tested (SigmaPlot version 12)
by one-way ANOVA with Fisher LSD Method as post test and/or by
Student’s t-test. In bar- and scatterplots the error bars signify standard
error of the mean (SE).
RESULTS

Several groups have recently shown that LRRC8A significantly contributes to VRAC/VSOAC channel activity either by
being a regulatory subunit or a critical channel pore-forming
component (36, 39, 49). With respect to drug resistance, data
from our group have indicated that development of resistance
in human ovarian A2780 carcinoma cells correlates with a
reduced LRRC8A protein expression, and an inability to activate VSOAC and to volume-regulate in response to hyposmotic cell swelling (44). Here we establish an in vitro cellbased assay by which it is possible to investigate the direct
involvement of LRRC8A-mediated channel activity in development of resistance against Cisplatin. For this purpose, we use
volume-sensitive release of the organic osmolyte taurine to
track VSOAC activity (28), pharmacological inhibitors, which
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were washed in TBST and subsequently incubated with secondary
antibodies for 1 h at room temperature. The monoclonal mouse
anti-human-LRRC8A (SAB1412855), anti-human-p21 Waf1/Cip1
(P1484), and anti-␤-actin (A1978) antibodies were used in a dilution
of 1:250 (LRRC8A and p21) and 1:1,000 (␤-actin) and purchased
from Sigma-Aldrich. Noxa (no. 14766), ATM (no. 2873), phosphoATM (no. 13050), phosphor-MDM2 (no. 3521), Bax (no. 2772), p53
(no. 2524), Caspase-9 (no. 9502), Histone H3 (no. 9717), ␣-Tubulin
(no. 2125), and phospho-p53 (no. 9284) antibodies were from Cell
Signaling (Danvers, MA) and used in a dilution of 1:250 (Noxa,
phosphor-MDM2, Bax, Caspase-9, Histone H3, ␣-tubulin and phosphor-p53) or 1:100 (ATM, phosphor-ATM and p53), respectively.
The antibody against MDM2 (sc-965) was from Santa Cruz Biotechnology and used in the dilution of 1:100. The antibody against the
COOH-terminal part of the Na⫹/K⫹-ATPase antibody was made and
kindly donated by Prof. Per Amstrup-Pedersen (Univ. of Copenhagen,
Denmark) and used in the dilution 1:250. The secondary APconjugated anti-mouse and anti-rabbit antibodies (Sigma) were both
used in a dilution of 1:5,000. Following final washes in TBST,
membranes were developed using BCIP/NBT (KPL, Gaithersburg,
MD), scanned and bands quantified using UN-SCAN-IT (Silk Scientific).
Cell surface biotinylation and membrane protein isolation.
A549WT and CisR10 cells, grown to 80% confluence in four T75
flasks (each), were biotinylated, lysed and labeled proteins isolated
using Pierce Cell Surface Protein Isolation Kit (Thermo Fisher Scientific) following manufacturer’s instructions. SDS-PAGE and Western blotting were used to analyze the amount of LRRC8A, Na⫹/K⫹ATPase (positive plasma membrane control/loading control), and
Histone 3 (nuclear control) in both whole cell lysate and purified
samples.
Cell viability assay-MTT. Conversion of the yellow soluble tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT from Sigma) into a blue insoluble formazan was used to
determine cell viability after treatment of WT and resistant cells with
10 M Cisplatin for 48 h. Cells were seeded to a density of 10,000
(A2780) or 5,000 (A549) cells/200 l cell culture media per well in
96-well plates and incubated for 96 h (37°C, 5% CO2, 100% humidity). Cells were after 48 h transiently transfected with 25 nM siRNA
(human LRRC8A siRNA or 2 ng/l scramble siRNA) or a vector
(either expressing LRRC8A-GFP or an empty vector only carrying the
GFP gene) using DharmaFECT-1 Transfection Reagent (Thermo
Scientific). After 24 h incubation, media were changed to normal
growth medium or medium containing 10 M Cisplatin and/or 400
M DIDS. At the end of the incubation period, 100 l was removed,
and 25 l of a MTT solution (5 mg/ml MTT in sterilized PBS) was
added to each well, and the plate was incubated in the cell culture
incubator for 3 h. Following incubation 100 l fresh-made 10 mM
HCl containing 1% SDS was added to each well and incubated
overnight in a fume hood to solubilize the colored formazan crystals.
Samples were measured at 570 nm using Wallac Envision Multilabel
plate reader (PerkinElmer). Data were represented relative to the
absorbance from the respective untreated control cells. Each experiment was performed in triplicate.
Caspase-3 colorimetric protease assay. Wild-type, resistant, and
transiently transfected A2780 cells were grown to 80% confluency in
T25 culture flasks and incubated in the presence or absence of 10 M
NS3728 or 400 M DIDS in combination with 10 M Cisplatin, 20
ng/ml TNF␣, or 150 mM NaCl (600 mOsM) for 18 or 4.5 h. Cells
were carefully washed once in ice-cold PBS, trypsinized, and transferred to 15 ml falcon tubes with RPMI-1640 (A2780). Next, the cell
suspensions were centrifuged at 1,000 g for 5 min at room temperature, and the extracellular medium was carefully removed to collect all
cellular material including apoptotic bodies. The cell suspensions
were then washed one additional time in PBS, centrifuged as before
and cell pellet carefully collected. The cells were lysed in ice-cold
lysis buffer for 15–20 min, transferred to Eppendorf microcentrifuge
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knock-down experiment and the corresponding quantification,
respectively. From these figures it is seen that we successfully
managed to knock-down the LRRC8A protein content to 40%
in A2780WT cells. To test the effect of LRRC8A knock-down
in A2780 cells, we determined the ability of the knock-down
cells to release taurine in response to hyposmolality (Fig. 1E).
These data likewise confirm the previous assumption that
LRRC8A significantly contributes to VRAC/VSOAC channel
activity and that the observed knock-down efficiency seen by
Western blot analysis (Fig. 1, C and D) correlates with the
reduction in swelling-induced taurine efflux (Fig. 1E).
Eighteen-hour exposure to anion- and cation-channel blockers increases LRRC8A protein content in wild-type A2780
cells. We have tested the effect of increasing pharmacological
channel blockage on LRRC8A protein expression. Figure 2
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Fig. 1. Impairment of swelling induced taurine release following pharmacological inhibition or transient knock-down of LRRC8A in wild-type A2780 cells.
Volume-sensitive taurine release and LRRC8A protein expression were measured in ovarian A2780WT cells by tracer technique and Western blot analysis,
respectively. A2780WT cells were loaded with [3H]taurine for 2 h, washed, and exposed to isosmotic NaCl medium (300 mOsM) for 10 min and subsequently
to hyposmotic medium (200 mOsM) for 20 min (arrow in A indicates shift to hypotonicity). Samples were taken every second minute. A: fractional rate constant
(min⫺1) for taurine release was determined and plotted vs. time (min) under isosmotic and hyposmotic conditions in the absence (Œ) or presence of the
VRAC/VSOAC blockers NS3728 () or DIDS (). The anion blockers NS3728 and DIDS were used in the concentration of 10 M (⬇2.5 M free) and 100
M, respectively, and present during the isotonic/hypotonic release experiment. Data represent 1 of 3 sets of experiments. B: maximal rate constant for taurine
release was determined 6 min after hyposmotic exposure as illustrated in A. Data represent the mean maximal rate constants determined from 3 sets of
experiments ⫾ SE. *Significantly reduced compared with control (Student’s t-test). C: efficiency of siRNA-mediated LRRC8A knock-down in A2780WT cells
was determined by Western blot analysis using control, scramble siRNA and LRRC8A siRNA transfected cells and specific monoclonal antibody raised against
human LRRC8A and ␤-actin (loading control). D: LRRC8A/␤-actin protein band intensity ratios were calculated from Western blots shown in C and values given
relative to control cells. Data represent mean of 4 experiments ⫾ SE. * and #: Significantly reduced compared with Control and Scramble siRNA, respectively
(Student’s t-test). Scramble siRNA was not significantly larger than Control (P ⫽ 0.15, Student’s t-test). E: maximal rate constant for taurine release was
determined at time 6 min after hypotonic exposure in A2780WT (open bar) cells or in A2780 cells exposed to scramble siRNA (light gray bar) or siRNA directed
against human LRRC8A (dark gray bar). Data represent mean of 4 experiments ⫾ SE. *Significantly reduced compared with Control (Student’s t-test).
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are known to inactivate VRAC/VSOAC, and commercially
available siRNAs, which have previously been used to selectively knock-down human LRRC8A (49). From Fig. 1A, it is
seen that acute exposure to the two anion-channel inhibitors
NS3728 and DIDS abolishes the swelling-induced taurine
efflux in ovarian A2780WT cells. Both NS3728 and DIDS
were found to reduce the maximal taurine rate constant more
than 90% compared with the untreated control cells (Fig. 1B).
These data are in accordance with what has previously been
shown for this and other cell lines (19, 44). As NS3728 and
DIDS are also known to affect the activity of, e.g., anion
channels like the Ca2⫹-dependent Anoctamin channels (15, 23,
42), we used siRNA directed against human LRRC8A to
specifically knock-down VRAC/VSOAC channel activity. Figure 1, C and D, shows a representative Western blot from a
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shows that exposing A2780WT cells for 18 h to an increasing
concentration of the anion channel blockers NS3728 and DIDS
results in an increased LRRC8A protein expression, indicating
that the A2780 cells apparently compensate for an acute
reduction in LRRC8A channel activity by upregulating the
protein-expression of the channel proteins. We also find that
inhibition of K⫹ channels with clofilium increases LRRC8A
expression in A2780 cells (Fig. 2). Whether the latter effect is
related to a concomitant depolarization of the membrane potential and hence a decrease in the driving force for transport of
anions through the LRRC8A channel complex was not investigated further.
Administration of anion- and cation-channel blockers abolishes Cisplatin-induced increase in p53/p21Waf1/Cip1 protein
expression in wild-type A2780 cells. It has previously been
shown that acute hyperosmotic stress leads to a biphasic
stabilization and activation of the transcription factor p53 in
mouse NIH3T3 fibroblasts, supposedly through Ser-15 phosphorylation of p53 by the serine/threonine kinase ATM and/or
the p38 MAP kinase (11, 27). As exposure to Cisplatin likewise elicits cell shrinkage under isotonic conditions, we tested
the effect of Cisplatin on p53-mediated signaling. From Figs.
3A (Western blots) and Fig. 3B (protein quantification), it is
seen that 18 h exposure to Cisplatin, similar to osmotic cell
shrinkage, leads to an increased p53 protein expression/phosphorylation (Ser15) as well as an enhancement of the expression of downstream elements to p53, e.g., p21Waf1/Cip1 and a
minor increase in Bax in A2780WT cells. From Fig. 3, A and
B, it is also seen that the Cisplatin-induced p53 protein expression and downstream signaling is almost absent in the corresponding Cisplatin-resistant subtype A2780CisR, although a
minor, significant increase in p53 phosphorylation is observed.
As the protein expression of LRRC8A has previously been
found markedly downregulated in A2780CisR (44), we wanted

NS3728

3.5

DIDS

*#

3.0

*#

*# *#

2.5

Clofilium

*#

* *

*

2.0
1.5
1.0
0.5
0.0

0

10

50 100

0

100 200 400

0

5

10

25

μM

to test whether administration of the pharmacological VRAC/
VSOAC blockers NS3728 and DIDS might give rise to the
same phenotype in A2780WT cells, as observed in
A2780CisR. From Fig. 3C it is seen that Cisplatin cotreatment
with either NS3728 or DIDS significantly reduces p53 and
p21Waf1/Cip1 protein level in A2780WT cells, i.e., the wild-type
A2780 cells resemble A2780CisR in the presence of the
inhibitors. Ser-15 phosphorylation of p53 was affected as well
in A2780WT by the inhibitor although not to the same extent
as observed for total p53 and p21Waf1/Cip1. This could indicate
that VRAC/VSOAC activity is not important for the phosphorylation of p53, but rather regulates its expression and/or stability independently of the phosphorylation. As the activity of
VRAC/VSOAC is highly dependent on the coactivity of potassium channels like TASK-2 to maintain a stable membrane
potential, we wondered if the TASK-2 channel blocker clofilium might also affect Cisplatin-induced p53 stabilization/
activation and downstream signaling. Supportively, we found
that clofilium also prevents the increase in p53 protein expression and hinders its induction of p21Waf1/Cip1 (Fig. 3C). These
data indicate that coactivity of anion- and cation-channels,
which leads to cell shrinkage, is necessary for Cisplatininduced stabilization/activation of p53 and its downstream
signaling involving increased expression of p21Waf1/Cip1.
Studies by Wang and colleagues (52) indicate that Cisplatininduced apoptosis requires activation of the MAP kinase signaling pathway in a process involving growth receptor transactivation, and downstream activation of MEK1/2 and
Erk1/3 in HeLa and A549 cells. Woessman and coworkers
(53) find that Ras-mediated activation of ERK by cisplatin
induces cell death independently of p53 in osteosarcoma and
neuroblastoma cell lines. In contrast, Persons and coworkers
(34) find that p53 coimmunoprecipitates with ERK1/2 and
that inhibition of ERK1/2 activation reduces Cisplatin-
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Fig. 2. Eighteen-hour exposure to anion- and cationchannel blockers leads to increased LRRC8A protein
expression in wild-type A2780 cells. Wild-type A2780
cells were exposed to increasing concentrations of the
anion- and cation-channel blockers (NS3782, DIDS,
and Clofilium) for 18 h. A: lysates were taken and used
for Western blot analysis using a monoclonal antibody
raised against human LRRC8A and ␤-actin (loading
control). B: LRRC8A/␤-actin protein band intensity
ratios were calculated from Western blots shown in A
and values given relative to control cells. Data represent mean of 7 sets of experiments ⫾ SE. # and *:
Significantly increased compared with Control without
inhibitor when tested by ANOVA, Fisher LSD method
and Student’s t-test, respectively.
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Fig. 3. Administration of anion- and cation-channel blockers reduces Cisplatin-induced expression of p53 and p21Waf1/Cip1 in wild-type A2780 cells (A2780WT)
to the same level as observed in Cisplatin-resistant A2780 cells (A2780CisR). Whole cell protein lysates for Western blot analysis were obtained from A2780WT
and A2780CisR cells exposed to 10 M Cisplatin for 18 h in combination with the anion/amino acid channel blockers NS3728 (100 M)/DIDS (400 M) or
the cation-channel (TASK-2) blocker clofilium (25 M). Only A2780WT cells were exposed to channel blockers. Protein expression of LRRC8A, p53, p-p53
(Ser15), p21, and Bax was determined using specific antibodies (see EXPERIMENTAL PROCEDURES). ␤-Actin was used as loading control. A: representative Western
blot. B: p53, pp53, p21, and Bax protein expression relative to ␤-actin in A2780WT and A2780CisR (open bars) control cells and following Cisplatin exposure
(black bars). Data represent 4 –9 individual sets of experiments where ratios are given relative to the untreated WT cells ⫾ SE. * and #: Expression is significantly
increased in Cisplatin-treated cell compared with control cells and significantly reduced in Cisplatin-treated A2780CisR cells compared with Cisplatin-treated
A2780WT cells, respectively (ANOVA, Fisher LSD method). C: graph represents the relative effect of Cisplatin (Cisplatin-treated/respective untreated control)
on LRRC8A, p53, p-p53, and p21 protein expression in A2780WT, A2780CisR (CisR), and A2780WT cells cotreated with the anion- and cation-channel
blockers. Data represent mean of 4 –9 individual experiments ⫾ SE. *Significantly reduced effect of Cisplatin compared with A2780WT (ANOVA, Fisher LSD
method).

mediated p53-phoshorylation (Ser15), i.e., Cisplatin induced
ERK1/2 signaling is an upstream event to p53 activation in
A2780 cells. Figure 4 shows that exposure to 20 M
Cisplatin for 14 h indeed leads to an increased phosphorylation of Erk2 in both A2780WT and A2780CisR. Total
Erk1 and Erk2 protein expression is unaffected by Cisplatin.
Cotreatment with the anion channel blocker DIDS completely abolished the Erk2 phosphorylation in A2780WT,
indicating that VSOAC/VRAC might also be a regulator of
the MAP kinase signaling pathway. We find that only
treatment with Cisplatin concentrations above 20 M Cisplatin, in correspondence with Wang and coworkers findings, leads to an increased phosphorylation of Erk1/2. This
indicates that Cisplatin-induced activation of Erk1/2 may be
less important, as the plasma Cisplatin concentration in
cancer patients, treated with 100 mg Cisplatin/m2, stabilizes
at 10 M (16). The involvement of Erk1/2 was therefore not
investigated further.

Cotreatment with anion-channel blockers and transient
knock-down of LRRC8A eliminate Cisplatin-induced, but not
TNF␣ and hyperosmotic-induced Caspase-3 activation in
wild-type A2780 cells. An increase in Caspase-3 activity has
previously been used as an indicator of apoptotic progress, and
it is commonly known that p53 activity is an upstream event
for cleavage and activation of Caspase-3 in response to several
types of cellular stress, e.g., Cisplatin-induced genome toxicity
and hyperosmolarity (11, 27). From Fig. 5A it is seen that 10
M Cisplatin (18 h) induces a 2-fold increase in Caspase-3
activity in A2780WT, whereas Caspase-3 activity in
A2780CisR is unaffected by Cisplatin. Furthermore, we find
that VRAC/VSOAC inhibition with NS3728/DIDS (Fig. 5A)
reduces the Cisplatin-induced Caspase-3 activation in
A2780WT to the level we observed in A2780CisR. Transient
knock-down of LRRC8A (Fig. 5B) abolishes the Cisplatininduced Caspase-3 activation (Fig. 5B). These data illustrate
that downregulation of LRRC8A in A2780WT results in re-

AJP-Cell Physiol • doi:10.1152/ajpcell.00256.2015 • www.ajpcell.org

Downloaded from http://ajpcell.physiology.org/ by 10.220.32.246 on September 30, 2017

Protein expression, relative to A2780WT

LRRC8A (94 kDA) ►

C

p53

30

+

Cisplatin

C864

LEUCINE-RICH REPEAT CONTAINING 8A AND CHEMOTHERAPEUTIC RESISTANCE

A2780 WT

A

A2780
CisR

DIDS
Cisplatin (µM, 14h):

-

10

20

-

10

20

-

10

20

Erk-1 ►
Erk-2 ►
p-Erk-1 ►
p-Erk-2 ►
Histone 3 ►

B

3.5

A2780 WT

*§

P-Erk / Erk

3.0
2.5

A2780 CisR
A2780 WT
DIDS

*§
Erk1

2.0

Erk2

1.5

#

1.0
0.5
0.0

0

sistance against Cisplatin-induced apoptosis. To identify at
which signaling-level VRAC/VSOAC is involved in the apoptotic pathway, we investigated the involvement of VRAC/
VSOAC channel activity on the apoptotic pathway initiated by
other types of apoptotic stimulation, e.g., by exposure to TNF␣
(extrinsic pathway) and hyperosmolality (volume-sensory
pathway). From Fig. 5C it is seen that TNF␣ induces a 3- to
3.5-fold and 4.5-fold increase in Caspase-3 activity in
A2780WT and A2780CisR cells, respectively. These data
thereby confirm our previous results that A2780CisR still
enters apoptosis following TNF␣ exposure (44). When testing
the TNF␣ effect during anion-channel blockage, we found only
a slight tendency for NS3728 and DIDS to reduce TNF␣induced apoptosis, which is taken to indicate that VRAC/
VSOAC activity is not necessary for death-receptor stimulated
Caspase-3 activation in A2780 cells. With respect to Caspase-3
activation induced by hyperosmolality, we found that cell
shrinkage per se leads to a 6-fold increase in Caspase-3
activity, and that neither NS3728 nor DIDS had any effect on
the caspase stimulation (Fig. 5D). Hence, hyperosmotic
Caspase-3 activation happens independently of VRAC/
VSOAC activities and most probably directly as a consequence
of the shrinkage of the cells.
Pharmacological inhibition of VSOAC activity protects
A2780WT cells against Cisplatin-induced reduction in cell
viability, whereas an artificial expression of LRRC8A in
A2780CisR restores Cisplatin-sensitivity. To verify the cellular
effect of LRRC8A and pharmacological blockage of VSOAC
on Cisplatin cytotoxicity, we performed a MTT cell viability
assay. From Fig. 6, A and B, it is seen that treatment of A2780
cells with 10 M Cisplatin for 48 h reduces cell viability to
⬃50% in A2780WT cells, whereas an equivalent treatment of
A2780CisR only reduces cell viability to ⬃80%. Cotreatment
with DIDS increases cell viability after Cisplatin treatment in
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20

0

10

20

0

10

20 Cisplatin, μM

both A2780WT and A2780CisR (Fig. 6A), confirming that the
cytotoxic effects of Cisplatin are highly dependent on VSOAC
activity. As A2780CisR was previously shown to have a
significantly reduced LRRC8A protein expression compared
with A2780WT (44), we tested whether Cisplatin cytotoxicity
could be restored in A2780CisR by artificially increasing the
expression of LRRC8A. Figure 6B shows that expression of a
vector carrying a constitutively active promoter for a LRRC8A
gene reduces cell viability in A2780CisR following Cisplatin
treatment. Hence, LRRC8A reinstallation renders A2780CisR
sensitive to Cisplatin. It is noted that expression of the
LRRC8A vector has no effect on cell viability in A2780WT
cells as LRRC8A activity is ensured by the endogenous
LRRC8A expression. The low viability in cells treated with
Cisplatin plus vector most probably reflects the transfection
procedure.
Abrogation of prolonged cisplatin treatment restores Cisplatin-sensitivity in A2780CisR within 3– 6 wk. As development of drug resistance is one of the main issues in chemotherapeutic treatment, we investigated the probability that termination of prolonged Cisplatin treatment, which is normally
used to maintain resistance in vitro, could reverse the Cisplatin-resistant phenotype and thereby restore Cisplatin sensitivity
in A2780CisR. We have previously shown that Cisplatin resistance in A2780CisR cells correlated with an increased accumulation of taurine due to an increased taurine uptake via the
taurine transporter TauT and a concomitant reduction in volume-sensitive taurine release via VSOAC (44). Figure 7, A and
B, shows that abrogation of Cisplatin treatment of A2780CisR
for 3 and 6 wk reduces taurine uptake and increases swellinginduced taurine release (shown as the maximal rale constant
obtained after osmotic cells swelling) to the same level as observed for A2780WT. From representative Western blots (Fig.
7C) and their corresponding quantification (Fig. 7, D and E), it is
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Fig. 4. The anion-channel blocker DIDS reduces Cisplatin-induced Erk-2 phosphorylation in A2780 cells.
Whole cell protein lysates for Western blot analysis were
obtained from A2780WT and A2780CisR cells exposed
to 0, 10, or 20 M Cisplatin for 14 h in combination with
the anion/amino acid channel blockers DIDS (400 M).
Only A2780WT cells were exposed to DIDS. Total
Erk-1/-2 protein and phospho-Erk-1/-2 expression were
determined using specific antibodies (see EXPERIMENTAL
PROCEDURES). Histone-3 (H3) was used as loading control. A: representative Western blot. B: phospho-Erk-1
protein expression relative to total-Erk-1 (gray bars) and
phospho-Erk-2 protein expression relative to total-Erk-2
(black bars) in A2780WT, A2780WT cotreated with
DIDS, and A2780CisR control cells and following 14 h
Cisplatin exposure. Data represent 5 individual sets of
experiments, where ratios are given relative to the untreated WT cells ⫾ SE. * and § indicate that the Erkphosphorylation ratio is significantly increased in Cisplatin-treated cells when compared with the respective control cells; # indicates that the Erk-phosphorylation ratio
in cisplatin-treated A2780WT cells is significantly reduced by DIDS (ANOVA, Fisher LSD method).
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Fig. 5. Cotreatment with anion-channel blockers and transient knock-down of LRRC8A abolish Cisplatin-induced but not TNF␣ and Hyperosmotic-induced
Caspase-3 activation in wild-type A2780 cells. A2780WT and A2780CisR cell lysates were used for Caspase-3 activity assay using a commercial kit (see
EXPERIMENTAL PROCEDURES). A: A2780CisR cells were exposed to 10 M Cisplatin for 18 h and A2780WT cells were likewise treated with Cisplatin in the
absence or presence of 100 M NS3728 or 400 M DIDS. Data represent 6 – 8 (A2780WT) and 4 (A2780CisR) individual sets of experiments ⫾ SE. * and #:
Significantly increased by Cisplatin compared with the respective control and significantly reduced compared with Cisplatin treatment in the absence of the
inhibitor, respectively (ANOVA, Fisher LSD method). B: A2780WT were treated with either 25 nM scramble siRNA or LRRC8A siRNA for 30 h and
subsequently exposed to 10 M Cisplatin for another 18 h. Data represent 4 individual experiments ⫾ SE. * and #: Significantly increased by Cisplatin compared
with the respective control and significantly reduced compared with Cisplatin treatment in Scramble siRNA-treated cells (Student’s t-test). C: A2780CisR cells
were exposed to 20 nM TNF␣ for 18 h. A2780WT cells were likewise treated with TNF␣ in the absence or presence of 100 M NS3728 or 400 M DIDS.
Data represent 6 – 8 (WT) and 4 (CisR) individual experiments ⫾ SE. *Significantly increased compared with the respective control (ANOVA, Fisher LSD
method). D: A2780WT cells were exposed to isotonic or hypertonic NaCl for 4.5 h in the absence or presence of 100 M NS3728 or 400 M DIDS. Data
represent 3 individual experiments ⫾ SE. *Significantly increased compared with isotonic control (ANOVA, Fisher LSD method).

seen that interruption of the continued Cisplatin treatment indeed
restored 1) the LRRC8A expression, and 2) the Cisplatininduced expression of p53, Noxa and p21Waf1/Cip1 as well
Cisplatin sensitivity (seen as an increase in cleaved Caspase-9)
during the first 3– 6 wk. These data demonstrate that cessation
of prolonged Cisplatin treatment can restore Cisplatin-induced
signaling and sensitivity in A2780 cells.
Development of Cisplatin resistance in human alveolar
A549 cells involves reduced swelling-induced taurine efflux,
reduced LRRC8A expression in the plasma membrane and
abolished Caspase-9/-3 activation. As Cisplatin, Oxaliplatin,
and Carboplatin are commonly used to treat various types of
lung cancer, we wished to establish a Cisplatin-resistant variant
of the alveolar A549 adenocarcinoma cell line to test whether
development of resistance in this cell type similar to A2780
cells would involve an altered LRRC8A expression, VRAC/
VSOAC activity and intracellular signaling along the p53dependent cascade. Two Cisplatin-resistant A549 cell lines
(denoted A549CisR5 and A549CisR10) were developed in our
group by exposing A549WT cells to 5 M or 10 M Cisplatin

for 6 mo. To verify that A549CisR5 and A549CisR10 cell lines
are actually resistant to Cisplatin we used the Caspase-3
activity assay and cleavage of Caspase-9, as indicators of the
apoptotic progress. Figure 8A shows that exposure of A549WT
cells to 10 and 20 M Cisplatin for 24 h results in a 3.6 and
6.8-fold increase in Caspase-3 activation, respectively. However, exposing the A549CisR5 and A549CisR10 cells to the
same concentrations of Cisplatin did not cause any Caspase-3
activation, thereby confirming their Cisplatin-resistant nature.
Furthermore, Fig. 8B shows that exposure of A549CisR10 to
10 M Cisplatin does not lead to any increase in Caspase-9
cleavage, whereas exposure of A549WT to the same treatment
results in a 4-fold increase in Caspase-9 cleavage. From Fig. 8,
C and D, it is seen that A549CisR5 and A549CisR10 show a
decreased ability to activate VSOAC and release taurine in
response to hyposmolality, i.e., the maximal rate constant in
both A549CisR5 and A549CisR10 was reduced to 50% compared with the A549WT cells. To test whether VSOAC activity
in A549CisR5 and A549CisR10, similar to findings with the
Cisplatin-resistant human ovarian A2780, correlates with a
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Fig. 6. Cell viability of A2780 after Cisplatin treatment is determined by
LRRC8A. The cell viability in A2780WT and A2780CisR was measured by
MTT (see EXPERIMENTAL PROCEDURES). A: A2780CisR cells were exposed to
10 M Cisplatin for 48 h and A2780WT cells were likewise treated with
Cisplatin in the absence or presence of 400 M DIDS. Data represent 5
(A2780WT) and 3 (A2780CisR) individual sets of experiments ⫾ SE. * and #:
Significantly decreased by Cisplatin compared with the respective control and
significantly increased compared with Cisplatin treatment in the absence of the
inhibitor, respectively (Student’s t-test). B: A2780WT and A2780CisR were
transfected with either an empty vector or a vector carrying the LRRC8A
gene-information. Following 1 day transfection, half of the cells were treated
with 10 M Cisplatin and left for another 48 h before measuring the viability.
Data represent 6 (A2780WT) and 4 (A2780CisR) individual sets of experiments ⫾ SE. * and #: Significantly decreased by Cisplatin and vector
expression compared with the respective control, respectively (Student’s ttest). §Significantly reduced by LRRC8A expression compared with empty
vector expression (Student’s t-test).

decreased LRRC8A protein expression, we performed Western
blot analysis to compare LRRC8A protein expressions in
wild-type and resistant A549 cells. Figure 8E shows to our
surprise that the protein expression of LRRC8A is either
unaffected or even increased in the Cisplatin-resistant subtypes
compared with A549WT cells. However, similar to our findings with A2780 (Fig. 6B) we find cell death in A549WT,
induced by 48 h exposure to 10 M Cisplatin, is reduced, i.e.,
cell viability increased following transient knock-down of
LRRC8A (Fig. 8F). Assuming that reduction in the LRRC8A
expression/activity results in development of Cisplatin resistance, the increased LRRC8A expression in A549CisR10 cells
(Fig. 8E) could indicate that the reduced VSOAC activity in
the Cisplatin-resistant A549 cells is caused by less LRRC8A
being installed in the membrane, failing VSOAC activation, or
reduction in the coexpression of other essential VSOAC components (e.g., LRRC8D). To measure expression of LRRC8A
in the plasma membrane we isolated biotinylated cell surface
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proteins from A549WT and A549CisR10 cells and quantified
the amount of LRRC8A, Na⫹/K⫹-ATPase (positive plasma
membrane control/loading control), and Histone 3 (nuclear
control) in both whole cell lysate and purified samples. From
Fig. 9 it is seen that even though total LRRC8A expression in
A549CisR10 is unaltered or increased compared with
A549WT (Fig. 8E) significantly less LRRC8A is expressed in
the plasma membrane. Hence, the impaired Cisplatin-induced
Caspase-9 and -3 activation in A549CisR10 cells seems to
reflect impairment of LRRC8A protein expression in the membrane and the concomitant reduction in VSOAC activation.
Intracellular trafficking of LRRC8A was not investigated further.
Selective knock-down of LRRC8A abolishes Cisplatin-induced expression of p53, MDM2 and p21Waf1/Cip1 and reduces
p53 activation in alveolar A549 cells. From Fig. 10, A–C, it is
seen that 24 h exposure to Cisplatin leads to an increased p53
protein expression and Ser-15 phosphorylation as well as an
enhancement of its downstream signaling involving expression
of p21Waf1/Cip1, MDM2, Noxa, Bax, activation of the ATM
kinase, and Caspase-9 cleavage in alveolar A549WT cells. The
Cisplatin-induced p53 protein expression and downstream signaling are absent in the corresponding resistant subtype
A549CisR10, thus confirming its Cisplatin-resistant phenotype. It is noted that the basal-level of p21Waf1/Cip1, Noxa,
pATM and MDM2 seems higher in the resistant cells, in a way
which was unaffected by Cisplatin treatment (Fig. 10C). Several studies indicate that an increase in the expression of
antiapoptotic proteins, c-IAP1 and survivin, contribute to chemotherapy resistance (48, 51). Hence, this could explain why
cell lines with acquired resistance overcome an increased level
of proapoptotic proteins and proteins regulating cell cycle
progression. As we have previously shown that administration
of the pharmacological VRAC/VSOAC blockers induces Cisplatin resistance in A2780 cells (Fig. 3, A and C), and that
LRRC8A-mediated channel activity is found downregulated or
even absent in many Cisplatin-resistant cell lines including
A2780CisR, A549CisR and EATC-MDR (see Introduction),
we wondered whether knock-down of LRRC8A might directly
cause resistance in A549 cells. From Fig. 10A (Western blot)
and 10D (quantification) it is seen that transient knock-down of
LRRC8A significantly reduces p53, MDM2 and p21Waf1/Cip1
expression, as well as Caspase-9 activation (seen as reduced
cleavage) in A549WT cells. The protein expression of
LRRC8A, given as the LRRC8A/actin protein band ratio, was
in these experiments significantly reduced (P ⬍ 0.05) from
1.91 ⫾ 0.43 in A549WT cells treated with scramble siRNA to
0.21 ⫾ 0.09 in A549WT cells treated with LRRC8A siRNA for
48 h. The Ser-15 phosphorylation of p53 (Fig. 10D) and
Ser-166 phosphorylation of MDM2 (0.8 ⫾ 0.5 scrambled
siRNA; 1.0 ⫾ 0.6 LRRC8A siRNA; n ⫽ 3; values relative to
control) were not significantly affected. Thus, similar to the
findings with anion-channel blockers in A2780 cells, this
demonstrates that LRRC8A activity is not important for the
phosphorylation of p53, but is entirely essential for Cisplatininduced stabilization of p53 and its downstream signaling
involving increased expression of p21Waf1/Cip1.
Cisplatin-mediated DNA damage often leads to a rise in
p53 protein stability through ATR/ATM-mediated phosphorylation. We have tested the possibility that LRRC8A
directly regulates Cisplatin-induced Ser1981 phosphoryla-
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Fig. 7. The Cisplatin induced phenotype of A2780CisR is reversible. Continued Cisplatin treatment of A2780CisR was stopped by omission of Cisplatin from
the growth medium, and cellular characteristics (taurine influx, swelling induced taurine efflux, and response to Cisplatin treatment) in the progressing cell line,
designated A2780Rev, were determined 3 and 6 wk (3w/6w) after redraw of Cisplatin. A: cellular taurine influx (nmol·g protein⫺1·min⫺1) was determined under
isotonic conditions by tracer technique in A2780WT, resistant cells (CisR), and reversing (A2780 Rev) cells. Taurine influx (nmol·g protein⫺1·min⫺1) was
determined from the slope of time traces. Values for A2780CisR and A2780Rev cells (gray bars) are given relative to A2780WT cells (open bars) and represent
means of 3 sets of experiments. *Significantly increased compared with WT cells. B: fractional rate constant (min⫺1) for taurine release was determined and
plotted vs. time (min) under isosmotic and hyposmotic conditions. The maximal rate constant for taurine release was determined 6 min after hyposmotic exposure.
Data represent the mean maximal rate constants determined from 3 sets of experiments ⫾ SE. *Significantly reduced compared with control (Student’s t-test).
C–E: whole cell protein lysates for Western blot analysis were obtained from A2780WT, A2780CisR, and A2780Rev (after 3 and 6 wk) cells exposed to 10 M
Cisplatin for 24 h. Protein expression of LRRC8A, p53, p21, Noxa, Caspase-9, and Bax was determined using specific antibodies (see EXPERIMENTAL
PROCEDURES). ␤-Actin or Histone 3 were used as loading controls. C: representative Western blot. D: LRRC8A protein expression relative to ␤-actin in
A2780WT, A2780CisR, and A2780Rev (open bars) control cells and following 24 h Cisplatin exposure (black bars). Data represent 3–7 individual sets of
experiments, where ratios are given relative to the untreated WT cells ⫾ SE. * and #: Expression is significantly increased in Cisplatin-treated cell compared
with control cells and significantly reduced in Cisplatin-treated A2780CisR cells compared with Cisplatin-treated A2780WT cells, respectively (ANOVA, Fisher
LSD method); § indicates expression following cisplatin exposure is significantly increased in A2780 Rev compared with CisR (Student’s t-test). E: graph
represents the relative effect of Cisplatin (Cisplatin-treated/respective untreated control) on p53, p21, cleaved Caspase-9, and Noxa protein expression in
A2780WT, A2780CisR, and A2780Rev cells. Data represent mean of 3–7 individual experiments ⫾ SE. * and #: Expression is significantly increased in
Cisplatin-treated cell compared with control cells and significantly reduced in Cisplatin-treated A2780CisR cells compared with Cisplatin-treated A2780WT
cells, respectively (ANOVA, Fisher LSD method). § indicates expression following cisplatin exposure is significantly increased in A2780 Rev compared with
CisR (Student’s t-test).

tion of ATM, as the phosphorylation was found absent in
A549CisR10. From the Western blots shown in Fig. 10B it
is determined that LRRC8A knock-down does not affect
ATM protein expression (1.4 ⫾ 0.3 scrambled siRNA;
1.1 ⫾ 0.2 LRRC8A siRNA; n ⫽ 3; values relative to
control) nor ATM Ser1981 phosphorylation (3.5 ⫾ 0.5
scrambled siRNA; 3.5 ⫾ 1.4 LRRC8A siRNA; n ⫽ 3;
values relative to control). The absent Cisplatin-induced
ATM activation in A549CisR10 might reflect a reduced
Cisplatin uptake via, e.g., CTR1 or other resistance mechanisms (see Introduction), Hence, LRRC8A is most probably a downstream element to or completely independent of
the ATM kinase. This was not investigated further.

Selective knock-down of p53 reduces Cisplatin-induced
p21Waf1/Cip1 and Caspase 9 activation. It has previously been
shown that the apoptotic response of chemoresistant ovarian
cancer cells is significantly enhanced following reconstitution of
p53 (21). We have now investigated whether Cisplatin-induced
apoptosis and cell cycle arrest are both dependent on p53. Comparing p53 siRNA transfected A2780WT cells with scramble
siRNA transfected cells we find in two independent experiments
that p53 silencing reduces the increase in p53 and p21Waf1/Cip1
protein expression and Caspase 9 activity following 24 h exposure
to Cisplatin (10 M) from 56- to 4-fold (p53), 24- to 12-fold
(p21Waf1/Cip1), and 29- to 4-fold (Caspase 9). Similarly, we find in
4 experiments that p53 silencing in A549 cells reduces pp53 and
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Fig. 8. Acquired Cisplatin resistance in human lung A549 cells involves reduction in swelling-induced taurine efflux, increased or unaltered expression
of LRRC8A, and abolished Caspase-3/-9 activation. The Cisplatin-resistant A549 cells (A549CisR5 and A549CisR10) were developed by exposing
A549WT cells to 5 or 10 M of Cisplatin, respectively, for a period of 6 mo. To maintain the Cisplatin-resistant phenotype, A549CisR5 and A549CisR10
cells were continuously treated with either 5 M (A549CisR5) or 10 M (A549CisR10) Cisplatin once a week. A: lysates from A549WT, CisR5, and
CisR10 cells exposed to increasing concentrations of Cisplatin (0, 10, and 20 M, 24 h) were used for selective analysis of Caspase-3 activities. Data
represent 3 individual experiments ⫾ SE. * and #: Significantly increased by Cisplatin compared with the respective control and significantly reduced
compared with Cisplatin treatment in A549WT cells, respectively (ANOVA, Fisher LSD method). B: cleavage of Caspase-9 was determined by Western
blot analysis using a specific human antibody against Caspase-9. The Western blot (see Fig. 10) was quantified and illustrated in a bar graph. The effect
of Cisplatin treatment (gray bar, 10 M, 24 h) was set relative to its respective untreated control (open bar). Data represent mean of 4 individual experiment
⫾ SE. * and #: Expression is significantly increased in Cisplatin-treated cell compared with control cells and significantly reduced in Cisplatin-treated
A549CisR10 cells compared with Cisplatin-treated A549WT cells, respectively (ANOVA, Fisher LSD method). C: A549WT (Œ) and A549CisR5 () cells were
loaded before the experiments with [3H]taurine, washed, and exposed to isosmotic NaCl medium (320 mOsM) for 10 min and subsequently to hyposmotic
medium (200 mOsM) for 20 min (arrow indicates shift in tonicity). Samples were taken every 2 min. The fractional rate constant (min⫺1) for taurine release
was determined and plotted vs. time (min). Data represent the mean of 11 sets of experiments. D: bar graph represents the maximal rate constant for taurine release
in A549WT, CisR5 and CisR10 determined 6 min after hyposmotic exposure (see A). Values are given relative to A549WT control and represent the mean of
11 (CisR5) and 5 (CisR10) sets of experiments ⫾ SE. *Significantly reduced compared with A549WT cells (Student’s t-test). E: quantification of whole cell
LRRC8A protein levels in A549WT, CisR5, and CisR10 cells determined by Western blot analysis using a monoclonal antibody against human LRRC8A. The
LRRC8A expression levels were normalized to ␤-actin and the ratio given relative to A549WT. Data represent 5 (CisR5) and 10 (CisR10) sets of experiments
⫾ SE. *Significantly increased compared with A549WT cells (Student’s t-test). F: effect of LRRC8A knock-down on cell viability after Cisplatin treatment was
determined by MTT (see EXPERIMENTAL PROCEDURES). A549WT and CisR10 were transfected with either scramble or LRRC8A siRNA; following 1 day
transfection, half of the cells were treated with 10 M Cisplatin and left for another 48 h before measuring cell viability. Data represent 5 individual sets of
experiments ⫾ SE. * and #: Significantly decreased by Cisplatin compared with the respective control and significantly increased compared with Cisplatin
treatment in scramble siRNA transfected cells, respectively (ANOVA, Fisher LSD method).

p21Waf1/Cip1 protein expression and Caspase 9 activity following
Cisplatin exposure, significantly from 67 ⫾ 15- to 13 ⫾ 2-fold
(pp53), 5 ⫾ 1- to 1.7 ⫾ 0.4-fold (p21Waf1/Cip1), and 7.0 ⫾ 1.6- to
2.9 ⫾ 0.5-fold (Caspase 9) (Fig. 11). Hence, Cisplatin-induced
cell cycle arrest and apoptosis in wild-type A2780 and A549 cells
are p53 dependent.
DISCUSSION

Development of drug resistance is a continuing issue in
chemotherapeutic treatment. As indicated in the introduction,

the mechanism of platinum (II) resistance involves direct
changes in drug transport systems resulting in a reduced
intracellular drug accumulation, an enhanced drug detoxification and damage tolerance, as well as changes in the apoptotic
signal transduction pathways (12, 24, 25, 32, 46). During the
past 15 years, it has however turned out that a hallmark in
apoptosis is isosmotic cell shrinkage, a process that is termed
apoptotic volume decrease (AVD) (29, 37).
The involvement of ion channels and transporters has been
associated with cancer progression and development of che-
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Fig. 9. LRRC8A expression in the plasma membrane of wild-type and
cisplatin-resistant A549 cells. Proteins exposed to the extracellular compartment in A549WT and A549CisR10 cells were biotinylated, cells lysed, and
biotinylated proteins extracted and identified by Western blot as indicated in
EXPERIMENTAL PROCEDURES. A: representative blots where histone (H3) was
used to verify the absence of intact cells in the preparation and Na⫹/K⫹ATPase was used as loading control. B: protein ratio of LRRC8A/Na⫹/K⫹ATPase was calculated and given relative to the ratio in A549WT cells. Values
are mean of 3 sets of separate experiments. *Significantly reduced compared
with A549WT (Student’s t-test).

motherapeutic resistance for a long time. Back in 1992,
Gollapudi and coworkers (13) recognized an abnormal chloride
conductance in a multidrug-resistant human promyelogenous
HL60/AR leukemia cell line. The baseline Cl⫺ currents (⫹100
mV) were consistently lower in HL60/AR compared with the
drug-sensitive HL60 parental cells. Furthermore, blocking Cl⫺
channel activity in drug-sensitive HL60 cells with DIDS resulted in deceased intracellular accumulation of the chemotherapeutic drug daunorubicin and increased drug resistance, thus
pointing to the role of VRAC/VSOAC in development of
MDR.
In multidrug-resistant Ehrlich ascites tumor cells (MDREATC), it has likewise been demonstrated that acquired drug
resistance involves a reduced activity of VRAC/VSOAC mediating the volume-sensitive Cl⫺ currents and efflux of amino
acids, e.g., taurine (37, 38). Administration of the pharmacological VRAC/VSOAC inhibitors, e.g., DIDS/NS3728 and the
TASK-2 cation channel blocker clofilium, have been shown to
reduce Cisplatin-induced cell shrinkage (AVD1) as well as
both Cisplatin- and anoxia-induced Caspase-3 activation in
drug-sensitive EATC-WT and A549WT (19, 37). In accordance, we find that both VRAC/VSOAC blockage (NS3728
and DIDS) and transient knock-down of LRRC8A reduces the
Cisplatin-induced Caspase-3 activation and increases cell viability in A2780WT to the same level as observed in
A2780CisR (Figs. 5 and 6).
As described previously, one of the major players in Cisplatin-induced apoptosis is the transcription factor p53. We find
that p53 siRNA transfection reduces Cisplatin-induced

Caspase-9 activation indicating that Cisplatin-induced apoptosis in both WT A2780 and A549 cells is p53-dependent.
Genome sequencing has revealed that over 50% of all human
malignancies exhibit p53 point mutations located in the DBD
region (35). Many of these mutations lead to its miss-folding,
decreased DNA binding capability, and even a gain-of-function of p53. In many other tumor cells p53, although it was
intact, was found to be inactive due to an enhanced degradation
and less activation. Acquired p53 inactivation or gain-offunctions mutations are often associated with aggressive tumor
growth, development of chemotherapeutic resistance, and poor
survival prognosis (35). Compton and coworkers (7) have in
addition demonstrated that mitochondrial dysfunction seems to
protect cells from ␥IR-induced cell death by repression of p53
activity. Recent studies clearly identify that acute hyperosmotic stress leads to a biphasic stabilization and activation of
the transcription factor p53 in mouse NIH3T3 fibroblasts,
supposedly through Ser-15 phosphorylation by the serine/
threonine kinase ATM and the p38 MAP kinase (27). This
could indicate that LRRC8A is a mitochondrial protein, i.e.,
that lack of LRRC8A in the mitochondrial membrane leads to
mitochondrial dysfunction and repression of p53 activity.
LRRC8A is highly expressed in the plasma membrane (50) and
we therefore assume that cell shrinkage regulates p53 either
independently of the mitochondria or that shift in cell volume
contributes to mitochondrial dysfunction and hence p53 regulation. In our studies, we clearly demonstrate that the VRAC/
VSOAC compound LRRC8A is essential for Cisplatin-induced
increase in p53, MDM2, and p21Waf1/Cip1 protein level as well
as Caspase-9 and -3 activation in both human ovarian A2780
and alveolar A549 cells. In contrast, LRRC8A inhibition had
no effect on hyperosmotic stress-induced Caspase-3 activity
and only a slight effect on TNF␣-induced Caspase-3 activation
in A2780, thus indicating that LRRC8A acts upstream to
shrinkage-induced and to TNF␣-induced apoptosis. We furthermore find that transient expression of LRRC8A in
A2780CisR reestablishes the sensitivity toward Cisplatin (Fig.
6) and that cessation of a prolonged Cisplatin treatment, which
is used to maintain resistance in vitro, reverses the Cisplatinresistant phenotype and restore Cisplatin sensitivity. This confirms that the acquired Cisplatin resistance in A2780 cells is a
reversible condition. In drug-sensitive human K562 erythroleukemia cells and RK562 cells, which are doxorubicin resistant and express P-glycoprotein and multidrug resistance proteins (MDR1 and MRP1), Xu and colleagues (54) have reported that administration of the board-spectrum anion-channel
blocker 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB)
significantly blocks Cisplatin-induced activity and apoptosis in
both K562 and RK562 cells. Moreover, they found that NPPB
reduced the Cisplatin-induced protein expression of Bax/Bcl2,
cytochrome c and Caspase-3, thus supporting that LRRC8Amediated VRAC/VSOAC channel activity is important for
Cisplatin cytotoxicity and the intrinsic apoptotic pathway. A
schematic representation of the intrinsic apoptotic pathways
and the involvement of LRRC8A is given in Fig. 12. It is seen
that LRRC8A is essential for the AVD response which is an
initial step in the intrinsic pathway. Xu and colleagues (54)
also show that Cisplatin treatment reduces the mRNA accumulation of cyclin D1 and the chloride channel 3 (ClC-3) in
both K562 and RK562 cells in a way avoided by cotreatment
with NPPB. The same group (47) later reported that ClC-3 is
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an anti-apoptotic channel, as selective knock-down of ClC-3
expression caused inhibition of Akt and autophagy, and enhanced Cisplatin toxicity in human malignant U251 glioma cell
line. Thus not all anion channels are considered to be proapoptotic like VRAC/VSOAC.
We have previously demonstrated that acute exposure of
Cisplatin-sensitive A2780 cells to 5 and 10 M Cisplatin for
18 h results in a marked increase in LRRC8A protein content,
whereas the same treatment had no effect on the LRRC8A
protein expression in A2780CisR (44). Similar to this, studies
by Planells-Cases and coworkers (36) indicate that Cisplatininduced taurine release is abolished in LRRC8A knock-out
HEK cells, and they define LRRC8A and LRRC8D as essential
for both swelling-induced taurine release as well as develop-
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ment of drug resistance. As indicated in the Introduction,
sequence analysis revealed that the LRRC8 family are considered to originate from a common ancestor and to be closely
related to pannexins. Pannexins, like the LRRC8 membranespanning proteins, form hexameric channels and are known to
be involved in leakage of Ca2⫹ from the ER and ATPdependent cell death (1). As an example, Pannexin 1 channels
mediate “find-me” signals (e.g., ATP release) and increase
membrane permeability during Fas-receptor stimulated apoptosis (6). The pannexin family is structurally related to connexins, which also form hexameric complexes known as connexons or connexin hemichannels. These comprise gap junctions that connect the cytosol of neighboring cells, thus
allowing bidirectional flow of ions and signaling molecules
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Fig. 10. Selective knock-down of LRRC8A
abolishes Cisplatin-induced p53, MDM2, and
p21Waf1/Cip1 expression and reduces Caspase-9
cleavage in wild-type A549 cells. Western blot
analysis of whole cell protein lysates obtained
from A549WT, A549CisR10 cells and
A549WT cells treated with scramble or
LRRC8A siRNA exposed to Cisplatin for 24 h.
Protein expression of LRRC8A, p53, p-p53
(Ser15), p21, MDM2, p-MDM2 (Ser166),
Noxa, Caspase-9 and Bax, as well as ATM and
p-ATM (Ser1981) was determined using specific antibodies (see EXPERIMENTAL PROCEDURES) and ␤-actin, histone-3, or ␣-tubulin
served as loading controls (only one is shown).
A and B: representative Western blots. C: p53,
pp53, p21, Noxa, p-ATM, and MDM2 protein
expression relative to their loading controls in
A549WT and A549CisR10 (open bars) and
following 24 h Cisplatin exposure (black bars).
Data represent 3 to 6 individual sets of experiments where ratios are given relative to the
untreated WT cells ⫾ SE. * and #: Expression
is significantly increased in Cisplatin-treated
cells compared with respective control cells
and significantly reduced in Cisplatin-treated
A549CisR10 cells compared with Cisplatintreated A549WT cells, respectively (ANOVA,
Fisher LSD method). D: relative protein expression of p53, pp53, p21, Noca, cleaved
Caspase-9, and MDM2 in A549WT cell treated
with either scramble or LRRC8A siRNA alone
(open bars) or in combination with 10 M
Cisplatin (black bars) for 24 h. Data represent
3– 6 individual sets of experiments where ratios
are given relative to the untreated WT cells ⫾
SE. * and #: Expression is significantly increased by Cisplatin cell compared with respective control cells and significantly reduced in
Cisplatin-treated LRRC8A siRNA cells compared with Scramble siRNA cells, respectively
(ANOVA, Fisher LSD method).
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such as amino acids and nucleotides (2). Interestingly, like for
LRRC8A, connexin 43 (Cx43) protein expressions are report
to be downregulated in Cisplatin-resistant lung A549/DDP
cancer cells compared with Cisplatin-sensitive A549 cells (56).
In addition, overexpression of Cx43 enhanced Cisplatin cytotoxicity in mesothelioma H28 cells (41). The A549/CDDP
cells were found to acquire an epithelial-mesenchymal transition (EMT) phenotype, with morphological changes including
acquirement of a spindle-like fibroblastic phenotype, downregulation of E-cadherin, upregulation of mesenchymal mark-
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is p53 dependent. Western blot analysis of whole cell protein
lysates obtained from A549WT cells treated with scramble
siRNA or p53 siRNA. Protein expression of pp53 (Ser15),
p21, Caspase-9 and ␤-Actin/Histone-3 (loading controls) was
determined by Western blotting in 4 sets of experiments in
cells treated with scramble siRNA or p53 siRNA (48 h) in the
presence/absence of Cisplatin treatment (last 24 h, 10 M).
Protein of interest was quantified relative to the loading
control, and the Cisplatin-induced increase in protein expression is presented as the protein expression ratio between
cisplatin-treated cells and nontreated cells. Data represent
mean ratios ⫾ SE from 4 individual sets of experiments.
*Expression is significantly reduced by p53 siRNA treatment
(Students t-test).

CELL CYCLE
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Fig. 12. Role of LRRC8A in cell signaling to apoptosis/cell cycle arrest via the
intrinsic, volume sensory, and extrinsic apoptotic pathway. Induction of
apoptosis and cell cycle arrest via the intrinsic cell death pathway is generally
elicited by cellular stress as DNA damage (adducts and cross-links). Induction
of apoptosis by Cisplatin involves activation of the kinases ATM/ATR (not
shown) and activation/increased protein expression of LRRC8A. The dashed
line between DNA damage and LRRC8A activation indicates that the precise
signaling event is unknown. Activation of LRRC8A causes cell shrinkage
(apoptotic volume decrease), which directly signals to the transcription factor
p53. Increased stability and activation of p53 increase the gene expression of
both p21 and Bax. Increased expression of p21 leads to G1/S and G2/M cell
cycle-arrest through blockage of cyclin-dependent kinase 1 and 2 (CDK-1 and
-2), and increased expression of Bax leads to increased mitochondrial outermembrane permeabilization, cytochrome c release, activation of Caspase-9,
and thus activation of executer caspases (e.g., Caspase-3 and -7).

ers (e.g., vimentin, Snail and Slug), and increased capability of
migration and invasion (56). Yu and coworkers (56) found that
overexpression of Cx43 reversed EMT and Cisplatin resistance
in the A549/CDDP cells. Mesenchymal integrins are often
highly overexpressed in tumor cells (9), and we have previously suggested that the Cisplatin-resistant phenotype in Ehrlich ascites Lettré cells is acquired through changes in members of the integrin family, involving upregulation of integrins
often seen in mesenchymal cells (43). Inhibition of Cx43 with
the gap-junction inhibitor ␣GA leads to enhanced drug resistance in a resistant version of the A2780 cells (ACRP) (31).
Paradoxically, Li and coworkers (31) also find that the protein
expression of Cx43 is markedly upregulated in ACRP compared with A2780. In our Cisplatin-resistant A549 cells, we
find that even though the total LRRC8A protein expression is
elevated compared with A549WT, the amount of LRRC8A in
their plasma membrane is significantly reduced which could
explain the concomitant 50% reduction in VRAC/VSOAC
activity. This indicates that changes in the overall protein
contents of certain genes do not necessarily equalize to the
same alteration in activity.
In conclusion, we have shown that the VRAC/VSOAC
component LRRC8A is an essential regulator of Cisplatininduced p53 protein activity and its downstream signaling
involving increased expression of p21Waf1/Cip1 and MDM2, as
well as activation of Caspase-9 and -3. Our data clearly
illustrate that downregulation/reduced translocation to the
plasma membrane and activation of LRRC8A contribute to
development of resistance against Cisplatin-induced apoptosis
in ovarian and lung carcinoma cells. Activation of LRRC8A
containing channels is upstream to apoptotic volume decrease
as hypertonic cell shrinkage induces apoptosis independent of
the presence of LRRC8A.
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a b s t r a c t
Acquired resistance to chemotherapeutic drugs in cancer cells can reﬂect an ability to limit cellular drug
availability, to repair drug induced DNA damage, and to limit initiation/progression of cell death (apoptosis).
The leucine-rich-repeat-containing 8A (LRRC8A) protein is an essential component of volume sensitive channels
for organic osmolytes (VSOAC) and volume regulated anion channels (VRAC), which are activated during the apoptotic process. Here we illustrate that cisplatin resistance in human ovarian cancer cells (A2780) correlates with
a reduced expression of LRRC8A and copper transporter receptor 1 (CTR1), as well as a concomitant increased
expression of copper-transporting P-type ATPases (ATP7A/ATP7B). We also ﬁnd that cisplatin (Pt) accumulation
correlates with LRRC8A protein expression and channel activity, i.e., the cellular Pt content is high when VSOAC is
activated by depolarization of the plasma membrane or hypoosmotic cell swelling, and reduced when channel
activity/LRRC8A expression is reduced by genetically silencing/pharmacological inhibition, or the cells have
acquired a resistant phenotype with low LRRC8A protein expression. It is suggested that reduced LRRC8A
expression in cisplatin-resistant A2780 cells ensures cell survival through limitation in cisplatin accumulation
and a concomitant reduction in osmolytes loss via VSOAC/VRAC and hence instigation of the apoptotic process.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
The origin of metal-based anti-cancer therapy was initiated by
Rosenberg's discovery of cisplatins cancer cell toxicity in 1965 [45],
and today cisplatin is used for treatment of testicular, ovarian, and
bladder cancer, melanoma, non-small cell lung cancer, small cell lung
cancer, lymphomas, and myelomas [65]. Development of resistance

Abbreviations: A2780WT, drug-sensitive human ovarian cancer cells; A2780CisR, cisplatin resistant A2780 cells; ABC, ATP-binding cassette; Ano6, Anoctamin 6; Apaf-1, apoptotic protease activating factor 1; Atox1, Antioxidant 1 copper chaperone; AP, alkaline
phosphatase; ATP7A/ATP7B, copper-transporting P-type ATPases; AVD, apoptotic volume
decrease; BCIP, 5-bromo-4-chloro-3-indolyl-phosphate; CTR, copper transport receptor;
DIDS, 4,4′-Diisothiocyanatostilbene-2,2′-disulfonic acid disodium salt hydrate; ELA, Ehrlich
Lettré ascites; EATC, Ehrlich ascites tumor cells; EDTA, Ethylenediaminetetraacetic acid;
FBS, fetal bovine serum; GSH, glutathione; HEPES, N-2-hydroxyethyl piperazine-N′-2ethanesulfonic acid; HICCs, Hypertonicity-induced cation channels; LRRC8, leucine-rich-repeat-containing 8; MATE, multidrug and toxin extrusion transporter; MRP, Multidrug
resistance-associated protein; mTOR, mammalian target of rapamycin; NHE1, Na+/H+ exchanger 1; NKCC, Na+/K+ 2Cl− co-transporter; NMDG, N-methyl-D-glucamine; OCT, organic
cation transporter; PBS, phosphate-buffered saline; PS, phosphatidylserine; PUMA, p53upregulated modulator of apoptosis; ROS, reactive oxygen species; RPMI, Roswell Park
Memorial Institute; TauT, taurine transporter; TBST, Tris-Buffered Saline and Tween 20;
SDS, sodium dodecyl sulfate; VRAC, volume regulated anion channel; VSOAC, volume sensitive organic anion channel.
⁎ Corresponding author at: University of Copenhagen, Department of Biology, The
August Krogh building, Universitetsparken 13, 2100 Copenhagen Ø, Denmark.
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along with severe side-effects such as nephrotoxicity, ototoxicity, and
peripheral neurotoxicity [5], however restrains the success of cisplatin.
In the search of safer compounds, carboplatin and oxaliplatin were
introduced in the clinic in the mid-1980 and after 2000 [3]. Platinum
(II) forms square-planar complexes and cisplatin, carboplatin and
oxaliplatin differ with respect to their coordinating groups. In the case
of carboplatin, alteration of the chloride groups conferred a mechanism
of action similar to that of cisplatin and hence a cytotoxic activity against
the same types of cancers [8]. However, as the potency of carboplatin is
reduced compared to cisplatin, fewer and less severe side effects are
expected following treatments with carboplatin [14,65]. For oxaliplatin,
a combination of altered leaving groups and replacement of the amine
groups by a diaminocyclohexane moiety were introduced, leading to
activity against cancer types not targeted by cisplatin and carboplatin,
including some cisplatin-resistant cancers [14,65].
Cisplatin is administrated intravenously to the cancer patient and
once circulating in the bloodstream cisplatin is taken up by cells. Fig. 1
indicates transporters involved in cellular cisplatin uptake/release,
cellular cisplatin targets (thiol-containing biomolecules) as well as
pro-apoptotic transporters for organic osmolytes (VSOAC: volume
sensitive organic anion channel) and anions (VRAC: volume regulated
anion conductance), which are activated within hours following cisplatin exposure and instigate loss of cellular osmolytes/cell water and hence
cell death by apoptosis in cisplatin sensitive cancer cells. The copper
(Cu) transport receptors CTR1/CTR2 and the organic cation transporters
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Fig. 1. Cisplatin accumulation, cellular cisplatin targets and cisplatin sensitive transporters for ions and organic osmolytes that mediate cisplatin resistance. Cisplatin resistance can be
obtained through (i) limitation of cisplatin accumulation and/or increased cisplatin export via copper transport receptors (CTR1, CTR2), copper-transporting P-type ATPases (ATP7A,
ATP7B), ATP-binding cassette (ABC) transporters (MRP1, MRP2), organic cation transporters (OCT1, OCT2, OCT3), multidrug and toxin extrusion family members (MATE1, MATE2,
MATE3) as well as LRRC8A protein containing transporters, (ii) increased capacity to repair DNA and ROS damage, (iii) intracellular cisplatin sequestration, i.e., formation of cisplatin
bonds with glutathione and amino acids (cysteine, methionine, histidine, tyrosine), and (iv) limitation in loss of osmolytes via pro-apoptotic channels for ions (VRAC)/amino acids
(VSOAC) containing LRRC8A protein component plus other members of the LRRC8 family.

OCT1–3 are believed to facilitate cisplatin uptake, whereas the ATPdependent Cu+-transporting P-type ATPases (ATP7A/ATP7B), the
glutathione-dependent, ATP-binding-cassette (ABC) transporters
(MRP1/MRP2), and multidrug and toxin extrusion transporters
(MATE1–3) are involved in cisplatin extrusion /release [3]. In addition,
recent studies indicate that transporters containing leucine rich repeat
containing 8 (LRRC8) proteins mediate cisplatin/carboplatin uptake
[40]. Down-regulation of CTR1 signiﬁcantly reduces cellular accumulation of cisplatin pointing to the importance of transport through CTR1
for the efﬁcacy of cisplatin [21]. CTR2 is similar to CTR1, but expressed
primarily in endosomes and lysosomes [16]. As knockdown of CTR2
increases cisplatin accumulation and endocytosis, Blair and coworkers
suggested controlled knockdown of CTR2 as a potential strategy for
overcoming resistance and improving the efﬁcacy of cisplatin [1]. The
two ATPases ATP7A and ATP7B are recognized as Cu exporting proteins,
but also shown to play an important role in the cellular sensitivity and
resistance to platinum drugs, as they mediate increased efﬂux and/or
sequestration of the drug in sub-cellular compartments [16,22,46,47,
49,68]. Atox1 (antioxidant 1) is a cytosolic Cu+ chaperone protein,
which delivers Cu+ ions to ATP7A/ATP7B. As for Atox1, cisplatin binds
to ATP7A/ATP7B at CxxC motifs [46,47]. Loss of Atox1 reduces both
cellular cisplatin accumulation and DNA-binding [38,48]. OCT1–3 are
highly expressed in liver and kidney cells and their cisplatin interaction
has drawn special attention as this interaction might be linked to the
development of nephrotoxicity [35]. In humans, especially OCT2 has
been shown to interact with cisplatin [6] and it has been suggested
that treatment with competitive inhibitors of OCT (cimetidine or
tetraethyl ammonium) could prevent cisplatin-induced side effects via
a reduction of platinum levels in the liver and kidney [16,53]. Two
MATE transporters have been identiﬁed in humans, MATE1 and
MATE2 and their primary function is H+/organic cation exchange across
cell membranes. As MATE1 and MATE2 are highly expressed in the
kidney, their function might be linked to the nephrotoxicity of cisplatin
and other platinum-based drugs [5,16]. MATEs prefer transport of

oxaliplatin over cisplatin [67], and higher efﬂux is achieved for
oxaliplatin, this could be the reason for the low oxaliplatin nephrotoxicity [16]. Multidrug resistance-associated proteins (MRP1/MRP2), belong to the ATP-binding cassette multidrug transporters and in MadinDarby canine kidney cells, expressing either MRP1 or MRP2, it has
been found that cisplatin might be transported by both MRP1 and
MRP2 [66], and an association between MRP2 and cisplatin resistance
has been suggested [4].
Once accumulated in the cytosol cisplatin is hydrolyzed. This enables
cisplatin to form complexes with proteins containing methionine,
cysteine, histidine or tyrosine residues, the tripeptide glutathione as
well as purine bases (adenine/guanine) in nuclear and presumably
mitochondrial DNA [39]. The most well described action of cisplatin is
its capacity to cause DNA adducts. If limited, the DNA adducts are
recognized and carefully repaired by several repair-systems normally
operating within the cell during temporary cell cycle arrest [10]. If not
repaired, DNA adducts may cause transcription of genes involved in
cell cycle progression and cell death, e.g., genes coding for the cyclindependent kinase inhibitor p21Waf1/Cip1 and the p53-upregulated modulator of apoptosis (PUMA). p21Waf1/Cip1 inhibits the cyclin-dependent
kinase 1 and 2 leading to G1/S and G2/M cell cycle-arrest, whereas
PUMA prevents the interaction between pro- and anti-apoptotic proteins and thereby enables the formation of mitochondrial permeability
transition pores. The latter instigates release of cytochrome c, formation
of the apoptosome (cytochrome c, apoptotic protease activating factor 1
(Apaf-1), caspase-9) and hence activation of the executer caspases
(caspase-3, -6, -7), which sequentially cause DNA fragmentation, cell
shrinkage and formation of apoptotic bodies [17]. Besides formation of
DNA adducts, cisplatin can induce cell death independent of DNA
damage through the formation of reactive oxygen species (ROS) and
interaction with the glutathione (GSH/GSSG) redox system [2].
Activation of volume sensitive transporters for organic osmolytes
(VSOAC), anions (VRAC) and cations has previously been demonstrated
to instigate the apoptotic process and we have in the case of the mouse
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Ehrlich ascites tumor cells demonstrated that cisplatin resistance reﬂects reduced VSOAC and VRAC activity and that a cisplatin resistant
phenotype, in otherwise cisplatin sensitive cells, can be obtained by
inhibition of volume sensitive ion transporters [41]. LRRC8A, which is
a member of the leucine rich repeat containing 8 protein family, is
essential for VSOAC/VRAC activities [42,64]. We have previously
shown that cisplatin within 18 h induces a signiﬁcant increase in the
expression of LRRC8A and cell death in drug-sensitive human ovarian
cancer (A2780WT) cells and that LRRC8A expression and VSOAC
activity is almost absent in cisplatin resistant A2780 (A2780CisR) cells
[51]. To test whether shift in LRRC8A-expression, i.e., VSOAC and
VRAC activities could affect cisplatin accumulation in A2780 cells, we
have measured the cellular platinum accumulation in A2780WT cells
under conditions with varying VSOAC activities, i.e., under (i) control
conditions, (ii) following depolarization of the plasma membrane and
osmotic cell swelling, where VSOAC activity is known to be signiﬁcantly
increased [1], (iii) following transient LRRC8A knock-down (siRNA),
and (iv) in A2780CisR cells.
2. Materials and methods
2.1. Chemicals
Penicillin/streptomycin, Roswell Park Memorial Institute (RPMI)
1640 medium, fetal bovine serum (FBS), L-glutamine, trypsin and
EDTA were purchased from Sigma Aldrich (St. Louis, MO, USA).
3
H-taurine was from (PerkinElmer, Boston, MA, USA). Antibodies were
purchased from Sigma-Aldrich, Cell Signaling, Abcam, Santa Cruz
Biotechnology or Thermo Scientiﬁc. When not otherwise stated all
chemicals were purchased from Sigma-Aldrich.
2.2. Inorganic solutions
Phosphate-buffered saline (PBS) contained 137 mM NaCl, 2.6 mM
KCl, 6.5 mM Na2HPO4, and 1.5 mM KH2PO4. Isotonic NaCl solution
(300 mOsm) contained 143 mM NaCl, 5 mM KCl, 1 mM Na2HPO4,
1 mM CaCl2, 1 mM MgSO4, and 10 mM N-2-hydroxyethyl piperazineN′-2-ethanesulfonic acid (HEPES). Isotonic, Na+-free, N-methyl-Dglucamine-Cl solution and Na+-free, KCl solution were prepared as
the isotonic NaCl solution with NMDGCl and KCl being substituted for
NaCl in equimolar amounts. Hypotonic NaCl solution was prepared by
reducing the NaCl concentration to 92.5 mM (200 mOsm) without
changing the concentration of the other components. pH in all solutions
was adjusted to 7.4.
2.3. Cell cultures
Humane ovarian A2780 (wildtype A2780WT; cisplatin resistant
A2780CisR) and mouse Ehrlich Lettré ascites cells (EATC) were grown
in 75 cm2 culture ﬂasks (CellStar, Grenier Bio, Germany) using RPMI
1640 growth medium containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. The medium for A2780 cells was supplemented with 2 mM L-glutamine. Hypotonic growth medium was prepared
by mixing RPMI with HEPES-buffered water (ratio 6:4), where the latter
contained 5 mM HEPES, 10% FBS plus antibiotics. All cells lines were
kept at 37°C/5% CO2/100% humidity and split every 3–4 days using
0.25% trypsin/EDTA in PBS to detach the cells. A2780CisR cell were
treated with 1 μM Cisplatin between every third passages to maintain
its resistance phenotype. Transient LRRC8A knock-down in A2780 was
carried out using two cell setups: (i) MISSION® Universal Negative Control siRNA (Sigma Aldrich) to create a baseline for knock-down efﬁciency and (ii) a pool of four LRRC8A siRNA (SMARTpool: ON-TARGETplus,
GE Healthcare, Dharmacon) [64]. Cells, grown to 40–50% conﬂuence,
were transfected with 25 nM siRNAs using DharmaFECT-1 Transfection
Reagent (Thermo Scientiﬁc). The medium was replaced by transfection
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reagent-free medium after 24 h incubation, left for another 24 h before
initiation of the experiments.
2.4. Taurine efﬂux – estimation of the fractional rate constant
Taurine release was determined by tracer technique as described
previously [23]. Brieﬂy, A2780 cells, grown to 80% conﬂuence in 6well polyethylene dishes (9.6 cm2 per well), were loaded for 2 h with
1 ml growth medium containing 3H-taurine (37,000 Bq/well), before
excess extracellular 3H-taurine and cellular debris were moved by 3
times aspiration/re-addition of medium. Loaded cells were left with
1 ml medium for 2 min after the ﬁnal wash, where after the release experiment was initiated by transfer of the entire extracellular medium to
a scintillation vial and its rapid substitution by 1 ml fresh medium,
i.e., isotonic NaCl medium in the time frame 0..12 min and hypotonic
medium in the time frame 12..30 min. At time 30 min the cells were
lysed by addition of 1 ml NaOH (0.5 mM), left for 1 h, where after cell
lysates from each well plus two wash outs (dd H2O) were transferred
to vials. The total pool of 3H-taurine in the cell system/well was
determined by β-scintillation counting (ParkardTM Ultima Gold,
PerkinElmer; Perkin Elmer scintillation counter, Waltham, MA) as the
sum of 3H-activity in all efﬂux samples, the NaOH lysate plus two well
wash outs. Taurine under the present experimental conditions follows
a mono-exponential equation. The natural logarithm to the fraction of
3
H-labelled taurine remaining in the cells at a given time was plotted
versus time (see Fig. 3A) and the fractional taurine release rate constant
(k, min−1) was calculated from the ln plot as the slope between to time
point, i.e., [ln(X1) − ln(X2)] / (t1 − t2), where X1 and X2 are the fraction
remaining in the cell at time t1 and t2, respectively. The fractional taurine rate constants were plotted versus time (Fig. 3B) and the maximal
fractional rate constant for taurine release obtained under hypotonic
conditions was taken as an indicator for the activity of the volume
sensitive taurine release pathway [23].
2.5. Western blotting
Protein expression was determined by polyacrylamide-gel-electrophoresis (SDS-PAGE) and western blotting. Proteins were extracted
from cell lysates obtained from cells grown to 80–90% conﬂuence and
washed once in ice cold PBS before cell lysis in lysis buffer containing
1% SDS, 150 mM NaCl, 20 mM HEPES, 1 mM EDTA, 0.5% Triton X-100,
10% Glycerol, 1 mM Na3VO4 and 1% protease inhibitor cocktail. Lysates
were brieﬂy sonicated before centrifugation (5 min, 5 °C, 20,000 rpm)
to precipitate insoluble cell material. The protein content in the supernatant was determined by a Bio-Rad DC protein assay (Bio-Rad, Hercules, California, USA) and adjusted with ddH2O to 20–40 μg per loading
before mix with NuPAGE sample buffer, containing the reducing agent
dithiothreitol (DTT). SDS-PAGE gel electrophoresis was performed in
NOVEX chambers using NuPAGE precast 10% or 4–12% Bis-tris gels
and NuPAGE MOPS SDS running buffer (Invitrogen, Waltham, MA
USA). Molecular weight of protein bands was determined with a benchmark protein ladder (Invitrogen). Proteins were transferred from the
gel to nitrocellulose membranes using NuPAGE transfer buffer. To prevent unspeciﬁc antibody protein binding the membranes were incubated at 37 °C for 1 h in TBST (0.01 M Tris–HCl, 0.15 M NaCl, 0.1% Tween 20,
pH 7.4) containing 5% nonfat dry milk. Membranes were subsequently
incubated overnight at 4 °C with primary antibodies diluted in blocking
buffer, i.e., LRRC8A (1:250; 94 kDa, SAB1412855), LRRC8E (1:250:
90 kDa), ATP7A (1:100; 170 kDa), OCT2 (1:100; 60 kDa), ATPB
(1:100; 240 kDa), CTR1 (1:200; 28 kDa) and the house-holding proteins
β-actin (1:1000; 42 kDa) or histone (1:500; 17 kDa). Following wash in
TBST the membranes were incubated with secondary alkaline
phosphatase (AP) conjugated anti-mouse and anti-rabbit antibodies
(1:5000) for 1 h at room temperature followed by colorimetric alkaline
phosphatase detection using BCIP (5-bromo-4-chloro-3-indolyl-phosphate) in conjunction with NBT (nitro blue tetrazolium) (KPL,
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Gaithersburg, MD, USA). Protein bands were quantiﬁed using UNSCAN-IT (Silk Scientiﬁc) and their band intensity expressed relative to
the intensity of a house holding protein.

3. Results

2.6. Cisplatin accumulation

It has previously been demonstrated that LRRC8A is essential for the
activity of volume sensitive transporters for anions and organic
osmolytes [42,51,64], whereas the substrate speciﬁcity seems to be determined by the stoichiometry between LRRC8A and the other family
members in the channel complex [40]. Using the human ovarian cancer
cell line A2780 we previously demonstrated that the expression of
LRRC8A in cisplatin sensitive A2780 cells increases signiﬁcantly following 18 h cisplatin exposure, whereas LRRC8A expression and VSOAC activity are almost negligible in A2780 cells with acquired cisplatin
resistance [51]. In congruence with our previous ﬁndings, western
blots (Fig. 2A) and the accompanying quantiﬁcation of protein bands
of interest (Fig. 2B) show that the expression of LRRC8A, LRRC8E as
well as CTR1 is signiﬁcantly reduced, whereas the expression of
ATP7A and ATP7B is signiﬁcantly increased in cisplatin resistant
A2780 (CisR) cells compared to cisplatin sensitive A2780 (WT) cells.
Under the assumption that CTR1 and ATPA/ATP7B facilitate cisplatin
transport in A2780 cells, the shift in transport protein expression
would ensure reduced uptake and increased excretion of cisplatin,
respectively. OCT2, which is normally expressed in kidney and liver, is
also expressed in the ovarian cell line and from Fig. 2B, it is seen that
OCT2 expression is increased in the resistant cells compared to the
sensitive cells. This could indicate that OCT2 mediates transport of
compounds essential for maintenance of the resistant phenotype.

The content of cisplatin was estimated by inductively coupled plasma mass spectrometry (ICP-MS) as previously described using a Perkin
Elmer Sciex Elan 6000, equipped with a Perkin Elmer low-ﬂow
GemCone nebulizer and a Glass Expansion (West Melbourne Vic,
Australia) cyclonic spray chamber [7]. For cellular platinum accumulation, cells in T75 culture ﬂasks were washed in PBS before exposure to
isotonic, hypotonic, isotonic Na+-free-NMDG, or isotonic KCl media
for 4 h with 10 μM cisplatin in the absence or presence of 400 μM
DIDS at 37 °C/5% CO2/100% humidity. Cells where subsequently washed
three times in PBS to remove extracellular cisplatin, lysed with lysis
buffer, where after the cell lysate was transferred to Eppendorf tubes,
sonicated and centrifuged for 5 min (20,000g, 4 °C). The supernatant,
representing the cellular fraction, was preceded for protein and platinum determination. Protein content was determined by Bradford colorimetric assay (Bio-Rad, Hercules, Ca, USA). For platinum determination
the cellular fraction was freeze-dried, digested in 100 μl 65% HNO3 for
24 h at room temperature and diluted with 0.1% HCl and 0.65% HNO3
to a concentration within the calibration curve (0.1–10 μg Pt·l− 1).
Platinum content is given relative to protein content.

3.1. The cisplatin resistant phenotype in A2780CisR correlates with an altered
expression of various copper transporters and members of the LRRC8 family

2.7. Statistics
All data are statistically tested (SigmaPlot version 12) by one-way
ANOVA (Fisher LSD Method as post-test) or Student's t-test. In barand scatter-plots the error bars signify standard error of the mean
(SEM).

3.2. Cisplatin exposure results in transient inactivation/activation of VSOAC
in wild-type A2780 cells
Hoffman and co-workers demonstrated that cisplatin exposure in
Ehrlich ascites tumor cells elicits a signiﬁcant reduction in cell volume

Fig. 2. Expression of the LRRC8A protein and putative cisplatin transporters in wild type A2780WT and cisplatin-resistant A2780CisR ovarian cancer cells. Panel A. Western blots,
representing preparation from 4 sets of cell culture. LRRC8A (94 kDa), LRRC8E (90 kDa), ATP7A (170 kDa), OCT2 (60 kDa), ATPB (240 kDa), CTR1 (precursor: 28 kDa; glycosylated:
45 kDa) and the house-holding proteins β-actin (42 kDa) and histone (17 kDa) are detected by speciﬁc antibodies. Panel B. Protein bands in Panel A were quantiﬁed and the ratio
between the protein of interest and a house holding protein calculated. Protein expression in A2780CisR cells, given relative to the expression in A2780WT cells, represent mean
values of the 4 sets of experiments ± SEM. * indicates signiﬁcant difference in the protein expression in A2780WT and A2780CisR (Student's t-test).
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within the initial hours following drug application [41]. This cell
shrinkage reﬂects net loss of KCl and amino acids, including taurine,
via volume sensitive pathways for cations, anions (VRAC) and organic
osmolytes (VSOAC) [41]. Here we tested the cellular ability to activate
VSOAC following 10 μM cisplatin exposure in A2780WT. VSOAC activity
was determined from the release of taurine following reduction in the
extracellular osmolarity from isotonic (300 mOsm) to hypotonic
(200 mOsm). Fig. 3 shows the cellular fraction of radioactive labelled
taurine (ln scale, panel A) and the fractional rate constant (panel
B) for taurine release as a function of time. It is seen that exposure to
hypotonic medium (indicated by an arrow) elicits a transient increase
in control cells (open symbols) and that 2 h preexposure to cisplatin
reduces the swelling induced activation of VSOAC. Using the maximal
obtainable rate constant for taurine loss following hypotonic exposure
as an indication of VSOAC activity, it is seen from Fig. 3B, that the
VSOAC activity decreases within the ﬁrst 2 h following cisplatin treatment, reestablishes after 4 h cisplatin exposure, before it decreases
again after 18 h cisplatin treatment towards a level, that is lower than
the level observed in untreated cells. Western blot analysis revealed
that LRRC8A expression following 4 h exposure to 10 μM was increased
1.33 ± 0.18 fold (3 sets of experiments) compared to untreated control
cells. The increase in rate constant from 2 to 4 h most probably reﬂects
an increase in LRRC8A expression, whereas the decrease in rate constant
in the time period from 4 to 18 h occurs even though LRRC8A expression
is elevated compared to untreated cells [51]. The latter could reﬂect that
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less LRRC8A protein reaches the plasma membrane during apoptotic
progress. This was not investigated further.
3.3. Cisplatin accumulation correlates with VSOAC activity/LRRC8A protein
expression and the membrane potential
To test whether the down-regulated LRRC8A-expression and VSOAC
activity previously observed in A2780CisR [51], besides having a reducing effect on osmolyte loss and cell volume reduction, also affects cisplatin accumulation, we measured the cellular platinum-accumulation
in A2780WT cells with varying VSOAC activities, i.e., under (i) control
conditions, (ii) following osmotic perturbation, where VSOAC activity
is known to signiﬁcantly increased [51], (iii) following transient
LRRC8A knock-down (siRNA) and in (iv) A2780CisR cells. Fig. 4 conﬁrms that DIDS and siRNA treatment reduces VSOAC activity following
osmotic cell swelling (Panel A) and that DIDS has no effect on LRRC8A
protein expression, whereas LRRC8A silencing abolishes the LRRC8A
expression (Panel B). Determination of platinum accumulation in
A2780WT and A2780CisR cells following 4 h exposure to 10 μM cisplatin
reveals that cellular platinum content is high when VSOAC/VRAC is
activated by hypoosmotic cell swelling and reduced when channel
activity/LRRC8A expression is silenced, VSOAC activity blocked by
DIDS, or the cells have acquired a resistant phenotype with low
LRRC8A-expression. Hence, LRRC8A besides being an essential component of VRAC/VSOAC also seems to constitute an essential element in
a new LRRC8A-dependent drug transporter or a regulator of one of the
already described cisplatin transporters (e.g., CTR1 and/or ATP7A/B).
Similarly, we ﬁnd that Ehrlich Lettré ascites (ELA) tumor cells, which
have an inert resistance to cisplatin [58], increase their platinum
accumulation following osmotic cell swelling (Fig. 4C). Furthermore,
incubation of cells in isotonic KCl medium, which is previously shown
to depolarize the plasma membrane and stimulate taurine release
[26], also potentiates platinum accumulation in ELA cells. Hyperpolarization of the plasma membrane by incubation of ELA cells in Na+-free
NMDG medium has no effect on platinum accumulation (Fig. 4C).
Hence, cisplatin accumulation is potentiated by osmotic cell swelling
and under unpertubated conditions by depolarization of the plasma
membrane.
4. Discussion
4.1. Effect of cisplatin on pro-apoptotic and anti-apoptotic transporters for
ions and organic osmolytes

Fig. 3. Time-dependent changes in VSOAC activity in A2780 cells following exposure to
cisplatin. VSOAC activity in control cells (no exposed to cisplatin) and cells exposed to
cisplatin (10 μM, 1, 2, 3, 4, 6, 18 h) was determined from the release of radioactively
labelled taurine from cells preloaded with [3H]-taurine. Panel A. Taurine release is
shown as the natural logarithm to the cellular fraction of [3H]-labelled taurine plotted
versus time under isotonic and hypotonic conditions (shift in osmolarity is indicated by
the arrow). Panel B. The rate constant for taurine release (min−1) is determined as the
slope between two successive points on the curves in panel A and plotted vs time. The
curves in Panels A and B are representative curves for control cells and cells exposed to
cisplatin for 2 h. Panel C. The maximal rate constant (min−1) for release of taurine
(VSOAC activity) following reduction in the extracellular tonicity from 300 to
200 mOsm was determined from times traces presented in Panel B. Values are given
relative to the rate constant for cells not exposed to cisplatin and represents 6 (time 1 to
6 h) and 5 (time 18 h) 6 sets of experiments. * indicates reduced compared to untreated
control cells. # indicates larger than values for 2 and 18 h (Annova, Fisher LSD test).

Cell shrinkage, due to net loss of ions (K+, Cl−), organic osmolytes
(amino acids) and cell water, is a hallmark of apoptosis and often
termed “apoptotic volume decrease” (AVD). Furthermore, it has been
demonstrated that hypertonic cell shrinkage per se in several cell
types results in apoptosis [30] in a process that involves kinase p38
and p53 mediated signaling [9,25], induction of death receptor (CD95)
trafﬁcking to the plasma membrane [44], and/or inhibition of growth
factor-receptor-mediated signaling [36]. The plasma membrane is in
itself an important target for cisplatin and using human lung adenocarcinoma (A549) cells it has been shown that the lipid packing of cisplatin
sensitive A549 cell membranes is looser and that the total amount of
unsaturated fatty acids higher compared to cisplatin resistant A549
cells [33]. As lipid composition has a high impact on the activity of transporters and receptors embedded in the membrane [60], an acute shift in
transporter activity/capacity might reﬂect cisplatin-induced modulation of the biophysical state of the membrane lipid composition and
its membrane ﬂuidity. Furthermore, the presence of negatively charged
phosphatidylserines (PS), which get exposed at the extracellular surface
of the plasma during the apoptotic process, could instigate cisplatin
hydration, coordination of platinum to serine carboxyl/amine groups
and hence facilitate cisplatin interaction with thiol group in transport
proteins imbedded in the membrane [43,52].
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Fig. 4. Cisplatin uptake in A2780 cells involves a volume sensitive LRRC8A protein containing transporters. Panel A. To verify (i) pharmacological inhibition of LRRC8A dependent transport
by DIDS (diisothiocyano-2.2′-stilbenedisulfonic acid) and (ii) transient downregulation with LRRC8A siRNA, taurine release was determined by tracer technique from control cells, cells
treated with 100 μM DIDS (added at time zero), cells transfected with either scramble control siRNA (MISSION® Universal Negative Control siRNA) or four siRNA LRRC8A (LRRC8A siRNA;
SMARTpool ON-TAR GETplus). Release of [3H]-taurine is shown as the natural logarithm to the cellular fraction of labelled taurine plotted versus time under isotonic (time 0 to 10 min) and
hypotonic conditions (time 10 to 30 min, shift indicated by the arrow). Curves represent mean values ± SEM from 16 (Control), 9 (DIDS), 5 (Scramble siRNA) and 5 (LRRC8A siRNA) sets of
experiments. Panel B. Western blot was perform on protein extracts isolated from A2780WT cells kept under (i) isotonic conditions in the absence (Control) or presence of the anion
channel blocker DIDS (400 μM, 4 h), (ii) hypotonic conditions for 4 h (tonicity reduced from 300 mOsm to 200 mOsm) in the absence (HYPO) or presence of DIDS (HYPO + DIDS),
(iii) A2780CisR, or (iv) A2780WT cells transiently transfected LRRC8A or scramble siRNA. Blots are representative of 3 sets of experiments. Panel C. Cisplatin accumulation in A2780
and ELA cells. Uptake was determined by ICP-MS analysis in A2780WT, A2780CisR and ELA cells exposed to 10 μM and 5 μM cisplatin for 4 h, respectively. A2780WT cells were
simultaneous to the cisplatin exposure incubated in isotonic medium, hypotonic medium with or without DIDS (400 μM). siRNA treated A2780 cells were prepared as indicated in
Material and methods. ELA cells were simultaneous to the cisplatin exposure incubated in isotonic NaCl, NMDG, KCL and hypotonic NaCl media. The obtained cisplatin content was
correlated to the protein content in each sample and given relative to ratios in their respective control. Data represents 4 to 8 sets of experiments. * and # indicate signiﬁcant different
from the respective control and signiﬁcantly reduced compared to the hypotonic value, respectively.

The extent of AVD is a balance between osmolyte loss via
pro-apoptotic transporters and osmolyte reuptake via anti-apoptotic
transporters for ions and organic osmolytes. Essential pro-apoptotic
transporters include the volume regulated anion/Cl− channel (VRAC),
the volume sensitive organic anion/amino acid channel (VSOAC),
Ca2 + channels, and various Ca2 +-regulated Cl− (Ano6), and K+
channels [18]. Important anti-apoptotic transporters include Na+, K+,
2Cl− co-transporters (NKCC1), Na+ channels (hypertonicity-induced
cation channels, HICCs), the Na/K-ATPase (exchange of cellular Na+
for extracellular K+) as well as the Na+/H+ exchangers (NHE1) [18].
Cisplatin resistance has been associated with reduced activity of
pro-apoptotic transporters and/or increased activity of anti-apoptotic
transporters [18]. In the case of NHE1, cisplatin has been shown to
inhibit NHE1 within minutes where after the subsequent intracellular
acidiﬁcation leads to a sphingomyelinase mediated hydrolyzes of
sphingomyelin into a ceramide, lipid raft formation and activation of
death factor (Fas) induced cell death [43]. It is noted that NHE1, due
to its role in acidiﬁcation of the extracellular nano-environment [56],
is most likely to decrease passive uptake of weakly basic drugs (doxorubicin, cimitoxantrone, vincristine and vinblastine [61]) and cisplatin via
MATE1. Taurine is quantitatively an important organic osmolyte in
mammalian cells [29] and an impaired VSOAC activity has been
shown to correlate with cisplatin resistance in mouse ascites tumor
cells (EATC) [41] as well as human ovarian cancer cells (A2780) [51].
Furthermore, overexpression of the Na+-dependent anti-apoptotic taurine transporter TauT protects kidney cells against cisplatin-induced apoptosis [13], whereas TauT knockdown increases cisplatin-induced
apoptosis in otherwise cisplatin resistant ELA cells [58]. It is emphasized
that taurine interferes with the intracellular apoptotic cell signaling and

that stress-induced apoptosis is reduced by taurine supplementation
[29]. Hence, net loss of taurine during AVD seems to boost the apoptotic
process.
Cisplatin treatment has been shown to induce formation of reactive
species (ROS) [2] and in cervical cancer cells to decrease the expression
of the serine/threonine kinase mTOR protein [32], which is normally
associated with control of cell proliferation [50]. Acute exposure to
H2O2 reduces taurine uptake in NIH3T3 ﬁbroblasts [15] and stimulates
K+, Cl− channels [28] and VSOAC [24] in ELA cells. Similarly, pharmacological inhibition of mTOR (rapamycin) reduces TauT mRNA/TauT
protein abundance and concomitantly increases VSOAC activity in ELA
cells [27]. Hence, co-treatment with rapamycin and cisplatin could be
beneﬁcial, when it comes to activation of pro-apoptotic and a
concomitant inhibition of anti-apoptotic osmolytes transporters. It is
emphasized that in the case of the adherent ELA cells, which are
signiﬁcant less sensitive to cisplatin when compared to the equivalent,
non-adherent EATC cells [58], cisplatin resistance can be overcome
using a Ru based C,N-cyclometalated benzimidazole Ru(II) arene
complex [7].
4.2. Is LRRC8A a component of a putative cisplatin transporter?
The molecular identity of volume sensitive channels for anions
(VRAC) and organic osmolytes (VSOAC) has been provocative. Using
the fractional loss of different solutes Hall and coworkers determined
the permeability sequence for the volume sensitive leak pathway as
aspartate N taurine N glycine, glutamine N glutamate N phosphocholine
and a minimum pore diameter of 8–9 Å [12]. On the other hand,
electrophysiological studies revealed a permeability sequence in
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−
the order SCN− N I− N NO−
Cl− N HCO–3 N glycine N F−
3 N Br
N taurine N lactate N glutamate N aspartate [37] and a pore cut-off diameter of 12.6 Å [59]. Furthermore, discrepancies between the time course
for swelling induced activation/inactivation, osmotic set point and sensitivity to cholesterol depletion led to the assumption that VSOAC and
VRAC were separate entities [19,29]. A revelation came with the identiﬁcation of LRRC8A as an essential component for activation of volume
sensitive anion current and release of organic osmolytes [42,64]. The
current consensus is that the volume sensitive transporters VRAC and
VSOAC are heteromers, formed by members of the LRRC8A family
(LRRC8A…E), where the substrate speciﬁcity and the activation kinetics
are dictated by the identity/stoichiometry of the LRRC8 family members
[40,55]. Similar to Planells-Cases and coworkers [40] we ﬁnd that cisplatin uptake in A2780 cells is volume sensitive and depends on the
presence of LRRC8A (Fig. 4). It appears that LRRC8A and at least one of
the LRRC8B, C, E members, but not LRRC8D, are required for anion transport via VRAC [40,64], whereas LRRC8A plus LRRC8D are required for
taurine/organic osmolyte transport via VSOAC [40]. The presence of
LRRC8D also seems to dictate the afﬁnity of the transporter complex
to the platinum based compound, as LRRC8D deﬁcient KBM7 clones
are more resistant to cisplatin and carboplatin but not to the larger
oxaliplatin [40]. Except from platinum based compounds, VSOAC has
also been designated a prospective role in the cellular transport/uptake
of larger compounds as the antibiotic compound blasticidin S [31] and
the chemotherapeutic drug daunorubicin [11]. As VRAC and VSOAC
are both sensitive to volume perturbations and both depend on the
presence of LRRC8A, it could be speculated that the volume sensory
part of the channel is due to LRRC8A component or is just an overall future of the LRRC8 family. Similarly, it is as indicated below, speculated
whether the other functional binding-partners (e.g., LRRC8B/C/D/E)
might determine the actual pore size of the channel formed.
Based on LRRC8A protein-sequence analysis and previous
knowledge about cisplatin interacting domains in other cisplatintransporters (CTR1 and ATP7A/B) it appears that LRRC8A contains potential cisplatin-interacting/attracting domains, e.g., methionine in the
cellular and transmembrane segments and CxxC/YxxY motifs (Fig. 5).
The human CTR1 transporter is a 190 amino acid protein, containing
three trans-membrane domains with the C-terminal end exposed to
the cytosolic domain [20] (Fig. 5). The functional transporter is a
homo-trimer [54] and Cu+ ions are guided through the CTR1 pore by
trans-chelation to methionine residues. It is assumed, that loss of the labile chloride ligands allows cisplatin/methionine interaction and subsequent N-acetyl-cysteine and N-acetyl-histidine coordination in the
CTR1 channel [34]. Once on the intracellular site of the membrane cisplatin is believed to bind to Tyr103 on CTR1, which is part of an YxxM
motif within a potential phosphorylation site involved in endocytosis
[62]. Another possible intracellular cisplatin binding site on CTR1 is
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cysteine at position 189 in a HCH motif close to the C-terminal
(Fig. 5); this cysteine seems to be coupled to correct assembly of the
three CTR1 domains in the plasma membrane [62]. The two ATPases,
ATP7A and ATP7B are Cu export proteins important for regulation of
the cellular Cu concentration. They share 54% sequence identity and
contain 8 transmembrane domains with both the N-terminal and Cterminal parts facing the cytosol [57,63] (Fig. 5). Several domains are involved in the ATP-dependent catalytic transport cycle for ions, i.e., a nucleotide binding domain (SEHPL), a cytosolic phosphorylation domain
(DKTG), an activator domain (TGEA) plus several metal binding domains located in the transmembrane region (CPC, YN, MxxS) [63].
Using solid supported membrane technique Tadini-Buoninsegni and coworkers recently demonstrated that movement of Cu- or Pt-related
charge through ATP7A/B follows a similar pattern upon ATP utilization
and that the ATP-induced movement of Cu- or Pt-related charge
through ATP7A/B reﬂects the formation of an acyl-phosphate intermediate during ATP consumption [57]. The ﬁndings by TadiniBuoninsegni also reveal that one platinum species, bearing two positive
charges, or two platinum species, bearing a single positive charge, is/are
translocated following utilization of one ATP molecule [57]. It was accordingly suggested that the cisplatin complex, that translocates via
ATP7A/B, bears the ammine groups [57]. In the present work, we ﬁnd
that cisplatin accumulation under isotonic conditions, similar to release
of organic osmolytes [26], is potentiated by a depolarization of the plasma membrane (Fig. 4). However, the effect of the membrane potential
on cisplatin transport would if anything stimulate cisplatin excretion
via ATP7A/ATP7B. Hence, volume sensitive transporters containing
LRRC8A and LRRC8D seem to facilitate transport of organic osmolytes
as well as Pt-based chemotherapeutic drugs. As cisplatin is not
negatively charged at physiological pH, i.e., transport of cisplatin
through the transporter is most likely driven by the chemical cisplatin
gradient, it is assumed that the membrane potential affect the gating
of the channel complex.

5. Concluding remarks
In A2780 cells we have demonstrated that cisplatin resistance and
uptake correlates with reduced CTR1 and LRRC8A protein expression/
activity and a concomitant upregulation in cisplatin exporting
transporters (ATP7A, ATP7B) which implies that the resistant cells
have a reduced ability to accumulate cisplatin and activate proapoptotic transporters for osmolytes. To target these cells new drugs
may be developed that ensure reestablishment of LRRC8A activity,
i.e., by increasing its gene expression, mRNA translation, and protein
translocation to the membrane as well as by decreasing its internalization and degradation.

Fig. 5. Topological model for the Cu transporters CTR1, ATP7A, ATP7B and the LRRC8A protein. Leucine reach repeat domains (LRRD) and amino acids (one letter abbreviation; x is a
random amino acid)/metal-binding motifs (CxxC/YxxY), that could inﬂuence cisplatin transport, are indicated. Numbers indicate transmembrane segments.
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28

Abstract

29

The aim of this project was to gain insights into the uptake and cellular actions of the enantiomeric

30

R- and S-1,1’-binaphthyl-2,2’-diaminodichlorido-Pt(II) complexes (R- and S-[Pt(DABN)Cl2]) in the

31

cisplatin-sensitive human Burkitt lymphoma cell line (Gumbus, IC50: 1.3±0.2 µM) and its cisplatin-

32

resistant sub-line (CDDPrGB IC50: 6.6±1.2 µM). The cellular uptakes of R- and S-[Pt(DABN)Cl2])

33

are ca. 4-fold higher than cisplatin, and involves a transport mechanism independent of the volume-

34

sensitive, organic anion channel complex, which facilitates cisplatin accumulation. The cisplatin

35

resistant CDDPrGB cells are not cross-resistant to either S- or R-[Pt(DABN)Cl2]. We also find that

36

even though R-[Pt(DABN)Cl2] has a higher maximal cellular uptake and binds at higher levels to

37

calf-thymus DNA than S-[Pt(DABN)Cl2] it appears that S-[Pt(DABN)Cl2] is more cytotoxic for

38

Gumbus (IC50: 0.4±0.1 µM) compared to R-[Pt(DABN)Cl2] (IC50: 0.7±0.3 µM). The cellular action

39

of R- and S-[Pt(DABN)Cl2] involves G0/G1 cell cycle arrest and cell death involving the extrinsic

40

and intrinsic apoptotic pathways.

41
42

Statement – Significance to Metallomics

43
44

The paper describes the development and in vitro evaluation of new enantiomeric R- and S-1,1’-

45

binaphthyl-2,2’-diaminodichlorido-Pt(II) complexes (R- and S-[Pt(DABN)Cl2]) in the cisplatin-

46

sensitive human Burkitt lymphoma cell line (Gumbus) and its cisplatin-resistant sub-line

47

(CDDPrGB). Differences in biological activity of the enantiomeric complexes compared to cisplatin

48

are demonstrated.

49
50

2

51

Introduction

52
53

Platinum compounds are frequently used to treat solid tumors including ovarian, testicular, bladder

54

cancer, melanomas, myelomas, lung cancer and lymphomas 1. When administrated to cancer patients,

55

cisplatin causes DNA adducts and cross-links, S- or G2-phase cell-cycle-arrest and ultimately

56

apoptosis in the tumor cells 2;3. Apoptosis is a coordinated process characterized by a sequential net

57

loss of ions and organic osmolytes, cell shrinkage (designated apoptotic volume decrease (AVD)),

58

caspase activation, DNA fragmentation and formation of apoptotic bodies. The latter will under

59

normal physiological circumstances become phagocytosed by macrophages circulating in the

60

bloodstream. Although cisplatin, carboplatin and oxaliplatin have been proven to be highly effective

61

chemotherapeutic agents, they become ineffective due to development of drug resistance in cancer

62

cells 2;3.

63
64

Drug resistance can be categorized as an innate property, developed through genetic changes, or an

65

acquired property in response to chemotherapeutic treatment 3. Whereas the acquired resistance is

66

largely reversible, the innate resistance requires reverse-mutations to re-store drug sensitivity. It has

67

been known for many years that acquired resistance to Pt-based compounds occurs through (a)

68

changes in expression/activity of accumulating/exporting transport systems (b) enhanced

69

detoxification, (c) increased DNA repair, (d) changes in DNA damage tolerance, and finally (e)

70

changes in the cellular signaling contributing to cell death 2-4. More recently it has been observed that

71

development of chemotherapeutic resistance in some cases reflects a reduction in the initial cell

72

shrinkage that precedes apoptosis. This is due to either (i) reduced loss of osmolytes via volume

73

sensitive transporters / channels for cations, anions (Volume Regulated Anion Channel, VRAC) and

74

organic osmolytes (Volume Sensitive Organic Anion Channel, VSOAC) or (ii) increased osmolyte

75

uptake via upregulation of osmolyte accumulating proteins, e.g., the Na+-dependent taurine

76

transporter TauT, the 1Na+,1K+,2Cl- cotransporters (NKCC1), the Ca2+ATPase (PMCA), the Na+/H+

77

exchanger NHE1 and the hypertonicity-induced cation channels (HICC) 5.

78
79

Several channels and transporters have been denoted roles in the cellular accumulation and extrusion

80

of cisplatin. These includes; the copper (Cu) transport receptors (CTR1/CTR2) and the organic cation

81

transporters 1-3 (OCT1–3), which are believed to facilitate cisplatin accumulation, whereas the ATP

82

dependent Cu+/Cu2+-transporting P-type ATPases (ATP7A/ATP7B), the glutathione-dependent

3

83

ATP-binding-cassette (ABC) transporters (MRP1/MRP2), and multidrug and toxin extrusion

84

transporters 1-3 (MATE1–3) are involved in cisplatin extrusion

85

pharmacological inhibition, knock-out and transient knock-down of essential components of

86

VRAC/VSOAC, i.e., the LRRC8A or LRRC8D proteins directly cause cisplatin and carboplatin

87

resistance, but not oxaliplatin resistance, through a mechanism involving an impaired cellular drug

88

uptake and diminished intracellular apoptotic signaling (e.g. activation of p53, p21, caspase-3/-9) 9;11.

89

Studies have revealed an additional drug accumulation independent, but presumably AVD-

90

dependent, effect of LRRC8A, when exposed to the drug staurosporine 9. These data are taken to

91

indicate that LRRC8A / LRRC8D protein expression, membrane localization and activation

92

contributes to the development of resistance against cisplatin and carboplatin, but not the larger

93

oxaliplatin. Still other mechanisms that cause cisplatin resistance have been described; e.g., in the

94

highly malignant and recently isolated B-cell lymphoma cell line (GUMBUS), it has been

95

demonstrated that cisplatin resistance correlates with an increased expression of glutathione

96

peroxidase 1 (GPx1), an enzyme important in the GSH redox system 12.

17

. Newest data indicate that both

97
98

As drug resistance has become an increasing problem in platinum-based cancer chemotherapy, the

99

development of new Pt-complexes with alternative uptake mechanisms and cellular action have

100

become even more important. Recent work from Bombard and coworkers showed that a cisplatin

101

resistant variant of the A2870 (A2780Cp8) human ovarian cancer cell line was not cross-resistant to

102

the enantiomeric, aromatic diamine compounds R- and S-1,1’-binaphthyl-2,2’-diaminodichlorido-

103

Pt(II) (R- or S-[Pt(DABN)Cl2]) (Fig 1)

104

treatment of a human colon cancer cell HCT116 cells with either R- or S-[Pt(DABN)Cl2] was almost

105

as efficient as treatment with oxaliplatin, which has been in clinical use for treatment of colorectal

106

cancers for decades 13. Interestingly, S-[Pt(DABN)Cl2] turned out to be ca. twice as potent compared

107

to R-DABN-Pt(II)-Cl2, which could be taken to indicate that the axial chirality of the atropisomers

108

influences biological activity. However, testing the capability of the two [Pt(DABN)Cl2] enantiomers

109

to interact and cross-link telomeric 22AG (22-argenine-guanine) folded into G-quadruplexes,

110

Bombard and colleagues found that R-[Pt(DABN)Cl2] was less efficient than S-[Pt(DABN)Cl2] 13.

111

This, could indicate that R-[Pt(DABN)Cl2] might be less cytotoxic than S-DABN-Pt(II)-Cl2, simply

112

due to a lower DNA binding.

13;14

. Furthermore, Bombard and coworkers found that

113

4

114

In the present paper, the biological effects of both R- or S-[Pt(DABN)Cl2] on wild-type and cisplatin-

115

resistant human Burkitt lymphoma (Gumbus and CDDPrGB) cells has been evaluated by various

116

methods, including cell viability, morphological changes, cellular Pt uptake, binding of Pt to calf

117

thymus DNA, determination of necrotic/apoptotic cell death, induction of cell cycle arrest, and ability

118

to induce apoptotic cell signaling. Based on these results a model is proposed that illustrates the

119

cellular signaling pathways evoked by the R- and S-[Pt(DABN)Cl2] Pt drugs which lead to apoptosis.

120
121

Materials and methods

122
123

Inorganic solutions: Phosphate buffered saline (PBS) without Ca2+ and Mg2+; 137 mM NaCl, 3 mM

124

KCl, 5 mM Na2HPO4 and 1.5 mM KH2PO4.

125
126

Syntheses of R-[Pt(DABN)Cl2] and S-[Pt(DABN)Cl2]: R-DABN, S-DABN and K2[PtCl4] were

127

obtained from Sigma-Aldrich. Both Pt-complexes were synthesize as previously described 13 except

128

that the crude products were purified by semi-preparative HPLC (21x250 mm column packed with 5

129

µm Nucleodur PolarTec with an eluent of 7/3 acetonitrile/water containing 0.9% NaCl at a flow rate

130

of 14 mL/min) to remove traces of unreacted S- and R-DABN.

131
132

Cell culture: Wild-type and cisplatin-resistant human Burkitt lymphoma (Gumbus and CDDPrGB)

133

cells were cultured in 75 cm2 culture flasks (SARSTEDT, Nümbrecht, Germany) in Roswell Park

134

Memorial Institute (RPMI) 1640 medium (PAN Biotec GmbH, Germany). The media were

135

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Both cell cultures

136

were kept at 37 ºC, 5% CO2, and 100% humidity. The cells were counted (Z2 Coulter counter,

137

Beckman-Coulter, Fullerton, CA) and sub-cultured two-three times a week by dilution of the culture

138

in fresh culture media. The cells were sub-cultured according to their estimated doubling time; 16 h

139

(Gumbus) and 45 h (CDDPrGB), when the cell density reached 106 cells/mL. The cisplatin-resistant

140

Gumbus cells (CDDPrGB) were every second week treated with 1 µM cisplatin for 2-3 days to

141

maintain its resistance phenotype. To avoid drug cross contamination the CDDPrGB cells were at the

142

end of the treatment period centrifuged (500g, 5 min, RT), supernatant/medium removed and cells

143

resuspended in drug-free RPMI medium. Penicillin/streptomycin and FBS were purchased from

144

Sigma Aldrich (St. Louis, MO, USA).

145
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146

Estimation of cell volume The effect of the platinum drugs on cell volume was measured by Coulter

147

Counter analysis. The cells were treated with the double IC50 value and incubated 24 h. After

148

incubation, a sample of 250 µL was taken, counted in 10 mL isotone with a Z2 Coulter Counter

149

(Beckman-Coulter, Fullerton, CA), and the mean cell diameter was obtained from the distribution

150

curves given by the software. Absolute cell volumes in fl (i.e., 10-15L) were calculated from the mean

151

cell radius with the equation 4/3r3. Results were represented as the cell volume relative to the

152

untreated Gumbus cells.

153
154

Bright Field microscopy: Changes in cell morphology and apoptosis (e.g., membrane blebbing, cell

155

size, presence of apoptotic bodies) were investigated after drug treatment (2xIC50, 24 h) using Bright

156

Field microscopy. Cells were seeded in 6-well plates and treated. After the treatment period, the cells

157

were inspected under a LEICA DMi8 microscope using the HC PL Fluolar L 40x/0,60 Dry objective.

158

Pictures were taken using the Leica Application Suite X software (version 1.9).

159
160

Estimation of cell viability and calculation of IC50 values by MTT assay: The ability to convert the

161

yellow, soluble tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

162

(MTT) into a blue insoluble formazan was used to determine cell viability of Gumbus and CDDPrGB

163

cells after treatment with cisplatin, R-[Pt(DABN)Cl2] and S-[Pt(DABN)Cl2] (0-10 µM for 48 h). All

164

test compounds were dissolved in N,N-dimethylformamide (DMF). The DMF concentration never

165

exceeded 0.1% in all experiments. In general, cells were seeded to a density of either 10,000 or 30,000

166

(Gumbus) and 30,000 (CDDPrGB) cells/well. After the treatment period 20 µl of a MTT solution

167

(2.5 mg/mL MTT in Dulbecco’s PBS) was added to each well, and the plate was incubated in the cell

168

culture incubator for 4 h at 37 °C. Following incubation 100 µl 0.04 N HCl/isopropanol solution was

169

added to each well and the plate was sonicated to solubilize the colored formazan crystals. The

170

formazan optical densities were measured at  = 570 nm using a SpectraMax Plus 384 Microplate

171

Reader (Molecular Devices, USA). The IC50 values were estimated by linear regression in the steepest

172

area of the curve. To be sure that the seeding density did not have any influence on the calculated

173

IC50 values, the experiments for the R and S-isomer were repeated using 30,000 cells/well for both

174

cell types. The calculated IC50 values were not markedly different from those previously obtained

175

with 10,000 cels/well. However, with this new data the IC50 value of S-[Pt(DABN)Cl2] was

176

significantly different from R-[Pt(DABN)Cl2] in both Gumbus and CDDPrGB.

177
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178

Cell cycle distribution: One day before the analysis, the cells were treated with the IC50 concentration

179

determined from the MTT assay and incubated 24 h. After the incubation, 106 cells were harvested

180

and transferred to Eppendorf tubes. The cells were pelleted by centrifugation (500xg, 5 min, RT),

181

washed twice in PBS and fixed in 70% ethanol for 30 min at 4ºC. Following fixation, the cells were

182

pelleted (4000 rpm, 10 min, 4 ºC) and re-suspended in 500 µl propidium iodide (PI)/RNase solution

183

(25 µg/mL PI, 0.1 mg/mL RNase in Ca2+- and Mg2+-free PBS). The cells were then incubated

184

protected from light for 30 min RT. The samples were analyzed with a MACSQuant® Analyzer 10

185

(Miltenyi Biotec).

186
187

Cell death measurements: The determination of apoptotic, necrotic and dead cells was performed

188

using a commercial Annexin V-FITC kit (Miltenyi Biotec). In brief, the cells were treated at the

189

double IC50 concentation and incubated 24 h. After incubation, 500,000 cells were collected, washed

190

with binding buffer and incubated with Annexin V-FITC for 15 min according to the manufactures

191

instructions. The cells were washed in binding buffer to remove unbound Annexin V, PI was added

192

and analyzed with a MACSQuant® Analyzer 10 (Miltenyi Biotec).

193
194

Flow cytometric analysis of LRRC8A expression: The cells were collected, washed once in PBS and

195

fixed in 4% formaldehyde for 10 min 37 ºC. Following fixation, the cells were chilled on ice for 1

196

min, centrifuged (500xg, 5 min, RT) and permeabilized in 90% ice cold methanol for 30 min. The

197

methanol was added dropwise to avoid clumping. The fixed and permeabilized cells were counted

198

and 106 cells were collected. The cells were washed twice in incubation buffer (0.5 % BSA in PBS)

199

and re-suspended in 100 µl incubation buffer containing primary antibody. Monoclonal-mouse-anti-

200

human LRRC8A (SAB142855, Sigma) were used in dilutions of 1:100. The cells were incubated 1h

201

at room temperature. The cells were washed three times in incubation buffer, re-suspended in 100 µl

202

goat-anti-mouse (IgG + IgM) FITC (10006617, Cayman), and incubated 30 min RT in the dark.

203

Following the final incubation, the cells were again washed three times in incubation buffer, re-

204

suspended in 500 µl PBS and analyzed by flow cytometry using a MACSQuant® Analyzer 10

205

(Miltenyi Biotec).

206
207

Estimation of cellular accumulation of platinum The cells were counted, pelleted by centrifugation

208

(500xg, 5 min, RT), and re-suspended to a density of around 1-2x106 cells/mL in fresh culture media

209

containing 50 µM cisplatin, R-[Pt(DABN)Cl2] or S-[Pt(DABN)Cl2] and incubated at 37 °C for 8

7

210

hours. For the determination of the Pt uptake rates in cells treated in an isotonic environment (Fig. 3),

211

at 0, 0.5, 1, 2, 3, 4, 6 and 8 h 1 mL of the cells suspension was taken, centrifuged (500xg, 5 min, 0

212

°C) and the supernatant discarded. The cells were resuspended in 1 mL PBS and transferred to a new

213

1.5 mL tube and centrifuged (500xg, 5 min, 0 °C). The samples were washed twice with PBS and

214

finally resuspended in 1.25 mL PBS. For counting 250 µL of the cell suspension were pipetted into

215

10 mL Isotone® II and quantified with the Z2 Coulter Counter (Beckman-Coulter, Fullerton, CA).

216

The remaining sample (1 mL) was centrifuged (500xg, 5 min, 0 °C), the supernatant discarded and

217

the cell pellet stored at -20 °C until further analysis. For the cell lysis step 200 µL nitric acid (made

218

from Suprapur® nitric acid 65 % , Merck) was added to the cell pellets. Then the samples were

219

sonicated for 30 min, vortexed and hydrolyzed at 80 °C for 48 h. Before the analysis the samples

220

were again sonicated for 30 min, vortexed and diluted with deionized water to the final concentration.

221

and the following temperature program:

222

To test the involvement of VSOAC channel activity in Pt uptake (Fig. 4), cells were exposed to a

223

hypotonic environment (from 300 to 200 mOsM) by diluting the media (4:6) in HEPES-buffered

224

water (5 mM HEPES, 1% Penicillin/Streptomycin, 10 % FBS). After treatment 4 hours exposure, 1

225

mL of the cell suspension were collected. The hypotonicity treated samples were taken after 4 h

226

treatment. The collected cell suspension was washed twice with Dulbecco’s PBS (1000xg, 2 min,

227

0⁰C) and finally re-suspended in 1.25 mL Dulbecco’s PBS. A sample of 250 µL was taken out and

228

counted in 10 mL isotone with a Z2 Coulter counter (Beckman-Coulter, Fullerton, CA). The rest of

229

the cell suspension (1 mL) was pelleted for storage (1000g, 0⁰C). One day before analysis, the pellets

230

(approx. 1-1.5x106 cells) were thawed and re-suspended in 300 µl (CDDP) or 1200 µl (S-

231

[Pt(DABN)Cl2] and R-DABN-Pt(II)Cl2) pancreatin solution (10 mg/mL) in PIPES/NaClO4 buffer (10

232

mM, 10 nM, pH 6.9), and sonicated (15 min, 37⁰C) to digest cellular proteins before AAS analysis.

233

The Pt concentrations were measured by using the flameless AAS (Unicam Solaar 989QZ,

234

Cambridge, UK) with deuterium compensation. External standards of platinum were created (30-600

235

ppb) in the same nitric acid or pancreatin solutions, respectively. For the creation of the standard

236

curve, 6 standards were used: 100 µl of standard Pt solutions (in 0.5% HNO3) were diluted into either

237

300 µl pancreatin/PIPES buffer or 0.5 HNO3, respectively, in the graphite cuvettes.

238
239

Estimation of platinum binding to calf-thymus DNA

240

The binding of the platinum compounds to DNA was tested by using calf-thymus DNA

241

(Deoxyribonucleic acid sodium salt from calf thymus, Type I, fibers, Sigma Aldrich). At first the

8

242

DNA (0.25 mg/mL) was dissolved in 10 mM PIPES/ 10 mM NaClO4 buffer pH 6.9. A stock solution

243

was prepared by dissolving the Pt compounds in DMF (7.5 mM). The stock solution was pipetted to

244

the DNA to a final concentration of 7.5 µM. In a shaking waterbath the DNA solution was incubated

245

at 37 °C for up to 72 h and after 0, 0.5, 1, 2, 3, 4, 8, 24, 48 and 72 h two samples of 200 µL each were

246

taken. To the samples 100 µL of a 0.9 M ice-cold NaOAc solution was added, vortexed, then 900 µL

247

ice-cold absolute EtOH was added to precipitate the DNA. The samples were frozen in liquid N2 and

248

stored at -20 °C to thaw the samples. After the samples were thawed, they were centrifuged (10 min,

249

5400 g, ≤-9 °C), the supernatant discarded, the DNA pellet resuspended in 300 µL 0.3 M ice-cold

250

NaOAc solution and precipitated with 900 µL ice-cold absolute EtOH. The samples were frozen,

251

thawed and centrifuged again as described, the supernatant discarded and the DNA pellet was washed

252

three times with 600 µL ice-c old absolute EtOH. After the supernatant was discarded, 500 µL HNO3

253

(0.5 %, Suprapur® nitric acid 65 %) for the hydrolysis was added and the DNA incubated at 70 °C

254

for 48 h. The amount of the DNA was quantified with the SpectraMax Plus 384 MicroplateReader

255

(Molecular Devices, USA) at λ = 260 nm (ε = 8900 M-1∙cm-1) and the Pt concentrations of the samples

256

were determined by flameless AAS (Unicam Solaar 989QZ, Cambridge, UK) with deuterium

257

compensation and Pt standards ranging between 30 and 600 ppb (µg/l).

258
259

SDS-Page and western blot analyses: SDS-PAGE and western blot were used to quantify changes

260

in protein levels of LRRC8A (94 kDa), p53 (53 kDa), Noxa (10 kDa), human caspase-9 (35, 37 and

261

47 kDa), PARP (116, 89 kDa), Bid (15, 22 kDa) and the house-holding protein GAPDH (37 kDa) or

262

Histone H3 (17 kDa). The cells were seeded to a density of 1,25x106 cells/mL in T25 flasks and

263

treated with either 2 µM cisplatin, R-[Pt(DABN)Cl2] or S-[Pt(DABN)Cl2] for 6 or 24 h. Cells were

264

centrifuged (500xg, 2 min, RT), gently washed once in ice cold PBS and subsequently lysed in lysis

265

buffer containing 1% SDS, 150 mM NaCl, 20 mM HEPES, 1 mM EDTA, 0,5% Triton X-100, 10%

266

glycerol, 1 mM Na3VO4 and 1% protease inhibitor cocktail. Lysates were briefly sonicated (2x 10

267

sec, Medium, 4) and subsequently centrifuged for 5 min at 5 °C and 20,000 rpm to separate the

268

proteins extracts from insoluble cell debris. The protein content in the supernatant was estimated with

269

a commercial Bio-Rad DC protein kit (Bio-Rad, Hercules, California, USA) with BSA as a standard.

270

Lysates were diluted in ddH2O, mixed with NuPAGE sample buffer including dithiothreitol (DTT)

271

and proceeded for SDS-PAGE gel electrophoresis (NuPAGE precast 10% or 4-12% Bis-tris gels in

272

NuPAGE MES SDS running buffer, Invitrogen, Waltham, MA USA) in NOVEX chambers. A

273

benchmark protein ladder (Invitrogen) was used to indicate the molecular weight. Following
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274

electrophoresis, the proteins were transferred to nitrocellulose membranes using a NuPAGE blotting

275

module and NuPAGE transfer buffer (Invitrogen). Protein transfer was verified by Ponceau-S

276

staining. Unspecific protein binding were blocked by incubation in blocking buffer containing TBST

277

(0.01 M Tris–HCl, 0.15 M NaCl, 0.1% Tween 20, pH 7.4) and 5% nonfat dry milk for 1 h at 37 °C.

278

Membranes were incubated overnight with primary antibodies diluted in blocking buffer at 4 °C. The

279

membranes were washed in TBST and subsequently incubated with secondary antibodies diluted in

280

blocking buffer for 1 h at room temperature. The monoclonal mouse anti-human-LRRC8A

281

(SAB1412855) antibody were used in a dilution of 1:250 and purchased from Sigma-Aldrich. Noxa

282

(#14766), Caspase-9 (#9502), Histone H3 (#9717), PARP (#9532S), Bid (#2002) and phospho-p53

283

(#9284) antibodies were from Cell Signaling (Danvers, MA, USA) and used in a dilution of 1:250

284

(Noxa, Caspase-9, Histone H3, PARP) or 1:500 (Bid, phospho-p53), respectively. The antibody

285

against GAPDH (Cat.no. 39-8600) was from Invitrogen and used in the dilution of 1:500. The

286

secondary AP-conjugated anti-mouse and anti-rabbit antibodies (Sigma) were both used in a dilution

287

of 1:5000. Following final washes in TBST, membranes were developed using BCIP/NBT (KPL,

288

Gaithersburg, MD, USA), scanned and protein band intensity quantified using UN-SCAN-IT gel,

289

version 6.1 (Silk Scientific).

290
291

Results and Discussion

292

Cell viability, determination of IC50 values and resistance factors: The MTT assay was used to

293

determine cell viability of Gumbus and CDDPrGB cells following treatment with cisplatin, S-

294

[Pt(DABN)Cl2] and R-DABN-Pt(II)Cl2. From Fig. 2 it can be seen that exposure of Gumbus and

295

CDDPrGB cells to increasing concentrations of either cisplatin or R- and S-[Pt(DABN)Cl2] for 48 h,

296

we observe a dose-dependent decrease in cell viability. Based on the IC50 values, both R- and S-

297

[Pt(DABN)Cl2] are more potent than cisplatin and that S-[Pt(DABN)Cl2] has ca. twice the cytotoxic

298

potency than R-DABN-Pt(II)Cl2. This is in accordance with findings by Bombard and coworkers in

299

human ovarian cancer cell line A278013. Using the half-maximal inhibitory concentration (IC50, Fig.

300

2D), we determined the cisplatin, R- and S-[Pt(DABN)Cl2] resistance factors, to be 5.0 ± 0.8, 1.4 ±

301

0.3 and 1.3 ± 0.2, respectively. This is also in agreement with the results of Bombard, who showed

302

the same two enantiomers can circumvent resistance in the A2780 cisplatin resistant cell line.

303

Cellular platinum uptake: The frequent development of resistance to cisplatin adds to the importance

304

of new anticancer drugs with alternative mechanisms of uptake and cellular action. We investigated
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305

the time course for the cellular accumulation of R- and S-[Pt(DABN)Cl2] in native and cisplatin-

306

resistant Gumbus cells and compared the uptake to the cisplatin uptake. From Fig. 3 it is seen that the

307

uptake of R- and S-[Pt(DABN)Cl2] is rapid and reaches a plateau within a 2 h exposure in cisplatin

308

sensitive (Fig. 3A) as well as cisplatin resistant (Fig. 3B) Gumbus cells. This is in contrast to cisplatin

309

uptake, which in Gumbus cells is slow and does not reach equilibrium even within 8 h exposure (Figs

310

3A & 3B). The R isomer appears to be taken up to a somewhat greater extent than the S isomer but

311

the differences were not statistically significant.

312

In addition to CTR1/CTR2, OCT1–3, ATP7A/ATP7B, MRP1/MRP2 and MATE1–3 17 recent studies

313

have shown that the cellular accumulation of cisplatin is highly dependent on the presence/activity of

314

the LRRC8A/D-containing, volume sensitive transporters for organic osmolytes and that cisplatin-

315

resistance in cancer cells correlates with a reduce membrane expression and activity of

316

LRRC8A/LRRC8D

317

protein expression was almost absent in cisplatin-resistant cells and that cisplatin sensitivity could be

318

restored by transfection with a vector constitutively expressing LRRC8A 18. Not all cisplatin-resistant

319

cancer cells acquire resistance via direct down-regulation of the LRRC8A protein expression. In

320

human alveolar A549 cells, we have shown that even though the LRRC8A protein expression in

321

cisplatin resistant cells was elevated when compared to the parental cell line, the VSOAC channel

322

activity was due to a reduced plasma membrane expression of the LRRC8A protein

323

cisplatin resistant phenotype can also be obtained by trapping the LRRC8A channel proteins inside

324

the cell. Using flow cytometry we investigated the whole cell LRRC8A protein expression in both

325

Gumbus and CDDPrGB. In Fig. 4A it is seen that the cisplatin-resistant CDDPrGB cells, like the

326

cisplatin-resistant A549 cells, also exhibit a significantly elevated LRRC8A protein expression.

327

Whether the of LRRC8A in the plasma membrane expression is also elevated in the cisplatin-resistant

328

cells has not yet been investigated.

329

The VSOAC and VRAC channels are activated by osmotic cell swelling 19 and studies performed by

330

us and the Planells-Cases group have revealed that VSOAC activation causes a marked increase in

331

cisplatin accumulation in several human and murine cell lines, in a way which could be eliminated

332

by genetic silencing of LRRC8A/LRRC8D or by the use of the anion channel blocker DIDS 9;18. In

333

the present work we find that the uptake of R- and S-[Pt(DABN)Cl2] is insensitive to cell swelling

334

(Fig. 4B), whereas cell swelling greatly increases cisplatin accumulation in both Gumbus and

335

CDDPrGB. This indicates that VSOAC is still functional in the cisplatin resistant CDDPrGB cells

9;10;18

. In human ovarian A2780 cells, it was demonstrated that the LRRC8A

18

. Hence, a
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336

(Fig. 4B). The cisplatin resistant phenotype of the CDDPrGB cells must therefore rely on mechanisms

337

independent of volume sensitive LRRC8A/D-transport complexes for organic osmolytes.

338

Previous studies by our group have shown that acute exposure to cisplatin increases the LRRC8A

339

protein expression in A2780 cells

340

treatment resulted in a 2-fold increase in total LRRC8A protein level, whereas exposure to R- or S-

341

[Pt(DABN)Cl2] had no significant effect on LRRC8A protein expression (data not shown). Thus, that

342

the action of the two isomers seems to be independent on VSOAC activity. As indicated in the

343

introduction, it has been shown that cisplatin resistance in CDDPrGB correlates with an increased

344

expression of glutathione peroxidase 1 (GPx1), and that treatment with the GPx inhibitor N-[(E)-(4-

345

hydroxyphenyl)-methyleneamino]-2-(2-methyl-imid-azol-1-yl) acetamide sensitizes the CDDPrGB

346

cells to cisplatin treatment 20. In this context it is noted that VSOAC activity is significantly boosted

347

by reactive oxygen species (ROS) and impaired in the present of antioxidants 21, i.e., the sensitizing

348

effect of the GPx inhibitor could reflect increased ROS availability, boosting of loss of osmolytes via

349

VSOAC and hence increased apoptotic cell volume decrease.

350

Platinum binding to calf-thymus DNA: As nuclear DNA is most likely the molecular target for these

351

Pt complexes, we investigated the ability of R- and S-[Pt(DABN)Cl2] to bind irreversibly to calf-

352

thymus DNA (ct-DNA) as a model system. The results show that both R- and S-[Pt(DABN)Cl2] give

353

lower ct-DNA binding compared to cisplatin (Fig. 5A and 5B). Furthermore, R-[Pt(DABN)Cl2] binds

354

to ct-DNA to a somewhat greater extent than S-[Pt(DABN)Cl2] (Fig. 5A and 5B). The maximum

355

DNA binding of cisplatin, R- and S-[Pt(DABN)Cl2] were estimated to 112 ± 5 %, 65 ± 9 % and 48 ±

356

7 %, respectively. This is interesting because S-[Pt(DABN)Cl2] was found to be more potent

357

compared to R-[Pt(DABN)Cl2] (Fig. 2), even though R-[Pt(DABN)Cl2] binds slightly better than S-

358

[Pt(DABN)Cl2] to ct-DNA (Fig. 5). In contrast, Bombard and co-workers found that R-

359

[Pt(DABN)Cl2] interact and cross-links telomeric 22AG (22-argenine-guanine) folded into G-

360

quadruplexes less efficiently than S-[Pt(DABN)Cl2]

361

between overall ct-DNA binding and the cytotoxicity of the [Pt(DABN)Cl2] compounds.

9;10

. In the case of Gumbus cells we found that 24 h cisplatin

13

. Hence, we found no direct correlation

362
363

Cytotoxicity, cell cycle progression and cell death: The main antitumor action of cisplatin is DNA

364

cross-linking and introduction of DNA breaks, which triggers apoptosis (involving cell shrinkage,

365

membrane blebbing and formation of apoptotic bodies) and cell cycle arrest 2. We used several
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366

methods to investigate the cellular effects of cisplatin, R- and S-[Pt(DABN)Cl2] treatment. Bright

367

field microscopy was used to investigate the effect of drug treatment on Gumbus (Fig 6A) and

368

CDDPrGB (Fig 6B) cell morphology, absolute cell sizing was used to quantify possible changes in

369

cell volume upon drug treatment (Fig 7), and an Annexin V-FITC/PI assay (Fig. 8) was used to

370

distinguish between apoptotic and necrotic cell death. In all of these experiments cells were treated

371

with equitoxic concentrations (i.e., the double IC50 values) for 24 h. From the bright field microscopy

372

images in Figure 6 it is seen that Gumbus (Fig. 6A) and cisplatin resistant CDDPrGB (Fig 6B) exhibit

373

widespread signs of apoptotic cell death following treatment with either cisplatin, R- and S-

374

[Pt(DABN)Cl2] , i.e., cell shrinkage, blebbing of the plasma membrane and formation of apoptotic

375

bodies (indicated by arrows). To verify that R- and S-[Pt(DABN)Cl2] induces cell shrinkage, we

376

determined the cell volume after drug treatment by electronic cell sizing (see Material and Methods).

377

These results show that exposure to R- as well as S-[Pt(DABN)Cl2] results in a significant decrease

378

in the relative Gumbus and CDDPrGB cell volume (Fig. 7), which is an early indication of apoptosis.

379

It was also noted that the cisplatin-resistant CDDPrGB cells was significantly larger than the

380

cisplatin-sensitive Gumbus cells (Fig. 7). The reason for this observation is unknown, and was not

381

investigated further.

382

Translocation of phosphatidylserine (PS) from the inner to the outer cytoplasmic membrane occurs

383

early in the apoptotic process and before loss of membrane integrity and apoptotic DNA

384

fragmentation. Here we used FITC-labeled Annexin-V to study the externalization of PS, as an

385

indication of apoptosis and PI binding to nucleic acids (e.g. RNA and DNA) as an indication of loss

386

of membrane integrity and hence propagation of the apoptotic process. We find that treatment of the

387

Gumbus (Figs. 8A and 8B) and CDDPrGB (Figs. 8C and 8D) with cisplatin, R- or S-[Pt(DABN)Cl2]

388

for 24 h at concentrations equivalent to their double IC50 values results in a decrease in viable cells

389

(i.e., cells with low staining), as well as in an increase in cells in an early apoptotic (increased

390

Annexin-V, but low IP staining) and late apoptotic (increased Annexin-V and PI staining) stage. This

391

is taken to indicate that cisplatin, R- and S-DABN-Pt(II)Cl2, when used to treat cells at equitoxic

392

concentrations cause apoptosis in a process involving cell shrinkage, membrane blebbing and

393

formation of apoptotic bodies.

394

It is well known that cisplatin causes permanent cell cycle arrest known as cellular senescence 2.

395

Whether cisplatin causes S- or G2-phase cell cycle arrest depends on cell type and the cisplatin

396

concentration 2. Qu and coworkers have previously shown cisplatin treatment in HepG2 cells, (2-5
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397

µg/mL, 48h) induces G1-cell cycle arrest in a way that correlates with an increased mRNA

398

accumulation and protein expression of the tumor suppressor and transcription factor p53, as well as

399

the cell cycle regulator p21

400

synchronized mouse embryo fibroblasts (2 µM, 18 h) failed to induce G1-phase cell cycle arrest, but

401

instead induced S-phase arrest independent of native p53

402

concentration of cisplatin for 24 h causes a S-phase arrest in the cisplatin resistant CDDPrGB cells

403

(Fig. 9A and B), whereas exposure to R- and S-[Pt(DABN)Cl2] causes G1-phase arrest (Fig. 9A and

404

B). These data indicate that the two enantiomers arrest the CDDPrGB cells earlier in the cell cycle

405

compared to cisplatin.

406

Apoptosis and cellular signaling: Two major signaling pathways leading to apoptosis, i.e., the

407

extrinsic and intrinsic pathways, have been described for mammalian cells 24. Figure 10 shows that

408

cisplatin exposure induces an increase in p53 (Ser15) phosphorylation, increased caspase 9 activation

409

and PARP inactivation within 24 h, which point to activation of the intrinsic pathway. It is

410

emphasized that the effect on caspase 9 and PARP is significantly reduced in cisplatin resistant cells

411

compared to the sensitive cells (Figs. 10A, 10D and 10E). On the other hand, cisplatin induced

412

phosphorylation of p53 is significantly increased in resistant cells compared to the sensitive cells.

413

The latter could indicate that the cisplatin resistant phenotype in CDDPrGB cells is independent of

414

p53. The data for S- and R-[Pt(DABN)Cl2] reveal that their apoptotic effects mimic the effect of

415

cisplatin although the time course is different, i.e., we observe a significant increase in p53

416

phosphorylation already within 6 h drug exposure, which is followed by a decrease in the

417

phosphorylation to a level as observed in the control cells with no Pt complex. The latter could reflect

418

that the apoptotic cell death is initiated earlier after exposure to S- and R-[Pt(DABN)Cl2] compared

419

to cisplatin. The more rapid apoptotic process (see Figs. 8 and 10) most probably reflects the more

420

rapid accumulation of S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2] by cells compared to cisplatin (see

421

Fig. 2). Also the extrinsic pathway seems to be activated following S-[Pt(DABN)Cl2] treatment in the

422

cisplatin-sensitive Gumbus cells, whereas it has almost no effect on the cisplatin-resistant CDDPrGB

423

cells.

424

Figure 11 shows that exposure to S-[Pt(DABN)Cl2] results in an increased activation of Bid (e.g.,

425

tBid in %) within 6 to 24 h in the Gumbus cells, whereas the same concentration did not have any

426

effect on the CDDPrGB cells. However, treatment with cisplatin or R-[Pt(DABN)Cl2] do not affect

427

the activation of Bid in neither Gumbus nor CDDPrGB cells (Fig. 11). Spierings and coworkers have

22

. In contrast, Attardi and coworkers found that cisplatin treatment in
23

. We find that treatment with the IC50

14

428

demonstrated that cisplatin-induced apoptosis depends on the extrinsic apoptotic pathway in a

429

testicular germ cell tumor cell line, i.e., CD95/Fas death receptor activation, DISC formation and

430

Caspase-8 cleavage 25, which is upstream to Bid cleavage. They also found that the loss of CD95/Fas

431

apoptotic signaling pathway may result in resistance to cisplatin

432

studies demonstrated that cisplatin inhibits apoptosis induced by death ligands through direct caspase-

433

8 inactivation, thus preventing the activation/cleavage of Bid in HeLa, PC-3, and HCT116 cells, and

434

in liver cells isolated from adult BALB/c mice

435

cisplatin on the extrinsic apoptotic pathway is cell type dependent. In the case of R- and

436

[Pt(DABN)Cl2], our data (i.e., the activation of p53, NOXA, Caspase-9 and cleavage of Bid) indicate

437

that the intrinsic as well as the extrinsic pathways are evoked

438

In Figure 12, we propose a model for the cellular action of cisplatin compared with the

439

[Pt(DABN)Cl2] enantiomers. Cisplatin is taken up by the cells through a transport/channel-system

440

involving the LRRC8A/D-dependent, volume sensitive organic anion channel (VSOAC).

441

Accumulation of R-[Pt(DABN)Cl2] and S-[Pt(DABN)Cl2] is VSOAC-independent and most likely

442

by passive diffusion of the lipophilic complexes. Once inside the cell, cisplatin, R-[Pt(DABN)Cl2] or

443

S-[Pt(DABN)Cl2] have a capability to bind to double-stranded DNA causing DNA damage (DNA

444

adduct formation / DNA cross-linkage). This DNA damage causes an increase in p53 activation and

445

consequently increase in the expression of several genes involved in apoptosis and cell cycle arrest,

446

e.g., Bid, BAK, BAX, NOXA, and PUMA. Increased expression of NOXA leads to increased

447

permeabilization mitochondrial outer-membrane, cytochrome c release to the cytosol, activation of

448

caspase-9, and thus activation of the executer caspases (e.g. Caspase-3 and -7). Activation of caspase-

449

3 leads to cleavage of nuclear poly (ADP-ribose) polymerase (PARP), which separates the N-terminal

450

DNA binding domain from the C-terminal catalytic domain. As PARP normally helps cells to

451

maintain their viability the PARP cleavage facilitates cellular disassembly and apoptosis i.e., DNA

452

breakdown. Our studies indicate, that both R-[Pt(DABN)Cl2] and S-[Pt(DABN)Cl2] cause Bid

453

cleavage. Bid is normally activated upon death-receptor activation (extrinsic death pathway).

454

Truncated Bid (tBid) localizes to the outer mitochondrial membrane, where it, together with the other

455

pro-apoptotic member of the BcL-2 family, facilitates cytochrome c release, caspase activation and

456

apoptosis. The resistant phenotype of the CDDPrGB cells seems to be linked to an impaired activation

457

of the intrinsic apoptotic pathway, as well as an absent activation of the extrinsic apoptotic pathway

458

in a way independent on p53.

26;27

25

. On the other hand, two other

. Taken together it appears that the effect of
S-
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459
460

Conclusion

461

We have investigated the cytotoxic effects of two enantiomeric Pt(II) complexes, R-[Pt(DABN)Cl2]

462

and S-[Pt(DABN)Cl2], and compared them to cisplatin. We find that the S-isomer is ca. twice as

463

potent as the R-isomer in decreasing the viability of human Burkitt lymphoma cells (Gumbus), even

464

though the R-isomer appears to undergo greater cellular accumulation and binds more effectively to

465

ct-DNA than the S-isomer. Compared to cisplatin, both compounds strongly accumulate in cultured

466

cells in a manner independent of the volume sensitive, cisplatin transporting channel complex

467

VSOAC. It is assumed that the rapid uptakes of the lipophilic R-[Pt(DABN)Cl2] and S-

468

[Pt(DABN)Cl2] rely on passive diffusion across the phospholipid bilayer. As with cisplatin, both R-

469

[Pt(DABN)Cl2] and S-[Pt(DABN)Cl2] induce apoptosis in the Gumbus cells. Furthermore, both the

470

S- and R-atropisomer are capable of overcoming the cisplatin resistance phenotype of the CDDPrGB

471

cells. In conclusion, we find that the chirality of the drug candidates can affect cellular activity, but

472

that an increased cellular accumulation and DNA binding rates of platinum do not directly translate

473

directly into an increase in cellular toxicity.
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559
560

Figure 1: Structure of cisplatin and the enantiomeric complexes R-[Pt(DABN)Cl2] and S-

561

[Pt(DABN)Cl2].
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568
569

Figure 2: Cell viability – dose-response curves for cisplatin, S-[Pt(DABN)Cl2] and R-DABN-

570

Pt(II)Cl2. Gumbus and CDDPrGB cells, seeded in 96 well plates, were treated for 48 h with an

571

increasing concentration of cisplatin (A), S-[Pt(DABN)Cl2] (B) or R-[Pt(DABN)Cl2] (C), and

572

viability determined by MTT 20. The results represent 4 independent sets of experiments ± SEM. D.

573

Half-maximal inhibitory concentration (IC50) was calculated from the steepest slope of the dose-

574

response curves shown in panels A to C. The resistance factors were calculated as the fractional

575

difference in IC50 values between Gumbus and CDDPrGB. Results represents 4 independent

576

experiments ± SEM and were statistically tested using Students t-tests. Symbols: * significantly

577

different from GUMBUS, # significantly different from CDDP (in same cell line) and $ significant

578

difference between S- and R-DABN-Pt(II)Cl2.
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580

581
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Figure 3: Cellular uptake of platinum in Gumbus (A) and CDDPrGB (B) cells treated with either 50

583

µM of cisplatin (●), S-[Pt(DABN)Cl2] (▲) or R-[Pt(DABN)Cl2] (■) at 37 °C for 8 h. The time course

584

of platinum accumulation was measured by AAS using the nitric acid digestion method. Data shows

585

averages ± SD for at least 3 independent experiments. Error bars not shown indicate that the SD was

586

smaller than the symbol size.
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591
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Figure 4: LRRC8A protein expression and effect of cell swelling on cellular uptake of platinum in

593

Gumbus and CDDPrGB cells treated with 50 µM of either cisplatin, S-[Pt(DABN)Cl2] of R-

594

[Pt(DABN)Cl2] for 4 h at 37 °C. A. Whole cell LRRC8A protein expression was determined by

595

immune-staining and flow cytometry. Data represents an average of 4 individual sets of experiments

596

± SEM. * Indicates CDDPrGB cells significant increased compared to Gumbus (Students t-test). B.

597

Effect of cell swelling on the cellular accumulation of cisplatin, S-[Pt(DABN)Cl2] and R-

598

[Pt(DABN)Cl2], measured by AAS using the pancreatin digestion method. Data represent five

599

(isotonic) and three (hypotonic) independent sets of experiments ± SEM. * Indicates that uptake in

600

hypotonic medium is significantly increased compared to uptake in isotonic medium (one-way

601

ANOVA).
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Figure 5: A. Time-dependent binding of the platimum(II) complexes cisplatin, S-[Pt(DABN)Cl2] and

607

R-[Pt(DABN)Cl2] (all at 7.5 µM) to ct-DNA at pH 6.9 and 37 °C. B. Maximal DNA binding of

608

cisplatin, S-[Pt(DABN)Cl2] and R-DABN-Pt(II)Cl2. Results represent 4 independent experiments ±

609

SEM and were statistically tested using a Students t-Test. *Statistically different from cisplatin. #

610

statistically difference between R- and S-[Pt(DABN)Cl2].

611
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614

Figure 6: Effect of cisplatin, S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2] on Gumbus and CDDPrGB

615

cell morphology. Bright field microscopy pictures were taken after 24 h treatment of Gumbus (A)

616

and CDDPrGB (B) cells with 2x IC50 cisplatin, S-[Pt(DABN)Cl2] and R-DABN-Pt(II)Cl2. Arrows

617

indicate typical features of apoptosis, e.g., cell shrinkage, membrane blebbing and formation of

618

apoptotic bodies. The pictures represent one out of three individual sets of experiments.
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Figure 7: Effect of cisplatin, S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2] on cell volume. Gumbus and

627

CDDPrGB cell volumes were determined after drug treatment (2xIC50, 24 h) by electronic cell sizing.

628

Absolute cell volumes in fl (i.e., 10-15L), calculated and given relative to values for un-treated

629

Gumbus controls, represent four sets of individual experiment ± SEM. * indicates significant reduced

630

when compared to the respective, untreated control and # indicates CDDPrGB significantly larger

631

than Gumbus (one-way ANOVA).

632
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633
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Figure 8: Effect of cisplatin, S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2] on apoptotic progression in

635

CDDPrGB cells. Flow cytometric measurements of phosphatidylserine exposure to the outer

636

membrane with Annexin V-FITC and counterstaining with PI were performed after 24h treatment of

637

Gumbus (A) and CDDPrGB (C) with 2x IC50 for cisplatin, S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2]

26

638

in order to detect early apoptotic, late apoptotic/dead, and necrotic cells. The percentage of viable,

639

early apoptotic and late apoptotic cells (necrotic cells were not detectible) in both Gumbus (B) and

640

CDDPrGB (D) cells were quantified and represented as a bar graph. Data represent three sets of

641

individual experiments ± SEM. * indicates reduction in viable cells, # indicates an increase in early

642

apoptotic cells and $ indicates an increase in late apoptotic cells (one-way ANOVA).

643
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Figure 9: Effect of cisplatin, S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2] on cell cycle distribution in

648

CDDPrGB cells. Cells were exposed to cisplatin, S-[Pt(DABN)Cl2] or R-[Pt(DABN)Cl2] (IC50

649

values, 24 h), fixed in absolute ethanol, incubated with PI for 30 min and finally analyzed by flow

650

cytometry. A. Cell cycle distribution curves. The black curve represents the untreated control cells,

651

and the red curve represent the cells treated with either cisplatin or S-DABN-Pt(II)-Cl2. B. Percentage

652

of cells in each phase of the cell cycle before (control) and after treatment with cisplatin, S-

653

[Pt(DABN)Cl2] or R-DABN-Pt(II)Cl2. Data represents three sets of individual experiment ± SEM. *

654

indicates an increase in cells in the Go/G1-phase, # indicates reduction in cells in the G2/M-phase,

655

and $ indicates an increase (cisplatin) or decrease (S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2] ) cells in

656

the S-phase (one-way ANOVA).
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Figure 10: Effect of cisplatin, S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2] on phosphorylation /

660

activation of the transcription factor p53, NOXA protein expression, caspase 9 activation and the

661

polymerase PARP activity. Cells were exposed to cisplatin, S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2]

662

(2 µM; 6 and 24 h exposure) and the expression of phosphorylated p53 (Ser15), NOXA, Caspase 9

663

and PARP was determined by western blotting. A. Representative western blots for Gumbus (6 sets)

664

and CDDPrGB (4 sets). B & C. Phosphorylation of p53 (B) and NOXA (C) were calculated relative

665

to their respective untreated control and data are presented mean values ± SEM. * Indicates significant

666

different from un-treated controls. # indicates significant difference between Gumbus and CDDPrGB.
28

667

D. Caspase 9 activation was determined as the ratio (in %) between cleaved and total caspase 9. E.

668

PARP inactivation was determined as the ratio (in %) between cleaved and total PARP. Data

669

represents 6 (Gumbus) and 4 (CDDPrGB) individual sets of experiments. The western blots were

670

statistically tested by one-way ANOVA with Fisher LSD test as a post-test. * indicates significant

671

different from un-treated controls. # indicates significant difference between Gumbus and CDDPrGB

672

cells.

673
674
675

676
677

Figure 11: Effect of cisplatin, S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2] on the extrinsic apoptotic

678

pathway, e.g., Bid cleavage. Cells were exposed to cisplatin, S-[Pt(DABN)Cl2] and R-[Pt(DABN)Cl2]

679

(2 µM; 6 and 24 h exposure) and the protein expression of Bid and total Bid were determined by

680

western blotting (blots not shown). Bid activation was determined as the ratio (in %) between cleaved

681

(15 kDa) and total Bid (22 + 15 kDa). Data represents 6 (Gumbus) and 4 (CDDPrGB) individual sets

682

of experiments. Protein expression was statistically tested by one-way ANOVA with Fisher LSD test

683

as a post-test. * indicates significant different from un-treated controls. (*) indicates close to

684

significance. # indicates significant difference between Gumbus and CDDPrGB cells.

685
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Figure 12: Model for R- or S-[Pt(DABN)Cl2] drug induced apoptosis. Dotted lines indicate that the

688

precise signaling event is unknown or incomplete. See text for details.
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Abstract
Shift in the cellular homeostasis of the organic osmolyte taurine has been associated with
dysregulation of the volume sensitive osmolyte transporting complex VRAC (LRRC8A/LRRC8D).
Using SDS-page and tracer technique we demonstrate that the kinase mTOR, which is normally
associated with cellular growth, plays a role in the regulation of VRAC in A549 cells. Using
Rapamycin and Rictor knock-down, we also demonstrate that mTORC2, i.e., PI3K/PTEN-mTORC2Akt signaling cascade interferes with cisplatin induced signaling and taurine release.

Statement – Significance to Metallomics
The interaction between Pt-based drugs and cell growth regulation is relevant in the assessment of
old / new potential chemotherapeutic drugs.

Introduction
Lung cancer remains one of the most common types of cancer-related fatal malignancies worldwide.
Small cell lung cancers (SCLCs) represent around 15% of all lung cancers, whereas the majority of
patients, diagnosed with lung cancer, have non-small cell lung cancer (NSCLC), which includes
adenocarcinomas, squamous cell carcinomas, and large cell carcinomas 1;2.
For several decades, platinum-based drugs have become a mainstay of therapy for SCLC and NSCLC
either alone or in combination with other chemotherapeutic drugs e.g., paclitaxel, doxorubicin or
gemcitabine 2. The widespread use of platinum-based agents began with B. Rosenberg’s discovery of
cisplatin in 1965 3 and to day two other platinum-based drugs, i.e., carboplatin and oxaliplatin, have
been approved for clinical use world-wide 4. Cisplatin and oxaliplatin are administered intravenously
and once circulating in the patient’s blood stream, cisplatin enters the cells through various channels
and transporters e.g., volume regulated anion channel complexes (VRACs) and the copper transporter
1 (CTR1) 5. It is believed that oxaliplatin is taken up by the cells by passive diffusion or through the
organic cation transporter (OCT 1 and 2)6;7. In the cytosol the chloride atoms on cisplatin and the
oxalate ligand on oxaliplatin are displaced by water molecules, thus resulting in the formation of
potent mono- and diaquated electrophiles e.g., cis-[Pt(NH3)2-Cl(H2O)]+ and trans-[Pt(1R,2R-DACHCl(H2O)]+, respectively that can react with any nucleophile (e.g., Glutathione) and nucleic acids 2;8.
Covalent binding of cisplatin to the N-7 atoms of purines and oxaliplatin to the N-7 positions of

2

guanines leads to the formation of DNA-adducts. This DNA damage might result in permanent cell
cycle arrest (senescence) and ultimately trigger activation of a cell death program designated
apoptosis 8.
Apoptosis is a genetically well-orchestrated cell death program, characterized by chromatin
condensation, membrane budding, phosphatidylserine (PS) externalization to the outer leaflet of the
plasma membrane, cell shrinkage, and protein degradation due to activation of a family of cysteine
proteases known as caspases

2;9

. Severe, irreversible DNA damage, caused by platinum-drug

treatment, activates the protein kinases Ataxia telangiectasia mutated (ATM) and Ataxia
telangiectasia and Rad3-related (ATR) 10. These kinases phosphorylate and activate the check-point
kinase 2 (Chk-2), which subsequently phosphorylates and activates the transcription factor p53. p53
controls the expression of several genes involved in DNA repair, cell cycle arrest and apoptosis 11.
Some of these genes code for pro-apoptotic members of the Bcl-2 protein family e.g., the p53upregulated modulator of apoptosis (PUMA) and the Bcl-2-associated X protein (BAX). Increased
expression of PUMA and BAX facilitates mitochondrial cytochrome-c release, activation of caspase9 through interaction with the apoptosis promoting activation factor-1 (APAF-1) and finally
activation of the executer caspases (caspase-3, 6 and 7) and apoptosis 2;8.
Except from activation of p53, cisplatin has in several studies been demonstrated to activate Akt
(protein kinase B)

12-15

, that belongs to a family of serine/threonine kinases which operates down-

stream to phosphoinositide 3-Kinase (PI3K) and which is involved in the regulation of cell
proliferation, growth, survival, metabolism, and autophagy

16

. Activation of PI3K, which follows

growth factor (GF) stimulation, leads to phosphorylation of phosphatidylinositol-3,4-bisphosphate
(PIP2) to form phosphatidylinsitol-3,4,5-triphosphate (PIP3) in the inner leaflet of the plasma
membrane. PIP3 recruits Akt to the plasma membrane, whereupon Akt becomes activated through
sequential phosphorylation at Thr-308 and Ser-473 17. It is the phosphoinositide-dependent kinase-1
(PDK1) that is responsible for phosphorylation of Akt at Thr-308, whereas phosphorylation of Ser473 on Akt requires activation of mammalian target of rapamycin (mTOR) complex 2 (mTORC2).
The latter is a multi-protein complex which, includes the kinase mTOR and its rapamycin-insensitive
companion of mTOR (Rictor)

18

. Akt activity is indirectly reversed by the tumor suppressor

phosphatase and tensin homolog deleted on chromosome ten (PTEN), a phosphatase that antagonizes
the PI3K activity by dephosphorylating PIP3 to PIP2 and directly by protein phosphatase 2A (PP2A)
or the PH domain leucine-rich repeat protein phosphatases (PHLPP1 and 2) that dephosphorylates
Akt at Thr-308 and Ser-473, respectively 19. mTORC2 is typically activated by extracellular stimuli
3

such as GF and insulin in a PI3K-dependent manner

19;20

. In this regard, it has been suggested that

PIP3, besides PDK1 and Akt, also recruits mSin1, which is a compound in the mTORC2 complex, to
the plasma membrane through its pleckstrin homology (PH) domains

19

. It appears that mSin1

interaction causes a conformational change in the mTORC2 complex that relives auto-inhibition of
the mTOR kinase activity and hence ensures mTOR kinase activity 19.
Many types of cancer cells develop either pre-existent (intrinsic resistance) or induced (acquired
resistance) to the platinum drugs 6. Hyper-activation of Akt is often seen in cancer-related
malignancies and constitutive activation of PI3K/Akt/mTOR signaling cascade is mainly due to
mutations in GF receptors e.g., the epidermal growth factor receptors (EGFR and HER2), PI3K and
its regulatory subunits, as well as loss of the tumor suppressor genes PTEN and PHLPP 19. In human
ovarian cancer cells and primary glioblastoma cells, Rictor was found to be a determinant of cisplatin
resistance through activation and stabilization Akt and the transcription factor NFκB, and hence
suppression of cisplatin-induced apoptosis 21;22.
We have previously demonstrated that cisplatin-resistance in human ovarian A2780 cancer cells
correlated with an increased ability to accumulate the organic osmolyte taurine (β-amino sulfonic
acid) and an inability to adjust the cellular volume after osmotic perturbation

23

. Besides

osmoregulation taurine is involved in elimination of the reactive oxygen species HOCl, membrane
stabilization, and modulation of intracellular calcium signaling and apoptosis

24;25

. Cellular taurine

accumulation is mainly governed by active taurine uptake via the sodium-dependent, high-affinity,
low capacity taurine transporter (TauT) and release through the volume regulated anion channel
complexes (VRACs)

24

. Interestingly, in the case of cisplatin-resistant A2780 cells, the increased

intracellular taurine content reflected an increased TauT activity combined with a dramatic reduction
in VRAC activity 23. The VRAC family are composed of several members of the leucine rich-repeat
containing 8 protein family (LRRC8A..E) and it appears that LRRC8A in combination with
LRRC8E/C or LRRC8D is required to ensure swelling induced release of anions (Cl -) and organic
osmolytes (taurine), respectively

26-28

. Recently, Planells-Cases and coworkers

26

and we

5

demonstrated that accumulation of cisplatin and carboplatin, but not oxaliplatin, also required the
expression of a LRRC8A/D-dependent VRAC complex

5;26

. Furthermore, we demonstrated that

genetic down-regulation of LRRC8A protein expression or pharmacological inhibition of the VRAC
complex activity resulted in a cisplatin-resistance phenotype in human ovarian A2780 and human
alveolar A549 cells, i.e., impairment of the intracellular cell signaling leading to activation of the

4

apoptotic cell death program and prevention of proliferation, e.g., p53, p21Waf1Cip1, ERK1/2, Bax and
Noxa, as well as caspase-9 5;29.
In the present study, we investigate the effect of cisplatin on taurine transporting systems in A549
cells, i.e., taurine accumulation via TauT and volume sensitive taurine release via the LRRC8A/Ddependent VRAC complex, as well as the effect of cisplatin on the Akt mediated activation of VRAC
during osmotic cell swelling.

Materials and methods
Inorganic solutions: Ca2+ and Mg2+free phosphate buffered saline (PBS): 137 mM NaCl, 3 mM KCl,
5 mM Na2HPO4 and 1.5 mM KH2PO4. Isotonic NaCl solution (320 mOsM): 152.5 mM NaCl, 5 mM
KCl, 1 mM Na2HPO4, 1 mM CaCl2, 1 mM MgCl2, and 10 mM N-2-hydroxyethyl piperazine-N=-2ethanesulfonic acid (HEPES). Hypotonic NaCl solution (200 mOsm) was prepared by reducing the
NaCl concentration to 92.5 mM without changing the concentration of the other components. pH was
in all solutions adjusted to 7.4.
Cell culture: Human alveolar A549 cells were grown in 75 cm2 culture flasks (CellStar, Grenier Bio,
Germany) in Dulbecco’s Modified Eagle medium (DMEM) medium. The cell culture media was
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The cells, kept at
37ºC, 5% CO2, and 100% humidity, were sub-cultured twice a week by trypsination (0.25%
trypsin/EDTA in PBS) and dilution (1;10) in fresh culture media. Penicillin/streptomycin, trypsin,
DMEM medium and FBS were purchased from Sigma Aldrich (St. Louis, MO, USA).
Transient knock-down of Rictor: Transient knock-down of Rictor to eliminate mTORC2 activity,
was carried out using a pool of four siRNA against Rictor mRNA (SMARTpool: ON-TARGETplus,
GE Healthcare, Dharmacon). MISSION Universal Negative Control siRNA (Sigma Aldrich) was
used to create a baseline for knock-down efficiency. Knockdown efficiency was estimated by western
blot analysis of Rictor. Cells, grown to 50% confluence, were transfected with Rictor siRNA or
negative control (scramble) siRNA at a concentration of 50 nM using Lipofectamine-2000
Transfection Reagent (Thermo Scientific). After 4 h incubation, the medium was replaced by
transfection reagent-free medium, and cells left for another 20 h.
SDS-Page and western blot analyses: SDS-PAGE and western blot were used to quantify changes
in protein levels of LRRC8A (94 kDa), Akt (60 kDa), phosphor-Akt (60 kDa), p21Waf1/Cip1 (21 kDa),
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Bim (15, 22 kDa) and the house-holding proteins GAPDH (37 kDa) or Histone H3 (17 kDa). The
cells were grown in 6-well plates and treated with cisplatin (20 µM in isotonic NaCl solution) and /
or the inhibitors, i.e., the PI3K inhibitor Wortmannin (5 µM in DMSO), the mTORC1 inhibitor
Rapamycin (100 or 400 nM in EtOH), the PTEN inhibitor BpV HOpic (5 µM in DMSO) and the
antioxidant butylated hydroxytoluene (BHT; 400 mM in EtOH) for up to 24 h (see individual
experiments). Cells were gently washed once in ice cold PBS and lysed in lysis buffer containing 1%
SDS, 150 mM NaCl, 20 mM HEPES, 1 mM EDTA, 0,5% Triton X-100, 10% glycerol, 1 mM Na3VO4
and 1% protease inhibitor cocktail. Lysates were briefly sonicated (2x 10 sec, Medium, 4) and
subsequently centrifuged for 5 min at 5°C and 20,000 rpm to separate the proteins extracts from
insoluble cell materials. The protein content was estimated with a commercial Bio-Rad DC protein
assay (Bio-Rad, Hercules, California, USA) with bovine serum albumine as a standard. Lysates were
diluted in ddH2O, mixed with NuPAGE sample buffer including dithiothreitol (DTT) and preceded
for SDS-PAGE gel electrophoresis (NuPAGE precast 4-12% Bis-tris gels in NuPAGE MOPS SDS
running buffer, Invitrogen, Waltham, MA USA) in NOVEX chambers. A benchmark protein ladder
(Invitrogen) was used as an indicator of the molecular weight. Following the electrophoresis, proteins
were transferred to nitrocellulose membranes as described for the NuPAGE blotting system
(NuPAGE, Invitrogen). Protein transfer was verified by Ponceau-S staining. Unspecific protein
binding was blocked by incubation in blocking buffer containing TBST (0.01 M Tris–HCl, 0.15 M
NaCl, 0.1% Tween 20, pH 7.4) and 5% nonfat dry milk for 1 h at 37°C. Membranes were incubated
with primary antibodies diluted in blocking buffer overnight at 4°C. The membranes were washed in
TBST and then incubated with secondary antibodies diluted in blocking buffer for 1 h at room
temperature. The monoclonal mouse anti-human-LRRC8A (SAB1412855) and p21Waf17Cip1 (P1484)
were used in a dilution of 1:250 and purchased from Sigma-Aldrich. Histone H3 (#9717), Bim , Akt
(9272) and phospho-Akt (4058) antibodies were from Cell Signaling (Danvers, MA, USA) and used
in a dilution of 1:250. The antibody against GAPDH (Cat.no. 39-8600) was from Invitrogen and used
in the dilution of 1:500. The secondary AP-conjugated anti-mouse and anti-rabbit antibodies (Sigma)
were both used in a dilution of 1:5000. Following the final washes in TBST, membranes were
developed using BCIP/NBT (KPL, Gaithersburg, MD, USA), scanned and quantified using UNSCAN-IT gel, version 6.1 (Silk Scientific).
Estimation of taurine efflux and influx in A549 cells. Swelling-induced taurine efflux and isotonic
taurine influx in A549 cells were estimated at room temperature on cells grown to 80% confluence
in 6-well polyethylene culture plates. Cells were before the experiments treated with cisplatin (20 µM

6

isotonic NaCl) and / or the inhibitors, i.e., the PI3K inhibitor; Wortmannin (5 µM in DMSO), the
mTOR inhibitor; Rapamycin (100 or 400 nM in EtOH), the PTEN inhibitor; BpV HOpic (5 µM in
DMSO) and / or BHT (50 µM) for up to 24 h (see individual experiments). Cells for the efflux
experiments were loaded with [3H]-taurine (PerkinElmer, 37,000 Bq/well) for 2 h in complete cell
culture medium (37°C, 5% CO2, 100% humidity). Right before initiation of the experiment, the
growth media was aspirated and each well was washed 3 times with 1 ml isotonic NaCl-medium to
get rid of remaining extracellular isotope and growth media. The experiment was performed by
transferring the NaCl-medium from each well to individual scintillation vials (Snaptwist Scintillation
vial, 6.5 ml, VWR) and replacing it with new medium at 5-min intervals. The experiment was run for
the total of 40 min in the absence or presence of cisplatin (20 µM isotonic NaCl) and / or the inhibitors,
i.e., the PI3K inhibitor; Wortmannin (5 µM), the mTOR inhibitor; Rapamycin (100 or 400 nM), the
PTEN inhibitor; BpV HOpic (5 µM) and BHT (50 µM). In some of the experiments the cells were
pre-incubated with the inhibitors and/or cisplatin for 6 hours prior to the experiment. At time 15 min,
isotonic medium was replaced by hypotonic medium (200 mOsm). At the end of the experiment,
remaining intracellular isotope was extracted (30 min, shaking table) by addition of 1 ml 1 M NaOH
followed by transfer of the NaOH plus two extra washes with ddH2O to vials. Each vial was added
3.5 ml scintillation solution (Parkard Ultima Gold, PerkinElmer), mixed and proceeded to
scintillation counting (PerkinElmer scintillation counter, Waltham, MA). The total 3H-activity was
calculated as the sum of 3H-activity released during the experiment and in the three NaOH/ddH2O
washes. The fractional taurine release rate constant (k, min-1) was calculated from the equation: k =
[ln(X1)-ln(X2)]/(t1-t2), where X1 and X2 represent the residual fraction in the cell at time t1 and t2,
respectively.
For the influx experiments, five of the six wells were used to determine the taurine uptake and the
remaining well was used to determine the protein content (Lowry method). At the beginning of the
experiment, each well was washed three times in 1 ml isotonic NaCl medium to remove remaining
growth media and finally added 600 µl isotonic NaCl medium pr. well. The experiment was initiated
by adding 50 µl [3H]-taurine stock solution containing (0.005 µM taurine) to wells 1–5 at various
time points. Termination of taurine uptake was performed by removal of the extracellular medium
and rapid washing the cells in 1 ml ice-cold MgCl2 to block the uptake. The cell was lyzed with 200
µl 96% ethanol. After EtOH evaporation, 600 µl ddH2O was added to well 1–5. The plate was
incubated 20 min on a shaking table to dissolve/extract the isotope. The dissolved isotope plus 2
washouts with 600 µl ddH2O were collected in vials and preceded for 3H-detection as indicated under
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the efflux procedure. Total 3H-taurine activity (counts/min) taken up at a given time point was
estimated as the sum of 3H-activity in the cell extract and two water washouts. Cellular taurine activity
(counts·min-1· well-1) was converted to nmol/g protein, using the extracellular specific activity
(counts·min-1·nmol-1) and the protein content (mg protein/well). Cellular activity was plotted vs. time
and taurine uptake (nmol·g protein-1·min-1) determined by linear regression.
Statistics. All data were statistically tested (GraphPad Prism version 7.03) by one-way ANOVA with
Fisher LSD Method and/or by Student’s t-test. In bar- and scatterplots the error bars indicate standard
error of the mean (SEM).

Results and discussion
Impact of cisplatin treatment on TauT and swelling-induced LRRC8A/D-dependent VRAC activity.
Previously we demonstrated that development of acquired cisplatin resistance in human ovarian
A2780 cells correlated with an increased taurine content, as well as a markedly increased TauT
activity and an inability to activate the LRRC8A/D-dependent VRAC complex, responsible for the
release of taurine 23. We also demonstrated that lack of VRAC activity in cisplatin-resistant cells was
due to a missing LRRC8A total protein expression, even though short term exposure to cisplatin in
cisplatin-sensitive cells induced an increase in the LRRC8A protein expression

23

. The time course

for development of TauT downregulation as part of the cisplatin resistant phenotype was not
investigated at that point. Based on this, we in the present paper investigate long-term and acute
effects of cisplatin on taurine accumulation through TauT and swelling-induced taurine release
through VRAC. Figure 1A shows the relative TauT activity following 1 to 24 hours exposure to
cisplatin (20 µM, black bars). It is seen that cisplatin apparently causes a decreased TauT activity
over time. After 24 hours cisplatin exposure, the TauT activity was reduced to half of the initial (Fig.
1A).
Planells-Cases and coworkers have demonstrated that cisplatin stimulates isoosmotic taurine release
in HEK cells 26, whereas Gradogna and coworkers demonstrated that cisplatin dramatically activated
currents in Xenopus oocytes, expressing either LRRC8A/E and LRRC8A/D heteromers,

30

. To

exclude the possibility that the decreased TauT activity is simply due to an increased cisplatininduced VRAC activation, release of taurine to the extracellular compartment and hence reduction in
the specific activity of 3H-labelled taurine, we performed the influx experiments in the absence and
presence of the anion channel blocker DIDS, which is known to block the swelling-induced taurine
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release in A549 cells 31. From Fig. 1A (red bars) it is seen that VRAC inhibition with DIDS increased
the TauT activity independent of cisplatin exposure. Thus, the taurine uptake in the presence of DIDS
is taken to reflect TauT activity. From Fig. 1A it is also that TauT activity is unaffected by cisplatin
within the first 6 hours exposure where after it drops dramatically within 24 hours exposure. We have
recently demonstrated that cisplatin leads to activation of the tumor suppressor and transcription
factor p53 within 24 hours in the A549 cells 29 and as Han and Chesney previously demonstrated that
cisplatin exposure represses the TauT gene at a transcriptional level in a way dependent on p53 32-34.
Based on this, it seems reasonable to assume that the decreased TauT activity involves cisplatininduced p53 activation. It is noted that the effect of DIDS is more pronounce after six hours cisplatin
exposure compared to the effect of DIDS in the absence of cisplatin (Figs 1B). This most probably
reflects that cisplatin increases taurine release within 6 hours exposure.
As cisplatin seems to activate VRAC within 6 hours exposure, we investigated the effect of acute and
long-term (6 hour) cisplatin exposure (20 µM) on swelling-induced taurine release. Figures 2A (acute
responses) and 2B (long-term responses) show the fractional rate constant for taurine release as
function of time. From Fig. 2 it is seen that acute cisplatin exposure reduced the rate constant for
taurine release under isotonic conditions (Fig. 2C), and the maximal rate constant for taurine release
under hypotonic conditions, obtained after 10 min hypotonic exposure (Fig. 2D). The effect of
cisplatin on the rate constants was more pronounced after 6 hours cisplatin exposure (Figs 2C/2D). It
is emphasized that the ability of the channel to inactivate following hypotonic cell swelling was
decreased by long-term cisplatin exposure (Fig. 3E). It is assumed that a combination of the reduced
maximal rate constant for the volume sensitive taurine release (Fig. 2D) and the inability to inactivate
the VRAC complex (Fig. 2E) will result an increased net loss of taurine. This is in congruence with
the effect of DIDS seen in Fig. 1B.
Cisplatin and oxaliplatin activate growth-associated signaling. Activation of the serine/threonine
kinas Akt has in several studies been associated with development of cisplatin resistance

35-37

. In

human breast (MDA MB-468) carcinoma cells, it has been shown that cisplatin activates Akt in a
way dependent on the epidermal growth factor receptor (EGFR) and Src kinase

37

. Moreover, in

human lung A549 cancer cells Akt-1 amplification was found to promote cisplatin resistance through
the mTORC1/p70S6K-1 Pathway 38. We have investigated the effect of cisplatin and oxaliplatin on
the activation of Akt measured as its Ser-473 phosphorylation. Figure 3A (representative western
blot) and 3B (quantification) show that cisplatin and oxaliplatin induces a transient activation of Akt
within 24 hours and that maximal activity is obtained following 6 hours treatment. The Akt activation
9

could be inhibited by co-treatment with the PI3K inhibitor Wortmannin, indicating that the cisplatininduced Akt activation is dependent on the PI3 kinase (Fig. 3C and 3D). Moreover, the PTEN
inhibitor BpV HOpic and the mTOR inhibitor Rapamycin slightly potentiated the phosphorylation of
Akt in the absence of cisplatin (Fig. 3C and 3D). Neither inhibition of PTEN nor mTOR inhibition
affected the cisplatin-induced Akt activation (Fig. 3C and 3D). Co-treatment with the anti-oxidant
BHT had no effect on Akt activity, thus indicating that the cisplatin-induced activation of Akt is
independent on production of reactive oxygen species (ROS) (Fig. 3A and 3B). As seen in Figure 3,
Rapamycin increased the activity of Akt. As stated in the introduction, mTOR represent the catalytic
subunit of two distinct complexes; mTORC1 and mTORC2, where mTORC1 operates down-stream
to Akt and mTORC2 mediates the growth-factor-induced phosphorylation of Akt on Ser-473.
mTORC2 is, in contrast to mTORC1, insensitive to Rapamycin inhibition 39. In contrast, low-dose
rapamycin has been demonstrated to potentiate mTORC2 signaling i.e., phosphorylation of mSin1 at
Thr-86 and Akt at Ser-473, whereas high-dose Rapamycin had no effect on or even decreased
mTORC2 mediated signaling

39

. Thus, at a low-dose of Rapamycin the contribution of mTOR is

allocated from an effect via mTORC1 to an effect via mTORC2. Based on this, it is suggested that
Rapamycin potentiates Akt activation through activation of mTORC2 and inhibition of mTORC1.
Apart from Akt activation, both cisplatin and oxaliplatin were found to induce an increase in BIM
(Fig. S1A) and p21 (Fig. S1B) protein level, confirming that the cisplatin concentrations used in the
present work was suitable for induction of cell cycle arrest and apoptosis in the A549 cells. In
summary, cisplatin and presumable oxaliplatin mediate transient activation of Akt though the
PI3K/PTEN-mTORC2-pathway.

The PI3K/PTEN-mTORC2-Akt pathway regulates the swelling-induced release of taurine and
interferes with cisplatin-mediated effects. The PI3K-Akt pathway has been demonstrated as an
important regulator of swelling-induced taurine release 40. In cultured cerebellar granule neurons, cell
swelling stimulated phosphorylation of the receptor tyrosine-protein kinase ErbB4, activation of
FAK, the Src kinase, Akt and ERK-1/2 40. It was demonstrated that inhibition of ErbB4, Src, FAK
and PI3K prohibited the swelling-induced activation of Akt and ERK-1/2 as well as reduced the
release of taurine 40. In ELA and NIH3T3, inhibition of Src, FAK and PI3K reduced the swellinginduced taurine release 41;42. We investigated the acute (S2) and long-term (Fig. 4) effects of cisplatin
and growth signaling on swelling-induced taurine release in A549 cells.
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Figure 4 shows the fractional rate constants for taurine release in untreated and wortmannin, BpV
HOpic, Rapamycin or BHT treated A549. It is seen that cisplatin significantly reduces the isotonic
taurine release with around 50% (Fig. 4B). Interestingly, the effect of cisplatin was counteracted by
co-treatment with wortmannin, BpV HOpic, Rapamycin or BHT (Fig. 4B). From the data presented
in Figs 4C and 4D, it is seen that cisplatin decreases the swelling-induced taurine release and delays
channel inactivation. Similarly, inhibition of PI3K decreased the swelling-induced taurine release and
diminishes channel inactivation, whereas inhibition of PTEN and mTORC1 had no effect on the
maximal taurine release (Fig. 4C and 4D). However, inhibition of PTEN and mTORC1 increases
channel inactivation (Fig 4D). Interestingly, we demonstrate that co-administration of cisplatin with
either wortmannin, BpV HOpic or Rapamycin completely overrule the effect of cisplatin alone (Fig.
4). Based on this, it is suggested that cisplatin mediates its effect on VRAC through the PI3K/PTENmTORC2-Akt pathway. The data presented in Fig. S2 indicate that acute inhibition of PTEN not only
increases the maximal taurine release both under isotonic conditions and upon hypotonic cell swelling
(Fig. S2C) but also accelerates channel inactivation (Fig. S2D). The latter most probably reflects an
increased RVD response. Both cisplatin treatment and inhibition of PI3K significantly decreased the
maximal swelling-induced taurine release (Fig. S2C). However, the isotonic taurine release and
channel inactivation were unaffected by cisplatin and wortmannin (Fig. S2D). Rapamycin-treatment
had no effect on ether isotonic or hypotonic taurine release, as well as channel inactivation (Fig S2BD). The data in Fig. 4 and S2 are taken to indicate that the effect of long-term cisplatin on VRAC
may involve activation of PI3K/PTEN-mTORC2-Akt pathway and ROS production.
Cell swelling is known to increase ROS production and it has been demonstrated that exogenous
addition of hydrogen peroxide (H2O2) and inhibition of antioxidative enzymes (e.g., catalase) directly
potentiates the swelling-induced release of taurine 41;43;44. Moreover, the presence of antioxidants e.g.,
BHT and N-acetyl-L-cysteine (NAC) prevents swelling-induced taurine release

41;43;44

. We

demonstrate that swelling-induced taurine release is dependent on swelling-induced ROS production.
BHT was found to almost abolish the swelling-induced taurine release, whereas the isotonic release
remained unaffected (Fig. 4 and S2). Hence, the effect of cisplatin in A549 cells appears to be
independent on ROS.
To further support the involvement of the PI3K/PTEN-mTORC2-Akt pathway, we studied the effect
of Rictor knock-down on swelling-induced taurine release. The knock-down efficiency is shown in
figure 5A. The Rictor content was reduced with around 75 % in cell transfected with siRNA directed
against Rictor (Fig. 5A). Figure 5B shows the fractional taurine release rate constant as function of
11

time from one representative experiment. The maximal taurine release upon cell swelling is illustrated
in Fig. 5C. It is seen that Rictor knock-down decreases the swelling-induced taurine release similar
to inhibition with wortmannin.

Conclusion
Figure 6 illustrates the role of PI3K/PTEN-mTORC2-Akt pathway in the regulation of the swelling
induced release of taurine via the VRAC complex (LRRC8A/LRRC8D). The cascade is normally
activated by stimulation of RTK and our data indicates that at a low-dose of Rapamycin the
contribution of mTOR allocates from an effect via mTORC1 to an effect via mTORC2. Moreover,
the PI3K/PTEN-mTORC2-Akt interferes with cisplatin induced signaling and taurine release.
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Figure 1: Effect of cDDP and DIDS-mediated VSAOC inactivation on taurine uptake in A549
cells. A549 cells were treated with 20 µM cDDP for 1 to 24h before initiation of the experiment.
Increase in cellular taurine content (nmol/g protein) was determined by tracer technique as a function
of time under isotonic conditions in the presence or absence of 400 µM DIDS. A. The taurine influx
(nmol·gram protein-1·min-1) was determined from the slope of the time traces. B. The relative DIDSeffect i.e., VSOAC activity. Values are given relative to isoton control and represent means of 3-7
sets of experiments ± SEM. *Significant difference using 2-way ANOVA with Fischer’s LSD test
(A) or unpaired t-test (B). # Significant different from 6h cDDP treatment in B.
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Figure 2: Acute and long-term effect of cDDP treatment on isotonic taurine release, swellinginduced taurine release and VSOAC channel inactivation. A549 cells were either exposed to 20
µM cDDP during the experiment (A) or 6h before initiation of and during the experiment (B).
Fractional rate constant (min-1) for taurine release was determined from release of 3H-labeled taurine
and plotted vs. time under isotonic and hypotonic conditions (shift in tonicity indicated by the arrows).
C. Isotonic taurine release and D. maximal hypotonic taurine release was obtained from the time
traces and set relative to the untreated control. E. the VSOAC inactivation was calculated as (max
hypoton – 40 min hypotin)/(max hypoton – isoton)*100 and set relative to the untreated control. The
data represent four (acute exposure) and five (long-term exposure) sets of experiments ± SEM. Data
were statistically tested using one-way ANOVA with Fischer’s LSD test. *Statistically different from
untreated control. # difference between acute and long-term exposure.
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Figure 3: Effect of cDDP and OXA on the PI3K/PTEN/Akt-mTOR cascade in A549 cells. A and
B. Cells were exposed to 20 µM cDDP or OXA for 0.5, 1, 3, 6 or 24h. Lysates were taken and
proceeded for WB analysis using total-Akt or phospho-Akt (Ser-473). C and D. Cells were exposed
to 20 µM cDDP for 6h in the presence or absence of Wortmannin (5 µM), BpV HOpic (5 µM),
Rapamycin (400 nM) or BHT (0.5 mM). Lysates were taken and proceeded for WB analysis using
total-Akt or phospho-Akt (Ser-473) antibodies. A and C. Representative WBs. B and D.
Quantification (maximal pixels) of Akt and phospho-Akt expression from four sets of paired
experiments (one is shown in A) using UN-SCAN-IT. Data is shown relative to the untreated (UT)
controls. Data represent four (A and B) and five (C and D) individual sets of experiments. Results
shown in B and D were statistically tested using one-way ANOVA with Fischer’s LSD test. * denotes
statistically different from untreated control. # denotes different from maximal p-Akt/Akt (in B) and
uncreated (in D).
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Figure 4: Intercalation of the PI3K/PTEN/Akt-mTOR cascade and cDDP treatment on isotonic
taurine release, swelling-induced taurine release and VSOAC channel inactivation. A549 cells
were exposed to 20 µM cDDP, 6h before initiation of and during the experiment in the presence or
absence of Wortmannin (5 µM), BpV HOpic (5 µM), Rapamycin (400 nM) or BHT (0.5 mM). (A).
Fractional rate constant (min-1) for taurine release vs. time under isotonic and hypotonic conditions
(shift in tonicity is indicated by the arrow) in untreated control (black circle), wortmannin treated (red
circles) or BpV HOpic treated (white squares) A549 cells. B. Isotonic taurine release and C. Maximal
hypotonic taurine release constants were obtained from the time traces. D. The VSOAC inactivation
was calculated as the deacceleration slope obtained from the time traces. The data represent 3-6 sets
of experiments ± SEM. Data were statistically tested using one-way ANOVA with Fischer’s LSD
test. *Statistically different from untreated control. # Statistically different from cDDP treated
control.
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Figure 5: Involvement on the mTORC2 component Rictor on swelling-induced taurine release.
A549 cells were transfected with scramble or rictor siRNA 48h prior to the experiment. A. Lysates
were taken and proceeded for WB analysis using a Rictor antibody (Histone H3 was used as a loading
control). A (Top) Representative WBs. A (bottom) Quantification (maximal pixels) of rictor
expression relative to H3 from four sets of paired experiments using UN-SCAN-IT. B. Fractional rate
constant (min-1) for taurine release vs. time under isotonic and hypotonic conditions (shift in tonicity
is indicated by the arrow) in scramble (black circles) and Rictor (red circles) siRNA transfected A549
cells (one representative experiment is shown). C. Maximal hypotonic taurine release constants were
obtained from the time traces and set relative to the non-transfected controls. Data in C represent 3
(scramble) and 6 (rictor) sets of experiments ± SEM. Data were statistically tested using an unpaired
t-test. *Statistical difference.
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Figure 6: Involvement on the PI3K/PTEN/Akt-mTOR pathway on swelling-induced taurine
release. See text for description
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