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Summary

Resistance of cancer cells to drug treatment is a major Problem in cancer

therapy. The platinum-based drug cisplatin (Gis-diamminedichloroplatinum(II))

is a widely used anticancer dmg introduced more than 20 years ago which acts

mainly by fbmlng adducts wi血DNA仇at cause the induction or apoptosis･

Iiowever, Some types of cancer have high intrinsic resistance to cISPlatin; in

addition, resistance to the drug frequently appears in initially responsive tumorsI

The mechanisms of resistance to cISPlatin arethe subject of intense study

because their elucidationwill lead to the development of better, more effective

treatments for cancer.

A model of cisplatin resistance is provided by the cisplatin-resistant KB

(KB/CP4) cell line, which is derived fiom human KB epidermoid cancer cells･ It

was fわund previously ln Our laboratory血at activlty Of the volume-sensitive,

outwardly rectifying (VSOR) chloride channel is virtually absent in these cellsI

Because VSOR chloride current activation isknOwn to be essential to the

progression of apoptosIS, lt Was hypothesized that the absence of the current

contributes to the cisplatin resistance of these cells.

An attempt was first made to determinethe molecular identity of the VSOR

chloride channel or a regulator of it. A strategy for identifying the molecule(S)

was suggested by the factthat the KB/CP4 cell line, unlikethe KB cell line from

which it is derived, does not express volume-sensitive chloride current･ Using a

subtractive hybridization method, Candidates for differentially expressed genes

were identified. With seml-quantitative RTIPCR, seven genes were confirmed as

being expressed at a higher level in KB cells than in KB/CP4 cells; five of these

were genes which had been identified by subtractive hybridization･ The genes

confined as having higher expression in KB cells were lactate dehydrogenase A

(LDHA), SIOO calcium binding protein A4 (SIOOA4),thymosin P4 (TMSB4X),

argininosuccinate synthetase (ASS), placental alkaline phosphatase (ALPP),



folate receptor 1 (FOLRl) and GPIISPeCific phospholipase Dl (GPLDl)･ All of

these genes, except f♭r ALPP, were也en cloned into expression vectors and

overexpressed in KB/CP4 cells to determine if they could restore VSOR chloride

current expression. The overexpression of these genes did not result in

restoration of the cll汀ent in KB/CP4 cells, however.

Because VSOR chloride current could not be restored in KB/CP4 cells by gene

overexpression, treatment with drugsthat remove gene silencing Was teSted in an

attempt to restorethe current. Epigenetic changes which alter chromatin

stmctureHgene promoter me仇ylation and histone deacetylation, in particulaトare

knownto cause inhibition of gene expression, and could potentially contribute to

the silencing of genes in KB/CP4 cells. 51Aza12'-deoxycytidine (Aza-dC) is a

drug that reverses DNA methylation by inhibiting DNA methyltransferases, and

trichostatin A (TSA) is a drug that reverses histone deacetylation by inhibiting

histone deacetylases (HDACs). In KB/CP4 cells treated with Aza-dC, a volume-

sensitive chloride current was not induced; however, it was fわund that the current

could be induced in cells treated withTSA. This current was confirmed as

VSOR chloride current based on its volume sensitivity, 1ntraCellular ATP

dependency and sensitivity to two blockers, 4,4l-diisothiocyanatostilbene-2,2'-

disulfonic acid (DIDS) and phloretin. It was found that in addition to this

phenotypic change in the expression of VSOR chloride current, alterations in the

expression orsome genes occurred血e to TSA treatment･ As assessed by semi-

quantitative RT-PCR, two genes previously identified as differentially expressed

in KB and KB/CP4 cells, FOLRland GPLDl, were upregulated in TSA-treated

KB/CP4 cells.

The effects of restoration of VSOR chloride current on cISPlatin resistance in

血ese cells were checked by a cell viability assay and caspase-3 activity assay･

The viability ofcells treated fわr 48 h with both TSA and cisplatin decreased to a

greater extent thanthat ofcells treated with TSA alone,and this decrease could

be blocked by treatment with DIDS. Moreover, simultaneous treatment with



both TSA and cisplatin for 24 h was found to induce apoptosis inthis cISPlatin-

resistant cell line: caspas6-3 activity in cells treated f♭r this leng血oftime wi仙

both drugs was elevated compared to that in cells treated wi也TSA alone. This

increase in caspase-3 activity could also be blocked by DIDS. These results

demonstrate血at cisplatin resistance in KB/CP4 cells treated witll the HDAC

inhibitor TSA decreases as a reslllt of an increase in apoptosIS, at least in part; ln

other words, TSA caused a sensitization of血e cisplatin-resistant tumor cells to

cISplatin-induced apoptosis. It is thus suggested that血e activlty Of血e VSOR

chloride chamel is essential fbr仇e TSA-induced increase in apoptosis.

In conclusion, this study provides evidencethatthe absence of VSOR chloride

channel activitycontributes to cisplatin resistance in a cisplatin-resistant KB cell

line, and that restoration ofVSOR chloride current in these cells is involved in

sensitization to cISPlatin-induced apoptosis in this tumor cell line. The identities

of genes involved in thefunctionlng Of the channel remain to be clarified.



Introduction

Cisplatin (cis-diamminedichloroplatinum(II)) is a platinum-based drug widely

used in the treatment of various types of cancer (Rozencweig et a1., 1977;

Loehrer and Einhorn, 1984). It is particularly effective in the treatment of

testicular cancer, but is also used to treat ovarian, cervical, head and neck,and

non-small-cell lung cancer, in addition to other types of cancer. It is thought to

kill cancer cells mainly by forming adducts with DNA which interferewithDNA

repair mechanisms (Roberts and Thomson, 1979; Chl, 1994; Jamieson and

Lippard, 1999), leading to apoptosis (Ba汀y et a1., 1990; Eastman, 1990;

Sorenson et a1., 1990; Sklar and Prochownik, 1991 ; Mizushima et a1., 1996; Van

Waardenburg et a1., 1996; Guchelaar et a1., 1998).

While some types of cancer are sensitive to cISPlatln, Others are resistant.

Cisplatin treatment is curative fb∫ testicular cancer in nearly all cases because or

the sensitivity of this type of cancer tothe drug (Chaganti and Houldsworth,

2000). Ovarian cancer, on the other hand, has high intrinsic resistance to

treatment withcisplatin (Ozols and Young, 1984). In addition to such intrinsic

resistance to cISPlatin, acquired resistance toanticancer drugs is a major obstacle

in the treatment orcancer (Loehrer and Einhom, 1984; Ozols, 1992; Perez et a1.,

1 993). In cases of drug resistance, current therapeutic strategies focus on testing

different combinations of drugs, ratherthanon reversing resistance (Wemyjand

Morin, 2004).

The mechanisms of resistance to cISplatin are complex, and are thought to

involve inactivation of cisplatln, lnCreaSed DNA repalr, reduced intracellular

accumulation of cisplatin, 1nCreaSed tolerance to cISPlatin adducts and disruption

of the apoptotic program (Timmer-Bosscha et a1., 1992; Chao, 1996; Kartalou

and Essigman, 2001; Werny]'and Morin, 2004; Wang and Lippard, 2005).

Signalling pathways that are activated in response to DNA damage can make

different contributions depending onthe cell type (Dempke et a1., 2000). For



example,血e p53 signalling pathway, which has a cmcial role in tumor

suppression, appears to be important in cISPlatin sensitivlty ln many Cell types

but not in o血ers (Wang and Lippard, 2005). Impai-ent of this pa仇way may

thus be a factor in cISPlatin resistance in many but not all cases･

Previous data from our laboratory suggest that the effects of cisplatin are

related to the functional expression of the volume-sensitive, outwardly rectifhng

(VSOR) chloride channel. It was fわund that VSOR chloride current is enhanced

in human KB epidermoid tumor cells treated withcisplatin (Ise et all, 2002); in

addition, the expression of VSOR chloride current is virtually absent in a

cisplatin-resistant variant of these cells (KB/CP4 cells) which cansurvive and be

cultured in血e presence orcisplatin (Ise et a1., 2002)･

Activity of the VSOR chloride channel lュas been shown to be critical fb∫ cell

volume regulation (Okada, 1997; Niliuset a1., 1997; Strange et all, 1996)･ In

response to a hypotonic stimulation which causes swelling, animal cells regulate

their volume by a process called regulatory volume decrease (RVD) which

occurs a鮎r the osmotic swelling･ In RVD, the emux of Cr and K+ via ion

channels results in the outflow of water and a decrease in cell volume. The

VSOR anion channel has been implicated as the channel pnmarily responsible

for mediating the efnux ofCl~ in this process･ The channel also has a critical role

in apoptosis･ Activation of the chamel is an early stage event required fb∫ the

cell to undergo apoptotic volume decrease (AVD), which is essential for

progression orthe apoptotic program (Maeno et al･, 2000; Okada et al･, 2001;

Shimizu et a1., 2004). Blockage ofVSOR chloride current by channel blockers

inhibits AVDand apoptosis (Shimizu et a1., 2004; Takal1aShi et all, 2005)･

The molecularidentity of the VSOR chloride channel is unknown, although

many attempts have been made to clone the cha-el. Molecules proposed as

candi血tes fbr也e channel have included pICln (Paulmichl et al･, 1992), P-

glycoprotein (Valverde et a1., 1992) and CIC-3 (Duan et al･, 1997)･ These

proteins may be regulators of the VSOR chloride channel but have been shown to



be distinct丘om the channel protein itself(Tominaga et al･, 1995; Voets et all,

1996; Gong et a1., 2004).

The mechanism by whichthe VSOR chloride channel is activated is complex

and differs depending on cell type. Channel activatiOn requires binding of

intracellular ATPand can be blocked by free intracellular Mg2'(oiki et a1.,

1994). Regulation by tyrosine kinases and protein kinase Cα has been observed

in some cell types (Abdullaev et a1., 2003; Browe & Baumgarten, 2003; Chou et

alJ998; Hermoso et a1., 2004). A basal level ofcytosolic Ca2+ is thought to be

required forthe channers activity (Sztics et a1., 1996),and stimulation of a Ca2'-

senslng reCeptOr by extracellular Ca2+ is known to cause upregulation of channel

cumnt (Shimizu et a1., 2000). It has been shown that during apoptosis, an

increase in reactive oxygen species (ROS) activatesthe channel (Shimizu et all,

2004). Other modulatory elements include the actin cytoskeleton, Rho

monomeric G proteins and caveolinll (Okada, 1997; Carton et all, 2002; Trouet

et a1., 2001).

The main purpose of this study was to elucidate the role offunctional

expression of the VSOR chloride channel in cISPlatin resistance･ In KB/CP4

cells, expression of the VSOR chloride cha-el molecule itself may be

downregulated, or the protein may be mislocalized. Altematively, one or more

components of the activation mechanism may be misslng Or defective･ Initially,

an attempt was made to detemine the molecular identity of the channel or a

regulator of it･ Using a subtractive hybridization method and sem1-quantitative

RT-PCR, genes expressed at a higher level in KB cellsthan in KB/CP4 cells

were identified. None of these genes appeared to be genes encoding proteins

whose expression could restore VSOR chloride chammelfunction in KB/CP4 cells,

however.

Histone deacety1ase (HDAC) inhibitors have been shownto induce growth

arrest, differentiation and apoptosis of varioustumor cells (Marks et al･, 2000)

and are now known to be a novel class ofrelatively specific anticancer agents



(Jobnstone, 2002). Trichostatin A (TSA), which was originally developed as an

antifungal agent, lS a potent inhibitor of HDAC activity at nanomolar

concentrations (Yoshida et alり1990; Marks et al･, 2001)･ Recently, TSA has

been shown to sensitize tumor cells which are resistant to a variety of apoptotic

inducers to TRAILmediated (Inoue et a1., 2002; Sommemann et a1., 2005),

anticancer drug-induced (Roh et a1., 2004)and UV-induced (Kim et all, 2005)

apoptosis･ Thus, there is a possibility血at TSA restores sensitivity to cisplatin or

vsoR chloride current function in cISPlatin-resistant KB carcinoma cellsI In the

present study, in fact, it was demonstrated that VSOR chloride current could be

partially restored in KB/CP4 cells by treatment of the cells withTSA･ The

restoration of the current in仇ese cells provided a means ofexaminlng the role of

the channel in cISplatin resistance.



Materials and Methods

Cell culture and drug trea加ent

The cisplatin-resistant cell line KB/CP4 was derived from human KB

epidermoid cancer cells (Murakami et al, 2001). The cells were cultured in

Eagle's MEM (Invitrogen, Carlsbad, CA) containing lO% fetal bovine serum and

23.3 pM cisplatin (Sigma, St. Louis, MO). KB cells were cultured in medium of

the same composition that did not contain cISPlatin. For treatment with drugs for

cell viability measurements or caspase-3 assays, KB/CP4 cells were plated at a

denslty Of～l X 104 cells/well in 96-well plates or ～2 Ⅹ 105 cells/well in 6-Well

plates, respectively, two血ys befわre treatment. The medium was then replaced

with Eaglels MEM contalnlng 1 O% fetal bovine serum and various combinations

of400 nM trichostatin A (TSA; Wako, Osaka, Japan), 23.3トM cisplatin and 50

pM 4,4l-diisothiocyanatostilbene-2,2■-disulfonic acid (DIDS; Sigma). Ethanol

(Wako) and dimetllylsulfbxide (Dqjindo, Mashiki, Japan) were used in place of

TSA and DIDS, respectively, 1m negative controls. For cell viability

measurements, the drug-Containing medium was replaced after 24 hrandthe

cells were incubated for 24 hrfurther, for a totaltreatment time of48 hr before

beginnlng aSSayS･ For caspase13 activity assays, Protein was extracted from the

cells after 24 hr of treatment. For total RNA extraction, cells were plated at a

density of～3 x 105 cells/well in 6-Well plates･ RNA was extracted whenthe cells

reached ～75% con fluency. For patch-clamp experiments with TSA, cells were

plated at a density of-2 Ⅹ 105 cells/well in 6-Well plates two days befわre

treatment; medium was then replacedwithmedium containing 400 nM TSAand

incubated for 24 hr before experiments. For patch-clamp experimentswith 5-

aza-2--deoxycytidine (A呈a-dC; MP Biomedicals, ⅠⅣine, CA), cells were plated at

a denslty Of～1･5 x 105 cells/well in 6-Well plates two days before treatment;

medium wasthen replacedwith medium containing 2.5 pM Aza-dCand



incubated for 2 days, after which the cells were passaged. Fresh Aza-dC was

added each day for 2 more days before electrophysiology experiments were

performed.

Subtractive hybridization

Subtractive hybridization of CDNA derived from KB cells and KB/CP4 cells

was carried out withthe PCRISelectTM CDNA SubtractionKit (Clontech,

Mountain View, CA). In血is method, the "tester■■ population of cDNAs contains

the differentially expressed sequence(S) of interest while the ''driver.'population

ofcDNAsis used as a reference. CDNA sequences expressed at a signifioantly

higher level in the tester populationare speciflCally amplified by PCR, whereas

amplification of CDNA sequences with similar expression levels in both groups is

minimized. In the experiments described here, KB CDNA served as the tester

and KB/CP4 CDNA as the driver. To summarize briefly, double-stranded CDNA

from bothcell types was digested withRsa I, a restriction enzyme that generates

blunt-ended fragments. The digested tester population was divided into two

groups and different adaptors were ligated to the ends of molecules in each group.

Each tester group was hybridized separately with an excess of driver CDNA,

which was not ligated wi血adaptors, and both groups were血en mixed together

for a second hybridization in the presence of a large excess of driver CDNA.

After filling ln reCeSSed ends of the molecules by DNA polymerase, PCR cycling

uslng a Single pnmer annealing to identical sequences in the different adaptors

wasused to amplify differentially expressed sequences. Using nested primers, a

second round of PCR cycling was performed to further emich the productwith

differentially expressed sequences and reduce background. A subtracted CDNA

library was generated by ligatlng SeCOndaⅣ PCR products into me PGEM-T Easy

Vector (Promega, Madison, WI), electroporating ligation products into

ElectroMAXTM DH5α-ETM E.coli cells (Invitrogen) using a Gene Pulser II with



Pulse Controller PLUS (BioIRad, Hercules, CA)and plating the cells onto agar

plates containlng amPICillin and reagents for blue-white selection.

cDNA fb∫ subtractive hybridization was generated according to仇e

manufacturerls instructions, uslng messenger RNA from both cell lines.

Messenger RNA was isolated丘om total RNA extracted using Sepasol reagent

(Nacalai Tesque, Kyoto, Japan). Isolation of messenger RNA was carried out

usingthe MPG Direct mRNA PurificationKit (CPG,Lincoln Park, NJ)with a

slightly modified protocol: 50 mM NaCI was added to total RNA preps to

facilitate binding of poly A+ RNA to beads.

CDNA array screening

screenlng Ofthe subtracted library was carried out withthe PCR-SelectTM

Differential Screening Kit (Clontech), using a protocol modified to be non-

radioactive. HybridizatiOn probes were made by biotinylatlng Secondary PCR

products from the forward subtraction in a reaction containing biotin- I 6-dUTP

(Roche Diagnostics, Penzberg, Germany) in place of radioactive nucleotides.

Random clones were selected from the subtracted CDNA library and colony PCR

of the clones was used to generate DNA which was arrayed on positively charged

nylon membranes aRer denaturation with 0.6 N NaOH. This was followed by

neutralization of membranes and overnight hybridizationwithprobes at 72oC.

Membranes were washed several times with a 2X SSC / 0.5% SDS buffer and

0.2X SSC / 0.5% SDS buffer at 680C before visualization.

Amays were visualized withanenhanced chemiluminescence method in which

streptavidin-horseradish peroxi血se binds to biotinylated probes and catalyzes an

oxidation reaction that emits light (Non-Rad Detection Kit, BD Biosciences, San

Jose, CA). Colonies showing clearhybridization signals were chosen for

SequenClng ･

10



Sem i-quantitative R T-PCR

For CDNA generation, 1 LLg KB total RNA or 1 LLg KB/CP4 total RNA was

first combined in a PCR tubewith 0.5 pg oligo(dT)12IlSPrimer (Invitrogen)and

diethylpyrocarbonate-treated (DEPC-treated) H20 to a total volume of 1 0 pl,

denahred at 700C f♭r 10 min and rapidly cooled to 40C on a GeneAmp System

9600themal cycler (Perkin-Elmer, Wellesley, MA). 10 lll of a reverse

transcription reaction mix containlng 200 U of M-MLV Reverse Transcnptase,

RNase H Minus, Point Mutant (Promega), 500トLM dNTPs (Takara Bio, Otsu,

Japan), 40 U RNase inhibitor (TOYOBO, Osaka, Japan),and 2X MIMLV

Reverse Transcriptase Reaction Buffer (Promega) Were then added to the

denatured RNA for a total volume of20 lil. The reverse transcnptlOn reaction

was ca汀ied out by an incubation at 42oC f♭r 50 min. This was fわllowed by an

incubation at 70oC f♭r 15 min to inactivate the enzyme and cooling orthe sample

to 4oC･ For negative con廿ols,也e reverse transcnptase was replaced with DEPC-

treated H20.

PCR amplification of sequences from synthesized CDNA was carried out with

a GeneAmp System 9600 themal cycler uslng pnmerS designed wi血Primer3

web software (http : //kodo.wi. mit. edu/cgi-bin/primer3 /primer3_www. cgi) and

purchased from Operon Bioteclmologies (Tokyo, Japan). PCR reaction mixtures

consisted of 1 lil ofproductfrom reverse transcription reactions, lX Blend Taq

buffer (TOYOBO), 8 l↓M dNTPs, 2 PM each offorward and reverse primers,

1 ･25 U Blend Taq polymerase (TOYOBO)and H20 to bring the total reaction

volllme tO 50ト11･ The standard PCR cycling protocol consisted ofa 4 min

denaturation step at 94oC; n cycles ofa I min denaturation step at 94oC, a 1 min

annealing step at 550C and a 1 min extension step at 72oC;and a final hold at

4oCI Theannealing temperature was increased in some cases for optimal

amplification of the target sequence･ PCR cycling was paused at the extension

step of specified cyclesand 5 pl aliquots were removed for analysis･ The total

ll



number ofPCR cycles was adjusted for different targets and ranged from 28 to

43. The 5 1ll aliquots weremixed with 1 Lil of6X DNA loading buffer

(TAKARA) and electrophoresed on a 2% agarose/TAB gel which was then

stained with a 1 : 10000 dilution of SYBR Gold nucleic acid stain (Molecular

Probes, Eugene, OR) in TAB buffer.

Cloning of target gene open reading frames and heterologous expression

Gene open reading丘.ames were cloned by RT-PCR. Reverse transcription or

total RNA was perf♭med as described fb∫ se血l-quantitative RT-PCR. PCR was

also performed as described for semi-quantitative RTIPCR, except that

Advantage 2 Polymerase Mix and Advantage 2 PCR buffer (Clontech) were used

in place of Blend Taq polymerase and Blend Taq buffer, respectively. The

Advantage 2 Polymerase Mix contains a Ta句 polymerase, antibodies f♭r

automatic hot start and a proofreading polymerase for greater accuracy. Primers

flanking the open reading frame were desigTled with Primer3 web so氏ware and

purchased fi'om Operon Bioteclmologies. PCR products were cloned by T/A

clonlng. They were flrSt Purified withthe Wizard SV Geland PCR Clean-Up

System (Promega) and血en ligated into the PGEM-T Easy Vector (Promega).

Competent high E coli DH5cL Cells (TOYOBO) were transformed by heat shock

with ligated plasmids and plated onto agar plates containing ampicillin for

selection or transfbmants.

Gene sequences were subcloned into the pIRES2-EGFP mammalian

expression vector (Clontech) by digesting both the gene-containing plasmids and

the vectorwithappropriate restriction enzymes, dephosphorylatlng the vector,

and ligating the gene-containing fragment into the vector. The pIRES21EGFP

vector allows translation of boththe gene of interest and enhanced green

nuorescent protein from a single bicistronic mRNA.

12



The Wizard PlusSV Minipreps DNA Purification System (Promega) was used

for plasmidminlPreParations.

Sequences were verified by dideoxymucleotide terminator sequencing Withthe

ABI PRISM Big Dye Teminator v3.1 Cycle SeqtlenCing Kit (Applied

Biosystems, Foster City, CA) andanABI PRISM 3 10 or 3100 GeneticAnalyzer

(Applied Biosystems).

Cells were transfected with expression constructs using Lipofectamine 2000

reagent (Invitrogen) according to the manufacturerls instructions.Assays were

carried out 24148 hours after transfection.

RNA inieqerence

stealthTM RNAi molecules targeted to GPIISPeCific phospholipase D 1 were

designed withthe BLOCK-iTTM RNAi Designer

(https ://maidesigner. invitrogen. com/maiexpress/) and purchas edfrom Invitrogen.

The sequence of血e sense strand of仇e siRNA used was 5'-

ACCAGGAUGCGUAUCAGGCUGGAAU-3㌧ KB cells seeded in 61Well plates

at a density Of 7･5 x 104 cells / well were transfectedwithRNAi molecules one

day after plating using Lipofectamine 2000 reagent according to the

manufacturer's instructions. BLOCK-iTTMfluorescent oligos (Invitrogen) Were

used fわr negative controls in electrophysiology experiments and to check

transfection efficiency. RTIPCR and electrophysiology experiments were camied

out 36-48 hr after transfection. RT-PCR to confirmknOckdown of the target

mRNA was perf♭med as described f♭r seml-quantitative RT-PCR, except mat

aliquots were not removed from reactions during PCR cycling.

13



Electrophys iology

Whole-cell patch-clamp recordings were performed as reported previously

(Kubo and Okada, 1992; Liu et a1., 1998). The patch electrodes were fabricated

from borosilicate glass capillaries (outer diameter-1 A mm, inner diameter=1.0

mm,Asahi Rika-Glass Industry, Nagoya, Japan) using a micropipette puller (P1

2000, Sutter Instruments, Novato, CA). The wide-tipped electrodes had a

resistance of around 2 ME2 when filled with pipette solution. Series resistance

(<5 Mfl) was compensated (to 70-80%) tominimize voltage errors. Currents

were recorded using an Axopatch 200A amplifier (Axon Instruments, Foster City,

CA). Current signals were filtered at 1 kHz using a four-pole Bessel filter and

digitized at 4 kHzI PClamp software (version 6.0.2; Axon Instruments) wasused

for command pulse control, data acqulSitionand analysis. The time course of

current activation and recovery was monitored by repetitively applying (every 1 5

S) altemating step pulses (2 s duration) from a holding potential ofO mV to土40

mVI To observe voltage dependence of the current profile, and inactivation

kinetics at large positive potentials in particular, step pulses (2 s duration) were

appliedfrom a prepotential of-100 mV to test potentials of180 to +100 or +120

mV in 20-mV increments after attaining steady activation of swelling-induced

current. The amplitude of instantaneous current was measured at 1.25 ms after

血e step pulse onset.

The control isotonic extemal solution contained (in mM): 1 10 CsCl, 5 MgSO4,

12 HEPES, 7 TriS,and 100 mannitol (pH 7.5, 330 mosmol kg-H20-i). The

control hypotonic solution was made by reducingthe concentration of mannitol

to 20 mM (pH 7.5, 250 mosmol kg-H20Jl). The osmolalityofsolutions was

measured using a freezing-point depression osmometer (OM802, Vogel,

Germany)･ The pipette (intracellular) solution contained (in mM): 1 10 CsCl, 2

MgSO4, 0･4 CaSO4, 1 Na2-ATP, 15 Na-HEPES, 10 HEPES, 1 ethylene glycoト

bis(β-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), and 50 mamitol (pH

14



7.3, 300 mosmol kg-H20~1; pca 7). Na2-ATP was omitted丘om the solution in

experiments to testthe intracellular ATP dependency of currents. The osmolality

of the pipette solution was set lower (by 30 mosmol kg-H2011)thanthat of the

control isotonic bathing solution in order to prevent spontaneous cell swelling

after attainingthe whole-cell mode (due to poorly diffusible cytosolic

constituents: Worrell et alり1989).

Cell volume measuremenls

The mean cell volume was measured at room temperature uslng a Coulter

counter (CDA-500, Sysmex, Japan), as reported previously (Hazama and Okada,

1988). The mean volume of the cell population was calculated from the cell

volume distribution after the machine was calibrated withlatex beads of known

volume. Isotonic or hypotonic solution consisted of(in mM): 95 NaCl, 4.5 KCl,

1 MgC12, 1 CaCl2, 110 0r 0 mannitol and 5 HEPESINaOH (pH 7.3; 310 or 200

mosmol kg-H20~1).

Cell viabilio, assay

Cell viability of cells plated in 96-well plates was assessed by measunng

mitochondrial succinate dehydrogenase activity, using the Cell Counting Kitl8

(Dojindo). This kit utilizes WST18, a tetrazolium derivative which serves as a

substrate fbr血e enzyme and releases a water-Soluble fbmazan compound upon

reduction by the enzyme. The amount of formazanproduced gives a measure of

cell viability. Formazan production 1 hour after addition of lOトLI substrate to

each well was quantified bythe absorbance at 414 nm, uslng a Multiskan MSI

UV absorbance spectrophotometer (Thermo Electron, Waltham, MA).

15



Caspasel3 activio, assay

Caspase13 activity ln eXtraCtS from drug-treated KB/CP4 cells was measured

usingthe CaspACEAssay System, FluorometriC (Promega). In the assay,

cleavage o ∫ N-Acety1-Asp-Glu-VaトAsp-7-amin0-4-me血ylcoumann, a sub strate

for caspase-3, releases 7lamino141methylcoumarln, Which produces a blue

fluorescence upon excitation. Cell extracts were incubated withthe substrate in

the presence and absence ofaninhibitor specific to caspase-3 so that

fluorescence due to cleavage of the substrate by caspase-3, and not by non-

specific proteases, could be calculated.AnFmaxfluorescence plate reader

(Molecular Devices, Sunnyvale, CA) with a 355 nm excitation / 460 nm emission

filter was used to quantify fluorescence.

To prepare cell extracts, cells were pelleted by a 5 min centrifugation at 600 x

g, washed with PBS, 1ysed in a hypotonic lysis buffer (25 mM HEPES pH 7.5, 5

mM MgC12, 5 mM EDTA, 5 mM DTT, 2 mM PMSF, 10 pg/ml pepstatin A and

10 LLg leupeptin)and subjected to three丘eeze-thaw cycles. After a 20 min

centrifugation at 15000 x g, the supematant was removed for use in the caspase

assay･ Samples were kept on ice throughout the extraction process. The amount

of protein in each sample was quanti丘ed by the BioIRad ProteinAssay (BioI

Rad) So that caspase activity values could be nomalized.

Stock solutions

Drugs were dilutedfrom stock solutions tofinal concentrations during

experiments･ A 100 mM stock orDIDS was prepared in DMSO; a 100 mM

stock ofphloretin in DMSO; a 5 mM stock oftrichostatin A in ethanol; a 25 mM

stock ofAza-dC in 50% acetic acid; a 500 mM stock of I,10-phenanthroline

(Sigma) in ethanol; and a I.165 mM stock ofcisplatin in Eaglers MEM. Stock

sollltions were stored at -30oC, except f♭r cISplatin, which was stored at 4oC.
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Statistics

Values presented are means ± S.E.M. ofn observations. Data were evaluated

by the unpaired or paired Student's t-testand a P value of less than 0.05 was

taken to indicate statistical slgnifiCance.
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Results

Identljication ofmRNAs dlHerentially expressed in KB and RB/CP4 cells

mRNAsdifferentially expressed in KBand KB/CP4 cells were identified.

First, subtractive hybridization of CDNA derived from KB cells (tester)and

KB/CP4 cells (driver) was performed and a forward-subtracted CDNA library

was obtained･ Forward-subtracted probes were generated usingthe same

subtractive hybridization products･ Of 960 clones randomly chosen from the

library and screened, 75 clones were selected for sequencing based on their

hybridization with forward-subtracted probes on membrane arrays･ A list of

genes sequenced is shown in Table 1 ･ Some sequences appeared multiple times,

most notably,that for lactate dehydrogenase A (LDHA), which represented 30 of

the 75 clones sequenced･ The reason this gene appeared so many times is unclear

Also, it is noted that argininosuccinate synthetase (ASS; splice variant 2),

thymosin P4 Xllinked (TMSB4X) and S I 00 calcium binding protein A4

(SIOOA4) appeared three, three and two times, respectively. To confirmthe

differential expression of transcripts identified, seml-quantitative RTIPCR was

performed for selected sequences, uslng CDNA derived from the two cell lines.

Some genes identified by other means than subtractive hybridization, namely,

folate receptor 1 (FOLRl)and GPI-specific phospholipase D (GPLDl), were

also checked･ FOLRI was selected because ofa report that its expression was

downregulated in a cisplatin-resistant KB cell line (Higuchi et a1., 2003).

GPLDI was chosen because ofa report血at phospholipase D is involved in the

activation of the VSOR chloride channel (Tomassen et a1., 2004). Seven genes

were found to be expressed at higher levels in KB cells than in KB/CP4 cells (Fig.

I), while other genes did not show clear differences in expression level (Fig. 2).
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Overexpression offull-length cDNAs in KB/CP4 cells

Overexpression experiments were carried out to determine whether the genes

found to be differentially expressed are involved in regulation of VSOR chloride

current･ First,full-length open reading frames for selected genes were cloned by

RT-PCR and T/A clonlng, and then subcloned into a mammalian expression

vector (pIRES21EGFP). The expression constructs were transfected into

KB/CP4 cells and 24-48 hr later, cells expressing GFP nuorescence were patch-

clamped for assay of VSOR chloride channel activity. Overexpression offu11-

1ength cDNAsofLDHA, S100A4, TMSB4X, FOLRl, GPLDl (splice variant 2)

and ASS (splice variant 2) did not result in restoration of volume-sensitive

chloride current in KB/CP4 cells (Fig. 3). Because ofdifficulties in cloning the

fu1111ength CDNA ofALPP by PCR, its overexpression in KB/CP4 cells was not

tested.

Knockdown ofGPI-spectjic phosphollbase Dl in KB cells

It was postulated that GPLDl, One of the genes identified as a differentially

expressed gene, might be a regulator or volume-sensitive chloride cu汀e叫based

on a report that phospholipase D has a role in the activation of the current

(Tomassen et al･, 2004). The effects of siRNA-mediated silencing of GPLD 1

transcnpts in KB cells were therefore observed. Transfection of cells with

siRNA reducedthe amount ofbothtranscript variants 1 and 2 ofGPLDl (Fig.

4A)･Whole-cell patch-clamp showed an increase in volume-sensitive chloride

current for siRNA-transfected cells (Fig･ 4B). This was an unexpected result

because transcnpt variant 2 0f GPLDI was found to be exp,ressed at a higher

level in KB cells, not KB/CP4 cells (Fig. 1),and GPLDl transcript variant 1 did

not have a cleardifference in expression level (data not shown). It is possible
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that GPLD 1 downregulates volume-sensitive chloride current but it is unlikely to

be responsible for the absence of the current in KB/CP4 cells.

Phenanthroline eHects on regulato7y VOlume decrease

1 , 1 0-phenanth.oline, a chelator of heavy metal ions, is known to inhibit GPI-

specific phospholipase Dl (Low and Prasad, 1988). In order to further test

whether GPLD 1 is involved in regulation of volume-sensitive chloride current,

the effect of phenanthroline on regulatory volume decrease in KB cells was

obseⅣed. Inhibiting a component essential fbr血e activation of volume-sensitive

chloride current would be expected to inhibit regulatory volume decrease, while

blocking an inhibitor of the current might facilitate it. It was found that KB cells

incubated for 30 min in medium containlng 0.5 mM phenanthroline underwent a

much more rapid regulatory volume decrease a氏er hypotonic stimulation than

cells receiving仇e control treatment (Fig. 5). A similar acceleration ofRVD was

obseⅣed in HeLa cells treated wi血phenanthroline, suggestlng a Shared

phenanthroline-sensitive component in the mechanism of RVD in KB and HeLa

cells.Whole-cell recordings made of currents in KB cells treated with

phenanthroline showed that there was no alteration in volume-sensitive chloride

currents, however (data not shown).

The fact that phenanthroline facilitated, rather than inhibited, regulatory

volume decrease in KB and HeLa cells suggests仇at GPLDl may be an inhibitor

of RVD･ However, phenanthroline treatment does not appear to enhance VSOR

chloride cu汀ent, SuggeSting血at it does not remove inhibition of血e VSOR

chloride cha-el° An altemative explanation fbr血e acceleration or RVD by

phenanthroline is that the chemicalmay have an effect on proteins otherthan

GPLD. It isknownthat proteins involved in cellularenergy metabolismjor

example, are modulated by phenanthroline (Gerber et a1., 1 996).
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Restoration of VSOR current expression in TSA-treated KB/CP4 cells

Because overexpression of selected genes did not result in restoration of

VSOR chloride current in KB/CP4 cells, a different strategy for restonng

expression of the current was adopted. Besides gene overexpression, removal of

gene inhibition due to DNA methylation or histone deacetylation could

potentially result in restoration of volume-sensitive chloride current, so drugs

which areknownto remove inhibition of gene expression were tested･ Treating

cells for 96 hr with2･5 LIM Aza-dC, a DNA methyltransferase inl1ibitor, did not

result in restoration of VSOR chloride current (Fig. 6). However, treatment for

more than 24 hr wi血400 nM TSA, a dmg which inhibits histone deacetylases,

caused a significant restoration of whole-cell volume-sensitive chloride current

(Fig･ 7)･ Wi仇Out ATP present in the pipette solution,仇e cumnt COuld not be

activated by TSA (Fig1 8). The TSA-induced current was blocked in a voltage-

dependent manner by DIDS (Fig. 9) and in a voltage-independent manner by

phloretin (Fig･ 1 0)･ These plla-aCOlogical properties, along w他也e

dependency of the current on intracellular ATP, are strong evidence that the

cllrrent induced is classical VSOR chloride current.

EHects of TEA on cell volume regulation

VSOR cu汀ent aCtivation is essential f♭r regulatory volume decrease in most

cell types (Okada, 1997)･ Because treatment with TSA results in partial

restoration of VSOR chloride current in KB/CP4 cells, it might be expected that

volume regulation in these cells would also be affected by TSA treatment. In

comparison to KB cells, KB/CP4 cells respond to hypotonic stimulation with a

very slow, weak regulatory volume decrease (Ise et a1., 2002). To see whe仙er

this RVD would be facilitated by pre-treatment of cells with TSA, the volume

response of TSA-treated KB/CP4 cells to stimulationwith a 65% hypo-osmotic
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solution was measured･ It was found that RVD was only slightly enhanced, after

about 35 min ofhypotomic stimulation (Fig, 1 1). The reasonthat RVD was not

facilitated to a greater degree may be, in addition tothe fact that VSOR chloride

current restoration was only partial,血at other elements or血e RVD mechanism

may be impaired in this cell type.

Morphological changes in TSA-ireaied KB/CP4 cells

KB/CP4 cells treated withTSA showed prominent morphological changes.

Phase-contrast photomicrographs were taken I 2, 24 and 3 6 h after treatment with

TSA･ By 24 h ortreatment, cells had developed an elongated, star-like

appearance, and processes extended丘om some of them (Fig. 12). Cells also

appeared to aggregate to a lesser degree.

Changes in gene expression levels after TEA treatment

241h TSA treatment of KB/CP4 cells resulted in the upregulatiOn of certain

genes and the downregulation of others. Orthe genes expressed at a higher level

in KB cells thanin KB/CP4 cells, FOLRl and GPLDl (splice variant 2), were

found to be upregulated in KB/CP4 cells after TSA treatment, whereas LDHA,

SIOOA4, TMSB4Xand ASS were not affected bythe treatment (Fig. 13A).

ALPP also was not affected by TSA treatment (data not shown). Ofgenes

checked because of their role in apoptosis, TNFRI was found to be

downregulated after TSA treatment (Fig. 13B), while TNFR2, TNFoL and Fas did

not appearto be expressed inthese cells. These results are in contrast to previous

reportsthat TSA induces upregulation of expression of several death receptors

and their ligands in lymphoma (Nakata et a1., 2004)and leukemia (Insinga et a1.,

2005) cells. Caveolin-1 expression was checked because caveolin-1 is known to

be necessary for activation of the VSOR chloride channel in calf pulmonary
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artery endothelial cells (Trouet et a1., 2001). However, caveolinll expression

appeared to decrease, rather than increase, after TSA treatment (Fig. 1 3B).

Decrease in cisplatin resistance ofKB/CP4 cells treated with TSA and blockage

of the decrease by a VSOR chloride channel blocker

Cell viability measurements were performed to determine whether trichostatin

A treatment affects the cisplatin resistance ofKB/CP4 cells. It was found that

treatment for 48 h withtrichostatin A alone caused a slgnificant decrease in cell

viability, as measured by mitochondrial succinate dehydrogenase activity.

However, cell viability decreased further in cells treated with23.3 pM cisplatin

(CP4) in addition to trichostatin A (TSA), suggestingthat the cells'sensitivityto

cisplatin increased (Fig. 14). To determine whether VSOR chloride chammel

activity might account forthis increased sensitivity, 50 pM DIDS, a blocker of

the channel, was added along with trichostatin A and cisplatin･ DIDS appeared

to block the increase in cISplatin sensitivlty, SuggeSting也at the VSOR chloride

channel does in fact play a role in the cisplatin sensitivlty Ofthese trichostatin A-

treated cells.

Cisplatin-induced apoptosis in TSA-treated KB/CP4 cells

To determine whether the cisplatin-induced viability decrease of TSA-treated

KB/CP4 cells was due, at least in part, to apoptosis, caspase-3 activityin these

cells was measured･ Cells treated f♭r 24 h wi血TSA and cisplatin (CP4) had a

significantly enhanced level of caspase-3 activityin comparison to cells treated

with TSA alone (Fig･ 15)･ This enhancement was blocked by addition of 50 llM

DIDS, suggesting that the increase in apoptosis was dependent on activityof the

VSOR chloride channel.
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Discussion

Cisplatin isaneffective chemotherapeutic agent used for the treatment of a

variety of human cancers (Rozencweig et a1., 1977; Loehrer and Einhom, 1984).

One of the major limitations tothe use of these drugs is the acqulSition of

resistance by initially responsive hmor cells (Loehrer and Einhom, 1 984; Ozols,

1992; Perez et all, 1993). Cisplatin resistance is thought to involve several

mechanisms, sllCh as inactivation of cisplatin by thiol compounds (Nakagawa et

all, 1988; Saburiet al･, 1989), reduced cisplatin accumulation (Hromas et a1.,

1987; Waud, 1987; Teicher et al･, 1987; Kraker and Moore, 1988; Kuppen etal.,

1988; Mann et all, 1990; Rixe et all, 1996; Fujii et a1., 1994) by an actively

pumping transporter other thanP-glycoprotein (Fujii etal., I 994) or MRP3

(Uchiumi et all, 1998), accelerated DNA repair (Behrens et a1., 1987; Eastman

and Schulte, 1988; Lai et a1., 1988; Masuda et a1., 1988; Sheibani et a1., 1989;

Chaney and Sancar, 1996; Husain et a1., 1998), increased metallothionein (Kelley

et all, 1988; Kasahara et a1., 1991), a defect in the signal transduction pathway of

the EGF receptor (Christen et a1., I 990) and defective endosomal acidification

(Chauhan et a1, 2003)A However, the mechanisms of cisplatin resistance have

not been firmly determined･ In the present study, I have demonstratedthat

cISplatin resistance is associated with an impalment Or VSOR chloride chamel

function.

How are cISplatin resistance and tile dismption of VSOR chloride current

linked? An answer to this in the most general tens is也at an alteration orgene

expression is likely to be involved･ The activlty Ofthe channel may be disrupted

by changes in gene expression which result in仇e alteration of proteins critical to

the activation process of, or the proper trafficking of, the channel. There are

many reports of differential gene expression in cISPlatin resistance･ TranscnptlOn

factors (Torigoe et a1., 2005), a vacuolar proton pump gene (Murakamiet a1.,

200 I), and a copper-transporting P-type ATPase (Komatsu et a1., 2000) are
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among genes that are upregulated. Transporters such as FOLRl and genes

involved in endocytic pathways and protein trafficking such as small GTPases

have reduced expression (Shen et a1., 2004). Mislocalization of some membrane

proteins related to multidrug resistance in cISplatin-resistant cancer cell lines

(Liang et a1., 2003) might be a factor in disruption ofVSOR current expression;

this mislocalization may also be due to altered gene expression.

It is also conceivable血at cisplatin alters some proteins by direct binding. For

example, cISPlatin isknownto bind a copper transporter, hCtrl, and stabilize a

multimer ofmis protein (Guo et a1., 2004). However, it seems less likely血at

VSOR chloride current downregulation is due to a direct effect of cisplatin on a

protein, because it seems to be more ofa long-termeffect in KB/CP4 cells which

are cultured with cisplatin; short-term treatment of non-resistant KB cells with

cisplatin actually potentiates the current (Ise et a1., 2002).

AIso, it isknownthat plasma membranefluidityCanbe altered by cisplatin

(Lacour et a1., 2004; Dimanche-Boitrel et a1., 2005). Such fluidity changes might

also affect activation of the VSOR chloride channel; it was recently shown that

changes in the amount of cholesterol can modulate, but not abolish, the activlty

of the channel in endothelial cells (Romanenko et a1., 2004). Thus, it appears

that a cISPlatin-induced membrane fluidity increase may affect activation of the

VSOR chloride channel, but may not account for disruption of this channel

associated wi血cisplatin resistance,

The purpose of this study was to try to probe the relationship between cISPlatin

resistance and VSOR chloride channel activlty-are the two linked by a change

in gene expression? If it is in fact a change in gene expression then it might be

possible to identify the channel molecule, or a regulator, by a subtractive

hybridization method. So initially, subtractive hybridizatiOn to identify

differentially expressed genes was carried out, and how VSOR chloride current

was affected by overexpresslng Or inhibiting differentially expressed genes was

observed.
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DIHerential expression ofgenes in KB and KB/CP4 cells

Differential expression of certain genes in KB and KB/CP4 cells was evident

from the results of semi-quantitative RTIPCR (Fig. 1). That the expression ofa

variety of genes is altered in cISPlatin resistance is not an unexpected result. Of

interest is whatthe consequences of these alterations are. Are the differentially

expressed genes involved in cISplatin resistance, in VSOR chloride channel

activlty Or both? Do specific genes serve as a common link between both

cha-el activity and也e cells'response to cisplatin?

Overexpression of selected genes expressed at higher levels in KB cells did not

result in restoration of VSOR chloride current expression in KB/CP4 cells. How

overexpression of differentially expressed genes affects cISPlatin resistance was

not checked because of the low efficiency of transfection into KB/CP4 cells

(<5%). Cisplatin resistance resultsfrムm a multitude of factors (Wang & Lippard,

2005; Wemyi 皮 Morin, 2004)and it is conceivablethat the lack ofVSOR

chloride current expression also results丘om morethana slngle change. If it is

the case that multiple parts of the activation mechanism are impaired, for

example, orthat more than one protein required for proper trafficking are

obstructed, then overexpression of a slngle gene in KB/CP4 cells would not be

sufficient to restore expression of VSOR chloride current.

On the other hand,knockdownofa factor essential to the mechanism of

channel activatiOn would be sufficient to block channel activation in cells

nomally expressing也e chamel. This was attempted using siRNA f♭r GPI-

speciflC Phospholipase Dl in KB cells. However, the results failed to meet my

expectations. Knockdowndid not result in reduction of channel activity, and

surpnslngly, resulted in an enhancement of volume-sensitive chloride current

(Fig. 4), suggesting that GPLDl might function to downregulate, ratherthan

upregulate, the current.
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Inhibition ofGPLDl by a blocker was also attempted. Treatment by

phenanthroline had no effect on VSOR currents but did affect RVD. This was

seen in both KB and HeLa cells (Fig. 5). It is known that phenantbroline is a

chelator of heavy metal ions such as iron (Gerber et a1., 1996), so it is possible

thatthe effect on RVD may be due not to its effect on GPI-specific

phospholipase D 1 , but to effects on other proteins which require heavy metal

ions.

Partial restoration of VSOR by trichostatin A

Making the assumptionthat changes in gene expression are responsible forthe

absence of VSOR chloride current, and specifically,that inhibition of gene

expression is taking place, it makes sense to try removing gene inhibition as one

strategy for attemptlng tO restore VSOR expression. Epigenetic changes such as

promoter hypemethylation and histone deacetylation are known to be

responsible for generalized gene inhibition (Jones and Baylin, 2002; Jolmstone,

2002).

Gene inhibition by hypemethylation can be reversed by treatment with Aza-

dC, a DNA methyltransferase inhibitor. In one study, hypermethylation of the

folate receptor gene in a cISPlatin-resistant KB cell line was seen to be reversed

by Aza-dC (Shen et a1., 2004). In the current study, however, activation offolate

receptor gene transcription was not seen in Aza-dC-treated KB/CP4 cells (data

not shown),and upregulation of VSOR chloride current expression was not

observed either (Fig. 6).

Acetylation and deacetylation of histones change higher order chromatin

structure by altering histone interactions withDNA (Lee et a1., 1993; Wolffe and

Guschip, 2000)･ The level of histone acetylation, which detemines the

transcnptlOnal status of chromatin, is regulated by a dynamic equilibrium

between histone acetyltransferases (HATs) and histone deacetylases (HDACs)
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(Weidle and Grossmann, 2000; Narlikaret a1., 2002). Histone deacetylation acts

in favor of gene silencing in concertwithhistone methylation (Nakayama et a1.,

2001). Gene inhibition by histone deacetylatiOn can be reversed by histone

deacetylase inhibitors. Trichostatin A,anHDAC inhibitor, had a marked effect

on VSOR chloride current expression in KB/CP4 cells (Fig. 7). Without

treatment, the current was virtually absent but withtreatment the current could be

activated, although not to the same level as in KB cells･ This effect is likely to be

mediated by an alteration of gene expression, because of the well-bown

restorative effect ofTSA on aberrantly silenced genes. TSA isknown to both

upregulate and downregulate血e expression of genes. In pancreatic

adenocarcinoma cells, for example, it caused boththe induction and repression of

genes, a仙Ough the number of upregulated genes was greater (Moore et al･,

2004). Trichostatin A inhibits HDACs at nanomolar concentrations (Yoshida et

a1., 1990), presumably by chelating a zinc ion in血e active site pocket of the

HDAC enzyme through its hydroxamic acid group (Marks et all, 2001)･ It has

been reported to induce cell cycle arrest, apoptosisand differentiation in cancer

cells (Marks et a1., 2000). It causes a net acetylation ofhistone proteins and

chromatin decondensation,and its effects are reversible. Because of its abilityto

act specifically on cancer cells, its potential as a drug for cancer treatment is

being investigated (Marks et a1., 2001; Jolmstone, 2002).

Why was the restoration ofVSOR chloride current in KB/CP4 cells a partial

restoration? Partial restoration of the current may be a reflection of the

restoration of expression of a limited number of genes. The expression of all

genes which were found to be expressed at lower levels in KB/CP4 cellsthan in

KB cells was not restored (Fig. 13A). The genes found to be upregulated by

TSA treatment appeared to be a subset of the genes which were downregulated in

KB/CP4 cells. Alternatively, partial restoration of the current may be due to the

partialrestoration of expression of a single gene; folate receptor expression, for
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example, appeared to be partially-notfully-restored (Compare Fig. 1with Fig.

13A).

Treatment of KB/CP4 cells with trichostatin A appeared to affect regulatory

volume decrease to only a very small degree (Fig. I 1). This may be due to the

factthat VSOR chloride current restoration was not complete. Another reason is

that o血er elements of the RVD mechanism may be impaired in血is cell type and

the restoration of volume-sensitive chloride current may not be sufficient for

restoration ofRVD. The mechanism ofRVD isknown to be very complex,

involving many elements including nonselective cation channels, potassium

channels and calcium and ATP receptors (Okada et a1., 2001). Some cell types

express VSOR chloride current but do not undergo RVD (De Smet et a1., 1994).

What is the mechanism by which VSOR is activated inthese TSA-treated

cells? MorphologlCal changes may be responsible for the induction of VSOR

current expression, because the VSORanion channel, and speciflCally its volume

sensitivity, is known to be regulated by也e cytoskeleton (Okada, 1997). Clear

morphological changes were observed (Fig. 12). In humancarcinoma cells,

morphological changes caused by TSA treatment were fわund to be the result of

de novo gene expression and protein sylthesis induced by the treatment

(Hoshikawa et a1., 1994).

Decrease in cisplatin resistance by trichostatin A treatment, enhanced apoptosis

and the role of VSOR chloride current

A question that naturallyarisesfromthe finding that volume-sensitive chloride

current is induced by TSA in cISPlatin-resistant KB cells is whetherthe cells also

lose their cisplatin resistance because of血is廿eatment. Irso, the quesdon or

whether this decrease is related tothe phenotypic change in VSOR chloride

current expression fわllows. As shown by cell viability measurements in TSA-

and cisplatin-treated KB/CP4 cells, cisplatin resistance does in fact decrease (Fig.
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14). Treatment with a VSOR chloride chamel blocker, DIDS, prevented this

decrease in cell viability, suggestingthatthe decrease in cisplatin resistance is a

result of increased VSOR chloride current expression.

What is the mechanism by which TSA decreases the cisplatin resistance of

KB/CP4 cells, causing a decrease in cellviability? It has been proposedthat a

more open conflguration of chromatin resultingfromthe inhibition of histone

deacetylases facilitatesthe interaction of antiCancer drugs with DNA or enzymes

that act upon DNA, increasing the cytotoxicityofthese drugs (Kim et a1., 2003).

This may be part of the mechanism by which cisplatin sensitivity Increases in

KB/CP4 cells. Also,the acetylation of non-histone proteins that resultsfrom

inl1ibition ofHDACs cannot beruled out as a factor inthe effects ofTSA

(Henderson and Brancolini, 2003). The present study suggests that the induction

ofVSOR chloride cu汀ent by TSA treatment, which may be the result of

alterations in gene expression, lS Part Ofthe mechanism. VSOR chloride current

expression has been shown to be essential fb∫ me induction of apoptosis (Maeno

et a1., 2000; Shimizu et a1., 2004). Since VSOR is upregulated in TSA-treated

KB/CP4 cells, it seems quite plausiblethatanincrease in apoptosis pemitted by

the upregulation of channel activlty could account for the decrease in cell

viability of TSA-treated cells exposed to cisplatin. Indeed, apoptosis, as

measured by caspase13 activity, was found to increase in TSA-treated KB/CP4

cells exposed to cisplatin, compared to cells receiving TSA treatment alone (Fig.

15). Furthermore, addition ofa VSOR chloride channel blocker, DIDS,

prevented血is increase in叩OptOSis.

HDAC inhibitors were shownto induce apoptosis of tumor cells by themselves

(Marks et a1., 2000) and to sensitizeanticancer drug-resistant tumor cells to

antitumor agent-induced apoptosis (Roh et a1., 2004). Recent studies have listed

possible mechanisms for the HDAC inhibitor effects on tumor cells, such as

downregulation of P-glycoprotein in multidrug resistant tumor cells (Castro-

Galache et a1., 2003), downregulation of antiapoptotic Bc1-2 family members
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(Bcl12and Bc1-XL) together with upregulation ofanapoptotiC member (Bad)

(Sawa etal., 2001; Mitsiades et al" 2004; Yee et al" 2004; Duan et a1., 2005) and

upregulation of death receptors andtheir ligands (Nakata et a1., 2004; Nebbioso

et a1., 2005; Insinga et a1., 2005; Sutheesophon et a1., 2005). Here, I have

provided an additional mechamism; that is, upregulation of VSOR chloride

chamel activlty, Which is known to llaVe an essential role in induction of

apoptosis (Shimizu et a1., 2004).

Thus, TSA treatment, by causingfunctional upregulation of the VSOR

chloride channel, decreased the resistance of KB/CP4 cells to cISPlatin. This

suggests the clinical utilityof HDAC inhibitors like TSA which, while having

anticancer activity On their own, could, in combinationwith anticancer drugs like

cISPlatin, be the basis for cancer treatment that is more effective than that

possible with conventionalanticancer drugs alone. The simultaneous use of an

HDAC inhibitor like TSA withcisplatin would reduce the resistance of cancer

cells resistant to the dmg and仇us result in increased cancer cell killing by

cISplatin. The increased killing of cancer cells by anticancer dmgs in

combination with HDAC inhibitors has been reported previously (Kin et a1.,

2003). The major worry inthe clinical use of any drug, however, is the

unintended side effects resulting from action of the drug on other targets1-inthis

case, nomal, non-cancerous cells of the body. HDAC inhibitors seem to be

toxic to cancer cells specifically, although血e basis of this specificity lS not

understood (Jolmstone and Licht, 2003). In animals, hydroxamic acid-based

HDAC inhibitors,血e class of HDAC inhibitors to which TSA belongs, have

been shown to limit tumor cell grow仇with1ittle or no toxicity (Marks et a1.,

200 I). Furthermore, many phase I clinical trials indicate that IiDAC inhibitors

appear to be well-tolerated drugs (Villar-Garea and Esteller, 2004). So far,

HDAC inhibitors appear to be very promising new drugs for the treatment of

Cancer.
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In conclusion, althoughthe identityof the VSOR chloride channel remains

unknown, it is clearthat malfunction of the channel can contribute to the

cisplatin resistance of cancer cells. This shdy shows that restoration of volllme-

sensitive chloride current in a cISPlatin-resistant KB cell line enhances sensitivity

to cisplatin by permittinganincrease in apoptosis. It also suggeststhe utility of

histone deacetylase inhibitors like trichostatin A in reducingthe resistance of

cancer cells to treatment with anticancer agents, and of targeting the VSOR

chloride channel for upregulation in cancer therapy.

32



Acknowledgments

I wish to express my heartfelt gratitude to Prof･ Yasunobu Okada for guidance

and support throughollt my Studies. I also wish to血ank all the members of the

Okada Laboratory for superb adviceand support, in particular Dr･ Takahiro

Shimizu, Dr. Nobuyuki Takahashi and Tomohiro Numata. I am indebted to Prof.

Kimitoshi Kolmo and Dr･ Tomoko Ise fortheirgift ofKB/CP4 cells. Finally, I

would like to thank my parents for encouraging and supportlng me throughout

my s山dies.

33



References

Abdullaev IF, Sabirov RZ, Oka血Y･ Upregulation or swelling-activated Cr

channel sensitivityto cell volume by activation of EGF receptors in murine

mammary cells. J Physiol. 2003; 549:749158.

Barry MA, Belmke CA, Eastman A. Activation ofprogrammed cell death

(apoptosis) by cisplatin, other anticancer drugs, toxins and hyperthermia.

Biochem Phamacol. 1990; 40:2353-62.

Behrens BC, Hami1ton TC, Masuda H, Grotzinger KR,Whang-Peng J, Louie KG,

Knutsen T, McKoy WM, Young RC, Ozols RF. Characterization of a cis-

diamminedichloroplatinum(II)-resistant human ovarian cancer cell line and its

use in evaluation ofplatinum analogues. Cancer Res. 1987; 47:414-8.

Browe DM, Baumgarten CM･ Stretch of beta 1 integnn activates an outwardly

rectifying chloride current via FAKand Src in rabbit ventricular myocytes･ J

Gen Physiol. 2003; 122:689-702.

Carton I, Trouet D, Hermans D, Barth H, Aktories K, Droogmans G, Jorgensen

NK, Hoffhlann EK, Nilius B, Eggermont J. RhoA exerts a permissive effect on

volume-regulatedanion chammels in vascular endothelial cells･ Am J PhysioI

Cell Physio1. 2002; 283:Cl 15-25.

CastroIGalache MD, Ferragut JA, Barbera VM, Martin10rozco E, GonzalezIRos

JM, Garcia-Morales P, Saceda MI Susceptibility of multidrug resistance tumor

cells to apoptosis induction by histone deacetylase inhibitors. Int ∫ Cancer. 2003;

104:579-86.

34



Chaganti RS, Houldsworth J･ Genetics and biology ofadult human male gem

cell tumors. Cancer Res. 2000; 60: 1475-82.

Chancy SG, Sancar A. DNA repalr: enZymatic mechanisms and relevance to

dmg response. ∫ Natl Cancer lnst. 1996; 88: 1346-60.

Chao CCI Molecularbasis of Gis-diamminedichloroplatinum(II) resistance: a

review. ∫ Fomos Med Assoc. 1996; 95:893-900.

Chauhan SS, Liang XJ, Su AW, Pai-Panandiker A, Shen DW, Hanover JA,

Gottesman MM･ Reduced endocytosisand altered lysosomefunction in

cISplatin-resistant cell lines. Br ∫ Cancer. 2003; 88:1327-34.

Chou CY, Shen MR, Hsu KS, Huang HY, Lin HC･ Involvement ofPKC-alpha

in regulatory volume decrease responses and activation of volume-sensitive

chloride cllannels in hlman CeⅣical cancer HT-3 cells･ ∫ Physiol･ 1998;

512:435-48.

Christen RD, Hom DK, Porter DC,Andrews PA, MacLeod CL, Hafstrom L,

Howell SB I Epidermal growth factor regulatesthe in vitro sensitivlty Of human

ovarian carcinoma cells to cISplatim ∫ Clin Invest. 1990; 86:1632-40.

Chu G･ Cellular responses to cISPlatin･ The roles of DNA-binding proteins and

DNA repalr. ∫ BioI Chem. 1994; 269:787-90.

De Smet P, Oike M, Droogmans G, VanDriessche W, NiliusB･ Responses of

endothelial cells to hypotonic solutions: lack of regulatory volume decreased

Pflugers Arch. 1994; 428:94-6.

35



Dempke W, Voigt W, Grothey A, Hill BT, Schmoll HJ. Cisplatin resistance and

oncogenes-a review.Anticancer Drugs. 2000; 1 1 :225136.

Dimanche-Boitrel MT, Meurette 0, Rebillard A, Lacour S. Role of early plasma

membrane events in chemother叩y-induced cell dea血. Drug Resist Updat. 2005;

8:5-14.

Duan D, Winter C, Cowley S, Hume JR, Horowitz B. Molecular identification

ofa volume-regulated chloride channel. Nature. 1997; 390:417121.

DuanH, Heckman CA, Boxer LM. Histone deacetylase inhibitors down-regulate

bcl12 expression and induce apoptosis in t(14; 18) 1ymphomas. MoI Cell Biol.

2005; 25:1608-19.

Eastman A･ Activation of programmed cell dea仙by anticancer agents: cISplatin

as a model system Cancer Cells. 1990; 2:275-80.

Eastman A, Schulte N. Enhanced DNA repalr aS a mechanism of resistance to

Gis-diamminedichloroplatinum(ⅠⅠ). Biocbemist町. 1 988; 27:4730-4.

Fujii R, Mutoh M, Niwa K, Yamada K, Aikou T, Nakagawa M, Kuwano M,

Akiyama S･ Active efnux system for cISPlatin in cISPlatin-resistant human KB

cells. Jpn ∫ Cancer Res. 1994; 85:426-33.

Gerber E, Bredy A, Kahl R1 0rtho-phenanthroline modulates enzymes of

cellular energy metabolism. Toxicology. 1996; 1 10:85-93.

Gong W, Xu H, Shimizu T, Morishima S, Tanabe S, Tachibe T, Uchida S, Sasaki

S, Okada Y･ CIC-3-independent, PKC-dependent activlty Of volume-sensitive Cl

36



channel in mouse ventricular cardiomyocytes. Cell PhysioI Biochem. 2004;

14:213-24.

GuchelaarHJ, Vermes I, Koopmans RP, Reutelingsperger CP, Haanen C.

Apoptosis- and necrosis-inducing potential of cladribine, cytarabine, cisplatin,

and 51fluorouracil in vitro: a quantitative pharmacodymamic model･ Cancer

Chemother Phamacol. 1998; 42:77-83.

Guo Y, SmithK, Petris MJ･ Cisplatin stabilizes a multimeriC complex of the

human Ctrl copper transporter: requlrement for the extracellular methionine-rich

clusters. ∫ BioI Chem. 2004; 279:46393-9.

Hazama A, Oka血Y･ Ca2十sensitivlty Ofvolume十regulatory K+ and Cl- cha-els

in cultured humanepithelial cells. J Physiol. 1988; 402:687-702.

Henderson C, Brancolini C･ Apoptotic paぬways activated by histone

deacetylase inhibitors: implications for the drug-resistant phenotype･ Drug

Resist Updat. 2003; 6:247-56.

Hermoso M, 01ivero P, Torres R, Riveros A, Quest AF, Stutzin A. Cell volume

regulation in response to hypotoniclty lS impaired in HeLa cells expresslng a

protein kinase Calpha mutant lacking kinase activlty･ ∫ BioI Chem･ 2004;

279:17681-9.

Higuchi E, 0ridate N, Furuta Y, Suzuki S, Hatakeyama H, Sawa H, Sunayashiki-

Kusuzaki K, Yamazaki K, Inuyama Y, Fukuda SI Differentially expressed genes

associated with CIS-diamminedichloroplatinum (II) resistance in head and neck

canceruslng differential display and CDNA microarray. Head Neck. 2003 ;

25:187-93.

37



Hoshikawa Y, Kwon HJ, Yoshida M, Horinouchi S, Beppu T. Trichostatin A

induces morpl1010glCal changes and gelsolin expression by inhibiting histone

deacety1ase in human carcinoma cell lines. Exp Cell Res. 1994; 214: 189-97.

Hromas RA, North JA, Bums CP. Decreased cisplatin uptake by resistant L1210

leukemia cells. Cancer Lett. 1987; 36:197-201.

Husain A, He G, VenkatramanES, Spriggs DR. BRCAl up-regulation is

associated with repair一mediated resistance to Gis-diamminedichloroplatinum(ⅠⅠ).

Cancer Res. 1998; 58:1120-3.

Inoue H, Shiraki K, OhmoriS, Sakai T, Deguchi M, Yamanaka T, Okano H,

Nakano T. Histone deacetylase inhibitors sensitize human colonic

adenocarcinoma cell lines to TNF-related apoptosis inducing ligand-mediated

apoptosis. Int ∫ MoI Med. 2002; 9:521-5.

Inslnga A, Monestiroli S, Ronzoni S, Gelme山V, Marchesi F, Viale A, Altucci L,

Nervi C, Minucci S, Pelicci PG. Inhibitors of histone deacetylases induce tumor-

selective apoptosis th.ough activation or血e dea血receptor pathway. Nat Med.

2005; ll:71-6.

Ise T, Shimizu T, Kohno K, Okada Y. The role of volume-sensitive channels in

cisplatin-in血ced叩OptOSis･ Jpn ∫ PllySiol. 2002; 52(Supplement):S5 5(Abstract).

Jamieson ER, Lippard SJ･ Structure, Recognlt10n,and Processlng Of Cisplatin-

DNA Adducts. Chem Rev. 1999; 99:2467-98.

38



Johnstone RW･ Histone-deacetylase inllibitors: novel dmgs fb∫ me treatment of

cancer. Nat Rev Dmg Discov. 2002; 1 :287-99.

Johnstone RW, Licht JD･ Histone deacetylase inhibitors in cancer血erapy: 1S

transcription the pnmary target? Cancer Cell. 2003; 4: 13-8.

Jones PA, Baylin SB･ The fundamental role ofepigenetic events in cancer. Nat

Rev Genet. 2002; 3:415-28.

Kartalou M, Essigmann JM･ Mechanisms of resistance to cisplatin･ Mutat Res･

2001; 478:23-43.

Kasahara K, Fujiwara Y, Nishio K, OhmoriT, Sugimoto Y, Komiya K, Matsuda

T, Saijo N･ Metallothionein content correlates with the sensitivity of human

small cell lung cancer cell lines to cISplatin. Cancer Res. 1991 ; 5 1 :3237-42.

Kelley SL, Basu A, Teicher BA, Hacker MP, Hamer DH, Lazo JS.

Overexpression of metallothionein confers resistance to anticancer drugs･

Science. 1988 Sep 30;241(4874):1813-5.

Kin MS, Baek JH, Chakravarty D, Sidransky D, Carrier F. Sensitization to UV-

induced apoptosis by the histone deacetylase inhibitor trichostatin A (TSA). Exp

Cell Res. 2005; 306:94-102.

Kin MS, Blake M, Baek JH, Kohlhagen G, Pommier Y, Carrier F. Inhibition of

histone deacetylase increases cytotoxicity to anticancer dmgs targeting DNA･

Cancer Res. 2003; 63:7291-300.

39



Komatsu M, Sumizawa T, Mutoh M, Chen ZS, Terada K, Furuknwa T, Yang XL,

Gao H, Miura N, Sugiyama T, Akiyama S. Copper-transporting P-type

adenosine triphosphatase (ATP7B) is associated with cisplatin resistance.

Cancer Res. 2000; 60:1312-6.

Kraker AJ, Moore CW･ Accumulation of cis-diamminedichloroplatinum(II) and

platinum analogues by platinum-resistant murine leukemia cells in vitro. Cancer

Res. 1988; 48:9-13.

Kubo M, Okada Y. Volume-regulatory Cr channel currents in cultured human

epithelial cells. J Physiol. 1992; 456:351171.

Kuppen PJ, Schuitemaker H, Van.t Veer LJ, de Bmijn EA, van Oosterom AT,

Schrier PII Gis-diamminedichloroplatinum(II)-resistant sublines derived from

two human ovarian tumor cell lines. Cancer Res. 1988; 48:3355-9.

Lacour S, Hammann A, Grazide S, LagadicIGossmann D, Athias A, Sergent 0,

Laurent G, Gambert P, Solary E, Dimanche-Boitrel MT. Cisplatin-induced

CD95 redistribution into membrane lipid rafts of HT29 humancolon cancer cells.

Cancer Res. 2004; 64:3593-8.

Lai GM, Ozols RF, Smyth JF, Young RC, Hamilton TC･ Enhanced DNA repair

and resistance to cISPlatin in humanovarian cancer. Biochem Pharmacol. 1988;

37:4597-600.

Lee DY, Hayes JJ, Pruss D, Wolffe AP･ A positive role for histone acetylation in

transcnptlOn factor access to nucleosomal DNA. Cell. 1993; 72:73-84.

40



Liang XJ, Shen DW, Garfield S, Gottesman MM. Mislocalization of membrane

proteins associated with multidrug resistance in cISPlatin-resistant cancer cell

lines. Cancer Res. 2003; 63:5909-16.

Lilt Y, Oiki S, Tsulmra T, Shimizu T, Oka血Y. Glibenclamide blocks volume-

sensitive Cr channels by dual mechanisms. Am J Physiol. 1998; 275:C343151.

Loehrer PJ, Einhom LH. Drugs five years later. Cisplatin.AmIntem Med.

1984; 100:704-13.

Low MG, Prasad ARI A phospholipase D specific for the phosphatidylinositol

anchor ofcell-surface proteins is abundant in plasma. Proc Natl Acad Sci U S A.

1988; 85:980-4.

Maeno E, Ishizaki Y, Kanaseki T, Hazama A, Okada Y. Normotonic cell

shrinkage because of disordered volume regulation is an early prerequisite to

apoptosis. Proc Natl Ac礼d S°i U S A. 2000; 97:9487-92.

Mann SC, Andrews PA, Howell SB. Short-termcis-

diamminedichloroplatinum(II) accumulation in sensitive and resistant human

ovarian carcinoma cells. Cancer Chemother Pharmacol. 1990; 25:236-40.

Marks PA, Richon VM, Breslow R, Rifkind RA Histone deacetylase inhibitors

as new cancer dmgs. Cu汀Opin Oncol. 2001; 13:477-83.

Marks PA, Richon VM, Rifkind RA. Histone deacetylase inl1ibitors: inducers of

differentiation or apoptosis of transformed cells. J Natl Cancer Inst. 2000;

92: 1210-6.

41



Masuda H, Ozols Rf, Lai GM, Fqjo A, Ro血enberg M, Hamilton TC. Increased

DNA repalr aS a mechanism of acquired resistance to cis-

diamminedichloroplatinum (ⅠⅠ) in human ovarian cancer cell lines. Cancer Res.

1988; 48:5713-6.

Mitsiades CS, Mitsiades NS, McMullanCJ, Poulaki V, Shringarpure R,

Hideshima T, Akiyama M, ChauhanD, Munshi N, Gu X, Bailey C, Joseph M,

Libemann TA, Richon VM, Marks PA, Anderson KC･ TranscnptlOnal slgna山re

of histone deacety1ase inhibition in multiple myeloma: biological and clinical

implications. Proc Natl Acad Sci U S A. 2004; 101:540-5.

Mizushima Y, Kashii T, Kobayashi M. Effect ofcisplatin exposure on the

degree ofN-myc amplification in small cell lung carcinoma cell lines withN-

myc amplification. Oncology. 1996; 53:417-21.

Moore PS, Barbi S, Donadelli M, Costanzo C, Bassi C, PalmieriM, Scarpa A.

Gene expression pro filing after treatment withthe histone deacety1ase inhibitor

trichostatinA reveals altered expression of both pro- andanti-apoptotic genes in

pancreatic adenocarcinoma cells. Biochim Biophys Acta. 2004; 1693: 167-76.

Murakami T, Shibuya I, Ise T, Chen ZS, Akiyama S, Nakagawa M, Izumi H,

Nakamura T, Matsuo K, Yamada Y, Kohno K. Elevated expression ofvacuolar

proton pump genes and cellular PH in cISplatin resistance. Int ∫ Cancer. 2001;

93:869-74.

〕Nakagawa K, Yokota J, Wada M, Sasaki Y, Fujiwara Y, Sakai M, Muramatsu M,

Terasaki T, Tsunokawa Y, Terada M, et al. Levels ofglutathione S transferase pl

mRNA in human lung cancer cell lines correlate wi血the resistance to cISplatin

and carboplatin. Jpn J Cancer Res. 1988; 79:30114.

42



Nakata S, Yoshida T, Horinaka M, Shiraishi T, Wakada M, Sakai T. Histone

deacetylase inhibitors upregulate death receptor 5/TRAIL-R2 and sensitize

apoptosis induced by TRAIL/APO2-L in human malignant tumor cells.

Oncogene. 2004; 23:6261-71.

Nakayama ∫, Rice JC, Strahl BD, Allis CD, Grewal SI. Role ofhistone H3

1ysine 9 methylation in eplgenetic control of heterochromatin assembly. Science.

2001; 292:110-3.

Narlikar GJ, Fan HY, Kingston RE. Cooperation between complexesthat

regulate chromatin structure and transcnptlOn. Cell. 2002; 108:475-87.

Nebbioso A, Clarke N, Voltz E, Ge-aim E, Ambrosino C, Bontempo P, Alvarez

R, Schiavone EM, Ferrara F, Bresciani F, Weisz A, de Lera AR, Gronemeyer H,

Altucci L Tumor-selective action of HDAC inhibitors involves TRAIL

induction in acute myeloid leukemia cells. Nat Med. 2005; 1 1 :77-84.

Nilius B, Eggermont J, Voets T, Buyse G, Manolopoulos V, Droogmans G.

Properties of volume-regulated anion channels in mammalian cells. Frog

Biophys MoI Biol. 1997; 68:69-1 19.

oiki S, Kubo M, Okada Y･ Mg2'and ATP-dependence ofvolume-sensitive Cr

channels in human epithelial cells. Jpn J Physiol. 1994; 44:S77-9.

Okada Y. Volume expansion-sensing Outward-rectifier Cl~ channel: fresh start to

the molecular identity and volume sensor. Am ∫ PllySiol. 1997; 273:C755-89.

43



Okada Y, Maeno E, Shimizu T, Dezaki K, Wang J, Morishima S･ Receptor-

mediated control of regulatory volume decrease (RVD) and apoptotic volume

decrease (AVD). J Physiol. 2001; 532:3116.

Ozols RF. Ovarian cancer, Part II: Treatment. Curr Probl Cancer. 1992; 16:61-

126.

Ozols RF, Young RC. Chemotherapy of ovarian cancer. Semin Oncol. 1984;

ll:251-63.

Paulmichl M, Li Y, Wicknan K, Ackerman M, Peralta E, Clapham D･ New

mammalianchloride channel identified by expression cloning. Nature. 1 992;

356:238-41.

Perez RP, Hamilton TC, Ozols RF, Young RC. Mechanisms and modulation of

resistance to chemotherapy ln OVarianCanCer. Cancer. 1993; 71 :1 571180.

Rixe 0, Ortuzar W, AIvarez M, Parker R, Reed E, Paull K, Fojo T. Oxaliplatln,

tetraplatin, cisplatin, and carboplatin: spectrum of activityin drug-resistant cell

lines and in the cell lines or仙e National Cancer lnst血te■s Anticancer Drug

Screen panel. Biochem PllamaCOl. 1996; 52:1855-65.

Roberts JJ, Thomson AJ･ The mechanism of action ofantitumor platinum

compollnds. Frog Nucleic Acid Res MoI Biol. 1979; 22:7ト133.

Roh MS,Kim CW, Park BS,Kim GC, Jeong JH, Kwon HC, Suh DJ, Cho KH,

Yee SB, Yoo YH･ Mechanism of histone deacetylase inhibitor Trichostatin A

in血ced apoptosis in human osteosarcoma cells･ Apoptosis･ 2004; 9:583-9･

44



Romanenko VG, Rothblat GH, Levitan i. Sensitivity of volume-regulated anion

current to cholesterol structural analogues. J Gen Physiol. 2004; 123:77187.

Rozencweig M, Yon HofrDD, Slavik M, Muggia FM. Cis-

diamminedichloroplatinum (II). A new anticancer drug. Ann Intem Med. 1977;

86:803-12.

SaburiY, Nakagawa M, Ono M, Sakai M, Muramatsu M, Kohno K, Kuwano M.

Increased expression of glutathione S-transferase gene in cis-

diamminedichloroplatinum(II)-resistant variants of a Chinese hamster ovary cell

line. Cancer Res. 1989; 49:7020-5.

Sawa H, Murakami H, Ohshima Y, Sugino T, Nakajyo T, Kisanuki T, Tamura Y,

Satone A, Ide W, Hashimoto I, Kamada H. Histone deacetylase inhibitors such

as sodium butyrateand trichostatin A induce apoptosis through an increase of the

bc1-2-related protein Bad. Brain Tumor Pa血01. 2001; 18:109-14.

Sheibani N, Jennerwein MM, Eastman A. DNA repalr in cells sensitive and

resistant to Gis-diamminedichloroplatinum(II): host cell reactivation of damaged

plasmid DNA. Biochemistry. 1989; 28:312014.

Shen DW, Su A, Liang XJ, Pai-Panandiker A, Gottesman MM. Reduced

expression of small GTPases and hypermethylation of the folate binding protein

gene in cISplatin-resistant cells. Br ∫ Cancer. 2004; 91 :270-6.

shimizu T, Morishima S, Okada Y･ Ca2+-senslng reCePtOr-mediated regulation

ofvolume-sensitive C1- channels in human epithelial cells. J Physiol. 2000;

528:457-72.

45



Shimizu T, Numata T, Oka血Y. A role of reactive oxygen species in apoptotic

activation ofvolume-sensitive Cl(-) chamel. Proc Natl Ac礼d S°i U S A. 2004;

101 :6770-3.

Sklar MD, Prochownik EV. Modulation of Gis-platinum resistance in Friend

erythroleukemia cells by c-myc. Cancer Res. 1991; 51 :21 1 8123.

Sonnemann J, Gange J, Kumar KS, Muller C, Bader P, Beck JF. Histone

deacetylase inhibitors interact synerglStically with tumor necrosis factor-related

apoptosis-inducing ligand (TRAIL) to induce apoptosis in carcinoma cell lines･

Invest New Dmgs. 2005; 23:99-109.

Sorenson CM, Barry MA, Eastman A.Analysts Ofevents associated withcell

cycle a汀eSt at G2 phase and cell deam induced by cisplatin. ∫ Natl Cancer lnst･

1990; 82:749-55.

Strange K, Emma F, Jackson PS. Cellular and molecular physiology ofvolume-

sensitive anion channels. Am J Physiol. 1996; 270:C71 I-30.

Sutheesophon K, Nishimura N, Kobayashi Y, Furukawa Y, Kawano M, Itoh K,

Kano Y, Ishii H, Furukawa Y. Involvement of the tumor necrosis factor

(TNF)/TNF receptor system in leukemic cell apoptosis induced by histone

deacetylase inhibitor depsipeptide (FK228), J Cell Physiol. 2005; 203 :387197.

Sztics G, Heinke S, Droogmans G, Nilius B. Activation of the volume-sensitive

chloride current in vascular endothelial cells requires a Permissive intracellular

ca2+ concentration･ PmIgerS Arch･ 1996; 43 1:467-9･

46



Takahashi N, Wang X, Tanabe S, Uramoto H, Tachibe T, Uchida S, Sasaki S,

Okada Y. CIC131independent sensitivityof apoptosis to Cr channel blockers in

mouse cardiomyocytes. Cell Biochem Physiol. 2005; 15:263-270･

Teicher BA, Holden SA, Kelley MJ, Shea TC, Cucchi CA, Rosowsky A, Henner

WD, Frei E 3rd. Characterization ofa human squamous carcinoma cell line

resistant to Gis-diamminedichloroplatinum(II). Cancer Res. I 987; 47: 388193.

Timmer-Bosscha H, Mulder NH, de Vries EG. Modulation ofcis-

diamminedichloroplatinum(ⅠⅠ) resistance: a review. Br ∫ Cancer. 1992; 66:227-

38.

Tomassen SF, Vander Wijk T, de Jonge HR, Tilly BC. Activation of

phospholipase D by osmotic cell swelling. FEBS Lett. 2004; 566:2871901

Tominaga M, Tominaga T, Miwa A, Okada Y. Volume-sensitive chloride

channel activity does not depend on endogenous P-glycoprotein. ∫ BioI Chem.

1995; 270:27887-93.

Torigoe T, Izumi H, Ishiguchi H, Yoshida Y, Tanabe M, Yoshida T, Igarashi T,

Niina I, Wakasugi T, ImaizumiT, Momii Y, Kuwano M, Kohno KI Cisplatin

resistance and transcription factors. Curr Med Chem Anti-Cane Agents･ 2005;

5:15-27.

Trouet D, Hermans D, Droogmans G, Nilius B, Eggermont J. Inhibition of

volume-regulated anion channels by dominant-negative caveolin- 1. Biochem

Biophys Res Commun. 2001 ; 284:461-5.

47



Uchiumi T, Hinoshita E, Haga S, Nakamura T, Tanaka T, Ton S, Furukawa M,

Kawabe T, Wada M, Kagotani K, Okumura K, Kohno K, Akiyama S, Kuwano M.

Isolation of a novel human canalicular multispecific organic anion transporter,

cMOAT2/MRP3, and its expression in cISplatin-resistant cancer cells with

decreased ATP-dependent drug transport. Biochem Biophys Res Commun1

1998; 252:103-10.

Valverde MA, Diaz M, Sepulve血FV, Gill DR, Hyde SC, Higgins CF. Volume-

regulated chloride channels associated with the human multidrug-resistance P-

glycoprotein. Nature. 1992; 355:83013.

Van Waardenburg RC, Prins J, Meijer C, Uges DR, De Vries EG, Mulder NH.

Effects of c-myc oncogene modulation on drug resistance in human small cell

lung carcinoma cell lines. Anticancer Res. 1996; 16:1963-70･

Villar-Garea A, Esteller M. Histone deacetylase inhibitors: understanding a new

wave oranticancer agents. Int ∫ Cancer. 2004; 1 12:171-8.

Voets T, Buyse G, Tytgat ∫, Droogmans G, Eggemont ∫, Nilius B. The chloride

current induced by expression of the protein pICln in Xenopus oocytes differs

fromthe endogenous volume-sensitive chloride current. J Physiol. 1 996;

495:441-7.

Wang D, Lippard SJ. Cellular processing Ofplatinum anticancer drugs. Nat Rev

Dmg Discov. 2005; 4:307-20.

Waud WR. Differential uptake of Gis-diarminedichloroplatinum (II) by

sensitive and resistant murine L1210 leukemia cells. Cancer Res. 1987; 47:65491

55.

48



Weidle UH, Grossmam A. Inhibition ofhistone deacetylases: a new strategy to

target eplgenetic modifications for anticancer treatment. Anticancer Res. 2000;

20:1471-85.

Wernyj RP, Morin PJ. Molecular mechanisms ofplatinum resistance: still

searching fb∫ tile Achilles'heel. Dmg Resist Updat. 2004; 7:227-32.

Wolffe AP, Guschin D. Review: chromatin structural features and targets that

regulate transcnptlOn. J Struct Biol. 2000; 129: 102-22.

Worrell RT, Butt AG, Cliffwn, Frizze11● RA. A volume-sensitive chloride

conductance in human colonic cell line T84. Am J Physiol. 1989; 256:Cl I I 1-9.

Yee SB, Kin MS, Baek SJ,Kin GC, Yoo KS, Yoo YH, Park BS. Trichostatin

A induces apoptosis ofp815 mastocytoma cells in histone acetylation- and

mitochondria-dependent fashion. Int J Oncol. 2004; 25: 143 I-6.

Yoshida M,Kijima M, Akita M, Beppu T. Potentand specific inhibition of

mammalian histone deacetylase both in vivo and in vitro by trichostatin A. J

BioI Chem. 1990; 265:17174-9.

49



Figure legends

Figure l･ Genes dowIIregulated in cisplatin-resistant KB (KB/CP4) cells.

The expression level of selected genes in KB and KB/CP4 cells was compared by

seml-quantitative RT-PCR. LDHA, SIOOA4, TMSB4X, ASS and ALPP were

identiBed by subtractive hybridization ofcDNA from the two cell typesI The

number ofcycles at which samples were taken,and PCR product sizes in base

pairs (bp), are indicated. (-RT), negative controls in which reverse transcriptase

was excluded丘･om the CDNA syn仇esis reaction･ LDHA, 1actate dehydrogenase

A; SIOOA4, SIOO calcium binding protein A4; TMSB4X,血ymosin, beta 4, Ⅹ-

linked; ASS, arglninosuccinate synthetase; ALPP, alkaline phosphatase,

placental; FOLRl , folate receptor 1 ; GPLD 1 var2, GPIISPeCific phospholipase

Dl, transcript Variant 2; Markers, 100 bp DNA ladder.

Figure 2･ Genes whose expression was unaltered in cisplatiJl-resistant KB

(KB/CP4) cells.

The expression level of selected genes in KB and KB/CP4 cells was compared by

semi-quantitative RTIPCR･ All genes, except for PLD 1 , were identified by

subtractive hybridization ofcDNAfrom the two cell types. The number of

cycles at which samples were taken, and PCR product sizes in base pairs (bp),

are indicated･ (-RT), negative controls in which reverse transcriptase was

excluded from the CDNA synthesis reaction. FLJ1 1 342, hypothetical protein

FLJl 1342; CALM2, calmodulin 2; TRAPl, TNF receptor-associated protein;

DHCR24, 24-dehydrocholesterol reductase; RAB7, RAS oncogene family

member; ITMl, integral membrane protein 1; PLDl, phospholipase Dl; GAPD,

glyceraldehyde-3-phosphate dehydrogenase; DDX3X, DEAD (Asp-Glu-Ala-

Asp) box polypeptide 3, Ⅹ-linked; EI24, etoposide in血ced 2.4 mRNA; Markers,

100 bp DNA ladder.
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Figure 3. Lack of enhancement of volume-sensitive chloride current in

KB/CP4 cclls transiently transfectedwith differentially expressed genes･

Volume-sensitive, outwardly recti秒ing chloride current was measured by whole-

cell patch-clamp in KB/CP4 cells transfectedwith expression constructs for

selected genes. Recordings were made 24148 hours after transfection. Current-

voltage relationships are presented for cells transfected withLDHA, S 1 OOA4,

TMSB4X, ASS (var2: splice variant 2), FOLRl and GPLDl (var2: splice variant

2)･ Step pulses were appliedfrom -100 mV to +100 mV in 20-mV increments.

Open circles, mock-transfected cells under isotonic conditions; open triangles,

mock-transfected cells under hypotonic conditions; closed circles, gene-

transfected cells under isotonic conditions;and closed triangles, gene-transfected

cells under hypotonic conditiOnsI Gene abbreviations are as in figure 1.

Figure 4･ Effects of siRNA-mediated silenclng Of GPLDl OII VSOR current

in KB cells.

VSOR chloride current was measured by whole-cell patch-clamp in KB cells

transfectedwithsiRNA targeted to GPLDl. A) RT-PCR showing siRNA-

mediated silencing ofGPLDl, splice variants I (33 cycles) and 2 (38 cycles).As

a control,血e expression level ofGAPD (1 8 cycles) was checked. B) Current-

voltage relationships for cells transfected with siRNA for GPLD land control

siRNAI Step pulses were applied from -100 mV to +100 mV in 20-mV

increments1 Open circles, mock-transfected cellsunder isotonic conditions; open

triangles, mock-transfected cellsunder hypotonic qonditions; closed circles,

siRNA-transfected cells under isotonic conditions; and closed triangles, siRNA-

transfected cells under hypotonic conditions. Asterisks indicate values are

significantly different from mock-transfected (P < 0.05).
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Figure 5･ Effects ofphenanthroline on regulatory volume decrease in KB

and IIeLa cells.

A) Time course ofcell volume changes in response to a 65% hypo-Osmotic

stimulation (at arrow) in KB cells treated with0.5 mM phenanthroline (PNT) for

30 min prior to stimulation. B) Time course ofcell volume changes in HeLa

cells receiving identical treatment･ Asterisks indicate values are slgmificantly

different from the control (P < 0.05).

Figure 6. Effects ofAza-dC on VSOR chloride current in KB/CP4 cells.

VSOR cllloride current was measured by whole-cell patch-clamp in KB/CP4

cells treatedwithand without 2.5トLM Aza-dC for 96 hours. CP4 (23.3 pM) was

present in the medium througl10ut血e treatment. A) Representative recording

showing time course of cumntS induced by hypotonic stimulation in (a) control

(Control/CP4) and (b) Aza-dC-treated (Aza-dC/CP4) cells. Currents were

elicitedby altemating 2-s pulsesfrom 0 to ±40 mVI Step pulsesfrom -100 mV

to十100 mV in 20-mV increments were applied at time points indicated by

asterisks･ Bar above the recording indicates the time during which hypotonic

solution was applied･ B) Currents elicited by step pulses during application of

hypotonic solution, in control and Aza-dC-treated cells. C) Current-voltage

relationships for control and Aza-dC-treated cells.

Figure 7. Effects ofTSA oA VSOR chloride current in KB/CP4 cells.

VSOR chloride current was measured by whole-cell patch-clamp in KB/CP4

cells pretreated with andwithout 400 nM TSA for morethan 24 hours. CP4

(23･3トLM) was present in the mediumthroughout the treatment. A)

Representative recording showing tlme course Of currents induced by hypotonic

stimulation in (a) control (Control/CP4) and (b) TSA-treated (TSA/CP4) cells.

Currents were elicited by altemating 2-s pulsesfrom 0 to ±40 mV･ Step pulses

from 1100 mV to +100 mV in 20-mV increments were applied at time points
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indicated by large asterisks･ Bar above the recording indicates thetime during

which hypotonic solution was applied. B) Currents elicited by step pulses during

application of hypotomic solution, in control and TSA-treated cells. C) Current-

voltage relationships for controland TSA-treated cells. Small asterisks indicate

values are significantly differentfromthe control (P < 0.05).

Figure 8. Effects ofATP removal on TSA-induced VSOR chloride current

in KB/CP4 cells.

ATP was omitted from the pipette (intracellular) solution in whole-cell

recordings ofVSOR chloride current in TSA-treated KB/CP4 cells. CP4 (23.3

LLM) was present in the medium throughout the TSA treatment. A)

Representative recording showing tlme Course Of currents in血ced by hypotonic

stimulation in TSA-treated cells･ Currents were elicited by altematlng 21S Pulses

from 0 to ±40 mV. Step pulses from -100 mV to +100 mV in 20-mV

increments were applied attime polntS indicated by large asterisks. Bar above

the recording indicates the time during which hypotonic solution was applied. B)

Currents elicited by step pulses during application of (a) isotomic and (b)

hypotonic solution･ C) Current-voltage relationships obtained from step pulses

applied during llypOtOnic stimulation or TSA-treated cells, uslng plpette SOlution

with (TSA/CP41hypo)and without ATP (TSA/CP4-hypo, ATP-free). Small

asteriskT indicate vallleSare Significantly differentfromthe control (P < 0.05).

Figure 9･ BIockage of TSA-induced VSOR chloride current by I)II)S in

KB/CP4 cells.

The effects of DIDS on TSA-induced VSOR chloride current during hypotonic

stimulation were observed by whole-cell patch-clamp. CP4 (23.3トIM) was

present in the medium throughoutthe TSA treatment. A) Representative

recording showing time course of currents induced by hypotonic stimulation in

TSA-treated cells and block of currents by DIDS･ Currents were elicited by
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altematlng 2-s pulses from 0 to ±40 mV. Step pulsesfrom -100 mV to十100

mV in 201mV increments were applied at time polntS indicated by large asterisks･

Bars abovethe recording indicatetimes during which hypotonic solutionand

DIDS were applied. B) Cu汀entS elicited by step pulses during hypotonic

stimulation (a) withoutand (b) with DIDS present. C) Current-voltage

relationships obtained kom step pulses applied before hypotonic stimulation

(TSA/CP4-iso), and during stimulation of TSA-treated cells without (TSA/CP4-

hypo) and with (TSA/CP4-hypo + 50 pM DIDS) DIDS present. Small asterisks

indicate values are significantly differentfromthe control (TSA/CP4-hypo) (P <

0.05).

Figure 10. BIockage ofTSA-induced VSOR chloride current by phloretin in

KB/CP4 cells.

The effects of phloretin on TSA-induced VSOR chloride current during

hypotonic stimulation were observed by whole-cell patch-clamp. CP4 (23.3 LIM)

was present in血e medium throughout血e TSA treatment. A) Representative

recording showing tlme course Of currents induced by hypotonic stimulation in

TSA-treated cells and block of currents by phloretin. Currents were elicited by

altematlng 2-s pulses丘om 0 to ±40 mV. Step pulses丘om -100 mV to +100

mV in 20-mV increments were applied attime polntS indicated by large asterisks･

Bars above the recording indicatetimes during which hypotonic solutionand

phloretin were applied. B) Currents elicited by step pulses dming hypotonic

stimulation (a) Without and (b) witll phloretin present. C) Cu汀ent-voltage

relationships obtained丘.om step pulses applied befわre bypotonic stimulation

(TSA/CP4-iso), and during stimulation of TSA-treated cells without (TSA/CP41

hypo) and with(TSA/CP4-hypo + 100 LIM phloretin) phloretin present. Small

asterisks indicate values are significantly different from the control (TSA/CP4-

hypo) (P < 0.05).

54



Figure Ill Effects of pretreatmentwith TSA on regulatory volume decrease

in X丑/CP4 cells.

Time course of cell volume changes in response to a 65% hypo-Osmotic

stimulation (at arrow) in KB/CP4 cells pretreated with TSA for 24 hours prior to

stimulation. AsteriskT indicate values are significantly different fiomthe control

(P < 0.05).

Figure 12･ Morphological changes in TSA-treated KB/CP4 cells.

Phase-contrast photomicrographs of TSA-treated KB/CP4 cells were taken at 1 2

h, 24 h and 36 h of treatment, as indicated. Control cells were treated with

ethanol in place ofTSA for 24 h. Scale bar - 100 llm.

Figure 13. Gene expression in TSA-treated KB/CP4 cells.

The expression levels of selected genesinControland TSA-treated KB/CP4 cells

were compared by semi-quantitative RT-PCR. A) The expression levels in TSA-

treated KB/CP4 cells of genes previously identified as being expressed at a

higher level in KB cells. Gene abbreviations are as in figure 1. B) The

downregulation ofTNF rePeptor 1 (TNFRl)and caveolinll (CAVl) gene

expression levels in TSA-treated KB/CP4 cells･ The number ofcycles at which

samples were taken, and PCR pro血ct sizes in base pairs (bp), are indicated.

Markers, 100 bp DNA ladder.

Figure 14･ Cell viabilitydecrease in TSA-treated KB/CP4 cells exposed to

cisplatin and blockage of the decrease by BIDS.

Cell viability was measured 48 h after treatment with 400 nM TSA, 23･3 pM

cisplatin (CP4) and 50 pM DIDS in different combinations as indicated. Control

cells were treated with ethanol in place ofTSA fo上 48 h. n-12 per group.

Asterisk indicates that the value is significantly differentfromthe other groups (P

<0.05).
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Figure 15･ Caspase-3 activity increase in TSA-treated KB/CP4 cells exposed

to cisplatin and blockage of the increase by DIDS.

Cell viabilitywas measured 24 h after treatment with 400 nM TSA, 23.3 pM

cisplatin (CP4)and 50 PM DIDS in different combinations as indicated. n-12

per group. Asterisk indicates that value is slgmificantly different from the other

groups (P < 0.05).
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Table 1. Genes identified by subtractive hybridization

Name (var: splice varlant)

ArglnlnOSuCCJnate Synthetase. var 2 (ASS)

Lactate dehydrogenase (LDHA)

SIOO calclum binding protein A4 (SIOOA4)

Thymosln, beta4, X-linked (TMSB4X)

Actin, beta

Proteasome (prosome, macropain) 26S subunit, ATPase, 1

HypothetlCal proteln FLJ 1 1 342

RAB7, member RAS onco9ene famlly

Forkhead box Ml. var 1

Proteasome (prosome, rnacropaln) subunit, beta type. 7

Alkallne Phosphatase, placental (Regan Bsozyme) (ALPP)

G lyceraldehyde-3-p hosphate de hyd ro9enaSe

ATPase. Na+/K'transporting, alpha 1 polypeptjde

Protein expressed ln nOn-metaStatic cells 1, var 1

APEX nuclease (multlfunct10nal DNA repair enzyme) 1. var

1,2or3

Heat shock 60kDa protein 1 (chaperonin), nuclear gene

encoding mitochondrial proteln, Var 1 or 2

24-dehyd rocholesterol red uctase

TNF receptor-assoclated proteln

CalmodulLn 2 (phosphorylase kLnaSe, delta)

lnte｢phase cyctoplasmlC focI Protein 45

H63 breast cancer expressed gene (H63) ∀ar 1 or 2

Heterogeneous nuc一ear ribonucleoproteln A伯var 1

Ferritin, li9ht polypeptide

DEAD (Asp-GIu-Ala-Asp) box poFypeptide 3, X-Iinked. ∀ar 2

Etoposlde induced 2.4 mRNA

lntegra=¶embrane protein 1

Tropomyosln 3

Chape｢onin contalning TCPl , subunit 2 (beta)

Membrane lnteraCtlng Protein of RGS1 6

Bone marrow stromal ce" antigen 2

GenBank accession rTO.

NM 054012

NM 005566

NM 019554

NM 021109

NM 001101

NM 002802

NM 018394

NM 004637

NM　202002

NM 002799

NM 001632

NM 002046

NM 000701

NM 198175

NM 001641, NM O80648or

NM 080649

NM OO2156orNM 199440

NM 014762

NM 016292

NM 001743

NM 017872

NM 138423orNM 177974

NM 031266

NM 000146

NM 001356

NM 004879

NM 152713

NM 153649

NM 006431

NM 016641

NM 004335
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