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Arsenic trioxide sensitivity is associated with low level
of glutathione in cancer cells
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Summary Arsenic trioxide (As,O,) is a novel anticancer agent, which has been found to induce remission in acute promyelocytic leukaemic
patients following daily intravenous administration. The therapeutic value of As,O, in other cancers is still largely unknown. Cytotoxic tests in
a panel of cancer cell lines showed that bladder cancer, acute promyelocytic leukaemic and gastrointestinal cancer cells were the most
sensitive to As,0, among 17 cell lines tested. Cellular glutathione (GSH) system plays an important role in arsenic detoxification in
mammalian cells. Cancer cells that were intrinsically sensitive to As,O, contained lower levels of GSH, whereas resistant cancer cells
contained higher levels of GSH. On the other hand, there was no association of glutathione-S-transferase-mt or multidrug resistance-
associated protein 1 levels with arsenic sensitivity in these cancer cells. Multidrug-resistant cancer cells that were cross-resistant to arsenic
contained higher levels of GSH or multidrug-resistance-associated protein 1 than their drug-sensitive parental cells. Cancer cells become
more sensitive to arsenic after depletion of cellular GSH with L-buthionine sulphoximine. We concluded that cellular GSH level is the most
important determinant of arsenic sensitivity in cancer cells. Cellular GSH level and its modulation by buthionine sulphoximine should be
considered in designing clinical trials using arsenic in solid tumours.
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Arsenic trioxide (AgO,) is a novel anticancer agent. Daily intra- paATERIALS AND METHODS
venous infusion of 10 mg A®, induced complete remission in

acute promyelocytic leukaemia patients who were refractory té&-ell lines
conventional chemotherapy and/or all-trans retinoic acid (Shen &gyenteen cell lines were examined. Three cell lines were devel-
al, 1997; Soignet et al, 1998). The role of arsenic in the treatmegeq from patients living in an arsenic-polluted area (blackfoot
of this unique form of leukaemia is still under investigation. jisease area). NTU-B1 was developed from a transitional bladder
Arsenic compounds have been tested in other haematologicghcinoma patient (Yu et al, 1992). BFTC-905 was derived from a
malignancies in vitro (Konig et al, 1997). Itis not known at presenpy|aqder papillary transitional cell carcinoma and BFTC-909 from
whether these compounds will prove useful in the treatment of rena| pelvis transitional cell carcinoma patient (Tzeng et al,
solid tumours. In order to investigate whether arsenic is as cyto_[996). BFTC-905 and BFTC-909 were obtained from the Culture
toxic in acute promyelocytic leukaemia cells as in other solidegjlection  Research Center, Food Industry Research and
tumour cells, we screened a panel of cancer cell lines WiB.AS  peyelopment Institute, Taiwan. NB4 cells were kindly provided
Multiple mechanisms of arsenic resistance in either bacteria q§, pr H-C Hsu (Veterans General Hospital, Taipei, Taiwan).
mammalian cells have been described in the literature. One ofo780 SW620 MCF7. A172 HepG2 were kindly provided by
the most important arsenic detoxification mechanisms is they, k4 cowan (National Cancer Institute, Bethesda, MD, USA).
glutathione (GSH) system. Trivalent arsenic was shown to bind {9SGH8302 was kindly provided by Dr Y-S Chen (Institute of
GSH in a cell free system (Scott et al, 1993). Overexpression Gjomedical Science, Academia Sinica, Taiwan). CL-1 cells were
glutathione-S-transferage(GST) (Lo et al, 1992), GSH (Huang  ,6vided by Dr P-C Yang (National Taiwan University Hospital,
et al, 1993) or multidrug resistance-associated protein (MRPhyaian). NTU-B1/P14 is a cisplatin-resistant variant of NTU-B1
(Cole et al, 1994) has been shown to confer arsenic resistance. g5 and was a gift from Dr Y-S Pu, MCF7/VP is a VP-16-resis-
investigate the correlation of the GSH detoxification system with,nt MCE7 cells (Schneider et al, 1994) and was a gift from Dr E
arsenic resistance, we examined GSH content, MRP1 andTGSTSchneider (Wadworth, NY, USA). All other cell lines were
expression in a panel of cancer cells and in multidrug-resistanfyrchased from American Tissue Culture Collection (Rockville,
cancer cells that were cross-resistant to arsenlwthionine  \ip USA).
sulphoximine (BSO) was used to modulate cellular GSH content

and to enhance arsenic sensitivity of cancer cells.
Cytotoxicity assay

Received 15 February 1999 Cells were distributed in 96-well culture plates. Various concentra-
Revised 30 April 1999 tions of AsO, (Sigma, St Louis, MO, USA) were added to the
Accepted 5 May 1999 cells growing at 37C in Dulbecco’s modified Eagle’s medium
Correspondence to: C-H Yang, Department of Oncology, National Taiwan (DMEM) containing 10% fetal calf serum in triplicate. After 96 h,
University Hospital, 7 Chung-Shan South Road, Taipei, Taiwan 10016 the survival fraction was measured by the sulphorhodamine B
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Figure 1 Western blot of MRP (upper lane) and GST-1t (lower lane) in cancer cells. MRP (190 kDa) was expressed in measurable amount only in MCF7/VP,
BFTC909 and H460 cells. GST-1t (26 kDa) was expressed in almost all cancer cells except for Hep3B cells
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method as described previously (Skehan et al, 1990). AGS) were relatively sensitive to A3, in addition to acute
promyelocytic leukaemic cells (NB4).

Cellular GSH content

Cellular GSH content was determined by Bioxytech GSH-4OOGSH content in cancer cells

colourimetric assay kit (Oxis International, Portland, OR, USA).GSH contents in cancer cells are showTaible 1.To correlate
Cells (10-10) were trypsinized, centrifuged and washed with GSH contents to Igs of nine tested cell lines, Spearrisarho
phosphate-tifiered solution. Cells were then re-suspended incorrelative cofficient was 0.661F = 0.026, one-tail). Five cell
500 pl of ice-cold metaphosphoric acid. After homogenization, thelines that were intrinsically sensitive to arsenic #C< 15 um)
solution was centrifuged at 30Qf) 4°C for 10 min. The clear all contained a low level of GSH (GSH € fig mg? protein),
supernatant was collected &C4for further assa Reagent R1 and whereas four cell lines that were intrinsically resistant to
sodium hydroxide were added to the solution. After incubation aarsenic (IGs > 15 um) all contained a high level of GSH (GSH
25°C for 10 min in the dark, the absorbance of the solution was> 10 ug mg* protein).
measured at 40nm. GSH concentrations in the solution were
calculated from the absorbance. Cellular GSH content is expresseﬂs_l_ Tprotei L I
as g of GSH mg' of protein. -Tt protein expression in cancer cells
Overexpression of GISit may facilitate conjugation of trivalent
arsenic to GSH. GBm protein expression in the cancer cells was
measured byestern blot as shown in Figure 1. Arsenic-sensitive
Total protein of the cells was separated by sodium dodecyNB4 cells contained very low levels of G® protein. Howeveg
sulphate polyacrylamide gel electrophoresis (3B&E) and  several arsenic-sensitive cells, such as BFTC905 and SW620 cells.
transferred to polyvinylidine difluoride (PVDF) membrane. The expressed high levels of GSt protein, whereas arsenic-resistant
membrane was blocked in 5% skim milkTris-bufered saline, H460, Hep3B and BFTC909 cells expressed low levels GF6S
containing 0.15%ween forl h before washing three times in the protein. There was no correlation of G&levels to AsO, IC s in
same solution containing 0.01%ween. The membrane was then cancer cells. Multidrug-resistant NTU-B1/P14 cells overexpressed
incubated with a 1:1000 dilution of polyclonal antibody againstGST-rtcompared to their drug-sensitive parental NTU-B1 cells.
human G$-it (Medical and Biological Laboratgr Nagoya,
Japan) forl h. Membrane was washed and incubated with HRP- L
. ) ) . MRP1 expression in cancer cells
conjugated secondary antibod’he immunolabelled protein was
detected using a chemiluminescence kit (NEN Life ScienceMRP1 may facilitate export of conjugated GSH out of the cells
Boston, MA, USA). (Rappa et al, 1997) and thus, mdyeet arsenic resistance in
Membrane protein was isolated from cancer cells. MRP1 levelsancer cells. MRP1 expression in the membrane protein of cancer
were measured byWestern blot using 1:200 dilution of mono- cells was measured M/estern blot as shown in Figure 1. H460,
clonal antibody MRPmM6 (Sanbio, Uden, The Netherlands) a8FTC909 and one multidrug-resistant MCF7/VP cell contained
described previously (Flens et al, 1994). The immunolabelledneasurable levels of MRP1, whereas MRP1 expression was very
protein was visualized with a chemiluminescence kit (NEN Lifelow in other cancer cells. MRP1 seemed to confer resistance to
Science, Boston, MA, USA). arsenic; howeve not all arsenic-resistant cancer cells expressed
high levels of MRP1.

Western blot of GS T-rmand MRP1

RESULTS
Cross-resistance of arsenic in multidrug-resistant
Cytotoxicity of As ,O, in cancer cells cancer cells

Concentrations of A®, that inhibit 50% of cell growth (IGs) are  IC_ s of two multidrug-resistant cancer cells are listedahle 1.
listed inTable 1. Several bladder cancer (NTUB1, BFTC905, T24Cisplatin-resistant NTU-B1/P14 was 5.5-fold resistant to arsenic.
and HTB-9) and gastrointestinal cancer cell lines (SW620 an&toposide-resistant MCF7/VP cells were 4.8-fold resistant to
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Table 1  Fifty per cent growth inhibitory concentrations (IC;s) of arsenic NTU-B1, NTU-B1/P14, MCF7/WT and MCF7/VP cells were
trioxide on human cancer cells after 96 h of treatment incubated with various concentrations of@sand 10um of BSO
GSH content b for 4 days. Ten micromolars of BSO were not toxic to these cancer

Cell lines Organ origin As ,0,IC,s? 8
cells (IC s of BSO in NTU-B1, NTU-B1/P14, MCF7/WT and
BFTC-905 Bladder 0.34+0.03 6.03+1.35 MCF7/VP cells were 3@m, > 50um, 27um and 24um respec-
Eig-gimm E:agger g-;‘;fg-g? ;-Ongi-olg tively). The representative cytotoxicity curves of NTU-B1 and
- aadaer . + 0. 9 x . . . . . . .
NB4 Leukaemia 064 +0.11 6.12 + 0.96 NTU-B1/P14 cells in A©O, _Wlth_ or without co-incubation with
To4 Bladder 0.93 +0.20 ND 10pm of BSO are shown in Figure 2. /€ of AsO, and GSH
A2780 Ovary 1.12+0.33 ND contents in BSO-treated treated GSH-depleted cells (drug-sensitive
SW620 Colon 1.16+0.15 4.91+0.17 and -resistant NTU-B1 and MCF7/WT cells) are shown in Table 1.
AGS Stomach 1.16£0.20 — 7.30+0.84 Al four cancer cells became very sensitive to arsenig{I@C1um
HTB-9 Bladder 1.38+0.04 ND
MCE-7 Breast 208 +0.40 28.6+2.3 to 0.4um) when GSH was depleted by BSO.
MCF7/VP Breast 9.89+1.74 20.1+0.8
TSGH8302 Cervix 2.50+0.69 ND
BFTC-909 Kidney 2.84+0.79 17.03+2.88 DISCUSSION
H460 Lung 3.27 £0.49 21.84 +2.89
ES-2 Ovary 3.30+1.36 ND Arsenic has been used widely for a long time in both Western and
Al72 Glioblastoma 3.40 +0.40 ND Chinese medicine. The definitive role of arsenic as an anticancer
cL-l Lung 417+0.50 — ND agent was not clear until a recent report for treatment of acute
Hep3B Liver 5.17 +1.02 17.02 £1.37 9 . : P .
HepG2 Liver 717 +1.20 ND prqmyelocytlg Ieukaemla.(Shgn et al, 1997).,@s given as a
Co-incubation with daily 10 mg intravenous infusion seemed to be an effective and
10 um BSO tolerable regimen for refractory acute promyelocytic leukaemic
NTU-B1 Bladder 0.19 +0.04 2.28 +0.64 patients
NTU-B1/P14 Bladder 0.14+0.01 14.20 + 1.59 Ind t f partial diff tiati induct ¢ tosi
MCE-7 Breast 040 +0.12 365+ 0.23 nduction of partial differentiation or induction of apoptosis
MCF7/VP Breast 0.20 + 0.02 210+0.12 have been proposed as the primary mechanism of cytotoxicity of
arsenic to acute promyelocytic leukaemic cells (Chen et al, 1997).
Shown in the Table are the means and standard errors of at least three Due to the unique mechanism of action of arsenic to cancer cells,
independent experiments. 2uM, ug GSH mg-* protein, ND: not done. the attempt to use arsenic in malignancies other than acute
promyelocytic leukaemic patients is clearly warranted (Gallagher,
1998).

arsenic. Glutathione content of NTU-B1/P14 was 6.7-fold higher In this study, bladder cancer cells NTU-B1 and BFTC905 were
than that of NTU-B1 cells. On the other hand, there was no differmost susceptible to AS,. Apoptosis can be induced in NTU-B1
ence of GSH content between MCF7/WT and MCF7/VP cellscells at lum As,O, (data not shown). ICs of the bladder cancer
MCF7/VP expressed high levels of MRP1, which may account focell lines was substantially lower than reported inOQyspeak
its arsenic resistance, whereas NTU-B1/P14 expressed no measplasma levels (4—fim) in patients (Shen et al, 1997). Thus, it is
able level of MRP1 (Figure 1). conceivable that A®, may be effective in the treatment of
bladder cancer and other solid tumours that show similar sensi-
tivity to arsenic.

Multiple mechanisms account for arsenic resistance in bacteria
BSO is known to deplete cellular GSH via inhibitionyaflutamyl- and mammalian cells. Trivalent arsenic was shown to directly
cysteine synthetase, which is required for GSH biosynthesigeact to reduced GSH in solution (Scott et al, 1993). The cellular

Modulation of GSH content in cancer cells by BSO
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Figure 2 Representative cytotoxicity curves of As,O, in NTU-B1 cells (A) and NTU-B1/P14 cells (B). Cells were incubated in the presence (—m-) or absence
(-o-) of 10 um BSO
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