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Abstract

An apoptosis-resistant mutant (VC-33) was selected from HL-60 by
alternating exposure to camptothecin and etoposide. VC-33 cells demon
strated resistance to apoptosis as induced not only by camptothecin and
etoposide but by a variety of other agents as well, including 1-(l-D-
arabinofuranosylcytosine, hydroxyurea, calcium ionophore (A23187), cy
cloheximide, and UV irradiation. In an effort to identify the mechanism of

such apoptosis resistance, a mRNA differential display analysis was used.
Among a total of 12 bands with reduced expression InVC-33 cells, 1 eDNA
clone was isolated that was hybridized to the wild-type transcript but not
to theVC-33transcriptonNorthernblotting.Partialsequenceofthis gene
revealed 98% homology to mitochondrial NADH dehydrogenase subunit
S. When cell growth and intracellular ATPlevels under glucose starvation
were measured, VC-33 cells were found to be more sensitive than wild
type cells. Thus, NADH dehydrogenase deficiency may contribute, at least
in part, to the mechanismof resistanceto apoptosisin VC-33cells.

Introduction

Cancer cells undergo apoptosis when they are exposed to a variety
of chemotherapeutic agents (1, 2). Numerous recent studies indicate
that chemotherapeutic agents operate through a similar signaling
pathway. However, the exact mechanism by which chemotherapeutic
agents induce apoptosis has not been fully identified. In an attempt to
get more insight into this process, an apoptosis-resistant mutant in a
human promyelocytic leukemia cell line, HL-60, was selected by
alternating exposure to camptothecin or etoposide (3). This mutant
subline, designated as VC-33, showed severalfold resistance to apop
tosis induced by camptothecin or etoposide in comparison with wild
type cells. VC-33 cells also exhibited cross-resistance to apoptosis
induced by ara-C2, hydroxyurea, calcium ionophore (A23l87), cyclo
heximide, and UV irradiation. Initial analysis of this mutant revealed
that: (a) the levels of protein-DNA cross-links induced by campto
thecin or etoposide, the amounts of ara-C 5'-triphosphate generation,
and the initial rise of intracellular calcium ion with A23l87 were not
sufficient to explain the difference in sensitivity to apoptosis; and (b)
the expressions of P-glycoprotein, Bcl-2, and Bcl-XL were compara
ble between wild-type and VC-33 cells (3). Therefore, VC-33 cells are
thought to represent a new phenotype of resistance to apoptosis
induced by a variety of agents, although the site of mutation remains
unidentified.

A mRNA DD is a newly developed method that allows for the
identification and characterization of altered gene expression between
a pair of related cells (4). Several investigators have used DD for the
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detection of gene(s) that exhibited altered expression during apoptosis
induction and have isolated several apoptosis-related genes (5â€”7).
Although sequence analysis of these genes revealed some homology
to previously cloned genes, their functions are largely unknown. In the
present study, we applied DD to characterize the mutation occurring
in VC-33 and identified the deficiency of ND5 (NADH:ubiquinone
oxidoreductase or complex I).

Materials and Methods

Cell Lines and Culture. A human promyelocytic leukemia cell line, HL
60, was obtained from the Japanese Cancer Resources Bank (Tokyo, Japan).
An apoptosis-resistant mutant (VC-33) was selected from wild-type HL-60 in
our laboratory by alternating the exposure of cells to camptothecin and eto
poside (3). Wild-type HL-60 and VC-33 cells were cultivated in RPMI 1640

supplemented with 10% heat-inactivated fetal bovine serum, L-glutamine (2

mM), penicillin (100 units/mI), and streptomycin (100 @.tg/ml).Cultures were
maintained at 37Â°Cin a humidified atmosphere of 5% C02:95% air.

DD of mRNA.TotalRNAwasextractedwiththeuseof acidguanidium
thiocyanate-phenol chloroform (8). A 50-pg sample was treated with RNase

free DNase I (20 units) and RNase inhibitor(40 units) in the reaction buffer(lO
mM Tris-HC1, 1.5 mM MgCl2, and 50 msi KC1) and incubated at 37Â°C for 30

mm, extractedwith phenol-chloroform,and precipitatedwith ethanol. The
DNase I-treated RNA was then reverse-transcribed using T12MAas the primer
(M = mixture of G, A, and C), deoxynucleotide triphosphate, MMLV reverse
transcriptase, and MMLV buffer (1X). The precipitate was incubated at 35Â°C
for 60 mm and then at 95Â°Cfor S mm. Amplification and isolation of cDNA
fragments were performed by the method developed by Liang and Pardee (4).
The resulting PCR products were cloned into a pGEM-T vector and sequenced
using SP6 and Ti promotor primer.

Northern Blot Analysis. Total RNA (20 @agRane)was separated on a 1%
agarose/6.5% formaldehyde gel and transferred to nylon membranes. Hybrid
ization was performed overnight with @2Pthermal cycler-labeled cDNA (9).

The blots were washed with a final stringency of 0. 1 X saline-sodium phos

phate-EDTA and 0.1% SDS at 60Â°C.
Sequence Homoloej@.Cloned cDNA fragments that exhibited hybridiza

tion patterns only in wild-type cells by Northern blot analysis were partially

sequenced. The sequence of fragments was 98% identical to that of ND5
encoding mitochondrial ND5.

Measurement of Cell Growth and Intracellular ATP Levels. Cells at
their logarithmic growth phase were incubated in glucose-free DMEM (Life
Technologies, Inc.) supplemented with 10% heat-inactivated dialyzed fetal
bovine serum, penicillin (100 units/mI), and streptomycin (100 g.@g/ml).After
the indicated times, cells were taken, and viable cells were enumerated by the
trypan blue dye exclusion. The cell growth was defined as the percentage of
viable cells in glucose-free DMEM relative to that of viable cells in S mM
glucose-supplemented cultures. For Al? measurement, cells were extracted

with 0.4 N perchloric acid and then neutralized with 2 M KOH. Al? levels were
determined by high-performance liquid chromatography on a Partisil 10-SAX
anion exchange column eluted with 0.5 M KC1and 0.25 MKH2PO4(pH 3.6)
at a flow rate of 2 mI/mn (10).

Materials. MMLVreversetranscriptasewaspurchasedfromUnitedStates
Biochemicals (Cleveland, OH). RNAmap mRNA DD system was obtained
from GenHunter Corp. (Brookline, MA). PCR products were cloned using the
pGEM-T vector system obtained from Promega (Madison, WI). DNA inserts
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were sequenced by the Automated Laser Fluoresence DNA sequencer (Phar

macia) using an Auto Read Sequencing kit (Pharmacia).

Results and Discussion

For DD in the current study, we used 60 different combinations of
primer pairs, i.e., 4 anchored oligodeoxythymidylate primers and 15
random decamers. It was found that the patterns of amplified cDNA
species obtained were almost identical between wild-type and mutant

cells, providing a reproducible uniform background over which spe

cific differences could be observed. A total of 12 bands with signif
icantly reduced expression in VC-33 cells were excised for further
analysis. One of the genes analyzed in the present study is indicated
by an arrow in Fig. 1. A Northern blot analysis confirmed the
decreased expression of this gene, which hybridized to a band of 2.7
kb (Fig. 2). When the cloned cDNA fragment that generated hybrid
ization patterns only in wild-type cells by Northern blot analysis was
partially sequenced, it was found to be 98% identical to mitochondrial
ND5 encoding ND5 (data not shown).

NADH dehydrogenase is one of the enzyme complexes in mito
chondria that catalyzes electron transfers. Seven subunits of NADH
dehydrogenase, including ND5, are known to be encoded by mito
chondrial DNA. Although the function of ND5 is not fully under
stood, it is thought to be involved in energy transduction (1 1). This
fact led us to speculate that VC-33 cells can generate less AlP
through mitochondrial respiration than do wild-type cells and are
therefore more vulnerable to glucose starvation ( 12, 13). Fig. 3 dem
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Fig. 3. Effect of glucose starvation on cell growth. Cells were incubated with either
glucose-free medium or glucose-free medium plus deoxyglucose (500 SM). At the
indicated times, viable cells were enumerated using trypan blue dye exclusion. Cell
growth was evaluated as described in â€œMaterialsand Methods.â€•Data represent the
mean Â±SD of five experiments. U, wild-type cells in glucose-free medium; 0, VC-33
cells in glucose-free medium; â€¢,wild-type cells in glucose-free medium plus deoxyglu
cose; 0, VC-33 cells in glucose-free medium plus deoxyglucose.

onstrates the significantly lower survival of VC-33 cells cultured in
either the glucose-free medium or the glucose-free medium plus

deoxyglucose (500 pM), an inhibitor of glycolysis (14), compared
with wild-type cells. Moreover, the depletion of intracellular ATP
levels was more pronounced in VC-33 cells when glycolysis was
inhibited (Fig. 4). These results may indicate that VC-33 cells are

more dependent on glycolytic activity for energy supply. This bioge
netic characteristic of VC-33 cells seems to correlate well with their
deficiency of NADH dehydrogenase. Of note is that Kaplan et a!. (15)
described Adriamycin-resistant MCF-7 breast cancer cells that exhib
ited an enhanced rate of glycolysis compared to their parent cells.
These cells were found to be significantly sensitive to a toxic effect of
deoxyglucose.

The mechanism by which the deficiency of ND5 results in apop
tosis resistance is quite speculative at present. Recent investigators
demonstrate that oxidative stress is an early event of apoptosis (16,
17). Backway et a!. (18) have reported that ara-C produced ROIs in a
biphasic fashion and that a state of low ROI generation preceded the
mitochondrial permeability transition. An important role of ROIs in
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Fig. 4. Effect of glucose starvation on intracellular AlP levels. Cells were incubated
in glucose-supplying medium (5 mM;Lane I). glucose-free medium (Lane 2), or glucose
free medium plus deoxyglucose (500 @;Lane 3) for 6 h, and then ATP was measured
as described in â€œMaterialsand Methods.â€•Data represent the mean Â± SD of four
experiments. Black bars. wild-type cells; dotted bars, VC-33 cells.

Fig. I . Part of a mRNA DD in wild-type HL-60 and VC-33 cells. Arrow indicates the
reduced expression of PCR product in VC-33 cells, which has been further analyzed.
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Fig. 2. Northem blot analysis of wild-type HL-60 and VC-33 cells using ND5 and
fJ-actin probes.
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apoptosis is further supported by the fact that scavengers of ROIs,
such as N-acetyl-i-cysteine (19) or pyrrolidine dithiocarbamate (20),
rescue cells from apoptosis. Because the mitochondria is apparently
one of the sources of ROIs, the deficiency of NADH dehydrogenase
may contribute to apoptosis resistance through decreased synthesis of
ROIs. Also, ATP is thought to play a pivotal role in apoptosis. Using
an in vitro system comprised of isolated rat thymocyte nuclei incu
bated in the presence of a lysate from Fas/Apo-l-treated Jurkat cells,
Kass et a!. (21) reported that the presence of ATP is necessary for

chromatin condensation. A recent report suggested cell death induced
by calcium ionophore favors apoptosis rather than necrosis under
AlP-supplying conditions, but the reverse is true under ATP-deplet
ing conditions (22). Although the reduction of ATP levels in VC-33
cells is only 10% under normal conditions, the compartmentation of

nucleotides, i.e., a specific loss of AlP in mitochondria, as suggested
by Bestwick et aL (23), might be taken into account.

In conclusion, we have identified for the first time the deficiency of
ND5 in an apoptosis-resistant mutant using a novel method of DD.
Recent investigators have reported that respiration-deficient mutants
generated by ethidium bromide treatment become resistant against
tumor necrosis factor- or anti-Fas-induced apoptosis (24). This may
agree with our present findings. However, there exists the possibility
that VC-33 cells represent an accumulation of several different mu
tations, because the mutant was selected by a stepwise increase of
drug concentrations over 1 year. Thus, the remaining genes that
showed decreased expression by DD are currently being further
investigated.
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