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ABSTRACT. To elucidate the mechanisms of the mammalian cell defense against cross-linking agents, we
studied previously cellular responses to mitomycin C (MMC) treatment in two MMC-hypersensitive hamster
cell mutants’ V-H4 and V-C8, as well as their parental cell line V79. In the present report, we investigated
whether alterations in cell cycle checkpoints and induction of apoptosis could be responsible for the MMC
hypersensitivity of the V-H4 and V-C8 mutant cell lines. First, we found that parental and mutant cells
exhibited similar cell cycle responses to MMC concentrations of equivalent cytotoxicity, arguing against a
defective cell cycle checkpoint in hypersensitive cell lines. In contrast, we showed that mutant cells underwent
greater levels of apoptosis following MMC treatment than parental cells. These findings indicate that increased
induction of apoptosis contributes to the hypersensitivity of V-H4 and V-C8 cells to the growth inhibitory effect
of MMC. This differential apoptotic response was observed with both equimolar and equitoxic MMC doses and
was specific to the cross-linking agent MMC, suggesting that control of the apoptotic process is altered in both
MMC-hypersensitive mutants. The defective genes in V-H4 and V-C8 cells would then function in the
regulation of an apoptotic pathway triggered by MMC-induced damage and independent of p53-mediated
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transcription.
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Mitomycin C is a cancer chemotherapeutic agent which is
used as single agent or in combination in the treatment of
gastrointestinal adenocarcinomas, some head and neck
cancers, and non-small cell lung cancers (for review, see
[1]). MMCS§ mainly alkylates the N-2 position of guanine,
upon reductive activation cascade [2], to form either
monoadducts or intra- or interstrand cross-links [3]. Since
interstrand cross-links prevent DNA strand separation and
can constitute complete blocks to DNA replication and
transcription, the toxicity of MMC has been mainly corre-
lated to the formation of these adducts [4]. However,
although most of the chemical lesions produced by MMC in
vitro are known, the molecular basis of its antitumor activity
has yet to be understood. DNA repair efficiency and
inhibition of DNA synthesis [5], as well as cell cycle
checkpoint responses and induction of cell death by apo-
ptosis [6], have been considered as the critical steps in
toxicity induced by genotoxic bifunctional agents.
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To elucidate the mechanisms of the mammalian cell
defense against MMC and cross-linking agents in general,
mutants specifically sensitive to MMC have been isolated
in rodent cells [7]. The genetic and biochemical complexity
of these processes is reflected by the existence of at least 8
complementation groups identified thus far among rodent
cell mutants defective in this response [8, 9]. V-H4 and
V-C8 cell mutants, representative of 2 different comple-
mentation groups, were isolated from V79 Chinese hamster
cells [10, 11]. The V-H4 mutant cell line exhibits many
characteristics of cells derived from FA patients [10, 12].
V-H4 cells show increased sensitivity towards cross-linking
agents such as MMC (~30-fold more sensitive than the
wild-type V79 cells) and cisplatin (~10-fold), but are not
sensitive to UV light and X-rays [11]. The V-C8 mutant
cell line also shows increased sensitivity towards the cross-
linking agents MMC (~100-fold more sensitive than the
wild-type V79 cells) and cisplatin (~40-fold), but is only
slightly sensitive to UV (~2-fold) and X-rays (~2-fold)
[11]. This combined analysis of the response of V-H4 and
V-C8 cells to a panel of cytotoxic agents suggests that the
defective proteins in these cells are involved in cellular
responses to cross-linking agents such as MMC.

In this report, we investigated whether alterations in cell
cycle checkpoints and/or induction of apoptosis could be
responsible for the MMC hypersensitivity of V-H4 and
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V-C8 mutant cell lines. Cell cycle analysis indicated that
untreated V-H4 and V-C8 cell lines exhibited increased
G2/M transit times and that treatment with MMC further
increased the delay in the G2/M compartment. However,
parental and mutant cell lines showed similar cell cycle
distributions following equitoxic MMC doses, arguing
against a defective cell cycle checkpoint in V-H4 and V-C8
cells. In contrast, we demonstrated that V-H4 and V-C8
cells underwent higher amounts of apoptosis following
equimolar and equitoxic MMC treatments than their pa-
rental cell line V79, indicating that increased apoptosis
contributes to MMC hypersensitivity in these 2 mutant cell
lines.

MATERIALS AND METHODS
Cells and Culture Conditions

The MMC-sensitive mutants derived from Chinese ham-
ster V79 cells, V-H4 and V-C8, have been described
previously [10, 11]. V79, V-H4, and V-C8 cell lines were
routinely grown in monolayer in Ham’s F-10 medium
(GIBCO) supplemented with 15% newborn bovine serum
(GIBCO), penicillin (100 units/mL), and streptomycin
(0.1 pg/mL). All incubations were at 37° in humidified 5%
CQO, atmosphere. Sensitivity of cells to MMC was assessed
in a colony-forming growth assay. The MMC concentra-
tions that produced 90% growth inhibition (i1Cyy) were 5
pg/mL for V79, 150 ng/mL for V-H4, and 55 ng/mL for
V-C8 cells [10, 11].

Cell Treatments

For all experiments in this study, cells were in exponential
growth phase at the time of DNA damage. Cells were
treated with MMC (Aldrich) or vincristine (Aldrich) for 1
hr at the indicated concentrations at 37°. After drug
exposure, cells were washed with PBS and then incubated
in fresh medium. Cells were exposed to 254-nm UV
irradiation in PBS for the appropriate length of time and
then incubated in fresh medium. In each case, control and
treated cells were handled in the same way, the only
difference being omission of the drug treatment or the UV
exposure.

Cell Cycle Analysis

Immediately after and then 16, 22, and 42 hr following drug
treatment, 2 X 10° cells were washed once in PBS,
trypsinized, and collected by centrifugation for 10 min at
1000 g. Cells were then resuspended in 600 wL lysis buffer
(3.4 mM citrate trisodic, 0.1% Nonidet P40, 1.5 mM
spermine tetrahydrochloride, 0.5 mM tris(hydroxymeth-
yl)aminomethane), treated with Trypsin 30 wg/mL (10
min, room temperature), RnaseA 50 pwg/mL (20 min, room
temperature), and propidium iodide 0.25 mg/mL (10 min,
room temperature). The stained nuclei were collected by
FACScan (Becton Dickinson). After appropriate gating

E. Papouli et al.

excluding debris, 10* events were analyzed using CellFit™

software (Becton Dickinson).

Detection of Apoptosis

The morphology of apoptotic cells was examined 48 hr after
MMC treatment (500 ng/mL for 1 hr) by staining cells
grown and fixed on coverslips with DAPI (Sigma) in PBS
for 15 min at 37°. Fluorescence observation and image
acquisition were performed with an intensified fluorescence
microscope. For DNA fragmentation analysis, genomic
DNA was extracted and purified from cells at 0, 24, and 48
hr after MMC treatment (500 ng/mL) for 1 hr. DNA was
resuspended in TE buffer (10 mM Tris, 1 mM EDTA)
containing 10 wg/mL of RnaseA and incubated for 1 hr at
37°. Five micrograms of each sample was electrophoresed
on 1.5% agarose gel.

Quantification of Apoptosis

Analysis of DNA fragmentation was performed using end-
labeling of nicked DNA with biotin-conjugated dUTP by
terminal transferase (TUNEL assay). Attached and floating
cells were collected at 0, 24, 48, and 72 hr after drug or UV
treatment, washed with PBS, and fixed in 0.35% formalde-
hyde in PBS (pH 7.4) for 15 min on ice. After washing in
PBS, cells were resuspended in 70% ethanol and stored
overnight at —20°. Cells (10° rehydrated cells per sample)
were then incubated at 37° for 1 hr after being resuspended
in 75 wL of TUNEL buffer (0.1 M sodium cacodylate [pH
7.0], 1 mM CoCl,, 0.1 mM dithiothreitol, 0.05 mg/mL of
BSA, 10 units of terminal transferase [Boehringer Mann-
heim], and 0.5 nM biotin-16-dUTP). In control samples,
terminal transferase or dUTP was omitted. Subsequently,
cells were rinsed with PBS containing 0.1% Triton X-100
and resuspended in 100 pL of a staining buffer containing
2.5 g/mL of streptavidin—fluorescein (Boehringer Mann-
heim), 4X saline-sodium citrate buffer, 0.1% Triton X-100,
and 5% (w/v) non-fat dry milk. Samples were incubated for
another 30 min in the dark at room temperature, washed in
PBS/0.1% Triton, and resuspended in 900 wL PBS contain-
ing 5 pg/mL of propidium iodide, 0.1% RNAse A. Follow-
ing incubation for 15 to 30 min in the dark, stained cells
were examined by flow cytometry. Data were acquired using
a FACScan (Becton Dickinson) and analyzed with the
LysisII™ software (Becton Dickinson). For each sample,
10* events were recorded.

RESULTS
Cell Cycle Distribution Following MMC Treatment

Cells that are hypersensitive to DNA cross-linking agents
often exhibit greater delay in cell cycle progression than
their more resistant counterparts. To investigate whether
the V-H4 and/or V-C8 cells also exhibited this character-
istic response, we analyzed the cell cycle progression in
V79, V-H4, and V-C8 cells after MMC treatment. Cells
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FIG. 1. Effect of MMC treatment on cell cycle distribution in hamster cells. V79, V-H4, and V-C8 cells were treated with indicated
doses of MMC for 1 hr, stained with propidium iodide 22 hr after drug treatment, and collected by flow cytometry to determine the
relative DNA content. Representative cell cycle distributions of untreated and treated cells are represented by histograms of DNA
content, after appropriate gating excluding debris and sub-G1 peak of apoptotic cells. Data were acquired using a FACScan and analyzed
with the CellFit™ software. 2N (G0/G1) and 4N (G2/M) DNA contents are shown.

were treated with increasing concentrations of MMC for 1
hr and then postincubated for various times in drug-free
medium. They were finally stained with propidium iodide
for analysis of DNA content by flow cytometry as described
in Materials and Methods. Representative cell cycle distri-
butions of parental V79 and mutant V-H4 and V-C8 cells
postincubated for 22 hr after MMC treatment are shown in
Fig. 1. Our results indicate that untreated V-H4 and V-C8
cells pass more slowly than do parental cells through the
G2/M compartment of the cell cycle (Fig. 1). Incubating
V-H4 and V-C8 cells with 50 or 500 ng/mL of MMC

resulted in a marked accumulation of these mutant cells in
G2/M phase (20 to 40%; Fig. 1). In contrast, these same
concentrations of drug had no effect on the cell cycle
progression of parental V79 cells (5 to 9% in G2/M phase;
Fig. 1). When the dose of MMC was increased to 5 pg/mlL,
the 3 cell lines displayed a strong G2 arrest (30 to 50% of
cells in G2/M phase; Fig. 1). These data show that 10- to
100-fold higher concentrations of MMC were required to
arrest a similar fraction of parental V79 cells in G2/M phase
compared to V-H4 and V-C8 cells. This order of magnitude
is similar to that required for an equivalent MMC-induced
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FIG. 2. Detection of MMC-induced apoptosis in hamster cells. (A) Cytological detection of apoptosis in V79, V-H4, and V-C8 cells.
At 48-hr posttreatment with 500 ng/mL of MMC for 1 hr, cells were stained with DAPI and then examined by fluorescence
microscopy. Photomicrographs show V-H4 and V-C8 cells undergoing apoptosis, with characteristic segregated and fragmented
chromatin. (B) Time—course analysis of apoptotic DNA fragmentation in MMC-treated V79, V-H4, and V-C8 cells. Total genomic
DNA was extracted at time points 0, 24, and 48 hr and subjected to electrophoresis on 1.5% agarose gel. M, 123-bp DNA ladder

marker.

cytotoxicity in parental and mutant cell lines, since V-H4
cells are 30-fold and V-C8 cells 100-fold more sensitive
than V79 cells. Finally, this analysis showed a greater
susceptibility of V-H4 and V-C8 cells to MMC-induced
cell cycle G2 arrest than their parental counterpart V79.
However, parental and mutant cell lines exhibited similar
cell cycle responses to MMC concentrations of equivalent
cytotoxicity.

Detection of MMC-Induced Apoptosis

Mitomycin C, as well as other bifunctional chemothera-
peutic agents, can cause cell death by apoptosis. We
characterized MMC-induced cell death by apoptosis in
these hamster cell lines by observation of the chromatin
condensation, as revealed by fluorescence microscopy (Fig.
2A), and of the DNA fragmentation (Fig. 2B). Forty-eight
hours after 500 ng/mL of MMC treatment for 1 hr,
DAPI-stained hamster V-H4 and V-C8 cells displayed
characteristic features of apoptosis, such as condensed
chromatin and subnuclear bodies (Fig. 2A). Significantly
more apoptotic cells were observed in V-H4 and V-C8
cultures than in the V79 population (Fig. 2A). To further
show that V-H4 and V-C8 cells were undergoing apoptosis,
gel electrophoresis of genomic DNA was performed. Forty-
eight hours after MMC treatment, lysates from cells treated
with 500 ng/mL of MMC for 1 hr were resolved by agarose
gel electrophoresis and then stained with ethidium bro-
mide. As shown in Fig. 2B, DNA cleavage with a charac-
teristic pattern of internucleosomal ladder was observed in
V-H4 and V-C8 cells. Although it is difficult to determine
whether 10 or 25% of the total DNA in a particular lane is
present in a nucleosomal ladder, mutant cell lines clearly

showed a higher amount of apoptotic DNA fragmentation
than did V79 cells (Fig. 2B). Taken together, these results
indicate that hypersensitivity to MMC treatment in V-H4
and V-C8 cells is related to apoptosis.

Quantitation of MMC-Induced Apoptosis

As analysis of DNA fragmentation upon gel electrophoresis
did not provide a suitable quantitative method of detection
of apoptosis, a quantitation of the rate of MMC-induced
apoptosis in parental and mutant cell lines was performed
using the TUNEL assay. Apoptotic cells containing frag-
mented nuclear DNA were detected by in situ fluorescent
dUTP-labeling of the 3'OH end of DNA by the terminal
deoxynucleotidyl transferase, and quantified by flow cytom-
etry as described in Materials and Methods. The amount of
detected spontaneous apoptosis was low and similar in
parental and mutant cell lines, i.e. only about 1 to 2% (data
not shown). The rate of apoptosis in V79 and both mutant
cell lines was quantitated after equitoxic MMC concentra-
tion exposure (80% survival after MMC treatment, i.e. 1
pg/mL of MMC for V79, 30 ng/mL of MMC for V-H4, and
10 ng/mL for V-C8 cells; Fig. 3A) or equimolar MMC
concentration treatment (10 wg/mL of MMC for all cell
lines; Fig. 3B). In both cases, the rate of apoptosis was
significantly higher in V-C8 cells (50 to 60% at 72 hr; Fig.
3, A and B) than in either V-H4 cells (10 to 20% at 72 hr;
Fig. 3, A and B) or parental V79 cells (only about 5%; Fig.
3, A and B). Although apoptosis is a very rapid and
stochastic process that involves a small percentage of cells
at any time, our results clearly showed a 10- to 12-fold
increase (V-C8 cells) and a 2- to 4-fold increase (V-H4
cells) in the level of apoptotic cells after MMC treatment
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FIG. 3. Rate of MMC-induced apoptosis in hamster cells. The
percent rates of MMC-induced apoptosis of V79, V-H4, and
V-C8 cells treated for 1 hr with equitoxic concentrations of drug
giving 80% cell survival (1 pg/mL of MMC for V79, 30 ng/mL
of MMC for V-H4, and 10 ng/mL of MMC for V-C8 cells) (A)
or with equimolar concentration of drug (10 pg/mL of MMC)
(B) are shown as a function of time. Data are presented as mean
values = SE derived from 3 independent TUNEL assays and
were acquired using a FACScan and analyzed with the LysisII™
software.

in sensitive cells. Similar differences between apoptosis
rates in sensitive and resistant cells were found using lower
equimolar MMC doses (500 ng/mL and 5 pg/mL; data not
shown). Moreover, since use of the TUNEL assay allows us
to visualize apoptotic cells as a function of their position in
the cell cycle, we found that MMC-induced apoptosis
occurred in all phases of the cell cycle (data not shown).
Altogether, these data demonstrate that hypersensitivity of
V-H4 and V-C8 cells to MMC is correlated with excessive
induction of apoptosis. Furthermore, these two mutants are
more prone to apoptosis than their parental counterpart,
since they showed a greater amount of apoptosis induced by
MMC concentrations of equivalent cytotoxicity.

An important step in the initiation of apoptosis is the
accumulation of the tumor suppressor protein p53. Treat-
ment of cells with a wide variety of DNA-damaging agents,
including MMC, is known to induce an accumulation of
p53. A recent study has indicated that the V79 p53
sequence contains two point mutations located within the
presumed DNA-binding site [13]. We verified by Western
blots that parental V79 cells and V-H4 and V-C8 mutants
expressed high levels of basal p53 protein and did not
accumulate further p53 protein after MMC treatment (data
not shown). We may then conclude that the greater rate of
MMC-induced apoptosis observed in V-H4 and V-C8 cells
is independent of p53-mediated transcription.

MMC-Induced Specific Apoptosis

To examine the specificity of the apoptotic response for
cross-linking agents such as MMC, we then tested the
induction of apoptosis by a different genotoxic agent (UV
light) and a non-genotoxic and antimitotic agent (vincris-
tine), which targets tubulin. Using the TUNEL assay, we
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FIG. 4. Rate of UV- and vincristine-induced apoptosis in ham-
ster cells. The percent rates of induced apoptosis of V79, V-H4,
and V-C8 cells exposed to UV irradiation (15 J/m?) (A) or
treated with 100 nM vincristine for 1 hr (B) are shown as a
function of time. Data are presented as mean values * SE
derived from 3 independent TUNEL assays and were acquired
using a FACScan and analyzed with the LysisII™ software.

measured the rate of apoptosis in parental V79 and mutant
V-H4 and V-C8 cell lines after UV irradiation (15 J/m?)
and vincristine treatment (100 nM for 1 hr). Both UV
irradiation (Fig. 4A) and vincristine treatment (Fig. 4B)
induced an increase in the fraction of apoptotic cells in the
three cell lines, but there was no significant difference in
apoptotic responses between parental and mutant cell lines
(Fig. 4, A and B). Similar results were found using a higher
UV fluence (30 J/m?; data not shown). Thus, the deficient
V-H4 and V-C8 gene products did not interfere with the
apoptotic pathways induced by UV and vincristine. There-
fore, the differential induction of apoptosis in V-H4 and
V-C8 cells appears to be specific to MMC treatment. In
addition, we have shown that V79 cells are not deficient in
the induction of the apoptotic process itself, since both UV
irradiation and vincristine induced apoptosis to a signifi-
cant extent in these cells (Fig. 4, A and B). This may
suggest that the signaling pathway evoked by MMC is
different from that which is activated by UV irradiation in
these hamster cells.

DISCUSSION

In the present report, we have studied cellular responses to
mitomycin C in MMC-hypersensitive hamster V-H4 and
V-C8 cells. There are many mechanisms by which hyper-
sensitivity to bifunctional agents can be achieved in cells.
The ability to induce and/or remove DNA interstrand
cross-links may be an important factor contributing to
MMC sensitivity of cells. In a previous report, we had
compared cross-link formation and removal characteristics
in a defined gene sequence of MMC-hypersensitive V-H4
and V-C8 cell mutants with those of the resistant parental
V79 cell line [14]. Using equimolar concentrations of drug,
we measured equivalent amounts of MMC-induced DNA
interstrand cross-links in the three cell lines [14]. These
findings argued against differences in drug uptake, meta-
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bolic activation, or detoxification pathways being respon-
sible for differential MMC toxicity in the sensitive and
resistant cell lines, since differences in any of these pro-
cesses are expected to be reflected in different levels of
DNA cross-linking in cell lines [15]. Furthermore, our
previous data showed that persistence of DNA interstrand
cross-links is not responsible for the differential toxicity of
MMC towards V-H4 and V-C8 cells and that these
mutants are not deficient in the initial step of excision
repair of interstrand cross-links [14].

Hypersensitivity to genotoxic agents can also be
achieved by dysregulation of the cell cycle checkpoints.
Arrest of cells in G1 and G2 checkpoints in response to
DNA damage is a well-described phenomenon in mamma-
lian cells, presumably allowing DNA repair prior to DNA
replication and mitosis, respectively (for review, see [10]).
We have presented evidence herein that mutant V-H4 and
V-C8 cells exhibit more prolonged cell cycle accumulation
in G2 phase following equimolar MMC treatment than
their parental counterpart. These data are consistent with
several studies which have reported that DNA cross-link
hypersensitive FA cells show prolonged accumulation in
G2 after DNA damage [17] and that the FA polypeptide,
FAC, binds to the cyclin-dependent kinase cdc2, which
regulates the cell cycle progression from G2 to M phase in
mammalian cells [18]. However, in response to equitoxic
MMC concentrations, parental and hypersensitive mutant
cell lines display equivalent accumulation in the G2/M
compartment. Therefore, we concluded that the G2 arrest
in V-H4 and V-C8 cells may reflect a secondary response to
the excessive amount of damaged DNA following treat-
ment with MMC, rather than a primary defect in the
regulation of the G2/M transition. Such a hypothesis is in
agreement with that of Heinrich et al. [19], who purported
that the aberrant G2/M arrest in FAC lymphoblasts after
MMC treatment represents a normal cellular response to
the excessive DNA damage incurred in such cells and
found no evidence of a cell cycle defect.

Induction of cell death by apoptosis can also enhance
cytotoxicity to DNA-damaging agents. The data we present
here show that mutant V-H4 and V-C8 cells undergo
greater levels of apoptosis following MMC treatment than
their parental counterpart V79. These results strongly
suggest that increased induction of apoptosis contributes to
the hypersensitivity of V-H4 and V-C8 cells to the growth
inhibitory effect of MMC. Consistent with the phenotype
of each cell line, a mutation in the V-C8 gene has more
drastic effects on MMC-induced apoptosis than inactiva-
tion of the V-H4 gene product. Based on our observations,
V-H4 and V-C8 cells undergo MMC-induced apoptosis in
all phases of the cell cycle, indicating that apoptosis is not
a direct consequence of persistent G2/M phase accumula-
tion. Interestingly, parental and mutant cell lines display
differential amounts of apoptosis in response to equimolar
as well as equitoxic MMC concentrations. The most likely
explanation for our data is that both mutants are more
prone to apoptosis than their parental counterpart. These
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findings, then, suggest that control of the apoptotic process
is altered in both MMC-hypersensitive V-H4 and V-C8
cells.

Sustained p53 accumulation has been shown to initiate
apoptosis in a variety of cell types [20]. However, a recent
study has indicated that the parental V79 p53 sequence is
mutated [13]. We have indeed observed that parental and
mutant cell lines express high amounts of basal p53 protein
and that MMC treatment does not mediate any further
accumulation of this protein in these three cell lines. Thus,
the V-H4 and V-C8 gene products would be involved in
the regulation of an apoptotic pathway which is indepen-
dent of p53-mediated transcription. These data are in
agreement with the results of Strasser et al. [21], who
showed apoptosis to be induced in MMC-treated lymphoid
cells derived from p53 knockout mice and with studies from
Kruyt et al. [22], who suggested that the FA group C gene
product may function in an as-yet-unidentified p53-inde-
pendent apoptosis pathway.

Interestingly, the induced cell death process that we
report here is specific to the cross-linking agent MMC,
since UV irradiation and vincristine treatment induced
similar fractions of apoptotic cells in parental and mutant
cell lines. These results are consistent with previous data
showing that V-H4 and V-C8 cells are hypersensitive to
MMC, but not (V-H4 cells) or only slightly (2-fold for
V-C8 cells) sensitive to UV light [11]. Thus, our findings
suggest that the defective genes in V-H4 and V-C8 cells
function in the regulation of an apoptotic cascade triggered
by MMC-induced damage. These gene products may be
involved at different levels of the activation of the apopto-
tic pathway: (a) either in the specific detection of the
initial DNA damage, being a “DNA interstrand cross-link
sensor,” in the detection of a repair intermediate such as a
DNA strand break, or even in the detection of oxygen
radical intermediates produced by cellular detoxification of
MMC [23]; or (b) directly in the signal transduction
cascade mediating apoptosis. Because of the specific MMC-
induced apoptotic response, our data suggest that V-H4 and
V-C8 gene products are rather involved in an upstream
event that signals the initiation of apoptosis and regulates
susceptibility to MMC, but not in the late proteolytic
cascade of the process. Finally, evidence for phenotypic
similarities between these MMC-hypersensitive hamster
cell mutants and FA cells is further supported by the fact
that high susceptibility to MMC-induced apoptosis is com-
mon for FA-C cells [22, 24], although opposite results were
also obtained in studies using FA cells from different
complementation groups in which no apoptosis was ob-
served after exposure to MMC [25, 26]. Involvement of FA
gene products in different pathways regulating apoptosis
may explain these various findings.

In summary, MMC-hypersensitive V-H4 and V-C8 ham-
ster cell lines provide a useful system to study the induction
of MMC-induced apoptosis in mammalian cells. Further-
more, they provide a promising way to elucidate the
defective molecular mechanism(s) involved in cells from
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FA patients. Additional experiments will be needed to
investigate the precise function(s) of the V-H4 and V-C8
gene products. Understanding of these mechanisms may be
relevant to anticancer drug therapy, as apoptosis may be an
important factor in drug responses.
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