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FI1G. 3. In situ detection of fragmented nuclear DNA in CV-1 cells treated with FB; and AAL toxin TA. (Upper) Toxin-treated CV-1 DNA
that has been end labeled with digoxigenin/fluorescein by the TUNEL technique. (Lower) Same view-fields of CV-1 cells but counterstained with
Hoechst 33342. Fragmented DNA and apoptotic bodies (viewed at 510-560 nm) appear as yellow to greenish membrane-bound vesicle-like
elements. Red fluorescence represents intact DNA stained by propidium iodide. Total DNA, anti-digoxigenin/fluorescein-labeled and unlabeled
DNA was revealed as bright white fluorescence of Hoechst at 346-460 nm. (4) CV-1 cells cultured for 24 hr in the absence of toxin. (B) Cells
cultured for 3 hr in the presence of 1 uM TA. (C) Cells cultured for 3 hr in the presence of 1 uM FB,. (D) Cells cultured for 24 hr in the presence
of 5 uM FB;.

Temporal Progression of DNA Damage and Formation of
Apoptotic Bodies. In additional experiments, we observed that
cell death induced by either toxin occurred in stages with
chromatin condensation and cell shrinkage (Fig. 4 A and B).
These events were followed by the appearance of large bodies
which reacted positively to the TUNEL procedure (Fig. 4C),
indicating that they contained fragmented DNA. The initial
compaction of DNA and positive end labeling were observed
generally within the first 3—-6 hr after toxin treatment. Fluo-
rescence intensity varies with the extent of fragmentation and
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increasing fragmentation is reflected by changes in the color
of the fluorescence from yellow to green. The presence of
distinct, well separated apoptotic bodies (23) indicative of later
stages of programmed cell death, were observed (Fig. 4 D and
E) within 18 hr in each case. CV-1 cells treated with equivalent
concentrations of TA displayed morphological characteristics
of apoptosis identical to cells treated with FB;.

Effect of FB, and TA on Cell Cycle Progression. Two recent
studies using mouse embryo cells (Swiss 3T3), which examined
the mitogenic potential of fumonisin, concluded in one case
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FI1G. 4. Progression of nuclear DNA fragmentation in CV-1 cells treated with FB;. CV-1 cells were treated with S uM FB; for 24 hr and viewed
over this time period. (Upper) Toxin-treated CV-1 DNA that has been end labeled by the digoxigenin/fluorescein TUNEL technique. Fragmented
DNA and membrane-bound vesicle-like elements were viewed at 510-560 nm to reveal yellow to greenish fluorescence of anti-digoxigenin/
fluorescein. Unlabeled DNA stained by propidium iodide appears as red fluorescence material within the cells. (Lower) Same view fields using
Hoechst 33342 DNA counterstain. Total DNA, anti-digoxigenin/fluorescein-labeled, and unlabeled DNA were viewed at 346-460 nm as bright
white fluorescence of Hoechst. (4) Control cells. (B and C) Early stages of apoptosis where nuclear DNA fragments and nucleus budding are
revealed as yellow fluorescence. (D and E) Late stages of apoptosis ultimately revealing DNA fragments contained within membrane-bounded
apoptotic bodies with bright green fluorescence.
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Table 1. Cell cycle analysis in CV-1 or COS-7 cells after
fumonisin treatment

CV-1 cells COS-7 cells
Gy S G2/M Gy S G2/M
Control 81 16 3 55 22 23
12 hr 83 13 4 56 25 19
24 hr 90 7 3 61 24 15
48 hr 98 1 1 65 23 12

CV-1 or COS-7 cells were plated at a density of 5 X 10° cells per
100-mm dish and allowed to attach to the dish for 3 hr. Control, cells
treated with phosphate-buffered saline; 12 hr, cells treated for 12 hr
with 5 uM FBy; 24 hr, cells treated for 24 hr with 5 uM FBy; 48 hr, cells
treated for 48 hr with 5 uM FB;. Nuclei were prepared from the
respective cultures and flow cytometry was performed after nuclei
were incubated with a propidium iodide solution. Values are expressed
as % total cells and are from a representative experiment. At least
three independent determinations were performed.

that FB; was mitogenic (17) while the other concluded that
FB,; was not mitogenic (32). To investigate this interaction, we
examined the effect of FB; and TA treatment on cell cycle
progression. Flow cytometry was performed after CV-1 cells
were treated with 5 uM FB; or TA for 12, 24, or 48 hr. Our
results indicated that only FB, treatment induced arrest of cell
cycle in G; (Table 1). By 48 hr after treatment with FB,, only
1% of CV-1 cells were in S phase of the cell cycle. In contrast,
control cultures of CV-1 cells contained ~15% of the cells in
S phase at the same time point. Similar concentrations of FB;
(or TA) did not increase the proportion of COS-7 cells in the
G; phase of the cell cycle following toxin treatment (Table 1).
As described above, COS-7 cells are monkey kidney cells
transformed by SV40 (33). When COS-7 cells were treated
with very high concentrations of FB; (25 uM), 16% of the cells
were in S phase compared to 34% in control cultures, sug-
gesting higher levels of FB; will also arrest cell cycle in COS-7
cells. In contrast to FBy, similar concentrations of TA did not
dramatically alter the ratio of CV-1 or COS-7 cells in S phase
48 hr after treatment (Table 2). Even when treated with up to
25 uM TA, they were not arrested in G; (data not shown). In
summary, FBy, but not TA, inhibited cell cycle progression of
CV-1 cells while COS-7 cells were more resistant to the cell
cycle inhibitory effects of FB,.

DISCUSSION

These studies demonstrate that fumonisin B, and TA induced
the stereotypical hallmarks of apoptosis in CV-1 cells, while
FB,, but not TA, induced cell cycle arrest at G; in CV-1 cells.
The observation that FB; can induce apoptosis raises the
question of how proliferating cells manage to avoid triggering
the apoptotic pathway that fumonisin can initiate in normal

Table 2. Cell cycle analysis in CV-1 or COS-7 cells after
TA treatment -

CV-1 cells COS-7 cells
G, N G2/M G S Gy/M
Control 80 17 3 51 24 25
12 hr 81 15 4 54 27 19
24 hr 78 18 4 56 23 21
48 hr 82 15 3 55 21 24

CV-1 or COS-7 cells were plated at a density of 5 X 10° cells per
100-mm dish and allowed to attach to the dish for 3 hr. Control, cells
treated with phosphate-buffered saline; 12 hr, cells treated for 12 hr
with 5 uM TA; 24 hr, cells treated for 24 hr with 5 uM TA; 48 hr, cells
treated for 48 hr with 5 uM TA. Nuclei were prepared from the
respective cultures and flow cytometry was performed after nuclei
were incubated with a propidium iodide solution. Values are expressed
as % total cells and are from a representative experiment. At least
three independent determinations were performed.
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cells. This paradox may be reconciled by the fact that certain
genes involved in the induction of cell death also are respon-
sible for neoplastic transformation (34). For example, c-Myc,
a ubiquitous and essential mediator of cell proliferation also
induces programmed cell death (34). Tumor necrosis factor
and mitosis-inducing agents such as caffeine and okadaic acid,
long recognized as tumor suppressors, can promote apoptosis
in HeLa cells (35, 36). The commitment of a cell to undergo
apoptosis is, in part, related to availability of growth factors,
age of the cell, cell type, stage of the cell cycle, and state of
differentiation (25, 34). It is unclear what specific genetic or
environmental factors determine whether FB;- or TA-treated
cells undergo proliferation or death.

Based on our previous results which indicated that FB,;
inhibits AP-1-dependent transcription (27) and that the onset
of this inhibition temporally precedes the onset of cell death,
it is possible that the transcription factor AP-1 plays an
important role in determining whether CV-1 cells undergo
apoptosis or progress through the cell cycle. AP-1 binding
factors can promote G; progression in some cell types but
induce differentiation in others (36). In addition, two isoforms
of PKC, a and 0, are repressed by fumonisin (27). Since PKC
activation results in rapid dephosphorylation of c-jun, a trans-
activator of AP-1 sites, it is possible that repression of AP-1-
dependent transcription by FB; is important for apoptosis.
Consistent with this possibility is-the fact that the same
concentration of toxin (5 uM) that inhibited PKC activity and
AP-1 transcription (27) also induced apoptosis. In addition, a
study by Walker et al. (37) demonstrated a correlation between
the presence of AP-1 DNA binding activity and repression of
apoptosis. Moreover, the ability of glucocorticoids to induce
apoptosis requires a glucocorticoid receptor that can repress
AP-1-dependent transcription (38). Also, the activation or
inhibition of PKC has been associated with the induction of
apoptosis (e.g., see ref. 39). Thus, it is possible that FB; induces
growth arrest and cell death, at least in part, by repressing AP-1
activity via inhibition of PKC.

An intriguing aspect of these data concerns the differing
results between CV-1 and COS-7 cells following FB; treat-
ment. The SV40 large T antigen, which is expressed in COS-7
cells, binds to two tumor suppressor proteins known to regu-
late cell cycle progression and apoptosis (p53 and Rb, the
retinoblastoma susceptibility gene product). It is possible that
the association of large T antigen with one or more of these
proteins is responsible for the relative insensitivity of COS-7
cells to FBy, although we cannot rule out differential uptake
of the toxin.

TA is a structural analog of fumonisin B; (Fig. 1), and
traditionally these toxins have been considered functionally
interchangeable with respect to specificity and biological ac-
tivity in both plant and animal cells. For example, both toxins
inhibit ceramide synthase and both toxins produce similar
symptoms on leaves and fruit of isogenic lines of tomato (21).
In this report, we have shown that both toxins cause apoptosis
in animal cells. Previously, we have reported that both toxins
also can initiate a cell death program in plants (7, 21). Although
both toxins induce apoptosis, only FB; affects the cell cycle.

Fumonisins are a serious health threat since corn and
corn-based food products are a common staple in the diet of
livestock animals and humans. Fumonisins are found fre-
quently in healthy as well as diseased corn plants. Preliminary
data indicate that both fumonisins and AAL toxins can be
found in concentrations sufficient to induce cell death in CV-1
cells and field samples of processing tomatoes and corn (refs.
4 and 40; B. Ward and D.G.G., unpublished data). The effect
of chronic exposure to these molecules on the health of
animals or humans is unresolved.
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