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Growth inhibition of tobacco (Nicotiana tabacum L. cv Bright Yellow-2) cells by mevinolin, a specific inhibitor of 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGR) could be partially overcome by the addition of farnesol. However, farnesol
alone inhibited cell division and growth as measured by determination of fresh weight increase. When 7-d-old tobacco cv
Bright Yellow-2 cells were diluted 40-fold into fresh culture, the cells exhibited a dose-dependent sensitivity to farnesol, with
25 uMm sufficient to cause 100% cell death, as measured by different staining techniques, cytometry, and monitoring of
fragmentation of genomic DNA. Cells were less sensitive to the effects of farnesol when diluted only 4-fold. Farnesol was
absorbed by the cells, as examined by [1-3H]farnesol uptake, with a greater relative enrichment by the more diluted cells.
Both mevinolin and farnesol treatments stimulated apparent HMGR activity. The stimulation by farnesol was also reflected
in corresponding changes in the steady-state levels of HMGR mRNA and enzyme protein with respect to HMGR gene

expression and enzyme protein accumulation.

Isoprenoids constitute compounds involved in an
array of fundamental biological processes, which oc-
cur at the level of individual cells, tissue, and intact
organisms. In plants they are physiologically essen-
tial for a wide range of activities like photosynthesis,
cell division, mitochondrial respiration, and growth
control, as well as contributing to a bewildering array
of isoprenoid secondary products that play a role in
signaling between plants and in defense against
pathogen attack. In animal cells, all isoprenoids are
derived from mevalonic acid (MVA), which is a di-
rect precursor of isopentenyl diphosphate, the “ac-
tive isoprene unit” (Bach, 1995). In plants the situ-
ation seems to be more complicated in that a second
pathway occurs, starting from pyruvate and glycer-
aldehyde 3-phosphate via 1-deoxy-p-xylulose
5-phosphate and 2-C-methyl-p-erythritol 4-phos-
phate (MEP), which can also give rise to isopentenyl
diphosphate without proceeding through MVA.
This MEP pathway was initially identified in bacte-
ria (Rohmer et al., 1993, 1996). More recent experi-
mental proof demonstrated the exclusive occurrence
of this non-mevalonate pathway in green algae and
in plastids of higher plants (Lichtenthaler et al., 1997;
Rohmer, 1999a, 1999b, and refs. therein). Neverthe-
less, it is also clear that in higher plants several
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classes of isoprenoids, including sterols and farnesy-
lated proteins as well as mitochondrial ubiquinone,
are dependent on cytoplasmic generated MVA
(Disch et al., 1998).

A key regulatory role in MVA biosynthesis and
thus in the synthesis of cytoplasmic and mitochon-
drial isoprenoids is purported for 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase
(HMGR). In animal cells only a single gene coding for
HMGR seems to exist and the level of HMGR activity
is subject to multiple control mechanisms (Goldstein
and Brown, 1990). However, HMGR gene families
have been described in plants, which are differen-
tially regulated by various endogenous and exoge-
nous stimuli (Enjuto et al., 1994; Stermer et al., 1994;
Chappell, 1995; Dale et al., 1995; Weissenborn et al.,
1995; Learned, 1996; Korth et al., 1997). Inhibition of
microsomal HMGR in vivo by mevinolin renders
cells MVA auxotrophic. As this latter compound is a
precursor of essential constituents, pleiotropic effects
can be expected. Mevinolin or its analogs such as
compactin act as efficient inhibitors of plant cell pro-
liferation (Ryder and Goad, 1980; Ceccarelli and
Lorenzi, 1984; Doll et al., 1984; Bach and Lichtentha-
ler, 1987; Hata et al., 1987; Crowell and Salaz, 1992;
Randall et al., 1993; Morehead et al., 1995), and anal-
ogous to early observations made with various ani-
mal and human cell lines, specific effects on progres-
sion through a cell cycle of plant cells have been
predicted (Bach, 1987). Using tobacco (Nicotiana taba-
cum L. cv Bright Yellow-2 [TBY-2]) cells (Nagata et
al., 1992), we recently demonstrated that mevinolin
treatment leads to an arrest of a majority of cells in
late G1 phase (Hemmerlin and Bach, 1998). The arrest
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in G1 seems to be the consequence of a lack of some
MV A-dependent signal produced during mitosis and
apparently essential for passage of a check point
control. Highly synchronized cells were only sensi-
tive toward mevinolin in mitotic telophase, but not in
G1 itself (Hemmerlin and Bach, 1998). Mevinolin
caused also cell death in about 20% of unsynchro-
nized TBY-2 cells (Hemmerlin and Bach, 1998).

An important intermediate in the cytosolic, MVA-
dependent isoprenoid pathway is trans, trans-farnesyl
diphosphate (FPP). FPP serves as a substrate for
squalene synthase, in farnesylation of proteins cata-
lyzed by protein farnesyltransferase (Parmryd et al.,
1996; Qian et al., 1996; Randall and Crowell, 1997), and
via generation of trans,trans,cis-geranylgeranyl dip-
hosphate, it is important for the formation of dolichyl
phosphate, cofactor in protein glycosylation (Crick et
al., 1997). Though the quantities of FPP needed for
sterol biosynthesis are greater than those needed for
protein prenylation or dolichol biosynthesis, the levels
of FPP should be closely controlled. The mevinolin-
induced block of TBY-2 cells in late G1 was overcome
by addition of exogenous MVA (Hemmerlin and Bach,
1998). Thus we thought of exploring the potential of
exogenous farnesol, which is absorbed better than
FPP, to also release cells from growth inhibition (com-
pare with Ghosh et al., 1997). It has been shown that in
animal cells farnesol could internally arise from FPP
by removal of the pyrophosphate group through ac-
tion of an FPP-specific pyrophosphatase (Meigs and
Simoni, 1997). Those and other observations prompted
us to examine in greater detail the effect of exogenous
farnesol on HMGR activity and on cell shape by using
TBY-2 cells.

RESULTS
Effect of Farnesol on Mevinolin-Treated TBY-2 Cells

An important effect of mevinolin is the inhibition
of cell cycle progression in TBY-2 cells (Hemmerlin
and Bach, 1998). The aim of the experiment described
in Table I was to determine whether inhibition of cell
division by mevinolin could be reversed by farnesol,
by direct metabolism of farnesol, or by other mech-
anisms. Farnesol could partially counteract the inhi-
bition of cell division induced by 5 uM mevinolin
(normalized to 100%) when added 24 h later, as
indicated by an increase of fresh weight after farnesol
treatment (Table I). However, this moderate stimula-
tion leveled off rapidly at farnesol concentrations
higher than 50 um and was much less complete as
compared to nearly complete reversion by exogenous
MVA (Table I). However, greater than 1 mm MVA
was necessary for complete reversion (Hemmerlin et
al., 1999). It should be noted that cells grown in the
complete absence of mevinolin enter the rapid
growth phase much earlier and have a relatively
higher weight after the culture period. Because MVA
or farnesol was added 24 h after growth in presence
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Table I. Partial reversion of mevinolin-induced growth inhibition
by farnesol

Stimulation of Mevinolin-

Treatment Inhibited Cell Growth
%
Control® 298.0
5 um Mevinolin® 100.0
5 uM Mevinolin, plus 10 um farnesol® 118.3
5 um Mevinolin, plus 50 um farnesol® 123.4
5 uM Mevinolin, plus 75 um farnesol® 124.7
5 um Mevinolin, plus 0.5 mm MVA? 212.1
5 um Mevinolin, plus 2.0 mm MVA? 273.4

2 TBY-2 cells were subcultured (20 mL added to 80 mL of new
Murashige and Skoog medium, 5-fold dilution), followed by culture
for 72 h in the absence of any product. b Five-fold diluted cells
were treated with 5 um mevinolin for 72 h. This value corresponds to
100% (5.5 g fresh wt in absolute value; mean of three independent
experiments). ¢ Five-fold diluted cells were treated with 5 um
mevinolin for 24 h. After this period farnesol was added at the
concentrations indicated and cells were incubated for another
48 h. d Cells were treated with 5 um mevinolin as described
above. After 24 h MVA was added at 0.5 and 2 mm, respectively,
followed by further incubation for 48 h. After harvesting of cells,
fresh wt was determined as parameter for cell growth.

of mevinolin, a full restoration would not be
expected before reaching stationary phase. Conse-
quently, we chose to set the 5 uM mevinolin treat-
ment as representative of 100% growth instead of the
fresh weight of untreated cells.

Growth Inhibition by Farnesol Treatment

A sharp threshold concentration of farnesol was
capable of limiting growth in cells in stationary
phase, when cells were diluted 41-fold into new
modified Murashige and Skoog medium (Fig. 1A).
Long-term treatment (7 d) by farnesol was toxic
when added to the cells at a concentration greater
than 12.5 um, whereas lower concentrations of farne-
sol exerted no significant inhibitory effects. Short-
term exposure (48 h) of less diluted cells (5-fold) to
farnesol concentrations above 25 puMm also inhibited
growth (Fig. 1B). This latter experimental series sug-
gested that a higher initial cell inoculum led to a
lower efficiency to farnesol as a cytotoxic agent. This
observation was confirmed by the data presented in
Figure 2. With higher initial inoculum concentration,
sensitivity to farnesol decreased accordingly. In cells
diluted 41- and 17-fold, 25 pum farnesol induced com-
plete inhibition, whereas cells diluted 9- and 5-fold
were more tolerant.

The above results suggested that a closely defined
intracellular concentration of farnesol was necessary
to induce toxic effects. Furthermore, these results
were the first indication that the cells might actively
accumulate farnesol; a smaller initial number of cells
would thus have greater potential to accumulate cy-
totoxic levels of farnesol. This notion was supported
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Figure 1. Growth inhibition of TBY-2 suspension cells by farnesol
treatment. A, Seven-day-old cells were subcultured (2-80 mL of
modified Murashige and Skoog medium; dilution 1:41) and were
grown for 1 week in the absence (control) or in the presence of
increasing concentrations of farnesol. The 100% level corresponds to
32 g. B, Seven-day-old cells were subcultured (20-80 mL of modified
Murashige and Skoog medium; dilution 1:5) and were grown for 48 h
in the absence (control) or in the presence of increasing concentra-
tions of farnesol. The 100% level corresponds to 8 g. Fresh weight
was determined, compared with controls (100%), and normalized to
percentage of growth. Mean of two to five replicates.

by an incorporation experiment in which cells were
fed low, non-toxic quantities of labeled [1-°H]
farnesol (Fig. 3). The data shows that (a) farnesol
indeed entered the cells (rate of incorporation up to
8%), and (b) diluted cells contained an average of
4.5-fold more intracellular farnesol as expressed in
radioactivity per milliliter cell volume than cells from
cultures with a higher initial cell density, when incu-
bated in the presence of identical initial concentrations.

HMGR Activity in Farnesol-Treated TBY-2 Cells

Farnesol has been described as accelerating HMGR
degradation when added to Chinese hamster ovary
cells and might represent the non-sterol MVA deriv-
ative responsible for down-regulating HMGR activ-
ity in response to accumulation of certain pathway
products (Correll et al., 1994, Meigs and Simoni,
1997). Unexpectedly, farnesol treatment exerted a
stimulating effect on apparent microsomal HMGR
activity in TBY-2 cells. This effect was concentration

Plant Physiol. Vol. 123, 2000

Farnesol-Induced Cell Death in Tobacco cv Bright Yellow-2 Cells

Cell dilution 41 x 17 x 9x 5x
35

30
25 —
20
15
10

Il

-+ -+ -+ -+

Fresh weight (g)

Figure 2. Dependence of farnesol-induced inhibition on initial cell
density. A, Seven-day-old cells were subcultured (2, 5, 10, or 20 mL,
respectively, was added to 80 mL of modified Murashige and Skoog
medium, yielding dilution factors of 41-, 17-, 9-, and 5-fold, respec-
tively) and were further cultivated for 4 d in the presence (+) or in the
absence (—) of 25 um farnesol.

dependent (Fig. 4A). Addition of farnesol at the same
concentrations to in vitro assays did not affect en-
zyme activity (data not shown), suggesting that the
previously observed activation was not due to a di-
rect interaction of the compound with the protein.
When the concentrations of exogenously supplied
farnesol exceeded the level of acute cytotoxicity, the
stimulation of activity dropped as the cells died (see
below). The induction of activity was also correlated
with an increase in HMGR protein (Fig. 4B) and the
steady-state mRNA level for at least one HMGR gene
(Fig. 4C). It is interesting to note that farnesol at
cytotoxic concentrations (100 um) still strongly in-
duced HMGR protein levels, whereas there was no
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Figure 3. Radiolabeling of 7-d-old cells for 48 h following subculture
with 122 nCi/mL of [1-*HIfarnesol. Data are expressed as percentage
ratio between incorporation observed with highly diluted cells (2 mL
added to 80 mL of modified Murashige and Skoog medium, 41-fold
dilution) and with less diluted ones (20-80 mL, 5-fold dilution).
Radioactivity was determined in aliquots of the cell juice and of the
medium after centrifugation of cells.
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Figure 4. Influence of farnesol treatment on apparent activity of
microsome-bound HMGR. TBY-2 cells were treated for 48 h with
different concentrations of farnesol before the isolation of mem-
branes. A, Enzyme activity in TBY-2 cells treated by farnesol. Activity
was always measured in the presence of 30 um R,S-[3-""CIHMG-
CoA (10-fold K;) and of 30 ug of microsomal protein. Control,
Untreated cells. 100% activity corresponds to 4.8 nmol mg™' h™!
(80 pmol mg™" min~"). Mean of three independent experiments. B,
Western-blot analysis of HMGR protein. All lanes contained 15 ug of
protein; an identical gel was run in parallel and used for silver
staining to be sure that the intensity of individual protein bands was
identical for each lane (not shown). C, Northern-blot analysis of
HMGR RNA. All lanes contained 20 ug of total RNA. Intensity of
major ribosomal RNA bands on the agarose gel was identical for
each lane. *, Not determined.
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Figure 5. Determination of HMGR activity in mevinolin- plus
farnesol-treated cells. Microsomes were isolated from TBY-2 cells
described in Table | and were used directly or buffer-washed before
corresponding HMGR activity was measured. 100% activity (243.3
pmol mg™" min~") corresponds to that found with unwashed micro-
somes isolated from TBY-2 cells, which were treated with 5 um
mevinolin. Microsomes isolated from TBY-2 cells that were culti-
vated for 72 h in the absence of both mevinolin and farnesol showed
an apparent HMGR activity of 126 pmol mg™" min~"). The experi-
ments were repeated three times, and sps are indicated.
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such effect on apparent enzyme activity. We cannot
exclude the possibility that farnesol could also block
HMGR protein turnover and degradation in TBY-2
cells. HMGR protein from visibly dead cells might
have been locked into an inactive conformation by
interaction with compounds leaking out of vacuoles,
as well as by the low pH. However, after denaturing
electrophoresis and blot transfer, it would still present
epitopes recognized by the antibody.

Microsomes were also isolated from farnesol-
treated cells used for the experiments described in
Table I and tested for HMGR activity. There was an
apparent synergism between farnesol and mevinolin
in stimulation of HMGR activity (Fig. 5). However,
for determination of the full apparent activity it was
necessary to wash the microsomes free of mevinolin.
The inhibitor seems to bind tightly to HMGR protein,
most likely in a 1:1 molar ratio, in view of K; values of
mevinolin being in the range of 10~° M, which is far
below the concentrations used for treatment of cells.
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Figure 6. Farnesol-induced cell death in TBY-2 suspension cells. A,
Seven-day-old cells were subcultured (2-80 mL, dilution 41-fold) in
the presence of different farnesol concentrations. After 5 d of culture
the proportion of dead cells was determined. Cells were stained with
fluorescein diacetate (specific for living cells) and propidium iodide
(penetrates only into dead cells and stains nuclei orange-red). The
percentage of dead cells corresponds to the proportion of red nuclei.
Asterisks indicate values below 3% of dead cells, as was found in
control cultures. B, Seven-day-old cells were subcultured by addition
of 2, 5, 10, or 20 mL, respectively, to 80 mL of modified Murashige
and Skoog medium (dilution factors of 41-, 17-, 9-, and 5-fold,
respectively) containing 25 um farnesol (final concentration). The
percentage of dead cells was determined as in A.
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Induction of Cell Death and of DNA Fragmentation

Farnesol induced cell death in TBY-2 cells at con-
centrations starting with 25 um (Fig. 6A), apparently
in an all-or-nothing response; a defined concentra-
tion of farnesol induced total cell death, whereas a
slightly lower concentration had no such effect. A
similar threshold reaction was observed when dif-
ferent cell dilutions were exposed to 25 um farnesol
(Fig. 6B). When 10 mL of 7-d-old cells was added to
80 mL of modified Murashige and Skoog medium
(9-fold dilution) only 14% of cells died as compared
with untreated controls (final farnesol concentration
was always 25 uM). At a higher initial dilution,
100% of cells were dead as indicated by staining of
nuclei with propidium iodide. We observed a slight
increase in the percentage of dead cells at higher
initial cell densities (Fig. 6B). This can easily be
explained through the earlier attainment of station-
ary phase in cultures with a higher inoculum. After
the culture period of 7 d, those cultures contain a
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Figure 7. Photographs of cells that were treated
with 25 um farnesol for 5 d. The culture was started
by adding 10 mL of 7-d-old TBY-2 cells to 80 mL of
new modified Murashige and Skoog medium. A
through C, Same conditions showing differential
effects on the induction of cell death and on mor-
phological features. D, Control cells. Cells were
doubly stained as described in Figure 6. The white
bar in A corresponds to 100 um in A and D, and to
50 wm in B and C. Under the conditions presented
in A through C, 14% of total cells were dead and the
total fresh weight of suspension cells was reduced
from 23.5 (control) to 4.6 g. At the dilution of 2 and
5 mL of 7-d-old TBY-2 cells into 80 mL, 100% of
cells were dead (only red nuclei were visible, data
not shown).

higher proportion of old cells that eventually degen-
erate and die. The shape of TBY-2 cells changed
dramatically upon farnesol treatment under non-
lethal conditions (<25 uM), appearing cube-shaped,
compact, and frequently stuck together in longer
clusters (Fig. 7A). Control cells, in contrast, exhib-
ited the typical, rod-shaped morphology, with cells
arranged in small clusters, usually consisting of four
cells (Fig. 7D). The appearance of small and condensed
nuclei in farnesol- induced dead cells (Fig. 7, B and C)
suggested that farnesol might exert an effect at the
DNA level. Indeed, DNA extracted from farnesol-
treated cells showed a ladder-like fragmentation pat-
tern after agarose-gel separation (Fig. 8A), whereas
mevinolin-induced DNA degradation lacked such a
pattern (Hemmerlin et al., 1999). This DNA fragmen-
tation was accompanied by an apparent decrease in
the content of intact genomic DNA relative to control
cells, based on the cytometrical DNA analysis
(Fig. 8B).
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Figure 8. Farnesol-induced degradation of genomic DNA in TBY-2
cells. Cells (20 mL) from a 7-d-old culture were added to 80 mL of
modified Murashige and Skoog medium (5-fold dilution). A,
Genomic DNA fragmentation induced by farnesol treatment (1, 100
uMm, 48 h; 2, 1-kb ladder, Gibco-BRL, Cleveland). For comparison
mevinolin-induced DNA degradation is included (3, untreated cells
with intact genomic DNA; 4, 5 um mevinolin, 24 h; 5, same, but
48 h; 6, same, but 72 h; 7, same, but 96 h; and 8, same, but 168 h).
DNA was stained with ethidium bromide. B, Cytometric analysis of
the nuclei from TBY-2 cells treated with farnesol. Percentage of cells
in different phases of the cell cycle was calculated by automatic
microscopic scanning of Feulgen-stained cells. Fol, Farnesol, 100
um; Co, control cells without treatment. 2c and 4c, The values are
presented as relative nDNA content per cell. Intermediate values are
characteristic of cells in S phase (DNA synthesis), values below the
window 2c¢ (GO, G1) indicate DNA degradation. Analyses are based
on 300 nuclei each.

DISCUSSION

As TBY-2 cells are very sensitive to various inhib-
itors, possibly due to an easy penetration of the ru-
dimentary cell wall and of the plasmalemma, they
were used as a model system to study the effect of
farnesol on cell proliferation and death. Farnesol, a
non-sterol isoprenoid compound, was identified as a
putative regulator of HMGR activity and thereby
cholesterogenesis in animal cells (Bradfute and Si-
moni, 1994; Correll et al., 1994), although this is still
a matter of debate (Keller et al., 1996; Petras et al.,
1998). Farnesol has been reported to induce HMGR

1262

degradation when added to Chinese hamster ovary
cells (Correll et al., 1994; Meigs et al., 1995, 1996). In
farnesol-treated TBY-2 cells, in contrast, there was no
inhibition of apparent HMGR activity. On the con-
trary a drastic increase in activity was observed, par-
alleled by stimulation of HMGR transcription and
translation. Since plant cells contain several isogenes
encoding HMGR, and the transcription of one or
more of them seems to be highly activated under
stress conditions (Yang et al., 1991; Stermer et al.,
1994), an apparent stimulation of HMGR activity
could be due to a specific increase in transcription/
translation of one isogene. Such an increase could
conceivably mask negative effects of farnesol on
other HMGR isogenes or on their products. Conse-
quently, the inhibitory effects observed in animal
cells would not be apparent in TBY-2 cells. To test
such a hypothesis, it will be mandatory to use probes
that specifically recognize the various isogenes and
isozymes, a difficult task in view of sequence simi-
larities between HMGR isogenes/proteins in tobacco
(Crévenat, 1997).

We have demonstrated that TBY-2 cell proliferation
was inhibited by increasing concentrations of farne-
sol and that HMGR was increasingly stimulated.
Also, partial cell death in diluted TBY-2 cultures was
possible only within a surprisingly narrow range of
farnesol concentrations above which 100% cell death
occurred. In light of these results it seems possible
that farnesol-induced overstimulation of HMGR ac-
tivity may stand at the threshold of processes leading
to an induction of cell death. If so, intracellular inhi-
bition of HMGR by mevinolin should diminish the
toxic effect of farnesol. Hence, mevinolin, which
alone induces cell cycle arrest in TBY-2 cells such that
about 80% were blocked in late G1 phase, and about
20% in G2 (Hemmerlin and Bach, 1998), may have a
protective role in the presence of farnesol. Indeed,
cells cultured in the presence of mevinolin were less
inhibited by farnesol. Not only were mevinolin-
treated TBY-2 cells not inhibited by addition of ex-
ogenous farnesol, but cell growth was actually stim-
ulated compared to cells that were cultured in the
presence of mevinolin only.

In principle farnesol could overcome inhibition by
mevinolin through a bypass of the biosynthetic block
after being converted into FPP. A similar effect of
farnesol has been observed in Helianthus tuberosus
explants (Ceccarelli and Lorenzi, 1984). Growth inhi-
bition by the mevinolin analog compactin was over-
come in these explants by supplying them either with
2.2 mMm MVA, or by 0.1 to 0.5 mm farnesol, thus
suggesting the requirement of one or more, not-
precisely-known non-sterol MVA derivatives (Cec-
carelli and Lorenzi, 1984). Similar concentrations of
MVA were needed to restore root elongation growth
of radish seedlings grown in the presence of mevino-
lin (Bach and Lichtenthaler, 1983) or to overcome
mevinolin-induced cell cycle arrest in TBY-2 cells
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(Hemmerlin and Bach, 1998). However, our experi-
ments suggest also that farnesol, as such, may not be
directly responsible for reversal of the mevinolin-
induced growth inhibition, but may have a regula-
tory effect on an early step of isoprenoid biosynthe-
sis, i.e. at the HMGR level. Mevinolin (or analogs)
may become less efficient over time as the cells are
induced to reverse the diminution of enzyme activity
by farnesol-stimulated synthesis of the target enzyme
HMGR. Such an increase in activity, due to a con-
comitant increase in immunoreactive protein, was
observed in microsomes from farnesol-treated TBY-2
cells. When TBY-2 cells were cultured in the presence
of 5 um mevinolin, microsomes had to be carefully
buffer-washed for correct measurement of apparent
HMGR activity, as residual inhibitor appeared oth-
erwise to remain bound to microsomes. Intracellular
HMGR activity might remain suppressed by the in-
hibitor, and only after an extended period of mevino-
lin treatment, which by itself triggers overproduction
of HMGR (Hemmerlin, 1997), might partial allevia-
tion of inhibition by mevinolin occur. Some tendency
of mevinolin to tightly bind to HMGR was already
observed during attempts to purify the enzyme from
radish seedlings, after preceding stimulation of
HMGR accumulation by mevinolin treatment (Bach et
al., 1986). It is possible that a limited, farnesol-induced
overproduction of HMGR (of an isoform that remains
to be identified), may lead to a better tolerance of
TBY-2 cells against mevinolin. On the other hand, it
seems that the presence of mevinolin inside the cells
efficiently blocked the effect of farnesol-induced
HMGR activity and thus protected the cells.

Farnesol alone, which apparently is actively taken
up, exerted an inhibitory effect on growth of TBY-2
cells. Similar observations had been made with pan-
creatic tumor cells (Burke et al., 1997). It has been
demonstrated that in animal cells, farnesylated pro-
teins such as p2lras play an important role in cell
division (Casey et al., 1989). At first sight it might be
reasonable to assume that farnesol in the cell could
act as a competitor of protein farnesylation and thus
inhibit cell division. However, the potential to inhibit
protein farnesyl transferase alone cannot explain its
effects. It has been reported that farnesol-derived
inhibitors and farnesol itself are much less efficient
than specific protein farnesyl transferase inhibitors
such as chaetomellic acid (Singh et al., 1993; Cassidy
and Poulter, 1996; Ratemi et al., 1996), with the K
values needed for enzyme inhibition in vitro being
clearly above those concentrations of farnesol ade-
quate for cell death induction when applied to TBY-2
cells in vivo.

What, then, could be another explanation for far-
nesol inhibition of cell division? It has been shown
that in mammalian cells, farnesol is derived from
turnover of farnesylated proteins. For example,
farnesyl-Cys, a product of proteolysis of farnesylated
proteins, is degraded to Cys and farnesol by action of
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a prenyl-Cys lyase (Zhang et al., 1997). Farnesol
could also be produced from FPP via a specific allyl
pyrophosphatase (Bansal and Vaidya, 1994). A recy-
cling system for the farnesol appears to be present in
mammalian cells, as rat liver contains two distin-
guishable enzymes: an ATP-dependent farnesol ki-
nase associated with the inner, lumenal surface of
microsomal vesicles, and a CTP-dependent farnesyl
phosphate kinase, which is apparently localized to
the outer, cytoplasmic surface of microsomal vesicles
(Bentinger et al., 1998). Given the potential toxicity of
farnesol, such a recycling system may represent some
sort of detoxification mechanism.

A similar farnesol recycling/detoxification system
may be present in plants, as tobacco cells have re-
cently been shown to utilize [*H]farnesol for the bio-
synthesis of digitonin-precipitable sterols and ses-
quiterpenoids (Thai et al., 1999). This is in agreement
with our unpublished observations that indicate that
in TBY-2 cells, as in mammalian cells (Crick et al.,
1995), radiolabeled farnesol is readily incorporated
into major end products of the MVA pathway. Thai et
al. (1999) also demonstrated that tobacco microsomes
contain efficient enzyme systems capable of double-
phosphorylating the free alcohol. Therefore plant cells
have mechanisms for detoxifying farnesol by directing
it into metabolic channels, i.e. for sterol biosynthesis
(Chappell, 1995), which, however, may have a limited
capacity. It appears that these mechanisms work suf-
ficiently well up to a certain concentration for farnesol,
but apparently fail to protect cells when this threshold
value is exceeded. If this metabolic capacity for FPP
utilization is exceeded, the result would possibly be its
accumulation.

Work with mevalonate kinase purified from Catha-
ranthus roseus demonstrates one of the possible side
effects of FPP accumulation: It has been shown that
the enzyme was competitively inhibited by FPP with
respect to ATP with a K; of about 0.1 uM, a concen-
tration more than 3 orders of magnitude lower than
the K,, toward ATP (Schulte, 1998). Such a direct
effect on MV A kinase could lead to an efficient block-
age of MVA conversion and thus of the entire cyto-
solic pathway, including the formation of a putative
end product responsible for feedback regulation. If
this product, which has to be synthesized de novo, is
lacking, overstimulation (of one or more isoforms) of
HMGR may result, and this deregulation could fi-
nally lead to the formation of some signal and/or
toxic compounds capable of inducing cell death.
Whether parallel feedback regulation occurs at pre-
ceding enzymatic steps catalyzed by HMG-CoA syn-
thase and acetoacetyl-CoA thiolase, as in mammalian
cells (Honda et al., 1998), remains to be more closely
investigated with plant cells. However, mevinolin-
induced increase in acetoacetyl-CoA thiolase mRNA
has been observed in radish seedlings (Vollack and
Bach, 1996).
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Inhibition of cell growth and induction of cell death
may also be due, in part, to inhibition of tumor-like
cell proliferation. Farnesol was described as having
an antitumor effect (Adany et al., 1994; Haug et al.,
1994; Burke et al., 1997), and in TBY-2 cells, the
negative effects of farnesol-stimulated HMGR activ-
ity on cell division may be evidence of this principle.
When TBY-2 cells, which have been described as the
analog of tumor-derived “HeLa cells in plant sci-
ence” (Nagata et al., 1992), were transformed with
the gene encoding HMGR1 of Arabidopsis, we never
obtained dividing cells, although the efficiency of
transformation was high (Hemmerlin, 1997). This
lack of cell division in the presence of overexpressed
HMGR appears similar to the reversion of the tu-
moral phenotype of human lung adenocarcinoma
A549 cells that was achieved by expression of HMGR
cDNA (Seronie-Vivien et al., 1995).

In accordance with the antitumor principle, possi-
bly, is the apoptotic effect of farnesol. Induction of
cell death by exogenous farnesol in TBY-2 cells was
correlated with genomic DNA fragmentation typical
of programmed cell death (apoptosis), as in animal
cells (Haug et al., 1994). Farnesol-induced apoptosis
in mammalian cells, i.e. in human acute leukemia
CEM-C1 cells, appears to result from a reduced rate
of formation of diacylglycerol and phosphocholine,
the products of phosphatidyl choline (PC) degrada-
tion. This indicates an inhibition of PC-specific phos-
pholipase C, followed by inhibition of phospholipase
D, resulting in a decrease in the synthesis of PC-
derived phosphatidylethanol (Voziyan et al., 1995).
Similarly, the primary role of farnesol for the above-
mentioned A549 cells may be inhibition of PC bio-
synthesis (Miquel et al., 1998). These and other ob-
servations suggest the involvement of cellular signal
transduction pathways in the inhibition of cell pro-
liferation and induction of apoptosis by farnesol.

In the yeast Saccharomyces cerevisiae, farnesol in-
duced growth inhibition by acceleration of mitochon-
drial production of reactive oxygen species, possibly
via interference with a phosphatidylinositol type of
signal (Machida et al., 1998). Moreover, the binding
of farnesol or of its metabolites to members of the
zinc-finger containing superfamily of nuclear hor-
mone receptors (Forman et al., 1995) may also apply
to the situation in TBY-2 cells. Such receptors are
capable of altering the transcription initiation rate
through binding to elements in the promoter region
of target genes, as has been shown to occur in mam-
malian cells (Meier, 1997). Those aspects clearly
await further studies, especially since some very ba-
sic reactions following farnesol treatment, i.e. induc-
tion of HMGR in TBY-2 cells versus induction of its
degradation in animal cells, also exhibit fundamental
differences, although the ultimate effect, induction of
apoptosis, appears to be similar.

In conclusion, it seems conceivable to ascribe a
dual role to farnesol in TBY-2 cells: one that may be
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based on interaction with a signaling cascade, and a
second one that may involve blockage of an essential
route responsible for the formation of a final product
of the multi-branched cytosolic pathway. This latter
compound, which remains to be identified, may be
essential for feedback regulation of HMGR.

MATERIALS AND METHODS
Materials

A suspension culture of tobacco (Nicotiana tabacum L. cv
Bright Yellow-2) cells, originally derived from young
plants was provided by Prof. T. Nagata (University of
Tokyo). Mevinolin was a kind gift from Drs. M. Greenspan
and A.W. Alberts (Merck Research Laboratories, Rahway,
New Jersey). Before use, the lactone of mevinolin was
converted to the open-acid form according to the protocol
described by Kita et al. (1980). All trans-farnesol and MVA
lactone were from Fluka (Buchs, Switzerland). R,S-HMG-
CoA, NADPH, dithioerythritol, and bovine serum albumin
were purchased from Sigma (St. Louis). Other sources of
biochemicals and radiochemicals were reported previously
(Vollack et al., 1994, Hemmerlin and Bach, 1998).

Cell Culture

TBY-2 cells were cultured in a modified Murashige and
Skoog medium (Duchefa, Haarlem, The Netherlands). The
concentration of KH,PO, was increased to 540 mg/L.
Other additives were as described by Nagata et al. (1992),
except for the addition of 100 mg/L of myoinositol. Cell
cultures (82 mL in 250-mL Erlenmeyer flasks) were kept in
the dark at 26°C and shaken at 174 rpm. Cells were sub-
cultured weekly (2 mL per 80 mL of new medium). Inhib-
itor solutions were filtered sterilized before addition. Re-
sults were compared to those obtained with cultures
containing the same concentrations of solvents, as re-
quired. Cell growth was quantified by determination of
fresh weight after collecting cells by suction filtration.

Farnesol Incorporation

Seven-day-old cells, diluted 41- or 5-fold into new Mu-
rashige and Skoog medium, were incubated with 122 nCi
mL~! (2.22 nM, final concentration) of [1->H]farnesol (55
Ci mmol %, Isotopchim, Ganagobie-Peyruis, France) for
48 h. Cells were recovered by filtration and washed three
times with PBS (phosphate-buffered saline) buffer (Sig-
ma). After determination of total cell volume, cells were
frozen (10 min at —80°C), then transferred into boiling
water for 5 min. This procedure was repeated. Cell juice
was recovered after centrifugation (30 min, 10,000g). Ra-
dioactivity was determined (scintillation counter, auto-
mated external standard mode, Tri Carb 4000, Packard,
Downers Grove, IL) both in cell juice and in cell suspension
medium using suitable aliquots dissolved in a water-
compatible scintillation cocktail (ReadyGel, Beckman Instru-
ments, Fullerton, CA).
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Cell Biology Techniques

For fluorescence microscopy, nDNA was stained with
the aid of Hoechst H33258 as previously described (Hem-
merlin and Bach, 1998). Viability of cells (Huang et al.,
1986) was tested by addition of propidium iodide (600 g
mL ™}, final concentration in double-distilled water, which
penetrates only dead cells and leads to a red staining of
nuclei) and addition of fluorescein diacetate (100 ug mL ™" in
acetone, specific to living cells and leading to a yellow-green
staining of the cytoplasm). Cells were incubated for 10 min
at room temperature, prior to fluorescence microscopy.

Cytometric measurements were carried out according to
the protocol of Hemmerlin and Bach (1998) with the aid of
a Systeme d’Analyses Microscopiques a Balayage Automa-
tique computerized image analysis system (Alcatel, Meu-
lin, France), with nuclei previously stained by a Feulgen
reaction (Gabe, 1968).

Preparation of Microsomes, Protein, and HMGR Assay

Cells were frozen and kept at —80°C, followed by pow-
dering in a mortar in the presence of liquid N,. The powder
was suspended in 12.5 mL g~ ' fresh weight of a 4°C cold
phosphate buffer system A (0.2 m K, PO,, pH 7.5, 0.35 m
sorbitol, 10 mmM Na, EDTA, and 5 mm MgCl,), to which 20
mu dithioerythritol and 4 g 100 mL~" insoluble polyvi-
nylpyrrolidone (Sigma) were freshly added. The homoge-
nate was filtered through nylon gauze (50 um) and centri-
fuged (at 3,000 rpm for 5 min at 4°C; rotor JA-20, RC-5
superspeed centrifuge, Beckman). The pellet containing
cell debris and polyvinylpyrrolidone particles was re-
moved, and the supernatant was again centrifuged at 8,000
rpm (at 16,000g for 40 min at 4°C). The supernatant was
centrifuged at 105,000 (at 4°C for 1 h). The pellet
(P105,000), considered as a microsomal fraction, was redis-
solved in the same buffer system and stored at —80°C.
When microsomes had to be washed free of mevinolin,
they were resuspended in 20 mL of the same buffer system
and centrifuged again at 105,000¢ as described above. Pro-
tein content was quantified by a Lowry method (Bensa-
doun and Weinstein, 1976) with some modifications (Bach
et al., 1986). Bovine serum albumin was used as a standard.
HMGR activity was determined as described by Bach et al.
(1986), in the presence of an optimum protein concentra-
tion (30 ug), and in the presence of 30 um (10 X K.,
R,S-[3-"*CJHMG-CoA (0.025 uCi = 55, 500 dpm). Incuba-
tion time was chosen such that substrate conversion did
not exceed 25%.

Western-Blot Analysis of SDS-PAGE Separated Proteins

For western blotting, 15 pg of microsomes were solubi-
lized in loading buffer containing 1% (w/v) SDS and sep-
arated in a 12% (w/v) acrylamide/0.1% (w/v) SDS gel (1
mm), using a minigel system (Hoefer Scientific Instru-
ments, San Francisco). Proteins were electroblotted onto
nitrocellulose membranes (Amersham, Buckinghamshire,
UK) as described by Towbin et al. (1979), and immuno-
stained as described by Vollack et al. (1994), with poly-
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clonal rabbit antibodies raised against the soluble domain
of radish HMGR2 overexpressed in Escherichia coli, as de-
scribed for radish isozyme HMGR1 (Ferrer et al., 1990). The
antibodies apparently recognize all isoforms of plant
HMGR (Vollack et al., 1994; Hemmerlin, 1997).

Northern-Blot Analysis

RNA was isolated according to the protocol described by
Goodall et al. (1990). The final RNA pellet was dissolved in
100 uL of formamide. RNA was denatured in the presence
of 50% (w/v) formamide, 20 mm MOPS (3-[N-morpholino]-
propanesulfonic acid), 8 mm sodium acetate, 1 mm EDTA
(pH 8), and 9% (w/v) formaldehyde, for 15 min at 60°C.
RNA was electrophoresed on a 1.2% (w/v) agarose gel as
described by Lehrach et al. (1977) and transferred onto a
nylon membrane (Amersham) by capillary blotting (Sam-
brook et al., 1989).

Northern blots were hybridized with a PCR fragment
containing part of the open reading frame of a conserved
region of tobacco HMGR isozymes (obtained from Prof.
J. Chappell, University of Kentucky). DNA probes were
labeled by random priming with a mixture of [**PJdATP
and [**P]dCTP (Sambrook et al., 1989). Hybridization was
performed at 42°C in presence of 50% (w/v) formaldehyde
(Sambrook et al., 1989). Blots were washed with 2X SSC
and 1% (w/v) SDS at 42°C, then with 0.1X SSC and 1%
(w/v) SDS, followed by autoradiography at —80°C.

DNA Isolation and Analysis

DNA was isolated from TBY-2 cells by the method of
Dellaporta et al. (1983), and then electrophoresed in 1.8%
(w/v) agarose gels using a Tris (tris[lhydroxymethyl]-
aminomethane)-borate buffer system (Sambrook et al.,
1989).
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