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A NON-CHARACTERISTIC RESPONSE OF L1210 CELLS TO LOVASTATIN
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SUMMARY Isoprenylated proteins are believed to play an important role in DNA synthesis and
subsequent cell cycle progression. Inhibition of the biosynthesis of these isoprenylated proteins
results in a decrease in DNA synthesis and a characteristic G, blockade of the cell cycle. This
inhibition can be achieved by incubation of cells in the presence of a hydroxy-methylglutaryl-
coenzyme A reductase inhibitor (lovastatin) and can be reversed by addition of exogenous
mevalonate. When incubated in the presence of lovastatin, L1210 wild-type cells are not
inhibited at G, but rather progress to a G,/M blockade, which is reversible with exogenous
mevalonate. Thymidine incorporation has also shown that DNA synthesis is occurring until this
blockade is achieved. However, when L1210 cells resistant to cisplatin are incubated in the
presence of lovastatin, the characteristic G, cell cycle blockade and DNA synthesis inhibition
occur. The understanding of this mechanism and the role that isoprenylated proteins play in the
regulation of DNA synthesis and cell cycle progression may gain great insight into the abnormal
control of the cancer cell.  c 1994 academic press, Inc.

What controls the cell cycle and enables the to cell enter into the cell cycle is very
obscure. Cholesterol was first shown to be essential for cell growth and DNA synthesis (1-2).
Later, a precursor of cholesterol (mevalonate) was shown to be responsible for this DNA
replication (3-4). Thus, when cells are starved for mevalonate by various methods, there is
decreased DNA synthesis, cell growth stops and the cell is prevented from entering into S phase
of the cell cycle (there is a G, blockade) [3-10]. Upon the addition of mevalonate, but not
cholesterol, cell cycle progression, subsequent DNA replication and cell growth reoccurs (3-4,6-
8,10).

Intracellular mevalonate is the product of the enzyme 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase (E.C. 1.1.1.34). This enzyme is the rate limiting step in
the production of cholesterol (3,11) and can be competitively inhibited by the fungal metabolite
lovastatin (11). When many normal and tumorigenic cells are incubated in the presence of

lovastatin, there is an inhibition of DNA synthesis and cell growth and a characteristic G,
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blockade in the cell cycle is achieved (5-9) which is reversible only after the addition of
additional mevalonate or the removal of lovastatin (5,7-8,10). Exceptions to this rule do exist.
It has been reported in the literature that human myeloid leukemia cells have a "paradoxical
increase in DNA synthesis” when incubated in the presence of compactin, another HMG-CoA
reductase inhibitor, for unknown reasons and mechanisms (12).

Mevalonate plays a pivotal role in the cell (see 13 for review). Itis a precursor for many
cellular products including cholesterol (13) as well as the prenyl groups of isoprenylated proteins
(14). These isoprenylated proteins make up a very important group of proteins which include
some of the following: the ras proteins, the small GTP-binding proteins and the +-subunit of
the heterotrimeric G-proteins (isoprenylated proteins are reviewed in 15, 16-19). Of
considerable interest is that the guanine nucleotide binding proteins have been implicated in the
control of cell growth (20-21). Mevalonate has also been implicated in the maintenance of
cellular shape and adherence in several adherent cell lines (6-7,22). If the cells are incubated
in the absence of mevalonate, there is a rounding of the cells which is reversible upon the
addition of mevalonate (6-7,22).

We present here the effect of lovastatin on a murine leukemia cell line (L1210) and two
variants incubated in the presence of lovastatin. L1210/0 cells are a suspension growing cell line
with a doubling time of 8-12 hours. Many L1210 variants have been developed in our
laboratory and two (L1210/DDP and 1.1210/DACH) have been included in the present study.
The L1210/DDP cells are resistant to the anti-cancer drug cisplatin, are slightly more adherent
and have a longer doubling time (18-24 hours) than the parent cell line. The L1210/DACH cells
are resistant to the cisplatin derivative diamino-cyclohexane platinum (II) sulfate and retain the
characteristics of the parent cell line (growing in suspension and a doubling time of 8-12 hours).
The results show that the L1210/0 and L1210/DACH cells are blocked in G,/M whereas the
L1210/DDP cells are blocked in the more characteristic G, phase of the cell cycle when they are

incubated with lovastatin.

MATERIALS AND METHODS

Cells and Culture Conditions L1210/0, L1210/DDP and L1210/DACH cells were seeded at a
concentration of 1x10° cells/ml and grown in McCoy’s 5A media supplemented with 5% defined
horse serum (L.1210/0) or 5% fetal bovine serum (L1210/DDP and DACH). CHO cells were
seeded at a concentration of 5x10° cells/ml and grown in Ham’s F12 media supplemented with
5% fetal calf serum for 24 hours before the addition of lovastatin.

Lovastatin (a gift from A. Alberts, Merck, Inc.) was activated as previously described (8) and
was added to the cell cultures at the time of seeding for the L1210 cells or after a 24 hour
incubation for the CHO cells.

Mevalonate (Sigma, St. Louis, MO) was added after incubating the cells with and without
lovastatin for 24 hours.

Cholesterol and squalene (Sigma and Aldrich, Milwaukee, WI, respectively) were added to the
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cell cultures at the time of seeding.

Cell Cycle Analysis: Cells were harvested, washed once with ice cold PBS, counted, fixed with
ice cold 95% EtOH and stored at 4°C for at least 2 hours. The fixed cells were then pelleted
and resuspended in PBS, treated with RNAse, and stained with propidium iodide. The cells
were then analyzed on a Coulter Elite Flow Cytometer within 24 hours.

Thymidine Incorporation: Cells were incubated in the absence/presence of lovastatin for the
indicated times in 96 well flat bottom plate. [*H]-Thymidine was added and cells were incubated
at 37°C for an additional hour. Cells were then harvested on a Matrix harvester and counted
on a Matrix direct beta counter.

All cells were counted in a hemocytometer using trypan blue as an indicator of viability.

RESULTS AND DISCUSSION

Figure 1 shows the results of the L.1210/0 cells incubated in the presence of 40 uM
lovastatin for up to 48 hours. With increased time of lovastatin treatment, an increase in the
number of cells in G,/M phase of the cell cycle and a decrease in the number of cells in the G,
phase is observed. (There are approximately seven times as many cells in G,/M phase than are
in the G, phase by 48 hours.)

This blockade is reversed by the addition of 4 mM mevalonate, as shown in figure 2.
With increased time of mevalonate exposure, the cells are released from G,/M and progress into
G, and S.
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FIGURE 1,

Cell cycle analysis of L1210/0 cells incubatad in presence of 40 pM lovastatin.
Hours indicatad are after addition of lovastatin. (Control cells are not treated
with lovastatin.) A=G, Phase; B=S Phase; C=G,/M Phase.
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FIGURE 2. .
Cell cycle analysis of L1210/0 cells incubated in presence of 40 uM lovastatin
for 24 hours and then rescued with 4 uM mevalonate (T=0 HRS). Hours indicated
are after addition of mevalonate. (Control cells are not treated with lovastatin
or mevalonate.) A=G, Phase; B=S Phase; C=G,/M Phase.

As a control, CHO cells, which have been reported in the literature to block in G, when
incubated in the presence of lovastatin (5), were treated with lovastatin. As expected, the CHO
cells demonstrated the characteristic G, blockade in the cell cycle (figure 3). Also, microscopic
examination of the cells after 12 hours of lovastatin treatment revealed that the cells displayed
the characteristic rounded state associated with mevalonate depletion (data not shown).

When the L1210 variant L1210/DDP is incubated in the presence of 40 uM lovastatin,
the characteristic G, blockade in the cell cycle is achieved (figure 4). By microscopic
examination, these cells were also rounded in appearance by 12 hours (data not shown). When
the other 1.1210 variant, L1210/DACH, is incubated in the presence of 40 uM lovastatin, they
behave like the parent L1210/0. As can be seen in figure 5, these cells are blocked in the non-
characteristic G,/M phase of the cell cycle.

The only cells which can replicate their DNA (thus incorporate [*H]thymidine) are those
cells in S phase. As can be seen in figures 1, 4, and 5, many of the lovastatin untreated cells

are in G, phase. Therefore, if the cells are blocked at G,, there will be no progression into S
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T=24 HRS 58.2 13.0 19.9
FIGURE 3.
Call cycle analysis of CHO cells incubated in presence of 10 uM lovastatin.
Hoursa indicated are after addition of lovastatin. (Contreol cells are not treated
with lovastatin.) A=G, Phase; B=S Phase; C=G,/M Phase.

phase and no [*H]thymidine will be incorporated except in those cells which are already in S
phase. This is observed with the L1210/DDP cells which cease to incorporate [*H]thymidine
after 6 hours (figure 6A and 6B). However, if the cells are blocked in G,/M , any cell that is
not already in G/M can proceed through G, into S and incorporate [PH]thymidine, as is
observed with the L1210/0 and L1210/DACH cells. Both of these cells continue to incorporate
[*H]thymidine until 24 hours after the addition of lovastatin (figure 6A and 6B), concurrent with
the above hypothesis.
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CONTROL 46.8 35.0 17.2

T=48 HRS 66.2 7.5 24.6
FIGURE 4.
Cell cycle analysis of L1210/DDP cells incubated in presence of 40 uM lovastatin.
Hours indicated are after addition of lowvastatin. (Control cells are not treated
with lovastatin.) A=G, Phase; B=S Phase; C=G,/M Phase.

404



Vol. 203, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

CONTROL T=48 HRS |
3
Q
g
a c
=z A B =
—
-
a
3]
h
DNA Content
% G, PHASE % S PHASE % G./M DHASE

CONDITION (A} (B} (C)

CONTROL 33.1 41.5 25.4

T=48 HRS 12.4 18.4 €9.2

FIGURE 5.

Cell cycle analysis of L1210/DACH cells incubated in presence of 40 pM
lovastatin. Hours indicated are after addition of lovastatin. (Control cells
are not treated with lovastatin.) A=G, Phase; B=S Phase; C=G./M Phase.

The addition of 100 pg/ml cholesterol and/or 100 pM squalene following lovastatin
treatment had no effect on any of the blockades achieved by lovastatin in any of the cell lines
tested (data not shown).

Our results demonstrate that the L1210/0 and L1210/DACH cells are not like the
"normal” cells which have been previously described in the literature in that a G, blockade does
not occur when these two L1210 cell lines are incubated with lovastatin. One of the differences
between our results and those which were reported is that the 1.1210/0 and L1210/DACH cells
are both suspension cell lines while all previously studied cell lines were adherent. Since
adherent cells appear rounded in the presence of lovastatin, it has been hypothesized that
mevalonate may play a role in the maintenance of cell shape in adherent cells (22). Lovastatin
induced depletion of cellular mevalonate, and thus isoprenylated proteins, is evidenced by the
change in cell shape as well as by the fact that the cells lack sufficient isoprenylated signal to
allow the cell to enter the cell cycle resulting in a characteristic G, blockade.

In contrast, the 1.1210/0 and L1210/DACH cells are a true suspension cell line and
therefore do not need the isoprenylated proteins for maintenance of cell shape and adherence.
It is possible that this difference could result in the L1210/0 and L1210/DACH cells having
enough of the isoprenylated signal to allow the cell to enter into the S phase of the cell cycle
only to get blocked at the end of the cycle (G,/M). Since the L1210/DDP cells are slightly more
adherent than the L1210/0 or L1210/DACH cells, they consume isoprenylated proteins for
adherence and have insufficient isoprenylated protein pools to allow entry into the S phase of

the cell cycle. Understanding the mechanism of why these two L1210 cells enter into the cell
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cycle (attain a G,/M blockade) when incubated in the presence of lovastatin may help to

ascertain what role mevalonate and isoprenylated proteins play in DNA synthesis and cell cycle

progression and may ultimately help in understanding what is occurring in the cancer cell which

leads the cell to uncontrolled growth.
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