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In this paper, we report that (+)-preussin, a pyrrolidinol alkaloid originally identified as an antifungal
agent, has growth-inhibitory and cytotoxic effects on human cancer cells. Preussin was found to be a potent
inhibitor of cyclin E kinase (CDK2-cyclin E) in vitro (50% inhibitory concentration; ~500 nM) and to inhibit
cell cycle progression into S phase. In agreement with these findings, the level of the cyclin-dependent kinase

inhibitor p27%'*-

! is increased in response to preussin treatment while the expression of both cyclin A and the

transcription factor E2F-1 is down-regulated. Preussin also induces programmed cell death (apoptosis), which
requires caspase activation and involves the release of cytochrome ¢ from mitochondria. This induction of
apoptosis is not blocked by high levels of Bcl-2, which usually confers resistance to chemotherapeutic agents.
Taken together, our data indicate that preussin could be a promising lead compound for the development of

a new class of potent antitumor drugs.

Most of the drugs currently used in anticancer therapy Kkill
target cells by triggering programmed cell death. This fre-
quently involves the induction of apoptosis, a process charac-
terized by distinct systematic morphological changes, including
a decrease in cell volume, chromatin condensation, DNA frag-
mentation, cell surface blebbing, and the formation of mem-
brane-bound apoptotic bodies. A major problem with conven-
tional chemo- and radiotherapy is the fact that tumor cells
usually evolve potent antiapoptotic mechanisms that counter-
act the induction of death in response to treatment (34). This
can be due to the selection pressure imposed by proapoptotic
oncogenic alterations that accumulate during tumor develop-
ment or, in relapsed cancers, result from the selection of treat-
ment-resistant variants. Therefore, the identification of novel
drugs that are refractory to the antiapoptotic mechanisms
employed by tumor cells has a high priority.

An essential step in apoptosis is the activation of caspases,
cysteine proteases that are synthesized as inactive proenzymes
and, after activation, cleave specific substrates at aspartic acid
residues (43). Two different pathways have been partly char-
acterized to date. The first is triggered by the release of cyto-
chrome ¢ from mitochondria, often in a p53-dependent man-
ner in response to DNA damage (9). Cytochrome c¢ then
enables the assembly of a cytoplasmic multiprotein complex,
the apoptosome. Consequently, caspase 9 is activated which, in
turn, leads to the activation of the executioner caspase, caspase
3. The second pathway is triggered by death receptors of the
tumor necrosis factor alpha receptor family, such as TNFR,
Fas (CD95), or TRAIL (9). The ligand-mediated clustering of
these receptors results in the assembly of the membrane-asso-
ciated death initiation signaling complex, which involves the
activation of caspase 8, followed by the activation of caspase 3.
This pathway can also branch off to the mitochondrial pathway
through the caspase 8-mediated cleavage of a proapoptotic
member of the Bcl-2 family, Bid, which can trigger the release
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of cytochrome ¢ from mitochondria. Defects counteracting the
apoptosis-inducing potency of antitumor drugs can occur at
multiple steps in diverse ways. Important examples are the loss
of p53 (25) and the expression of antiapoptotic members of the
Bcl-2 family (27, 33).

Apoptosis is induced not only by death receptor agonists or
agents that cause DNA damage, mitotic spindle dysfunction, or
metabolic perturbations but also by interference with coordi-
nated cell cycle progression. For example, the deregulated
expression of proto-oncogenes such as c-Myc, in conjunction
with an unphysiolgical cell cycle block, is incompatible with the
cell’s survival (14, 20). Likewise, the inhibition of cyclin-depen-
dent kinases (CDKs)—the enzymes driving progression
through the cell cycle—triggers programmed cell death in tu-
mor cells (1, 4, 5, 8, 10, 30, 31, 36, 40). These and other
observations have laid the foundation for the definition of a
new class of antitumor agents that function by direct interfer-
ence with cell cycle regulatory processes (15-17, 35). One of
the prototypes of this class of compounds is the CDK inhibitor
flavopiridol (FP) (13, 24, 28), which has shown promising tu-
mor response in preclinical models (1, 4, 10, 12, 30, 31, 36, 40)
and is currently undergoing clinical trials (39, 45).

In an effort to identify new drugs with improved antitumor
properties, we found that the pyrrolidinol alkaloid (+)-preus-
sin (L-657,398), originally found in fermentation of Aspergillus
ochraceus and Preussia sp. as a broad-spectrum antifungal
agent active against both yeast and filamentous fungi (22, 23,
38), has potent growth-inhibitory and apoptosis-inducing ef-
fects on human cancer cells. Preussin is structurally related to
the protein synthesis inhibitor anisomycin (22, 38) (Fig. 1), but
its relatively weak effect on translation, seen in the present
study, suggests that the crucial target of preussin is different.
Surprisingly, we found that preussin is a potent inhibitor of
cyclin E kinase (CDK2-cyclin E) in vitro, which explains its
ability to inhibit cell cycle progression through G;. Preussin
also induces apoptosis, which involves the release of cyto-
chrome ¢ and the activation of caspases 3 and 8. Preussin also
induces apoptosis in tumor cells, which express high levels of
Bcl-2, and this distinguishes preussin from clinically used che-
motherapeutic agents such as doxorubicin (Dox), etoposide
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FIG. 1. Chemical structures of anisomycin and preussin. AcO, acetyloxy.

(Etop), camptothecin (Cam), cisplatin (Cispl), and 5'-fluorou-
racil (5" FU). Preussin might therefore provide an interesting
lead structure for the design of novel antitumor drugs.

MATERIALS AND METHODS

Chemicals. Fetal bovine serum, horseradish peroxidase-conjugated goat anti-
mouse immunoglobulin G, dithiothreitol (DTT): aprotinin, leupeptin, Cam, Dox,
Etop, Cispl, 5'FU, and anisomycin were purchased from Sigma (Deisenhofen,
Germany). Mouse monoclonal anti-human p27%7, poly(ADP-ribose) polymerase
(PARP), and anti-caspase 3 (CPP32) antibodies were from Transduction Labo-
ratories Dianova (Hamburg, Germany). The cytochrome ¢ antibody was pur-
chased from Pharmingen (Hamburg, Germany), the mouse monoclonal antiactin
antibody was from Roche (Mannheim, Germany), and the caspase 8, E2F-1, and
cyclin A antibodies were from Santa Cruz (Heidelberg, Germany). The ECL
immunoblot analysis reagents were obtained from Amersham Life Science, Inc.
(Braunschweig, Germany); ATP was from Pharmacia Biotech Europe (Brussels,
Belgium); and the caspase inhibitor zZVAD-fmk was from Stratagene (Heidel-
berg, Germany). The annexin V kit was purchased from Nexins Research B.V.
(Kattendijke, The Netherlands). FP was kindly provided by H.-H. Sedlacek
(Aventis-Pharma, Marburg, Germany), and recombinant CDK2 kinase was pro-
vided by D. Miiller and M. Eilers (Institute of Molecular Biology and Tumor
Research, Marburg, Germany). Preussin was synthesized as previously described
3).

Cell lines and cell culture. The HeLa (ATCC CCL-2), A549 (ATCC CCL-185;
obtained from K. Havemann, Marburg, Germany), MeWo (18) (provided by 1.
Hart, London, England), and MCF-7 (ATCC HTB-22; obtained from G. Emons,
Gottingen, Germany) cell lines were cultured in Dulbecco’s modified Eagle
medium. The medium for MCF-7 cells was supplemented with 0.9 mg of insulin
per ml. HL-60 cells (ATCC CCL-240), the lung carcinoma cell lines SW2 and
H69 (46) (both provided by U. Zangemeister-Wittke, Ziirich, Switzerland), and
the prostate carcinoma cell lines PC-3 (ATCC CRL-1435), DU-145 (ATCC
HTB-81), and LNCaP (ATCC CRL-1740) (all three were provided by G. Au-
miiller, Marburg, Germany) were cultured in RPMI 1640 medium. Both media
were supplemented with 10% fetal bovine serum, 100 U of penicillin ml~!, and
100 pg of streptomycin ml~!. All cells were maintained in culture at 37°C with
5% CO, in a humidified incubator. Preussin, FP, Cam, 5'FU, Dox, Etop, Cispl,
anisomycin, and zVAD-fmk were dissolved in dimethyl sulfoxide and added to
the culture medium at the concentrations indicated. The final concentration of
dimethyl sulfoxide in the medium was less than 1% (vol/vol). Cells were incu-
bated at 37°C and harvested at the time points indicated in the figures.

Cytotoxicity assay. Cells were seeded in microtiter plates at 30,000 per well.
Sixteen hours later, different concentrations of preussin were added for 48 h.
After an additional 48 h in normal medium, cells were stained with crystal violet
(6) and the retained dye was measured using an enzyme-linked immunosorbent
assay reader at a wavelength of 540 nm. Wells containing cells with medium
alone were used as a negative control. Each experiment was performed using
four replicate wells for each drug concentration, and three independent exper-
iments were carried out for each cell line. Cell survival was calculated as (ab-
sorbance of wells containing drug/absorbance in drug-free wells) X 100. The 50%
inhibitory concentration (ICs,) was defined as the drug concentration giving 50%
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of maximal absorbance in each test and was determined graphically from dose-
response curves.

[3**S]methionine incorporation. For metabolic labeling, the cells were incu-
bated with different concentrations of preussin or anisomycin for 18 h. For the
last 2 h, the cells were incubated in 200 pl of L-methionine-free RPMI 1640
medium containing 7.5 wCi of [**S]methionine. The cells were washed with
medium, and cell extracts were prepared as described above. Trichloroacetic acid
was added to each sample to a final concentration of 10%, and the mixture was
incubated for 10 min on ice to precipitate the proteins. Subsequently, the sam-
ples were centrifuged, the pellets were resuspended in 50 pl of 0.1 M NaOH, and
after addition of 3 ml of Rotiszint scintillation fluid (Carl Roth, GmbH & Co.,
Karlsruhe, Germany), the radioactivity was counted in a scintillation counter
(Beckman, Munich, Germany).

Flow cytometric analysis. Cells were harvest from a 10-cm-diameter dish,
washed two times with phosphate-buffered saline (PBS), and fixed for 1 h in
ice-cold 75% ethanol. Following fixation, the cells were resuspended in PBS and
incubated with RNase A (50 pg ml™ ') and the DNA was stained with propidium
iodide (50 pg ml~"). Flow cytometric analysis was performed on a FACStarPlus
or a FACSCalibur (Becton Dickinson, Heidelberg, Germany). The DNA distri-
bution for cell cycle analysis was determined with the CellFit program or by
manual gating. For annexin V staining (see Fig. 7C), cells were washed twice with
PBS and resuspended in 1X binding buffer (Nexins Research). Subsequently, 5
wl of fluorescein isothiocyanate-labeled annexin V (Nexins Research) and pro-
pidium iodide to a final concentration of 2 pg ml~! were added to the cells. After
a 15-min incubation on ice, the cells were analyzed on a FACStarPlus as rec-
ommended by the manufacturer.

Kinase assay. Recombinant CDK2-cyclin E kinase was overexpressed in Sf9
cells and purified as previously described (29). Recombinant protein (20 ng in 1
wl) was mixed with 18 pl of kinase buffer (10 mM MnCl,, 10 mM MgCl,, 10 mM
KCl, 20 mM HEPES [pH 7.3], 5 ug of leupeptin ml™', 5 pg of aprotinin ml~,
100 wM B-glycerophosphate, 5 uM phenylmethylsulfonyl fluoride, 1 mM DTT,
and 1 pM NaF), 1.25 pl of 1 mM histone H1, and 1.25 pl of 1 mM ATP. The
mixture was preincubated in the absence or presence of different concentrations
of FP, Cam, anisomycin, or preussin at 37°C for 30 min. Following the addition
of 0.25 pl of [y-*P]ATP (10 p.Ci pl ™), the mixture was incubated at 30°C for 30
min. The reaction was stopped by the addition of 10X sodium dodecyl sulfate
(SDS) loading buffer (2). Proteins were separated on an 12% SDS-polyacrylam-
ide gel, and the 3?P-labeled histone H1 was visualized on Kodak BIOMAX film.

Preparation of cell extracts. Cells were harvested from 10-cm-diameter plates,
washed twice in PBS, and resuspended in an equal volume of buffer containing
20 mM HEPES (pH 7.8), 450 mM NaCl, 0.2 mM EDTA, 25% glycerol, 5 pM
DTT, 5 uM phenylmethylsulfonyl fluoride, 0.5 g of leupeptin ml !, and 5 g of
aprotinin ml~". The cells were incubated for 5 min on ice and then lysed by three
freeze-thaw cycles (freezing in liquid nitrogen and thawing in a 30°C water bath).
The lysate was centrifuged at 13,000 X g for 10 min at 4°C, and the supernatant
was stored at —80°C.

Immunoblot analysis. Samples of control and treated cells were separated by
SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose
membranes by electroblotting. The membrane was blocked with 5% nonfat milk
for 2 h and incubated with the primary antibody for 2 h at room temperature.
Unbound antibody was removed by washing with PBS five times for 4 min each.
The membrane was then incubated with the secondary antibody (alkaline phos-
phatase conjugate; Santa Cruz, Heidelberg, Germany) for 2 h at room temper-
ature and washed, and the enzyme was detected upon addition of the ECL
reagents (Amersham Pharmacia Biotech).

Morphological evaluation of apoptosis. Cells were stained with Hoechst 33342
(10 pM) and propidium iodide (10 uM) for 10 min and analyzed under a
fluorescence microscope (Leitz Aristoplan) with excitation at 360 nm. Because
Hoechst 33342 stains all nuclei and propidium iodide stains nuclei of cells with
a disrupted plasma membrane, nuclei of viable, necrotic, and apoptotic cells
could be distinguished as blue round nuclei, pink round nuclei, and fragmented
blue or pink nuclei, respectively (42).

Isolation of low-molecular-weight chromosomal DNA. HL-60 cells were cul-
tured in RPMI medium and treated with preussin at different concentrations for
24 h. The cells were collected by centrifugation, and the pellet was resuspended
in 300 .l of lysis buffer (10 mM Tris-HCI [pH 7.5], 10 mM EDTA [pH 8], 0.2%
Triton X-100) and incubated at room temperature for 10 min. After addition of
10 pl of RNase A (10 mg ml™'), the DNA was incubated at 37°C for 1 h.
Following addition of 10 l of proteinase K (20 mg ml™'), incubation was
continued at 55°C for 8 to 18 h. The DNA was extracted using phenol and
phenol-chloroform-isoamyl alcohol (25:24:1) solutions and then ethanol precip-
itated. The pellet was dissolved in 20 pl of TE buffer (10 mM Tris-HCI [pH 7.9],
1 mM EDTA). The DNA fragments present in 5 to 10 pl of the aliquots were
fractionated on a 2% agarose gel and visualized using ethidium bromide.

Preparation of cytosolic extracts (7). HL-60 cells were collected by centrifu-
gation at 800 rpm for 5 min at 4°C. The cells were washed twice with ice-cold PBS
(pH 7.4) and then centrifuged. The pellet was resuspended in 400 .l of extraction
buffer containing 288 mM sucrose: 50 mM piperazine-N,N’-bis(2-ethanesulfonic
acid) [PIPES]-KOH [pH 7.4], 50 mM KCI, 5 mM EGTA; 2 mM MgCl,, 1 mM
DTT, and protease inhibitors (see preparation of protein extracts). After a
30-min incubation on ice, cells were spun at 10,000 X g for 15 min and the
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FIG. 2. Inhibition by preussin of human cancer cell growth. (A) Dose-de-
pendent inhibition of HL-60 cell growth. Cells were incubated with increasing
concentrations of preussin for 18 h. The number of remaining live cells was
determined and plotted as a function of the drug concentration. (B) ICsys for
different human tumor cell lines. Cells were grown in microtiter plates, treated
with preussin at increasing concentrations for 48 h, washed with PBS, refed with
normal medium, and allowed to grow for another 48 h before staining with
crystal violet. The dye remaining was measured in an enzyme-linked immunosor-
bent assay reader at 540 nm, and the ICsys were calculated as described in
Materials and Methods.

supernatants were removed and stored at —80°C until analysis by gel electro-
phoresis.

RESULTS

Growth inhibition of human cancer cells by preussin. Since
growth-inhibitory properties have been described for anisomy-
cin, we sought to investigate whether the structurally related
compound preussin might share these properties. As shown in
Fig. 2A, treatment of the human promyelocytic leukemia cell
line HL-60 with increasing concentrations of preussin led to a
dose-dependent decrease in the live-cell counts with ICs, of 1.2
pM after 18 h of treatment. A similar range of ICsys was
obtained with preussin treatment of seven other human carci-
noma cell lines, as detected by a microtiter plate-based crystal
violet assay (Fig. 2B). ICs,s ranging from 2.3 to 4.5 uM after
48 h of treatment were determined for the cervical carcinoma
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FIG. 3. Incorporation of [**S]methionine by A549 cells exposed to increasing
concentrations of anisomycin (@) or preussin (<).

cell line HeLa; the lung adenocarcinoma cell line A549; the
breast carcinoma cell line MCF-7; the three prostate carci-
noma cell lines PC-3, DU-145, and LNCaP; and the melanoma
cell line MeWo. In general, low concentrations of preussin
seemed to inhibit cell proliferation while higher concentrations
resulted in cell death. For instance, following a 1-week treat-
ment of HL-60 cells with preussin, cultures were incubated in
normal growth medium. There was no recovery of cell growth
after exposure to 1 pM preussin, but cells treated with a 200
nM concentration of the drug resumed growth (data not
shown).

Effect on protein biosynthesis. As preussin is structurally
related to the translational inhibitor anisomycin, we investi-
gated whether its growth-inhibitory effects could be ascribed to
blockage of protein synthesis. Therefore, metabolic labeling of
HL-60 cells by [>*S]methionine incorporation was performed
in the presence of different concentrations of either drug. As
can be seen in Fig. 3, preussin inhibited the incorporation of
[*>S]methionine into cellular protein but its inhibitory poten-
tial was about 3 orders of magnitude lower than that of aniso-
mycin (26). At concentrations at which preussin efficiently in-
duced cell death (~5 pM), the inhibition of protein synthesis
was ~50%. In the case of other protein synthesis inhibitors,
cytotoxic effects have been seen only when protein synthesis
was reduced to <10% of the normal level. It is therefore
unlikely that the observed growth-inhibitory and cytotoxic ef-
fects of preussin can be attributed to inhibition of protein
biosynthesis.

Inhibition of cell cycle progression into S phase. As the
inhibition of cell growth by preussin does not seem to be due
to inhibition of protein synthesis, we asked whether preussin
might inhibit progression through the cell cycle. As determined
by fluorescence-activated cell sorter (FACS) analysis of
Hoechst 33258-stained cells, an 18-h treatment of A549 cells
with 5 wM preussin lead to an increase in the G, fraction from
64% (untreated cells) to 88% (Fig. 4A). Analysis of the DNA
distribution in other human carcinoma cell lines treated with
concentrations of preussin greater than 500 nM showed a sim-
ilar accumulation of cells in the G, phase (data not shown).
With HL-60 cells, an enlarged population of G, cells was also
seen after preussin treatment but even more conspicuous was
the dramatic increase in hypodiploid (sub-G,) cells (Fig. 4B),
which is indicative of apoptosis. The hypodiploid fraction in-
creased from 12% in control cells to 33 and 89% in cells
treated with 1 and 5 wM preussin, respectively. This marked
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after 18 h of treatment with preussin.
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FIG. 5. Inhibition of CDK2 activity by preussin in vitro. The activity of
recombinant cyclin E-CDK2 was measured in the presence of increasing con-
centrations of preussin (<), FP (O), anisomycin (m), or Cam (A).

cytotoxic effect in HL-60 cells is presumably due to the fact that
HL-60 cells are particularly sensitive to the induction of cell
death. This is also suggested by the relatively high number of
dead cells in the untreated cell population (12% sub-G; cells in
Fig. 4B). Taken together, these results suggest that a delay or
arrest of cell cycle progression through G, into S phase, as well
as the induction of cell death, contributes to the growth-inhib-
itory properties of preussin described above (Fig. 2).

Inhibition of cyclin E kinase by preussin in vitro. In view of
its effects on the cell cycle, we sought to investigate whether
preussin might be able to directly modulate the activity of
cyclin E-CDK2, a protein kinase that plays a crucial role in
controlling the entry into S phase. For this purpose, we used
the purified recombinant holoenzyme expressed from a bacu-
lovirus vector and tested the effect of preussin in an in vitro
kinase assay. As shown in Fig. 5, preussin strongly inhibited
cyclin E kinase activity (ICs,, ~500 nM). FP, a particularly
potent general inhibitor of CDKs (13) was used as a positive
control (ICs,, ~100 nM). Anisomycin and the topoisomerase
inhibitor Cam had no effect on CDK2 activity. These data show
that preussin is a direct and potent inhibitor of cyclin E-CDK2
kinase, which is in perfect agreement with the inhibitory effect
on G1-to-S progression described above (Fig. 4).

Effect of preussin on expression of cell cycle regulatory pro-
teins. To confirm and extend the conclusions regarding preus-
sin’s effect on cell cycle progression, we analyzed the expres-
sion of three different proteins involved in the control of the
cell cycle (41, 47): (i) the CDK inhibitor p27%*", which accu-
mulates in G,/G;-arrested cells owing to protein stabilization;
(ii) E2F-1, whose expression is up-regulated in late G,/early S
phase due to the dissociation of the retinoblastoma protein
(pRDb)-E2F repressor complexes; and (iii) cyclin A, which is
also up-regulated in late G,/early S phase by E2F released
from pRb complexes. Immunoblot assays where performed
with extracts from untreated and preussin-treated proliferating
A549 and HL-60 cells using p27-, E2F-1-, and cyclin A-specific
antibodies. Actin served as a control to exclude unspecific
effects on protein synthesis. In addition, A549 cells synchro-
nized in G, by density arrest were included for comparison.
The data in Fig. 6 clearly support the conclusion that preussin
inhibits cell cycle progression into S phase. As expected, the
preussin-treated cells showed accumulation of p27%¥*/ and
decreased expression of both E2F-1 and cyclin A. The ob-
served increase in p275"F7 levels is also in perfect agreement
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with the inhibition of cyclin E-CDK2 by preussin, since the
phosphorylation by cyclin E kinase targets p27 for proteolytic
degradation (41). The very low expression of p27</*/ in HL-60
cells is probably due to the specific growth behavior of these
nonadherent leukemia cells.

Induction of apoptosis by preussin. Next, we investigated
the mechanism of preussin-induced cell death in further detail.
Treatment of HL-60 cells with increasing concentrations of
preussin led to fast and progressive induction of apoptosis, as
determined by Hoechst 33342-propidium iodide staining of the
cells (Fig. 7A). Generally, the cells displayed punctate Hoechst
33342 staining characteristic of the chromatin condensation
that accompanies apoptosis. Staining by propidium iodide was
indicative of a compromised membrane, which is characteristic
of necrotic cells and late stages of apoptosis. Cell killing by
preussin ranged from 27% at a concentration of 0.5 wM preus-
sin to 80% at 5 pM after 18 h (Fig. 7A).

To obtain further evidence that the process leading to cell
death in preussin-treated cells is indeed apoptosis, we studied
two additional characteristic features of apoptosis: internu-
cleosomal DNA cleavage and exposure of phosphatidylserine
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FIG. 7. Induction of apoptosis by preussin in HL-60 cells. (A) Cytological detection of apoptotic cells. HL-60 cells treated with increasing concentration of preussin
were stained with Hoechst 33342 and propidium iodide. The percentage of live (CJ) or apoptotic (m) cells is indicated. (B) DNA fragmentation. The agarose gel shows
DNA fragmentation (DNA ladder) in cells that were untreated control [con] or treated with 0.5, 1, or 2.5 pM preussin. A 100-bp ladder was loaded in lane M. (C)
Annexin V binding. Untreated cells (Control) and cells treated with 500 nM or 2.5 wM preussin were incubated with fluorescein isothiocyanate-labeled annexin V and
propidium iodide; this was followed by FACS analysis. The designated areas represent live cells (R1), annexin V-positive cells (early apoptosis; R2), and propidium

iodide-positive cells (late apoptosis and necrosis; R3).



VoL. 44, 2000

A

100 1
0
]
(]
3
preussin
- - + zVAD- fmk
B Con 0.5 1 5 pM preussin

PARP
Procaspase 8

Procaspase 3

Cytochrome ¢

12 3 4

FIG. 8. Role of caspases and cytochrome c in the induction of apoptosis by
preussin. (A) Effect of caspase inhibition on preussin-induced cell death. HL-60
cells were untreated (—) or treated with preussin (+) after a 1-h preincubation
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three independent experiments = the standard deviation. (B) Immunoblot anal-
ysis of procaspases, PARP, and cytoplasmic cytochrome c¢. Extracts from HL-60
cells that were untreated (Con) or treated with 0.5, 1, or 5 uM preussin for 18 h
were analyzed by immunoblotting using antibodies specific for the indicated
proteins.

on the cell surface, as detected by annexin V binding. A DNA
ladder characteristic of oligonucleosomal DNA fragments was
clearly detectable by agarose gel electrophoresis of DNA from
HL-60 cells treated with 1 or 5 wM preussin (Fig. 7B). Like-
wise, FACS analysis of HL-60 cells exposed to 0.5 uM preussin
for 18 h showed that 25% of the cells scored positive for
annexin V binding (Fig. 7C), which correlates well with the
extent of cell killing shown in Fig. 7A. The induction of apo-
ptosis by preussin was also confirmed by terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick endlabeling as-
say (data not shown).

Caspase activation and cytochrome c release in preussin-
induced apoptosis. Previous studies have shown that tetrapep-
tide inhibitors of caspases are capable of inhibiting apoptosis in
a variety of systems. To address the role of caspases in preus-
sin-induced apoptosis, HL-60 cells were preincubated for 1 h
with zVAD-fmk, a general inhibitor of caspases, before treat-
ment with 5 uM preussin for 18 h. As shown in Fig. 8A, the
induction of apoptosis at this time point was largely abrogated
by zVAD-fmk, thus indicating an essential role for caspases.

PREUSSIN-INDUCED CELL CYCLE ARREST AND APOPTOSIS 2799

However, zVAD-fmk did not block cell killing completely but
rather delayed the onset of death and switched the mechanism
of cell death to necrosis (Fig. 8A).

To investigate the involvement of specific caspases, we ana-
lyzed extracts from cells treated with 0.5, 1, or 5 wM preussin
for 18 h by immunoblotting for procaspases 3 and 8. Cleavage
of both proenzymes (Fig. 8B) indicates that caspases 3 and 8
are activated during preussin-induced apoptosis. In agreement
with this observation, cleavage of the 116-kDa caspase 3 sub-
strate PARP (21) to the 86-kDa form was also observed (Fig.
8B, top). In addition, cytochrome ¢ release from mitochondria
was readily detectable (Fig. 8B, bottom). Thus, preussin acti-
vates two different apoptotic pathways triggered either by
caspase 8 or by cytochrome c-caspase 9.

Effect of resistance mechanisms on preussin-induced apo-
ptosis. Another important issue is the question of how drug
resistance mechanisms that are commonly found in human
tumors affect preussin-induced cell death. Several of the re-
sponsive cell lines used in this study lack functional p53, such
as HL-60 (44), PC-3, and DU-145 (11) (Fig. 2B), suggesting
that the induction of cell death by preussin is p53 independent.
We also tested preussin in several human tumor cell lines
expressing high levels of Bcl-2, i.e., the small-cell lung carci-
noma cell lines SW2 and H69 (Fig. 9A) (46). Whereas preussin
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FIG. 9. Induction of cell death by preussin in cells expressing high levels of
Bcel-2. (A) Immunoblot analysis of Bcl-2 levels in H69, SW2, and HL-60 cells.
The same blot was reprobed with an «-actin antibody as a loading control. (B)
Cell killing induced by 10 uM preussin, 500 pM 5'FU, 6 pM Cisp, 1.7 pM Dox,
2 uM Etop, or 500 nM Cam in H69, SW2, and HL-60 cells after 18 h of drug
exposure, as determined in Fig. 7A.
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treatment led to apoptotic killing, these cell lines were highly
resistant to commonly used chemotherapeutic agents added at
concentrations that resulted in efficient killing of HL-60 cells
(Fig. 9B). These observations indicate that two of the most
common mechanisms of drug resistance, i.e., Bcl-2 overexpres-
sion and loss of p53, do not block preussin-induced cell killing.

DISCUSSION

In the present report, we describe the hitherto unrecognized
antitumor activity of the antifungal agent (+)-preussin, an
anisomycin-related pyrrolidine found in A. ochraceus and
Preussia sp. With a range of different human cancer cell lines,
preussin shows potent growth-inhibitory properties which are
due to an antiproliferative effect and the induction of pro-
grammed cell death. At the molecular level, preussin strongly
inhibits cyclin E-CDK2 activity in vitro, which is mirrored in
vivo by a delay or blockage of progression through G, into S
phase. Since its effect on protein biosynthesis is rather modest
and clearly below the level required for the induction of cell
death by other translational inhibitors, such as anisomycin (26,
37), we attribute preussin’s growth-inhibitory potential to the
inhibition of CDK activity rather than to a generalized effect
on translation. This conclusion is also in agreement with the
fact that preussin induced distinct changes in the steady-state
levels of specific proteins: up-regulation of p275””*/ and down-
regulation of cyclin A and E2F-1.

Many anticancer drugs inhibit cell cycle progression. These
are exemplified by compounds that (i) interfere with nucleo-
tide metabolism, such as methotrexate, which inhibits dihydro-
folate reductase; (ii) damage the DNA, for instance, anthra-
cyclins, topoisimerease inhibitors, or alkylating agents; or (iii)
prevent the formation of a functional mitotic spindle, such as
the taxanes or vinca alkaloids. All of these perturbations cause
some kind of damage to the cell, leading to the activation of
specific checkpoints that trigger cell death. A new class of
antitumor compounds is that of the CDK inhibitors, which stall
the cycle through direct blockage of its driving force, the
CDKs. During the last decade, an impressive array of com-
pounds has been identified, including FP, y-butyrolactone, in-
dirubins, olomoucine, paullones, purvalanol, roscovitine, and
staurosporine (15-17, 35). While some of these compounds
seem to be general inhibitors of CDKs, such as FP or stauro-
sporine, others are more specific, for example, roscovitine,
which does not efficiently inhibit cyclin D kinase activity. How-
ever, there does not seem to be a correlation with the ability of
these compounds to suppress tumor cell growth or the occur-
rence of undesired side effects.

One of the most intriguing compounds of this category is FP
(13, 24, 28), a derivative of a natural flavone. FP has shown
promising efficacy in animal models of human tumors (1, 4, 10,
12, 30, 31, 36, 40), presumably due—at least in part—to its
refractoriness to several mechanisms of drug resistance com-
monly found in human cancers, such as overexpression of the
multidrug resistance gene MRP-1, loss of the tumor suppressor
p53, or expression of the antiapoptotic protein Bcl-2. FP also
strongly synergizes with other drugs (4), although the mecha-
nisms underlying these cooperative effects are not known. In
addition, FP is considerably less toxic in vivo than most other
known CDK inhibitors, which are not suitable for human stud-
ies. FP is currently undergoing clinical trials and will enter
phase III in the near future (39, 45).

Preussin seems to fall into the same category as antitumor
drugs with CDK-inhibitory properties, as suggested by its abil-
ities to inhibit cyclin E kinase in vitro and to interfere with
G,-to-S progression in vivo. One of the most intriguing
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questions in this context concerns the mechanism used by
preussin—or other CDK inhibitors—to induce apoptosis. One
possible explanation stems from the observation that the de-
regulated expression of Myc or E2F sensitizes cells to pro-
grammed cell death and that in such cells apoptosis is triggered
by experimental conditions invoking cell cycle arrest, such as
cells apoptosis is triggered by experimental conditions invoking
cell cycle arrest, such as mitogen deprivation or treatment with
S-phase blockers (14, 19, 20, 32). Since tumor cells commonly
overexpress Myc-encoding genes and E2F and CDK inhibitors
such as preussin or FP block cell cycle progression, it may be
this combination which triggers the onset of apoptosis. Of
course, other mechanisms are likely to contribute to the cyto-
toxic properties of these compounds, which may also include
the inhibition of other, unidentified kinases or interference
with processes not directly associated with the cell cycle.

An important point is the observation that the induction of
cell death by preussin is p53 independent and does not seem to
be blocked by Bcl-2. The fact that preussin shares this property
with FP is compatible with the notion that the two drugs act
through similar mechanisms. It remains to be seen whether
preussin will be as useful as FP as an anticancer agent or as a
lead structure for the identification of novel, more effiacious
and specific antitumor drugs.
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