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Abstract

The apoptosis-inducing activity of ursolic acid (UA) was examined in mouse F9 teratocarcinoma cells on the bases
of biochemical and morphological characteristics. UA, pentacyclic triterpene acid, exhibits antitumor activities inclu-
ding inhibition of skin tumorigenesis, induction of tumor cell differentiation and antitumor promotion. Treatment with
UA showed that the decrease of cell viability was dose-dependent. UA also induced genomic DNA fragmentation,
a hallmark of apoptosis, indicating that the mechanism of UA-induced F9 cell death was through apoptosis. When
the morphology of the F9 cells was examined by electron microscopy, the cells treated with UA showed the charac-
teristic morphological features of apoptosis such as chromatin condensation and nuclear fragmentation. DNA fragme-
ntations by UA were inhibited by cycloheximide, which suggest that de novo protein synthesis was required for DNA
fragmentation by UA. In addition, the expression of c-jun was increased, but those of c-myc and laminin B1 were
decreased during apoptosis induced by UA in F9 cells. These results suggest that UA causes an apoptosis in F9 cells.

Further, the increased expression of c-jun may be involved in the UA-induced apoptosis of F9 cells.
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Introduction

Recent approaches of therapy for various types of ca-
ncer have focused on drugs that induce the apoptosis or
differentiation of maturation resistant cells causing the
disease"®. The finding that drugs (glucocorticoids, to-
poisomerase inhibitors, alkylating agents, antimetaboli-
tes, and antihormones) with different targets induced
what appears to be final common pathway of cell death
has shifted the focus of recent studies of the molecular
pharmacology of these agents from their immediate tar-
gets to the events that they trigger in the cell. A variety
of anti-cancer drugs have been shown to induce exten-

sive apoptosis in rapidly proliferating normal cell popu-

t Corresponding author

lations, lymphoid tissues, and tumors'*™, The fact that
disparate agents, which interact with different targets,
induce cell death with some common features (endonu-
cleolytic cleavage of DNA, changes in chromatin conde-
nsation) suggests that cytotoxicity is determined by the
ability of the cell to engage the cell death. Recent repo-
rts have shown that a high level of c-myc expression is
correlated with DNA damage in the presence of etopo-
side, a cytotoxic drug. The expression of c-fos and c-jun
has been found to be induced during apoptosis of lym-
phoid cells®. In addition, some of the extracellular mat-
rix (ECM) components, except fibronectin and collagen,
have been shown to suppress apoptosis of mammary
epithelial cells both in tissue culture and in vivo®.
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Triterpenoid compounds are similar to glucocorticoid
hormone in structure. Certain glucocorticoids strongly
inhibit TPA-induced skin inflammation and tumor ini-
tiation®’. Some triterpenoid compounds were also repor-

ted to antagonize tumor promoter® '

and to induce di-
fferentiation of F9 cells same as retinoic acid (RA)'¥,
Ursolic acid (UA) is one of triterpenoid compounds and

can be extracted from plants, Eriobotrya japonica®, Gle-

1) 14)

choma hederacea'”’, Rosmarinus officinalis'® | and Calluna
vulgaris'®, etc. The UA was shown to inhibit TPA-indu-
ced inflammation and tumor promotion in mouse skin'"
12 to inhibit TPA-induced Epstein-Barr virus activation
in Raji cells'”, and to inhibit 12-O-hexa-decanoyl-16-
hydroxyphorbol-13-acetate-induced edema of mouse
ears'”. When the inhibitory activity of UA was compa-
red to that of RA in Raji cells, UA is less toxic than RA
1012 1n addition, UA was also shown to possess an an-
tiangiogenic effect in chick chorioallantoic membrane'®
and an anti-invasive activity in HT1080 human fibro-
sarcoma cells*®.

Based on the above facts, the possibility of whether
UA could induce apoptosis was studied by employing
several techniques, using F9 cells as a model system. In
addition, the effect of CHX and the gene expression of
c-myc, c-jun and laminin were examined to determine
the possible interrelationship between the expression of

these genes and the induced apoptosis in F9 cells.
Materials and Methods

Materials

Fetal calf serum (FCS), Dulbecco’s Modified Eagle’s
Medium (DMEM), and other chemicals for cell culture
were purchased from Gibco BRL (Grand Island, NY).
Cell culture flasks and plates were purchased from Cor-
ning (Coming, NY). Agarose was purchased from Be-
thesda Research Laboratories, Inc. (Gaithersburg, MD).
UA, CHX, and all other chemicals were purchased from
Sigma Chemical Co. (St. Louis, MO).
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Cell Line and Cultured Conditions

The mouse F9 teratocarcinoma cell line utilized in
these studies was obtained from the American Type Cu-
lture Collection (Rockville, MA). FO cells were maintai-
ned in DMEM medium supplemented with 10% FCS,
100 U/ml penicillin, and 100 g/ml streptomycin at 37
T in a humidified atmosphere containing 5% CO,/95%
air. All cell culture flasks and plates were coated with
0.3% gelatin for more 2 hr at 4T, Stock cultures
were maintained as monolayer cultures and passed by
trypsinization every 2 to 3 days. The cells used for ex-
periments were between passages of 5 and 15. The cell

numbers were calculated with hemocytometer.

Cell viability test (MTT assay)

Cell viability was assessed as described by Mosmann?”.
Briefly, the cells were incubated in 100 pl of media in 96
well plate at an initial cell density of 3X10° cells/ml for
24 hr. An appropriate volume of drug vehicle was then
added to cells. After each period of incubation, 100 pl of
MTT solution (5 mg MTT/ml in H,O) was added and
the cells were further incubated for 4 hr at 37C. After
washing out the MTT-containing media, 200 pl of acid-
isopropanol (0.04 N HC! in isopropanol) were added to
each culture and mixed by pipetting to dissolve the redu-
ced MTT crystals. The relative cell viability was obtained
by scanning with an ELISA reader (Molecular Devices
Corp., USA) with 570 nm filter. All experiments were pe-
rformed more then three times. All data were displayed as
% of control condition. All the control experiments were
carried out in the same media containing drug-free vehicle.
Data were expressed as mean + standard error of the
mean (SEM.) and were analyzed using one way analysis
of variance and Student Newman Keul’s test for individual
comparisons. P values less than 0.05 are considered to be
statistically significant.

Agarose Gel Analysis of DNA Fragmentation
For qualitative analysis, FO cells were harvested and
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washed with cold phosphate buffered saline (PBS), and
lysed with 500 mM Tris-Cl, pH 8.0, 2 mM EDTA, 10
mM NaCl, 1% (w/v) SDS, and proteinase K (500 ug
/ml) at 50C for 24 hr. Samples were then centrifuged
at 27,000 xg at 18T for 2 hr. Supernatants were ext-
racted twice with phenol extraction, precipitated with O.
1 volume of 5 M NaCl and 1 volume of isopropanol,
and resuspended in distilled water. Samples were then
treated with 100 pg/ml DNase-free RNase A for 1 hr
at 37C. Loading buffer (2.5% Ficoll, 0.025% bromo-
phenol blue, 0.025% xylene cyanol) was added to sa-
mples and electrophoresis was performed on 1.5% aga-
rose at 50 V in TAE buffer (40 mM Tris-acetate and
1 mM EDTA) for 3 hr and the agarose gel was stained
with 0.5 pg/ml ethidium bromide.

Transmission Electron Microscopy

F9 stem and UA-treated cells were harvested and wa-
shed with cold PBS. Cell pellets were fixed at 4C for
30 min in freshly prepared mixture of 2% paraformal-
dehyde and 2% glutaraldehyde in 0.1 M phosphate bu-
ffer. Cell pellets were then mixed with 2% agarose gel,
cut to 1 mm®, and fixed at 4C overnight in freshly pre-
pared mixture of 2 % paraformaldehyde and 2% gluta-
raldehyde in 0.1 M phosphate buffer. Cell blocks were
post-fixed in 1% osmium tetraoxide solution in 0.1 M
phosphate buffer. The samples were finally dehydrated
with Epon 812 and embedded in polar Epon mix. Sec-
tions were cut in 60—90 nm thickness with LKB ultra-
microtome and stained with uranyl acetate and lead cit-
rate, then examined by a transmission electron micros-
cope (JOEL 1200EXII) at 80 KV.

Northern Analysis

Total cellular RNAs were isolated by the acid-guanidi-
nium thiocyanate-phenol-chloroform extraction method
*»_ The Northern blotted nylon membrane was hybridi-
zed with **P-labeled probes. The filter was dried and
exposed to X-ray film for 2 to 5 days.

Results

Effects of UA on F9 Cell Proliferation.

Survival of F9 cells following 3-day continuous expo-
sure to 1—-12.5 pM of UA was determined by MTT as-
say. According to the increase of concentration of UA
(Fig. 1), the proliferation of F9 cells was suppressed. In
UA-treated cells, 10 and 12.5 pM UA decreased survi-
val to 37.8% and 6.76 %, respectively, compared with
control. These results indicate that the growth of F9 ce-
lls is inhibited in a dose-dependent manner in case of
the treatment with UA.
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Fig. 1. Effects of UA on the viability of F9 cells. The
relative viability of F9 cells was assessed by
MTT assay. F9 cells were treated with various
concentrations of UA for 72 hrs. *p<0.05 com-
pared to control.

DNA Fragmentation by UA in F9 Cells.

To assess the pattern of DNA fragmentation caused
by UA, agarose gel electrophoresis was performed (Fig.
2). F9 cells were treated with 0—20 uM of UA for 24
hr, respectively. The DNA fragment bands with a chara-
cteristic pattern of internucleosomal ladder suggesting of
apoptosis were observed in cells treated with more than
5 uM of UA for 24 hr. On the contrary, no or little
DNA fragment bands were observed in stem cells and
the cells treated with less than 1 uM of UA for 24 hr.
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Fig. 2. DNA fragmentation in UA-treated F9 cells. Lane
1, DNA isolated from F9 stem cells s Lane 2, 3,
4, 5 and 6 represent DNA isolated from cells
treated with 1, 5, 10, 15, and 20 pM of UA for
24 h, respectively ; Lane 7, 1 Kb DNA ladder as
a molecular weight marker.
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Morphological Changes by UA in F9 cells.

F9 cell treated with 10 pM of UA for 24 hr showed
the distinct morphological features of apoptosis as chro-
matin condensation and aggregation at the nuclear me-
mbrane, and several condensed nuclear fragments as

shown in Figure 3B.

Effects of Cycloheximide on DNA Fragmentation by

UA in F9 Cells.

Because apoptosis is an active process, it requires the
synthesis of new proteins. We determined whether this
inhibitor could cause DNA fragmentation by itself and
prevent UA-induced DNA fragmentation in FO cells. The
cells were treated with O, 0.5, 1, 5, or 10 uM of cyclo-
heximide (CHX) for 28 hr. As shown in Figure 4A, no
or little DNA fragment bands were observed in either
stem cells or cells treated with less than 1 pM of CHX,
whereas DNA fragment bands were observed in celis
treated with more than 5 yM of CHX. When F9 cells

(B)

Fig. 3. Electron micrographs of apoptotic F9 cells. A, Stem cell (original magnification X5,000). B, 10 M of UA-trea-

ted cell (original magnification X4,000).
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Fig. 4. DNA fragmentation by CHX and effects of CHX
on UA-induced DNA fragmentation in FO cells.
A, Lane 1, control F9 cells s Lane 2, 3, 4, and 5
represent DNA isolated from cells treated with
0.5, 1, 5, and 10 pM of CHX for 28 h, respec-
tively s Lane 6, 1 Kb DNA ladder. B, Lane I, 2,
and 3 represent DNA isolated from cells pret-
reated with 0.5 pM of CHX for 4 hr and treated
with same concentration of CHX and 5, 10, and
20 uM of UA for 24 hr, respectively 3 Lane 4,
pretreated with CHX for 4 hr and treated only
10 M of UA for 24 hr: Lane 5, 1 Kb DNA lad-
der as a molecular weight marker.

were pretreated with 0.5 yM of CHX for 4 hr and 5, 10,
and 20 pM of UA with 0.5 uM of CHX for 24 hr, the
DNA fragmentation by UA was blocked. DNA fragment
bands were, however, observed in F9 cells pretreated with
0.5 uM of CHX for 4 hr, washed out the CHX, and trea-
ted with 10 pM of UA for 24 hr alone (Fig. 4B). These
mean that de nmovo protein synthesis was necessary for
DNA fragmentation by UA in F9 cells.

UA(uM)
01510

by CoMYC
| cejun

Sra lamimvin

* * *’ %= GAPDH

Fig. 5. Alteration of gene expression of UA-treated F9
cells. Human c-myc, human c-jun, mouse laminin
B1, and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) c¢DNA probes were labelled with
a**P-dCTP, and then used for northern blot ana-
lysis. For RNA loading control, GAPDH and
rRNA were used.

Alteration of gene expression in apoptotic process

induced by UA.

Northern blot analysis was used to determine the ex-
pression of genes in the F9 cells. The expression of c-
myc proto-oncogene was decreased during apoptosis in-
duced by UA in a dose dependent manner as shown in
Fig. 5. In addition, the expression of laminin was sligh-
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tly decreased, depending on the concentration of UA. In
contrast, it was also found that the expression of c-jun
was increased. This result indicated that the expression
of c-jun may be related to apoptosis induced by UA.

Discussion

We have demonstrated that UA, known as a differen-

13) 8,9,11,12)

tiation agent'® and anticancer drug , causes apop-
tosis in F9 cells, These cells, which resemble the inner
cell mass of the early mouse embryo, have the capacity
to differentiate into multiple types of cell products®****
and have been used as a model to study differentiation
in the mouse embryo. In a view of increasing evidences
that a variety of chemotherapeutic agents can trigger
programmed cell death, it is very interesting to investi-
gate whether UA can cause DNA fragmentation and
apoptosis in F9 cells.

In the present work, we attempted to determine whe-
ther UA could induce internucleosomal DNA fragmenta-
tion and trigger the process of apoptosis in F9 cells. F9
cells treated with UA were shown the morphological
changes to rounded form (data not shown) and the de-
crease in the growth of the cells (Fig. 1). A DNA frag-
mentation assay by agarose gel electrophoresis and the
rate of DNA fragmentation showed that UA at approp-
riate concentrations induced DNA fragmentation in a
dose-dependent fashion (Fig. 2). These results mean
that UA, have both antitumor and differentiation indu-
cing activity, could cause DNA fragmentation. The ult-
rastructural morphology of F9 cell treated with UA (Fig.
3B) showed that the chromatin was condensed and ag-
gregated at the nuclear membrane, and the cell contai-
ned several condensed nuclear fragments as described
by other studies?>2%,

The finding that glucocorticoid-induced thymocyte
apoptosis was prevented by treatment with protein syn-
thesis inhibitors?*® demonstrates that apoptosis is an

active, energy-requiring process and that the increments

56 / 4878t}

of protein are most likely required for apoptosis to oc-
cur. However, the requirement for macromolecule syn-
thesis has not been a universal finding, as it has been
found for other cell types, including $49 mouse lym-
phoma cells?® and macrophages®”. The effect of CHX,
protein synthesis inhibitor, was tested on UA-induced
DNA fragmentation in F9 cells. As results, F9 cells, pre-
treated with 0.5 uM of CHX for 4 hr and then treated
with 10 uM of UA with CHX for 24 hr, did not show
DNA fragmentation (Fig. 4B). However, DNA fragment
bands were observed in F9 cells pretreated with 0.5 uM
of CHX for 4 hr, washed out the CHX, and treated with
10 uM of UA alone for 24 hr (Fig. 4B). These mean
that de novo protein synthesis was necessary for DNA
fragmentation by UA in F9 cells. There are some possi-
ble explanations for the prevention of drug-induced
DNA fragmentation and apoptosis by CHX. One possi-
bility could be the inhibition of some critical proteins
that may act as cofactors in triggering apoptosis. A se-
cond possibility might be an inhibition in the synthesis
of repair enzymes®'.

In this study, we found that c-jun expression was in-
creased depending on the concentration of UA in F9 ce-
ils (Fig. 5). The expression of c-jun may be related to
apoptosis induced by UA. Previously, it was reported
that AP-1 was induced in mouse mammary epithelial

) and that consists of dime-

cells undergoing apoptosis®>
ric complexes of different Fos and Jun family members
3 Induced AP-1 transcription factor can express seve-
ral genes which are related to apoptosis®®.

Recent reports have shown that a high level of c-myc
expression is correlated with DNA damage in the prese-
nce of etoposide, a cytotoxic drug that inhibits topoiso-
merase activity®”. In addition, when transfected with a
constitutively expressed c-myc gene, Rat-1 fibroblasts

36 However, in this study we found the

enter apoptosis
down-regulation of c-myc gene by UA, but the exact role
of the c-myc down-regulation in the UA-induced apopto-

sis is not known (Fig. 5).
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1t also reported that apoptosis was induced by disru-

37 Hence inhi-

ption of epithelial cell-matrix interactions
bitor of ICE whose activation gives rise to the disruption
of ECM prevented apoptosis®”. In this study the expre-
ssion of laminin that is a major constituent of ECM, was
slightly decreased by UA (Fig. 5), indicating that the st-
ructure of ECM in the cells may be somewhat disorga-
nized during the apoptotic process. Taken together, these
results suggest that apoptosis induced by UA may be
related to the activation of AP-1 transcription factor and
disorganization of ECM.

In the effort to screen naturally occurring substances
which may be utilized as apoptosis inducing agents, UA
was found to possess the ability to induce the apoptosis
of F9 stem cells. The UA was reported to have anti-inf-
lammatory and antitumor activity in some reports®” '>>
16 The UA is similar to glucocorticoid hormone in che-
mical structure. Glucocorticoids exert their physiological
effects on target tissues by binding to specific receptor
proteins that are present in glucocorticoid-responsive ce-
lls. The sequences to which glucocorticoid receptor
(GR) binds are known as glucocorticoid responsive ele-
ment (GRE) and typified by a region of the long termi-
nal repeat (LTR) in the DNA of the glucocorticoid-regu-
lated mouse mammary tumor virus (MMTV)*®. Our

¥ showed that a high molecular weight

previous study
protein (94 KDa) and a low molecular weight protein
(45 KDa) band were present in the protein extracts of
F9 cells incubated in the medium containing dexame-
thasone or UA. Therefore, it might be hypothesized that
the UA-induced DNA fragmentation in F9 cells is occur-
red via the GR. From above results, it can be suggested
that UA induce the apoptosis and regulate the gene exp-
ression by interaction with steroid receptor or orphan
receptor of FO cells. Therefore, the role of steroid recep-
tors or a related orphan receptors in the apoptosis of F9
cells induced by UA is likely to be of great interest in
the future.
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