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Abstract

Terminal replicative senescence (TRS) is a physiological process associated with terminal differentiation, shortening of the telomere,
and lack of proliferative activity. Immortalised and tumour cells have lost their differentiation potential and the ability to develop a
senescence phenotype. Recently, others and we [11] have observed that some antitumour agents and radiation induce a senescence-like
phenotype (SLP) in human immortalized and tumour cell lines. The main purpose of this study was to identify senescence-like cells
(SLC) in mammary tumours of rats and assess whether chemopreventive agents that have been used for the prevention and/or
treatment of breast cancer can induce a SLP in tumour cells. Sprague-Dawley rats with N-methyl- N-nitrosourea (MNU)-induced
mammary tumours were randomised and treated with tamoxifen, vorozole, 4-(hydroxyphenyl)retinamide (4-HPR), or 9-cis-retinoic
acid (9cRA). The SLC in mammary tumours were identified and characterised by: (a) SA-B-Gal staining method, which has been
considered specific for human cells in TRS (b) staining for lipofuscin, which, although not specific, accumulates in the cytoplasm of
cells in senescence; (c) lack of 5-Bromodeoxyuridine (BrdU) labelling after continuous (7 days) infusion of BrdU via osmotic
pumps; (d) 90° side light scatter (9OLS) as evaluated by flow cytometry; and (e) decreased telomerase activity. We found that in
control tumours, SA-B-Gal-positive cells were rare (below 1.0%) among the tumour cells, stroma fibroblast, myoepithelial and
endothelial cells. SA-B-Gal-positive cells increased significantly in the tumours treated with chemopreventive agents and this was
associated with a lack of proliferative activity, increased cell granularity, lipofuscin accumulation, and decreased telomerase activ-
ity. Thus, in this study we provide for the first time evidence that cells in replicative senescence are present in mammary tumours of
rats and that chemopreventive agents can suppress tumor growth by a novel cellular mechanism, inducing a SLP in the tumor cells.
© 2002 Published by Elsevier Science Ltd.
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1. Introduction

Terminal replicative senescence (TRS) is a physio-
logical process typical for normal cell populations,
which is characterised by terminal differentiation,
shortening of the telomere, and lack of proliferative
activity [1]. Immortalised and tumour cells have lost
their ability to develop a senescence-like phenotype

Abbreviations: TRS, Terminal replicative senescence; MNU,
N-Methyl-N-nitrosourea; 4-HPR, 4-(Hydroxyphenyl)retinamide;
9cRA, 9-cis Retinoic acid; RARs, Retinoic acid receptors, alpha, beta,
gamma; RXRs, Retinoid X receptors alpha, beta, gamma; FCM, Flow
cytometry; SA-B-Gal, Senescence Associated B-Galactosidase stain-
ing; SLC, Senescence-like cells; SLP, Senescence-like phenotype;
BrdU, 5-Bromodeoxyuridene.
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(SLP) and that correlates with their high proliferative
potential and high telomerase activity [2,3]. The cells in
replicative senescence develop specific morphological
and metabolic features associated also with an up- or
down-regulation of specific genes/proteins [4,5]. Among
them, the tumour suppressor genes pl6, p21, p53, and
RB appear to play principal roles [5-8].

Most studies on replicative senescence have been per-
formed in vitro on fibroblast cell lines of human origin
and under controlled growth conditions [4-7]. In these
studies, SA-B-Gal staining has been used as specific for
cells, which are in TRS [4,9]. B-Galactosidase belongs to
the group of lysosomal enzymes and its activity at pH
6.0 has been associated with the disintegration of spe-
cific glycoproteins and complex glycolipids, which
accumulate in pre-senescent and senescent cells (4,10).
B-Galactosidase activity can be determined by using
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5-bromo-4-chloro-3-indolyl B-D-galactoside and other
galactosides as substrates [10]. No data so far have been
published as to whether SA-B-Gal staining can identify
SLC in mammary gland tissues and tumours of rats and
whether chemopreventive agents can induce a SLP in
mammary tumours. In recent studies, we characterised
the SLC in fibroblast and in various human tumour cell
lines, including MCF-7 and MCFI10AT cells treated
with cytostatics or with retinoids [11]. We also observed
that 4-HPR, a well-known inhibitor of mammary carcino-
genesis in animal models and in premenopausal women,
suppressed cell proliferation and decreased telomerase
activity in mammary tumours [12]. The shortening of
the telomere and/or decreased telomerase activity have
been considered to be reliable markers for cells in repli-
cative senescence [1,2].

In the present study, we further developed the SA-B-Gal
staining method to identify SLC in mammary tissues
and tumours of rats and provide for the first time data
indicating that chemopreventive or antitumour agents
can significantly increase SLC in tumours. MNU-induced
mammary tumors were employed because they appear
similar in pathogenesis, morphology, and (Oestrogen
Receptor (ER) status to those of the human breast [13].
Chemopreventive agents were selected to affect specific,
but different, cellular targets: tamoxifen inhibits ER
signalling [14], (+) vorozole suppresses aromatase
activity and thus decreases the estrogen circulation and
tissue levels [15], 4-HPR induces cell differentiation and
apoptosis [16], and 9-cis retinoic acid (9cRA) affects
retinoic acid receptor (RAR a, B, y) and/or retinoid X
receptor (RXR a, B, v) signalling and cell differentiation
[17]. The above chemoprevention agents are currently
used in various pre-clinical and clinical trials for the
prevention and treatment of breast cancer.

To make sure that the SA-B-Gal-positive cells in
mammary tumours do not have a proliferative activity,
the animals were infused continuously for 7 days with
BrdU [18]. The cells that do not accumulate BrdU were
considered to be in replicative senescence. Flow cyto-
metry for the assessment of cell granularity (90° light
scatter, 90LS) [19] and lipofuscin staining [20] were also
employed for the characterisation of SLC in mammary
tumours. Tumour samples were also used for evaluation
of telomerase activity, which is another marker of term-
inal replicative senescence and which has been reported to
decrease in tumours treated with antitumour agents [1,2].

2. Materials and methods
2.1. Rats
Female, virgin Sprague—Dawley (Hsp: (SD/BR)) rats

were obtained from Harlan Sprague-Dawley (Indiana-
polis, IN) aged 43 days and, after 1 week of quarantine,

were randomised by weight and injected intra-
peritoneally (i.p.) with the carcinogen, N-methyl-
N-nitrosourea (MNU) (Ash Stevens Inc., Detroit, MI).
MNU was dissolved in sterile acidified saline (pH 5.0),
and injected twice at a 50 mg/kg body weight, when the
animals were 43 and 50 days old. Control animals at the
same age received sterile saline only. Beginning 3 weeks
after administration of the carcinogen, the animals were
palpated twice weekly to monitor tumour appearance in
the mammary gland. The animals were fed with a 4%
Purina diet chow ad libitum and had free access to
water. Animal experiments were approved by the Uni-
versity of Illinois Animal Care Review Board.

2.2. Tumour model

In MNU-treated animals, mammary tumours occurred
between the 6th and 9th weeks after administration of
the carcinogen. When tumours reached 8-10 mm/dia-
meter (250-500 mm?), the animals were randomised,
and the administration of the chemopreventive agents
was initiated. The animals were sacrificed by CO, nar-
cosis, and tumours were removed and cut in two halves.
One was fixed in 10% neutral formalin for histomor-
phology and immunohistochemistry (ICH); the other
was frozen in liquid nitrogen for the SA-B-Gal assay
and for the telomerase activity assay.

2.3. BrdU-labeling of proliferating cells

Proliferative activity of the mammary tumours was
assessed by in vivo labelling with BrdU, (Sigma Chem.
Co., St. Louis, MO). Animals were injected i.p. with
BrdU, 50 mg/kg body weight (b.w.), 2 h before sacrifice.
BrdU labelled cells were identified using an anti-BrdU
monoclonal antibody (1:100) (Becton Dickinson, Palo
Alto, CA) and the ABC kit (Vector, Burlingame, CA)
[18]. The percentage of BrdU-labelled cells was eval-
uated after counting more than 1000 cells per tumour.
To make sure that SLC are in replicative senescence, 5
animals with palpable mammary tumours were sub-
cutaneously (s.c.) implanted with (Alzet osmotic pumps,
Alza Co., Polo Alto, CA.), that delivered BrdU for 7
days [18]. The cells that remained unlabelled with BrdU
were considered to be in TRS.

2.4. Identification of SLC in mammary tumours by SA-
B-Gal staining

The SA-B-Gal activity assay at pH 6.0 has been con-
sidered specific for cells in TRS (4,8). SA-B-Gal cells
were detected as previously described in Ref. [4], with
some modifications. Frozen sections (5-7 pum thick)
from control, and treated tumours were fixed in 3.0%
formaldehyde for 5 min, washed in phosphate buffered
solution (PBS) and stained in X-gal (5-bromo-4-chloro-
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3-indolyl-B-D-galactoside) (Sigma Chem., Co. St. Louis
MO) solution at pH 6.0 for 24 h at 37 °C. SA-B-Gal
positive cells were stained in blue (Fig. la and b). The
top sections of each slide were not incubated with SA-f3-
Gal staining solution and served as negative controls.
To visualise the tumour architecture, the slides were
counter-stained by neutral fast red or haematoxylin.
The percentage of SA-B-Gal-positive cells was assessed
in the areas of tumour disintegration by counting at
least 1000 cells.

2.5. Lipofuscin assay

The deposition of lipofuscin in the cytoplasm has
been also considered to be a marker of senescence [8].
Tissue sections from formalin-fixed, paraffin-embedded
tumour samples were stained by the Ziel-Nielsen
method to identify lipofuscin-positive cells [20]. By this
method, the cytoplasm was stained purple and the
nucleus red (Fig. lc).

2.6. Flow cytometry (FCM)

FCM was used to evaluate heterogeneity in cell size
and cell granularity. The latter appears to occur in cells
in replicative senescence [20]. Tissue samples from con-
trol and treated tumours were disintegrated by
mechanical and enzymatic treatment. The generated cell
suspension was stained by propidium iodide and the cell
scattering measured in Epix V flow cytometer (Coulter,
Miami, FL). More than 10 000 cells were measured
from each sample [21].

2.7. Telomerase activity assay

For telomerase detection, we used the polymerase
chain reaction (PCR)-mediated telomere repeat amplifi-
cation protocol (TRAP)[22]. As a positive control, an
extract from cells with known telomerase activity
(human breast cancer line MDA-MB-157, 50 cells
equivalent) was used. As a negative control, the cell
extract was substituted for lysis buffer [23]. As an addi-
tional control for the TRAP assay, we used an internal
standard (ITAS) (a gift of Dr. J. Shay) that amplifies
from the same primers. This internal standard, which
consists of a 150-bp DNA product, allows the identifi-
cation of false-negative tumour samples that might
contain Taq polymerase inhibitors. Cell extracts were
obtained, and TRAP was performed as previously
described in Refs. [12,24]. Two microlitres of tissue
extract (protein concentration 0.5 pg/ul) were used per
assay. The CX primer, ITAS and Taq DNA polymerase
(7 U per assay) were added to each sample after 5 min
incubation at 90.8 °C to make a hot start. Aliquots (10
pl) of the PCR mixture were analysed on 0.4 mm, 8%
non-denaturing acrylamide gels (20x40 cm), run in

0.5x TBE buffer until the xylene cyanol had migrated 17
cm from the origin. The gels were then dried and
exposed for 20 h to hyperfilm MP films (Amersham,
Arlington Heights, IL). Following autoradiography,
gels were also analysed after overnight exposure with
Molecular Dynamics Phosphorlmager (Sunnyvale,
CA). The area of integration of all peaks was normal-
ised to the signal from the internal standard, then, after
background subtraction, expressed relative to the posi-
tive control signal (100 cell equivalent) that was run
with each experiment. The method described is only
semi-quantitative, but it is sufficient for the comparative
analysis of tumours relative to the same positive control
cell extract.

2.8. Chemopreventive agents

Tamoxifen was supplied by Sigma Chem. Co., St.
Louis, MO. It was mixed with sesame oil and injected
s.c. every day at 1.0 mg/kg b.w. for 10 or 20 days. (+)
Vorozole (R-83842) was obtained from Janssen
Research Foundation, Springfield, PA. Vorozole was
given at 2.5 mg/kg b.w. by gavage for 2, 4 or 10 days [25].
4-HPR was obtained from R.W. Johnson Pharma-
ceutical Research Institute (Spring House, PA) and was
added to the diet at 782 mg/kg diet. Animals with
mammary tumours were randomised and treated for 1
or 2 weeks with 4-HPR [26]. 9-cis Retinoic acid (9cRA)
was purchased from Sigma Sci., Co., St. Louis, MO,
and was given at 60 mg/kg diet for 10 days.

2.9. Statistical analysis

The significance of differences in the values between
various groups was evaluated by ANOVA with Fisher’s
LSD test [27]. The correlation analysis between the
values of SLC and BrdU-labelled cells was performed
by SAS computer program. Values for P<0.05 were
considered significant.

3. Results

3.1. Senescence-like cells are rare in rat mammary
tumours

The first question we asked was whether there are
SA-B-Gal-positive cells in control mammary tumours
and what their location is among the tumour par-
enchyma (Table 1). Since replicative senescence is asso-
ciated with a lack of proliferative activity, parallel
tumour sections were treated with anti-BrdU antibody to
show where the SA-B-Gal-positive cells are located. In
this study forty four tumours; 12 from controls, i.e. that
were not treated with chemopreventive agents, and 32
from animals treated with various chemopreventive
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Fig. 1. (a). SA-B-Gal-positive cells (blue-stained, arrow) in a control mammary tumour. Frozen tissue sections were cut and stained by the SA-B-
Gal method as described in the Materials and methods. SA-B-Gal-positive cells (blue-stained) are rare and dispersed among the tumour cells. SA-
B-Gal-positive cell with arrow head is most probably a stroma cell. The slide is counter-stained by haematoxylin for visualisation of the tumour

morphology (x400).



234 K.T. Christov et al. | European Journal of Cancer 39 (2003) 230-239

Table 1
Location of SLC in various mammary cell populations

Cell type Frequency*

Normal mammary structures
Ductal epithelial cells
Alveolar epithelial cells
Myoepithelial cells
Fibroblast

Endothelial cells
Adipocytes

I L

Desquamated cells in the lumenal structures +¢
Tumours

Adenocarcinomas

Papillary carcinomas

Solid carcinomas

Tumours: Proliferation areas
Areas close to necrosis + +
Tumour cells in cystic structures ++ +d
Myoepithelial cells +
Stroma fibroblasts +
Endothelial cells -

+ + +

a — Lack of SA-B-Gal-positive cells.

® + Single SA-B-Gal-positive cells in at least 5 high-power (x400
magnification) microscopic fields.

¢ ++—several (<10) SA-B-Gal-positive cells in 5 high-power
(x400) microscopic fields.

4 ++ or ++ +—SA-B-Gal-positive cells in groups comprising
isolated tumour areas.

agents (Table 2). In all of the control tumours, single
tumour cells, stroma fibroblasts, and myoepithelial cells
were stained for SA-B-Gal (Fig. 1a and b). The cytoplasm
of the SA-B-Gal-positive cells was blue-stained whereas
in the areas occupied by the nucleus there was no stain-
ing (Fig. 1b, arrowhead). Mitotic figures, which were
frequent in the proliferating tumour areas, were absent
in SA-B-Gal-positive cells when counterstained by hae-
matoxylin. In addition to SA-B-Gal staining, parallel
tumour sections were stained for lipofuscin (Fig. 1c). The
lipofuscin-positive cells (red-stained nucleus and purple
cytoplasm) were also found among the tumour-, stroma-,
and myoepithelial cells in the same tumour areas where
SA-B-Gal-positive cells were frequent.

In order to assess whether or not there were cells in
replicative arrest among the tumour parenchyma, rats
with palpable mammary tumours were s.c. implanted with
osmotic pumps filled up with BrdU-solution. Osmotic
pumps were kept for 7 days when the animals were sacri-
ficed. All proliferating cells during the above period of
time should accumulate BrdU and their nuclei should be
positively stained by the anti-BrdU-antibody. Cells that
lack BrdU-staining should be considered to be in terminal
replicative arrest (Fig. 1d, arrow). SA-B-Gal-positive cells
were located on the tips of papillary structures or within
the most internal cell layer of alveolar or cystic tumour
formations where the cells usually do not proliferate and

the only alternative for them is to desquamate and die.
Cells within the cystic structures or ductal lumen always
contained SA-B-Gal-positive cytoplasmic granules.

3.2. Chemopreventive agents induce SLC in mammary
tumors

The main goal of this study was to find out whether
chemopreventive agents, which have different mechan-
isms of action, could induce SLC in mammary tumours.
Animals with palpable (8—10 mm) tumours were treated
for different time intervals with tamoxifen, vorozole,
4-HPR or 9cRA, and the percentage of SA-B-Gal-posi-
tive cells was evaluated (Table 2). Based on our recent
data on the effects of chemopreventive agents on cell
proliferation, apoptosis and telomerase activity in
mammary tumours [12,25,26], various time points were
selected. Histological examination of the tumours trea-
ted with the chemopreventive agents revealed that, at
the early time points (4 and 10 days), a disintegration of
tumour parenchyma occurred in the restricted tumour
areas only. With extension of the treatment to 20 days
(tamoxifen), the areas of tumour disintegration
increased and occupied most of the tumour par-
enchyma. SA-B-Gal cells were found mostly in the areas
of tumour response, where tumour parenchyma was
replaced by cystic formations (Fig. le). As shown in the
figure, the tumour was composed of two cell popu-
lations; the left one (L) was apparently resistant to
tamoxifen, because the tumour architecture was pre-
served, and there were no SA-B-Gal cells, the right one
(R) was sensitive to tamoxifen, tumour parenchyma was
composed of cystic structures and there were plenty of
SA-B-Gal-positive cells (Fig. le, blue-stained). On a
parallel slide, BrdU-labelled cells were evaluated
(Fig. 1f). Among the resistant cell population (L), there
were plenty of BrdU-labelled cells (brown stained,
whereas among the responsive cell population R, where
the SA-B-Gal cells were frequent (Fig. 1e,R) there was a
lack of BrdU-labelled cells. In another tumour treated
for 10 days with tamoxifen, SA-B-Gal cells were rare
among the tumour cells, but frequent within a ductal
hyperplastic lesion preserved among the tumour par-
enchyma (Fig. 1g, arrow). In the animals treated with
tamoxifen, SA-B-Gal cells increased from less than
0.4+0.1% in control tumours to 3.84+2.0% in the
10-day-treated and to 2.7£1.9% in the 20-day-treated
animals (P <0.01 and P <0.05, respectively) (Table 2).
In the tumour areas where SLC were most frequent,
apoptotic cells were also frequent (data not shown).

Another group of animals was treated for 2, 4 or 10
days with 2.5 mg/kg b.w. vorozole (Table 2). In a recent
study, we found that the above dose increased apoptotic
cell death and decreased cell proliferation in mammary
tumours [25]. Although the number of tumours exam-
ined was small, a progressive increase in SA-B-Gal cells



K.T. Christov et al. | European Journal of Cancer 39 (2003) 230-239 235

Table 2
Chemopreventive agents induce SLC in mammary tumors
Agent/tumour Dose Days of SLC* BrdU® Agent/tumour Dose Days of SLC* BrdU®
mg/kg treatment mg/kg treatment
Control tumours N/A N/A 25. Adenocarcinoma 43 3.2
1. Adenocarcinoma 0 8.4 26. Adenocarcinoma 4 5.2 1.5
2. Adenocarcinoma-cribriform 0.2 12.8 27. Adenocarcinoma 4 2.8 2.4
3. Adenocarcinoma 0 15.5 28. Adenocarcinoma 4 3.7 2.8
4. Papillary carcinoma 0 7.2 40+£1.0 2.5+0.7
5. Papillary carcinoma 0.4 9.0 -
6. Adeﬁocztrcino@a 0 14.3 29. Adenocarcinoma 10 10.4 2.5
7. Papillary carcinoma 02 74 30. Adenocarcinoma 10 153 1.8
8. Adenocarqnoma o 0 5.8 31. Adenocarcinoma 10 5.8 4.2
9. Adenocarcinoma-cribriform 0.5 11.0 10.544.8 28412
10. Adenocarcinoma 0.4 17.8 -
11. Papillary carcinoma 0.7 8.9
12. Papillary carcinoma 0.3 10.2 4-HPR 782 mgfkg diet 7
04401 12,1434 32. Adenocarcinoma-solid 7 0 12.4
B 33. Adenocarcinoma 7 2.0 5.0
34. Adenocarcinoma-comedo 7 0 9.8
Tamoxifen 1.0 mg/kg b.w. 9.043.7
13. Adenocarcinoma 10 4.0 1.3 [
14. Adenocarcinoma 10 7.2 0.8
15. Adenocarcinoma-solid 10 18 78 35. Adenocarcinoma-comedo 14 3.8 6.6
16. Adenocarcinoma 10 3.2 2.2 36. Adenocarcinoma 14 1.3 44
17. Papillary carcinoma 10 2.8 44 37. Adenocarc?noma ) 14 2.6 33
38420 33428 38. Adenocarcinoma-cribriform 14 10.2 2.0
- 39. Adenocarcinoma-solid 14 0.0 12.5
18. Adenocarcinoma 20 5.6 2.1 44439 57+4.1
19. Adenocarcinoma 20 1.5 33 .
20. Adenocarcinoma-cribriform 20 1.8 2.2 9-cis RA . 60 mg/kg diet
21. Adenocarcinoma 20 2.0 3.5 40. Adenocarcinoma 10 18.3 3.2
27419 2.840.7 41. Adenocarcinoma 10 4.2 6.5
- 42. Adenocarcinoma-solid 10 2.6 3.6
43. Adenocarcinoma 10 5.0 9.7
(+) Vorozole 2.5 mgkg b.w. 44. Adenocarcinoma 10 10.2 32

22. Adenocarcinoma 2 0.5 6.2
23. Adenocarcinoma 2 1.2 2.4
24. Adenocarcinoma 2 3.7 2.1

1.8£1.6 3.5+2.2

78+6.4 50+£28

b.w., body weight; N/A, not applicable.
4 SLC, senescence-like cells as identified by SA-B-Gal staining.

® Percent of BrdU-labelled cells from the same tumours where SA-B-Gal staining was performed; From each animal, a single tumour was
examined. The treatment with the above chemopreventive agents was initiated when the tumour size was in the range of 8—10 mm/diameter. Che-

mopreventive agents and the doses used are given in bold.

with treatment duration was found: 1.8+£1.6% in the
2-day group, 4.0+1.0% in the 4-day group, and
10.5+£4.8% in the 10-day-treated animals. The increase
of SA-B-Gal cells was associated with a decrease in
BrdU-labelled cells (Table 2). In the animals treated for
10 days with vorozole, a disintegration of tumour par-
enchyma occurred and in the same tumour areas SA-B-
Gal cells increased (Fig. 1h, blue-stained cells). In other
tumour areas apparently resistant to vorozole, there was
lack of SA-B-Gal cells (Fig. 1h, arrow).

4-HPR and 9cRA, which appear to have different
mechanisms of action at the molecular level, also
induced SLC in the mammary tumours. Both agents
affected restricted areas of the tumour parenchyma
only, predominantly the tumour periphery. 4-HPR was
given in the diet for 7 or 14 days and 9cRA for 10 days
(Table 2). In 2 of 3 tumours treated for 7 days and in 1
of 5 tumours treated for 14 days, 4-HPR did not induce
SLC in tumour cells. In the tumours treated for 14 days,

SA-B-Gal cells increased up to 4.443.9% in the restric-
ted areas. In the animals treated with 9cRA, SA-B-Gal
cells also increased, from 0.440.1% in the control ani-
mals to 7.8+6.4%; (P<0.001} in the animals treated
with 9cRA. 9cRA increased SA-B-Gal cells not only
among tumour cells, but also among myoepithelial cells
and the stroma fibroblasts surrounding the tumour
cells.

Since the development of a SLP in normal and
tumour cell populations is associated with a loss of
proliferative activity, a correlation analysis was under-
taken between the percentage of SA-B-Gal cells and
BrdU-labelled cells in the tumours treated with chemo-
preventive agents. BrdU-labelled cells were from
tumours pulse labelled with BrdU for 2 h. A significant
negative correlation was found between SLC and BrdU-
labelled cells (Fig. 2) (R=-0.53563, P<0.004) indicat-
ing that the occurrence of a SLP in tumour cells is
associated with a loss of proliferative activity.
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Fig. 2. Correlation analysis between the percentage of SLC and
BrdU-labelled cells (BrdU) in the tumours treated with chemopreven-
tive agents (N=31). The values of SA-B-Gal cells (ordinate) were
compared with those of BrdU-labelled cells (abscise).

3.3. The occurrence of SLC in mammary tumours is
associated with an increased cell granularity

In previous studies, we [11] and others [5,8,19] have
reported that the development of a senescent phenotype
in cells cultured in vitro and treated with antitumour
agents is associated with an increased cell size and cell
granularity. The latter appears to reflect the accumu-
lation of lipofuscin and of other lipoprotein granules in
the cytoplasm, which have also been considered char-
acteristic for cells in TRS [19]. In this study, we
employed flow cytometry (FCM) to assess the forward
light scatter (FS), which reflects the cell size and the 90°
light scatter (90LS) which gives information about cell
granularity in control (N=20) and tamoxifen-treated
(N=10) tumours. In Fig. 3a and b the distributions of
the individual values for FS (abscise) and 90LS (ordi-
nate) are given for the control and tamoxifen-treated

90LS

T T T I T T
0 64

FS

Table 3
Effects of chemopreventive agents on telomerase activity in mammary
tumours®

Treatment/agent Treatment Tumours/ Telomerase P value
days animals activity

Control 0 5 5754230

Vorozole, 2.5 mg/kg b.w. 4 10 490+ 104 N.S.

Vorozole, 2.5 mg/kg b.w. 10 9 226490 0.05

4-HPR, 782 mg/kg diet 14 13 125422 0.01

2 Telomerase activity was assessed by the TRAP method (see Materials
and Methods). The P values compare the differences between control and
vorozole-treated or 4-HPR treated tumours. From each animal, a single
tumour was examined.

tumours, respectively. FS was apparently similar in the
control and tamoxifen-treated tumours, whereas the
90LS was increased in the latter (Fig. 3b). These data
strongly support the increase of SA-B-Gal cells in
tamoxifen-treated tumours and the relevance of both
cellular phenomena to SLP in mammary tumours.

3.4. The increase of SLC in mammary tumours is
associated with a decreased telomerase activity

We also examined whether the increase in SLC in
tumours treated with chemopreventive agents is asso-
ciated with a decreased telomerase activity. Three
groups of tumours were examined: control, treated with
(+) vorozole for 4 or 10 days, and treated with 4-HPR
for 14 days (Table 3). From the results presented in
Table 3, it is evident that (+) vorozole given for 4 days
did not significantly affect the telomerase activity.

o (b)

90LS

Fig. 3. (a) and b. Effects of tamoxifen on forward light scatter (FS) and 90 light scatter (90LS). Animals were treated for 20 days with tamoxifen, 1.0
mg/kg b.w. Frozen samples from mammary tumours were disintegrated mechanically and enzymatically, the generated cell suspension was stained
by propidium iodide, and the FS and 90LS were assessed by flow cytometry. (a) represents FS/90LS values of a control tumour, in (b) are given the
values of FS/90LS in a tamoxifen (20 days) treated tumour. An equal number of cells (5000) were measured from each tumour.
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However, with extension of (+) vorozole adminis-
tration to 10 days, telomerase activity significantly
decreased (P <0.05). These data correlate with much
higher values of SLC in the 10-day vs. 4-day (+) vor-
ozole-treated tumours (see also Table 2). 4-HPR given for
14 days also decreased telomerase activity (P <0.01) in the
mammary tumours (Table 3). In a separate study (data
not presented), we found that 1.0 mg/kg tamoxifen given
s.c. for 10 or 20 days also decreased telomerase activity in
a subset of mammary tumours. In the same tumours, a
high percent of SA-B-Gal-positive cells was also found.
Thus, it appears that chemopreventive agents differen-
tially suppressed telomerase activity in mammary tumours
and that this was associated with an increase in SLC.

4. Discussion

The main goal of this study was to identify and char-
acterise cells that are in TRS in mammary tumours and
to assess whether chemopreventive agents, that are cur-
rently used in various breast cancer prevention and
therapeutic studies, can induce TRS in these tumours.
To identify SLC in rat mammary tissue and tumours,
we modified the original SA-B-Gal staining method,
which has been considered specific for humen cells in
replicative senescence [4] and identified SLC in mam-
mary tumours of control and treated rats. In almost all
previous studies, the SA-B-Gal staining has been mainly
used to identify cells in TRS on in vitro growing cell
lines [1,5-10]. To make sure that the cells in TRS do not
proliferate, animals with mammary tumours were
infused for 7 days with BrdU, via osmotic pumps. Since
the cell cycle time of the rat’s mammary tumor cells is
around 18 h [28], the lack of BrdU labelling in indivi-
dual tumour cells suggests that they have been out of
the cell cycle for at least 7-8 consecutive cell divisions.
Therefore, the BrdU-negative tumour cells might be
considered to be in replicative senescence. However, we
can not exclude the possibility that some BrdU-negative
cells might also be in a Gg or in a long G| phase and will
re-enter the cell cycle after proper stimulatory signals
[1,8,9]. A third direct indicator that SA-B-Gal positive-
cells do not proliferate is the lack of mitotic figures in
these cells, as estimated by counterstaining of the slides
with a haematoxylin after completing the SA-B-Gal
staining. Lipofuscin accumulation in the cytoplasm also
suggests that the tumour cells have developed a SLP.
Although not specific like SA-B-Gal staining, the lipo-
fuscin staining has been also used to characterise cells in
TRS [6,8]. Additional evidence that chemopreventive
agents may induce a SLP in mammary tumours was
obtained from our experiments that showed an
increased side 90° light scatter (90LS), has also been
others by [20] and a decreased telomerase activity,
which is another marker of replicative senescence [1,2].

In control tumours, very few SLC were identified and
most of them were on the tips of papillary structures or
among the most internal cell layers of various alveolar
or cystic tumour formations (Fig. 1). In these cellular
structures apparently the only alternative of tumour
cells is to desquamate and die. SLC in mammary
tumours were also observed among the stroma
fibroblsts, myoepithelial cells and endothelial cells, data
suggesting that tumour cells may produce cytokines that
potentiate the development of TRS in the above cell
types and thus affect tumour development and progres-
sion. In fact, most studies on TRS in vitro have been
performed on fibroblast cell lines, and the development
of replicative senescence in the latter has been related to
specific alterations in TP33, p21 "<l or p167+ genes
[3,5-8].

To induce SLC in mammary tumours, chemopreven-
tive agents were used which previously have shown
inhibitory effects on mammary carcinogenesis [13-16].
We found that tamoxifen, (+) vorozole, 4-HPR, and
9cRA induced TRS in mammary tumours and this was
associated with a decreased cell proliferation (Table 2
and Fig. 2) and increased apoptotic cell death (data not
shown). The above chemopreventive agents were given for
short time intervals in order to assess early cellular markers
of response in mammary tumours, which could eventually
be used as intermediate endpoints in efficacy studies,
including those aiming to evaluate the response of breast
cancer cells in pre-surgical clinical trials. Continuous
administration of chemopreventive and/or antitumour
agents may result in the development of resistance in
tumour cells and thus affect their response [14].

As shown in Table 2, there were substantial differ-
ences in the values of SA-B-Gal-positive cells among the
various chemopreventive agents and at the different
time points examined. However, because of the small
number of tumours in the individual groups, we are not
going to make a detailed statistical analysis of the dif-
ferences in the values of SLC between the various che-
mopreventive agents. All our data indicate that
chemopreventive agents, independent of their mechanism
of action, significantly increased the cells in replicative
senescence in the mammary tumors.

An interesting observation was that the occurrence of
SLC in the tumours treated with chemopreventive
agents was associated with an increase in 90LS, para-
meter that reflects cell granularity [20]. These data sup-
port previous studies [5,7], including ours [11], where in
vitro growing cells have been treated with doxorubicin
or with other antitumour agents and an increase in cell
size and cell granularity have been observed. The latter
parameter appears to be associated with the deposition
of lipofuscin granules in the cytoplasm and has been
considered to be a marker of replicative senescence [7,8].

We also found that the increase in SLC in mammary
tumours treated with (+) vorozole and 4-HPR was
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associated with a decreased telomerase activity (Table 3).
These data support our recent study where a progressive
decrease in telomerase activity was found in mammary
tumours of animals treated with 4-HPR for 1, 2 or 4
weeks [12]. However, the decrease in telomerase activity
in mammary tumors treated with chemopreventive
agents should be considered a complex phenomenon,
because, in addition to increased SLC, decreased cell
proliferation and increased apoptotic cell death were
also observed [12,25]. Since, telomerase activity is rela-
tively high in normal mammary epithelial cells as well,
the development of tumours should not be directly
related to an increased telomerase activity [29]. A
correlation has been observed between the inhibition of
cell proliferation and decreased telomerase activity in
cell lines treated with various antitumour agents [30]
and our data, from vorozole- and tamoxifen- treated
tumours, supports the above observations. In recent
clinical trials, patients with advanced breast carcinomas,
who have been treated with chemotherapy, had a sig-
nificant reduction of telomerase activity in all treated
tumours compared with non-treated tumours [31,32].

Based on the data obtained in this study, as well as on
the results from previous studies on the mechanism of
action of chemopreventive agents [33—35], we postulated
that chemopreventive agents may suppress mammary
carcinogenesis and tumor growth by at least four cel-
lular mechanisms (Fig. 4): (i) inhibiting cell prolifera-
tion, (ii)) inducing differentiation that is usually
associated with a decreased cell proliferation, (iii)
increasing cell death (apoptotic and non-apoptotic) (iv)
inducing replicative senescence in tumour cells. The first
two cellular events might be reversible, and after
removal of chemopreventive agents from the diet,
tumour cells may re-enter the cell cycle (Fig. 4, dashed
lines). SLC are in a terminal replicative arrest, and the
only alternative for them is to die by non-apoptotic cell
death.

In conclusion, we provide for the first time evidence
that cells with a SLP are present in mammary tumours
of rats and that tamoxifen, vorozole, 4-HPR or 9cRA
can increase the percentage of these cells. Thus, our data
support the hypothesis that replicative senescence is an

independent tumour suppressor mechanism, which
could potentially be used for assessing the efficacy of
various chemopreventive and antitumour agents and for
developing new strategies for the prevention and treat-
ment of cancer.
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