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Abstract. Selenium is an essential dietary trace element which has anticancer properties.
Among its effects in rats, selenium has been shown to inhibit the development of carcinogen-
induced mammary tumors by interfering with the postinitiation, promotion phase of carcino-
genesis. We studied the effects of selenium on the growth of rat mammary tumor cells in
primary culture. Our objective was to determine whether selenium had any direct influence on
cell growth which might explain its influence on tumor development. Rat mammary tumors
were induced by N-nitrosomethylurea. Tumor epithelium was prepared by collagenase dispersion
and the cells were separated by Ficoll gradient centrifugation. The tumor epithelium was grown
in primary culture using a defined serum-free medium. The addition of low concentrations of
sodium selenite, less than 1.0 ug/ml, stimulated tumor cell proliferation. Protein synthesis and
the production of type IV collagen increased within the first hour of exposure, prior to any
measurable increase in DNA synthesis. Concentrations of selenite greater than 1.0 pg/ml
inhibited cell proliferation, the synthesis of protein, and the replication of DNA in a dose-
related manner. These studies demonstrated that selenium has the potential to influence the
postinitiation phase of rat mammary tumorigenesis by directly altering the growth of tumor

cells, possibly through the regulation of protein synthesis.

Medicine.
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Selenium is a nutritional trace element
(1-3) which has anticancer properties (4-7).
Epidemiological studies suggest that selenium
inhibits breast cancer in humans (5-8). Anal-
yses of human blood samples suggested that
serum selenium was correlated with disease
freedom, and decreased severity of the disease
in cancer patients (9-12). Selenium supple-
mentation also depresses the development of
experimental mammary tumors in rodents
(13-23). The cellular mechanism for seleni-
um’s anticancer activity is not certain.

Thompson and co-workers (21, 22) studied
the effects of dietary selenium in rats on the
induction of mammary tumors by the car-
cinogen N-nitrosomethylurea (NMU). They
observed that sodium selenite alone (21) or
in combination with retinyl acetate (22) de-
pressed tumor frequency and lengthened the
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latency period for tumor appearance. They
also observed that selenite was effective when
administered after the injection of NMU
during the postinitiation, promotional phase
of carcinogenesis (21).

In this laboratory, we have been studying
the regulation of growth in primary cultures
of NMU-induced mammary tumor cells.
Nothing was known about the influence of
selenium on rat mammary cells in culture.
It has been reported that various types of
cultured mouse mammary cells responded
differentially to selenium supplementation
(24-26). We studied the effects of selenium
on NMU-induced tumor cells to determine
whether selenium had direct effects upon
growth which could explain its influence on
tumor development. Our results showed that
selenium did, in fact, have biphasic effects
on growth which were accompanied by early
changes in the synthesis of cellular proteins,
including type IV collagen.

A preliminary report dealing with this
work has been published (27).

Materials and Methods. Animals. Female
BUF/N rats were purchased from Laboratory
Supply Company, Indianapolis, Indiana.
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Mammary adenocarcinomas were induced
according to the method of Gullino er al.
(28). The rats were injected with NMU (ICN
Pharmaceutical Co., Plainview, N.Y.), 50
mg/kg body wt, iy, three times at 30-day
intervals beginning at 50 days of age.

Primary cell culture. Mammary adenocar-
cinomas (two to three per preparation) were
minced with scissors and enzymatically dis-
persed by incubation with collagenase (Wor-
thington, Type II, 312 units/ml medium, 10
ml/g tissue) for 70 min at 30°C, as previously
described (29, 30). The epithelial cells were
separated by centrifugation on gradients of
Ficoll (Pharmacia Fine Chemicals) and plated
onto 16-, 35- or 100-mm tissue culture dishes
(Costar, Cambridge, Mass.) and grown in an
incubator at 37°C with an atmosphere of 5%
carbon dioxide and 95% air. The serum-free
growth medium used in these studies con-
sisted of improved minimum essential me-
dium (IMEM, Associated Biomedic Systems,
Inc., Buffalo, N.Y.) (31), Pederson fetuin
(Type III, Sigma, | mg/ml), insulin (lletin
U-80, Lilly Pharmaceutical Co., 0.1 ug/ml),
epidermal growth factor (Collaborative Re-
search, 10 ng/ml), transferrin (Sigma, 5 ug/
ml), cortisol (Sigma, 80 nAf), and gentamycin
sulfate (Sigma, 40 pg/ml). The endogenous
basal level of selenium in this medium was
0.00469 pg/ml as determined by the fluores-
cence method of Hoffman er a/. (32). Sodium
selenite (Sigma) was added to the growth
medium in concentrations ranging from 0.1
to 100 ug/ml (5.8 X 1077= 5.8 X 107* M).
Cells were counted by the addition of 0.1 M
citric acid which contained 0.1% crystal violet
(Sigma) to lyse the cells and stain nuclei
which were counted using a hemacytom-
eter (33).

Protein synthesis. The analyses of protein
and collagen synthesis were carried out as
previously described (29). Cells were incu-
bated with minimum essential medium
(MEM, GIBCO, Grand Island, N.Y.) con-
taining [2,3 3H]proline (5 pCi/ml, 29.5 Ci/
mmole, New England Nuclear, Boston,
Mass.), ascorbic acid (10 wg/ml), and B-
aminopropionitrile (10 ug/ml) for 1 hr at
37°C in an incubator with an atmosphere
containing 95% air and 5% carbon dioxide.
The cells were scraped and extracted into a
solution containing acetic acid (0.5 M) and

the protease inhibitors N-ethylmaleimide (5
mM) and tetrasodium-EDTA (5 mM). The
cell suspension and incubation medium were
transferred separately to cellulose dialysis
tubing and dialyzed exhaustively at 4°C
against the extraction solution and finally
against 0.1 N acetic acid in the absence of
EDTA and N-ethylmaleimide. The relative
amounts of newly synthesized collagen were
determined by sensitivity to highly purified
bacterial collagenase (Advance Biofractures
Corporation, Lynbrook, N.Y.) by employing
the technique of Peterkofsky and Diegel-
man (34).

DNA synthesis. Cells were incubated with
[*H]thymidine (80 Ci/mmole, 1 uCi/ml me-
dium, New England Nuclear) for 1 hr at
37°C in an incubator with 5% carbon dioxide.
The cells were washed with cold phosphate-
buffered saline and then scraped into cold
0.5 N perchloric acid. After homogenization
and centrifugation, the pellet was resuspended
in 0.5 N perchloric acid and hydrolyzed for
30 min at 90°C. After centrifugation, an
aliquot of the supernatant was analyzed for
radioactivity and another aliquot was assayed
for DNA content by the diaminobenzoic
acid fluorescence method of Kissane and
Robins (35).

Results. Primary cultures of tumor cells
were plated as nodules of tumor epithelium.
Within the first 24 hr in culture, the nodules
of epithelium attached and spread out form-
ing colonies of cells on the tissue culture
surface. The cells multiplied with a doubling
time of about 72 hr. These cultures contained
tumor epithelium which synthesized type IV
basement membrane collagen. No fibroblast
contamination was apparent as indicated by
the lack of any detectable type 1 or III
fibroblast collagen (29, 36).

Table 1 shows the influence of selenium
on the initial attachment of the cells. Low
doses of sodium selenite (less than 1 ug/ml)
had no observable effect upon attachment.
However, higher concentrations of sodium
selenite depressed cell attachment in a dose-
related manner. At 100 pg/ml, selenite was
cytotoxic. The majority of the unattached
cells were dead (greater than 95%) as judged
by the uptake of trypan blue dye (37).

Figure 1 shows the effects of selenium on
the growth of mammary tumor cells. Low
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TABLE . INFLUENCE OF SODIUM SELENITE ON THE
ATTACHMENT OF NMU MAMMARY
TuMoOR CELLS IN CULTURE?

Sodium selenite Percentage
(ug/ml) Cells per dish? control
0 (Control) 87,700 £ 4,100 100
1 86,000 + 4,200 98
10 19,800 + 4,600 23
100 4,000 = 1,400 5

“Freshly prepared tumor cells were plated in growth
medium containing 1 mAM hydroxyurea (45), which
blocks cell multiplication, and the indicated concentra-
tions of sodium selenite. Attached cells were counted 24
hr later.

®Mean + SEM (n = 3).

doses of sodium selenite, less than 1 ug/ml,
stimulated tumor cell growth, whereas 10 pg/
ml selenite inhibited growth. At 100 ug/ml,
selenite was cytotoxic and killed the tumor
cells. A similar dose of sodium sulfite had
no effect on cell number.

The influence of selenite on the synthesis
of protein is shown in Table II. Depending
on the particular cell preparation, type IV
collagen accounted for 5-8% of the newly
synthesized protein. Low concentrations of
selenite which stimulated growth, stimulated
protein synthesis and the production of col-
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FI1G. 1. Influence of sodium selenite on the growth of
cultured mammary tumor cells. Cells were prepared
from NMU-induced mammary tumors and plated in
serum-free growth medium. Twenty-four hours later the
plating medium was replaced with experimental media
containing the indicated doses of sodium selenite (open
bars). Sodium sulfite (100 ug/ml, crossed bar) was added
to one series of control cultures. Cells were counted at
the start of the experiment (Day 0) and 4 days later.
Results represent the means and standard errors for four
determinations.
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TABLE II. INFLUENCE OF SELENIUM ON PROTEIN
SYNTHESIS IN CULTURED MAMMARY TUMOR CELLS*

[’H]Proline incorporated into
protein (dpm X 107%/dish

+ SEM)
Culture Na,SeO;

fraction (ug/ml) Collagen Noncollagen
Medium 0 0.83 +0.33 185+ 54
1 1.71 £ 0.72 149 + 29

50 0.86 = 0.40 156 + 14

Cell layer 0 269 1.0 389.8 + 6.9
1 342 £22°  521.7 +27.6°
50 19.8 + 1.1*  315.6 £ 23.0%

4 Cultures of tumor cells (# = 3) growing on 100-mm
dishes were incubated with [*H]proline (5 uCi/mi) and
the indicated doses of sodium selenite for 1 hr at 37°C.
Newly synthesized collagen was measured in the extracted
protein by sensitivity to purified bacterial collagenase
(34).

5 p < 0.05 vs control lacking added selenium.

lagen. Higher concentrations of selenite which
blocked growth depressed the incorporation
of proline into protein. These results suggested
that selenium had the capacity to bring about
rapid changes in the rate of protein synthesis.
Significant differences were observed within
1 h. Similar studies using 4- to 5-hr exposure
periods produced similar results.

The influence of selenium on the incor-
poration of [*H]thymidine into DNA is
shown in Fig. 2. The toxic doses of selenite
had a relatively quick effect on DNA synthe-
sis. A significant decrease in the rate of
incorporation was measured within the first
hour of exposure. At concentrations of sele-
nium which stimulated both growth and
protein synthesis, no enhancement of DNA
synthesis was observed within the first 5 hr
of exposure.

Discussion. The induction of cancer is a
multistage process. The first stage, initiation,
involves alteration of the genome by a car-
cinogen with the formation of latent tumor
cells. The second stage involves a complex
series of events culminating in the outgrowth
of the initiated cells and the formation of a
tumor mass (46). The mechanism of seleni-
um’s anticancer effect is not certain. Several
studies suggest that selenium influenced pro-
motion as well as the initiation stages
(13-23). The antipromotion effects of sele-
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F1G. 2. Influence of selenium on the replication of
DNA in cultured mammary tumor cells, Media were
removed from 3-day-old cultures and replaced with fresh
media containing the following concentrations of sele-
nium: No Na,SeO;, open bars; |1 ug/ml Na,SeQ;, verti-
cally striped bars; 50 pg/ml Na,SeOs, diagonally-crossed
bars. The incorporation of [*H]Jthymidine was measured
over 1-hr periods, as indicated, after the media replace-
ments. Results represent the means + SEM of four de-
terminations.

nium could be due to direct effects on mam-
mary cells or indirect effects, for example,
stimulation of the immune response (38, 39)
or alterations in the hormonal or nutritional
status of the host. The results reported here
showed that the addition of selenite to culture
media had direct cellular effects on the growth
of NMU-induced tumor epithelium. Low
doses of selenite stimulated cell growth and
protein synthesis whereas higher doses were
inhibitory. Medina and co-workers (25, 26)
and Chatterjee and Banerjee (24) have ob-
served similar results in certain cultured
mouse mammary cells. The simplest model
for an anticancer effect during tumor pro-
motion would be that selenium alters the
growth of tumor cells directly.

We observed that the growth of the rat
mammary tumor cells was stimulated at con-
centrations of selenite less than 1.0 ug/ml. In
separate studies, selenite concentrations as
low as 0.001 ug/ml had significant growth
stimulating effects (unpublished results).
Concentrations greater than approximately
1.0 ug/ml (5.8 X 107® M) inhibited growth

in a dose-related manner. Medina and co-
workers (25, 26) studied the influence of
selenite on the growth of several types of
mouse mammary cells. Selenite at 5 X 1078
M stimulated the growth of normal mouse
mammary cells. Certain preneoplastic and
tumor cell lines were stimulated, others were
not. At 0.5-1 X 107> M, selenite generally
inhibited the growth of normal mouse mam-
mary cells and the cell lines (25, 26). Addi-
tionally, we have studied certain human
breast cancer cells lines (MCF-7, ZR75-1,
MDA 231). Growth inhibition was observed
at 0.1-1.0 ug/ml selenite (40). By comparison,
the NMU-induced rat mammary tumor cells
required a somewhat higher concentration of
selenium to inhibit growth. This slightly lower
sensitivity may be due to the relatively slow
growth rate of these cells coupled with the
limited longevity (1 week) of this type of
primary cell culture system.

The mechanism of selenium’s influence
on cell growth is not understood. We observed
that selenite altered the rates of protein syn-
thesis in rat mammary tumor cells in a
biphasic manner. This effect was measurable
soon after the addition of selenite. Previous
studies in vivo and in culture using NMU-
induced tumors showed that cell proliferation
and the replication of DNA were sensitive to
specific inhibitors of collagen production.
This suggested a role for type IV collagen
synthesis in the proliferation of these tumors
cells. In line with selenium’s effects on protein
synthesis, selenite altered type IV collagen
production in a biphasic manner and it is a
possibility that the mechanism of selenium’s
anticancer action could involve early changes
in the synthesis of certain specific proteins
such as collagen.

Understanding the mechanism whereby
selenium regulates protein synthesis and cell
division will require further study. We have
been considering one possibility, that sele-
nium alters the levels of total cellular gluta-
thione (41). Our preliminary measurements
indicate that sodium selenite has a biphasic
influence on the levels of cellular glutathione
in cultures of human breast cancer (MCF-7
and MDA 231) cells (41) and in primary
cultures of NMU-induced rat tumor cells.
(unpublished). This tripeptide is involved in
several cellular processes including antioxi-
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dation (with selenium), conjugation reactions,
amino acid transport, and protein synthesis
(42, 43). And it is a rather old concept that
fluctuating cellular sulfhydryl levels may be
involved in the regulation of cell division (44).

15.

16.

. Schwarz K, Foltz CM. Selenium as an integral part

of factor 3 against dietary necrotic liver degeneration.
J Amer Chem Soc 79:3292-3293, 1957.

. Van Rij AM, Thomson CD, McKenzie JM, Robinson

MF. Selenium deficiency in total parenteral nutrition.
Amer J Clin Nutr 32:2076-2085, 1979.

. McKeehan WL, Hamilton WG, Ham RG. Selenium

is an essential trace nutrient for the growth of W1-
38 diploid human fibroblasts. Proc Natl Acad Sci
USA 73:2023-2027, 1976.

. Frost DV, Lish PM. Selenium in biology. Annu Rev

Pharmacol 15:259-284, 1975.

. Griffin AC. Role of selenium in the chemoprevention

of cancer. Adv Cancer Res 29:419-442, 1979.

. Schrauzer GN. Selenium and cancer: Historical de-

velopments. In: Spallholz JE, Martin JL, Ganther
HE, eds. Selenium in Biology and Medicine. West-
port, Conn., AVI Publishing, pp98-102, 1981.

. Shamberger RJ, Tytko SA, Willis CE. Antioxidants

and cancer. VI. Selenium and age-adjusted human
cancer mortality. Arch Environ Health 31:231-235,
1976.

. Shamberger RJ. Relationship of selenium to cancer.

Inhibitory effect of selenium on carcinogenesis. J
Natl Cancer Inst 44:931-941, 1970.

. Broghamer WL, McConnell KP, Blotcky AJ. Rela-

tionship between serum selenium levels and patients
with carcinoma. Cancer 37:1384-1388, 1976.

. McConnell KP, Jager RM, Bland KI, Blotcky AJ.

The relationship of dietary selenium and breast
cancer. J Surg Oncol 15:67-70, 1980.

. McConnell KP, Broghamer WL, Blotcky AJ, Hart

0OJ. Selenium levels in human blood and tissues in
health and in disease. J Nutr 105:1026-1031, 1975.

. McConnell KP, Jager RM, Higgins PJ, Blotcky AJ.

Serum selenium levels in patients with and without
breast cancer. In: Van Eys J, Seelig MS, Nichols
BR, eds. Nutrition and Cancer. Jamaica, N.Y., SP
Medical and Scientific Books, pp195-197, 1978.

. Ip C. Prophylaxia of mammary neoplasia by selenium

supplementation in the initiation and promotion
phases of chemical carcinogenesis. Cancer Res 41:
4386-4390, 1981.

. Ip C. Factors influencing the anti-carcinogenic efficacy

of selenium in dimethylbenz(a)anthracene-induced
mammary tumorigenesis in rats. Cancer Res 41:
2683-2686, 1981.

Ip C, Ip MM. Chemoprevention of mammary tu-
morigenesis by a combined regimen of selenium and
vitamin A. Carcinogenesis 2:915-918, 1981.

Ip C, Ip MM, Kim U. Dietary selenium intake and

20.

21.

22.

23.

25.

26.

217.

28.

29.

30.

37

growth of the MT-W9B transplantable rat mammary
tumor, Cancer Lett 14:101-107, 1981.

. Ip C, Sinha D. Anticarcinogenic effect of selenium

in rats treated with dimethylbenz(a)anthracene and
fed different levels and types of fat. Carcinogenesis
2:435-438, 1981.

. Medina D, Shepherd F. Selenium-mediated inhibition

of 7,12-dimethylbenz(a)-anthracene-induced mouse
mammary tumorigenesis. Carcinogenesis 2:451-455,
1981.

. Schrauzer GN, Kuehn K, Hamm D. Effects of

dietary selenium and of lead on the genesis of
spontaneous mammary tumors in mice. Biol Trace
Elem Res 3:185-196, 1981.

Schrauzer GN, White DA, Schneider CJ. Inhibition
of the genesis of spontaneous mammary tumors in
C;H mice: Effects of selenium and selenium-antag-
onistic elements and their possible role in human
breast cancer. Bioinorg Chem 6:265-270, 1976.
Thompson JH, Becci PJ. Selenium inhibition of
N-methyl-N-nitrosourea-induced mammary carci-
nogenesis in the rat. J Natl Cancer Inst 65:1299-
1301, 1980.

Thompson JH, Meeker LD, Becci PJ. Effect of
combined selenium and retinyl acetate treatment on
mammary carcinogenesis. Cancer Res 41:1413-1416,
1981.

Watrach AM, Milner JA, Watrach MA. Effect of
selenium on growth rate of canine mammary carci-
noma cells in athymic nude mice. Cancer Lett 15:
137-143, 1982.

. Chatterjee M, Banerjee MR. Selenium mediated

dose-inhibition of 7,12-dimethylbenz(a)anthracene-
induced transformation of mammary cells in organ
culture. Cancer Lett 17:187-195, 1982.

Medina D, Lane HW, Tracey CM. Selenium and
mouse mammary tumorigenesis: An investigation of
possible mechanisms. Cancer Res (Suppl) 43:2460S-
24648, 1983.

Medina D, Osborn CJ. Differential effects of selenium
on the growth of mouse mammary cells in vitro.
Cancer Lett 13:333-344, 1981.

Lewko WM, McConnell KP. Biphasic influence of
selenium on cell growth and the synthesis of collagen
in cultured mammary tumor cells. Fed Proc 41:623,
1982.

Guillino PM, Pettigrew HM, Grantham FH. N-
nitrosomethylurea as a mammary carcinogen in rats.
J Natl Cancer Inst 54:401-414, 1975.

Lewko WM, Liotta LA, Wicha MS, Vonderhaar
BK, Kidwell WR. Sensitivity of N-nitrosomethylurea-
induced rat mammary tumors to cis-hydroxyproline,
an inhibitor of collagen production. Cancer Res 41:
2855-2862, 1981.

Wicha MS, Liotta LA, Kidwell WR. Effects of free
fatty acids on the growth of normal and neoplastic
rat mammary epithelial cells. Cancer Res 39:426—
435, 1979.



38

31.

32.

33.

34,

3s.

36.

37.

38.

SELENIUM AND CULTURED

Richter A, Sanford KK, Evans VJ. Influence of
oxygen and culture media on plating efficiency of
some mammalian tissue cells. J Natl Cancer Inst 49:
1705-1712, 1972.

Hoffman L, Westerby RJ, Hirdiroglou M. Precise
fluorometric microdetermination of selenium in
agricultural materials. J Assoc Off Anal Chem 51:
1039-1042, 1968.

Sanford KK, Earle WR, Evans VJ, Waltz HK,
Shannon JE. The measurement of proliferation in
tissue cultures by enumeration of cell nuclei. J Natl
Cancer Inst 11:773-796, 1951.

Peterkofsky B, Diegelman R. Use of a mixture of
proteinase-free collagenases for the specific assay of
radioactive collagen in the presence of other proteins.
Biochemistry 10:988-994, 1971.

Kissane JM, Robins E. The fluorometric measure-
ment of DNA in animal tissues with special reference
to the nervous system. J Biol Chem 233:184-189,
1938.

Bano M, Lewko WM, Kidwell WR. Characterization
of rat mammary tumor cell populations. Cancer Res
44:3055-3062, 1984,

Tennant JR. Evaluation of the trypan blue technique
for determination of cell viability. Transplantation
2:685-694, 1964,

Abdullaev GB, Gasanou GG, Ragimov RN, Teply-
akova GV. Mekhitiev MA, Dzafarov Al Antineo-
plastic activity of selenium compounds. Dokl Akad
Nauk Az SSR 29:18, 1973.

MAMMARY TUMOR CELLS

39.

40.

41.

42.

43.

44.

45.

46.

Spallholz JE. Selenium: What role in immunity and
immune cytotoxicity? In: Spallholz JE, Martin JL,
Ganther HE, eds. Selenium in Biology and Medicine.
Westport, Conn., Avi Publishing, pp103-117, 1981.
Lewko WM, Winn D, McConnell KP. Effect of
sodium selenite on growth and protein synthesis in
cultured human breast cancer cells. Fed Proc 42:
669, 1983.

Lewko WM, Winn DE, McConnell KP. Influence
of selenium on cell growth and glutathione levels in
cultured breast cancer cells. Fed Proc 43:793, 1984.
Kosower NS, Kosower EM. The glutathione status
of cells. Int Rev Cytol 54:109-160, 1978.

Meister AS, Anderson ME. Glutathione. Annu Rev
Biochem 52:711-760, 1983.

Rapkine L. Sur les processus chimiques au cours de
la division cellulaire. 1I. Nature et cinétique de la
réaction entre les groupements -SH et I’acide mono-
iodoacétique. J Clin Phys 33:493-506, 1936.
Chang HL, Baserga R. Time and replication of genes
responsible for a temperature sensitive function in a
cell-cycle specific TS mutant from a hamster cell
line. J Cell Physiol 92:333-344, 1977.

Foulds L. Neoplastic Development. New York, Ac-
ademic Press, 1975.

Received October 4,1985. P.S.E.B.M. 1985, Vol. 180.
Accepted April 18, 1985.



