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that approximately one-half of the nuclear 63Niwas present in
the nucleolar fraction. Casto et a!. (7) and Pienta et a!. (36)
reported that in vitro exposure of Syrian hamster fetal cells to
NiSO4 induced morphological transformation, and Casto et a!.
(6) showed that NiSO4enhanced the susceptibility of the cells
to neoplastic transformation by a simian adenovirus. Costa (8)
observed that in vitro exposure of Chinese hamster ovary cells
to aNi3S2resulted in morphological alterations that mimicked
the changes produced by dibutynyl-cAMP.4 Costa et a!. (1 i,
i 2) demonstrated that in vitro exposures of Syrian hamster
fetal cells to aNi3S2,aNi3Se2,or nickel dust resulted in numer
ous â€˜â€˜piled-up'â€c̃olonies with disordered patterns of cellular
proliferation. The disordered proliferation that was induced by
addition of aNi3S2to cultures of Syrian hamster fetal cells was
inhibited by simultaneous addition of manganese dust (13).

In the present investigation, athymic (nude) mice, which are
deficient in immunity to heterologous tumor transplants (22),
were used to evaluate the tumonigenicity of Syrian hamster
fetal cells that had been exposed in vitro to aNi3S2.This study
demonstrates that the aNi3S2-treated cells developed into un
differentiated sarcomas following s.c. implantation in nude
mice.

MATERIALSAND METHODS

Test Compounds. Nickel subsulfide (aNi3S2;median particle
diameter, I .4 @tm)was provided by INCO Ltd. , Toronto, Ontario,
Canada, and its purity and crystal structure were verified by
emission spectroscopy and X-ray diffractometny as previously
described (i 4, 44). Amorphous nickel monosulfide (NiS) was
precipitated by addition of ammonium sulfide to a NiCI2solution
that was prepared from canbonyl-denived nickel dust and ultra
pure HCI. The amorphous NiS was devoid of crystal structure,
based upon X-ray diffnactometry. The aNi3S2and NiS powders
were sterilized by washing in acetone immediately prior to
suspension in tissue culture medium.

Experimental Animals. Pregnant Syrian golden hamsters
(Engle Laboratory Animals, Inc., Fanmensburg, Ind.) were
housed in stainless steel mesh cages. Male athymic nude mice
(NIH, Bethesda, Md.) were housed in plastic cages with steni
lized filter enclosures, which were handled in a laminar flow
cabinet to minimize exposure to pathogenic microorganisms.
The experimental animals were fed laboratory hamster or
mouse chow (Ralston Purina Co., St. Louis, Mo.) and tap water
ad libitum. The nude mice were approximately 5 weeks old,
and their body weights averaged 26 g (range, 22 to 29 g) at
the time of s.c. injection of Syrian hamster fetal cells.

Assays for In Vitro Transformation. Primary cultures of
Syrian hamster fetal cells were prepared by a modification of

4 The abbreviation used is: dibutyryl-cAMP, dibutynyl cyclic adenosine 3':S'-

monophosphate.
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ABSTRACT

In vitro exposure of Syrian hamster fetal cells to nickel
subsulfide (aNi3S2)yielded positive colony assays for morpho
logical transformation. A dose-response relationship was found
between the concentration of aNi3S2 and the incidence of
morphological transformation. Exposures of aNi3S2 induced
morphological transformation at concentrations (0.1 or 1.0 @g/
ml of culture medium) which did not impair cell plating effi
ciency. Nickel monosulfide (NiS) did not induce morphological
transformation of Syrian hamster fetal cells under the same
conditions. Clones of aNi3S2-transfonmed cells were able to
grow in soft agan medium and demonstrated increased basal
and induced activities of ornithine decanboxylase. Undiffenen
tiated sarcomas developed in 26 of 27 nude mice at the site of
s.c. injection of clones of aNi3S2-tnansformedcells. No tumors
developed in 19 control nude mice which were given s.c.
injections of nontransfonmed Syrian hamster fetal cells which
had not been exposed to aNi3S2.This study demonstrates that
fetal cells which undergo transformation following exposure to
aNi3S2 are capable of producing malignant tumors in nude
mice.

INTRODUCTION

Nickel has been implicated as a human carcinogen on the
basis of epidemiological studies of mortality from nasal sinus
and lung cancers among nickel refinery workers (17, 27, 31,
34), Certain nickel compounds, e.g., nickel subsulfide (aNi3S2)
and nickel carbonyl [Ni(CO)4], have been shown to be carci
nogenic in rats following administration by inhalation (35, 39)
or by parenteral routes (i 9, 25, 29, 43, 47). The scientific
literature that pertains to nickel carcinogenesis has been com
prehensively reviewed in recent articles and monographs (2,
24, 40-42).

The effects of nickel compounds upon mammalian cells in
tissue culture have been studied by several groups of cancer
researchers. Basrunand Gilman (3) and Swierenga and Basnur
(45) showed that in vitro exposure of cultured rat myocytes to
aNi3S2inhibited DNA synthesis and induced abnormal mitoses.
Webb and Weinzienl(46) investigated the uptake of @Ni(ll)from
its complexes with proteins and other ligands by mouse denmal
fibnoblasts in tissue culture. They found that intracellular 63Ni
in the fibroblasts was predominantly located in the nuclei and,SponsoredbyResearchGrantsES-Oi677,ES-02254,andES-Ol337from
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the method of DiPaolo et a!. (16). All incubations were per
formed at 37Â°in 5% (v/v) C02:95% air atmosphere. The tissue
culture medium was Dulbecco's modification of Eagle's mini
mum essential medium (Grand Island Biological Co., Grand
Island, N. V.) fortified with 10% (v/v) fetal bovine serum (Hy
clone serum, Bioassay Systems Inc., Cambridge, Mass.). Dul
becco's medium with fetal bovine serum is designated in this
paper as complete medium. Trypsinization was performed with
0.25% (w/v) porcine trypsin (i :250, papovavirus tested; Grand
Island Biological) in Puck's Saline A solution (NaCI, i 30 mM;
KCI, 5 mM; NaHCO3,3.3 mM;and glucose, 5 mM)with addition
of disodium EDTA (0.6 mM). For primary cultures, 5 x i 06
Syrian hamster fetal cells were plated in i 0 ml of complete
medium in plastic tissue culture plates (diameter, i 00 mm).
After the primary cultures had been incubated for 3 to 5 days,
secondary cultures were prepared by replating i x i 0@cells
in 10 ml of complete medium in tissue culture plates (diameter,
i 00 mm). After secondary cultures had been incubated for 2
days, they were treated twice with aNi3S2or NiS (2 days for
each treatment). Stock suspensions of aNi3S2and NiS (i mg/
ml) were prepared in complete medium immediately prior to
use, and the stock suspensions were serially diluted in com
plete medium to achieve the concentrations of nickel sulfides
that are specified in Table i . After treatment with nickel sul
fides, the cells were dislodged from the plate by trypsinization.
Approximately 5000 cells were suspended in 3 ml of complete
medium and seeded into 35-mm-diameter plates. The tertiary
cultures were allowed to proliferate and form colonies for 2
weeks.

For microscopic examination, the Syrian hamster fetal cells
were fixed with ethanol (95%, v/v) and stained with crystal
violet (0.5 g/liter in ethanol). The culture plates were examined
for morphological transformation by stereomicnoscopy at i 0 x
to 30x by using stringent criteria for morphological transfor
mation. A colony was considered to be â€˜â€˜transformed'â€˜only if
markedly disordered cellular growth and unequivocal overlap
ping of cells (â€˜â€˜crisscrossedpattern' â€˜)was present throughout
the colony.

Cell Cloning Technique. Colonies of aNi3S2-transformed
cells and control colonies of normal cells were selected for
cloning from tertiary cultures. Cloning was attempted only
when a colony was remote from all other colonies on the plate.
The plate was rinsed 3 times with Puck's Saline A solution, and
the colony was encircled with a sterile segment of thin-wall
rubber tubing. The cells within the segment of rubber tubing
were dislodged by trypsinization and suspended in 3 ml of
complete medium for seeding in 35-mm-diameter plates. Six
attempts at cloning an aNi3S2-transformed colony were uni
formly successful and yielded immortal cell lines. Four attempts
at cloning colonies of normal cells were unsuccessful, since
the cells did not survive the cloning procedure. Cloned cells
were tested for (a) proliferation in soft agar, (b) basal and
induced activity of ornithine decarboxylase, and (c) induction
of tumors following s.c. implantation in nude mice.

Cell Culture in Soft Agar. A solutioncontainingagar (i 2 g/
liter, Difco Laboratories, Inc., Detroit, Mich.) and Bacto-Pep
tone (4 g/liter; Difco) was prepared by boiling at 100Â°and was
subsequently equilibrated in a water bath at 45Â°.Dulbecco's
modification of Eagle's minimum essential medium was pre
pared to contain twice the customary concentrations of ingre
dients, and the 2-fold concentrated medium was equilibrated

at 45Â°.Equal volumes of the agar:Bacto-Peptone solution and
the 2-fold concentrated medium were mixed. Fetal bovine
serum was added (i 0%, v/v), and the resultant mixture was
kept at 45Â°.Four-mI volumes of the mixture were pipetted into
plastic tissue culture plates (diameter, 60 mm), and the agar
was allowed to solidify for 15 mm at 25Â°.To test the ability of
Syrian hamster fetal cells to grow in soft agar medium, i x 1O@
to 1 x 106 cells were suspended in 4 ml of another solution of
complete medium in which agar (3 g/Iiter) and Bacto-Peptone
(i g/liter) had been dissolved. The cell suspension was pipet
ted into the plastic tissue culture plate over the hardened agan
base. The layer of soft agar was allowed to become semisolid
during 30 mm at 25Â°,and the plates were then incubated at
370 for 3 weeks. The cultures were inspected for the devel

opment of colonies of at least 50 cells, suspended in the soft
agar medium.

Measurements of Ornithine Decarboxylase Activity. The
basal and induced activity of onnithine decarboxylase was
measured by the technique of Costa (9). Confluent cultures of
normal untreated cells in tertiary passage or cloned trans
formed cells were incubated in 100-mm-diameter plates for i 6
to i 8 hr in Dulbecco's medium without fetal bovine serum.
Ornithine decanboxylase activity was stimulated by addition of
either (a) Dulbecco's medium with 10% (v/v) fetal bovine serum
(complete medium) or (b) Dulbecco's medium with fetal bovine
serum (10%, v/v) plus i-methyl-3-isobutylxanthmne (0.1 mM)
(IBMIX, Aldrich Chemical Co., Milwaukee, Wis.) and dibutynyl
cAMP (Boehringer-Mannheim Corp., New York, N. V.) (i 0). At
intervals (0 to 7 hr) after the additions of serum-containing
media, cells were isolated by scraping the monolayers with a
rubber policeman. The cells were lysed by freeze-thawing, and
the lysates were centrifuged at 50,000 x g for i 0 mm at 4Â°,
as previously described (i 0). The supernatant solutions were
assayed (a) for ornithine decarboxylase activity by measuring
the liberation of â€˜4CO2from L-[i-'4C]ornithine (New England
Nuclear, Boston, Mass.), as previously described (9, i 0), and
(b) for protein concentration by the method of Lowry et a!. (32)
with bovine serum albumin as the standard.

Tumor Induction in Nude Mice. Confluentculturesof cloned
cells were dislodged by trypsinization and suspended in corn
plete medium. Untreated cultures of Syrian hamster fetal cells
in third, fourth, or sixth passages were likewise suspended in
complete medium and tested as controls. Each cell suspension
was administered in male nude mice (2 to 5 mice/group) as a
single s.c. injection in the dorsal interscapular region in dos
ages of 5 x 1o@to 8 x 106viable cells/0.5 ml of medium. The
number of viable cells was determined by counting in a hemo
cytometer, with in vitro exclusion of trypan blue dye as the
criterion of viability. The mice were examined each week for
development of palpable tumors at the injection site. The mice
either died spontaneously onwere killed when tumors became
so large that the mice were profoundly emaciated and moni
bund. Mice which survived at least 12 weeks after the injection
were killed.

The autopsy procedure included gross and microscopic ex
amination of the injection site and major organs. Tissues were
routinely stained with hematoxylin and eosin. Selected tumors
were also studied with Masson's tnichnome stain and with
methenamine silver stain for reticulin. Selected tumors were
examined by electron microscopy. The tumor tissue was diced
in cacodylate-buffered glutaraldehyde at 0Â°and postfixed in
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Incidence of morphological transformation of Syrian hamster fetalcellsfollowing
exposure to crystalline nickel subsulfide (iNi:;S2) or amorphousnickelmonosulfide

(NiS) as determined by colonyassayCompound

ProportionofCompound
concentra- No. of cul- Surviving cob- transformed cob

tested tion (@@g/mI)tuneplates nies/plateniesControls

36 57a (4063)b 2/2045c (0.1ciNi3S2
0. 1 12 50 (32-60) 25/599e(4.2)1.0

12 49 (36-58) 40/584e(6.8)5.0
12 24 (8â€”31) 26/291e(8.9)10.0
6 3 (0-6) 4/20(20)NiS

0.1 6 34 (28-36) 1/203(0.5)1.0
6 44 (39-48) 0/261(0.0)5.0
6 49 (42-56) 2/291 (1.0)

Ornithine decarboxylase activity of untreated Syrian hamster fetal cells and of cloned cells thathaddeveloped
morphological transformation following in vitro exposure toaNi3S2Ornithine

decarboxylase activity was measured at 7 hr after addition of the specified media tocultureswhich
had been depleted of fetal bovine serum for 18hr.Ornithine

decarboxylase activity (nmol CO2/hr/mg protein) in addedDulbeccosmediumWith

fetal bovineserumWithout
fetal bovine se- plus dibutyryl-cAMP and

Test cells rum With fetal bovine senumaIBMlxbControls

O.i3@(001021)d 009c (0.07â€”0.i1)d 0.27c (025029)d e
Clone 1 0.57 (0.48â€”0.73)' 5.22 (5.09_5.36)el 759 (7.41_7.74)e
Cbone2 1.32 (1.24-1.40/ 1.22 (1.09â€”1.35)' 6.06 (5@37_7@03)ef
Clone 5 0.91 (0.46â€”1.26)' 1.20 (1.08-1 .38)' 2.59 (2.19_3.00)e I

Sarcomas !nduced by !mp!anted Ce!!s Exposed in Vitro to aNi3S2

cacodylate-buffered osmium tetroxide (2%, w/v). The tissue
was embedded in Epon:Araldite and stained with lead citrate
and uranyl acetate. Electron microscopy was performed by
using a Philips-300 electron microscope at 60kV.

RESULTS

Morphological Transformation. The incidence of monpho
logical transformation of Syrian hamster fetal cells following in
vitro exposure to aNi3S2or NiS is summarized in Table 1. Only
2 of 2045 control colonies of untreated Syrian hamster fetal
cells were classified as transformed. Exposure of aNi3S2 in
duced morphological transformation at concentrations (0. 1 or
i .0 @.ig/mlof culture medium) which did not impair cell plating
efficiency, suggesting that selective toxicity was not responsi
ble for the transformation. A dose-response relationship was
observed between aNi3S2concentrations and the incidences
of morphological transformation, but the increase in transfor
mation was not directly proportional to the increase in @Ni3S2
concentration. There was no significant increase in the mci
dence of morphological transformation of NiS-treated cells.
Typical colonies of transformed and nontransformed Syrian
hamster fetal cells that developed morphological transforma

Table 1

tion following in vitro exposure to aNi3S2are shown in Figs. i
and 2.

Perpetuation of Cells In Tissue Culture. Six attemptswere
made to derive clones of cells from colonies of Syrian hamster
fetal cells that underwent morphological transformation follow
ing in vitro exposure to aNi3S2.All 6 attempts were successful,
and the 6 clones of aNi3S2-treatedcells were each propagated
for more than 100 passages at a split ratio of approximately 1:
20. In 10 control experiments, attempts were made to perpet
uate cultures of untreated Syrian hamster fetal cells. None of
these attempts was successful. The nontransformed cells sun
vived no more than i 0 to 15 passages at a split ratio of
approximately i :20. None of the cultures of nontransformed
cells escaped senescence. Four unsuccessful attempts were
made to clone nontransfonmed colonies of Syrian hamster fetal
cells from untreated cultures. Although 2 transformed colonies
developed in the untreated cultures (Table i ), neither of the 2
morphologically transformed colonies of untreated cells was
sufficiently remote from neighboring colonies to permit isolation
and attempted cloning.

Growth in Soft Agar Medium. The 6 clones of aNi3S2-tnans
formed cells were tested for their abilities to proliferate in soft
agar medium. All clones produced numerous colonies which
contained at least 50 cells during 3 weeks of incubation in soft
agar, and 5 of the 6 clones produced large colonies which
contained hundreds of cells which could readily be seen with
out microscopy (Fig. 3). Control cells from untreated tertiary
cultures did not produce any colonies in soft agar under
identical experimental conditions.

Ornithine Decarboxylase Assays. Measurements of orni
thine decarboxylase activity were performed upon lysates of 3
clones of aNi3S2-treated cells and upon control cells from an
untreated tertiary culture (Table 2). The basal levels of ornithine
decarboxylase activity in the 3 clones of aNi3S2-treated cells
were significantly higher than those in the untreated control
cells. Addition of medium which contained fetal bovine serum
resulted in 9-fold induction of onnithine decanboxylase activity
in clone 1, but it did not cause significant induction of ornithine
decanboxylase activity in clones 2 or 5 or in the control cells.
Addition of medium which contained fetal bovine serum, dibu
tyryl-cAMP, and i -methyl-3-isobutylxanthine resulted in 3- to
i 3-fold induction of ornithine decarboxylase activities in the 3

Table 2

a Mean.

b Numbers in parentheses, range.

C Ratio of the number of transformed colonies to the total number of colonies

on all of the culture plates.
d Number in parentheses, percentage.

8@ < oooos versus corresponding ratio for control plate, computed by the

Fisher-Yates x2 test (20).

a Fetal bovine serum (1 0%. v/v) added to Dulbeccos tissue culture medium.
b Dulbeccos tissue culture medium with fetal bovine serum (1 0%, v/v), dibutyryl-cAMP (0.5 mM), and

1-methyl-3-isobutylxanthine (IBMIx, 0. 1 mM).
C Mean of 3 determinations.

ciNumbers in parentheses, range.

e ,@< o.os versus corresponding basal value in the same batch or clone of cells which were incubated
in Dulbecco's medium without fetal bovine serum, computed by the Mann-Whitney U test (20).

I@ < o.os versus corresponding value in control cells, computed by the Mann-Whitney U test (20).
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Sarcomas in nude mice at sites of s.c. implantation of untreated Syrianhamsterfetal
cells and of cloned cells that had developed morphologicaltransformationfollowing

in vitro exposure toaNi3S2Viable

Sarcomacells/
incidence Latent pe- Survival period

Test Cells mouse by 12 wk8 nod (wk)(wk)Control

cultures1

(passage3) 5 x i0@0/22(passage3)
1 x 106 0/4 11(8â€”12)3(passage3)
5 x 10' 0/3 10(9-12)4(passage4)
2x10' 0/2 12(12â€”12)5(passage4)
6x10' 0/4 12(12â€”12)6(passage6)
2 x 106 0/4 12(12â€”12)All

controls 0/ 19 12(8â€”12)aNi3S2-treated

culturesClone

1 5 x 1o@ 5/5 8d (6â€”10) 11(9â€”12)2
x 10' 2/3 6 (6-6) 9(8-10)4
x 106 4/4 3 (2â€”4) 7(6â€”8)Clone

2 9 x 106 4/4 4 (4_4) 8(7â€”9)Clone
3 3 x 10Â° 4/4 6 (6â€”6) 11(9-12)Clone
4 6 x 106 4/4 4 (4â€”4) 7(5â€”9)Clone
5 7 x 106 3/3 3 (2â€”4) 7 (7â€”7)

All clones 26/27e 5 (2â€”10) 9 (6â€”12)@

M. Costa et a!.

clones of aNi3S2-tneatedcells but caused only 2-fold induction
of ornithine decanboxylase activity in the control cells, corn
pared to the basal activities of ornithine decanboxylase when
corresponding cultures were incubated in Dulbecco's medium
without additions of fetal bovine serum or ancillary inducing
agents.

The time course of induction of ornithine decanboxylase
activity was studied in clone i of aN3S2-treated cells and in
control cells from an untreated tertiary culture (Chart 1). At 5
hr after addition of medium containing fetal bovine serum, there
was i 4-fold induction of ornithine decanboxylase activity in the
aN3S2-tneatedcells. At 5 hr after addition of medium containing
fetal bovine serum, dibutyryl-cAMP, and 1-methyl-3-isobu
tylxanthine, the induction of ornithine decarboxylase activity
was 20-fold, compared to the basal activity in clone 1. The
untreated control cells evoked only slight increases in ornithine
decarboxylase activity following serum repletion, with or with
out the additions of dibutynyl-cAMP and 1-methyl-3-isobu
tylxanthine.

Induction of Sarcomas in Nude Mice. Five of the 6 clones
of aNi3S2-treatedcells were administered to groups of athymic
nude mice by s.c. implantation,5 and local tumors developed in
26 of the 27 recipients (Table 3). In contrast, no tumors
developed in 19 control mice that received s.c. implantations
of normal untreated Syrian hamster fetal cells in early on late
passages. The latent period from implantation of aNi3S2-treated
cells to initial palpation of a tumor at the implantation site
averaged 5 weeks (median, 4 weeks; S.D., 2 weeks). The
survival period in the 26 tumor-bearing nude mice averaged 9
weeks (median, 9 weeks; S.D., 2 weeks). In contrast, the
survival period in the i 9 control nude mice averaged i 2 weeks
(median, i 2 weeks; S.D., 2 weeks).

The typical appearance of a tumor-bearing nude mouse is
shown in Fig. 4. The tumors were located immediately beneath
the skin at the implantation site. At autopsy, the tumors aver
aged i .8 cm (S.D., i .2 cm) in smallest dimension and 3.4 cm
(S.D., i .4 cm) in largest dimension. The tumors were composed
of firm nodules of pink to cream-colored tissue. The tumors
were unencapsulated and adherent to the underlying fascia
and muscle. Occasionally, the overlying skin was ulcerated. No
distant metastases were found in any of the tumor-bearing
mice.

The histological appearance of the tumors was similar in all
of the tumor-bearing mice, as illustrated in Fig. 5. The tumors
were composed of closely packed arrangements of spindle
shaped cells, and they varied only in (a) degree of vasculanity,
(b) abundance of tumor giant cells, and (c) extent of necrosis.
The tumors extended through the dermis and s.c. tissues, but
they did not involve the epidermis. The nuclei of the tumor cells
were irregular and vesicular, with dense aggregates of chro
matin and marked pleomorphism characteristic of malignant
cells. Numerous mitoses were observed, including diverse ab
normal forms. The cytoplasm of the tumor cells was finely
granular, without cross-stniations or other specific features.
Multinucleated tumor giant cells were frequent. Connective
tissue stains of the tumors did not reveal any characteristic
cellular patterns. Collagen was abundant in intercellular
spaces. Based upon appearance by light microscopy, all tu

5 The sixth clone of aNi3S2-treated cells was not tested owing to a shortage of

nude mice.
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Chart 1. Ornithine decarboxylase activity in clone 1 of aNi3S2-treatedcells
and in control cells from an untreated culture of Syrian hamster fetal cells. The
aNi3S2-treated and untreated cells were grown to confluency and then were
incubated in serum-free medium for 17 h. Fresh culture medium was added
which contained fetal bovine serum (1 0%, v/v), with or without dibutyryl-cAMP
(dBcAMP) (0.5 mM) plus 1-methyl-3-isobutylxanthine (0. 1 mM). Following these
additions, ornithine decarboxylase activity was measured at hourly intervals.
Points. mean Â±SE. of at least 6 determinations.

Table 3

a Incidence of local sarcomas within 1 2 weeks after s.c. implantation of Syrian

hamster fetal cells.
b Mean number of weeks between s.c. implantation of cells and death. The

survival period was assumed to be 12 weeks in nude mice that were killed upon
the termination of the experiment.

C Numbers in parentheses, range.

d Mean number of weeks between s.c. implantation of cells and initial palpa

tion of a tumor nodule near the injection site.e@ <@ versuscorrespondingsarcomaincidenceinnudemicethat
received control cells, computed by the Fisher-Yates x2 test (20).

I@ <@ versus corresponding survival period in nude mice that received

control cells, computed by the Mann-Whitney U test (20).

mors were classified as undifferentiated sarcomas.
Histological examination of the organs of the tumor-bearing

mice did not reveal any metastatic foci of tumor cells. Conges
tion and autolytic changes were frequently noted in the lungs,
liver, spleen, and kidneys of tumor-bearing mice, but these
changes were also found in control mice. Areas of hepatic
necrosis were occasionally observed in the livers of tumor
bearing and control mice.

Electron microscopy revealed that the nuclei of the tumor
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cells were pleomorphic, with prominent nucleoli and dense
aggregation of heterochromatin, particularly at the nuclear
periphery (Fig. 6). Marked infoldings of the nuclear membranes
were evident. The cytoplasm of the tumor cells contained
abundant polyribosomes, strands of rough endoplasmic retic
ulum, and scattered mitochondnia. No bundles of myofibnils
were identified in the cytoplasm, although filamentous material
was frequently observed. Only a few lipid droplets were noted.
The cell membranes of adjacent tumor cells were closely
aligned with scattered zones of loose attachment, but no des
mosomal structures were seen. Collagen bundles were present
in the intercellular spaces. These ultrastructural findings cor
roborated the classification of the tumors as undifferentiated
sarcomas.

DISCUSSION

Numerous investigators have demonstrated that carcino
genic organic chemicals can induce tissue culture cells to
undergo morphological transformation, with disordered pat
terns of cellular proliferation and loss of contact inhibition (4,
5, 16, 2i , 23, 28). Clones of cells which have been transformed
by in vitro exposure to organic carcinogens have been shown
inter a!ia (a) to proliferate in semisoft media; (b) to agglutinate
in the presence of certain plant lectins; and (C) in some cases,
to produce tumors in nude mice and other susceptible hosts
(i 5, 2i , 22, 33). There is growing evidence that inorganic
carcinogens can also induce in vitro transformation of tissue
culture cells. Fradkin et a!. (18) reported that in vitro exposure
to calcium chromate modified the growth behavior of BHK-2i
cells, so that the cells grew in a crisscrossed pattern and were
able to develop into large clusters in semisoft medium. Aaffetto
et a!. (37) showed in vitro exposure of mouse fetal cells to
chromic chloride or potassium dichnomate resulted in foci of
piled-up cells with random orientation, often surrounded by
giant cells. Casto et a!. (7) observed morphological transfon
mation of Syrian hamster fetal cells that were exposed in vitro
to As(III), Be(lI), Cd(II), Cr(Vl), Ni(lI), or Pb(II) compounds, and
Pienta et a!. (36) noted morphological transformation of Syrian
hamster fetal cells that were exposed in vitro to NiSO4 and
BeSO4. As noted in the â€˜â€˜Introduction,'â€C̃osta et a!. (i i â€”13)
observed that in vitro exposure of Syrian hamster fetal cells to
aNi3S2stimulated morphological transformation under a variety
of experimental conditions. The present study provides the first
demonstration that fetal cells which become transformed in
vitro following exposure to an inorganic carcinogen are capable
of developing into malignant tumors in nude mice. The undif
ferentiated sarcomas that were observed in the present study
were very similar to those reported by Sundenman et a!. (44)
after i.m. administration of aNi3S2 to Syrian hamsters. The
induction of sarcomas in nude mice supports the hypothesis
that morphological transformation of Syrian hamster fetal cells
represents in vitro carcinogenesis.

Morphological transformation of aNi3S2-treated cells was
attended by biochemical transformation, as manifested by
changes in the basal activity and inducibility of ornithine de
carboxylase. This observation is consistent with previous re
ports that increased activities of ornithine decarboxylase occur
in tissue culture cells following transformation by oncogenic
viruses (1 , 26, 30). Morphological transformation of aNi3S2-
treated Syrian hamster fetal cells was also attended in this

study with ability to form colonies in soft agan medium. Such
capacity to proliferate in semisoft media may help to discnimi
nate between transformed and nontransformed cells (15, i 8).
However, Stanbridge and Wilkinson (38) have recently empha
sized that the ability of cells to form colonies in soft agar
medium does not necessarily imply that the cells are tumoni
genic in animals. In the opinion of the present authors, the
most dependable criterion of in vitro carcinogenesis is the
capacity of the cells to develop into malignant tumors following
injection in animals (e.g. , nude mice) which lack immunity to
heterologous tumor cells.

Exposure of Syrian hamster fetal cells to amorphous nickel
monosulfide (NiS) did not cause morphological transformation
under the same conditions in which crystalline nickel subsulfide
(aNi3S2)significantly enhanced the incidence of morphological
transformation. The difference between the in vitro biological
effects of these 2 nickel sulfides is consistent with previous
reports of marked differences between the carcinogenicities of
NiS and aNi3S2. Gilman (i 9), Jasmin and Riopelle (25), and
Sundenman and Maenza (43) did not observe any cancers in
rats that received injections of amorphous NiS under the same
experimental conditions in which injections of aNi3S2induced
cancers in most of the rats that were tested. The present
authors envision that the tissue culture system that was used
in this study may provide an experimental approach to compare
the cellular uptake and metabolism of aNi3S2and NiS and to
explore the molecular mechanisms of nickel carcinogenesis.

Note Added in Press

After this manuscript was submitted for publication, DiPaoboand Casto re
ported morphological transformation of Syrian hamster fetal cells following in
vitro exposure to crystalline aNi3S2.Under the same conditions, amorphous NiS
did not induce morphological transformation. The findings of DiPaolo and Casto
are in agreement with the results of the present study. DiPaolo, J. A. and Casto,
B. C. Quantitative studies of in vitro morphological transformation of Syrian
hamster fetal cells by inorganic metal salts. Cancer Aes., 39: 1008â€”i013, 1979.
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Fig. 1. Colony of Syrian hamster fetal cells that developed morphological transformation following in vitro exposure to aNi3S2(1.0 pg/mI of culture medium for 4
days). The cells were neplated in a tissue culture plate and incubated for 2 weeks at 37Â°in 5% (v/v) CO2.Crystal violet, x 20.

Fig. 2. Normal colony of Syrian hamster fetal cells that was treated in the same manner as specified in Fig. 1 except that the cells were not exposed to aNi3S2.
Crystal violet, x 20.

Fig. 3. Colony of clone 1 Syrian hamster fetal cells which had been exposed in vitro to aNi3S2(see Fig. 2). The cloned cells were replated in soft agar medium and
incubated for 3 weeks at 37Â°in 5% (v/v) CO2. The soft agar plate was photographed by indirect illumination. Unstained, x 20.

Fig. 4. Nude mouse which was given a s.c. injection of 4 x 10' cells of clone 1 of Syrian hamster fetal cells which had been exposed in vitro to aNi3S2(see Fig.
2). The photograph (at 8 weeks following the injection) shows the typical nodular appearance of an undifferentiated sarcoma which developed at the injection site.
Approximately x 2.

Fig. 5. Photomicrograph of a typical undifferentiated sarcoma in a nude mouse. The sarcoma was induced by a s.c. injection of Syrian hamster fetal cells which
had been exposed in vitro to aNi3S2.The tumor cells are arranged in closely packed bundles which are infiltrating in several directions. H & E, x 100.

Fig. 6. Electron micrograph of a typical tumor cell in an undifferentiated sarcoma of a nude mouse. The sarcoma was induced by s.c. injection of Syrian hamster
fetal cells which had been exposed in vitro to aNi3S2. The nucleus of the tumor cell is elongated and contains a prominent nucleolus and irregular aggregates of
chromatin. The cytoplasm contains abundant polynibosomes. Lead citrate-uranyl acetate, x 8000.
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