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fibroblast-like cells in parallel orientation, whereas trans
formants of this cell line grow as shortened cells in random
orientation (8). In addition to these morphological parame
tens, clones showing alterations were also tested for trans
formed growth behavior by culturing in Methocel (7, 9). A
salt of hexavalent chromium was used as the stimulus to
transformation, because this ionic form of the metal has
been associated with reports of chromium carcinogenicity
(6).

MATERIALS AND METHODS

Cells were cultured in Dulbecco's modification of Eagle's
medium supplemented with 10% calf serum (Colorado
Serum Company, Denver, Cob.), penicillin, 100 units/mI,
and streptomycin, 100 zg/ml (Grand Island Biological Co.,
Grand Island, N. Y.). The pH was maintained at 7.2 by
equilibration with 10% CO2 in air; the temperature was
held at 37Â°.

Calcium chromate (CaCrO4.2H2O) was obtained from K
& K Laboratories, Plainview, N. Y. Working solutions of
chromate were prepared from a stock solution containing 5
mg of calcium chromate pen 40 ml water. Complete solution
of the salt was accomplished by heating.

Plastic tissue culture dishes (60 mm in diameter; Falcon
Plastic Co., Oxnard, Calif.) were used for all experiments.
At each cell passage, the cultures were rinsed twice with
phosphate-buffered saline 0.01 M sodium phosphate buffer
(pH 7.0) and 0. 15 M sodium chloride and then trypsinized
in 2 ml of 0.1% trypsin (8 mm), after which appropriate
aliquots of the trypsinized cell suspension were transferred
to fresh culture dishes. The medium was changed twice
weekly; the 1st time within 24 hr to rid the new plate of the
trypsin, and a 2nd change occurred 3 or 4 days later.

BHK21 cells were obtained from Dr. Claudio Basilico of
New York University Medical Center. Prior to treatment of
the cells with chromium, toxicity tests were carried out to
determine the concentration of the metal that would be
compatible with near normal growth rates and still be high
enough to afford the greatest chance for transformation.
Chromate concentrations determined in these toxicity trials
(see â€œResultsâ€•)were then used in the transformation
experiments.

Both control (C)2 and chromate-treated (CT) groups were

2 Throughout this report the cells incubated in chromate-free medium

are designated control or C-cells. Those exposed to chromate-containing
medium are termed chromate-treated or CT cells. Cells exposed to medium
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SUMMARY

Concentrations of 0.25 and 0.5 @g/mlcalcium chromate
(CaCrO4 -2H,O) dissolved in Dulbecco's medium were
found to alter the growth behavior of BHK21 cells in
culture. Treated cells grew as shortened fibroblasts and in
random orientation. The changes detected during the first
two weeks of culture in the presence of the metal became
more pronounced as the number of growth passages in
creased. In addition to the alterations noted above, chro
mate-treated cells grew into large clusters in Methocel (an
alternative technique to the agar suspension system), while
untreated cells underwent, at most, only one or two

divisions in Methocel. These alterations in growth proper
ties were irreversible and persisted after removal of the
treated cells from chromate-containing medium, suggesting
that a heritable change had occurred as opposed to a
transient, chromate-dependent alteration of cell growth.
This experimental observation suggests that chromate salts
and perhaps salts of other metals can transform BHK21
cells in vitro or can select for spontaneously transformed
cells.

INTRODUCTION

Metals have received comparatively little experimental
study as carcinogens, although there is epidemiological
evidence to indicate that some metals may have this
property (6). Chromium carcinogenesis is of potential
interest in view of human exposure to this metal in
chromium mining and in industrial applications utilizing
chromium. Workers in chromate production plants have
been reported to have a higher incidence of lung cancer than
does the general population, and there is also an increased
incidence of lung tumors in men employed as electrolytic
chromium platers (6).

In the present study, BHK2I cells were treated with
calcium chromate and monitored for morphological altera
tions and changes in growth behavior associated with
transformation of cell lines by established carcinogenic
stimuli (1â€”5). Normal BHK21 cells grow as elongated
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maintained in tetnaplicate for 25 passages. The replicate
cultures permitted evaluation of the reproducibility of
changes in morphology and growth induced by chromate
ions, above any background of spontaneous mutation. A
volume of suspension containing approximately 3 x l0@
cells was inoculated into each ofeight 60-mm dishes to serve
as the 4 C subgroups (2 dishes/subgroup); whereas, approxi
mately 4 x l0@cells were inoculated pen dish in the case of
CT subgroups. The CT cells were grown with 0.5 zg of
chromate salt pen ml (high concentration) and are hereafter
referred to as CT-H. The chromate-containing medium was
introduced into CT-H cultures within 24 hT after initial
seeding of cells. A 2nd tetraplicate group of CT cells was
grown in the presence of 0.25 sg chromate salt per ml
(CT-H/2). These cultures were started 3 weeks after
the CT-H group and, except for the concentration of metal,
were treated in identical fashion.

All cultures were passed weekly. Greater numbers of CT
cells were inoculated than of C cells in order to compensate
for chromate cytotoxicity. One week after passage, the
number of cells in C and CT dishes appeared to be similar,
as judged by microscopic observation. At each cell passage,
1 of the pained dishes in each subgroup was fixed with
formalin fumes and stained with hematoxylin for micro
scopic observation of morphological changes.

Random C cells and CT cells were grown in Methocel
(Dow Chemical Co., Midland, Mich.), according to the
methods of Stoker (7, 9). Appropriate modifications were
made in order to include chromate salt in the medium of CT
cells growing in Methocel. Colonies that grew to significant
size in Methocel (a feature of cell transformation) were
recovered by selecting cell clusters with sterile capillary
pipets and transferring them into tissue culture dishes
containing regular growth medium. The following day, after
the cell clusters had settled and the cells were attached and
spread out on the substratum, 2 ml of0.l% trypsin (Grand
Island Biological Co.) were added to disaggregate the clone
and disperse the cells evenly over the plate. Thereafter, the
transformants were subcultured without further exposure to
chromate salt and observed for persistence of altered
morphology and ability to grow when necultured in Metho
cel.

RESULTS

Toxicity of Calcium Chromate as Measured by Growth
Rate. A volume of suspension containing approximately 2
x l0@ cells was seeded into each of 14 cultures. Within 24

hr, the medium was changed and calcium chromate was
added to duplicate cultures at concentrations of 0.0, 0.5, 1,
2, 3, 4, and S @sg/ml.Five days later, the cells were counted.
There were 50 times as many cells in the control cultures as
in those exposed to 2 sg/ml; higher concentrations of

containing 0.5 @ig/mlofcalcium chromates, the higher concentration, were
designated CT-H, while those exposed to one-half this concentration (0.25
jsg/ml) were referred to as CT-H/2. Each suspension and the replating of
cells is referred to as a passage or P. with the number of passages after the
original plating expressed an an arabic number following the letter P. Thus
the 19th resuspension and plating is discussed as P19.

calcium chromate resulted in a reduction of absolute
numbers of viable cells when compared to the initial
inoculum. A 2nd toxicity test was then carried out using
concentrations of chromate between 0 and 2 @ig/ml. A
volume of suspension containing approximately 5 x l0@
cells was inoculated into 6 cultures. Three hr later, calcium
chromate was added at concentrations of 0.0, 0.25, 0.5,
0.75, 1.0, and 2.0 zg/ml. Cells were counted 5 days later.
Similar inhibition ofgrowth was again noted at a concentra
tion of 2.0 @g/m1.Growth rate was reduced by approxi
mately two-thirds in dishes containing calcium chromate at
0.5 @g/mland by one-half at the 0.25-@g/ml concentration.
As a result of these preliminary determinations, it was
decided to use 2 concentrations of chromate in subsequent
experiments; namely, 0.25 and 0.5 @sgof calcium chromate
per ml.

Toxicity of Calcium Chromate as Measured by Plating
Efficiency. To measure plating efficiency, a volume of
suspension containing either 50, 100, or 200 control (C) cells
was seeded into a 60-mm tissue culture dish and allowed to
grow for 7 days. After fixation in formalin vapor and
staining with hematoxylin, colonies of 10 or more cells were
counted and expressed as a percentage of cell numbers
inoculated into the dish. Plating efficiency in medium
containing no calcium chromate, 0.25 jsg calcium chromate
per ml, and 0.5 sg calcium chromate per ml was determined
in 2 separate experiments. In each experiment, there were 3
replicate plates for each initial cell number in the inoculum
at each concentration. Plating efficiencies in the control
medium averaged approximately 9%, with a range of 3 to
11%. Cells growing in the medium containing 0.25 @gof
calcium chromate per ml plated with an efficiency of
roughly 10% and a range of 3 to 14%. The plating efficiency
in medium containing 0.5 @gof calcium chromate per ml
was 8%, with a range of3 to 10%. It appears from these data
that calcium chromate at the concentrations used has
limited effect on plating efficiency.

Transformation in Chromate-treated Cultures. As a gen
eral rule, both chromate concentrations used produced some
cell death during the 1st few passages. Growth was slowed
and numbers of dead cells could be observed floating in the
medium. Among surviving cells, some appeared swollen and
may have had transient impairments of osmoregulating
function. As the number of passages increased, however,
resistant variants appeared and fewer damaged and dead
cells were noted.

At Passage 2 (P2) of the CT-H group, a few clones
showed shortened fibroblasts with granular cytoplasm. Cells
at the margins of these clones showed moderately random
orientation in comparison to C colonies, which grew in
parallel array. By P4, some clones of CT-H cells still
showed normal morphology; however, more clones con
tamed randomly oriented cells. Continued passage of CT-H
cells in chromate-containing medium led to increasing
numbers of altered clones, with margins showing shortened
cells growing in random orientation.

By P14 to P16, CT-H cells became increasingly random
in orientation, a feature that was especially apparent at
clone margins (Fig. 1). In addition to this change in colonial
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morphology, cells in the centers of CT-H colonies began to
take on an epithelioid appearance (Fig. 2).

By P24, the foregoing morphological changes were
prominent in CT-H cultures. All colonies contained ran
domly oriented, shortened fibroblasts distributed through
out.

Cells in the CT-H/2 experimental groups underwent the
same morphological changes as did CT-H cells, except that
clones that were morphologically similar to the controls
persisted for a longer period oftime. However, by P20 in the
CT-H/2 group, few clones contained characteristics similar
to the controls.

The foregoing morphological changes occurred in all
subgroups of CT-H and CT-H/2; whereas, in the same
number of passages, control subgroups showed insignificant
changes.

To determine whether the morphological changes in the
experimental groups were permanent, some of the cells
grown in medium containing chromium were grown in
standard medium and observed for reversion to normal
morphology. For this purpose, 2 new subgroups were
formed from both CT-H and CT-H/2 cells at the 17th
passage. No reversion to normal morphology occurred
among any of these 4 subgroups in the course of 25 passages
in standard medium (Fig. 3).

BHK21 Cells Grown in Methocel. BHK21 cells are
anchora@e dependent; that is, they must have a solid surface
to adhere to in order to grow. Transfornied BHK21 cells
lose anchorage dependence and grow into large clusters of
cells in soft agar or in agar and Methocel-containing media,
whereas normal cells undergo only 1 or 2 divisions under
these conditions (7, 9). Loss of anchorage dependence was
determined in our experiments by growing C, CT-H, and
CT-H/2 cells in suspension culture in medium containing
Methocel (carboxymethylcellulose) layered over agar.
Under these conditions, cells were immobilized by the
Methocel while the agar prevented anchorage and spreading
of the cells on the plastic substratum. This alternative to the
agar suspension system was used because the viscous liquid
phase (Methocel) permits easy isolation and recovery of
transfonmants (7). The Methocel isolation procedure thus
becomes selective for transformants.

Control cells (P14) and chromate-treated cells (P12) from
both CT-H and CT-H/2 groups were grown in Methocel as
described above. In order to test Methocel growth charac
tenistics without changing other parameters, control cells
were grown in Methocel without chromate, and chromate
treated cells were grown in Methocei with chromate.
Control cells, in the main, remained as single cells or
showed signs of having undergone 1 or 2 divisions (Fig. 4A).
However, in the case of CT cells, several large cell clusters
appeared (Fig. 4B). Additional trials produced similar
results.

An additional experiment was then performed to deter
mine the permanence of the altered growth characteristic in
Methocel. The largest clusters of CT-H cells were isolated
from Methocel cultures, dissociated with trypsin, and grown
in standard medium without added chromate salt. After 2
weekly passages in standard medium, the cells were reinocu

lated into Methocel suspension, the latter also being free of
chromate. One week later, new cell clusters had formed.
The entire procedure was then repeated with the 2nd harvest
of cells from suspension culture, and the same results were
obtained (Fig. 5). These observations suggest that the ability
of CT-BHK21 cells to grow without anchorage dependence
is not related to the continued presence ofcalcium chromate
in the medium. They support the conclusion that changes in
growth behavior induced by exposure to a salt of this metal
represent a heritable, permanent alteration. This view is also
reinforced by the observation that cells regrown in standard
medium, after isolation from the Methocel culture, showed
random orientation (Fig. 6A) and epithelioid-like morphol
ogy (Fig. 6B), indistinguishable from that of the CT-H and
CT-H/2 cells, which served as their progenitors.

DISCUSSION

In an earlier experiment, cell culture in the presence of
chromate ion was observed to lead to loss of contact
inhibition in 3T3/4 mouse fibroblasts (A. Fradkin, unpub
lished observations). The present experiments with BHK21
cells were then undertaken to test for chromate-induced
transformation in a cell line usable in vivo. The parameters
used to demonstrate in vitro transformation of BHK2 1 cells
by chromate (namely, alterations in cell form and clonal
morphology and ability to grow in Methocel) have been
used in several studies by other investigators to monitor
transformation of a wide variety of cultured cells by differ
ent carcinogenic stimuli, including hydrocarbon carcinogens
(I, 3â€”5),oncogenic viruses (3), and X-inradiation (2).

Our results show that BHK21 cells grown in medium
containing concentrations of 0.25 or 0.5 sg/ml calcium
chromate underwent the above-described morphological
changes characteristic of transformed cells. Treated cells
became shortened and randomly oriented. In addition, they
contained enlarged nuclei and a granular cytoplasm. The
growth rate, initially reduced with the introduction of the
chromate ion, increased and in several instances may have
even surpassed the rate observed in controls.

Loss of anchorage dependence represents still another
manifestation of cell transformation. Chromate-treated
cells, grown in Methocel, underwent many divisions to form
large clusters; normal cells underwent only 1 or 2 divisions
under these same growth conditions.

Once they appeared, all of the foregoing changes in cell
morphology and growth properties were irreversible and
could be maintained over extended numbers of passages in
the absence of added chromate ion.

Transformation by calcium chromate appeared to be
directly related to the concentration of the salt. Clones,
morphologically similar to the controls, persisted for a
longer period of time in the CT-H/2 groups than they did in
CT-H groups.

Some BHK clones have been reported to become sponta
neously tumonigenic (8). The effect of calcium chromate
might be selection of such spontaneous transformants,
particularly in experiments involving serial passages rather
than transformation of single clones. Altered cellular or
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colonial morphology was not observed during the same
number of passages of an equal number of control cultures,
and the concentration of calcium chromate used was
independently shown to have limited effect on plating
efficiency and growth rate. This is evidence against the
action of calcium chromate as a selector of transformed
cells rather than as a transforming agent. However, since
plating efficiency was low and even a single spontaneously
transformed clone, if given selective advantage by calcium
chromate, could replace normal cells during the relatively
large number of serial passages, the precise role of calcium
chromate in emergence ofthe transformed population is not
established.

Further, changes in cellular and colonial morphology
cannot, of course, be considered direct evidence of malig
nant biological behavior, and final proof of the tumonigenic
ity of these cells can only be determined through in vivo
studies.
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Fig. 1. BHK2I cells at Passage 16. Appearance of clone margins in control cultures (A) and chromate-treated cultures (0.5 @g/ml)(B). Note that
control cells generally maintain parallel orientation, while chromate-treated cells have lost this property to a significant degree and are more randomly
oriented. This and all other specimens were formalin fixed and stained with hematoxylin. x 25.

Fig. 2. C cells remain fibroblastic in colony centers (A), while CT cells in colony centers begin to take on an epithelioid appearance (B). Passage 16. x
x 60.

Fig. 3. CT cells cultured in medium without calcium chromate for many passages continue to show morphological alterations, as described earlier.
A, colony margin showing random orientation ofcells at Passage 22. x 25; B, higher power view, x 60.

Fig. 4. Methocel cultures. A, C cells; B, CT cells. x 50. CT cells were cultured in Methocel containing chromate. Note that under conditions present in
Methocel culture, C cells undergo only a few divisions, while some CT cells divide many more times and grow into clusters.

Fig. 5. CT cells isolated from Methocel culture, trypsinized, grown in standard medium without chromate, and reinoculated into Methocel without
chromate. Transformed growth characteristic persists and cells continue to grow into large clusters. A , x 50; B, x 125.

Fig. 6. Appearance of CT cells after isolation from Methocel culture followed by several passages in standard medium without chromate. A, note
random orientation, x 50; B, note epithelioid-like form, x 125.
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