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Induction of Gene Amplification by Arsenic

Te-CHANG LEE, NORIHO TANAKA, PATRICIA W. LAMB,

ToNA M. GILMER, J. CARL BARRETT

Arsenic is a well-established carcinogen in humans, but there is little evidence for its
carcinogenicity in animals and it is inactive as an initiator or tumor promoter in two-
stage models of carcinogenicity in mice. Two arsenic salts (sodium arsenite and sodium
arsenate) induced a high frequency of methotrexate-resistant 3T6 cells, which were
shown to have amplified copies of the dihydrofolate reductase gene. The ability of
arsenic to induce gene amplification may relate to its carcinogenic effects in humans
since amplification of oncogenes is observed in many human tumors. The inability of
arsenic to induce gene mutations may relate to the negative results of arsenic in long-
term animal studies and suggests that these experiments may not detect some
environmental agents that act late in the carcinogenic process in humans.

RSENIC IS AN UNUSUAL ENVIRON-

mental substance in terms of its car-

cinogenic response in humans and
animal models. Exposure of humans to inor-
ganic arsenic compounds in drugs, drinking
water, and occupational environments is as-
sociated with increased risks of skin cancer,
lung cancer, and possibly liver cancer (I, 2).
However, little evidence exists for the carci-
nogenicity of arsenic to animals (2-5). Yet,

man carcinogens requires an understanding
of the apparent false negative results in the
animal cancer studies.

In this report, we present evidence that
sodium arsenite and sodium arsenate are
potent enhancers of amplification of the
dihydrofolate reductase (DHFR) gene in

mouse 3T6 cells. Amplification of the
DHEFR gene was measured in mouse 3T6
cells by selecting cells that form colonies in
the presence of methotrexate. Cells with an
increased copy number of the DHFR gene
have increased levels of DHFR enzyme and
are resistant to methotrexate (MTXR) (8-
10). Treatment of mouse 3T6 cells with
sodium arsenite or sodium arsenate induced
dose-dependent increases in the number of
MTXR colonies (Fig. 1). Sodium arsenite
was active at a lower concentration than
sodium arsenate. This is the same relative
potency of the two compounds in cell trans-
formation assays (7), and the concentration
ranges for induction of gene amplification
and cell transformation are the same. Sodi-
um arsenite has been noted to be more
active than sodium arsenate in other biologi-
cal assays, and it has been suggested that this
is due to differences in the uptake of triva-
lent versus pentavalent arsenic (11). Sodium
arsenite and sodium arsenate induced
MTX® colonies at MTX concentrations of
150 to 300 nM (Fig. 2). To test for a
possible interaction between methotrexate
and arsenic, cells were grown in lower doses
of methotrexate and arsenic and no in-
creased viability was observed.

The surviving MTX® 3T6 colonies were
isolated, grown in culture and shown to be
resistant to MTX and to have amplified
DHFR genes. The copy number of the
DHFR gene was estimated by comparing
the extent of hybridization by dot blot anal-
ysis of radiolabeled cloned DHFR cDNA or
actin gene to DNA isolated from parental
3T6 cells and MTXR clones (8, 10). Approx-
imately 50% (9/17) of the MTX® clones
induced by arsenic (0.2 to 0.8 ug/ml) had
amplified copy numbers of the DHFR gene
ranging from 2- to 11-fold, which is consist-
ent with the findings of others (9, 10).

Table 1. Effect of sodium arsenate and sodium arsenite on MTXR colonies.

sodi.um grsenitc and sodium arsenate repro- Relative MTXR colonics/ MTXR colonies/
ducibly induce morphological transforma- Treatment* survival 5 x 10° cellst 5 x 10° surviving
tion of rodent cells in culture (6, 7). A (%) cells
dlsuqctlon does exist, howcver., between  Nope 100 07+ 06 0.7
arsenic and most chemicals that induce cell . Sodium arsenite (u)
transformation in that arsenic is inactive in 0.2 100 2 = 15 2
inducing gene mutations at specific genetic 0.4 100 5 2 5

. . . 0.8 115 7 = 3 6
loci (7). An elucidation of the mechanism of L6 45 17 + 3 38
arsenic-induced cgllular changes may help ip 31 15 33 + 5 226
better understanding human carcinogenesis 6.2 1 82 =14 8200
and the relationship between carcinogen-  Sodium arsenate (uiM)
induced events in humans and in rodents. 1 100 2 =1 2
The use of long-term rodent carcinogenicity ‘21 188 1‘; f é lg
studies as assays for detecting potential hu- 3 40 23 + 9 57

16 11 62 =13 569

Laboratory of Molecular Carcinogenesis, National Insti- 32 1 161 =27 16000

tute of Environmental Health Sciences, National Insti-

tutes of Health, P.O. Box 12233, Research Triangle

Park, North Carolina 27709.
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¥0.2 wM sodium arsenate is equivalent to 0.025 wg/ml; 1 pM sodium arsenate is equivalent to 0.313 ng/
ml. tColonies selected in 200 nM MTX for 21 days (+SD).
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The data in Figs. 1 and 2 are expressed as
MTXR colonies per cell treated and show
that arsenic induces a large increase in the
absolute number of MTXX cells. The toxici-
ty of arsenic to mammalian cells was mea-
sured by a reduction in the colony-forming
efficiency of the treated cells (Table 1).
Arsenic induced MTX® cells at doses that
were nontoxic as well as at toxic doses.
When the number of MTXX cells per surviv-
ing cell was calculated, the frequency of
MTXR cells was observed to be >10 after
treatment with the highest doses of sodium
arsenite or sodium arsenate.

To determine whether the ability to in-
duce gene amplification was a general prop-
erty of carcinogenic metals, nickel chloride
and nickel sulfate were tested over the con-
centration ranges (1 to 20 ug/ml) that in-
duce cell transformation of Syrian hamster
embryo cells (12). Neither increased the
number of MTX®R colonies at any of the
doses tested in several assays.

The results of this study clearly indicate
that arsenic is an effective enhancer of
DHEFR gene amplification. The mechanism
by which arsenic induces gene amplification
remains unknown. Mutagens and carcino-
gens, such as ultraviolet light and alkylating
agents, have been shown to induce gene
amplification in rodent cells (10, 13, 14).
Because arsenic is not mutagenic at specific
genetic loci (7), its ability to induce gene
amplification is unlikely to be due to direct
DNA base damage. Gene amplification has
been hypothesized to arise by either a re-

combinational mechanism or by inhibition
of DNA synthesis and overreplication (14,
15). Arsenic treatment of mammalian cells
induces chromosome aberrations, endore-
duplication and sister chromatid exchanges
(7). Similarly, hydroxyurea increases chro-
mosome aberrations and induces DHFR
gene amplification in cells in culture (16).
These effects may relate to the mechanism of
induction of gene amplification by these
chemicals.

Our findings suggest that the carcinoge-
nicity of arsenic may be related to its ability
to enhance the amplification of genes im-
portant in cancer development. Recent stud-
ies indicating that cellular oncogenes are
amplified in human and animal tumors (17—
19) support the hypothesis that this is an
important step in neoplasia. Oncogene am-
plification in some cancers correlates with
the degree of progression to malignancy
(20-22). The importance of gene amplifica-
tion in carcinogenesis is also supported by
the finding that many tumors have karyo-
logical indications of gene amplification,
such as double minute chromosomes and
homogeneous staining regions, which are
cytological evidence of gene amplification
(18, 19).

Arsenic is not an initiator or tumor pro-
moter in two-stage models of animal carci-
nogenesis (23, 24). The difficulty in detect-
ing arsenic carcinogenicity in animal models
may be related to its ability to cause gene
amplification but not gene mutations. An
analysis based on the multistep model of

Fig. 1. Induction of MTXR col- 100
onies of 3T6 cells by sodium 8or
arsenite (@) or sodium arsenate 60
(@). Mouse 3T6 cells, obtained [
from the American Type Cul-
ture  Collection  (Rockville,
Maryland), were grown in Dul-
becco’s modified Eagle’s rein-
forced medium  (Biolabs,
Northbrook, Illinois) supple-
mented with 10% dialyzed calf
serum, penicillin (100 U/ml),
and streptomycin (100 ug/ml).
Dialyzed serum was obtained
from Gibco and additionally di-
alyzed at 4°C against 40 vol-
umes of 0.15M NaCl, 1 mM
Na,HPO, (pH 7.0) for 3 days.
All gene amplification assays |
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were initiated with cells at near 02
confluence and 24 hours after

the last medium change. Cells
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were transferred by gentle trypsinization with 0.1% trypsin (1:250, Gibco) for 5 min at 37°C. Cells ( 5
x 10°) were plated into 20 100-mm dishes in complete medium and treated either at the time of plating
or 24 hours later with 250 mM MTX obtained from Sigma (St. Louis, Missouri) and sodium arscnite or
sodium arsenate. Stock solutions of 1 mM MTX were prepared by dissolving the chemical in 141
NaHCOs;, diluted 1:10, and stored at 4°C for <2 weeks after filter sterilization. Sodium arsenite and
sodium arsenate were dissolved in water, filter-sterilized, and diluted into complete medium immediate-
ly before use. The plates were incubated at 37°C for 21 days with no further change or with weekly
refeedings of medium and then fixed with absolute methanol and stained with 10% aqueous Giemsa
(Fisher). MTX® colonies of cells were counted with a stereomicroscope. In the absence of arsenic, an
average of 0.67 + 0.58 MTX® colonies per 5 x 10° cells were observed. All experiments were repeated

at least three times.
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Fig. 2. Effect of varying MTX concentration in
sodium arsenate— or sodium arsenite—induced
MTXR® cells. Cells were treated as described in
Fig. 1 except that the MTX concentration in the
culture was varied. The cells were either untreated
(@), exposed to 16 pM sodium arsenate (A), or
exposed to 1.6 uM sodium arsenite ((J).

carcinogenesis of humans occupationally ex-
posed to arsenic has indicated that exposure
to arsenic appears to act at a late stage in the
carcinogenic process (25). The human data
were postulated not to be consistent with
the hypothesis that arsenic acts during the
prmotion phase of the carcinogenic process
because the epidemiological data do not
show reversibility of the excess lung cancer
mortality after exposure ceased (25). Ampli-
fication of an altered or activated oncogene
may be a late stage in neoplastic progression,
and induction of this process would increase
the incidence of tumors in an exposed popu-
lation. Thus, we propose that arsenic acts
specifically in the progression phase of carci-
nogenicity.

This hypothesis would explain why ar-
senic is not an effective complete carcinogen,
initiator, or tumor promoter. The endpoints
of most models of tumor promotion are
benign or preneoplastic lesions (26-28), and
the progression of these lesions to the malig-
nant state may represent a distinct phase in
the carcinogenic process. O’Connell ¢t al.
(26) and Hennings et al. (27) have shown
that certain chemicals can enhance cancer
development when applied after initiator
and tumor promoter treatments. No chemi-
cal has been shown to act specifically in this
progression phase (as a “tumor progressor”)
(28). Since oncogene amplification has been
shown in some tumors to correlate with the
degree of progression of the cancers, the
demonstration that arsenic induces gene am-
plification in cells in culture and acts in a late
stage in human carcinogenesis supports the
hypothesis that this human carcinogen acts
in the progression phase. These findings
suggest (26, 28) that new in vitro and in
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vivo assays are required to detect chemical
carcinogens which act specifically in late
stages of carcinogenesis but are not tumor
promoters or are weak tumor promoters.
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Estrogen Binding, Receptor mRNA, and Biologic
Response in Osteoblast-Like Osteosarcoma Cells

Barry S. KomMm, CHRISTOPHER M. TERPENING, DAVID J. BENZ,
KIMBERLIE A. GRAEME, ALFRED GALLEGOS, MURRAY KQORC,
GEOFFREY L. GREENE, BERT W. O’MALLEY, MARK R. HAUSSLER

High specific activity estradiol labeled with iodine-125 was used to detect approxi-
mately 200 saturable, high-affinity (dissociation constant = 1.0 nM) nuclear binding
sites in rat (ROS 17/2.8) and human (HOS TE85) clonal osteoblast-like osteosarcoma

cells. Of the steroids tested, only testosterone exhibited significant cross-reactivity with
estrogen binding. RNA blot analysis with a complementary DNA probe to the human
estrogen receptor revealed putative receptor transcripts of 6 to 6.2 kilobases in both rat
and human osteosarcoma cells. Type I procollagcn and transforming growth factor—f8
messenger RNA levels were enhanced in cultured human osteoblast-like cells treated
with 1 nM estradiol. Thus, estrogen can act directly on osteoblasts by a receptor-
mediated mechanism and thereby modulate the extracellular matrix and other proteins
involved in the maintenance of skeletal mineralization and remodeling.

STEOPOROSIS IS A BONE DISEASE

characterized by a significant re-

duction in bone mass leading to
increased susceptibility to fractures. The
greatest loss is seen in trabecular bone, the
cross-linking structure crucial in maintain-
ing the integrity of the vertebral and hip
bones. Bone mass is homeostatically main-
tained by a process described as coupling
(1), which involves the interaction and activ-
ities of two bone cell types participating in
formation and resorption, namely, osteo-
blasts and osteoclasts, respectively. The bal-
ance between bone formation and resorp-
tion is regulated by the action of hormones
and growth factors on these cells. Approxi-
mately 25% of postmenopausal women suf-
fer from an accelerated form of osteoporosis
probably caused by a reduction in circulat-
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ing estrogens. Estrogen is presumably neces-
sary to maintain normal osteoblast function
or to attenuate the activity of osteoclasts, or
both (2). Administration of exogenous es-
trogens to postmenopausal women retards
further reduction of bone mass, although it
does not stimulate a net accumulation (3).
For a steroid hormone such as estrogen to
have a direct effect on a cell, the presence of
a high-affinity receptor is required. Steroid
hormone-receptor complexes interact with
specific genes and regulate their transcrip-
tional activity (4). However, the presence of
estrogen receptors (ERs) in bone or bone-
related cells has not been demonstrated (5).
We have increased the sensitivity of the
receptor assay by utilizing radiolabeled es-
tradiol with a higher specific activity (6).
Homogeneous populations of the well-char-

acterized rat (ROS 17/2.8) and human
(HOS TE85) osteosarcoma cell lines, both
of which are phenotypically osteoblast-like,
were used to reevaluate the existence of
nuclear ERs in bone cells. A binding site
that appears to saturate at an estradiol con-
centration of approximately 1.0 nA was
identified in both cell lines (Fig. 1, A and
B). This high-affinity binding site in the
ROS (Fig. 1A, inset) and HOS (Fig. 1B,
inset) cells is characterized by a dissociation
constant (Kg) of 0.5 nM and 1.1 nM,
respectively, consistent with the calculated
value for the ER in typical estrogen target
tissues, such as the uterus or human breast
tumor cells (7). Unlike the uterus, which
contains several thousand high- aﬁimty ERs
per cell, the osteosarcoma cells possess
~200 detectable high-affinity binding sites
per nucleus (corresponding to approximate-
ly 10 fmol of receptor per milligram of
protein). Thls value is not significantly al-
tered when ERs are assayed under exchange
conditions (1 hour at 37°C) and does not
depend on estrogen treatment of the osteo-
sarcoma cells. Our result suggests that the
detection of ERs in bone cells was previous-
ly limited by less sensitive assay proccdures
(5). The higher capacity specific binding site
seen in Fig. 1, A and B, at estradiol concen-
trations above 2.5 nM has been reported as a
type II binding site in estrogen target tis-
sues, although the function of this lower
affinity site has not been clearly defined (8).

With the exception of testosterone, other
steroid hormones such as dexamethasone (a
glucocorticoid), progesterone, and dihydro-
testosterone do not compete with labeled
estradiol for binding to the receptor-like
sites (Fig. 1, C and D). The synthetic estro-
gen, diethylstilbestrol, is the most effective
competitor, which is consistent with the
occurrence of a traditional ER in these
osteoblast-like cells. Significant competition
by testosterone could result from either the
presence of a second sex-steroid binding
protein or the existence of a unique ER in
bone that also binds certain androgens (9).
Alternatively, the presence of aromatase in
the cell extracts could account for the testos-
terone competition by conversion of testos-
terone to estradiol.

Although the low ER number in bone
cells precludes immunodetection, a human
ER cDNA (4, 10) was used as an indepen-
dent method for indirectly documenting the
existence of the estrogen-binding protein.
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