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Abstract

Background: Implantation of foreign materials into mice
and humans has been noted to result in the appearance of
soft tissue sarcomas at the site of implantation. These ma-
terials include metal replacement joints and Dacron vas-
cular grafts. In addition, occupational exposure to nickel
has been shown to result in an increased risk of carcino-
genesis. The molecular mechanisms of foreign body-
induced carcinogenesis are not fully understood.
Materials and Methods: In order to gain insight into
these mechanisms, we implanted nickel sulfide into wild
type C57BL/6 mice as well as a mouse heterozygous for
the tumor suppressor gene, p53. Malignant fibrous histio-
cytomas arose in all mice, and we have characterized the
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profile of tumor suppressor genes and signal transduction
pathways altered in these cells.
Results: All tumors demonstrated hypermethylation of
the tumor suppressor gene p16, as well as activation of the
mitogen activated protein kinase (MAP kinase) signaling
pathway. This knowledge may be beneficial in the pre-
vention and treatment of tumors caused by foreign body
implantation.
Conclusions: Oxidative stress induced by nickel sulfide
appears to cause loss of p16 and activation of MAP kinase
signaling. These findings support the hypothesis of syner-
gistic interactions between MAP kinase activation and p16
loss in carcinogenesis.

Introduction
Oxidative stress is thought to be a major contribu-
tor to multiple forms of carcinogenesis, including
chemical-, ultraviolet-, and radiation-induced cancers
(1–4). The precise mechanisms of oxidative stress-
induced carcinogenesis are not fully elucidated. In
order to gain insight into these mechanisms, we
used the nickel sulfide model of oxidative carcino-
genesis. Nickel sulfide is an insoluble carcinogen
which is thought to act through the production of
free radicals (5–8). Phagocytosis and solubilization
of nickel sulfide have been established as necessary
steps in the generation of nickel-induced tumors
(9,10). Both soluble and insoluble forms of nickel
have been implicated in human cancer, with the
generation of soluble Ni2� thought to be a common
factor (11). While insoluble nickel has been associ-
ated with the development of soft tissue sarco-
mas, soluble nickel has been associated with the

development of epithelial malignancies and has
been shown to induce immortalization of human
kidney epithelium (12,13). Regulation of several
genes by nickel has been demonstrated, including
Cap43, acetylation of histone H4, and HIF-1 tran-
scription factor (14–16).

We implanted nickel sulfide intramuscularly
into wild-type C57BL/6 mice and into a mouse
heterozygous for p53. Sarcomas arose at the site of
implantation with a latency of approximately eight
months in the wild type mice, and at three months
in a mouse heterozygous for p53. Primary tumor
tissue and cell lines derived from these sarcomas
were analyzed for inactivation of tumor suppressor
genes and activation of signal transduction path-
ways. All tumors demonstrated hypermethylation
of the promoter of the p16Ink4a gene. Expression
of the alternate reading frame of the Ink4a locus,
p19ARF, was observed in tumor-derived cells. Cell
lines derived from these tumors also showed
high level MAP kinase activation. These results
show that nickel sulfide-induced tumorigenesis
leads to activation of the MAP kinase signaling
pathway and loss of expression of tumor suppres-
sor genes.



Materials and Methods
Development of Tumors and Tumor-derived Cell Lines

Five mg of nickel sulfide (Ni3S2, 150 mesh, Aldrich
Chemical Company catalog number 343226) were
suspended in 0.3 ml of DMEM supplemented with
10% fetal calf serum, and the suspension was in-
jected into the right rear legs of three wild type
C57BL6 mice (Jackson Laboratories, Bar Harbor
Maine) and a p53 �/� mouse (C57BL6 background,
Genpharm, Mountain View, CA). As a control, 
0.3 ml of tissue culture media without nickel sulfide
was injected into the left rear leg of the same mice.
After eight months, tumors were present in the right
limb of the wild-type mice, and after three months
in the p53 heterozygous mouse. No tumors were
visible in the left limb of any mice. Tumors were ex-
planted into tissue culture, consisting of Dulbeccos
Modified Eagle Medium (DMEM) supplemented
with 5% fetal calf serum and penicillin/streptomycin.
The resulting tumors and cell lines were named
C57NiS1-3 in the case of tumors derived from wild-
type mice, and p53NiS1 in the case of the tumor
derived from the p53 heterozygote mouse, because
the tumors were induced by nickel sulfide (NiS). Tu-
mors were used for the genetic analysis of the wild
type mice, and early passage cell lines derived from
the tumors were used for the signal transduction
analysis. We analyzed tumors for the genetic mua-
tions as we did not want to examine mutations that
may have occurred outside of the mouse. Similarly,
we examined early passage cells from tumor for sig-
nal transduction events in order to avoid contamina-
tion by growth factor-activated stromal cells, i.e., an-
giogenic endothelium, which might cause a false
positive result (17).

Electron Microscopy

Cell pellets were immersed in 4% cacodylate-
buffered glutaraldehyde. After fixation, the cells
were washed in buffer, fixed in 1% OsO4 solution,
dehydrated in graded ethanols and propylene oxide,
and embedded in Embed-812 epoxy resin (Electron
Microscopy Sciences, Fort Washington, PA). Thick
sections (0.5 �M) cut with glass knives were stained
with Toluidine Blue. Ultrathin sections (0.1 �M) were
cut with a diamond knife and mounted on 200 mesh
copper grids, stained with uranyl acetate and lead
citrate, and photographed with a Phillips EM201 elec-
tron microscope.

Signal Transduction Analysis

Three million cells were lysed in 1 ml lysis buffer
containing 20 mM Tris HCl (pH 7.5), 150 mM NaCl,
1% (v/v) Triton X-100, 10% glycerol, 1 mM EDTA,
10 �g/ml leupeptin, 10 �g/ml aprotinin, 1 mM ben-
zamidine, 1 mM phenylmethylsulfonylfluoride, and
1 mM Na3VO4. The lysate was spun in a microfuge,
and the pellet was discarded. Protein concentration
of the supernatant was determined by the Bradford
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assay using BSA as a standard. Samples were treated
with Laemmli sample buffer and heated to 90�C
for 5 minutes prior to SDS-PAGE (National Diag-
nostics, Atlanta, GA) and transferred to nitrocellu-
lose membranes. The membranes were then blocked
with 5% nonfat dry milk in 10 mM Tris/0.1% Tween
20/100 mM NaCl and subsequently incubated with
the appropriate antibody for immunoblotting. Anti
phospho-AKT polyclonal antibody and anti phospho-
MAPK polyclonal antibody were obtained from
New England Biolabs, (Beverly, MA). Western blot-
ting was performed according to Arbiser et al (18).
Cell lines rather than tumor tissue were examined
for signal transduction analysis to avoid potential
stromal contamination, which might confound the
analysis (17).

PCR Amplification and Gene Sequence Analysis

One to 2 �g of DNA from tumor tissue in the case of
wild-type tumors, or an equivalent quantity from
early passage p53NiS1 cells were amplified using
the Perkin-Elmer GeneAmp PCR Reagent Kit. All
reactions were carried out in a 50 �l reaction vol-
ume, which consisted of buffer (10 M Tris-HCl, pH
8.0/50 mM KCl), 2.5 mM MgCl2 (concentration
adjusted to 4.0 mM for exon 8 p53), 200 �M dNTPs
(dATP, dCTP, dGTP, dTTP), and 2 units of Ampli-Taq
Gold (Perkin-Elmer Cetus, Norwalk, CT). Primers
for the Ki-ras, p53, (Oligos Etc, Guilford, CT),
p16Ink4a, and p19ARF genes (DNA Synthesis Core Labo-
ratory, Comprehensive Cancer Center, Wake Forest
University) were added at a final concentration of
0.2 �M for each primer as described previously
(19–21). Intronic primers were used for p53 because
of the presence of pseudogenes in the mouse genome
(22). The samples were overlaid with 50 �l of min-
eral oil to prevent evaporation and cross contamina-
tion of the samples. All PCR reaction conditions
started with an initial extended denaturation step
for 4 minutes at 94�C and ended with a prolonged
extension step for 5–7 minutes at 72�C. Gene-specific
amplification for 30–40 cycles was as follows: exon
1 of the Ki-ras gene, 1 min at 94�C, 1 min at 50�C and
1 min at 72�C; exons 1� and 2 of p16Ink4a and exon 2
of Ki-ras, 1 min at 94�C, 1 min at 58�C, and 1 min at
72�C; exon 1� of p19ARF, 1 min at 94�C, 1 min at 67�C
and 1 min at 72�C (19–21); exon 5–8 of p53, 1 minute
at 94�C and 2 minutes at 65�C (21,23). Each reaction
included negative controls, which lacked template
DNA and served as negative buffer controls for the
PCR amplification reactions. All samples were am-
plified in an Ericomp DeltaCycler II System.

Following amplification, the samples were
electrophoresed on a 3% Nu-Sieve gel (FMC Bio-
products, Rockland, ME) to visualize the PCR prod-
ucts. The PCR products were then either gel purified
or taken directly from the PCR mix, purified with
the QiaQuick PCR Purification Kit (Qiagen Inc.,
Chatsworth, CA), and the sequences determined by
direct automated DNA sequencing using the ABI
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be converted to uracil, resulting in a C to T transition
in the PCR products at unmethylated CpG sites.

Results
Inoculation of nickel sulfide into the thigh muscle of
both wild type and p53 heterozygous mice lead to
development of sarcomas (Fig. 1). Histologically and
ultrastructurally, the tumor cells resembled malig-
nant fibrous histiocytomas (Fig. 2A, B). Cell lines
derived from these tumors were analyzed for the ac-
tivation of the MAP kinase and phosphoinositol-3
kinase (PI-3 K) pathways through Western analysis
of cell lysates with antibodies specific for phospho-
sp cific MAP kinase and phospho-specific Akt,
respectively (26). Extremely high levels of phospho-
rylated MAP kinase were observed, indicating high
level activation of this pathway (Fig. 3). Lower levels
of phospho-Akt were observed, indicating modest
activation of the PI-3 K pathway (data not shown).
We are unable to compare the levels of activation of
MAP kinase and PI-3 K between p53NiS1 cells and
their precursors, because the cell of origin in our
study is unknown. However, the levels of activation
in p53NiS1 cells are elevated compared with histori-
cal controls, i.e., MS1 cells, a nontumorigenic en-
dothelial cell line derived from introduction of SV40
large T antigen into endothelial cells (Fig. 3) (18).
Similarly high levels of phosphorylated MAP kinase
and akt were observed in cells from wild-type
tumors.

To determine if tumor tissue and the tumor-
derived cell line contained structural alterations (such
as point mutations, deletions, or additions) at onco-
genic loci, we amplified and sequenced 4 genetic loci
that have been frequently implicated in human car-
cinogenesis. Our results show that exons 1�, 1� and
2 from the Ink4a locus (coding for the two gene 

PRISM Dye Terminator Cycle Sequencing Ready Re-
action Kit (Perkin-Elmer, Foster City, CA) according
to the manufacturer’s instructions. Analysis of the
DNA sequences was done using the DNASIS soft-
ware (Hitachi Software Engineering America, Ltd.,
San Bruno, CA).

Methylation-Specific PCR

Methylation-specific PCR was performed by the
method of Herman et al. (24,25) using the follow-
ing primers: methylated DNA, forward primer 
5’-AATTCGAGGAGAGTTATTTG-3’, reverse primer
5’-AAATCGAAATACGACCGAAA-3’; unmethylated
DNA, forward primer 5’-AATTTGAGGAGAGTTA-
TTTG-3’, reverse primer 5’-AAATCAAAATACAA-
CCAAAAAA-3’. DNA was denatured by addition of
NaOH to a final concentration of 0.2 M and incuba-
tion for 10 minutes at 37�C. Freshly prepared
sodium bisulphite and hydroquinone were added as
part of modification reagent I of the CpGenome
Modification Kit (Oncor, Gaithersberg, MD) and in-
cubated at 50�C overnight. Modified DNA was sub-
sequently column purified using the Promega Wizard
DNA Clean-up Kit. NaOH was added to a final con-
centration of 0.3 M, the samples incubated at room
temperature for 5 minutes, and the DNA removed by
ethanol precipitation. The modified DNA was am-
plified by PCR as described above. Following an
initial denaturation at 95�C for 10 minutes, the DNA
was amplified with methylation specific primers for
40 cycles of 95�C for 1 minute, 52�C for 1 minute,
and 72�C for 1 minute, followed by a final extension
of 72�C for 7 minutes. PCR products were visualized
on a 3% Agar H/S gel (Continental Laboratory Prod-
ucts, San Diego CA). Methylated CpG residues will
be resistant to deamination following treatment
with bisulphite, while unmethylated cytosines will

Fig. 1. Gross view of nickel-sulfide induced sarcoma arising in a mouse. Limb assymetry in site of sarcoma (arrows) (1A),
closeup of tumor (1B), and appearance of sarcoma under the skin (1C).



4 Molecular Medicine, Volume 8, Number 1, January 2002

Fig. 2. Tumor histology and ultrastructure of p53NiS1 cells. Histologic appearance of original tumor generated by injection of
NiS in p53 �/� mouse at 40X magnification (2A) and ultrastructural appearance of p53NiS1 cells showing abundant lysosomes, 
characteristic of malignant fibrous histiocytoma (5000x) (2B).
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exon 7 as a positive control for amplification. DNA
isolated from the normal lung of a C57BL/6 mouse
(Fig. 4) produced the anticipated 3 PCR products: a
234 bp product for exon 7, a 449 bp product span-
ning exon 5, intron 5, exon 6 and part of intron 6,
and a larger product (�700 bp) that was the result of
amplification from exon 5 through intron 7. Only the
exon 7 product was visible in DNA isolated from the
tumor cell line, suggesting the presence of a deletion

products associated with the Ink4a locus, p16Ink4a and
p19ARF) contained normal, wild-type sequences. One
tumor expressed a potentially oncogenic mutation in
Ki-ras (Table 1). In addition, exons 6, 7, and 8 of p53
also exhibited normal sequences in all tumors and
cells examined. Interestingly, we were unable to am-
plify exon 5 of p53 using the same intronic primers
utilized in previous studies (21). This suggested that
either there was a small mutation in the sequence that
prevented binding of one of the primers, or a portion
of the gene was deleted. To distinguish between
these two possibilities, we used a different set of
primer sequences.

The 5’ forward primer used to amplify exon 5 se-
quences was located in intron 4 while the 3’ primer
was located at the juncture between intron 5 and
exon 6. We subsequently synthesized an exonic
primer that was complementary to the first 21 bases
of exon 5, approximately 30 bp downstream of the
original primer site. This was paired with the 3’
primer used to amplify exon 6. A multiplex reaction
was then set up that included this new 5’ primer and
the 3’ primer to intron 6 as well as amplimers to

Fig. 3. Western blot analysis of cell lines derived from
nickel sulfide induced malignant fibrous histiocytomas
showing expression of phosphorylated MAP kinase with
�-actin as a loading control. Levels of phosphorylation are
compared with MS1 (lane 1). P53Nis1 cell lysates are in lane 2,
and C57Nis1,2,3 are in lanes 3,4, and 5 respectively.

Table 1. Spectrum of mutations in nickel sulfide-induced sarcomas

Tumor p16 p53 H and K-ras

P53NiS1 hypermethylation deletion exon 5 none

C57NiS1 hypermethylation A to C mutation in Intron 7 of p53 none

C57NiS2 hypermethylation none G to A in codon 12 of Ki-ras
No H-ras mutations

C57NiS3 hypermethylation none none

Fig. 4. PCR amplification of exon 5 of the p53 gene. One to
2 �g of DNA isolated from normal mouse lung (CONT) tissue and
the tumor cell line (TUM) were amplified in a multiplex reaction
mixture containing primers that yield a 49 bp fragment from exon
5 to intron 6 (5/6) and a 234 bp fragment for exon 7 sequences
spanning intron 6 to intron 7. Only the CONT samples showed
amplification of both PCR fragments, suggesting the presence of a
deletion in the p53 allele in the transgenic mice from which the
tumor was derived. A higher molecular weight fragment span-
ning sequences from exon 5 to intron 7 is also visible in the
CONT samples (5/7). The lanes marked “NEG” were negative
controls that lacked any added DNA; lane marked “M” contains
molecular weight markers.



of at least 35 base pairs in the 5’ region of exon 5, pos-
sibly including the 3’ region of intron 4 (Fig. 4). In tu-
mor tissue derived from wild-type mice, p53 mutation
did not appear to be a consistent feature,as two of the
tumors exhibited no alteration while one tumor ex-
hibited a point mutation, an A to C transversion at the
next to the last base of an intron (Table 1). This could
be a potential splice siteand thus could potentially in-
terrupt normal gene expression.

Several studies have suggested that Ink4a can be
transcriptionally silenced by promoter hypermethy-
lation rather than mutation or other structural 
alterations. We explored this possibility by using
the bisulfite modification procedure coupled with
MS-PCR as described by Herman et al (24). In 
this reaction, all unmethylated cytosines are deami-
nated and converted to uracils by the bisulfite reac-
tion. Methylated CpG residues are protected. Thus,
upon amplification, the sequences will differ in these
regions depending on whether the CpG residues are
methylated or not. Two different primer sets were
used that could distinguish between these different
sequences in exon 1� of the Ink4a locus (25). Normal
genomic mouse DNA (purchased from Clontech)
produced a PCR product only with primers specific
for unmethylated CpG residues (Fig. 5). In contrast,
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Fig. 6. Western blot analysis of p53NiS1 cells showing 
expression of p19ARF and lack of expression of p16. In this
Western blot analysis of p19ARF (6A), the left lane contains
lysate from SVR cells, and the right lane contains lysate from
p53NiS1 cells. In this Western blot analysis of p16 expression
(6B), lane A contains whole cell lysate of p53NiS1 cells, lane B
contains RIPA lysate of p53NiS1 cells, and lane C contains 3T3
L1 cells as a positive control.

Fig. 5. Methylation-specific PCR of exon 1� of the p16Ink4a

gene. One to 2 �g of normal mouse DNA purchased from
Clontech (CONT) and tumor cell DNA (TUM) were modified
by treatment with bisulfite and subjected to PCR with primers
specific for either methylated (M primers) or unmethylated 
(U primers) CpG residues. CONT DNA exhibited a PCR product
only with primers specific for unmethylated DNA while the 
tumor cell DNA only yielded a PCR product with the primers
specific for methylated DNA. The lanes marked PC were 
procedure controls that lacked any added DNA and were taken
through all of the experimental steps; lanes marked NEG were
negative buffer controls for the PCR reaction and also lacked
any added DNA template. Similar results were observed in
DNA derived from wild-type tumors.

DNA from p53NiS1 only amplified with the primers
specific for methylated CpG sequences, suggesting
that p16Ink4a has been transcriptionally silenced in
these cells by promoter hypermethylation.

Interestingly, hypermethylation of the p16Ink4a

promoter was observed in all three primary tumor tis-
sues derived from the wild type mice, in addition
to the p53NiS1 cell line, suggesting that hypermethy-
lation may be a common feature of nickel-sulfide in-
duced carcinogenesis (Table 1, Fig. 5). The alternative
gene product for this gene, p19ARF, was evaluated for
protein expression by Western blot analysis of
p53NiS1. This cell line did express p19ARF protein,
while p16Ink4� was not detectable by Western blot, as
anticipated (Fig. 6). Thus, nickel sulfide is capable of
causing a spectrum of mutations, but only p16Ink4� hy-
permethylation and MAP kinase activation appear to
be a common feature of nickel sulfide carcinogenesis.

Discussion
Particulate nickel sulfide is a well-established model
of chemical carcinogenesis, and is thought to occur
through a process of phagocytosis, solubilization of
insoluble nickel, and resulting genetic changes
(5,15,27). Mining and smelting of nickel is thought
to contribute to carcinogenesis in humans, and
nickel sulfide occurs naturally as the mineral mil-
lerite (28,29). In addition, sarcomas are observed at
an increased frequency next to metal prostheses and
Dacron grafts, and these tumors often exhibit
phagocytic capabilities (malignant fibrous histiocy-
tomas) (30–32). Thus, nickel may serve as a car-
cinogen in mice and humans.
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