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Oxidative tissue damage has been shown to be associ-
ated with carcinogenesis. In human cancers p16 INK4A is
one of the most frequently mutated tumor suppressor
genes. The present study used the ferric nitrilotriacetate
(Fe-NTA)-induced rat renal carcinogenesis model to de-
termine whether oxidative damage can cause specific
allelic loss of p16 INK4A. By the use of fluorescent in situ
hybridization in combination with imprint cytology at
single-cell resolution, we found that the number of re-
nal tubular cells with aneuploidy (1 or 3 signals) at the
p16 INK4A locus was significantly and specifically in-
creased (1 week, 37.2 � 2.3%; 3 weeks, 37.8 � 1.3% vs
control, 22.5 � 1.9%; mean � SE, N � 8; P < 0.001 and
P < 0.0001, respectively) after repeated intraperitoneal
administration of 5 to10 mg of iron/kg in the form of
Fe-NTA for 3 weeks. No increase in aneuploidy was
observed at the loci of either the p53 or vhl tumor
suppressor gene. Furthermore, the increase in the cells
with 3 signals was followed by a continuous increase in
those with 1 signal. Therefore, the p16 INK4A locus is
specifically vulnerable to oxidative damage, leading to
its allelic loss within weeks, presumably due to a defi-
ciency in the replication of both the alleles. (Am J
Pathol 2002, 160:419–424)

Recently, studying the activation of oncogenes and/or
inactivation of tumor suppressor genes by a variety of
mutations has been a primary approach to elucidating
the biological mechanisms of human neoplasia.1 The
tumor suppressor gene p16 (INK4A/MTS-1/CDKN2A),
first described in 19942–4 is a major target in carcinogen-
esis: the frequency of p16 INK4A mutation in tumors is
rivaled only by that of mutations of the p53 tumor sup-

pressor gene. p16 INK4A is unique in that the major form of
mutation is a homozygous deletion,5 and that it not only
inhibits the phosphorylation of retinoblastoma protein
through inhibition of cyclin-dependent kinases 4 and 6 as
a gatekeeper in the cell cycle, but also acts upstream of
the p53 pathway via alternative splicing as p19 (p14) ARF,
resulting in suppression of the expression of MDM2 pro-
tein, which promotes degradation of p53 protein.6,7

Inactivation of an allele by intragenic mutation of tumor
suppressor genes results in a genomic environment in
which the probability of early inactivation of the remaining
allele is increased, as demonstrated in various familial
cancer syndromes including hereditary retinoblastoma
(rb), the Li-Fraumeni syndrome (p53), von Hippel-Lindau
syndrome (vhl), and familial melanoma kindreds (p16
INK4A).1 On the other hand, it was recently shown that
allelic loss is often the first hit in the biallelic inactivation of
p53 and DPC4 genes during sporadic pancreatic carci-
nogenesis.8,9 Despite these findings, the events respon-
sible for allelic loss in vivo are still largely unknown.

The hydroxyl radical is the most reactive known spe-
cies in biological systems and can induce DNA double-
strand breaks.10 Furthermore, free radical-associated tis-
sue damage resulting from irradiation,11 chronic
inflammation,12 or overload of transition metals13 has
been shown to be associated with carcinogenesis. We
previously established a rat model of renal cell carcinoma
induced by ferric nitrilotriacetate (Fe-NTA)14 as a model
of free radical-induced cancer. In this model, oxidative
molecular damage such as formation of aldehydes and
oxidative DNA base modifications has been well charac-
terized.15–17 Furthermore, one of the major target genes
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in this model has recently been identified as p16 INK4A,
and allelic loss of p16 INK4A was observed in 38.5% of the
induced renal cell carcinoma.18 In the present study we
attempted to determine when the allelic loss occurs dur-
ing carcinogenesis and whether this loss is specific to the
p16 INK4A locus.

Materials and Methods

Chemicals

Ferric nitrate enneahydrate, sodium hydrogen carbonate,
sodium citrate monohydrate, ammonium acetate, form-
amide, dextran sulfate, salmon sperm DNA, and Esche-
richia coli tRNA were from Wako (Osaka, Japan); nitrilotri-
acetic acid disodium salt was from Nacalai Tesque, Inc.
(Kyoto, Japan). Block Ace was from Dai-nihon-seiyaku
(Osaka, Japan). All of the chemicals used were of ana-
lytical quality; deionized water was used throughout. Fe-
NTA solution was prepared as previously described.15

Animals and Imprint Cytology

Five-week-old specific-pathogen-free male Wistar rats
were purchased from Shizuoka Laboratory Animal Cen-
ter, Shizuoka, Japan. They were kept in stainless steel
cages in a temperature-controlled room (22 to 24°C) with
a light/dark cycle of 12 hours each. This experiment was
approved by the Animal Research Committee, Graduate
School of Medicine, Kyoto University, Kyoto, Japan.
Twenty-four animals were divided into three groups of
eight animals each: an untreated control group, a one-
week treatment group, and a three-week treatment
group. An established protocol for Fe-NTA-induced renal
carcinogenesis19 was used. Briefly, 5 mg of iron/kg in the
form of Fe-NTA was injected intraperitoneally (i.p.) on
days 1 to 3, 10 mg of iron/kg on days 4 and 5, and 10 mg
of iron/kg five days a week after a two-day break. The
animals were killed 48 hours after the final administration
of Fe-NTA. Both kidneys were removed immediately. One
was used for imprint cytology as described previously.20

After fixation in 95% ethanol at 4°C, each glass slide was
air-dried and then stored at �80°C until use. The other
was fixed in 10% neutral formalin solution for histological
examination with hematoxylin and eosin staining.

Screening of Genomic Library for Fluorescent in
Situ Hybridization Probes

A � DASH II rat genomic library (Stratagene, La Jolla, CA)
was screened according to the manufacturer’s instruc-
tions to obtain phage clones that contained the coding
sequences of the p16 INK4A, p53, or vhl tumor suppressor
genes. Probes used for library screening were obtained
by PCR amplification, as summarized in Table 1A.21–23

cDNA was obtained from the kidney of a male Wistar rat
by RNA extraction using a modified acid guanidium/
phenol/chloroform method (Isogen, Nippon Gene, Tokyo,
Japan), poly(A)-rich RNA isolation with oligo(dT)-latex

beads (Nippon Roche, Tokyo, Japan), and reverse tran-
scription (First-strand cDNA synthesis kit, Amersham
Pharmacia Biotech, Tokyo, Japan), and was used as a
substrate for PCR amplification. The probes were labeled
with �-[32P]dCTP by random priming (Megaprime, Amer-
sham Pharmacia Biotech), and nylon membranes (Bio-
dyne B, Nihon Pall, Tokyo, Japan) bearing the cloned
phage DNA of the genome library described above were
hybridized with the probes and then washed under strin-
gent condition (60°C, 0.1 � standard saline citrate (SSC),
0.1% sodium dodecyl sulfate (SDS)). DNA of each phage
clone was extracted using a standard procedure,24 and
analyzed by agarose gel electrophoresis after digestion
with appropriate restriction enzymes (Takara, Shiga, Ja-
pan). Complete or partial sequencing of exons was per-
formed after PCR amplification using phage DNA as a
substrate and subsequent subcloning (TA cloning, In-
vitrogen, Groningen, the Netherlands) for the purpose of
eliminating phage clones of p53 pseudogenes25–27 or vhl
pseudogenes.28 So far no pseudogenes have been re-
ported for p16 INK4A. The most appropriate clone was
selected for each tumor suppressor gene. The size of the
inserts in the phage clones and the conditions for PCR
amplification are summarized in Table 1B. The exon 1�
region (p19 ARF) was not included in the fluorescent in situ
hybridization (FISH) probe for p16 INK4A based on PCR
analysis by the use of rat kidney cDNA as a positive
control (data not shown). Sequence analyses revealed
a complete match with GenBank data in each exonic
region.

FISH Analysis

Extracted DNA from each phage clone was used for FISH
analysis by labeling with biotin-16-dUTP via nick transla-
tion (Roche, Tokyo, Japan). The size of the labeled probe
was confirmed by agarose gel electrophoresis to be 300
to 500 base pairs. After ethanol precipitation (20 �l of
products, 2.4 �l of 8 mol/L ammonium acetate, 2.0 �l of
10 �g/�l salmon sperm DNA, 2.0 �l of 10 �g/ml E. coli
tRNA, and 79 �l of ethanol) at �80°C for 30 minutes, the
labeled probe was dissolved in ULTRAhyb hybridization
buffer (Ambion, Austin, TX). Mouse Cot-1 DNA was
added (20 �g/ml; Life Technologies, Tokyo, Japan) to the
hybridization mixture to minimize the background signal.
Stock slides were completely air dried followed by 5
minutes of microwave treatment in 10 mmol/L citrate
buffer, pH 6.0, and proteinase K treatment (4 �g/ml phos-
phate-buffered saline) at room temperature. Hybridiza-
tion was done at 35°C overnight. After washing with 2 �
SSC at 37°C and at room temperature sequentially, the
tyramide signal amplification (TSA) system (NEN Life Sci-
ence Products, Inc., Boston, MA) was applied to amplify
signals according to the manufacturer’s instructions.
Briefly, blocking solution was applied after washing, fol-
lowed by avidin-biotin-peroxidase complex (Vector Lab-
oratories, Burlingame, CA) and biotin tyramide, sequen-
tially. Finally, avidin-FITC (Vector; 1:100 dilution with
phosphate-buffered saline containing 1% Block Ace) and
then propidium iodide was applied for nuclear counter-
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staining. The images were analyzed with a confocal laser
microscope (Fluoview, Olympus, Osaka, Japan). Se-
quential sectioning at 0.5 �m along the Z-axis was used
when necessary to confirm the number of signals. When
DNA of an empty phage clone was used as a probe, no
signal was obtained under the experimental conditions
used. The number of cells with 1 to 4 signals was counted
on at least 100 cells obtained from each animal. Cells
showing signals of 5 or more were not included since the
whole nuclear area showed ambiguous positivity in most
of the cases.

Statistics

The unpaired Student’s t-test and one-way analysis of
variance was used for statistical analysis. P values � 0.05
were considered statistically significant.

Results

Histological analysis of the kidney after 1 or 3 weeks of
treatment of Fe-NTA showed no necrosis, but revealed
many regenerative tubular cells with an enlarged nucleus
and prominent nucleoli as previously reported.16 Repre-
sentative FISH signals at single-cell resolution are shown
in Figure 1,a–d. We found that the fraction of renal tubular

cells with aneuploidy (1 signal or 3 signals) at the locus of
p16 INK4A was significantly increased after Fe-NTA treat-
ment for 1 or 3 weeks, whereas no increase in aneuploidy
was observed at the loci of either the p53 or vhl tumor
suppressor gene (Figure 1, e–g). When fractions with 1
signal and 3 signals were combined, the difference was
more significant (1 week, 37.2 � 2.3%; 3 weeks, 37.8 �
1.3% vs control 22.5 � 1.9%; mean � SE, n � 8; P �
0.0003 and P � 0.00002, respectively).

A one-way analysis of variance was also performed.
The analysis was done among the three groups with
different treatments (control, 1-week treatment, and
3-week treatment) from the viewpoint of signal number.
The P values of p16 INK4A for each signal number (1, 2, 3,
and 4 signals) were 0.022, �0.0001, �0.0001, and 0.67,
respectively. The P values of p53 for each signal number
(1, 2, 3, and 4 signals) was 0.77, 0.80, 0.0079, and 0.010,
respectively. The P values of vhl for each signal number
(1, 2, 3, and 4 signals) was 0.40, 0.65, 0.44, and 0.66,
respectively.

Discussion

Studying the activation of oncogenes and/or inactivation
of tumor suppressor genes by a variety of mutations has
been a major approach to elucidating the biological

Table 1. Probes for Library Screening and FISH

A. PCR primers and conditions for production of probes for library screening

Gene Primer
Annealing temperature

(cycle) Product size GenBank accession no.

p16INK4A F-ATCTCCGAGAGGAAGGCGAACTCG 57°C (35) 667 bp Swafford et al21 L81167
R-TCTGTCCCTCCCTCCCTCTGCTAAC

p53 F-TCACAGTCGGATATGAGCATCG 58°C (35) 1519 bp Hulla et al22 L07781
R-GCTTTGCAGAGTGGAGGAAATG

vhl F-AACGAGCGTCCGGTTCCAAT 58°C (35) 622 bp Kikuchi et al23 S80345
R-TCAATTTCAGACCATCAAGG

B. Analysis of FISH probes

Gene
Size of
insert Exon Primer

Annealing temperature
(no. of cycles) Product size

p16INK4A �16 kb 1� F-TCCGAGAGGAAGGCGAACTC 55°C (35) 160 bp
R-GGGTACGACCGAAAGTGTTCG

2 F-AACGTCAAAGTGGCAGCTCTCCTG 55°C (35) 237 bp
R-GAGTAGATACCGCAAATACCGCAC

(p19ARF) 1�* F1-GAGCATGGGTCGCAGGTTC 55°C (35) 193 bp
F2-CGTGGTCACTGTGAGGATTCG 55°C (35) 175 bp
R-TGGTCCAGGATGTGGGTGC

p53 �20 kb 2–4 F-ATGGAGGATTCACAGTCGGATAT 56°C (35) 719 bp (intron 2, 260 bp;
intron 3, 90 bp)

R-CGTGCACATAACAGACTTGG
9–10 F-ATCCGTGGGCGTGAGCGCTTC 56°C (35) 889 bp (intron 9, 700 bp)

R-TCAGTCTGAGTCAGGCCCCA
vhl �18 kb 1 F-GCGTCGTGCTGCCTTTGTGG 58°C (35) 178 bp

R-tgagtagggacctggtgctc† (intron 1)
2 F-actgctgttgccttgctcag (intron 1) 55°C (35) 302 bp

R-tcctcagccccaaggtctta (intron 2)
3 F-tgactggagcctgcctcaga (intron 2) 55°C (35) 284 bp

R-TCAATTTCAGACCATCAAGG

*Sequences are based on GenBank L81168.21 Refer to the section about screening of the genomic library for FISH probes in Materials and
Methods.

†Lower case, intronic sequences. References are the same as for Table 1A.
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mechanisms of human neoplasia.1 Despite the insights
obtained thereby, there is little data available on the
events responsible for the mutations in vivo. Using the
Fe-NTA-induced rat renal carcinogenesis model, we
have focused on understanding free radical-induced car-
cinogenesis, and recently found that the p16 INK4A tumor
suppressor gene is one of the major target genes in this
model. Since allelic loss is observed frequently,18 we
undertook to determine when this event occurs during
carcinogenesis and whether it is specific for the p16 INK4A

loci. We chose p53 and vhl tumor suppressor genes as
control genes since we previously analyzed mutations of
these two genes in Fe-NTA-induced renal cancer; only
one case of G to T transversion mutation in p53 (exon 7)
was observed out of 12 cases of Fe-NTA-induced renal
cell carcinoma,19 and no genetic change of vhl was ob-
served in 34 cases.29

We obtained phage clones as FISH probes by screen-
ing a rat genomic library. The majority of exons in each
gene were sequenced and pseudogenes were elimi-
nated. To reproducibly perform FISH analyses at the
single-cell level via imprint cytology with touch prepara-
tion, the use of mouse Cot-1 DNA at hybridization and
tyramide signal amplification (TSA) were essential. The
use of Cot-1 DNA decreased the background staining,
while the use of TSA increased the sensitivity. The anal-
ysis we have undertaken in the present study is techni-
cally more difficult than that of tumor cells since individual
cells need to be evaluated, and thus, optimal conditions

are required. Even in untreated control animals, 17 to
20% of cells showed one signal and 6 to 10% showed 3
signals. We believe on the basis of repeated experiments
that this is due to either insufficient nuclear transfer to
glass slides in the touch preparation or insufficient hy-
bridization in the deeper part of the nuclei. For this reason
we did not perform double staining with the two probes,
which could further complicate this issue.

The results clearly indicate that the population of cells
with allelic loss of the p16 INK4A locus (aneuploidy) is
significantly increased within weeks (Figure 1). In this
study we defined signals of 1 and 3 as representing
aneuploidy. Analysis of variance analyses also revealed
significant changes in the fraction of 1, 2, and 3 signals
for p16 INK4A among each treatment group of the animals.
The population with 3 signals reached a plateau at 1
week whereas the population with one signal continu-
ously increased until 3 weeks. This may indicate that
allelic loss is induced by an error of replication at one of
the alleles, possibly by DNA double-strand breaks, which
ultimately leads to allelic loss in one of the cells after
mitosis. Fe-NTA can induce DNA double-strand breaks
via a Fenton-like reaction, as well as single-strand
breaks10 and oxidative DNA base modifications.16 We
previously showed that the number of double-strand
breaks catalyzed by Fe-NTA is proportional to that of
single-strand breaks in a simple supercoiled plasmid
model.10 The decrease in the 3-signal population and
concomitant increase in the 4-signal population at the

Figure 1. FISH analysis in imprint cytology from rat kidney after a ferric nitrilotriacetate-induced renal carcinogenesis protocol. More than 800 cells from eight
animals for each group were classified according to the signal number (FITC-labeled, propidium iodide nuclear counterstaining). Refer to Materials and Methods
for details. a, 1 signal; b, 2 signals; c, 3 signals; d, 4 signals; e–g, cell population (%) with each copy number (1 to 4, left to right) of allele for p16INK4A, p53, and
vhl tumor suppressor genes (mean � SE). *, P � 0.05; **, P � 0.01; ***, P � 0.001 vs control group, Student’s t-test.
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p53 locus may mean that these loci are replicated earlier
than the p16 INK4A and vhl loci after Fe-NTA treatment for
3 weeks. Increased aneuploidy at the p16 INK4A locus was
not observed in the liver, a non-target organ, in this
carcinogenesis model (data not shown).

It is notable that human mesothelioma, which is closely
associated with iron-mediated oxidative damage,13,30

has an incidence of 22 to 73% homozygous deletion
of p16 INK4A in primary tumors.31–33 This, in combination
with our data, strongly suggests that Fenton chemistry-
associated DNA damage is one of the causes of p16 INK4A

deletion. The most frequent mutation induced by the hy-
droxyl radical in plasmid vectors is G to T transversions.34

However, in this kind of simple plasmid system, it is not
possible to detect deletion of a large fragment (�20 kb)
such as seen in our rat renal cancer model. Furthermore,
free radical damage is not so simple as the direct attack of
hydroxyl radicals on DNA since secondary reactions asso-
ciated with a variety of aldehydes may be involved.17 Thus,
further studies are necessary to determine whether this
concept is applicable to other types of oxidative damage
such as inflammation and radiation.

After we found that p16 INK4A is one of the target genes
in Fe-NTA-induced renal cancer, the next question has
been whether this is due to natural selection or targeted
disruption. The present findings also demonstrate the
presence of “fragile sites in the genome to free radical
attack” since no increase in aneuploidy was observed at
the p53 and vhl loci. Though we cannot completely rule
out the possibility of the selection mechanism, at present
we believe that hemizygous deletion of the tumor sup-
pressor genes investigated does not alter the expression
of these genes or the phenotype. This concept is sup-
ported by a recent finding that formation of 8-oxoguanine,
an oxidatively modified DNA base, is different among
three different gene loci after Fe-NTA treatment.35 In fur-
ther studies it will be important to determine specific
chromosomal or more localized areas vulnerable to free
radical attack in the genome.

On the other hand, our results may help explain the
recent findings that homozygous deletion of p16 INK4A but
not methylation of the p16 INK4A promoter is a genetic target
in the pathogenesis of smoking-induced human lung can-
cer36 and that a higher incidence of p16 INK4A deletion is
observed in cultured cell lines than in primary tumors.37 In
both of these conditions, cells have been exposed to un-
usually high levels of reactive oxygen species.

In conclusion, oxidative tissue damage can cause spe-
cific allelic loss of the p16 INK4A tumor suppressor gene
within a few weeks in animal experiments. Therefore,
p16 INK4A should be reevaluated as a potential target for the
prevention and therapy of free radical-associated cancer.
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