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Role of Point Mutation of the K-ras Gene in Tumorigenesis of B6C3F; Mouse Lung

Lesions Induced by Urethane
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In order to elucidate the role of point mutation of the K-ras gene in the tumorigenetic process of lung
tumors, an experimental model of lung lesions in mice induced by the administration of urethane was
used. A total of 135 B6C3F; male mice, 6 weeks old, were given urethane in the drinking water at 0,
6, 60, 600 or 1200 ppm, and were then killed after varying periods of time. The lung lesions were
histologically characterized as hyperplasia, adenoma and adenocarcinoma, Point mutations in codons
12 and 61 of the K-ras gene were detected by polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) and confirmed by using dideoxy sequencing analysis. K-ras gene muta-
tion was identified in 9 (23.7%) of 38 lesions classified as hyperplasia, 31 (46.3%) of 67 adenomas,
and 3 (509%) of 6 adenocarcinomas. The most frequent mutation was an AT-to-TA transversion at
the second base of codon 61 and this pattern accounted for 65% of the three mutant forms observed.
These results suggest that the point mutation of K-ras gene is involved in all stages of mouse lung

tumorigenesis, i.e., activation of this gene can also influence the later stages of lung lesions.
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Animal model systems have led to major advances in
our understanding of tumorigenesis in humans and fur-
thermore have recently been used to elucidate whether
activation of various oncogenes and functional loss of
tumor suppressor genes are correlated with the initiation
and progression of tumors.? In particular, activation of
the res oncogene has been identified in various tumors
including skin papillomas, murine lung adenoma, pancre-
atic ductal hyperplasia of the hamster, and others.>'®
Moreover, mutations of H- and K-ras genes detectable
before the histological omset of tumors have been
reported, and they have been identified in normal rat
mammary cells within 12 days after carcinogen treat-
ment.* This indicates that ras oncogene activation arises
in the early stage of tumorigenesis, and suggests that
these genes play an important initial role in the multistep
tumorigenetic process,’ % 1617 19.20)

Point mutations in the ras gene family, H-, K-, and
N-ras, have been observed at codons 12, 13, and 61 in
rodent tumors induced by chemical carcinogens with
mutagenic activity. It is supposed that these mutations
initiate transformation in pre-neoplastic or pre-malignant
cells, which then progress to more malignant stages,
possibly acting in collaboration with additional pro-
motional factors such as other genetic or epigenetic
events." ¥ In mouse lung, the K-ras gene (a member of
the ras family) is known to have a high rate of mutation
in tumors induced by chemical carcinogens and in those
arising spontaneously. There are several reports of mouse
lung lesions induced by chemical carcinogens including
ethyl carbamate (urethane), benzopyrene, tetranitro-
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methane and 4-(N-methyl-N-nitrosamino}-1-(3-pyridyl)-
l-butanone (NNK).>*® 213 These carcinogens induce a
specific type of mutation in the K.-ras gene, probably via
carcinogen-specific DNA adduct formation. ' ¥ 21-23) 1p
the case of urethane, it was demonstrated that activating
mutations occurred in codon 61 of the K-ras gene, affect-
ing the second base in codon 61 and resulting in the
substitution of either arginine (CGA)(AT-to-GC transi-
tion) or leucine (CTA)(AT-to-TA transversion) for the
wild-type glutamine (CAA).>>%2 However, it is still
unclear at which stage in the tumorigenetic process the
mutation occurs.

Therefore, in order to establish when mutation of the
K-ras gene occurs, we attempted to examine the fre-
quency of such mutations at each stage of the tumori-
genetic process, using a mouse lung tumor model induced
by urethane. In addition, the influences of dose and
duration of administration of urethane on K-ras gene
mutation were examined.

MATERIALS AND METHODS

Experiments and tissue preparations One hundred and
thirty-five 6-week-old C57BL/6J X C3H/HeJ (B6C3F,)
male mice were purchased from Charles River Japan,
Ine. The mice were given urethane dissolved in saline in
place of drinking water, and were subdivided into 14
groups according to the urethane concentration, time
and period of treatment as shown in Fig. 1. At the end of
each experiment, the lungs were removed from the killed
mice, and fixed with 70% ethyl alcohol at 4°C followed



K-ras Mutation in Mouse Lung Lesions

57.5 experimental

| weeks

Group  Urethane No.of 0 5 10 15 20 30 35 40 45 50 55
treatment mice I ] | | i l | [ | | I

A Oppm 10
B Gppm 20
C 60ppm 20

D-1 600ppm 5

D-2 600ppm 3

D-3 600ppm 5

D-4 600ppm 5
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indicates treatment with drinking water containing dissolved urethane

Fig. 1.

by buffered paraformaldehyde for 12-24 h. Sections 4
pm-thick were cut and stained with hematoxylin-eosin
(H & E) for morphological observations.

Histological classification Lung lesions were classified
into 3 categories: alveolar/bronchiolar hyperplasia, ade-
noma, and adenocarcinoma. Hyperplasia was defined as
the presence of mildly atypical cells with no significant
destruction of the original histological structure and
without expansive growth (Fig. 2A)}. Adenoma was
defined as the presence of moderately atypical cells or
those with nuclear pleomorphism and was characterized
by evident compression of adjacent alveolar tissue (Fig.
2B). Adenocarcinoma involved markedly atypical tumor
cells with occasional abnormal mitoses and invasive
growth into adjacent alveolar tissue, bromchioles or
vessels (Fig. 2C).

Isolation of tissue (microdissection method) and DNA
isolation Ten 10-um thick sections were cut from a
paraffin block, and then deparaffinized. The lesions were
scraped from each slide using a 27 gauge needle observed
under the microscope, taking special care to limit the
amount of surrounding tissue removed. The tissue
samples were placed in 100% ethanol, centrifuged for
about 2 min to deposit the tissue at the bottom of the
tubes, and then dried in a vacuum. Digestion was per-
formed using proteinase K for 12-24 h at 37°C, followed
by incubation at 95°C for 10 min to inactivate the
enzyme. Phenol-chloroform extraction was carried out
three times. The precipitates were dissolved in 100-150 z1
of TE buffer (template DNA} for use in the polymerase
chain reaction (PCR).

Experimental design.

PCR DNA was amplified by the PCR method of Saiki
et al ' The amplification primers were prepared to am-
plify the 1st and 2nd exons of mouse K-ras gene as
reported by Belinsky et al.': 1st exon, 5'-primer 5’-
ATGACTGAGTATAAACTTGT-3/, 3’-primer 5'-TC-
GTACTCATCCTCAAAGTG-3’; 2nd exon, 5'-primer
5 -TACAGGAAACAAGTAGTAATTGATGGAGA-
A-3') 3-primer 5-ATAATGGTGAATATCTTCAAA-
TGATTTAGT-3'. PCR conditions were 95°C for 1 min,
51-52°C for 2 min, and 72°C for 2 min. The process
included 45 (exon 1) and 40 (exon 2) cycles of amplifica-
tion on an MJ research thermal cycler, using Taq DNA
polymerase (Takara). Exon 1 generated a fragment of 98
base pairs and exon 2 one of 171 base pairs. Amplified
DNA products of the PCR were electrophoresed in a 49
agarose gel (Nusieve), followed by ethidium bromide
staining. '

Restriction fragment length polymorphism (PCR-RFLP)
method A PCR-RFLP method was used to identify
predominant mutations in the mouse K-ras gene, because
this method has the advantage that many samples can be
processed simultaneously. The specific patterns of K-ras
gene mutations in codons 12 and 61 treated with various
chemical carcinogens have been reported. »* ) The pre-
dominant K-ras gene mutation in codon 12 was GGT
(wild-type sequence) to GAT transition, and therefore,
the restriction enzyme Hph I [5-GGTGA(N)s*-3’
(k indicates the restriction site} obtained from New
England Biolaboratory {NEB Inc.}] was chosen to ascer-
tain the point mutation by using a mismatch primer
containing a G mismatch instead of a C in the second
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Fig. 2. Microscopical views of lung lesions. A. Alveolar/bronchiolar hyperplasia (H & E staining, X 130). B. Alveolar/
bronchiolar adenoma (H & E staining, X 65). C. Alveolar/bronchiolar adenocarcinoma (H & E staining, < 100).

Table I. Incidence of Lung Lesions Induced by Urethane in Mice

s Urethane Weeks of e No.(of " N((; ())f . l}dean] no. of No. of lung lesions
roup treatment effective (initia! mice (%6} wit ung lesions . eno-
dose (ppm) (range) mice lung lesions por mouse  Hyperplasia  Adenoma czﬁsmoma
A 0 — 9 (10) 2 (22) 0.6 3 2 0
B 6 50 20 {20) 2 (10} 0.1 1 1 0
C 60 50 19 (20) 10 (53} 0.6 2 8 1
D-1 600 20 5 (5) o (0 1.0 5 0 0
D-2 # 25 5 (5) 4 (80) 32 14 2 0
D-3 ” 30 5 (5) 5 (100) 4.6 i8 5 0
D-4 ” 35 3 (5) 3 (100) 6.3 8 11 0
D-5 ” 40 4 (5) 4 (100) 13.0 22 30 1
D-6 ” 45 5 (5 5 (100) 6.6 8 25 0
D-7 ” 50 13 (20) 13 (100} 7.6 29 66 4
E 1200 2.5 (0-2.5) 13 (20) 13 (100) 2.3 9 16 5
F " 2.5 (25-27.5) 3 (%) ¢ (O 0 0 0 0
G ” 2.5 (27.5-30) KN &) ¢ (0) 0 0 0 0
H ” 2.5 (30-32.5) 2 (5 1 (50) 1.0 i 1 0
Total number of lung lesions 120 167 11

base from the 3’ end. The sequence of the mismatch ~GTCGTACTCATCCA-3'. PCR amplification using
primer was 5-AACTTGTGGTAGTTGGAGGT-3’ and mismatch primers generated a fragment of 102 base
the antisense primer was 5-TTACCTCTATCGTAGG- pairs. The mismatch nucleotide at the site of the point
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mutation is part of the recognition sequence of a restric-
tion enzyme used in RFLP analysis. PCR products
generated using this strategy will contain the enzyme
cleavage site only if they are derived from the mutated
locus. Amplified DNA products were therefore digested
with Hph 1 at 37°C for 2-3 h followed by the NEB
reaction protocol.

On the other hand, in codon 61 of exon 2, the restric-
tion enzyme Xba 1 [5-T*CTAGA-3" (% indicates the
restriction site); NEB] was chosen to recognize a CAA
(wild-type sequence) to CTA transversion, and the en-
zyme Tag 1 [S-T*CGA-3" ( indicates the restriction
site); NEB] to recognize a CAA-to-CGA transition.
Both enzymes recognize a 2nd base substitution in codon
61 as a single point mutation in the K-ras gene. The con-
ditions of these enzyme reactions were as follows: diges-
tion with Xba I for 2-3 h at 37°C and with Tag I for 2
3 h at 65°C. After the reactions, 10 11 of the PCR-RFLP
products was electrophoresed in 4-6% agarose and/or
8% polyacrylamide gels. The former was run for 30 min
at 100 V, and the latter for 34 h at 200 V; digested DNA
bands were visualized by ethidium bromide staining. The
method was based on previous reports.'™
Dideoxy sequencing analysis Sequencing primers (1-2
pmol) for exons 1 and 2 were the same as those described
above. These primers, end-labeled with [y-"P]ATP by
T4 polynucleotide kinase (double-stranded DNA cycle
sequencing kit; GIBCO BRL), were added to the reac-
tion mixture and the labeled primer-DNA mixture was
added to 4 tubes containing dideoxy-ATP, dideoxy-CTP,
dideoxy-GTP, or dideoxy-TTP. Thermal cycle programs
were then carried out and terminated with 5 u1 of stop
solution. Samples were heated at 90°C for 5 min and
subjected to electrophoresis on an 89 denaturing poly-
acrylamide gel. The gel was dried and then exposed to
X-ray film for 18-24 h,

RESULTS

Incidences of mice with lung lesions The incidence of
mice with lung lesions is shown in Table I. In group B,
the incidence was lower than that of group A, but in
group C, it was higher than that of group A. In group D,
all mice with more than 30 weeks of treatment showed a
gradually increasing number of lung lesions in proportion
to the period of treatment. The mice in group E showed
a high incidence, but in the other groups (F, G and H)
lung lesions were rare. The total numbers of lesions were
120 hyperplasias, 167 adenomas, and 11 adenocarcinomas.
Identification of K-ras mutations in lung lesions When
the PCR products derived from DNA with the mutated
locus in codon 12 or codon 61 as described in “Materials
and Mecthods™ are digested with these restriction en-
zymes, DNA fragments are cleaved by Hph 1 to yield

K-ras Mutation in Mouse Lung Lesions

100bp Ladder Marker
10bp | adder Marker

Normal — Mutant
A
200bp
100bp | .. 1 02bp
«—72bp
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Normal  Mutant
B
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«—121bp
100bp
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C
200bp «171bp
«—121bp
{0tbp «—108bp
«— 50bp
Fig. 3. Result of PCR-RFLP analysis using restriction en-

zymes. A. Detection of GGT-to-GAT mutation in codon 12
by using Hph 1 enzyme. B. Detection of CAA-to-CTA muta-
tion in codon 61 by using Xba I enzyme. C. Detection of
CAA-to-CGA mutation in codon 61 by using Tag I enzyme.

subfragments of 72 and 30 base pairs, by Xba 1 to yield
subfragments of 108 and 63 base pairs, and by Tag I to
yield subfragments of 108, 50, and 13 base pairs. The
PCR product derived from the normal allele was also cut
with Tag 1 enzyme, producing subfragments of 121 and
50 base pairs. These results of the PCR-RFLP technique
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Table II. PCR-RFLP Analysis of Mutations in K-res Gene from Lung Lesions Induced by Urethane

in Mice
No. of No. of lesions  INo. of lesions with codon 12 No. of lesions with codon 61
Lung lesion Iesions with activated (GGT, Gly) mutations (CAA, Gln) mutations
exarnined K-ras (%) GAT (Asp) CTA (Leu) CGA. (Arg)
Hyperplasia 38 9 (23.7) 1 7 1
Adenoma 67 31 (46.3) o 19 6
Adenocarcinoma 6 3 (50.0) 0 2 1
Total 111 43 (38.7) 7 28 8

Table 111, Comparison of Frequencies of K-ras Mutation in Adenomas between Experimental Groups

No. of No. of lesions No. of lesions with No. of lesions with

Group (ppm) t‘::::lﬁei]; lesions with activated codon 12 (GGT) mutations codon 61 (CAA) mutations
examined K-ras (%) GAT CTA CGA

A (0) - 2 ¢ (O 0 0 0
B (6) 50 1 0 (0) 0 0 0
C (60} 50 5 2 (40.0) 1 0 1
D-1 (600) 20 0 — - - —
D2 (#) 25 0 — - - -
D3 (7)) 30 3 1(33.3) 1 0 0
D4 (*) 35 3 0 (O 0 0 o
D5 ( ) 40 8 5 (62.5) 2 3 0
D-6 (7)) 45 4 3 (75.0) 0 3 0
DT (7)Y 50 25 17 (68.0) 2 15 0
E (1200) 2.5 15 1 (6.7) 0 0 1

are shown in Fig. 3. One hundred and eleven lung lesions
were examined by this method, and K-ras gene mutation
was detected in 9 (23.7%) of 38 hyperplastic lesions, 31
(46.3%) of 67 adenomas, and 3 (50.09) of 6 adeno-
carcinomas (Table IT). The incidence of K-ras gene muta-
tion in lung lesions increased in proportion to the biolog-
ical grade as defined by histological classification. The
most frequent K-ras gene mutation was an AT-to-TA
transversion at the second base of codon 61 and this
pattern aceounted for 65% of the three forms of muta-
tion. There was no difference in the pattern of mutation
among the various grades of histological classification of
lung lesions.

The K-ras gene mutation was looked for in 9 spontane-
ous lung adenomas in B6C3F; mice which had not re-
ceived any treatment (including 7 tumors examined in
the previous study in our laboratory), but no mutation
was identified in these tumors.

Table III shows a comparison of the incidence of K-ras
gene mutation in adenomas among the groups. As the
treatment period was longer in group P, the frequency of
mutation was higher. In group E, K-ras gene mutation
was rare. No lung lesion was found with both codon 12
and 61 mutations in the K-ras gene. When 24 samples of
normal lung tissue from urethane-treated mice were ex-
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amined, no K-ras gene mutation was identified in either
codon 12 of exon I or codon 61 of exon 2. The presence
of these mutations detected by the PCR-RFLP method
was confirmed by dideoxy sequencing analysis (Fig. 4).

DISCUSSION

Urethane has been shown previously to be a multi-
potential carcinogen with initiating and promotive abil-
ities, and it has been reported that the lung is one of
the organs susceptible to tumorigenesis initiated by ure-
thane.?" #7732 In general, carbamates induce the same
spectrum of tumors in mice and rats, and vinyl carba-
mate, a structural analog of urethane, has a greater
carcinogenic activity than ethyl carbamate. These carba-
mates are metabolized to vinyl carbamate epoxide, which
is thought to be the ultimate carcinogenic metabolite, It
has been reported that these carbamates and their metab-
clites may share common steps in tumorigenesis, but the
mechanisms of genetic susceptibility and the induction of
mutations by these metabolites, as well as the nature and
the structure of DNA adducts formed in the lung, have
not yet been elucidated.?! 2% 2532 33)

Susceptibility to urethane-induced pulmonary tumori-
genesis varies among inbred strains of mice. B6C3F, mice
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Fig. 4. Iden:tiﬁéz;tion of p.onint mutations in the K-ras gene

by using dideoxy sequencing analysis. A. Dideoxy sequencing
analysis demonstrates GGT-t0-GAT mutation in cedon 12,
indicated by the arrow. B. CAA-to-CTA mutation in codon
61. C. CAA-to-CGA mutation in codon 61.

have low susceptibility to urethane in comparison with
strain A/J or BALB/cByJ mice, and it has been reported
that the incidence of spontaneous lung tumors is approx-
imately 10-209.%2%31.3) In t(he present experiment,
the incidence of lung lesions in the control group was
similar to those reported in previous studies.”” In most of
the previous reports,” ¥ lung lesions were classified into
lung adenomas and adenocarcinomas, but in the present

K-ras Mutation in Mouse Lung Lesions

experiment adenomas were further divided into two
groups, hyperplasia and adenoma, because the aim of this
study was to examine pre-neoplastic lesions more pre-
cisely. According to this histological classification, ade-
nomas arising in hyperplasia or adenocarcinomas arising
in adenoma were occasionally identified in the present
study, and therefore a sequential development, hyper-
plasia-adenoma-carcinoma, of the lung lesions induced
by urethane was established.

The incidence and multiplicity of lung lesions were
correlated with the concentration of urethane and the
duration of treatment, and the present results confirmed
the tumorigenicity of urethane. Interestingly, the inci-
dence of lung lesions in the 6 ppm group was lower than
that in the control group. Qur previous study showed
the same tendency.’ In addition, the incidence of lung
lesions in the 1200 ppm group was lower than that
in the 600 ppm groups. These results may indicate the
importance of duration of treatment in tumorigenesis.
Furthermore, from the results in the 1200 ppm groups,
beginning the administration of urethane while the mice
were young appeared to induce a higher incidence of
lung lesions as well as increasing the extent of progres-
sion to carcinoma. These observations are compatible
with tumorigenesis by chemical carcinogens in general.

The ras oncogene has been found to be activated in a
variety of chemically induced animal tumors. Activation
of the K—+as gene family (H, K, and N-ras) has been de-
tected in lung tumors, including pre-neoplastic lesions.
The most frequent activating sites in the K-ras gene,
so-called “hot spots,” have been reported as codon 12 of
exon 1 and codon 61 in exon 2, and furthermore a second
base change in these codons has been commeonly demon-
strated. Also, the base substitution that results from ex-
posure to certain chemicals is specific.”® 1% 15717 2433, 34)

The selectivity of mutation in the K-ras gene induced
by urethane has been studied by several investigators.> >
In strain A mice, K-ras gene activation was detected in
10 of 11 lung tumors induced by urethane, and the
mutations were identified as follows: 7 tumors showed an
AT-to-TA transversion (CTA) in the second base of
codon 61 and 2 tumors showed an AT-to-GC transition
(CGA), detected by NIH3T3 transfection assay.® On
the other hand, 6 of 10 spontaneous lung tumors in strain
A mice showed a point mutation in codon 12. However,
there has been a report that K-ras gene mutation was
identified in only 1 of 10 spontaneous lung tumors
occurring in B6C3F, mice. Furthermore, lung adenoma
and adenocarcinoma induced by urethane were reported
to show different patterns of mutant K-ras gene expres-
sion, that is, very small adenomas primarily expressed
AT-10-TA transversion, while adenocarcinoma and
transformed lung cell lines primarily expressed AT-to-
GC transition in the second base of codon 61.” The
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frequency of K-ras gene mutation in mouse lung tumors
induced by urethane has also been investigated in relation
to tumor size. Preferential activation of the K-ras gene in
codon 61 occurred in most lung tumors, but there was no
difference in the mutation pattern between small and
large tumors. ‘

On the basis of the results of previous work and the
present study, urethane is a potent inducer of mouse lung
tumors,®” and the predominant mutation in the K-ras
gene induced by urethane is AT-to-TA transversion in
the second base of codon 61, which was found in 65% of
the lung lesions in which mutation had occurred in our
study. However, there was no clear difference in the
predominant pattern of K-ras gene mutation related to
the histological appearance, although the frequency of
mutation increased as the lesions progressed from hyper-
plasia to adenoma or adenoccarcinoma.

Certainly, the findings in the present study are consis-
tent with the hypothesis that such an activated K-ras
gene is seen in the early stage of tumorigenesis and is
concomitant with initiation of neoplasia. However, as the
frequencies of mutation were 46.3% in adenoma and
50% in adenocarcinoma, it appears that K-ras gene
mutation did not necessarily occur only in the early stage
of tumorigenesis, but could also influence the later stages.
In other words, it appears that K-rgs gene mutation is
involved in all stages of tumorigenesis.

The lower frequency of mutation in hyperplasia than
in adenoma and adenocarcinoma throws doubt on the
hypothesis that K-ras gene mutation occurs in the early
stage, but several explanations for the lower frequency
are possible. Firstly, it is possible that K-ras gene muta-
tion occurs in only very few cells in a lesion and there-
fore, may not be detected; mutated cells might subse-
quently have a selective advantage.’® Secondly, other
types of K-ras gene mutation may exist, which can not be
detected by the PCR-RFLP method used in the present
study. Thirdly, the lesions diagnosed as hyperplasia on
the basis of histological findings may include reactive or
reversible lesions induced by chronic irritation or inflam-
mation. Therefore, the frequency of mutation in hyper-
plasia has possibly been underestimated.

When the frequencies of K-ras gene mutation in ade-
noma after different pericds of carcinogen administration
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