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Abstract—Codon 12 of the K-ras gene is a generally recognized example of a mutational hot spot. By the approach of gel
retardation and specific antibodies, a double-stranded oligonucleotide corresponding to the codon 12 region of the mouse K-
ras gene (from 20 to 50 bp with respect to the exon 1 start) was found to be a site for cooperative binding of the transcription
factors GATA-6 and NF-Y. GATA-6 and NF-Y were selectively activated with lung carcinogens 3-methylcholanthrene and
nitrosoethylurea in mice of strains susceptible to lung tumorigenesis but not in animals of resistant strains. The interaction of
GATA-6 and NF-Y with the codon 12 region of the K-ras gene is suggested to be involved in the mechanism of lung car-

cinogenesis.
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K-ras is a member of the small family of Ras genes
encoding closely cognate proteins H-, N-, and K-Ras
which are low-molecular-weight (~21 kD) GTPases
involved in cell growth and differentiation. These proteins
are located on the inner surface of the plasma membrane
and exist in alternating active and inactive states. The
transition of Ras from the inactive GDP-bound state into
the active GTP-bound state is stimulated by guanine
nucleotide exchange factors (GNEFs) and the reverse
transition is stimulated by GTPase-activating proteins
(GAPs). And these factors are influenced by a number of
surface cellular receptors, in particular, receptors of
growth factors and cytokines [1]. On activation with
external stimuli, Ras can interact with many effector pro-
teins: Raf kinases, PI3 kinases, some isoforms of protein
kinase C, etc., and switch on the so-called kinase cas-
cades which play an important role in regulation of gene
expression [1, 2].

Mutations in the Ras family genes have been detect-
ed in various malignant tumors of humans and experi-
mental animals mainly in codons 12, 13, and 61 [3]. Such
mutations are known to decrease the GTPase activity of
Ras proteins and disturb their ability for binding GAPs
and thus maintain the permanently activated state of Ras

Abbreviations: NU) nitrosoethylurea; 3-MC) 3-methylcholan-
threne.
* To whom correspondence should be addressed.

that promotes cell malignant transformation [4]. The
transition G—A in the second position of codon 12 of the
K-ras gene is the most common mutation. The incidence
of this and other less common nucleotide substitutions in
the codon 12 region of the K-ras gene is up to 75-100% in
cases of pancreas cancer, 50-80% in cases of large intes-
tine cancer, and to 25-50% in human lung cancer [5-7].

Studies on the K-ras gene in mice are of interest
because various spontaneous and chemically induced
tumors are associated with mutations in the same codons
as observed in humans. In particular, mutations in codon
12 of the K-ras gene were found in 60-95% of mouse lung
tumors induced by chemical carcinogens [8, 9].
Moreover, it is very likely that these mutations are already
enough to give rise to tumorigenesis, because using of the
Cre-lox mediated somatic recombination to introduce
activated K-ras expression in lung epithelium of trans-
genic mice was sufficient for development of lung adeno-
carcinoma in 100% of animals [10].

Mechanisms responsible for high incidence of muta-
tions in codon 12 of the K-ras gene in tumors are unclear.
On one hand, the presence of an altered Ras seems to
provide selective advantages for the cells due to increase
in their ability for proliferation and resistance to apopto-
sis [11]. On the other hand, codon 12 of the K-ras gene is
the place of preferential formation of adducts in response
to treatment with carcinogens [12, 13]. It was suggested
that the selectivity in adduct production in codon 12
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should be associated with both specific features of the pri-
mary structure of DNA and/or its modifications in the
region of this codon and specific features of the local
chromatin structure in this region as a result of DNA—
protein interactions [13].

Therefore, we have studied the binding of proteins of
extracts of lung cell nuclei of mice with an oligonu-
cleotide corresponding to the codon 12 region of the
mouse K-ras gene and also the effects of lung carcinogens
3-methylcholanthrene (3-MC) and nitrosoethylurea
(NU) on the DNA-binding activity and expression of
proteins interacting with this region in mice of strains sus-
ceptible and resistant to lung carcinogenesis.

MATERIALS AND METHODS

Reagents. The following reagents were used: [o-
32P]dATP and ECL kit from Amersham (England);
Retina X-ray film (Germany); PVDF Immobilon-P
membrane (Millipore, USA); Klenow fragment of DNA
polymerase I from FE. coli (SibEnzyme, Russia); DEAE-
81 paper, Whatman 3MM (Whatman, England); Tris,
HEPES, spermine, spermidine, and Bromophenol Blue
(Sigma, USA); acrylamide and bis-acrylamide (Reanal,
Hungary); SDS (Bio-Rad, USA); EGTA, phenylmethyl-
sulfonyl fluoride (PMSF), and EDTA (Fluka,
Switzerland); sucrose and glycerol (Serva, Germany).
Other reagents were of domestic production, of special
purity and chemical purity.

Animals. Two-week-old mice of the strains A/He,
ICR, C3H/A, and C57BL bred in the Institute of
Cytology and Genetics, Siberian Division of the Russian
Academy of Sciences, were used.

Preparation of extracts from lung cell nuclei and gel
retardation of oligonucleotides. Extracts of nuclei were
prepared as described in [14] in the modification [15]. All
procedures were performed on ice as quickly as possible.
To study the effects of carcinogens on the binding of tran-
scriptional factors to DNA, the mice were injected
intraperitoneally 12 h before the sacrifice with NU or 3-
MC (80 mg per kg body weight) dissolved in 10% PEG-
1500 or olive oil, respectively.

Oligonucleotides corresponding to both chains of
the region from 20 to 50 bp of exon 1 of the mouse K-ras
gene:

KR, 5'- CAGTTGGTGGTTGGAGCTGGTGGCGTA-
GGCAAGAG-3

(codon 12 is underlined) and also to binding sites of the
transcription factors:

GATA-6, 5'-cagt GATCTCCGGCAACTGATAAGGAT-
TCCCTG-3' [16];

Ets, 5'-cagtTCGAACTTCCTGCTCGA-3' [17];
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NF-Y, 5'-CAGTAGACCGTACGTGATTGGTTAAT-
CTCTT-3';

LKLE 5'-CAGTAATAGGGATGGGCAGAAGGCAG-3'

(sequences NF-Y and LKLF correspond to oligonu-
cleotides for gel shift of Santa Cruz Biotechnology, Inc.,
USA) were synthesized using an ASM-1021 automatic
synthesizer (Biosset, Novosibirsk) by the H-phosphonate
method [18]. After annealing, the oligonucleotides were
labeled with [a-?P]dATP using Klenow fragment of
DNA polymerase I. The reaction mixture (16 pl) con-
tained 1 ng labeled oligonucleotide, 25 mM HEPES
(pH 7.8), 80 mM KCI, 0.2 mM EDTA, 0.2 mM EGTA,
1 mM dithiothreitol, 10% glycerol, 2 pug protein of the
nuclear extract preincubated with sheared salmon sperm
DNA (1 pg per 7 ug protein) for 10 min at 0°C. The mix-
ture was incubated at 14°C for 15 min and then subjected
to electrophoresis in 5% polyacrylamide gel in 0.5-fold
TBE buffer (89 mM Tris-borate, 89 mM H;BO;, 2 mM
EDTA). When antibodies to GATA-6 and NF-YA (Santa
Cruz Biotechnology, Inc.) were used, the extract of
nuclei was incubated concurrently with sheared salmon
sperm DNA and 1-2 pl of the antibodies for 15 min at
0°C.

Western-blotting. Proteins were separated by elec-
trophoresis by the Laemmli method [19] in 10% poly-
acrylamide gel, placing onto each lane 5 pg nuclear
extract from mouse lung cells. The separated proteins
were carried from the gel onto a PVDF Immobilon-P
membrane using a TE-70 device (Amersham, USA). The
bands were treated with antibodies and detected with an
ECL kit (Amersham) according to the manufacturer’s
instruction.

RESULTS AND DISCUSSION

Binding of proteins of extract from mouse lung cell
nuclei to the double-chained oligonucleotide correspon-
ding to the codon 12 region of the mouse K-ras gene
(from 20 to 50 bp of exon 1, the KR oligonucleotide) was
studied using gel retardation. A protein (or proteins)
formed a complex with this oligonucleotide (Fig. 1a). To
identify this protein, the sequence of the oligonucleotide
was searched for regions homologous to sites for binding
different transcription factors using the TESS program
packet [20]. Regions were found that are similar to the
binding sites for transcription factors of the GATA fami-
ly, the ubiquitous transcription factor NF-Y, and the
lung-specific transcription factor LKLFE.

Double-stranded oligonucleotides corresponding to
the known binding sites for these proteins were used as
competitors in experiments with gel retardation of DNA
sample. An oligonucleotide corresponding to the binding
site of transcription factors for the Ets family was taken as
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Fig. 1. Identification by gel retardation of proteins complexing
with the oligonucleotide KR corresponding to the codon 12
region of the K-ras gene. a) Competitive analysis: 1) free probe; 2)
binding to proteins of the extract from lung cell nuclei in the
absence of competitive oligonucleotides; 3-5) in the presence of
25-, 50-, and 100-fold excess oligonucleotide corresponding to
the binding site for NF-Y; 6, 7) in the presence of 50- and 100-
fold excess oligonucleotide corresponding to the binding site for
GATA; &, 9) in the presence of 100-fold excess oligonucleotides
corresponding to the binding sites for LKLF and Ets. b)
Suppression with antibodies of the binding of transcription fac-
tors: 1, 3) binding to the extract; 2) binding to the extract in the
presence of antibodies to NF-Y; 4) binding to the extract in the
presence of antibodies to GATA-6.

an obvious nonspecific competitor. Two oligonucleotides
competing for complexing with KR were found: they con-
tained the binding sites for NF-Y and GATA (Fig. 1a)
that suggests the involvement of both nucleotides in the
complexing. Experiments with antibodies to one of NF-Y

KR GATA NF-Y Ets
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Fig. 2. Increased binding of proteins of extract from lung cell
nuclei of 3-MC-treated ICR mice susceptible to lung carcino-
genesis to the following oligonucleotides: 7, 2) oligonucleotide
KR; 3, 4) oligonucleotide corresponding to the binding site for
GATA,; 5, 6) oligonucleotide corresponding to the binding site for
NE-Y; 7, 8 oligonucleotide corresponding to the binding site for
Ets.
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subunits (NF-YA) and GATA-6 (the main representative
of the GATA family in lungs [21]) completely verified this
suggestion (Fig. 1b). The addition of these antibodies
resulted in virtually complete disappearance of the com-
plex; therefore, the transcription factors NF-Y and
GATA-6 are likely to cooperatively bind to the codon 12
region of the mouse K-ras gene.

NF-Y is known to be a key regulator of the cell cycle
[22], and GATA-6 is one of the main factors controlling
ontogenesis of pulmonary tissue [21]. Both poor and
excess expression of GATA-6 leads to serious disorders in
lung morphogenesis [23]. Therefore, it was suggested that
binding of the transcription factors NF-Y and GATA-6 to
the location of a mutational hot spot should be involved
in events initiating tumorigenesis in this organ. Based on
this hypothesis, we have studied effects of potent lung
carcinogens 3-MC and NU on activities of these factors
and their abilities for interaction with the KR oligonu-
cleotide.

Injection of the carcinogen 3-MC into mice of the
ICR strains highly susceptible to lung carcinogenesis [24]
was accompanied by a noticeable increase in the DNA-
binding activity of GATA-6 and NF-Y of extracts from
lung cell nuclei (Fig. 2, lanes 4 and 6) and, respectively, in
their interaction with the codon 12 region of the mouse
K-ras gene (Fig. 2, lane 2). The carcinogen influenced
the binding of NF-Y and GATA-6 to the codon 12 region
much more strongly than the oligonucleotides correspon-
ding to the binding sites for these transcription factors,
and this also suggested their cooperative interaction with
this region. This effect is specific because 3-MC did not
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Fig. 3. Binding of proteins of extract from lung cell nuclei of 3-
MC-treated C57BL mice resistant to lung carcinogenesis with
the following oligonucleotides: 1, 2) oligonucleotide KR; 3, 4)
oligonucleotide corresponding to the binding site for GATA; 5, 6)
oligonucleotide corresponding to the binding site for NF-Y; 7, &)
oligonucleotide corresponding to the binding site for Ets.
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Fig. 4. Comparative determination by Western-blotting of con-
centrations of factors NF-Y (/-4) and GATA-6 (5-8) in extracts
from lung cell nuclei of ICR (1, 2, 5, 6) and C57BL mice (3, 4, 7,
&) treated (2, 4, 6, §) and untreated with 3-MC (1, 3, 5, 7). AB,
antibodies; —, control mice; +, mice treated with NU.

alter the DNA-binding activity of the transcription factor
Ets, which in this case might be considered to be an inter-
nal control (Fig. 2, lane &). Injection of 3-MC into
C57BL mice resistant to lung carcinogenesis [25] did not
increase the activities of NF-Y and GATA-6 (Fig. 3).
Similar results were obtained on two other strains of mice,
A/He and C3H, contrasting in susceptibility to lung can-
cer [25]. Another lung carcinogen, NU, also increased
the DNA-binding activity of the NF-Y and GATA-6 fac-
tors in lungs of the tumor susceptible mice (the ICR and
A/He strains) but not in the tumor resistant mice (the
C57BL and C3H strains) (data not presented).

We have shown by Western-blotting hybridization
that the observed effect is not associated with changes in
concentrations of the transcription factors NF-Y and
GATA-6 in the nuclear extracts (Fig. 4). Therefore, it is
suggested that the increase in their DNA-binding activi-
ties under the influence of carcinogen in the lungs of sus-
ceptible mice should be caused by modifications of these
proteins and not increase in their concentrations.

Thus, studies on the codon 12 region of exon 1 of the
K-ras gene revealed the presence of binding sites for the
transcription factors GATA-6 and NF-Y and the cooper-
ativity of these factors in the binding to DNA. Thus, this
region is suggested to be a composite regulatory element.
At present, a number of composite regulatory elements
are known which are produced by the binding sites for
NF-Y and GATA [26, 27]. In particular, GATA-6 and
NF-Y have been shown interact in the binding to the cor-
responding composite element, and this binding is neces-
sary for expression of the gene encoding the von
Willebrand factor in non-endothelial cells [28].

The selectivity of production of adducts in codon 12
of the K-ras gene upon treatment with various carcino-
gens was recently shown to be caused by both specific fea-
tures of the primary structure of DNA in the region of this
codon [12] and yet unknown modifications in the native
chromatin structure [13]. Both NF-Y and factors of the
GATA family can initiate destruction or remodeling of
nucleosomes [29, 30]; therefore, it is suggested that bind-
ing of these factors with the mutational hot spot region in
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the K-ras gene accompanied by local changes in the chro-
matin structure should play a role in providing the avail-
ability of DNA for both reactive carcinogens and modify-
ing enzymes and, thus, contribute to the selectivity of
adduct production.

In this connection, we consider as very interesting
our data on the increase in the DNA-binding activity of
NF-Y and GATA-6 under the influence of lung carcino-
gens in the nuclei of lung cells of susceptible mice but not
of resistant animals and on the sharply increased binding
of these factors to the oligonucleotide corresponding to
the codon 12 region of the mouse K-ras gene. This seems
to be important for mutations in this codon and subse-
quent development of lung cancer in the susceptible ani-
mals.

We will further study the in vivo effect of lung car-
cinogens on the binding of NF-Y and GATA-6 to the
codon 12 region of the K-ras gene in the lungs of suscep-
tible and resistant strains of mice.

The work was supported by the Russian Foundation
for Basic Research (the project No. 04-04-48136).
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