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We previously reported the occurrence of novel dinucleotide mutations of the K-RAS gene
(KRAS2) in 2% of pancreatic tumors sampled, but it remained unknown whether these were
functional mutations that convert the proto-oncogene to an oncogene, or unselected
mutations that might inactivate protein function.  In the current study, the functionality of
these rare mutations was quantitated via a mitogen-activated protein kinase (MAPK)
pathway-specific transactivational reporter system.  Pathway activation by dinucleotide
mutant proteins was comparable to that of the common G12V mutant K-Ras protein.
Current allele-specific technologies often employed to detect K-RAS mutations in clinical
tumor samples produce false results when dinucleotide mutations are present.  Therefore, it
is advisable to consider dinucleotide KRAS2  mutants in the strategic design of mutational
screens used to assay clinical tumor samples . © 2001 Wiley-Liss, Inc.
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INTRODUCTION

Alterations at the genomic level that affect the normal function of specific cellular proteins are known to
contribute to the genetic progression of human neoplasia.  One such protein is the product of the KRAS2
protooncogene (v-Kirsten Ras homolog, K-Ras oncoprotein, MIM# 190070).  K-Ras is in a family of guanine
nucleotide binding proteins that act as a switch to transduce signals from the plasma membrane through multiple
effector molecules, ultimately leading to a change in the transcriptional profile of the cell (McCormick, 1999;
Wittinghofer, 1998; Campbell et al, 1998).  Ras proteins cycle between active GTP-bound and inactive GDP-
bound states.  Normal ras proteins have intrinsic GTPase activity and therefore signaling can be switched on by
guanine nucleotide exchange factors (GEFs) and off by GTPase-activating proteins (GAPs).

Single nucleotide mutations in the K-Ras gene that result in a limited set of amino acid substitutions occur in
approximately 30% of all human tumors (Bos, 1989; Hruban et al, 1993; Smit et al, 1988; Slebos et al, 1990;
Vogelstein et al, 1988; Shibata et al, 1993).  Mutations in RAS genes are always point mutations and occur
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frequently at codon 12 and less frequently at codons 13 and 61.  These residues lie in the GTP-binding pocket and
perturb the GAP-stimulated GTPase activity of the Ras protein. The Ras proteins produced by single nucleotide
substitutions are known to be stable and remain constitutively active in the GTP-bound form.

Point mutations are usually detected with synthetic oligonucleotides that are specific for each possible mutant
allele of the RAS genes. This sensitive method has the advantage that bulk tumor DNA can be directly analyzed,
but is unable to identify novel (unanticipated) mutations. Alternative methods for detecting point mutations in
clinical samples have been reviewed that would circumvent this shortcoming (Nollau and Wagener, 1997; Bos and
Van Mansfeld, 1992).

Recently Willentz et al (2000) characterized the KRAS2 gene of 95 ductal carcinomas of the pancreas. Although
most mutations were single nucleotide substitutions at codon 12, two dinucleotide mutations were found that
resulted in a single or double amino acid change: G12F (codon 12 glycine to phenylalanine, GGT to TTT) and
GG12-13VC (codons 12-13 glycine-glycine to valine-cysteine, GGTGGC to GTTTGC) respectively. Another
study has observed the G12F mutation (Keohavong et al, 1996) in lung tumors, however to our knowledge GG12-
13VC is the first report of a dicodon mutation in the KRAS2 gene. Since the bulky phenylalanine residue or the
presence of two substitutions could potentially denature or destabilize the protein, the role of these as oncogenes
was undetermined.  We assayed the functionality of these two mutations using a luciferase reporter system that
makes use of the Elk-1 activation domain fused to the DNA binding domain of the Gal4 transcription factor.  Both
oncogenic and wild type ras proteins signal through the MAP kinase pathway, subsequently activating the Elk-1
transcription factor and downstream genes.

METHODS

Cell Culture and Transfection

 Panc-1  pancreatic cancer cells were obtained from American Type Culture Collection (Manassas, VA) and
grown in Dulbecco’s modified essential media supplemented with 10% fetal bovine serum and
penicillin/streptomycin. 2x105 cells/well were plated in a 6-well tissue culture plate. After 24 hours, cells were co-
transfected with four plasmids: 0.5µg pFr-luc, 0.5µg pFC-Elk-1 or pFC-dbd (Stratagene, LaJolla, CA), 0.25µg RAS
cDNA (described below) or pMEK1 (Stratagene), and 0.25ug of pCMV-βgal (Clontech, Palo Alto, CA), using the
LipofectAmine method per manufacturer’s protocol (Life Technologies, Rockville, MD). The DNA-
LipofectAmine mixture was removed from cells after 4–5 h of transfection and replaced with fresh culture media.
Cell lysates were prepared with Reporter Lysis Buffer (Promega, Madison, WI) for luciferase and ß-gal assays 24
hours after the start of transfection. Luciferase was measured using the Luciferase Assay System (Promega) and
the ß-galactosidase assay was performed as described previously (Dai et al, 1998). DNA for transfection was
purified via Qiagen mini-prep method (Valencia, CA).  Luciferase values were normalized relative to the ß-
galactosidase values.  Mean values and standard deviation were calculated from each experiment comprising three
concurrent identical transfections.  The panel of experiments was confirmed by replication at a later date.

Pathway-Specific Reporter System

The MAP kinase pathway-specific reporter system consists of a luciferase reporter gene cloned downstream of
tandem Gal4 enhancer elements (pFR-luc) and a vector encoding an Elk-1/Gal-4 fusion protein (pFC-Elk-1). As a
control the Gal4 DNA binding domain alone was included as indicated (pFC2-dbd).

Site-Directed Mutagenesis

KRAS2 G12V and wild type KRAS2 expression vectors were subcloned from the ras pLSXN retroviral vectors
(Sugiyama et al, 1998) into the Xho I restriction site of pcDNA3.1 (Invitrogen, Carlsbad, CA). G12F and GG12-
13VC nucleotide changes were established using the QuickChangeTM Site Directed Mutagenesis protocol
(Stratagene) on pcDNA3.1-WTRAS and pcDNA3.1-V12RAS templates respectively. Oligonucleotides used in this
protocol for respective ras mutations were: RAS GG12-13VC sense: 5’-gtagttggagctgtttgcgtaggcaag-3’,RAS
GG12-13VC antisense: 5’-cttgcctacgcaaagagctccaactac-3’, RAS G12F sense: 5’- gtagttggagcttttggcgtaggcaag-3’,
RAS G12F antisense: 5’-cttgcctacgccaaaagctccaactac-3’.
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RESULTS AND DISCUSSION

Bos (1989) compiled a list of potential single nucleotide substitution mutations that could occur among the RAS
genes of human tumors. Since that time very little attention has been directed to new categories of mutations in
RAS genes.  The few novel mutations that have since been reported are not yet shown to be functional (Willentz et
al, 2000; Keohavong et al, 1996).  The large size of the phenylalanine residue and the more extensive change of the
valine-cysteine dipeptide substitution could denature or otherwise inactivate the protein as a signal mediator.  The
presence of rare dinucleotide mutations of the KRAS2 gene in human tumor samples thus presents the question of
whether the dinucleotide mutant RAS genes are functionally similar to the previously characterized RAS
mutations.  If found to be functional, the dinucleotide ras mutations should be considered in the design of screens
that assay clinical tumor samples for RAS gene point mutations.

It was also possible, based on the model that cancer results from the serial acquisition of genetic alterations in
waves of clonal evolution (Vogelstein et al, 1988), that dinucleotide mutations might occur sequentially from two
separate genetic events.  If the dinucleotide mutants were shown to be functionally superior in a measure of
downstream signal intensity, this result might suggest a sequential mutational mechanism within a single gene, a
finding to date without precedent.

To establish an oncogenic functionality of dinucleotide KRAS2 mutations, previously described single
nucleotide and newly discovered dinucleotide KRAS2 mutants were engineered into an expression vector.
Confirmation was provided by direct sequencing of the entire open reading frame of all clones.  K-Ras expression
plasmids were cotransfected with two plasmids that encoded the MAPK pathway-detection system: an Elk-1/Gal4
fusion protein and a luciferase reporter gene cloned downstream of tandem Gal4 DNA enhancer elements. Elk-1 is
a transcription factor that is activated upon phosphorylation by MAP kinases. Therefore, signaling from Ras
proteins through the downstream MAP kinase pathway can be measured directly by luciferase production. In this
assay both the G12F and the GG12-13VC mutant proteins were shown to strongly activate the reporter gene as
compared to that of the wild-type ras protein.  However, when compared to the common G12V KRAS2 mutation,
neither the G12F nor the GG12-13VC mutations were obviously different (Figure 1), and thus there was no
evidence to support the serial acquisition of the mutations, based on studies of downstream MAPK activity.

Figure 1 .  Panc-1 cells were transfected with pFR-Luc reporter construct, in the presence of the MAPK pathway-
specific Elk-1/Gal4 fusion (or Gal4 DNA binding domain as control) and various Ras expression vectors as
indicated. pMEK1 and pcDNA3.1 vectors were used as positive and negative controls, respectively. Transfection
efficiency was controlled by cotransfection of a beta-galactosidase expression construct. Mean values and standard
deviations derived from three independent measurements are indicated.
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Allele-specific oligonucleotide hybridization screens are a common method for screening or large numbers of
clinical tumor samples for RAS gene mutations.  Specificity of the oligonucleotide panel for every possible
oncogenic mutation is essential for identification or exclusion of mutations.  Dinucleotide ras mutations, when
determined by direct sequencing, have been found in over 1% of tumors (Willentz et al, 2000; Keohavong et al,
1996).  The current confirmation of activated “oncogenic” function among the dinucleotide ras mutants is
evidence that dinucleotide mutations should be included in oligonucleotide hybridization screens to avoid
overlooking a class of base changes that participate in the clonal selection process of tumorigenesis.
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