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Review
The restriction site mutation assay: a review of the methodology
development and the current status of the technique

G.J.S.Jenking, H.S.Suzen, R.A.Sueiro and J.M.Parr et al, 1995). In addition, many of the current mutational tests
y many ot ¢
School of Biological Sciences, University of Wales Swansea, Singleton have been develOped in baCten&.ll and yeast syStemS’ the
Park, Swansea SA2 8PP, UK relevance of such data to mammalian exposures is not always
The restriction site mutation (RSM) assay has been obvious and, hence, does not allow accurate assignment of
employed in our laboratory, as a mutation detection system, m;mraillatn mizard E\i/\?rﬁ rr]'sﬁ estlmgltes. f T:elre inar(?[h S%’ﬁfl
since its first description in 1990. In principle the technique ?akeonﬂrr)ocme% que? t'c are cap()ja eIIO fa atlhys g the ‘
is capable of detecting mutations in ubiquitous restriction . ammallan tssues and cells for tn€ présence o
enzyme sites and is, therefore, readily applicable to any mutational events. These mutation tests can be employed in a

applied in our laboratory in various species, detecting rare

mutations induced in mouse, rat, Xenopus flatfish and (.C.otton, 1989). As genotypic tests have no prer(_aquisite for
human cells and tissues. This paper reviews the data Vi cells, they have the added advantage of being capable
accumulated by the RSM methodology in our hands and of detecting mutations in archival material (Cortopassi and
charts the developmental processes which have steadily ~Mheim, 1992) and from biopsy samples (Saetipl, 1992).
improved the technique such that it is now applicable as a | NES€ genotypic mutation tests include direct sequencing,
sensitive genotypic mutation detection system. This paper hetero_duplex analysis and single-strand conformation analyses
also includes PCR primer sequences and restriction (ROSSiter and Caskey, 1990; Axton and Hanson, 1998). These
enzymes employed in mutational analyses performed in techniques, having low sensitivity, are better suited to the
the various species studied. We detail a variety of problems detection of.d|agnost|c mutations apd the presence of allele
associated with the assay and the steps taken to solve them. heterozygosity. Alternatlve genotypic tec'hmques are neeqled
The specific hurdles which have been overcome include the to detect rare mutational events present in an excess of wild-
lack of quantitative data, the question of the contribution ~ YP& DNA. This situation is exemplified by a small number of
of DNA adducts to the induced mutation profile and the ~ Pré-cancerous mutated cells surrounded by an excess of wild-
presence of false positives. Finally, the methods which have YPE€ fissue. In 1990, such a genotypic mutation test, which we
been developed to increase the sensitivity of the assay are named the restriction site mutation (RSM) assay, was conceived
also detailed. This paper describes our recommended Rsm  (Parry et al, 1990). In the RSM assay, DNA mutations in
methodology, as it is routinely employed in our laboratory, ubiquitous restriction enzyme S|tes'wh|ch eI|m|r_1§1te the ability
which enables the analyses of mutations induced by chem- of the restriction enzyme to recognize the specific DNA target
ical exposures and spontaneous endogenous processes. OurSeduence are detected (Figure 1). This methodology showed
aim in presenting the developmental data on the RSM assay much promise and was developed in this and other laboratories
is to provide other researchers with sufficient information &S @ mutation detection system. (Bridgaisal, 1990; Parry

about the RSM methodology to facilitate its application in €t al- 1990; Palombet al, 1992; Pourzand and Cerutti, 1993).
mutation analysis in other genes and organisms. The RSM assay allows the detection of mutations in restric-

tion enzyme sites through selective PCR amplification of
induced restriction enzyme-resistant sites and the concurrent
. destruction of wild-type sequences by enzymatic digestion.
Introduction This molecular selection is essential in allowing the RSM
The development of sensitive mutagenicity tests is essential Hissay to detect rare mutational events present in an excess of
genotoxic agents are to be correctly identified and potentialvild-type DNA sequences. Indeed, the detection sensitivity
human exposures minimized, where possible. These mutatiatepends heavily upon, and is limited by, the efficient removal of
tests may also play a major role in the characterization of théhese wild-type sequences (Paetyal., 1990; Steingrimsdottir
specific mutational events responsible for carcinogenesis. Thet al., 1995; Parsons and Heflich, 1997). DNA sequencing of
identification of specific mutational events accumulated inthe resistant RSM product allows the identification of the DNA
carcinogenesis may lead to a better understanding of thlease changes involved.
process and the identification of culprit mutagens, as well as The RSM assay is limited to analysing the four to six bases
allowing earlier diagnosis. The required mutation tests muswhich make up a restriction enzyme recognition sequence,
be sensitive and readily applicable to the genes associatdwwever, by studying multiple restriction sites, it is possible
with tumour formation, whilst at the same time allowing rapid to increase the target size. In addition to its higher sensitivity,
screening. the RSM assay holds several advantages over other contempor-
Currently, there are many methods available for studyingary techniques. First, any gene can be analysed for mutations;
DNA mutations, however, most involve phenotypic expressiorsilent mutations and phenotype altering mutations are equally
of the mutation and hence only a small number of selectabldetectable. Additionally, due to the RSM assay being tissue-
loci can be studied (Albertinet al., 1990; Steingrimsdottir independent, mutations can be sought in all tissue types,
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In contrast, the RSM assay, being more adaptable, is better
suited toin vitro andin vivo mutational analysis in a wide
range of organisms, genes and restriction sites (see below).
The RSM assay offers mutational analysis without the labour
intensive methodology of the RFLP/PCR protocol, allowing
the screening of a large number of samples in a matter of days.

Summary of mutational data obtained by the RSM assay
The RSM assay has been developed in our laboratory with the

Restriction i fragments implicit aim of producing a genotypic assay readily applicable

GG to a wide range of genes and species, allowing rapid mutagen

cc ——GA CC— screening. Additional requirements for the RSM assay include

cT gg—m the ability to detect rare mutations in non-tumour tissues plus

cc- B 2 the detection of a wide range of mutational events and the
o PCRl‘lmth}' production of both qualitative and quantitative mutational data.

Furthermore, we aimed to produce a mutation assay capable
of detecting mutational events in endogenous genes producing
mutation data free from artifacts.
Fig. 1. Principles behind the RSM assap)(Wild-type DNA is recognized We have tested the applicability of the assay by studying
o D o e by e e g Mutalion inducion in 14 diferent target gene regions of
undigested and providin% asubs){rate for PCR ampli%licati’on. ’ six different sPeC.IeS' Thgse targets, along with PCR p”m.er
sequences, restriction sites employed and other technical
information are identified in Table I. The basic protocol
including germ cells, where currently there is a lack ofemployed in early experiments is shown as a flow chart in
mutagenicity data (Shelby, 1994). Furthermore, by using arFigure 2. This cut-PCR—cut methodology is the simplest form
endogenous target gene, the mutation pattern detected gerof-the assay and allows mutations to be screened rapidly.
inely reflects the molecular events in the genome under studylowever, to achieve this simplicity, there is a trade-off
this has been a criticism of transgenic techniques, wherwith regard to sensitivity and, hence, this methodology also
mutational data has to be extrapolated from the foreign DNAepresents the least sensitive form of the assay. Nonetheless,
inserted into the genome of the organism under study. this methodology has been successfully emplolyesivo in
Another technique, similar in principle to the RSM assay,our laboratory to detect ENU-induced mutations in mouse
has been developed, called restriction fragment length polytissues (Myers and Parry, 1994),d#P-induced mutations in
morphism/polymerase chain reaction (RFLP/PCR) (ZijlstraXenopustissues (Kennerley and Parry, 1994) dddnethyl-
et al, 1990; Felley Boscet al, 1991; Chiocceet al, 1992;  N-nitrosourea (MNU)-induced mutations in rat tissues (Suzen
Sandyet al, 1992). In RFLP/PCR, mutations in restriction et al, 1998).
sites rendering them resistant to digestion and allowing their The basic RSM methodology has been continually developed
amplification by PCR are similarly detected. The RFLP/PCRin our laboratory, in order to improve the sensitivity of the
technique has been optimized as a very sensitive mutatioassay and overcome some of the initial technical difficulties.
detection system (Felley Bosaat al, 1991). However, this The specific alterations to the methodology are outlined in the
sensitivity comes at a price; the methodology involved isfollowing sections of this review. During these developments
complex (Steingrimsdottiet al, 1995) and has only been we have tried to keep to our original goal of producing a
described for two regions of human genomic DNA. Themutation test that is rapid, simple and may be applicable to
technique involves the isolation of the gene of interest byany gene and/or organism.
preparative restriction digestion, in order to enrich the DNA Since its first description, the RSM assay has produced a
for the target gene. After exhaustive digestion with the teshumber of obstacles for researchers employing this technique.
enzyme, the amplified mutants are cloned and identified byt should be mentioned that the same problems also affect
oligonucleotide probing. The RFLP/PCR technique has beepther genotypic mutation systems. The main problems that
employed to examine mutation induction in ther&s gene  have been associated with the RSM methodology are: (i) a
(Sandyet al, 1992) but mainly the53 gene (Aguilaret al,  perceived lack of sensitivity; (ii) the lack of quantitative
1993) of cultured human cells. Specifically, this technique hasnutational data; (iii) the interference of DNA adducts with
analysedp53 hotspot mutations at codons 248-250 (Hollsteinmutational events; (iv) the presence of false positives.
et al, 1991), employing two restriction enzymétadll and Overcoming these four hurdles has been a major focus of
Msp. The detected mutations were induced by aflatoxin Blour investigations to date; the results of these developments
(Aguilar et al,, 1993; Maceet al, 1997),N-ethyl-N-nitrosourea are presented here. Table Il contains recently published muta-
(ENU) (Perwez Hussaiet al,, 1994a), reactive oxygen species tional data obtained by the RSM assay in various genes and
(Perwez Hussairet al, 1994b), UV light (Amstadet al,  species, indicating the power of the assay in mutation detection.
1994), nitric oxide (Felley Boscet al., 1995), benzd@]pyrene  These studies were able to detect mutations induced by
(B[a]P) (Cherpillod and Amstad, 1995) and radon particlesexposure to test mutagenic agents and also produced data on
(Perwez Hussaiet al., 1997). the tissue specificity and mutational signature of the mutagens.
Whilst sharing the same principles, the two techniques have ]
separate applications. The RFLP/PCR technique continues fensitivity improvements in the RSM assay
answer questions on mutation induction in f8gene hotspot The sensitivity of the RSM assay has been substantially
region of human cells exposed vitro to mutagenic agents. improved since the initial mutation detection experiments.
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Table I. PCR primers and restriction sites analysed by the RSM assay

Species Gene PCR primers (53') Length (bp) Tamear  Cycle no.  Restriction sites Reference
Mouse Nras exon 1 atgactgagtacaaactggt 111 55°C 30-35 Alul (AGCT) Parryet al. (1990)
ttatactagggtggtatctc
Xenopus a-globin exon 3 ttggtggttgttgctatgaa 133 50°C 24 BsiLI (CCTGG) Kennerleyet al. (1994)
ctgctgctgttgttgctga
Mouse o-globin exon 1 actgggtaggagcaagcacaa 376 57°C 35 BanH| (GGATCC) Myers and Parry (1994)
tagcaaacatcctgggagaa Pst (CTGCAG)
o-globin exon 2 tctcttctctecttctceca 344 58°C 35 Banl (GGpypuCC)
gacaccctgatgcctctget Msp (CCGG)
Rat p53exon 5 actcaatttccctcaataag 180 59°C 30 Ncd (AACTGG) Suzenet al. (1998)
atgagcgttgctctgatggt Dde (CTNAG)
p53exon 8 tgggaatcttctgggacggg 136 66°C 28 Bsl (CCNGG)
ccccagggagtgcaaagaga
H-ras exon 1 ggcaggagaccctgtaggag 171 54°C 32 Hindlll (AAGCTT)
cccacctctggcaggtagtc Cfal (GCGC)
H-ras exon 2 ctaccggaagcaggtggtcatt 261 52°C 28 Cfal (GCGC)
atgccatgggccacgggctag
Human p53exon 7 atgtgtaacagttcctgcatgg 79 60°C 34 Hadll (GGCC) Jenkinset al. (1998a)
ctgacctggagtcttccagtg Msp (CCGG)
Mouse p53exon 4 ccatcacctcactgcatggac 226 60°C 33 Banll (GAGCTC) Jenkinset al. (1997,
1998a, 1999b)
aggaagcccaggtggaag Ncd (CCATGG)
p53 exon 5 ctctectecectcaataage 146 55°C 31 Hadll (GGCC)
gtctcacgacctccgtcatgtg Ncd (CCATGG)
p53intron 6 ctttctctagcaacccgtttge 305 62°C 33 Apa (GGGCCCQC)
ccctacctcactacaggtgacc
Flounder p53exon 8 ctttgttgttgcagcttaggg 311 58°C 34 Tad (TCGA) Unpublished results
gtgtgtggagcagagttactcg Msp (CCGG)
Rsd (GTAC)
Esherichia coll lacz tgcggattgaaaatggtctg 384 62°C 31 Rsd (GTAC) Unpublished results
mouse tgattcattccccagcgac Haell (GGCC)

Extract DNA
from tissues
of interest

Digest 1.5ug
DNA with RE

PCR amplify
uncut sequence

Electrophorese
identify enzyme
esistant band

Re-PCR and
sequence

Fig. 2. Outline of the basic RSM methodology.

of the RSM assay. First, due to the experience gained in our
laboratory with the technique, we have been able to identify
those restriction enzymes which are most suitable for RSM
analyses, hence maximizing the digestion efficiency. We have
also been able to couple this digestion to optimized PCR
amplification conditions for mutation detection. The perform-
ance of multiple analyses has also improved the detection
limit, especially where the mutations are present at low copy
numbers. Second, we have been able to show that mutation
induction in non-coding intron regions is substantially higher
than in coding exon regions (Jenkiesal,, 1997, 1998a; Parry

et al, 1999). This observation presumably reflects the reduced
selective pressure acting on non-coding gene regions compared
with coding gene regions. Through the targeting of intron
regions, we have been able to detect mutational events,
including spontaneous mutations that have been undetectable
in coding exon regions. These spontaneous mutations have
been detected at mutation frequencies of 2400 (Jenkins

et al, 1997, 1998a). These represent the first reports of
spontaneous mutations detected by the RSM assay, attesting
to the increases in sensitivity achieved.

The ultimate sensitivity of the RSM assay is determined by
the amount of DNA that can be screened in each analysis.
The maximum amount of DNA that supports optimal PCR
amplification has been estimated to be 12 (McPherson
et al,, 1994), representing 3>6L0° copies of the genome and,
hence, the gene under analysis (Strickberger, 1976). Therefore,

These initial studies reported estimated mutation frequencieso more than 1-21g of DNA can be screened in each RSM

of 102-103 indicating the initial sensitivity of the assay analysis, limiting the sensitivity to 1610 The practical
(Kennerley and Parry, 1994). The current sensitivity of thesensitivity of the RSM assay is ~10-fold lower than the
RSM assay has been improved by at least 1000-fold. Theréneoretical level, due to the fact that ~10 mutations are
are two main reasons for the improvements in the sensitivitheeded to produce an enzyme-resistant band (Jenkins, 1997;
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Table Il. Summary of recently published RSM mutational data

Species Gene Chemical Tissue Induced mutations/  Spontaneous Most prevalent Reference
no. analysed mutations/no. mutation induced
analysed
Human p53exon 7 4-NQO Cells 100/690 (14%) 0/690 (0%) G@&T (100%) Jenkinet al. (1998a)
Mouse p53exon 4 DMH Liver 4/24 (16%) 0/24 (0%) GCAT (53%) Jenkinset al (1997)
p53exon 5 DMH Liver 2/24 (8%) 0/24 (0%) GCTA (26%)
p53intron 6 DMH Liver 9/24 (38%) 2/24 (8%)
Rat p53 exons 5+-8 MNU Liver 4/32 (13%) 0/32 (0%) GC AT (57%) Suzeret al. (1998)
p53exons 5+-8 MNU Brain 4/32 (13%) 0/32 (0%) AT GC (43%)
H-ras exons 2 MNU Pancreas 5/32 (16%) 0/32 (0%)
H-ras exons &2 MNU Spleen 2/32 (6%) 0/32 (0%)
Mouse p53exon 4 ENU Testes 2/54 (4%) 0/52 (0%) G@T (50%) Jenkinset al. (1998a)
p53 exon 5 ENU Testes 1/44 (2%) 1/47 (2%) GCA (28%)
p53intron 6 ENU Testes 7167 (10%) 2/60 (3%)
Flounder p53exon 8 BRIP Liver 16/225 ( 7%) 11/255 (4%) GGAT (82%) Unpublished results
Mouse p53intron 6 ENU Spleen 19/65 (29%) 4/55 (7%) G@T (54%) Jenkinset al. (1999b)
p53intron 6 ENU Bone marrow 7136 (19%) 1/45 (2%) GaA (71%)

Steingrimsdottiret al,, 1996). This has also been demonstratedexcess wild-type sequences and hence improve the digestion
by reconstruction experiments involving the recovery of theefficiency, which has been the limiting step in the assay. The
mutant internal standard (MIS) molecules (see below foiisolation procedure has been successfully demonstrated in our
quantification of mutation frequency). It has been shown thataboratory and is currently being incorporated into current
at least 10 copies of the MIS were needed to be visible on &M analyses.

gel after RSM analysis (Jenkins, 1997). Hence, the practical

sensitivity of the RSM assay is 8.0 per analysis; this is Th bl f obtaini titati tati f
consistent with other sensitivity estimations (Steingrimsdottir € problem —ofobtaning quantitative mutation fre-
et al, 1995). This sensitivity can be improved by performing Uency data

multiple analyses, increasing the chance of rare mutation¥he production of mutation frequency data is essential if
being detected. However, in order to increase the number oEomparisons are to be made between the effects of different
for example,p53 genes screened by the RSM assay in eaclthemical mutagens and the role of such mutagens in tissue-
analysis, an attempt was made to isolate the tgp§8tgene  specific mutation induction. Therefore, the RSM assay needs
region from the genomic DNA. As mentioned earlier, this hasto be able to estimate the level of mutational load as well as
already been achieved by restriction fragment isolation obeing able to qualitatively determine which mutations are
target genes from agarose gels with the RFLP/PCR method@resent. Initial studies employing the RSM assay attempted to
logy (Ceruttiet al., 1994). However, this preparative processascertain approximate mutation frequencies by an estimation
was deemed too laborious and time consuming and had naof the copy number of the enzyme-resistant RSM products
been entertained until a more rapid isolation method washrough a comparison with known amounts of DNA size
recently reported (Tengt al, 1997), reminiscent of a method standards (Kennerly and Parry, 1994). This did not account
proposed by Bridgest al. (1990). Figure 3 shows the method for the inherent variation in PCR amplification efficiency and
employed by us in isolating the murimE3 gene, however, was not satisfactory, hence an alternative strategy was required.
the same principles are readily applicable to other target genes. The lack of mutation frequency data was overcome by
The gene was isolated by restriction enzyme digestion witlemploying internal standard molecules and performing quantit-
an enzyme possessing target sites flanking the region of intereative fluorescent PCR. Initial copy numbers of the mutant
(Tad in this case). The isolated restriction fragment bearingsequence in genomic DNA could be determined from the
the mousg@53gene was pulled out from the rest of the genomicfinal amplified copy number of the mutant RSM product by
DNA by use of a biotinylated DNA probe complementary to comparing the amplification efficiency with that of the internal
one end of one DNA strand (if both strands are needed, twetandard. The target and internal standard molecules were
such probes can be employed). The biotinylated probe idistinguished, after electrophoresis, by a small difference in
captured on streptavidin-coated magnetic beads and the isolatsize, facilitated by the deletion of the RSM restriction sites
gene is separated from the rest of the genomic DNA. Thdrom the MIS molecules. In order to estimate the mutation
isolated target strand is made double-stranded by primédrequency using an internal standard, the internal standard has
extension using a high fidelity polymerase and is then availabléo utilize the same PCR primers as the target and have as
for analysis with the RSM assay. Due to the isolated gensimilar a DNA sequence as possible (Ferre, 1992; Siebert and
representing only one millionth the size of the genome, it isLarrick, 1992; Cottrezt al., 1994).

theoretically possible to include a million times more copies If the RSM target regions were short enoughl60 bases)

of the isolated gene in the RSM assay than was possible whehe MIS molecules could be created with deleted restriction
using 1-2ug of genomic DNA, representing a theoretical sites by use of a DNA synthesizer (Myers, 1994; Suzen, 1996).
sensitivity of 108-10°. We envisage that this gene separationLonger targets required more elaborate protocols to generate
step may prove essential in improving the sensitivity of theMIS molecules with deleted restriction sites. For example, two
assay to a point where spontaneous coding region mutatiomsegaprimers were synthesized with a 20—-30 bdsevarlap

may be detected. Apart from increasing the sensitivity, thellowing the generation of MIS molecules of 200 bases or so
gene isolation procedure will also aid in the removal of(Jenkins, 1997). However, when longer MIS molecules were
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RSM target gene enrichment

DMNA solution containing Digest DNA with enzyme  Add biotinylated oligo Use magnet to isolate gene

gene of interest [ to release gene of interest ~ ® 10 caplure gene and from other genomic fragments.
streptavidin magnetic bead

C, 1@ = =

Fig. 3. Outline of the gene separation technique. In the case of the mpBBgene, the DNA is digested withiad to releag a 1 kbfragment bearing the
p53gene. The digested DNA is annealed to a biotinylated probe (B*AAAAACACAGAAAGGGAGGAAGAAGGAAAGG) and eluted out of the digested
DNA by the use of streptavidin-coated magnetic beads (Dynal).

needed, we employed novel PCR protocols to generate MiIge accuracy of the data obtained. This quantitation method
molecules. Specifically, we were able to demonstrate théas been employed to assess the mutation frequencies in a
ligation of two PCR products flanking the target restrictionrecent RSM study (unpublished results) and is routinely used
sites, producing a truncated PCR product devoid of the targeh our laboratory to assess mutation frequencies.
restriction sites (Jenkins and Parry, 1997). After construction,
these MIS molecules were cloned into plasmids, in order t he bl f DNA adducts interfering i tati
overcome any preferential amplification associated with sho?é problem o adducts interiering In mutation
DNA molecules. The plasmids were isolated using commerciaf €t€ction
kits and diluted to a copy number of ~1000 copigsApproxi-  When studying DNA mutation induction at early time points
mately 50 copies of fresh plasmid were included in the PCRpost-exposure by PCR-based methods, it is not always possible
step of each RSM analysis, allowing comparative intensityto distinguish true mutations frorex vivo misreplications
calculations to determine the copy number of any mutationproduced by the action dfaq polymerase when encountering
detected, as described previously (Jenlehal, 1997, 1998a). DNA adducts. This is also potentially problematical for other
If <10 molecules of the MIS were added to the samples beforgenotypic tests, including transgenic systems, where bacterial
PCR, no MIS band was evident. This indicates that, similarlypolymerases process DNA adducts originating from the trans-
10 mutated restriction sites are necessary to produce a resistaygnic animals during the blue/white selection stefgther-
RSM product. ichia coli (Sommer and Ketterling, 1994). The interference of
Alternative methods to assess the mutation frequencies wef@NA adducts with RSM mutational data was of concern to
also sought due to the identification of some technical problemss in situations where early time points post-exposure were
with the use of internal standards. The diluted plasmids werstudied. However, after following several lines of investigation,
found to be unstable when stored at —20 or —70°C. Reproduciblié appears that the interference of DNA adducts may not be
results were only achieved using freshly extracted plasmidsas significant as first envisaged. Persuasive evidence was
In addition, the construction of the internal standards wagprovided by an experiment set up to analyse the contribution
extremely complex and hence the RSM assay was not easibff DNA adducts to detected mutations. The fate of DNA
applied to new target regions. adducts and DNA mutations were concurrently measured in
Due to the temperature uniformity of modern PCR machineshuman fibroblasts treateid vitro with the model mutagenic
it is not necessary to account for tube to tube variation byagent 4-nitroquinoline 1-oxide (4-NQO), by application of
employing an internal standard. External standards can beoth the®?P-post-labelling method and the RSM assay (Jenkins
employed (Ferre, 1992). These external standards take tle al, 1998a). Figure 4 demonstrates the results of these
form of a DNA dilution series amplified alongside the RSM analyses. It can be seen that the DNA adducts were detectable,
products. In addition to being less complicated than internalith a peak at 4 days, whereas two mutational peaks were
standard strategies, the quantitation does not rely on a singfeund, a minor peak at day 4, coinciding with that of the
data point, as with the internal standard methodology, buadducts, and a major peak at day 46. The first mutational peak
involves reading unknown copy numbers off a calibrationis presumably due taex vivo misreplication of the DNA
curve of PCR intensity against copy number, thus improvingadducts, with the second peak due to genuine mutational
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A Comparison of the persistence of 4-NQO presence with wild-type sequences. False positives, as well as

induced DN A adducts and DNA mutations interfering with the mutational data, has meant that sequencing
— reactions have to be performed on every positive RSM analysis

for confirmation of the mutational event. There are a number

60 .

8
_§ s0 - : of possible explanations for the persistence of wild-type
%'8 E “DNA ADDUCTS ADNA MUTATIONS : sequences in the enzyme-resistant RSM products. These
2 <Zﬂ o I\ : include poor enzyme digestion efficiency and heteroduplex
E_ g formation.
s ° 5 I \ g The level of wild-type sequences present in resistant RSM
R ; products has been shown to vary with the particular restriction
53 N : _I \ i enzyme employed (Pourzand and Cerutti, 1993), presumably
E & J \ B : due to variations in d_igestion efficiency. It has been found that
ES o 2, B, coucee: A BRI NV, O thermostable restriction enzymes suchTas| cut extremely
z I 4 10 18 20 24 31 40 44 46 50 54 8 62 64 80 efficiently even during the PCR step and so yield the lowest
Number of days post-exposure level of false positives (Pourzand and Cerutti, 1993). Our
results have also indicated thaad is the most effective
Fig. 4. Graphical representation of an experiment analysingrthétro enzyme for use in RSM analyses (unpublished results). In

formation of DNA adducts and mutations in human cells by the application

of 32P—post—labelling and RSM analysis. Taken from Jenkihal. (1998a). addition, we have found that four-base cutters, in general’ are

more efficient at digesting DNA than six-base cutters.

Two factors have been shown to improve the efficiency of
Sligestion such that false positives are avoided. These factors
fare especially important for restriction enzymes that do not
possess the high digestion efficiencyTafd. The first factor
involves the use of a proof-reading polymerase in the PCR
tep. Presumably, the higher fidelity of such enzymes removes
he risk of polymerase-induced misincorporations (even though

isincorporations byTaq polymerase have not been evident
n our analyses; see Discussion). The second factor which aids
in the removal of false positives is a mid-PCR digestion
Steingrimsdottiet al., 1995). PCR products are digested after
ive cycles of PCR with the restriction enzyme under test,
removing more wild-type sequences. This mid-PCR digestion

sion (Moore and Strauss, 1979; McCartélyal, 1996). This gt has been shown not to interfere with efficient amplification
effect has been exploited by many groups, including our owWng¢ racistant RSM products.

in an attempt to detept the presence .O.f DNA addut_:ts by the The second possible explanation for the presence of the
accompanying reduction in PCR amplification (Jenkét®l, 5156 positives in the RSM assay is the formation of heterodu-
1998b). It has also been shown that thermostable polymerasgg,, pcR products. This complication is linked to restriction

containing inherent proof-reading capabilities are more effec—enzyme inefficiency, as the heteroduplexes only form when
tively blocked by DNA adducts thaliag polymerase, without ;4 type DNA persists. Heteroduplexes form between mutant

proof-reading capability (Strauss and Wang, 1990). The usgnq yyild-type PCR products during the final cycles of PCR

of such proof-reading enzymes in the RSM assay may re@uqe amplification, due to their DNA sequences being identical

- b Ofbxcept for the presence of a point mutation. These heterodu-
events become negligible. Recent RSM analyses, including|eyes are undigestible with the restriction enzyme and allow

those of mutagen-treated marine organisms, have employggq ne sequences to persist in the final resistant RSM

proof-reading polymerases (unpublished results) in order to,q,ct (Serttet al, 1998). Another problem associated with
reduce the interference of DNA adducts with RSM mutationgteduplex formation involves the assignment of quantitative
data. mutation frequency data, as heteroduplex formation has been
» ) shown to affect the quantitation of PCR products (Ferre, 1992;
The presence of false positives in RSM analyses lland and Todd, 1992). We believe that the formation of these
Perhaps the most serious drawback of the RSM assay to dateteroduplexes is a major source of false positives in analyses
has been the presence of false positives (Kortenkatral., where the wild-type sequences are not digested efficiently.
1997). These false positives represent wild-types scored asWe have been able to demonstrate that heteroduplexes can
mutants and, as such, introduce noise into the assay, preventifym in vitro when mixtures of DNA sequences differing by
the detection of some genuine mutations (Steingrimsdottia single base are PCR amplified together. We have used an
et al, 1996). These false positives tend to take the form ofnzyme, T4 endonuclease VII (Pharmacia, Uppsala, Sweden),
enzyme-resistant bands which upon sequencing reveal botkhich is capable of cutting mismatched heteroduplexes (Youil
wild-type and mutant restriction sites. In these samples, thet al, 1996) to identify and to potentially eliminate hetero-
wild-type component should have been completely removeduplex formation. This enzyme has been shown to be capable
by digestion. In our hands we have found that, on averagef recognizing all mismatches (Goét al., 1998a) and nicking
the wild-type component comprised 50-75% of the sequencketeroduplexed DNA (Golet al, 1998b). Figure 5 demon-
of the restriction enzyme-resistant product (Jenkins, 1997)strates the production of heteroduplexes when mixtures of
The presence of these false positives reduces the effectivenesgd-type and mutant sequences are PCR amplified together.
of the assay to detect rare mutational events by masking theks can be seen, the mixtures show heteroduplex formation,
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events. By comparing the peak heights of the DNA adduct
and DNA mutations it appears that only a small number o
the DNA adducts were converted into DNA mutatie@nsviva
Hence theex vivomisreplication of 4-NQO adducts was found
to be inefficient and hence there was probably a low risk o
DNA adducts interfering with genuine mutational events. This;
data supports other reports that DNA adducts do not contribut;
to mutational events as detected by RSM or RFLP/PC
(Steingrimsdottiret al,, 1996; Perwez Hussaiet al, 1994a).
The reason for inefficient adduct misreplication Tgq poly-
merase is that a wide range of DNA adducts can potentiall
block PCR amplification, by inhibitingag polymerase exten-
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Fig. 5. Demonstration of the formation of heteroduplexes during PCR
amplification. Lanes 2 and 3 contain PCR-amplifed products from wild-type
DNA from the p53 gene of flounder; lanes 4 and 5 contain PCR-amplified
mutated DNA from the same species differing by one base from the
wild-type sequence (TCGATTGA). Lanes 6 and 7 contain a 1:1 mixture

of mutant and wild-type DNA amplified by PCR. After PCR lanes 2—7 were
digested with T4 endonuclease VII, which recognizes and cleaves
mismatches. Only lanes 6 and 7 show digestion products indicating the
formation of heteroduplexes between mutant and wild-type strands during
PCR amplification.

Mid PCR digest to
remove wild type

Digest PCR product
with RE

Electrophorese
Quantitate mutation
frequency

Inverse RSM

Re-PCR
and sequence

GGGCCC Apal

G to A mutational event

Fig. 7. Improved RSM methodology, including enrichment of the gene of
GGACCC Avall interest, use of proof-reading polymerases and employment of an external
standard for quantitative purposes.

Step 1. Cut DNA with Apa I to remove wild type sequences

Step 2. PCR amplify uncut molecules present. In addition to removing the problem of false positives,

Step 3. Cut PCR product with Ava II this technique obviates the need for sequencing and hence

Step 4. Electrophorese products and look for Ava II fragments analyses are rapid and may be amenable to high throughput
screening.

Fig. 6. Basic methodology behind inverse RSM. Mutations which transform
one restriction site into another restriction site can be screened for by the
use of the two enzymes before and after PCR amplification. The original Current RSM methodology

restri(;tion en'z_ymeﬂ(pd) is used to digest the wiId-type DNA; undigested  The current RSM methodology employed in our Iaboratory is
DNA is amplified by PCR and the new enzymivl) is used to reveal shown in Figure 7. DNA is extracted from the tissues/cells of
tant . . I . . ;
any mufant sequences interest, yielding high quality, high molecular weight DNA.
as detected by digestion with T4 endonuclease VII. The=nrichment of the target region is recommended, if appropriate
characterization of heteroduplex formation will hopefully lead restlnct.lor! S|tesfare a(‘j’a"abl‘ﬁ to |so|a]:tehthe target gene. RSM
to strategies to minimize their formation in RSM analyses. @N&ysIS IS periormed on aliquots OI the D'}‘.A targhet using
Due to the problem of false positives in RSM analyses, wdlrimers/restriction enzymes previously identified. The modi-

sought to modify the RSM assay such that mutations could bfications to the original protocol shown in Figure 2 are as
detectable by the creation of a new restriction site and by thif!lows: proof-reading DNA polymerases are employed in the

appearance of new restriction fragments. Due to the fact thatCH: €xternal standards are amplified alongside the samples
here we rely on the formation of new restriction sites and dd" Order to estimate mutation frequencies. In addition, all

not use the loss of digestion to detect mutations, false positivé€Striction enzymes apart froifag require a mid-PCR digest
associated with enzyme digestion inefficiency are avoided®€r five cycles of PCR, comprising the addition of 10 U of
nzyme to the PCR reaction held at the appropriate incubation

This is the opposite of RSM and hence it was named inversg : " . ;
RSM (Jenkinset al, 1999a). Figure 6 demonstrates the basiclemperature for 30 min. If false positives interfere with the
principles behind the methodology. Analyses were scored a&>M analyses, a digestion step with the T4 endonuclease VII
positive when one restriction site was successfully converte§2YMe may be necessary to remove any heteroduplexes.
into another by mutation. The target region chosen to demo _Iterna_tlvely, Inverse RSM analysis may prowdg mutational
strate this technique was tia site of intron 6 of the mouse dat@ without the interference of false positives, if the appro-
p53 gene. This region was chosen because mutations weR¥iate sequences are available in the target region.

readily detectable in th&pad site (Jenkinst al,, 1997, 1998a). )

In addition, a large percentage of these mutations transformggonclusions

this Apal site (GGGCCC) into awall site (GGa/tCC). Hence, The RSM assay has been employed in our laboratory for 10
we could screen for mutations by removing the majority ofyears and in that time it has proved to be a valuable research
wild-type DNA with an Apd digest, amplifying the uncut tool, answering questions on the induction of mutations. Given
molecules and screening for the specific mutations transforminigs wide applicability, it has provided detailed data on mutation
the Apd site into anAvall site by digestion withAval. The  induction in various genes, tissues and organisms, as shown
presence ofAval fragments indicates that mutations are in Tables | and Il. However, in order for the RSM assay to be
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a useful genotoxicity test, several obstacles had to be overcomiadicative of efficient strand-specific DNA repair (Mellon
These centred mainly on the assay sensitivity. We considest al, 1987). Hence, if both exons and introns are subject to
that these obstacles have now been largely removed, if ngreferential strand-specific repair, this might indicate that exons
better characterized. Hence, we are confident about the emplogind introns are generally repaired similarly. Therefore, the
ment of the RSM assay as a mutation detection system. Adifferences in mutability between exons and introns must,
well as being employed as a sensitive somatic mutations tegtyesumably, be due to some form of mutation selection.
the RSM assay may also be employed as a germline mutation Any molecular technique incorporating a PCR step has to
test, providing data which is currently not available (Shelby,assess the level daq polymerase error, which can markedly
1994). This has already been demonstrated in the case affectthe results. However, we feel that at present the contribu-
ENU-induced germline mutations in mouse testes (Jenkinfon of Taq error is negligible in the RSM assay, for the
et al, 1998a). The RSM assay also offers the ability to analysdollowing reasons. First, we are employing high fidelity PCR
tissue specificity, threshold effects and the influence of DNAregimes (McPhersoet al, 1994) and are currently using high
repair, as well as answering questions on the long-term fatBdelity polymerases. Second, we recognize that we require at
of mutational events and the constraining effects of selectiofeast 10 mutations in order to obtain an amplified PCR product
on specific mutations (Holmquist and Gao, 1997). with the RSM assay. Therefore, there would have to be 10
In addition to identifying potential mutagenic agents, theidentical errors induced in our target restriction site in order
RSM assay can provide useful data on mutational event®r them to be evident in the RSM assay. The likelihood of
involved in carcinogenesis. For example, the RSM assay cathis is so low as to be ignored. In addition, we have noted
be used to screen f@53 hotspot mutations, where they fall that the mutations detected by RSM analyses contained a large
in suitable restriction enzyme sites. This has been demonstrat@doportion of transversion events, which are not caused by
with codons 248-250, which are contained within thaelll Taq polymerase error (Keohavong and Thilly, 1988; Chen
andMspl restriction sites (Aguilaet al, 1993; Perwez Hussain et al, 1992). This provides further evidence that mutations
et al, 1994a,b; Jenkinst al,, 1998a). Given thgt53mutations  detected by RSM analysis are probably not inducedTag
are somewhat tumour specific (Hollstahal, 1991) and also polymerase errors.
to a large extent mutagen specific (Denniseekal, 1996), In order to study the mutagenicity of specific mutagens the
genotypic mutation tests, like the RSM assay, can tie up th&SM assay can be tailored to match the mutagenic profile,
links between tumour mutations and defined mutagen exposurby choosing restriction enzymes most likely to be mutated
Obviously, the RSM assay can only provide such data when théPalomboet al., 1992). Restriction enzymes cutting the highly
tumour mutations are present within restriction enzyme siteanutable CpG sites have been shown to be more prone to
The sensitivity of the RSM assay currently allows themutation accumulation (Cooper and Krawzak, 1993). CpG
detection of mutations induced by both potent and wealsites are also known to be targets for certain types of DNA
mutagens and also the detection of spontaneous mutationddmage, including that produced byaf and 2-acetylamino-
events. This sensitivity may well be increased further byfluorene (Denissenket al, 1997; Cheret al, 1998; Jenkins
enrichment of target genes, as mentioned earlier. However, ét al, 1998a). Thermostable restriction enzymes offer the
greater sensitivity is required, another possible strategy is thighest digestion efficiencies of all enzymes, as they continue
target hypermutable cells and animals (Steingrimsdettal., to digest wild-type sequences even during the PCR step, hence,
1995). These may take the form of p53-deficient cells/animalsvhere possible, these should be chosen for RSM analysis. The
or cells from repair-deficient (e.g. xeroderma pigmentosumyestriction enzymeTad (TCGA) benefits from both of the
patients. Similar results can be obtained by targeting otheabove criteria, i.e. it is thermostable and cuts at a CpG
hypermutable sequences, including those in mitochondriadinucleotide. Additionally, CpG sites have been shown to be
DNA, which has been shown to accumulate 20-fold moremost mutable when in the sequence context TCGA (Krawzak
mutations than genomic DNA (Khrapket al, 1997). The et al, 1998) and hence thEag restriction site represents the
employment of multicopy targets (such as mitochondrial genesnost mutable target RSM site and is the enzyme of choice for
in RSM analyses may obviate the need for target gen®&SM analyses.
enrichment, as the higher copy number increases the sensitivity In summary, the RSM assay has been successfully developed
of detection substantially (Parsons and Heflich, 1997). as a mutation assay and, as demonstrated in this paper, has
The current sensitivity of the RSM assay owes a lot to thebeen applied to detect mutations in a variety of genes and
discovery of the increased mutability of intron regions com-organisms. The main problems associated with the RSM assay
pared with exon regions. This difference in mutability betweerhave been overcome, or at least better characterized. The RSM
exons and introns has previously been shown through analyséssay is now capable of answering questions on the mutability
of sequence divergence between closely related species, whare DNA sequences which are contained within restriction
mutations accumulated predominantly in introns (Turedeal., enzyme sites. Obviously, due to the reliance of the RSM assay
1993; Nickersoret al, 1998). The increased accumulation of on such restriction enzyme sites, complementary techniques
intron mutations is, we believe, a consequence of their neutrabre required to study mutagenesis outside restriction sites.
ity, with regard to protein structure. Neutral mutations (onesHowever, the RSM assay represents a powerful technique for
inducing no amino acid change) are known to accumulatenutation analysis, producing quantitative mutation data rapidly
in the genome more frequently than non-neutral mutationgnd allowing the screening of a large number of mutagen-
(Krawczak and Cooper, 1996). Another possible explanatiotreated samples.
for the increased intron mutability is that there is differential
DNA repair between exons and introns. However, it has beepcknowledgements
noted th_at mutations detected in both e>§ons and Intron§\Ie are grateful to Diane Elwell for her skilled technial assistance and to Dr
preferentially accumulate on the non-transcribed strand (Jenlgorries Kemper for his kind gift of the T4 endonuclease VIl enzyme. The
ins et al, 1997, 1998a; Suzeet al, 1998); this strand bias is studies described here have been supported in part by funds from the European
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