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ABSTRACT

Transgenic rodent models for measuring mutations provide a tool for assessing
tissue-specific mutations following in vivo treatment. These systems are based
on the insertion into the rodent genome Escherichia coli lacl (lac repressor)
or lacZ (B-galactosidase) genes that serve as targets for mutations. Following
in vivo treatment of animals, genomic DNA is isolated from tissues of interest,
and the target gene is screened for mutations using either A-phage packaging
or isolation of the target gene with magnetic affinity capture. In this paper we
review the various experimental methods used in the conduct of transgenic
mutation assays and discuss critical factors that affect the interpretations of
results of these assays.

INTRODUCTION

The ability to measure chemically induced mutations is critical to understand-
ing the production of complex diseases such as birth defects and cancer. Indeed,
cancer has been shown to result from a series of mutations in specific
oncogenes and tumor suppressor genes (1). Although many in vitro assays
have been developed to detect mutations induced by chemicals, these assays
have significant limitations. In addition, few in vivo mutation assays are
currently available, and none permits measurement of mutations in a wide
variety of tissues.

145
0362-1642/95/0415-0145%$05.00

<> aews Further

Quick links to online content



Annu. Rev. Pharmacol. Toxicol. 1995.35:145-164. Downloaded from www.annual reviews.org

by Central College on 12/09/11. For personal use only.

146  MIRSALIS, MONFORTE & WINEGAR

A revolutionary development in the biological sciences has been the rapid
development and deployment of transgenic animal models to study cancer and
other diseases (2, 3). A transgenic animal is one in which the genome has been
altered in a heritable manner. This alteration is accomplished by introducing
foreign DNA sequences into the genome of zygotes or embryos. There are
three principal methods for producing transgenic animals: microinjection of
DNA into a pronucleus of a zygote, introduction of genetically altered embry-
onic stem cells into developing embryos, and infection of embryos with retro-
viruses (4-8). All of the mutation models discussed in this review were pro-
duced by microinjecting embryos with recombinant DNA vectors containing
a target gene. This method has been most successfully applied to mice because
of the relative ease of injecting DNA into the mouse pronucleus; recent studies
have demonstrated its feasibility in rats (9).

Transgenic animal models for measuring mutations have provided a major
advance in our ability to rapidly assess tissue-specific mutations following
chemical treatment. These models are based on the insertion into the genome
of specific target genes that can easily be recovered from target tissues and
analyzed for mutations. Although several experimental transgenic models for
the quantitation of mutation have been reported, the three commercially avail-
able systems use a lambda (A) shuttle vector (10) that carries a lacl or lacZ
target gene. Muta™Mouse, marketed by Hazelton Laboratories (Kensington,
MD), contains a lacZ transgene in a CD2F1 (BALB/c x DBA/2) mouse
(11-14). The Big Blue™ system, marketed by Stratagene (La Jolla, CA),
contains a lacl target gene and a lacZ reporter gene and is available in B6C3F1
and C57B1/6 mice (15-20), and in F-344 rats (9). The Xenomouse, marketed
by Xenometrix (Boulder, CO), contains a lacZ target gene in a C57B1/6 mouse.

In these systems, animals are treated with chemicals, and after a sufficient
time to allow fixation of DNA adducts as mutations, genomic DNA is isolated;
finally, the target gene is recovered either by exposing the DNA to A-phage
in vitro packaging extracts or by capturing the gene directly using magnetic
affinity capture.

A shuttle vector system that uses the bacteriophage ®X174 inserted as a
transgene into a C57B1/6 mouse has also been developed; this system appears
to have a lower background mutant frequency than any of the three commercial
systems (21). The lower background frequency may result from this system’s
being a reverse mutation assay rather than a forward mutation assay. Little
additional information is available on this system, and it is not commercially
available; it is not discussed further in this review.

Here we describe the three commercially available transgenic mutation
systems and the methods used for conducting mutation assays. We focus on
different methodologic approaches, how these affect results, and opportunities
for improvements in the various assays.
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TARGET GENES FOR MUTAGENESIS

All three commercially available transgenic mutation systems use genes that
are part of the lac operon of Escherichia coli, a set of coordinately regulated
genes involved in lactose metabolism (22). The lacl gene codes for a homo-
tetrameric protein that binds to the lacO operator sequence. Binding of the
repressor to lacO prevents binding of RNA polymerase to lacP and transcrip-
tion of the structural genes lacZ (B-galactosidase), lacY (permease), and lacA
(transacetylase). In the absence of an inducer, the lac repressor is bound to the
operator, and transcription of the lacZ gene is blocked, thereby inhibiting
B-galactosidase activity. Removal of the repressor allows the polymerase to
bind to the promotor, which results in expression of the B-galactosidase gene.
B-Galactosidase activity can be measured in E. coli by plating on media
containing the chromogenic substrate X-gal (5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside). Presence of B-galactosidase activity results in a blue col-
ony or plaque, whereas absence of activity results in a white colony or clear
plaque. In the following sections the lacl and lacZ target genes are discussed
in the context of the three different transgenic mutation systems.

The Muta™Mouse system measures mutations within the lacZ target gene.
Muta™Mouse contains the AgtlOLacZ shuttle vector (Figure 1a), which is
approximately 47 kilobases (kb) long. Both ends of this vector are flanked by
cos sites, which allow excision and packaging of phage heads. The phage are
then used to infect E. coli to produce plaques. Screening of plaques is done
either colorimetrically (wild type = blue plaque, mutant = clear plaque) or
selectively (wild type = no plaques, mutant = plaques).

Xenomouse contains pUR288 (Figure 1b), a 5.5-kb plasmid vector flanked
by HindIII restriction sites. The plasmid contains the lacZ target gene, the lacO
sequence (to allow affinity capture with the lacl repressor protein), and the
colE1 and ampR genes to allow propagation in E. coli. In this system, genomic
DNA is digested with HindIII to release the monomeric plasmid sequences.
The plasmid is then purified away from genomic DNA by affinity capture and
circularized by ligation, then used to electroporate lacZ-, galE- E. coli in the
presence of phenyl-B-D-galactoside (P-gal). Mutants are then quantitated by
selective growth.

The ALIZ shuttle vector (Figure 1c) is used in the Big Blue™ mouse and
rat systems. The vector is flanked at each end by cos sites, which allow excision
and packaging into phage heads. In turn, pLIZ can be excised from the A-vector
as a plasmid. pLIZ contains the lacl target gene and the alacZ reporter gene.
The alacZ gene codes for the amino portion of B-galactosidase, which com-
plements the lacZ gene provided by the E. coli host to produce full B-galac-
tosidase activity. In addition the colEl and the amp® genes allow replication
and selection of the plasmid in E. coli.
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Figure 1 DNA constructs of the three commercially available transgenic mouse models. Diagrams show the elements of a single construct. Constructs are
actually present as multiple tandem repeats of 20 or more copies. Double lines represent A-phage sequences; thick single lines re’gresent plasmid sequences;
dashed lines represent discontinuities in the scale. Figures are highly schematic and are only approximately to scale. (a) Muta™Mouse contains the 47-kb
Agtl0LacZ shuttle vector that has the entire lacZ target gene and is flanked by cos sites, which allow excision and packaging of phage heads. (b) Xenomouse
contains pUR288, a 5.5-kb plasmid vector flanked by FindIII restriction sites. The plasmid contains the lacZ target gene, the lacO sequence to allow afﬁni?;
capture with the lacl repressor protein, and the colE ! and ampR genes to allow propagation in E. coli. (c) The lambda/lacl shuttle vector of the Big Blue"
mouse. The cos sites are separated by = 45 kb. The expanded region represents the portion of the vector that is excised as a phagemid with M13 helper phage.
The entire phagemid region is flanked by partial f1 filamentous helper phage origins. The cdacZis flanking the lacl target gene). The colE! origin is present
for plasmid replication, and the ampicillin resistance gene is present for the selection of colonies carrying the plasmid to be used for sequencing the lac/
target.
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Mutations in the lacl gene are detected using lacZ as a reporter gene. When
a functional copy of lacl is present, the Lac repressor binds to the lacO operator
sequence, thereby preventing expression of the alacZ gene. Infection of E.
coli containing lacZ with ALIZ containing wild-type lacl results in the pro-
duction of clear plaques. If a mutation inactivates lacl, the repressor will fail
to bind to lacO, and odacZ will be expressed, the result being a blue plaque
after infection of E. coli.

The lacl gene is the most characterized of all target genes for mutagenesis.
To date, more than 30,000 mutants from both prokaryotic and eukaryotic hosts
have been sequenced (17, 18, 23-33).

METHODOLOGY

Because transgenic mutation assays have only recently become commercially
available, many of the procedures associated with this assay have not been
fully optimized. The following sections describe the methods used for each of
the major steps of the assay, discuss recent or promising improvements, and
present areas where further research is required.

Dosing Regimens and Study Protocols

A number of parameters can affect induction of mutations by chemicals in
animals. As in all in vivo studies, toxicity, genotoxicity, or both will be a
function of uptake, distribution, detoxification, metabolic activation, DNA
repair, DNA replication, and types of DNA adducts formed. These factors in
turn may be modified by strain/sex differences, diet, age of animals at time of
exposure, dose, duration of exposure, and expression time. It is therefore
critical to employ testing protocols that consider all of these variables.

DOSING REGIMEN  There has been considerable debate about the appropriate
dosing regimen for transgenic mutation models. In vivo genetic toxicology
studies have traditionally used short-term dosing regimens. In particular, the
in vivo~in vitro unscheduled DNA synthesis assay (34) and the bone marrow
chromosome aberration assay (35) have traditionally been conducted by eval-
uating tissues at several time points after a single dose. An exception is the
micronucleus assay, which is optimally conducted using repeat-dose protocols
that allow sampling of micronuclei at steady state (36). On the basis of this
history, some laboratories have argued that transgenic mutation assays should
likewise employ single-dose administration (37). Our laboratory has generally
used protocols with administration of several doses, usually over a 1-week
period (28, 38). Some laboratories have employed subchronic (28, 38-40) or
even chronic (2, 41) dosing regimens.

If human risk assessment, or comparison to rodent bioassay results, is a
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desired goal, it makes little sense to administer a single (large) dose of a test
chemical to animals. Many chemicals, in addition to producing DNA adducts,
may induce cell proliferation. Administering repeated doses of a test chemical
therefore mimics more accurately the human situation in that chemicals are
being administered during periods in which cell proliferation induced by earlier
exposures may be occurring. Indeed, the potent genotoxic agent dimethylni-
trosamine (DMN) produces only a modest (2-fold) increase in mutant fre-
quency when administered as a single, large dose (42) but very significant
increases when given at lower doses over a period of 5 days or more (28).

Cell proliferation is clearly important for the induction of mutations. In the
absence of cell division, chemically induced DNA adducts may be repaired
before fixation of mutations. This is most apparent for DMN, where induction
of cell proliferation is a prerequisite for DMN-induced mutations. Doses of
DMN (2 mg/kg/day) that failed to induce significant hepatotoxicity or cell
turnover did not produce mutations; however, increasing the dose to 4 mg/kg/
day crossed the toxicity threshold: A significant increase in hepatotoxicity
occurs at this dose, and significant elevations in cell replication result (43). At
this dose, DMN also produces a significant increase in the mutant frequency
(28). Therefore, at doses in which cell proliferation is induced, DMN produces
mutations. In the absence of cell proliferation, both DMN and methylmethane
sulfonate (MMS) fail to induce hepatic mutations.

Chemically induced mutagenesis should ideally be studied under conditions
of subchronic or chronic administration (40), but most laboratories do not have
the resources to test many chemicals in 13-, 52-, or 104-week studies. There-
fore, a short-term multiple-dose protocol (e.g. a minimum of 3 days up to 2
or 3 weeks) that allows chemical administration in the presence of chemically
induced cell turnover seems a reasonable compromise.

SELECTION OF DOSE If one accepts the argument that multiple-dose protocols
are preferred for evaluation of mutations, selection of dose levels becomes
very important. Our laboratory selects doses for transgenic mutation assays in
the same way one would select doses for any multiple-dose toxicity test, such
as a 13-week subchronic toxicity study (38). If subchronic toxicity data are
unavailable, we conduct a range-finding assay (using nontransgenic mice of
the same strain to minimize costs) in which we dose the animals for the number
of days they are to be dosed in the definitive study, then observe them for the
number of days to be allowed for fixation of mutations (e.g. for a 5-dose/14-day
expression time protocol, we would dose for 5 days, then count survivors 14
days after the final dose). The top dose selected is that expected to produce
minimal or zero lethality (i.e. about 50% of the lowest dose at which deaths
occurred). If subchronic toxicity data are available, we use the highest dose at
which animals survived for 13 weeks.
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EFFECTS OF FIXATION TIME Fixation time in mutation experiments, also fre-
quently referred to as “expression time,” is the period after administration of
a single dose, or after the last of multiple doses, and before the animal is
sacrificed and tissues are evaluated for mutations. Some expression period is
usually required, especially after single-dose administrations, to permit (a)
uptake and distribution of the chemical, (b) metabolic activation to a DNA-
reactive form, (c¢) formation of DNA adducts, and (d) at least one cell division
to “fix” the adduct as a heritable mutation.

Because uptake, distribution, and activation of chemicals are highly depen-
dent on the chemical, the tissue, and the species and sex of the animal, and
because differences in cell turnover rates vary widely among tissues, determi-
nation of appropriate fixation times is critical to optimizing the detection of
mutations in vivo.

In tissues in which mutations occur in stem cells or in slowly dividing cell
types, fixation times will generallyincrease with time or at least will not decline
significantly after reaching a plateau. Indeed, this increase has been demon-
strated in liver, where mice initiated with diethylnitrosamine (DEN) maintain
a very high mutant frequency for up to a year after administration (2). In
contrast, when treatments do not produce mutations in stem cells or when
mutations are measured in rapidly cycling cells, the mutant frequency (MF)
will reach a peak response and then decline with time as cells with mutations
go through apoptosis or otherwise disappear from the tissue. For example,
treatment of lacZ mice with ethylnitrosourea (ENU) produces a gradual in-
crease in MF in the liver, but the MF in the testis and bone marrow peaks after
7 days and then begins to decline (44). A somewhat contradictory study (45)
demonstrated that ENU-induced mutations reach a plateau in bone marrow but
do not decline with time and that MF continues to rise in liver and male germ
cells. A study in skin of both lacl and lacZ mice demonstrated that a fixation
time of at least 7 days was required for detection of DMBA-induced mutations
in the skin (46).

Because spermatogonia require a long period for transition to mature sper-
matozoa, a longer fixation time is clearly called for when evaluating male
germ cells. Short fixation times are not adequate to allow the seminiferous
tubules to be populated with mutations derived from the stem cells (47).

One concern when mutations are evaluated using a system that requires
identification of mutations in bacteria is that DNA adducts formed in vivo may
be introduced into E. coli as adducted DNA and subsequently converted to a
true mutation in vitro. This effect does occur, but it has been shown to be
largely dependent on fixation time after treatment, because it relates to in vivo
removal (via repair) of mutagenic adducts (48). Such ex vivo mutations can
also be identified as “sectored” plaques (discussed below). If the fixation time
is long enough to allow repair of DNA adducts, then the incidence of E.
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coli-derived ex vivo mutations is reduced considerably. Thus, the greatest
contribution by host bacteria to the mutant spectrum and frequency will occur
in the shortest fixation time. Increased mutant frequency is often observed for
longer fixation times (28); this observation suggests that the majority of mu-
tations measured are derived in vivo, and that the contribution by mutations
fixed in vitro is relatively small. Nevertheless, care should be taken when
following protocols that use very short fixationtimes (i.e. less than a few days).

OTHER CONSIDERATIONS IN STUDY DESIGN Animal age and strain can have a
profound effect on results in all in vivo studies—an effect evident for trans-
genic mutagenesis models. Studies in our laboratory demonstrated that DMN
at 2 mg/kg/day was a potent inducer of hepatic mutations in 3-week-old mice,
but no increase was observed in 6-week-old animals at this dose; however,
doses of 4 or 6 mg/kg/day yielded significant increases in hepatic mutations
in 6-week-old animals (28). Three-week-old mice have poorly developed de-
toxification mechanisms (49) and elevated basal proliferation rates; this con-
dition could explain the positive response seen at 2 mg/kg/day in these younger
animals. Indeed, the background cell proliferation rate in lacI mouse tissues
declines up to an order of magnitude between weeks 3 and 10 (50).

Selection of a strain of animal is likewise critical when results of mutage-
nicity testing are to be compared with other toxicology data. The lacl systems,
which are available in the widely used B6C3F1 mouse and F-344 rat, offer a
clear advantage over the lacZ system, which is available only in CD2F1 or
C57BIl/6 mice. For some chemicals (e.g. DMN, ENU), there appears to be little
strain difference in responses (28); however, for 1,3-butadiene (BD), signifi-
cant strain differences have been reported. BD induced mutations in lungs of
CD2F]1 lacZ mice but not in bone marrow; however, the rate of bioactivation
of BD to the monoepoxide and subsequent hydrolysis by epoxide hydrolases
in the CD2F1 mouse was 40% lower than the level observed in B6C3F1 mice,
and the corresponding level of hemoglobin adducts was lower than expected
(51). A similar study conducted in B6C3F1 lacl mice demonstrated increases
in MF in lung, spleen, and bone marrow (52) that were more consistent with
the reported sites of tumor formation.

Preparation of DNA

The method for DNA isolation is in part determined by the type of system
used. For A-phage-based systems, it is critical that the DNA be of high
molecular weight (average size 300 kb or greater) to ensure that there is no
breakage between cos sites (53). For tissue isolation, timing is critical; the
faster the samples can be removed from animals and quick frozen in liquid
nitrogen, the better are the chances that endogenous nucleases have not di-
gested the genomic DNA. Timing is especially critical in nuclease-rich organs
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such as the liver. Traditional protocols for DNA isolation, such as proteinase
K/SDS digestion followed by phenol/chloroform extraction and ethanol pre-
cipitation may be used. However, samples must be handled gently, especially
during the extractions and resuspension of DNA pellets. A recently developed
procedure based on large-pore dialysis of digested tissue samples has greatly
reduced the number of steps and amount of time required to prepare DNA
samples (54). This procedure yields high-concentration, high-molecular-
weight DNA without the need for phenol:chloroform extraction or ethanol
precipitation.

Plasmid-based systems have the advantage that one need not obtain high-
molecular-weight DNA. Since the plasmid is only 5.5 kb long, it is unlikely
that any one copy will be sheared by standard isolation methods. Therefore,
itis not necessary to take special efforts to prevent shearing of the DNA sample.

Gene Rescue Techniques

LAMBDA PHAGE SYSTEMS Both lacl and lacZ systems use the A-phage viral
system to provide a vehicle for transfer of the shuttle vectors between eu-
karyotic and prokaryotic cells. The A-phage protein extracts recognize and
excise the integrated A-based shuttle vectors at flanking cos sequences. These
sequences are subsequently encapsidated within A-phage coat proteins to pro-
duce infectious viral particles. Special packaging extracts derived from restric-
tion-negative and P-galactosidase-negative bacteria are used to promote effi-
cient packaging and to limit background [B-galactosidase activity. Once pack-
aging is complete, the viral particles are preadsorbed to bacteria, plated on
agar, and incubated overnight in the presence of X-gal. Incubation of the viral
bacterial mixture produces a lawn of bacteria spotted with viral plaques.

The shuttle-vector packaging reaction involves a simple protocol. Several
micrograms of genomic DNA are mixed with Transpack™ or Gigapack™
packaging extracts and incubated for several hours at 30°C. After the reaction,
samples are diluted into a phage-stabilizing solution, and aliquots are removed
for incubation with bacteria. A fresh stock of host bacteria is grown while the
packaging reaction is proceeding, and the stock is adjusted to the proper
concentration before mixing with the packaged vector. The concentrations of
bacteria and packaging extract vary depending on the type of plating that is
to be done. For selective systems, the packaging reactions and bacteria are
kept concentrated so that the mixture can be plated at high densities. Dilutions
are prepared for plates in which individual plaques need to be screened and
counted. During the plating process, the viral/bacterial mix is added to molten
agarose and poured over a nutrient-rich agar layer that has been prepoured
onto individual plates. Plates are typically incubated overnight and screened
the following day.
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Successful infection by the phage particles containing the shuttle vector
requires the use of special E. coli strains, such as SCS-8 (for lacI systems) and
E. coli C (for lacZ systems). The methylation pattern of mouse-derived DNA
differs from that of bacteria; thus the bacterial host strain must be tolerant of
foreign methylation schemes. The SCS-8 strain of E. coli is restriction negative
in McrA, Mrr, and McrF, which target methylcytosine sequences present in
mammalian DNA. To reduce ex vivo, non-mouse-derived mutation, the prin-
cipal recombination pathway is disabled by a recA1 mutation. In addition, the
correlation of mutation to B-galactosidase activity is ensured by o comple-
mentation in which sequences both from the transgene and from the bacterial
host are required for activity (55-58).

PLASMID-BASED SYSTEMS ~An altemative methodology for in vivo mutation
analysis has also been demonstrated (59). This system, employed in the Xeno-
mouse system, takes advantage of plasmid vector sequences located internally
in the transgenic A shuttle vectors and flanking lac operator and lacZ se-
quences. The plasmid vector sequence is excised by using DNA restriction
enzymes instead of depending on A-phage protein extracts to recognize and
excise the integrated vectors. Thislinear plasmid is then isolated from genomic
DNA by magnetic affinity capture. The Lacl repressor protein, which strongly
and specifically binds to the lac operator sequence in the plasmid, is conjugated
via antibodies to magnetic beads. The protein/bead conjugate is mixed with
the bulk genomic DNA and selectively binds the plasmid DNA, permitting
nonspecific genomic DNA to be washed away. The isolated 5.5-kb fragment,
which contains the complete pUR288 plasmid sequence, is circularized under
dilute ligation conditions, concentrated, and then electroporated into E. coli C
(lacZ) bacteria. Only bacteria transformed by the plasmid are allowed to grow.
Use of the affinity capture system and electroporation completely obviates a
viral transfer system. The MF is calculated as the number of mutant (clear)
colonies divided by the total colony count. This method is potentially 10 to
20 times more efficient than viral transfer systems at rescuing lac genes from
transgenic mice.

Scoring and Screening Mutants

Determining mutant frequency involves estimating the total number of
plaques or colonies plated and identifying all mutant plaques or colonies.
The method chosen for screening mutants (i.e. by color or by selection)
greatly affects the ease of screening and may subtly alter the spectrum of
mutations recovered.

COLOR SCREENING The most common screening procedure involves plating
plaques in the presence of X-gal. In the lacl system, mutants are blue on a
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background of clear wild-type plaques. In lacZ systems, mutants are clear on
a background of blue wild-type plaques.

Plating conditions 1t is imperative that laboratories establish standardized
procedures for plating and screening, because several factors affect perceived
MF. Proper plating density is critical to optimal mutant detection. For the lacl
system, it is recommended that no more than 15,000 plaques per 625-cm? dish
be plated. For lacZ systems, it is necessary to plate at even lower densities
because it is inherently more difficult to detect clear colonies on a blue
background. Other factors that can affect sensitivity are X-gal concentration,
dryness of plates, and thickness of bottom agar. It is highly recommended that
color control mutants be plated routinely to assess sensitivity of the assay.
Stratagene has developed a series of lacl mutants that have phenotypes ranging
from very light blue to dark blue (60).

Mosaic plaque assay An important issue is whether screened mutants are
derived from in vivo or ex vivo (i.e. E. coli) mutations. Unrepaired DNA
adducts present in isolated genomic DNA could result in the fixation of
mutations in E. coli. Replication-derived mutations in E. coli result in mosaic
plaques. A mosaic plaque consists of a mixture of wild-type and mutant phage
that results in the appearance of a sectored plaque. In this case, one strand of
the DNA from the phage contains a DNA adduct and the other does not.
Replication-induced mutations at the adducted site would result in two types
of DNA: wild-type and mutant. Half of the phage would be mutants if the
error occurred during the first round of replication after phage infection. Errors
occurring at later rounds of replication would result in progressively smaller
fractions of mutant phage. By coring and replating a mosaic plaque, it is
possible to determine the fraction of mutant phage.

Whether a plaque is sectored may be difficult to determine using standard
plating densities. In the mosaic plaque assay (61), plaques are plated at a very
low density: ~2000 plaque-forming units (pfu) per 625-cm? dish. Well-isola-
ted primary plaques are then replated to determine the frequency of mosaic
plaques. Secondary plaques with a MF greater than 60% are considered in
vivo derived, whereas those with MF values below 60% are likely to be ex
vivo derived. It is recommended that obvious sectored plaques be tallied
separately from nonsectored plaques when one is screening for mutant plaques.
When an agent produces a marginally significant positive response, it may be
desirable to perform the mosaic plaque assay.

Selectable systems The second method for quantitating lacl and lacZ muta-
tions makes use of selectable systems that permit high plating densities and
minimize the need for multiple platings (61-64). The Muta MMouse lacZ
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system uses a positive selection scheme in which phage that contain rescued
vectors are used to infect lac ,galE™ E. coli, which are then plated in the
presence or absence of phenylgalactoside (P-gal). In the presence of P-gal only
lacZ™ bacteria will grow and produce plaques. The titer is determined by
plating in media without P-gal, which allows both wild-type and mutant lacZ
E. coli to grow. The MF is calculated as the number of mutant plaques divided
by the titer.

Selectable systems have also been developed for detecting lac/ mutants.
One example is the minimal-medium lactose system. By altering the host E.
coli strain, it is possible to obtain lysogenic growth, which results in bacterial
colonies rather than plaques. By infecting this host with phage and plating on
plates containing lactose as the sole carbon source, it is possible to select for
mutants. B-Galactosidase activity resulting from inactivated lac/ allows utili-
zation of lactose as a carbon source. Therefore, only lacl mutants will grow.

To date almost all work has been performed using color selection rather
than selectable systems. Therefore, selectable systems will need validation
prior to their use for routine testing. One issue is that selectable systems may
detect a spectrum’ of mutations different from that detected by color selection.
Another issue is the controversial idea that directed mutagenesis may occur
under.selective conditions (65), which might confound interpretation of results.

Analysis of Mutations

SIGNIFICANCE OF MUTATIONAL SPECTRA A significant advantage of transge-
nic rodent mutagenesis assays is that they provide a relatively simple means
to analyze mutations at the molecular level. Analysis of mutations can provide
mechanistic information about mutagens. The presence of clonally expanded
“jackpot” mutations can be confirmed by sequencing several mutants (28).
Additionally, in cases where an agent causes only a marginal increase in mutant
frequency, a unique spectrum could determine whether an agent is positive or
negative.

METHODS OF ANALYSIS Several approaches to the analysis of mutations are
possible. In the Big Blue™ system, the pLIZ plasmid can be retrieved using
in vivo excision (17). The lacl gene can then be sequenced using a series of
primers that span the region. Although the lacZ gene is three times as long as
the lacl gene, complementing E. coli strains can be used to determine whether
a mutation is in the a, B, or w regions of lacZ (JA Gossen, unpublished). The
polymerase chain reaction (PCR) (66, 67) can be used with any of the systems
to sequence directly from a plaque or colony. Sequencing from PCR products
is faster, requires less starting DNA, and is less likely to give sequencing
artifacts arising from secondary structures in the template. It is also possible
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to detect gross structural alterations by restriction digest analysis of recovered
plasmid DNA.

SPONTANEOUS SPECTRA As discussed above, a factor that can confound in-
terpretation of data from transgenic rodent systems is the possibility that a
mutation has arisen in E. coli rather than in the animal. Comparisons of
spontaneous lac/ mutations in the mouse (18, 48) and in E. coli (23) show
striking differences. In the mouse system, 75% of C — T transitions occur at
CpG dinucleotides. This percentage suggests that they arise from spontaneous
deamination of S5-methylcytosine (26, 27). On the other hand no C = T
transitions were observed in E. coli. In E. coli, 67% of mutations are deletions
or insertions of a tandem repeat of TGGC; in contrast, only 1.7% of lacl mouse
mutants involved this sequence.

Sequencing of 89 spontaneous lacl mutants shows that approximately 30%
of somatic cell and 50% of germ cell mutations are C — T transitions at CpG
sites. Overall, 85% are base substitutions and 15% are insertions, deletions,
and single-base frameshifts (68).

CHEMICALLY INDUCED MUTATIONS Several mutagenic compounds that are
well understood mechanistically have been tested in the lacl mouse. Methyl-
nitrosourea (MNU) (61), benzo(a)pyrene (17, 18), DMN (28), and ENU (17)
have all shown spectra consistent with known mechanisms of action.

DELETIONMUTATIONS One issue yet to be resolved is the ability of the various
systems to detect large-scale deletions characteristically induced by agents
such as ionizing radiation. Ideally, any system used for genetic toxicology
screening would detect both point mutations and large-scale deletions.
Lambda-shuttle-vector systems will have an inherent bias against certain de-
letions because of packaging requirements. High doses of gamma rays were
found to induce approximately 20% deletions detectable by restriction digest
analysis. These deletions ranged in size from 45 to 249 bp (25) and are much
smaller than those found when endogenous genes such as hprt or aprt are used.
The lacl locus has been found to be less sensitive than the endogenous Dib
locus to X-ray-induced mutations, whereas both loci gave a similar response
to the point mutagen ENU (69). The difference in mutagenic response of the
two loci may be due to a decreased ability of the lacl system to detect large
deletions. A variant of the lacl system is being developed that is likely to be
more sensitive to large deletions. This so-called “polycos™ system consists of
concatemers of a 3.4-kb monomeric vector that contains the lacl gene and is
flanked by cos sites. Twelve to fifteen copies of the monomer are packaged
simultaneously and used to infect E. coli. The monomeric plasmid can then
be rescued by in vivo excision. Large deletions within or between monomeric
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units that still allow packaging of the concatemer should be detectable with
this system.

Unpublished data suggest that the plasmid-based lacZ system can detect
very large deletions. Detection of large deletions is possible because the system
does not depend on packaging. Instead, genomic DNA is restricted with an
enzyme that normally cuts out the plasmid. The plasmid is then circularized
by DNA ligase. Intra-plasmid deletions are detectable as long as the amp® and
origin of replication are present. Intergenic deletions extending into endoge-
nous genomic DNA sequences are also detectable. In the latter case one
restriction site is present in the plasmid DNA and the other site in genomic
DNA.

Evaluation of Data

No consensus exists about which statistical tests should be used in evaluating
data from transgenic mutation assays, and reports of what constitutes a “pos-
itive” response often conflict. For example, acetic acid has been reported to
produce mutations in skin, with a “significant” 1.7-fold increase in mutant
frequency (70); however, the 2.5-fold increase in mutations produced by hep-
tachlor in mouse liver was not considered significant (71).

Several recent publications have addressed the sources of variability in
transgenic mutagenesis assays and recommended minimal study designs and
appropriate statistical analysis tools (39, 72, 73). One laboratory estimates that
at least 5 animals with 200,000 plaques per animal must be analyzed to
accurately detect a 2-fold increase in MF, and 10 animals must be evaluated
to detect a 50% increase (74); few studies to date have achieved this goal.

SPECIAL APPLICATIONS

Mutagenesis by Nongenotoxic Carcinogens

Our laboratory has been interested in the induction of mutations by nonmutage-
nic chemicals. While “nonmutagenic mutagenesis” may seem oxymoronic, if
one accepts the multistep model of carcinogenesis (1), nongenotoxic carcino-
gens must increase the number of mutant cells by means other than direct
interaction with DNA. Transgenic mutation assays are a unique tool for study-
ing the effects of nongenotoxic chemicals on mutation induction in normal
and tumor tissues.

Experiments in our laboratory demonstrated that a burst of cell proliferation
induced by nongenotoxic chemicals, in the absence of genetic damage, is
unable to induce mutations in the liver. Indeed, carbon tetrachloride and
phenobarbital, when administered at doses that produce enormous increases
in cell turnover, do not produce an increase in hepatic mutations (50, 75).
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Similar results have been reported by other laboratories. The peroxisome
proliferator and hepatocarcinogen methylclofenapate failed to induce muta-
tions in lacl mice with a single-dose protocol (42). Administration of di(2-
ethyl-hexyl)phthalate, heptachlor, or phenobarbital for up to 120 days failed
to produce an increase in mutations in lacl mice (71, 76).

Relatively short-term bursts of cell proliferation alone do not produce mu-
tations in the liver; however, long-term administration of nongenotoxic cell
proliferators could presumably result in clonal expansion of spontaneous mu-
tations, or selective expansion of populations with mutations in specific onco-
genes. This expansion may be the principal mechanism of carcinogenesis by
nongenotoxic chemicals.

Effects of nongenotoxic chemicals in tissues other than the liver may be
more complicated. Recent reports indicate that irritation and ulceration pro-
duced in the skin by the “nongenotoxic” chemical acetic acid lead to modest
increases in the mutant frequency of lacZ mice (70). Similarly, a petroleum
distillate that lacked activity in standard genetic toxicity tests produced slight
increases in the MF in lacZ mice (77). These increases were small (5.9-6.9 x
105 compared to 2.5-3.0 x 10~ in acetone controls) and occurred only at
doses where ulceration or enhanced cell turnover was evident.

These transgenic systems will allow us to answer fundamental questions
about the mechanisms of mutation, but they have also raised questions about
the definition of the terms “genotoxic” and “nongenotoxic” (37, 38). MMS
induces significant DNA adducts and unscheduled DNA synthesis (UDS) in
mouse liver and would therefore clearly be classified as “genotoxic” in the
liver (78). Nevertheless, MMS fails to induce lacI mutations in B6C3F1 mouse
liver, even when administered for up to 21 days (28), and would therefore be
classified as “nonmutagenic” in mouse liver. The value of the transgenic mouse
assay is its ability to evaluate relevant genotoxicity in multiple target tissues
(i.e. heritable mutations). In fact, although MMS is “genotoxic” in mouse liver,
it does not produce liver tumors. Therefore, DNA adduct or UDS assays may
be better predictors of “genotoxicity,” but a transgenic mouse model may be
a better predictor of mutations and cancer.

Perhaps the best approach to studying mutagenesis by nongenotoxic chem-
icals is to evaluate mutations in actual tumors. Our laboratory has evaluated
the MF in chemically induced liver tumors in lacI B6C3F1 mice (2). The lac!
gene confers no selective growth advantage upon a mammalian cell; therefore,
it is useful as a physiologically neutral marker of mutation rates in tumors.
We initiated mice with diethylnitrosamine (DEN), then promoted with WY-

14,643 (WY) or phenobarbital (PB). Mice receiving DEN+PB or DEN+WY
had multiple liver tumors, whereas mice receiving untreated feed after DEN
initiation had few tumors. Nontumor tissue from mice treated with DEN
yielded approximately 10-fold elevations in the MF, whereas most tumors had
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much higher MF than would be predicted from clonal expansion of DEN-in-
duced mutants. These data suggest that nongenotoxic carcinogens such as PB
and WY may have little effect on normal hepatocytes but may accelerate
mutation rates in initiated cells, thus leading to a rapid progression to tumors.

Animals with Multiple Transgenes

A recent development in the transgenic animal arena has been the mating of
different transgenic animal strains. The use of transgenic mutation models
provides the means to measure mutations in models carrying other cancer,
disease, or regulatory genes. Although this is a very recent development in
this field, a few cases of multiple transgene results have been reported. In one
study, a mouse containing a gene for over-expression of O8-alkylguanine-DNA
alkyltransferase was crossed with a lacl transgene carrier (79). The resulting
animals removed OS-methylguanine adducts more efficiently; using the lacl
marker gene, the authors demonstrated that fewer mutations were induced by
MNU in these animals.

Another promising animal model is a cross between a lacl transgenic mouse
and a mouse missing one copy of the p53 tumor suppressor gene (Genpharm
International, Mountain View, CA). These mice should be useful for studying
the role of p53 in preventing cell cycling when DNA damage is present, as
well as for allowing rapid induction of tumors in mice for the subsequent
analysis of lacl mutations.

It may prove useful to construct crosses for all major cancer genes, as well
as for many human disease genes, so that the contribution of mutation induction
in these disease processes can be elucidated.

CONCLUSIONS

Transgenic animal models provide the only system currently available for
quantitating chemically induced mutations in a wide range of mammalian
tissues in vivo. Combining mutation analysis with the analysis of cell prolif-
eration, mutant sequencing, and other end points in the same animals [e.g.
cytogenetic damage (80, 81)] provides a powerful tool for studying mutagen-
esis in vivo and for elucidating the mechanism of chemical carcinogenicity.
The optimal use of transgenic animals may be in routine toxicology studies
such as 30-day, 90-day, or 2-year studies. The B6C3F1 mouse and F-344 rat
strains are widely used in general toxicology studies. Since these strains are
available as lacl transgenic animals, it should be possible to measure many
phenomena—general toxicology parameters, clinical chemistry, histopathol-
ogy, cell proliferation, micronucleus formation, and mutations—in the same
animals. In this way, separate in vivo genetic toxicity studies may ultimately
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be replaced by routine toxicology tests that include mutation analysis as a
routine end point.

ACKNOWLEDGMENTS

Preparation of this review was supported in part by grants from the National
Institutes of Health (GM4563-03) and the Department of Energy (DOE Grant
No. DE-FG03-91ER61243).

Any Annual Review chapter, as well as any article cited in an Annual Review chapter,
may be purchased from the Annual Reviews Preprints and Reprints service.
1-800-347-8007; 415-259-5017; email: arpr@class.org

Literature Cited

1.

10.

11.

12.

Vogelstein B, Fearon ER, Hamilton SR,
Kemn SE, Preisinger AC, et al. 1988.
Genetic alterations during colorectal-
tumor development. N. Engl. J. Med.
319:525-32

Goldsworthy RL, Recio L, Brown K,
Donehower LA, Mirsalis JC, et al. 1994,
Symposium overview: Transgenic ani-
mals in toxicology. Fund. Appl. Toxicol.
22:8-19

Sullivan N, Gatehouse D, Tweats D.
1993. Mutation, cancer and transgenic
models: Relevance to the toxicology in-
dustry. Mutagenesis 3:167-74

Camper SA. 1987. Research applica-
tions of transgenic mice. Biotechniques
5:638—49

Jaenisch R. 1988. Transgenic animals.
Science 240:1468-74

Hanahan D. 1989. Transgenic mice as
probes into complex systems. Science
246:1265-75

Robertson EJ. 199i. Using embryonic
stem cells to introduce mutations into
the mouse germ line. Biol. Reprod. 44:
238-45

Sediry JM, Joyner AL. 1992. Gene Tar-
geting. New York: Freeman

Dycaico MJ, Ardourel DF, Short JM.
1993. In vivo mutagenesis assay using
transgenic rats. The Toxicologist 13:
411

Summers WC, Glazer PM, Malkevich
D. 1989. Lambda phage shuttle vectors
for analysis of mutations in mammalian
cells in culture and in transgenic mice.
Mutat. Res. 220:263-68

Gossen JA, Vijg J. 1990. Transgenic
mice as a model to study gene mutations:
application as a short-term mutagenicity
assay. See Ref. 82, pp. 347-54
Gossen J, Vijg J. 1993. Transgenic mice

13.

14.

15.

16.

17.

18.

19.

20.

as model systems for studying gene mu-
tations in vivo. Trends Genet. 9:27-31
Gossen JA, de Leeuw WJ, Verwest A,
Lohman PH, Vijg J. 1991. High somatic
mutation frequencies in a lacZtransgene
integrated on the mouse X-chromosome.
Mutat. Res. 250:423-29

Myhr B, Brusick D. 1991. A transgenic
mouse model for genetic toxicology
studies. Lab. Anim. 20:31-35

Kohler S, Provost S, Kretz P, Dycaico
M, Sorge J, Short JM. 1990. Develop-
ment of a short-term, in vivo mutagen-
esis assay: the effects of methylation on
the recovery of a lambda phage shuttle
vector from transgenic mice. Nucleic
Acids Res. 18:3007-13

Kohler SW, Provost GS, Kretz PL, Fieck
A, Sorge JA, Short JM. 1990. The use
of transgenic mice for short term, in
vivo mutagenicity testing. Genet. Anal.
Tech. 7:212-18

Kohler SW, Provost GS, Fieck A, Kretz
PL, Bullock B, et al. 1991. Spectra of
spontaneous and induced mutations
using a lambda ZAPR lac/ shuttle vector
in transgenic mice. Proc. Natl. Acad.
Sci. USA 88:7958-62

Kohler SW, Provost GS, Fieck A, Kretz
PL, Bullock WO, et al. 1991. Analysis
of spontaneous and induced mutations
in transgenic mice using a lambda
ZAPR/lacl shuttle vector. Environ. Mol.
Mutagen. 18:316-21

Short JM, Kohler SW, Provost GS,
Feick A, Kretz PL. 1990. The use of
lambda phage shuttle vectors in trans-
genic mice for development of a short
term mutagenicity assay. See Ref. 82,
pp- 355-67

Provost GS, Kohler SW, Fieck A, Kretz
PL, Melaena T, Short JM. 1990. Short-



Annu. Rev. Pharmacol. Toxicol. 1995.35:145-164. Downloaded from www.annual reviews.org
by Central College on 12/09/11. For personal use only.

162

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32

MIRSALIS, MONFORTE & WINEGAR

term germ line and somatic cell muta-
genesis testing with lac/ lambda phage
shuttle vectors in transgenic mice.
Strateg. Mol. Biol. 4:55-56

Burchart J, Winn RN, VanBeneden R,
Malling HV. 1993. Spontaneous and
induced mutagenesis in transgenic ani-
mals containing FX174. Environ. Mol.
Mutagen. 21:(Suppl. 22):9

Jacob F, Monod J. 1961. Genetic regu-
latory mechanisms in the synthesis of
proteins. J. Mol. Biol. 3:318

Schaaper RM, Danforth BN, Glickman
BW. 1986. Mechanisms of spontaneous
mutagenesis: an analysis of the spectrum
of spontaneous mutations in the Esche-
richia coli lacl gene. J. Mol. Biol. 189:
273-84

Richardson KK, Richardson FC, Crosby
RM, Swenberg JA, Skopek TR. 1987.
DNA base changes and alkylation fol-
lowing in vivo exposure of Escherichia
coli to N-methyl-N-nitrosourea or N-
ethyl-N-nitrosourea. Proc. Natl. Acad.
Sci. USA 84:344-48

Winegar RA, Hamer JD, O’Loughlin
KG, Lutze LH, Mirsalis JC. 1994. Ra-
diation-induced mutations and micro-
nuclei in lacl transgenic mice. Mutat.
Res. 307:479-87

Glickman BW, Ahmed A, Rogers BJ,
Hamner R, Short JM, et al. 1993. Mu-
tational specificity of O-anisidine in the
bladder of the Big Blue™ mouse. En-
viron. Mol. Mutagen. 21(Suppl. 22):1
Gorelick NJ, O’Kelly JA, Gu M, Glick-
man BW. 1993. Mutational spectra in
the lacl transgene from 7,12-dimeth-
ylbenzanthracene (DMBA)-treated and
control Big Blue™ mouse skin. Envi-
ron. Mol. Mutagen. 21(Suppl. 22):24
Mirsalis J, Provost GS, Matthews C,
Hamner R, Schindler JE, et al. 1993.
Induction of hepatic mutations in lac/
transgenic mice. Mutagenesis 8:265-71
Miller JH, Schmeissner U. 1979. Ge-
netic studies of the lac repressor X.
Analysis of missense mutations in the
lacl gene. J. Mol. Biol. 131:223-48
Gordon AJ, Burns PA, Fix DF, Yatagai
F, Allen FL, et al. 1988. Missense mu-
tation in the lacl gene of Escherichia
coli: inferences on the structure of the
repressor protein. J. Mol. Biol. 200:239—
51

Yatagai F, Glickman BW. 1990. Spec-
ificity of spontaneous mutation in the
lacl gene cloned into bacteriophage
M13. Mutat. Res. 243:21-28

Halliday JA, Glickman BW. 1991.
Mechanisms of spontaneous mutation in
DNA repair-proficient Escherichia coli.
Mutat. Res. 250:55-71

33.

34,

3S.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Schaaper RM, Dunn RL. 1991. Sponta-
neous mutation in the Escherichia coli
lacl gene. Genetics 129:317-26
Mirsalis JC, Butterworth BE. 1980. De-
tection of unscheduled DNA synthesis
in hepatocytes isolated from rats treated
with genotoxic agents: an in vivo-in
vitro assay forpotential carcinogens and
mutagens. Carcinogenesis 1:621-25
Preston RJ, Dean BJ, Galloway S,
Holden H, McFee AF, Shelby M. 1987.
Mammalian in vivo cytogenetic assays:
analysis of chromosome aberrations in
bone marrow cells. Mutat. Res. 189:
157-65

MacGregor JT, Heddle JA, Hite M,
Margolin BH, Ramel C, et al. 1987.
Guidelines for the conduct of micronu-
cleus assays in mammalian bone marrow
erythrocytes. Mutat. Res. 189:103-12
Ashby J, Leigibel U. 1992. Transgenic
mouse mutation assays: potential for
confusion of genotoxic and non-geno-
toxic carcinogenesis: a proposed solu-
tion. Environ. Mol. Mutagen. 20:145-47
Mirsalis J. 1993. Dosing regimens for
transgenic animal mutagenesis assays.
Environ. Mol. Mutagen. 21:118-19
Shephard SE, Lutz WK, Schlatter C.
1994. The lacl transgenic mouse muta-
genicity assay: quantitative evaluation
in comparison to tests for carcinogenic-
ity and cytogenetic damagein vivo. Mu-
tat. Res. 306:119-28

Tao KS, Heddle JA. 1994, The accu-
mulation and persistence of somatic mu-
tations in vivo. Mutagenesis 9:187-91
Mirsalis J, Hamer J, Layman L, Winegar
R, Hill J. 1994. Induction of mutations
in liver tumors of lacl transgenic mice.
Proc. Am. Assoc. Cancer Res. 35:183
Ashby J, Tinwell H, Burnette K, Lefevre
PA. 1993. Results for the Big Blue™
transgenic assay using two genotoxins
and a peroxisome proliferator. Environ.
Mol. Mutagen. 21(Suppl. 22):4
Doolittle DJ, Muller G, Scribner HE.
1987. A comparative study of hepatic
DNA repair, DNA replication, and hep-
atotoxicity in the CD-1 mouse following
multiple administrations of dimethylni-
trosamine. Mutat. Res. 188:141-47
Hoorn AJW, Custer LL, Myhr BC,
Brusick D, Gossen J, Vijg J. 1993. De-
tection of chemical mutagens using
Muta™Mouse: a transgenic mouse
model. Mutagenesis 8:7-10

Douglas GR, Gingerich JD, Gossen JA.
1993. Time-course and sequence spectra
of ethylnitrosourea-induced lacZ~ muta-
tions in transgenic mouse somatic and
germ cells. Environ. Mol. Mutagen. 21
(Suppl. 22):18



Annu. Rev. Pharmacol. Toxicol. 1995.35:145-164. Downloaded from www.annual reviews.org
by Central College on 12/09/11. For personal use only.

46.

47.

48.

49.

50.

Sl

52.

53.

54.

Ss.

56.

57.

MUTAGENESIS IN TRANSGENIC ANIMALS 163

Thompson ED, Gorelick NJ, Binder RL,
Myhr BC, Putman DL. 1992. Interlab-
oratory comparisons of dimethylben-
zanthracene-induced mutations in skin
of Muta™Mouse and the Big Blue™
mouse. Environ, Mol. Mutagen. 19
(Suppl. 20):64

Provost GS, Kohler SW, Putman DL,
Short JM. 1992. ENU induced germ cell
mutations in lambda/lac! C57BL/6 and
B6C3F1 transgenic mice. Environ. Mol.
Mutagen. 19(Suppl. 20):51

Provost GS, Hamner RT, Short JM.
1993. The incidence of ex-vivo mutation
when using Big Blue™ transgenic
lambda/lacl mice for mutagenesis test-
ing. Environ. Mol. Mutagen. 21(Suppl.
22):55

Neal RA. 1980. Metabolism of toxic
substances. In Casarett and Doull’s Tox-
icology, ed. J Doull, MO Amdur, p. 67.
New York: Macmillan

Mirsalis JC, Monforte JA, Winegar RA.
1994. Transgenic animal models for
measuring mutations in vivo. Crit. Rev.
Toxicol. 24:255-80

Recio L, Ostermangolkar S, Csanady
GA, Tumer MJ, Myhr B, et al. 1992.
Determination of mutagenicity intissues
of transgenic mice following exposure
to 1,3-butadiene and N-ethyl-N-nitro-
sourea. Toxicol. Appl. Pharmacol. 117:
58-64

Sisk SC, Bond JA, Recio L. 1993. De-
termination of mutagenicity in tissues
of lacl transgenic mice after inhalation
exposure to 1,3-butadiene. The Toxicol-
ogist 13:411

Custer L, Intehar K, Khouri H, Myhr
B. 1991. Studies on the efficient detec-
tion of mutations at the lacZ locus ob-
tained from Muta™Mouse tissues.
Environ. Mol. Mutagen. 17(Suppl. 19):
19

Monforte JA, Winegar RA, Rudd CJ.
1994. Megabase genomic DNA isolation
procedure for use in transgenic muta-
genesis assays. Environ. Mol. Mutagen.
23(Suppl. 23):46

Kretz PL, Reid CH, Greener A, Short
JM. 1989. Effect of lambda packaging
extract mer restriction activity on DNA
cloning. Nucleic Acids Res. 17:5409
Kretz PL, Short JM. 1989. Gigapack II:
a restriction deficient (mcrA-, B-, hsd-,
mrr-)lambdapackagingextract. Strateg.
Mol. Biol. 2:25-26

Kretz P, Kohler S, Short JM. 1991.
Identification and characterization of a
gene responsible for inhibiting propaga-
tion of methylated DNA sequences in
mcrA, merB1 E. coli strains. Bacteriol-
ogy 173:4707-16

8.

59.

61.

62.

63.

65.

67.

68.

69.

70.

Short JM, Blakeley M, Sorge JA, Huse
WD, Kohler SW. 1989. The effects of
eukaryotic methylation recovery of a
lambda phage shuttle vector from trans-
genic mice. J. Cell. Biochem. Suppl.
13B:184

Gossen JA, de Leeuw WJ, Molijn AC,
VijgJ. 1993. Plasmid rescue from trans-
genic mouse DNA using Lacl repressor
protein conjugated to magnetic beads.
Biotechniques 14:624-29

Rogers BJ, Provost GS, Young R, Bu-
chanan M, Putman DL, Short JM. 1993.
Optimization and standardization of mu-
tant screening conditions used for the
Big Blue™ transgenic mouse mutagen-
esis assay. Environ. Mol. Mutagen. 21
(Suppl. 22):58

Provost GS,KretzPL,HamnerRT, Mat-
thews CD, Rogers BJ, et al. 1993. Trans-
genic systems for in vivo mutation anal-
ysis. Mutat. Res. 288:133-49

Kretz PL, Lundberg KS, Wyborski DL,
DuCoeur LC, Short JM. 1993. Devel-
opment of transgenic mutagenesis as-
says that select for mutant lacl target
genes. The Toxicologist 13:409
Lundberg KS, Kretz PL, Provost GS,
Short JM. 1992. The use of selection
in recovery of transgenic targets for
mutation analysis. Mutat. Res. 301:99-
105

Myhr B, Brusick D, Custer L, Khouri
H, Gesswein G, et al. 1993. Muta™.-
Mouse II: an efficient transgenic model
for determining in vivo spontaneous and
induced mutation frequencies. The Tox-
icologist 13:409

Caimes J, Overbaugh J, Miller S. 1988.
The origin of mutants. Nature 335:142-

Mullis KB, Faloona FA. 1987. Specific
synthesis of DNA in vitro via a poly-
merase-catalyzed chain reaction. Meth-
ods Enzymol. 155:335

Saiki RK, Scharf S, Faloona F, Mullis
KB, Hom GT, et al. 1985. Enzymatic
amplification of beta-globin genomic se-
quences and restriction analysis for di-
agnosis of sickle-cell anemia. Science
230:1350-54

Dycaico MJ, Provost GS, Kretz PL,
Ransom SL, Moores JC, Short JM. 1994.
The use of shuttle vectors for mutation
analysis in transgenic mice and rats.
Mutat. Res. 307:461-78

Tao K, Urlando C, Heddle JA. 1993.
Comparison of somatic mutation in a
transgenic versus host locus. Proc. Natl.
Acad. Sci. USA 90(22):10681-85
Binder RL, Thompson ED, Johnson GR,
ReerPJ, Myhr BC, LeBoeuf RA., 1992.
Irritation may be mutagenic in the skin



Annu. Rev. Pharmacol. Toxicol. 1995.35:145-164. Downloaded from www.annual reviews.org
by Central College on 12/09/11. For personal use only.

164

71.

72.

73.

74.

75.

76.

MIRSALIS, MONFORTE & WINEGAR

of Muta™Mouse. Environ. Mol. Muta-
gen. 19(Suppl. 20):6

Gunz D, Shephard SE, Lutz WK. 1993.
Can nongenotoxic carcinogens be de-
tected with the lacl transgenic mouse
mutationassay? Environ. Mol. Mutagen.
21:209~-11

Piegorsch WW, Lockhart AC, Margolin
BH, Tindall KR, Gorelick NJ, et al
1994, Sources of variability in data from
a lacl transgenic mouse mutation assay.
Environ. Mol. Mutagen. 23:17-31
Gorelick NJ, Thompson ED. 1994.
Overview of the workshops on statistical
analysis of mutation data from transge-
nic mice. Environ. Mol. Mutagen. 23:
12-16

Callahan JD, Short JM. 1994. Transge-
nic Macl mutagenicity assay: statistical
determination of sample size. Mutat.
Res. In press

Mirsalis JC, Hamer JD, O’Loughlin
KG, Winegar RA, Short JM. 1993.
Effects of nongenotoxic carcinogens on
hepatic mutations in lacl transgenic
mice. Environ. Mol. Mwtagen. 21(Suppl.
22):48

Shephard SE, Gunz D, Lutz WK. 1993.
Can “nongenotoxic” carcinogens be de-
tected with the lacl transgenic mouse
mutation assay? Environ. Mol. Mutagen,
21(Suppl. 22):64

77.

78.

79.

80.

81.

82.

Ham A, Myhr B, Cifone MA, Lawlor
T. 1992. Effects of two petroleum dis-
tillate fractions on cell proliferation and
mutation in Muta™Mouse skin. Envi-
ron. Mol. Mutagen. 19(Suppl. 20):23
Mirsalis JC, Steinmetz KL. 1989. The
role of hyperplasia in liver carcinogen-
esis. In Mouse Liver Carcinogenesis:
Mechanisms and Species Comparisons,
ed. DE Stevenson, RM McClain, JA
Popp, TJ Slaga, JM Ward, HC Pitot, pp.
149--61. New York: Wiley-Liss

Allay E, Koc ON, Gerson SL. 1994.
MNU-induced mutation frequency is
significantly reduced in Big Blue™
(lacl*) mice overexpressing the MGMT
DNA repairgene. Proc. Am. Assoc. Can-
cer Res. 35:115

Suzuki T, Hayashi M, Sofuni T, Myhr
BC. 1993. The concomitant detection of
gene mutation and micronucleus induc-
tion by mitomycin C in vivo using lacZ
transgenicmice. Mutat. Res.285:219-24
Myhr B, Suzuki T, Intehar K, Khouri
H, Custer L, Brusick D. 1992. Chemical
induction of peripheral blood micro-
nuclei and bone marrow mutations in
Muta™Mouse. Environ. Mol. Mutagen.
19(Suppl. 20):45

Mendelsohn ML, Albertini RJ, eds.
1990. Mutation and the Environment,
Part A. New York: Wiley-Liss



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



