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Mutations induced in somatic cells and germ cells
are responsible for a variety of human diseases,
and mutation per se has been considered an
adverse health concern since the early part of the
20th Century. Although in vitro and in vivo somatic
cell mutation data are most commonly used by reg-
ulatory agencies for hazard identification, that is,
defermining whether or not a substance is a poten-
tial mutagen and carcinogen, quantitative mutage-
nicity dose-response data are being used
increasingly for risk assessments. Efforts are

currently underway to both improve the measure-
ment of mutations and to refine the computational
methods used for evaluating mutation data. We
recommend continuing the development of these
approaches with the objective of establishing con-
sensus regarding the value of including the quanti-
tative analysis of mutation per se as a required
endpoint for comprehensive assessments  of
toxicological risk. Environ. Mol. Mutagen. 61:34-
41,2020. ©2019 Wiley Periodicals, Inc.
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INTRODUCTION

Mutagenicity data most often are used in a dichotomous
“screen and bin” approach to identify mutagens
(i.e., hazard identification or hazard ID) (Gollapudi, 2017).
This paradigm is predicated on two assumptions: that muta-
gens are rare and that they increase mutation frequencies
above the ever-present background throughout the expo-
sure range (i.e., there are no true thresholds). It has been
known for some time, however, that neither of these
assumptions is necessarily true. In general, mutagens are
not rare. For instance, Zeiger and Margolin (2000) esti-
mated that about 20% of the >60,000 organic compounds
in commercial use are mutagenic, and in a survey of
marketed pharmaceuticals, Snyder (2009) found that 7.1%
were positive in the Ames test and 26.1% positive for
in vitro chromosome aberrations. In addition, it is now
commonly accepted that mutagenicity dose-response data
for agents such as directly reactive alkylating agents, poly-
cyclic aromatic hydrocarbons, and nitroarenes can have
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distinct nonlinear responses. Low doses can display little or
no apparent mutagenicity increases relative to the back-
ground, while higher doses show appreciable response
increases, displaying at least “practical” thresholds for
mutagenicity (e.g., Doak et al., 2007; reviewed in Jenkins
et al., 2010; MacGregor et al., 2015; Nohmi and Tsuzuki,
2016; White and Johnson, 2016; COM, 2018).
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Nevertheless, rather than being used quantitatively to
establish an exposure limit, in most jurisdictions classifica-
tion as a mutagen is used to modify the assumptions used in
quantitative risk assessments for health outcomes such as
cancer or reproductive damage. This Commentary advocates
recognition that mutation is a bona fide toxicological end-
point, and recommends employing quantitative analyses of
dose—-response mutagenicity data, along with other available
toxicity information, to determine Health-Based Guidance
Values (HBGVs) and/or Margins of Exposure (MOEs) for
regulatory decision-making (ECHA, 2012; Dourson et al.,
2013; WHO, 2014; ICH, 2016, 2017; Hardy et al., 2017).

Mutations in germ cells have been known to cause
adverse effects on human health since the early 20th Cen-
tury. In this Special Issue, Marchetti et al. review germ cell
mutagenesis, where a single mutation can result in a pheno-
type that affects the resulting offspring, for example, muta-
tion resulting in Lesch—Nyhan syndrome, sickle cell
anemia. With somatic cell mutagenesis, mutants may clon-
ally expand to a degree that affects the phenotype of an
organ or tissue, with the expanded mutant cell populations
potentially contributing to a variety of diseases. Somatic
cancer driver mutations confer phenotypic properties pro-
moting cellular expansion and the malignancy of the
resulting cell population (see Harris et al., 2020). Also,
somatic mutations that are induced early in development
can expand through normal cell division to populate a large
portion of a tissue. Termed somatic mosaicism, these mix-
tures of wild-type cells and mutant cell clones are being
increasingly recognized as a cause of human diseases other
than cancer, for example, paroxysmal nocturnal hemoglo-
binuria and perhaps autism (see article by Godschalk
et al., 2020).

Around the time that the Environmental Mutagen Soci-
ety was founded, the attention of the regulatory commu-
nity was directed toward the relationship between
somatic cell mutation and cancer, and the use of short-
term in vitro testing to rapidly and efficiently identify
mutagens and potential carcinogens (Zeiger, 2004; White
and Johnson, 2016; see article by DeMarini, 2020). The
resulting screen-and-bin hazard ID paradigm led to a lack
of emphasis on germ cell mutation and somatic mosai-
cism as health concerns. This was partially due to the
absence of practical in vivo assays for these endpoints,
particularly assays able to detect treatment-induced gene
mutations in humans and in the model rodent systems
most relevant to health risk assessment. Although trans-
genic rodent (TGR) assays measure both germ cell and
somatic cell mutations, these tests only became available
after short-term tests for the identification of environmen-
tal mutagens had become established. Moreover, the use
of TGR dose-response data for risk assessment is limited
to genetically manipulated rodent models because the
endpoint (transgene mutation) cannot be evaluated in
humans or conventional animals.

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Mutation as a Toxicological Endpoint 35

Prior to the development of TGR assays, germ cell muta-
genicity testing could be done, but it required extraordinary
numbers of animals (e.g., Russell et al., 1998). With
respect to somatic cell mosaicism, it has been demonstrated
definitively in humans and animals (e.g., Lupski, 2013;
Erickson, 2014; Mortazavi et al. 2003; McConnell et al.,
2017; Meier et al.,, 2017; Luderer et al., 2019; Yizhak
et al., 2019); however, detection and analysis of mosaicism
is challenging (Campbell et al., 2015) and there are no
standardized strategies to specifically assess this endpoint.
Currently, germ cell mutation is considered for toxicologi-
cal risk assessments (e.g., Health Canada, 1993; United
Nations, 2017), and Adverse Outcome Pathways (AOPs)
have been developed that treat germ cell mutation as an
Adverse Outcome (Yauk et al.,, 2015b; Marchetti et al.,
2016; see Sasaki et al. 2020). Because the phenotypes asso-
ciated with a germ cell mutation have the potential to be
expressed in offspring carrying the mutation, germ cell
mutations conferring a phenotype are likely to cause
adverse health effects. Accordingly, mutation is already
considered as a bona fide toxicological endpoint in germ
cells and can be evaluated both in qualitative and quantita-
tive terms (reviewed by Marchetti et al., 2020).

In contrast, several, often poorly understood steps must
occur in the clonal expansion of cells with a somatic cell
mutation before an adverse health effect becomes evident.
Furthermore, many mutations and mutant clones with the
potential for causing disease exist at low levels in appar-
ently healthy individuals (e.g., Tomasetti, 2019; Yizhak
et al., 2019; Harris et al., 2020). Nevertheless, since useful
methods to assess in vivo mutation in relevant species,
including humans, now exist, and potentially better
methods are on the horizon, they should be increasingly
employed for generating mutation data that can be inter-
preted in a quantitative manner for regulatory decision-
making. Because somatic mutations have a marked poten-
tial for causing adverse health effects, they, like germ cell
mutations, should be considered Adverse Outcomes, as
defined for the development of AOPs, and bona fide toxi-
cological endpoints. With advances in our knowledge about
the relationships between mutation and disease, it is con-
ceivable that, in the future, mutation data also can be used
routinely as a quantitative biomarker for cancer and other
diseases associated with somatic mosaicism (see below).

While the hazard ID paradigm has clear benefits in terms
of screening substances for genotoxic activity and in priori-
tizing research and follow-up testing, there are several com-
pelling benefits to using mutation as a toxicological
endpoint. Relying solely on hazard, ID testing effectively
eliminates exposure to mutagens (and by extension, carcino-
gens) in regulated consumer products. An unintended conse-
quence of eliminating exposure to any dose of a mutagen,
however, might be the loss of potentially valuable sub-
stances (e.g., drugs) that are unlikely to induce mutations in
humans, due to, for instance, the route or level of exposure,
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effective DNA repair at low doses, and/or active detoxifica-
tion at low doses (MacGregor et al., 2015). Besides the loss
of valuable products, the screen-and-bin paradigm also has
the potential for the unnecessary diversion of resources to
address existing exposures that have no practical conse-
quence. In fact, endogenous exposure to known mutagens
already occurs in humans (e.g., Nakamura et al., 2014). In
contrast, if mutation per se is considered a toxicological end-
point, and compensatory mechanisms (e.g., DNA repair or
detoxification) acknowledged as affecting dose-responses,
quantitative analysis of mutagenicity dose—response data can
be used as the basis for risk assessments. More specifically,
Point of Departure (PoD) metrics such as No Observed
Adverse Effect Level (NOAEL) or Benchmark Dose
(BMD), suitably adjusted using uncertainty/safety/adjust-
ment factors, can be used to define human exposure limits,
and such limits can be compared to actual human exposure
data. This concept is not foreign to regulatory science, and
indeed the following examples demonstrate that such con-
cepts have been employed previously.

MUTATION AS ATOXICOLOGICAL ENDPOINT: EXAMPLES
WHERE DOSE-RESPONSE DATA HAVE BEEN USED

In several instances, quantitative interpretation of muta-
genicity dose-response data has been used for risk assess-
ment and regulatory decision-making. For example, in
2007, a batch of the AIDS drug Viracept became contami-
nated with a genotoxic carcinogen, ethyl methanesulfonate
(EMS; Miiller and Singer, 2009). In the absence of rodent
tumor data suitable for assessing the cancer risk to exposed
patients, the drug manufacturer, in consultation with the
European Medicines Agency, the Committee for Medicinal
Products for Human Use, and other experts conducted a
comprehensive toxicological evaluation of EMS that
included an extensive in vivo mutagenicity study. Dose—
response gene mutagenicity data generated using the trans-
genic MutaMouse, and dose-response micronucleus data
from the mouse bone marrow micronucleus test, showed
nonlinear patterns for EMS genotoxicity. Their data
supported the existence of a “practical threshold” below
which the likelihood of a response above background was
negligible. The analysis indicated that the oral NOAEL for
EMS-induced transgene mutation, that is, the highest dose
that failed to elicit a response significantly greater than the
control, was 454-fold greater than the maximum daily
human intake of the EMS contaminant (Miiller et al.,
2009). The data were used in a risk assessment of EMS,
which concluded that patients using the contaminated drug
product were unlikely to be at increased risk of cancer.

In a more recent example, the Committee for Risk
Assessment (RAC) of the European Chemicals Agency
(ECHA) used mutagenicity data in responding to a
European Commission request to evaluate the Occupational

Exposure Limit (OEL) for benzene (ECHA, 2018). A com-
bination of epidemiological and experimental data indi-
cated that bone marrow and the hematological system are
targets for benzene-induced toxicity, with acute myeloid
leukemia being the major health concern from occupational
exposure. The RAC concluded that the carcinogenicity of
benzene was closely associated with its aneugenicity and
clastogenicity and that, in their opinion, the OEL could be
a dose with a negligible risk of aneugenicity and
clastogenicity in the bone marrow.

In these two cases, mutation was used not only as a toxi-
cological endpoint but also as a quantitative biomarker of
an adverse outcome that is mechanistically linked to a par-
ticular disease, that is, cancer. As indicated previously, the
exact mechanistic and quantitative relationship between
mutant frequency and cancer outcome is affected by many
factors (see Harris et al., 2020). The regulators, however,
considered the multiple lines of evidence indicating that
mutations produced by environmental substances are causa-
tive factors in cancer, including cancer in humans, to be
sufficiently strong for conducting quantitative assessments
of risk. In the Viracept-EMS case, using the available
mutation data as a basis for a regulatory decision was con-
sidered preferable to waiting for the results of a cancer bio-
assay before deciding on how best to protect the health of
the affected patients.

Finally, we cite two examples where dose—response
mutation data were considered but not used for the final
risk assessment. In a regulatory decision regarding formal-
dehyde, the Bundesinstitut fiir Risikobewertung (BfR)
decided that mutation was not the most appropriate quanti-
tative biomarker for cancer so other toxicities were used
for the risk assessment (BfR, 2006). Thus, the cancer risk
assessment conducted by the BfR was based on dose—
response data for cytotoxicity and compensatory cell prolif-
eration. Here, mutation (inferred from DNA damage) was
one of the toxicological endpoints used by the BfR for con-
ducting the risk assessment, but as is common regulatory
practice, the more sensitive endpoints were chosen for cal-
culating HBGVs for formaldehyde exposure. Similarly, in
their screening assessment of natural gas condensates
(NGCs) and NGC components, the Government of Canada
quantitatively considered in vivo clastogenicity dose—
response data. These genotoxicity dose-response data,
however, were deemed to be inadequate relative to those
for other toxicities, which were ultimately used as the basis
for the risk assessment (Environment Canada and Health
Canada, 2016).

RECENT DEVELOPMENTS, ISSUES, AND POSSIBLE
ADVANCEMENTS

Encouraged by the acceptance of the risk assessment
conducted in response to the Viracept contamination

85UB017 SUOWILIOD 3A1RR.D) 8|qedldde 8Ly Ag pausenoh a1e saolie YO ‘SN 40 S3|NI o} A%eiq1T8UlUO A8]IM UO (SUO T PUOD-PUR-SLLLBYWI0D" A8 | IMARRIq 1 BU1IUO//SHRY) SUORIPUOD PUe SWB L 38U 39S *[202/€0/ST] Uo ARIqIT 8ulluO 8|1 Bpeued UiesH AQ 82622 W 200T 0T/I0p/W0d" A3 1M Aiq 1l uo//Sdny woly papeojumod ‘T ‘0202 ‘0822860T



incident, the Genetic Toxicology Technical Committee of
the Health and Environmental Sciences Institute established
a program to develop computational methods for analyzing
genetic toxicology dose-response data, with the objective
of selecting PoD metrics (e.g., NOGEL, BMD) for use in
quantitative risk assessments (Gollapudi et al., 2013; John-
son et al., 2014). Some of the authors of this Commentary
have been part of this effort (see White and Johnson,
2016), and the Commentary by White et al. (2020) updates
the status of these continuing efforts. Additionally, a case
study described in this Special Issue outlines how these
quantitative methods can be used to establish HBGVs for
benzene (Luijten et al., 2020).

In the context of these case studies, the term “mutation”
encompasses both large and small sequence changes
including the relatively small DNA sequence alterations
associated with many gene mutations, as well as larger
changes such as structural and numerical chromosomal
aberrations. All of these genetic changes are at least poten-
tially heritable, and all have been associated with human
disease phenotypes (e.g., Campbell et al., 2015; Stenson
et al., 2017). In the absence of information that would nar-
row the analysis to a particular class of mutation, as was
the case with the benzene occupational exposure example
described above, it is important to note that a comprehen-
sive analysis of mutation as a toxicological endpoint would
include gene mutation, clastogenicity, and aneugenicity.

Measuring both gene mutation and chromosomal muta-
tions using standard genotoxicity assays, however, may not
yield a comprehensive assessment of mutagenic activity
because these assays have inherent limitations and biases.
With gene mutation assays, only a single or a small number
of loci are typically examined, and depending on the locus,
the mutations detected are generally only a small subset of
all possible genetic alterations. For TGR assays, base sub-
stitutions and small insertions and deletions are measured
most commonly in a very specific target gene that has a
different functionality than those that lead to disease
(Lambert et al., 2005; Boverhof et al., 2011; Nohmi et al.,
2017). Gene mutation, however, can be caused by
megabase deletions, mitotic recombination spanning a large
portion of a chromosome, and even aneuploidy (e.g., Wang
et al., 2009). Also, mutagens differ not only by the types of
sequence changes they cause but where they cause them
(Thilly, 1990; Chuang and Li, 2004; Lynch, 2010; Kucab
et al., 2019); there are many examples demonstrating that
mutations in both transgenes and endogenous genes differ
with respect to both frequency and type (Moore et al.,
1989; DeMarini et al., 1989; Monroe et al., 1998; Walker
et al., 1999). Differences in locus-specific mutation fre-
quencies appear to be related to sequence context and
methylation status, target size, overall gene structure, and
chromosome type (i.e., autosomal vs. sex-determining).

For chromosome mutations, the peripheral blood micro-
nucleus assay measures the frequency of an induced
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response that is not heritable, although the mechanism
involved in micronucleus formation is believed also to result
in heritable structural and numerical chromosomal alter-
ations. Likewise, the structural chromosome aberration assay
directly measures known heritable aberrations only if special
techniques are used (e.g., chromosome banding or painting).

The TGR assay, and assays that can be conducted in
both humans and rodents like the PIG-A/Pig-a gene muta-
tion assay and the peripheral blood chromosome aberration
and MN assays, measure the appropriate endpoints in the
appropriate species for assessing potential adverse out-
comes. These assays, however, have limitations in terms of
what they measure and the tissues and animal models that
can be evaluated, and, thus, have the potential to give
imprecise measurements of mutation frequency. The justifi-
cation for the quantitative interpretation of dose—responses
from these assays can be summarized as follows. What is
measured, both in humans and in animal models, is suffi-
ciently related to the mutations actually caused by the
exposure that they provide useful, if imprecise data for
assessing and managing potential adverse health outcomes.

We anticipate, however, that the newer error-corrected
next-generation sequencing (EC-NGS) technologies that
directly measure mutations at any location in the genome
or over the entire genome (Dong et al., 2017; Revollo
et al., 2018; Guo et al. 2018; Zhang et al., 2019; see Salk
and Kennedy, 2020) will: (1) provide a more comprehen-
sive evaluation of smaller gene mutations and hence more
appropriate estimates of mutation frequency; and, (2) be
able to evaluate gene mutation in any tissue of any animal
without the need for using transgene reporters. With the
use of longer-read NGS technologies, EC-NGS also may
be able to evaluate chromosomal mutation. Although these
novel methods have great promise for comprehensively
quantifying mutations induced by exogenous agents, they
require further development and validation before they can
be used for regulatory applications.

A final issue concerning the use of mutation as a toxico-
logical endpoint is that quantitative evaluations of muta-
tions, including the examples cited above, generally have
used mutation in the context of cancer as the sole human
health concern. While demonstrating the value of evaluat-
ing mutation quantitatively, this restricted focus may have
limited how the analysis was performed. The International
Workshops on Genotoxicity Testing committee report of
Yauk et al. (2015a) indicates that there are quantitative dif-
ferences between the induction of germ cell and somatic
cell mutations, and in some cases, higher frequencies are
detected for germ cell than somatic cell mutation. For
example, 1,1,-dimethylhydrazine, dimethylnitrosamine,
diethylnitrosamine, and beta-propiolactone produced nega-
tive results for bone marrow micronucleus induction, an
endpoint commonly used for cancer hazard assessment, but
increased micronucleus frequencies in male rodent
germline cells (Cliet et al., 1993; Yauk et al., 2015a).

85UB017 SUOWILIOD 3A1RR.D) 8|qedldde 8Ly Ag pausenoh a1e saolie YO ‘SN 40 S3|NI o} A%eiq1T8UlUO A8]IM UO (SUO T PUOD-PUR-SLLLBYWI0D" A8 | IMARRIq 1 BU1IUO//SHRY) SUORIPUOD PUe SWB L 38U 39S *[202/€0/ST] Uo ARIqIT 8ulluO 8|1 Bpeued UiesH AQ 82622 W 200T 0T/I0p/W0d" A3 1M Aiq 1l uo//Sdny woly papeojumod ‘T ‘0202 ‘0822860T



Environmental and Molecular Mutagenesis. DOI 10.1002/em
38 Heflich et al.

Although some of these differences are undoubtedly due to
differences in metabolism and the exposure of the tissues
used for the assays, these observations suggest that it may
not be health-protective to assume that regulating on
somatic cell effects, specifically those involved with cancer,
also protects against germ cell mutation (for further discus-
sion on this topic, see Marchetti et al., 2020). In addition, it
may be sufficiently health-protective to measure somatic
mutant frequencies without confirming clonal expansion,
but it also may be necessary to evaluate transplacental
mutagenesis to accurately quantify induced mutations
involved in somatic mosaicism. The value of evaluating
mutation following transplacental exposure was recently
demonstrated by Meier et al. (2017) who found that tissues
like brain, which are resistant to mutation induction in adult
animals, maybe readily mutagenized by in utero exposure
to a potent mutagen.

All these issues make it a major challenge to evaluate
the different types of mutations that occur in different tis-
sues, at different life stages, and with differing manifesta-
tion times in a manner that is consistent with global
initiatives to conserve animal resources. The current delib-
erations to revise the OECD Test Guideline for the TGR
gene mutation assay (TG 488; OECD, 2013) indicate that
it may be possible to devise a compromise protocol that is
capable of measuring the induction of both somatic cell
and germ cell mutation in a single set of animals with
acceptable sensitivity (Marchetti et al., 2018a,b). Ideally, if
the mutation is to be used as a bona fide toxicological end-
point, its analysis should be integrated into standard repeat-
dose toxicology studies (e.g., OECD TG 407, 415, and
422). It also may be possible to integrate mutagenicity
assays into reproductive toxicity studies so that the induc-
tion of somatic mosaicism due to exposure during early
developmental stages can be assessed. Integration into gen-
eral toxicity or reproductive toxicity testing also may
enable comparison of mutation data with other toxicity
endpoints to establish the most sensitive endpoint to use in
establishing a safe level of exposure, a common regulatory
practice. There is currently resistance to using transgenic
animals in general toxicology assays primarily due to a
lack of adequate comparative data with non-mutation end-
points in wild-type rodent strains. But, as noted above, EC-
NGS may overcome this problem by allowing mutation
analysis in any animal.

NEXT STEPS

If increases in mutation induced by exogenous substances
is a bona fide adverse health effect, as extensive scientific
data indicate, we contend that regulatory risk assessments
should treat mutation as a toxicological endpoint and
employ quantitative analyses to determine exposure levels
below which the risk of adverse outcomes (in this case

mutation) can be deemed negligible (i.e., establish HBGVs).
However, because our knowledge of how to use mutation
data to quantitatively assess disease outcomes requires fur-
ther refinement, we are not currently recommending the next
logical step, that quantitative mutation analysis routinely
replace the measurement of tumors and other adverse health
effects in making regulatory decisions. We do, however,
suggest that this should be a long-term goal for the field of
genetic toxicology. For the time being, however, regulators
who may be considering the use of mutation as a toxicologi-
cal endpoint will benefit from a critical review of case stud-
ies that compare HBGVs and/or MOEs derived from
mutagenicity studies with those derived from carcinogenicity
studies or studies of other disease-endpoints. In addition, the
following is recommended:

1. Where possible, samples should be collected from ongo-
ing cancer bioassays and other repeat-dose toxicity stud-
ies to enable parallel and/or future mutational analyses,
for example, for micronucleus, Pig-a mutation, and error-
corrected NGS analysis (as done in Mittelstaedt et al.,
2019). This recommendation applies to routine toxicol-
ogy testing that is not normally conducted in TGRs.

2. Advanced DNA sequencing methods should be vali-
dated for somatic and germ cell analyses so that they
can be used to comprehensively measure induced muta-
tions directly.

3. Protocols and guidelines for designing and conducting
regulatory mutation studies should be developed that
enhance the utility of dose-response data for quantita-
tive analysis and determination of HBGVs and/or
MOEs. For example, assay guidelines should include
recommendations regarding tissue selection, sampling
times, number of doses, study design and animal alloca-
tion, acceptable data quality and background frequen-
cies, possible assay integration, and computational
approaches for dose-response assessment. Current rec-
ommendations in OECD TGs should be adjusted to
derive maximum value from dose-response data.

4. The uncertainty factors also referred to as extrapolation or
adjustment or safety factors that are employed to calculate
HBGVs and/or MOEs, should be scrutinized with respect
to their applicability to mutagenicity. This complex issue,
and the issues surrounding the quantitative interpretation
of genotoxicity PoD values more generally, is more thor-
oughly discussed by White et al. (2020).

CONCLUSIONS

Mutations take different forms that require different ana-
Iytical methods to detect, and their induction can differ
quantitatively among tissues and particularly for different
life stages: all of which make a comprehensive analysis of
mutagenesis extremely challenging. However, we argue
that practical methods for considering mutation as a
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toxicological endpoint exist today and that such methods
already have been used for regulatory decisions. The well-
established TGR assay can measure gene mutation in any
tissue of transgenic rats and mice, and the MN and chro-
mosome aberration assays, as well as the HPRT/hprt and
emerging PIG-A/Pig-a gene mutation assays, can be used
to measure chromosome and gene mutations in both rodent
models and humans. Information focusing the analysis on
mutations associated with a particular health concern in
specific tissues has been helpful in conducting these
studies.

Additional methods to comprehensively measure muta-
tion and generate mutagenicity dose-response data in both
somatic and germ cells are developing rapidly, potentially
increasing the value of mutation as an endpoint for regulat-
ing new and existing substances. In the not-too-distant
future, EC-NGS may overcome limitations of the current
assays in terms of transferability between species and tis-
sues and the range of genetic changes detected.

Implementing quantitative methods for risk assessment
will make better use of mutation data, and will be of value
in mitigating the negative health outcomes of environmen-
tal exposures. Nevertheless, in light of current regulatory
mandates, hazard ID approaches for interpretation of muta-
genicity data will continue to be important for screening
commercial products under development and for con-
ducting regulatory decision-making; hazard ID data also
can be used for prioritizing testing and designing follow-up
studies. Integrating mutation analysis with other toxicologi-
cal endpoints not only optimizes the utilization of resources
(e.g., personnel and animals), but also benefits the
mutation-based risk assessment by providing the contextual
data (e.g., data on absorption, distribution, metabolism and
excretion, and non-neoplastic effects) that are gathered rou-
tinely in general toxicology testing. By establishing
HBGVs and/or MOEs for mutation induction, procedures
that are both pragmatic and beneficial to public health can
be implemented for effectively managing the risk of muta-
tions, and after appropriate validation, the incidence of dis-
eases associated with mutations. Importantly, the
uncertainty factors employed to routinely calculate HGBV's
will need to be carefully considered prior to routine appli-
cation of mutagenicity dose-response analysis in regulatory
risk assessments.
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