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Problem Formulation:

In conduct of risk assessment for environmental exposures to mutagens and mutagenic carcinogens, it is important to determine the low-dose dose-response for induction of mutation as an early key event in a mode of action (MOA) approach. Default approaches dictate that all mutagens have a linear low-dose dose-response for mutation induction, but a growing published database indicates that refinement of the default with chemical-specific dose-response data demonstrates a better fit for non-linear/threshold dose-response models, at least for some mutagenic chemicals. 

This case examines low-dose dose-response for genotoxic effects such as mutation and clastogenicity for several mutagenic, directly DNA-reactive chemicals, and discusses how these data can contribute to MOA analysis for mutation and eventually to better inform cancer risk assessment for a mutagenic MOA.  Determination of the shape of the low-dose dose-response curve for mutation should play a key role in assessing dose-response for cancer when a mutagenic MOA is established or predicted.

Method:

This case study illustrates a method to evaluate low-dose dose-response data for genotoxic endpoints.  It relies on datasets from low-dose genotoxicity studies, focused on mutagenicity and clastogenicity endpoints and conducted with directly DNA-reactive chemicals with adequate power and quality, to characterize the shape of the low-dose genotoxicity dose-response, and includes initial consideration of resulting implications on characterization of the dose-response not only for mutation, but also for cancer induced via a mutagenic MOA.
The basis of the evaluation relies on both the conclusions described by Swenberg et al. (2008), in particular concerning the utility of dose-response for biomarkers of effect to better inform quantitative cancer risk assessment, and on the mutation MOA proposed by Pottenger and Gollapudi (2010) (see figures shown below).  The analysis of an MOA for mutation induction ideally includes evaluation of a progression of the following sequential key events: beginning with internal dose and/or target dose as biomarkers of exposure (e.g., protein adducts and/or DNA adducts), followed by alterations in cellular homeostasis (e.g., gene expression changes), genotoxic stress (e.g., DNA strand breaks), and cell replication (e.g., mitotic index), it ends with induction of mutagenic events, biomarkers of effect (e.g., reporter gene mutations, micronuclei).  

Determination of the shape of the low-dose dose-response curve for mutation can play a key role in assessing dose-response for cancer, i.e., when a mutagenic MOA has been established.  This case reviews data from several genotoxic/mutagenic chemicals to illustrate dose-response assessment, summarizes relevant in vivo and in vitro results, and provide some conclusions on the weight-of-evidence for non-linear dose-response relationships for mutagenic and clastogenic effects.  Some generalizations will be drawn from the collective understanding of these chemical-specific examples and potential consequences for dose-response assessment of mutagenic MOA for carcinogenesis. 

INTRODUCTION

The determination of dose-response is a pivotal part of human health risk assessment, whether to generate health-protective limits or to define the nature and magnitude of potential adverse effects to defined population groups.  Among the many facets of dose-response assessment, determination of the shape of the dose-response curve is critical — and at times, controversial — particularly when the toxicological endpoint of interest is the development of genotoxic/mutagenic effects or tumors (benign and malignant).  

In a significant paradigm shift in the late 1990’s, regulatory agencies adopted a new view that the dose-responses for animal carcinogens fall into two categories: non-linear/threshold, which included cancer induced by non-genotoxic mechanisms (such as cell proliferation), and linear for carcinogens that were genotoxic.  More recently, with the 2005 EPA guidelines for cancer risk assessment (USEPA, 2005), the growing acceptance of the mode of action (MOA) approach has led to a distinction between linear and non-linear based on whether a carcinogen operates via a mutagenic MOA or not.  Establishment of a mutagenic MOA requires induction of mutations
 due to direct DNA-reactivity of the chemical in question (or its metabolite) as the initial step in cancer induction.  The demonstration of the formation of chemical-specific DNA adducts alone is not adequate support to determine a mutagenic MOA (Dearfield and Moore, 2005). If a mutagenic MOA is established, then according to the guidance, the ensuing risk assessment must be based on a low-dose linear dose-response.  In cases where there is a non-mutagenic MOA, then the chemical is considered to potentially exhibit a non-linear/threshold dose-response.  However, in the absence of clear and convincing weight-of-evidence for a non-mutagenic MOA, the dose-response relationships for an animal carcinogen are, by default, assumed to be “linear” (USEPA, 2005); and the supporting policy rationale is that the linear designation is more conservative and therefore more likely to be “health protective” in the face of biological uncertainty.  This distinction in the shape of dose-response curves for carcinogens is important, for it leads to considerably different means of low-dose extrapolation for mutagenic MOA carcinogens compared with non-mutagenic MOA carcinogens or non-cancer endpoints. The emphasis on determination of the shape of the dose-response at low doses is critical because carcinogenicity tests are typically conducted at high doses (i.e., up to a minimally toxic dose), whereas human exposure tends to be at doses that may be orders of magnitude below the doses used in the rodent cancer assays.  As a consequence, the shape of the dose-response between the tested dose and the human dose range is considered critical to assess risks of cancer initiation at those low doses. 

The original characterization of carcinogenic dose-response as linear stems from radiation biology, where a one-hit theory for the induction of mutations was supported for many decades despite the accepted findings that cancer induction is not a one-hit phenomenon (Fearon and Vogelstein, 1990; Hanahan and Weinberg, 2000).  These approaches were later also applied to direct-acting alkylating agents.  Since then, considerable new evidence is available to address the question of low-dose non-linearities in mutagenic and carcinogenic dose-responses. New insights have raised compelling questions about the strength, or lack thereof, of scientific support for the linearity of dose-response for genotoxicity-driven processes such as mutagenesis and clastogenicity (and by extrapolation carcinogens with mutagenic MOAs), even for radiation-induced effects (Pollycove and Feindegen, 1999; Tubiana et al., 2005). 
This case study examines data on mutation or clastogenic dose-response for several directly DNA-reactive chemical mutagens, all of which are also animal carcinogens, that have been tested at relatively low doses in vitro and/or in vivo to ascertain the shape (i.e., linear versus non-linear) of the dose-response relationships for a variety of genotoxic endpoints (and by extrapolation mutagenic MOAs for cancer).  The analyses are focused on low-dose dose-response and use as their basis the scientific foundation articulated by Swenberg et al. (2008) and the MOA for mutation described by Pottenger and Gollapudi (2010) (see figures below).  The results would be amenable to further analysis of MOA with the international frameworks used to assess relevance of risks of cancer in humans (Meek et al., 2003; Boobis et al., 2006; Sonich-Mullins et al., 2001).  

In the 2005 EPA Cancer Risk Assessment Guidelines, USEPA has stated that a biologically driven model is preferred for cancer risk assessment.  This case study provides an opportunity to apply existing knowledge of chemical-specific MOAs in mutation and cancer induction, in context with experimental data, to replace the default approaches, i.e.,  low-dose linear as recommended by the National Research Council (2009) in Science and Decisions: Advancing Risk Assessment.  

BACKGROUND

Dose-response relationships for mutagenicity and carcinogenicity are typically described as linear or non-linear; they are also at times described as sublinear or supralinear (Swenberg et al., 2008), both subsets of non-linear.  ‘Linear’ implies that the response is linear down to the zero dose, with a constant slope greater than zero, at least up to the point where other factors such as toxicity or saturation may cause it to decrease.  Although linear implies that the response is measured to zero dose, it must be noted that it is not measured to zero response because of the presence of spontaneously arising mutations (and tumors).  The descriptor, “non-linear,” includes low-dose responses that are not consistently proportional to the dose.  The responses can range from curvilinear, where the slope of the response at the low doses is increasing with incremental doses, to threshold, which typically implies a response with zero slope at the lowest doses followed by an inflection to a positive linear or curvilinear response (i.e., the so-called ‘hockey stick’ response).  Other non-linear responses have been postulated (e.g., J-shaped), and there are data that show they exist for at least some chemicals.  

Although the descriptors ‘non-linear’ and ‘threshold’ are at times used interchangeably, they are not identical, as the above descriptions indicate.  However, they are both different from linear; in fact a threshold dose-response is a subset of a non-linear dose-response. Although many dose-responses can fit a linear model, particularly in the high dose region, the goodness of the fit is a critical consideration; whether a specific dataset would better fit a non-linear model is a key question, as is specific evaluation of the low-dose region.  Therefore, when determining the shape of a dose-response, it is also important to compare the fit for both linear and non-linear dose-response models, preferably using established statistical parameters.  

Consideration of a substance as a “mutagenic carcinogen” presumes the existence of compelling evidence to indicate that the first step in the chain of steps in tumor induction requires the formation of mutations induced by direct DNA-reactivity of the subject compound (EPA, 2005; Swenberg et al., 2008).  At times, the more general term “genotoxic carcinogen” is employed as a synonym; however, that term is not used here because it is not equivalent to a mutagenic MOA and it is too imprecise. A chemical can be genotoxic and/or mutagenic, and not exert a mutagenic MOA for cancer. It should be noted that just as there is a MOA for the induction of tumors, there are MOAs for the induction of mutation—such as the formation of DNA adducts that are mis-repaired, or replication errors by a polymerase.  When considering the shape of the mutation induction curve, these precursor events to mutations can also be useful and the shape(s) of their dose-response curves, either in relation to dose or in relation to mutation, can be informative.

Considerations that inform the critical dose-response relationships for biomarkers related to mutagenicity and mutagenic carcinogenicity have been addressed by several publications, including Swenberg et al. (2008), Jarabek et al. (2009), and Pottenger and Gollapudi (2009, 2010).  Biomarkers are distinguished between those related to exposure and those related to toxicologic effects.  Biomarkers of exposure include adducts of DNA and proteins (e.g., albumin and hemoglobin), and are usually linear at low doses, except when the adducts are identical to those produced as background or endogenously, in which case they have a non-linear dose-response curve.  

Cellular processes preceding DNA adduct formation can have impact on the dose-response for adduct formation.  Some compounds are metabolized to electrophilic metabolites which are capable of adduct formation; however, the site of formation of such metabolites, combined with their chemical stability, influence cellular and tissue distribution of the metabolites and ensuing adduct formation.  Many electrophiles are so unstable and have such brief half-lives that they do not form adducts at sites distant from their formation.  Furthermore, it is not uncommon to find the tissue distribution of DNA adducts to be discordant with target tissue distribution for tumor formation.  
In addition, the shape of the dose-response curve for exposure biomarkers such as DNA adducts can be affected by factors other than formation rate, e.g., repair and removal processes. Certain DNA adducts (e.g., N7-alkylguanine adducts) can be removed by the cell through spontaneous depurination (Boysen et al., 2009).  Other processes exist for removal of other types of DNA adducts, typically initiated via enzyme-mediated removal. There are a large number of DNA repair enzymes, many of which are constitutively present in the cell, and others of which are induced in response to the DNA damage (de Boer, 2002).  

Mutations, defined as heritable changes to genetic information, result when specific DNA changes are transmitted to subsequent generations of cells.  There is a quantifiable background rate of mutations which may result from DNA replication errors or DNA damage resulting from background exposures or endogenously produced chemicals.  DNA adducts themselves are not mutations; the cells process DNA adducts either successfully (repair) or unsuccessfully (failure to repair).  A mutated cell may also die, and be replaced by a non-mutated cell, thereby causing no mutational or pathological consequence.  Although they are continuously present (Friedberg, 2003), background/endogenous mutations are nonetheless considered rare occurrences, and they have background rates that vary by cell type and status (nutrition, disease, etc.), and often increase with age. 

It is important to recognize that mutations are not directly induced by DNA adducts, but are the result of erroneous replication following the mis-repair of adducts by one or more of the cell’s DNA repair systems, or by an error-prone attempt to replicate past the un-repaired adduct, such as by translesion synthesis.  Mutations require mis-replication of DNA, which could be due to presence of certain DNA adducts. When adducts are removed/faithfully repaired prior to cell replication, the DNA is returned to its original state and mutations are not produced.  This means that adduct-containing cells that are not capable of replication will not form mutations.  Furthermore, DNA adducts can be present at sites in the genome that have no physiological consequences to the organism; indeed mutations can also be silent, with no change in phenotype or activity resulting from a mutation.    

Oxidative DNA damage, which includes formation of oxidative adducts, is mentioned since it is thought to play an important role in many diseases including cancer.  Many endogenous processes and some exogenous agents generate reactive oxygen species (ROS), the presence of which at times may exceed the rate of detoxification, leading to oxidative stress with resulting DNA damage. There are also some data to indicate that increased oxidative stress can induce cell proliferation.  DNA damage by ROS and cell proliferation are considered two of the primary MOAs for carcinogenesis by non-mutagenic environmental substances, and they may also play a role for mutagenic carcinogens, whether or not they have mutagenic MOAs.  Endogenous DNA adducts resulting from ROS are present continuously at a high frequency in genomic DNA, and represent a background/spontaneous risk of mutation.  Oxidative damage is also associated with chromosomal damage and therefore can play a role in the induction of chromosomal mutations, defined as balanced chromosomal rearrangements or deletions that are heritable to daughter cells.  

Background/endogenous adducts are continuously present in DNA as a variety of lesions.  The most recent compilation of background/endogenous DNA lesions includes the following adducts: N7-hydroxyethylguanine (N7-HEG), N7-methylguanine (N7-MeG) (and its O6-MeG counterpart), 8-oxo-dG, N7-(2-oxoethyl)G, N6-hydroxymethyl-dAdenine (N6-HOCH2-dA), and several etheno adducts (1N2-dG, 1N6-dA, N2,3-G) (Swenberg, personal communication).  In addition, there are other DNA lesions, such as apurinic (AP) sites, that may have resulted from the spontaneous depurination of N7-alkylG or N3-alkylA adducts; AP sites represent the most abundant background/endogenous DNA lesion present in cells.  Importantly several of the adducts present from background/endogenous sources are chemically equivalent to adducts from exogenous exposure to genotoxic chemicals such as ethylene oxide (N7-HEG), formaldehyde (N6-HOCH2-dA), vinyl chloride (N7-(2-oxoethyl)G and the etheno adducts), or MMS and MNU (N7-MeG) (Brink et al., 2007; Swenberg et al., 2008; Pottenger et al., 2009).  This continuous presence of a background/endogenous level of DNA damage can have significant impact on interpretation of dose-response data for adduct formation as biomarkers of exposure and on interpretation of mutation dose-response vs adduct formation.

Mutations can also be considered as biomarkers of effect for mutagenic risk, and for carcinogenesis as well (Swenberg et al., 2008) if they are present in critical genes, i.e., those involved in the induction or suppression of cancer.  For example a mutation in a p53 gene, which can lead to uncontrolled cell growth and subsequent cancer, may be considered a biomarker of effect, whereas a mutation in a housekeeping/reporter gene, such as Hprt, in the same tissue will not lead to cancer.  Such reporter gene mutations are considered biomarkers of early effect, although they are not on any path of a MOA for cancer.
While some exogenously induced point mutations may display apparent linearity at low doses, the mutation responses do not go down linearly through zero, and several examples do not go down linearly to zero dose.  The slope of the mutation dose-response curve (where mutant frequency exceeds spontaneous background) depends largely on the mutagenic efficiency and persistence of the DNA adducts formed, coupled with a cell’s capacity for handling the damage.  Hence, mutations may be considered as a critical biomarker (i.e., “key event”) for the dose-response characterization of carcinogens acting via a mutagenic MOA (Swenberg et al., 2008).  

Swenberg et al. (2008) describes a systematic approach to evaluate whether defining a substance as a carcinogen with a mutagenic MOA should determine dictate the shape of its dose-response curve as linear.  Those key considerations are the weight-of-evidence that (1) substances can cause heritable mutations, (2) chemically-induced adducts are identical to adducts that arise from background/endogenous sources, (3) mutations are present (or absent) from reporter genes, and (4) mutations are present in cancer-related genes.  Through this process, one may conclude that the dose-response curves for biomarkers of effect (e.g., mutations) do or do not parallel those of exposure (e.g., DNA adducts).  Combined with the MOA analysis and experimental design and statistical analyses recommended by Pottenger and Gollapudi (2010), it becomes clear that the dose-response relationships for mutations as necessary steps towards tumor formation are likely to be non-linear, largely because the induction of a mutation is a multi-step process and because the induced mutations are extrapolated downward into an existing background of mutations that is generally being accommodated by the biological integrity and flexibility of the organism.  

SCOPE

For this Case Study, the following compounds were selected for analysis largely because of the type and extent of data relevant to their mutagenic dose-responses, available in published literature, which could be applied to determination of their MOA: Ethylene oxide (EO), Ethyl methanesulfonate (EMS), N-Ethyl-N-Nitrosourea (ENU), Methyl methanesulfonate (MMS), N-Methyl-N-nitrosourea (MNU), and Acrylamide(/Glycidamide) (AA(/GA)),

Other compounds considered and set aside presently because of data (and time) limitations include: aflatoxin B1, 2-acetylaminofluorine (2-AAF), 1-β-D-arabinofuranosylcytosine (Ara-C), colchicine, dimethyl hydrazine, dibenzo[α]pyrene, acrylonitrile, 1,2,3-trichloropropane, and formaldehyde. 

Fig 1. Taken from Pottenger and Gollapudi (2010) (Figure 1).
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Figure 2. Taken from Swenberg et al. (2008) (Figures 4 and 6).
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SUMMARY OF DATA USEFUL FOR DOSE-RESPONSE ASSESSMENT OF THESE COMPOUNDS
Summary of the data for ethylene oxide (EO) (Supported by Appendix A)

The case study on EO is complicated by the significant presence of N7-HEG as both the most abundant background/endogenous adduct quantified to date and the most abundant adduct induced by exposure to EO. The dose-response for mutation induction by EO for a variety of mutagenic (Hprt, LacZ transgene, supF, and SRSL) and related endpoints (clastogenicity via micronucleus induction, stable reciprocal translocations, and  chromosomal aberrations) indicates non-linearities/thresholds (Walker et al., 1997, 2000; Donner et al., 2010; Recio et al., 2004; Swenberg et al., 2008; Tates et al., 1999; van Sittert et al., 2003; Nivard et al., 2003; Tompkins et al., 2009).  While there may not be a definitively proven hypothesis to explain the empirically demonstrated non-linear/threshold dose-response relationships for several types of mutagenic and/or clastogenic responses to exogenous EO, there are plausible and feasible explanations (e.g., the existence of background/endogenous DNA damage overwhelms any low-dose impact of EO exposure; the predominant adduct induced is not pro-mutagenic; the necessary accumulation of pro-mutagenic adducts to initiate mutation induction is not linearly related to mutation induction, in part due to efficient DNA repair of low frequency pro-mutagenic DNA adducts induced by EO). Thus, given this non-linearity/threshold response for mutation and clastogenicity induction, in combination with any later, sequentially dependent endpoints (e.g., if a mutagenic MOA for cancer), there are sufficient data to indicate that the overall dose-response at low doses for mutation or clastogenicity induction (or for cancer induction) for EO cannot be linear.

Summary of the data for ethylmethane sulfonate (EMS) and N-ethyl-N-nitrosourea (ENU) (Supported by Appendix B)

There are three important studies that were designed specifically to address the shape of the dose-response curve for EMS and for ENU.  An in vitro study by Doak et al. (2007) used a cell line to investigate the dose-response curves for mutagenic and/or clastogenic endpoints for the two chemicals.  While there are some unresolved questions on technical deficiencies in the data that were generated and published, specifically their high background/spontaneous mutant frequency, the general methodology is sound with adequate replicates, cell numbers, and doses. Given the technical difficulties, likely due to the reduced stringency of the mutant selection, any definitive conclusions for EMS and ENU based on these data alone are limited.  If one accepts the data for purposes of demonstrating the approach, it is possible to conclude that there is a non-linear/threshold dose-response for EMS.  Further statistical analysis (Johnson et al., 2009), also supports a non-linear/threshold dose-response for the data obtained for ENU.  A recent in vitro study evaluated induction of micronucleus by EMS and ENU, with large numbers of cells evaluated by flow cytometry (Bryce et al., 2010).  The resulting data for in vitro induction of micronucleus were fit to dose-response models and the best fit according to standard statistical parameters was a non-linear/threshold dose-response model for both EMS and ENU. Finally, a very large and important study was conducted and published by Gocke and Muller (2009) to address the dose-response curve for EMS- and ENU-induced mutations in vivo using a transgenic rodent assay.  The resulting data clearly demonstrated a non-linear/threshold dose-response for EMS; however, the doses evaluated for ENU were not sufficiently low to address this question adequately. Overall, these in vitro and in vivo data provide strong evidence for non-linear/threshold dose-response relationships for mutation induction by EMS (Bryce et al., 2010; Gocke and Muller, 2009). While the data for ENU are not as strong, in part because the doses evaluated were not low enough (Gocke and Muller, 2009; Johnson et al., 2009), some of the published data clearly demonstrated non-linearities/thresholds for induction of micronucleus by ENU (Bryce et al., 2010).  

Summary of the data for methyl methanesulfonate (MMS) and N-methyl-N-nitrosourea (MNU) (Supported by Appendix C)

The MMS and MNU evaluations are based on three published studies of in vitro data only, and include dose-response data both for mutagenicity and/or clastogenicity endpoints and, for two of the datasets, dose-response data on DNA adducts as internal/target dose (N7-MeG). The Doak et al. (2007) studies also address the shape of the MMS and MNU dose-response curves in vitro, but suffer from the same unresolved technical issues described previously.  Nonetheless, the MMS evidence clearly demonstrates a non-linear/threshold dose-response for the mutagenic and clastogenic endpoints evaluated, with statistically identified NOGELs.  DNA adduct dosimetry data collected under conditions designed to mimic the Doak et al. (2007) treatments clearly demonstrated linearity for MMS-treated cells, and in particular linear increases at doses that did not increase mutation or clastogenic responses (Swenberg et al., 2008).  Another extensive in vitro dataset, this one using mouse lymphoma cells, also evaluated the dose-response curve for induction of Tk mutations (Pottenger et al., 2009).  These data included DNA adduct data as dosimeters of internal target dose and were very robust (11 doses with five replicates), allowing statistical analyses to determine the best fit for dose-response models.  The dose-response data for both MMS and MNU demonstrated statistically supported NOGELs, and overall best fit for a bi-linear, threshold dose-response model.  This was clearly the case both for MMS and for MNU.  Dosimetry data demonstrated increases above background/endogenous N7-MeG at MMS doses that did not increase mutation induction; the MNU dose spacing did not allow for such a demonstration (Pottenger et al., 2009). Finally, a third dataset, which evaluated in vitro induction of micronuclei assessed via flow cytometry, also demonstrated robust dose-response curves (22 doses) that demonstrated statistical best fit for non-linear/threshold dose models for both MMS and MNU (Bryce et al., 2010).  In fact, the models defined predicted Threshold dose (Td) values that were very similar values for MMS across all 3 datasets, and very similar Td values for MNU across two datasets, even across different experiments, endpoints, and labs.  These are very strong data to support non-linear/threshold dose-response for mutation or clastogenicity induction by MMS and MNU in vitro, despite linear increases in the internal/target dose demonstrated by N7-MeG adducts.

Summary of the useful data for acrylamide(/glycidamide) (AA(/GA)) (Supported by Appendix D)

Acrylamide is metabolized in vivo to glycidamide (GA), which can form DNA adducts. There is evidence that the repair of DNA damage is a rate-limiting step (Rozman, 2006).  Two sets of in vitro mutation data on acrylamide and its metabolite glycidamide demonstrate apparent non-linearities in mutant frequencies (MFs) in mouse lymphoma cells (Mei et al., 2008; Moore et al., 1987), however the studies were designed for hazard assessment and as such cannot quantitatively or statistically define the shape of the low-dose curve.  Nevertheless, the induced MFs demonstrated a smaller slope at low doses with a point of inflection above which the dose-response curve becomes increasingly steep. There are in vivo micronucleus induction data both for GA and AA showing non-linear/threshold dose-responses, while the DNA adduct data demonstrate linear dose-response relationships at low doses which then turns downward consistent with a maximum rate of GA adduct formation (Zeiger et al., 2009), due to saturation of cytochrome P450-mediated epoxidation at high doses (Kirman et al., 2003) and depletion of hepatic GSH at high doses (Kirman et al., 2003). Micronucleus (MN) formation was non-linear in mice orally dosed with AA, while the induction of DNA adducts showed a clear linear dose-response (Swenberg et al., 2008).  In a large study (11 doses ranging from double the background exposure to metabolic saturation, administered by gavage to mice), hemoglobin and DNA adducts, and micronuclei were measured. A non-linear dose-response was demonstrated for micronuclei at low levels when measured against the biological or internal target dose, defined as the DNA adduct levels (Zeiger et al., 2009).  Regardless of the dose metric used, there was a statistically significant NOGEL identified.  A recent publication tested acrylamide and glycidamide in Big Blue® rats for several genotoxic/mutagenic endpoints, but there were only two doses, which did not provide adequate data to test for non-linearities/thresholds (Mei et al., 2010). Overall, the data evaluated for acrylamide(/glycidamide) support the determination that, while the induction of DNA adducts (biomarker of exposure) shows a linear dose-response, mutation induction and chromosome damage (biomarker of effects) can exhibit non-linear/threshold dose-response relationships at low doses.

PRELIMINARY ANALYSIS OF MOA FOR MUTATION FOR MMS/MNU and EMS/ENU
In response to discussion and Panel recommendations from the October 2010 ARA-sponsored Beyond Science and Decisions: From Problem Formulation to Dose-Response Workshop #2, the case study team reviewed a selected set of published data as part of an initial effort to analyze the available data for a mode-of-action (MOA) for mutation for the genotoxic chemicals under consideration, MMS/MNU and EMS/ENU.  The MOA for mutation assessed here was based on Pottenger and Gollapudi (2010), which includes the following as key events (KE) and potential biomarkers of those key events:

KE1: Internal dose (Protein adducts)

KE2: Dose to critical target (DNA adducts)

KE3: Altered homeostasis (Altered gene expression)

KE4: Genotoxic stress (DNA strand breaks, ↑↑ unrepaired promutagenic DNA adducts)

KE5: Cell replication (Mitotic index)

KE6: Mutation (Phenotypic or genotypic change)

The attached tables (see Appendix E, Tables A, B, C, D) present the data reviewed from individual publications, organized under Key Events 1-6, with the shaded boxes to illustrate where there are data from each publication to address a particular key event.  The Comments section provides some additional details on experimental design and interpretation of results, in particular, where the case study authors agreed or disagreed with the published conclusions.  

While the selected references provided some published data that inform and support certain key events in the proposed MOA for mutation, it is clear from the paucity of shaded boxes that considerable additional work is needed in order to support these key events as part of an analysis of MOA for mutation.  

KE1 (Internal dose):  KE1 is typically only addressed with in vivo data, although it could be addressed by in vitro data.  Of course, if there are reliable and adequate data to support KE2, then there is not the same requirement for KE1 data.  

KE2 (Dose to critical target):  The kind of data needed to support KE2 should meet similar criteria as those described in Jarabek et al., 2009, including data on structural identification of adducts and use of authentic standards (internal and external).  These and other recommendations set a high standard to address relevance of DNA adduct data such as pro-mutagenic character of the adduct and its identification in target tissue.  Most of the currently available data for these chemicals do not meet those standards, although the data published by Swenberg et al. (2008) and Pottenger et al. (2009) incorporated many of these requirements.  The data evaluated focused on N7-alkylG adducts, which are believed to be not pro-mutagenic (Wyatt and Pittman, 2006; Albertini and Sweeney, 2007; Boysen et al., 2009; Jarabek et al., 2009; Shrivastav et al., 2010), and O6-alkylG adducts, believed to be pro-mutagenic.  The N7-alkylG adducts are the most abundant DNA adducts induced by these direct alkylating agents, representing an estimated 86%, 70%, 70-87%, and 14-20% of MMS-, EMS-, MNU-, and ENU-induced adducts, respectively, in mammalian tissues (Beranek, 1990), therefore are the easiest to measure.  The available data indicate that the dose-response for those adducts, once above the background/spontaneous incidence, is likely linear (Swenberg et al., 2008; Pottenger et al., 2009; Brink et al., 2007); therefore it is not clear what role the N7-alkylG adducts might play in the non-linear/threshold dose-response clearly demonstrated for both mutations and micronucleus induction by these genotoxic chemicals.  Likewise, the limited data on O6-alkylG adducts from MMS demonstrates linearity (Swenberg et al., 2008), thus confounding a simple relationship between the non-linear/threshold dose-responses and the induction of these adducts.  Time course data are not available for these adduct measurements, but might help tease out whether there is a reduced formation of either of these adducts either early or late, which may play a role in MOA.

KE3 (Altered homeostasis):  Some published data were identified for KE3, in particular evaluating gene expression changes in MGMT and/or MPG in cells treated with MMS (Doak et al., 2008) and MPG in wild type or MPG-deficient cells treated with EMS/ENU (Zair et al., 2011).  While some significant changes in gene expression were quantified (e.g., increased MGMT gene expression at 4-hr post-treatment time point only, for cells treated with either 0.5 or 1.0 g/ml MMS only; accompanied by a reduction in MGMT immunstained protein at all treatment doses), the gene expression changes were limited to only those low doses and only at single time points following 24-h treatments.  It may be useful to evaluate a time course of gene expression during treatment to see if there were more significant, sustained changes in gene expression.  Again, given the linear DNA adduct dose-response data overall, it is difficult to translate the limited changes in gene expression for these repair proteins, reported only at very specific time points and doses, as causal in the non-linear/threshold dose-response of the mutagenic effects.

KE4 (Increased genotoxic stress) & KE5 (Cell proliferation):  There were no specific data identified to correspond with either KE4 or KE5, although clearly KE5 occurs as the identification of mutant clones requires cell proliferation to form a clone.  Both KE4 and KE5 would benefit from collection of data specifically designed to address those key events. These might include a more detailed evaluation of DNA adduct profiles across the relevant dose-ranges over time, along with quantitation of apurinic sites and single strand breaks (Comet assay) for KE4, and mitotic index data for KE5. 

KE6 (Mutation): KE6 was well-represented in the data reviewed, either as a gene mutation or induced micronuclei.

This preliminary analysis of the MOA for mutation revealed considerable data gaps in support for the stated key events described in the MOA for mutation analysis.  A thorough analysis of the MOA for a mutation response will be an essential element in determination of the underlying biology necessary to understand the non-linear/threshold dose-response relationships demonstrated for certain genotoxic chemicals.
EXPERIMENTAL APPROACHES THAT CAN BE USED TO INFORM THE SHAPE OF THE DOSE-RESPONSE CURVE FOR THE INDUCTION OF MUTATION OR CHROMOSOMAL EFFECTS
The induction of DNA adducts in relation to dose

At low doses, DNA adducts tend to be induced by exogenous exposures in a linear fashion in relation to administered dose, except for those cases where there is an endogenous/background level of the same types of DNA adducts.  It is clear that a DNA adduct does not equate with a mutation (Jarabek et al., 2009; Swenberg et al., 2008; Boysen et al., 2009), because of the multiple steps needed to convert an adduct to a heritable mutation, so that the linearity of the DNA adduct dose-response does not equate with the shape of the dose-response for mutation induction.  DNA adducts can serve as biomarkers of exposure (even internal target dose if quantified in target tissue), but such uses must take into account the significant endogenous/background presence of DNA lesions including adducts, especially when the same adducts are present endogenously as those being induced by exogenous exposure (Swenberg et al., 2008).  

Dose-response information for other key events in the induction of mutation

DNA adducts can be early key events in a direct DNA-reactivity mode-of-action analysis; as such they would represent necessary steps but are not sufficient to induce a mutation, which requires several steps beyond formation of a pro-mutagenic DNA adduct (Pottenger and Gollapudi, 2010).  Some of those factors are described in Jarabek et al. (2009) and include considerations such as the specificity of the DNA adduct in question (structure), the mutagenic efficiency and the persistence of that specific adduct, and the tissue in which it is formed due to tissue-specific DNA repair. The saturation of metabolic pathways for production of the electrophilic moiety is an important consideration in dose-response prior to the formation of the DNA adduct.  Once the adduct is formed, the dose-response for induction of DNA repair, and the efficiency of that repair, are key factors in determining whether the DNA lesion that began with an adduct progresses towards fixation of a mutation or not.  Finally, subsequent cell replication is required for fixation of a mutation. In the absence of either mis-repair of the adduct or erroneous replication (i.e., translesion synthesis), there is no mutation.  The shapes of the dose-response curves for all of these additional factors will have impact on the overall shape of the mutation induction dose-response.

Experiments designed to assess the dose-response relationship between DNA adduct levels and mutation or clastogenic effects

Experimental design for determination of these dose-response relationships requires significant effort with large numbers of replicates for mutation and typically significant samples for analysis of DNA adducts; some recommendations vis-à-vis experimental design were laid out by Pottenger and Gollapudi (2010).  The best study design analyzes for both these endpoints from the same pool of treated cells/tissues to limit any differences between treatments.  The low dose end of the dose-response curve requires particular attention, preferably with at least three doses between the control and the NOGEL value, and application of recommended statistical dose-response models can provide additional surety around any conclusions on the shape of the dose-response.  A comparison between adduct levels and mutation levels can provide a rapid indication of any correlation of the two effects.  For example, in the in vivo study of AA by Zeiger et al. (2009), at the lowest tested dose of 0.125 mg/kg/d, the ratio of adducts to micronuclei per 1000 cells was 1183, whereas at 1.0 mg/kg/d, the ratio was 6078. The use of 14C- or stable isotope-labelled test chemical provides significant power to differentiate between adducts formed from exogenous treatment (e.g., 13C-labelled test material) and adducts present due to background/endogenous sources.  Of course, in such cases it is necessary to demonstrate that the kinetics of DNA adduct formation are not affected by any ‘isotope effect’ from the 13C-label.  Examples of these approaches include published work with formaldehyde (Lu et al., 2010) and EO (Marsden et al., 2009), while published studies with EMS (Gocke and Muller., 2009) and with MMS and MNU (Pottenger et al., 2009) used unlabelled test material but were able to quantify adducts induced over background/endogenous levels.  This type of experimental data is important to understand the dose-response of the specific adduct types, especially in relation to induction of mutations.

In vitro experiments designed to address the shape of the dose-response curve for chemically induced mutation or clastogenic effects
In vitro approaches can be useful in addressing the relationship between biomarkers of exposure, such as DNA adducts and mutation as well as the relationship between dose and mutation.  Because in vitro experiments eliminate the animal-to-animal variability and offer better control of key parameters technically, it is possible to focus on the fundamental biology that relates the DNA adduct to the mutation, and focus on the quantitative analysis of mutation dose-response and relationship to background or spontaneous mutant frequency.  It would seem clear that if this relationship is not a linear relationship, then the overall dose-response curve cannot be linear.  When in vitro experiments are conducted, it is very important to ensure that the proper culture conditions and stringent mutant selection conditions are used.  

It is also important to recognize that some mutants can have selective advantages or disadvantages in the culture conditions (this can also be an issue for some endpoints in vivo).  This needs to be taken into account in the experimental design.   This is particularly an issue if the thymidine kinase locus is used for the mutation endpoint.  In addition, the Mei et al. (2008) and the Moore et al. (1987) studies with acrylamide and glycidamide were not designed to address the shape of the dose-response curve, but rather were hazard identification studies.  The non-linear curves observed in these studies provide some indication of NOGELs and non-linearity, but do not quantitatively or statistically define the shape of the low-dose curve. Pottenger et al. (2009) conducted experiments using alternative designs to address this issue of selective disadvantage for some of the induced mutants.  The design includes maintaining the treated cells in microwell culture plates for the expression and selection phases of the experiment (Sequester-Express-Select), thus limiting potential for any slow growth of mutants leading to a rapid decrease in the recovered mutant frequency.  

Background mutant frequencies can be variable and generally there are not enough independent measurements within a single experiment to adequately capture the full distribution.  This is also an issue with the treated cultures.  The Doak et al. (2007) experiment used a design with a large number of cells to evaluate the mutant frequency and used three independent cultures.  This improves the “precision” of the individual data point, but only provides three independent measures.  It would be better (although technically much more difficult) to use a large number of independent cultures with fewer cells for each measurement.  For example, Pottenger et al. (2009) used a design of five independently treated replicates to address this issue.  However, there is a practical limit to the number of cells and cultures that can be reasonably handled.

In vivo approaches to understanding the shape of the dose-response curve for mutation induction in specific tissues

If one were to weigh the strengths and relevance of various approaches and endpoints, experiments conducted in vivo and using mutation as the endpoint should carry the most weight for an assessment of mutation induction dose-response, especially as a key event in a directly DNA-reactive mutagenic mode of action analysis.

In vivo experiments using the tumor target tissue (for cancer assessments) provide the most “relevant” information.  Gene mutation studies provide the best—most “relevant” endpoint.  Reporter genes for which the mutant cells are neither selected for or against will give the most reliable quantitative information.  Treatment route and doses should be selected based on the cancer bioassay information (again, assuming that cancer risk assessment is the ultimate goal) and on routes relevant to plausible human exposure scenarios.  As with in vitro experiments for chemicals that have the induction of chemical-specific DNA adducts as a key event in the induction of mutations, experiments relating the dose-response for adducts to the dose-response for mutation can be very useful.  It is important to understand the normal range of the background mutant frequency for the endpoint chosen.  The studies conducted by Gocke and Muller (2009) to understand the shape of the dose-response curve for EMS in the wake of an accidental drug contamination provide an excellent design for such studies.  While their goal was to demonstrate a threshold, their experimental data clearly show that the dose-response curve for EMS is not linear.  Their design included a number of doses that yielded mutant frequencies that fall within the distribution of the background mutant frequency.  The experimental design was intended to contrast the results of EMS and ENU, the latter of which appears to have a “linear” dose-response curve.  However, the ENU doses selected for evaluation were not adequate to make such a determination.  Because ENU is a much more potent mutagen than EMS, much lower doses would need to be tested to more fully cover the low-dose range for ENU.  In the in vivo AA study by Zeiger et al. (2009), the lowest dose of 0.125 mg/kg/d was approximately twice the background level of AA in the mouse diet, so that lower doses would not be possible without first producing a mouse diet devoid of AA.

Issues of design that are important include understanding the full normal range of the background mutant frequency and whether or not the adducts produced by the test substance are identical to background/endogenous adducts that are present in the untreated animals or cells.  The background mutant frequency for a surrogate gene, such as the transgene found in transgenic mice, can be quite high in relation to the normal background mutant frequency for endogenous genes such as Hprt and Pig-A.  This means that it is much more difficult to demonstrate an increase in mutant frequency of a transgene above background mutant rates, because statistical power adequate to detect small increases requires such a large number of animals.  It should be noted that the background mutant frequencies in the in vivo EMS/EMU datasets were unusually high.  

SUMMARY AND CONCLUSIONS

There is an extensive database supporting the weight-of-evidence conclusion that directly DNA-reactive chemicals can induce low-dose non-linear/threshold dose-response relationships for induction of mutation and chromosomal effects.  This conclusion is based on published in vivo and in vitro data for EMS, ENU, MMS, MNU, EO, and AA(/GA).  Preliminary analysis of the MOA for mutation was conducted for MMS/MNU and EMS/ENU, based on review of selected publications (see Appendix E). Evaluation of the published data included review of the recommendations for experimental design and statistical analyses to address dose-response and mutation MOA, as described in Pottenger and Gollapudi (2010). The strength of the evidence varies somewhat among the example chemicals, in part due to methodological issues, inadequate dose coverage, or other data gaps to support proposed key events for mutation, but as a whole, the data evaluated from these six chemicals provide a convincing basis for the existence of non-linear/threshold dose-response for induction of mutation and chromosomal effects by some DNA-reactive chemicals.  For some of these chemicals, the data include evidence to demonstrate disparate dose-responses between biomarkers of exposure such as internal/target dose defined by DNA adducts, which appear generally linear with dose, and biomarkers of effect, evaluated with induction of mutagenicity and/or clastogenicity. In addition to addressing the question of dose-response for genotoxic effects of mutagenicity and clastogenicity, this body of published data provides clear support for the inference that, for at least some carcinogens for which the induction of mutation is an early key event (directly DNA-reactive, mutagenic MOA carcinogens), the low-dose dose-response curve for a mutagenic MOA for carcinogenesis must also be non-linear.
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APPENDIX A: Ethylene Oxide (EO)
Ethylene Oxide: Linear or Non-linear/Threshold Dose-Response for Biologically Significant Effects (Mutations)
Ideally, reliable demonstration of the shape of a dose-response curve (e.g., linear or non-linear/threshold) will be based on a variety of parameters as described in Pottenger et al. (2009), Pottenger and Gollapudi (2010), and in Lutz and Lutz (2009), including but not limited to the following: at a minimum, data on >3 doses; reproducible results (intra-lab and, preferably, across laboratories); adequate replicates and doses to permit statistical analysis (e.g., no-observed-genotoxicity-exposure-level; NOGEL); and dose-response modelling that demonstrates best fit for non-linear/threshold models compared to linear models by statistically valid parameters.  It should also include a feasible hypothesis to explain the non-linearity/threshold dose-response that was demonstrated empirically. A selection of datasets from the very rich database for DNA adducts and for mutations induced by exposure to ethylene oxide (EO) is briefly summarized below to determine whether EO-induced mutations demonstrate a linear or a non-linear/threshold dose-response.  

NB: For EO, such an analysis is complicated by the fact that the predominant DNA adduct induced by EO, the N7-hydroxyethylguanine (N7-HEG), is also naturally present as background/endogenous adduct in all tissues evaluated to date (Walker et al., 1993; Bolt et al., 1997; Zhao et al., 1999; Marsden et al., 2007) and, in fact, is the most abundant background/spontaneous DNA adduct (and second most abundant DNA lesion) identified to date, with ~3000 N7-HEG/cell present at all times (Swenberg, personal communication; Table 1).

DNA Adducts and Exposure:

DNA adducts are biomarkers of exposure of DNA to a reactive chemical/metabolite.  As with most DNA adduct data, the dose-response for the formation of N7-HEG adducts from exogenous/on-purpose exposure to ethylene oxide (EO) appears fairly linear (Walker et al., 1993, 1994, 2000), at least until the level reaches the well-recognized endogenous/background level of N7-HEG adducts (see Figure 1).  However, the linearity of an adduct dose-response curve is not clearly demonstrated by all data. In particular work published by Marsden et al. (2009) reports results from i.p. administration of 14C-EO, evaluated with accelerated mass spectrometry (AMS) techniques to quantify the very low levels of N7-HEG and allowing differentiation between 14C-N7-HEG and unlabelled 12C-N7-HEG.  Thus it was possible to quantify the background/endogenous level of  12C-N7-HEG separately from the exogenously induced level of 14C-N7-HEG. Those results demonstrate apparently no differences in exogenously induced 14C-N7-HEG measured in spleen and liver tissues at very low i.p. doses of EO (0.0001-0.0005 mg/kg/d EO), followed by a clear increase in endogenous/background unlabelled 12C-N7-HEG at increasing but still low i.p. doses of 14C-EO (0.001-0.005 mg/kg/d), followed by detectably increased levels in both 12C-N7-HEG and14C-N7-HEG as the i.p. dose of 14C-EO increased (0.01-0.1 mg/kg/d EO) (see Figure 2).   Thus, while it is generally accepted that formation of DNA adducts is a linear event, driven solely by the chemistry, clearly there are some additional questions on the universality of such a statement.  In addition, these data demonstrate that the background/endogenously induced N7-HEG adducts literally swamp the exogenously induced ones at these low doses.

Mutations:

Mutations are heritable changes in genetic material and include point mutations such as base pair changes or frameshifts or small deletions, and significantly larger deletions which can be detected at the chromosomal level.  Some large deletions or structural chromosomal changes are cell-lethal and therefore not heritable. Dose-response curves for mutation induction for any chemical necessitates adequate controls to quantify the well-established existence of a background/spontaneous mutant frequency. While this value can vary from system to system, it should be relatively similar for the same system, even across experiments and among labs. It has been hypothesized that this background/spontaneous mutant frequency stems from the background/endogenous DNA damage. 

Overview of Selected EO Data on Mutations:

EO is a reactive oxide and clearly binds to DNA and to cause mutations; however, it is a relatively weak mutagen, as it requires significant exposures in order to demonstrate mutagenic effects. There are several mutation induction datasets available to evaluate dose-response for exogenous/on-purpose exposure to EO, both from in vitro and in vivo test systems; many show some level of EO exposure with no increases in mutant frequency, compared to background/spontaneous mutant frequency.  Key in vitro datasets with adequate doses tested include the following:
1) Tompkins et al., 2009: Analyzed, with in vitro system, EO-treated plasmids with a SupF gene in a pSP189 shuttle vector, which were passed through human-derived Ad 293 cells to allow for repair of damage.  They found that, although N7-HEG adducts were increased, there were no  SupF gene mutations induced above background/spontaneous levels following 24-hr exposures to 0.1-2 mM EO. In fact, only at 10 mM EO and above, with 24-h exposures, were SupF gene mutations induced above background (Figure 3).  

Observations:  The data points are limited and there was considerable variability in duplicate samples and among experiments, so statistical analysis is limited.  Nonetheless, it is clear that just the presence of increased DNA adducts does not equate with increased mutant frequency.  These data provide evidence of non-linear/threshold dose-response for adducts vs mutations for EO.

2) Nivard et al., 2003: Exposed male Drosophila (in vivo system) to EO vapors (2-1000 ppm EO for 24 h) and quantified formation of DNA adducts and resulting sex-linked recessive lethal (SLRL) mutations in offspring resulting from crossing treated males with untreated females, that were either repair-proficient or repair-deficient (standard Drosophila mutation assay). DNA adducts (N7-HEG) were quantified as an internal dose marker, and mutant frequencies were correlated against external dose and internal dose.  Chi-square tests were used to determine statistical significance. N7-HEG increased linearly with dose.  However, no significant increases in SLRL mutations were found following exposure of Drosophila to lower levels of EO, despite linearly increased N7-HEG, until the DNA adducts were 8.0 x 107 nt in NER-deficient females (no DNA Repair!) or 31.0 x 107 nt in NER-proficient female Drosophila (Figure 4).  

Observations: These data provide clear evidence of increasing internal/target dose (N7-HEG) with no increases in mutagenic effect (SLRL) for several doses and a shift to the dose-response curve based on presence or absence of effective DNA repair.  Because the test system is Drosophila, it may not be possibly to extrapolate directly to mammals, but the mechanisms of mutation induction are expected to be similar across phyla, so the mechanistic implications of existence of a threshold for mutation induction, even for directly DNA-reactive chemicals, and even in the presence of increasing dose to DNA, can be extrapolated to mammals.

3a) Tates et al., 1999: 
Key info: Significant overlap demonstrated between the range for individual control Hprt mutant frequency (MF) values and the range for individual Hprt MF following repeated (4wk) exposures to low levels of EO (50 ppm) in male Lewis rats.  
Methods: Exposed male Lewis rats repeatedly to EO via several routes doses (i.p., inhalation [28-d], or drinking water [30-d] administration), then analyzed for gene mutation induction (hprt in splenocytes).  Focused on drinking water and inhalation exposure routes as most relevant to humans, animal numbers (3-5/ dH2O & 8/inhalation) were adequate; several doses were evaluated and two independent experiments conducted for dH2O.  Spleens were collected following end of treatment, and splenocytes recovered and cultured according to typical protocols, with several replicates to evaluate potential differences in the induced MF vis-à-vis expression time (from 6d-44d).  Cloning efficiencies were determined and used to calculate mutant frequency (MF) in a standard approach.  Analysis of covariance applied to several parameters (dose, expression time, CE, etc.)

Results: Only mean (SD) & median (range) values published, although individual animal data are shown in some graphs.  All control values (from 76 animals, which is minus two outliers) were combined as a ‘historical control’ for the comparisons reported because they were not found to differ statistically among themselves. 

Based on visual evaluation of the graph for individual animal MF, there was no difference between the control MF value and the MF for the lowest exposure level of 50 ppm EO; it clearly shows that individual animal MF values for control encompassed the MF values for the treated ones, at the lowest doses (50 ppm and 100 ppm; see Figure 5a). In addition, means and medians of control are basically equivalent to the corresponding values for low-dose treated animals. This also appears to be the case for the dH2O dataset, although not as clear, which shows a similar pattern for the lowest dose group, with individual MF values from treated animals falling among the MF values from the control animals.

Observations: While there is strong evidence that 28-d inhalation exposure to 50 ppm did not result in any increased MF, with clear evidence of internal exposure (DNA and hemoglobin adducts were assessed), no specific statistical analyses were conducted to determine if 50 ppm is a NOAEL, nor whether there are statistically better fits of these data to non-linear/threshold dose-response models.  As there were no lower exposures evaluated, a lower-dose exposure dataset would help clarify the shape of the low-dose dose-response curve.  In any case, it does not appear that a linear dose-response will provide the best fit.

3b) Van Sittert et al., 2003: 
Methods: Similar exposures, animals, and experiments as Tates et al., 1999, but for a different endpoint: chromosomal aberrations and reciprocal translocations in male Lewis rats exposed to EO via inhalation; group size 1-2 rats for controls; 4 rats for treated groups (this is small n for stats analysis; typically 7 or 8/group today, even with flow cytometric approaches).  Biomarkers of exposure, N7-HEG adducts and HEVal adducts, were measured and modelled as linear dose-responses.  Statistical analyses were conducted on many different combinations of dosimetric and response. 

Results: There were no statistical differences between control values and 50 ppm for all three mutagenic endpoints, demonstrating non-linear dose-response although N7-HEG and HEVal increased linearly (see Table 2 and Fig. 5b).  There were no statistically significant differences across the exposures for induction of micronucleus, chromosome breaks, or reciprocal translocations for any dose-metric (exposure level, blood dose, or N7-HEG adducts).
Observations: No information was provided on individual animal values, so it is not possible to make a complete comparison to other data.  Dose-response modelling of these data may provide additional statistical support for a non-linear dose-response.  Evaluation of lower doses could provide more clarity on the shape of the low dose region. Clearly EO clastogenicity was not marked, even following 28 days exposure at 200 ppm.
4) Walker et al., 2000: MF for Hprt in splenocytes of rats and mice repeatedly exposed (4 wk) via inhalation to EO (either to EO directly or via ethylene metabolically converted to EO) demonstrated non-linear/threshold dose-response for the lowest exposures to EO (Figure 6; taken from Albertini, 2009 Tox Forum presentation).

5) Walker et al., 1997: MF at Hprt in mouse, induced by repeated (4 wk) exposures to EO via inhalation; thymocytes demonstrate clear non-linearity in dose-response; splenocytes are possibly also non-linear (Figure7).

6) Swenberg et al., 2008: MF at Hprt in rat, induced following repeated (4 wk) exposure to EO (either directly or following metabolic transformation of ethylene); splenocytes demonstrate clear non-linearty in dose-response for internal target dose to EO (Figure 8).   The data from EO-exposed rats were integrated with ethylene-exposed rats based on the internal dose of EO from ethylene biotransformation, quantified with N7-HEG measurements in white blood cells as a dosimeter of metabolic production of EO from ethylene.  Ethylene exposures to 40, 1000, or 3000 ppm resulted in predicted internal exposures of 4.5, 9, and 10 ppm EO, with no increases in Hprt mutations compared with background/spontaneous mutant frequencies. 

7) Recio et al., 2004: MF at Lac I gene in mouse (Big Blue®) induced by repeated (48 wk) inhalation exposure to EO.  Low doses do not significantly increase MF compared to control values (Figure 9).  Same experimental exposures & animals as Donner et al. (2009); again, lowest dose of 25 ppm EO not very low.  Results corresponded with Donner et al. (2009) with non-linear dose-response for induction of LacI transgene mutations.

8) Donner et al., 2009: Authors concluded a non-linear dose-response for reciprocal translocations and other endpoints following repeated inhalation exposure to EO. 

Method: Groups of 4-8 male B6C3F1 mice were exposed by inhalation to 0, 25, 50, 100, or 200 ppm ethylene oxide (EO) for up to 48 weeks (6 hours/day, 5 days/week).  Several mutagenic/genotoxic endpoints were evaluated, the key endpoint being stable reciprocal translocations in peripheral lymphocytes and in germ cells, assessed using whole chromosome FISH (fluorescence in situ hybridization) or chromosomal painting techniques.  In addition, exchange-type chromosomal aberrations were analyzed.  Sufficient cells were analyzed for each of these key endpoints from individual animals to provide reasonable statistical power.
Results: The RT data (see Table 3) for 0 vs 25 ppm exposures did not show any statistically significant differences, with both groups varying between 0 and 1 or 2 total RT identified from 4-7 animals; the %RT varied from 0-0.42% across the 48 weeks of exposures, again with no statistically identified difference between controls and 25 ppm EO-exposed mice. The results for total aberrations tell a similar story, with no statistical differences between controls and 25 ppm EO-exposed mice, except after 48 weeks of exposure where the controls had zero aberrations quantified for 7 mice and the treated group had a total of 9 aberrations identified for 8 mice.  A review of human cytogenetic data concluded that high doses of EO, >25 ppm, were necessary to reliably detect increases in biomonitoring studies (Preston, 1999).  These data confirm that assessment.  As there were no lower exposures (<25 ppm EO) assessed, this study did not address the low-dose region of the dose-response curve.  The reported data on RT induced in mouse spermatocytes (see Table 3, Continued) parallels the previously describe RT data in lymphocytes, with no statistically significant increases between control and 25 ppm EO-exposed mice except for the 48-wk endpoint, where the control was zero.  In fact, RT in spermatocytes were only quantifiably increased for the 48-wk time point, for all exposure levels.  The authors predict that this lack of increased RT for earlier time points was likely due to effective DNA repair before the cells entered into S-phase, and state that ‘The overall shape of dose-response curves for each delivered concentration was non-linear, with a clear saturation for the 200 ppm concentration.’ Finally, the authors concluded that ‘Under the conditions of this study, heritable stable chromosomal changes were induced in the peripheral blood lymphocytes in a non-linear dose-responsive manner, with significant increases at 12-, 24- and 48- weeks of exposure only at chronic exposure concentrations above 50 ppm. Significant increases were observed at 50 ppm for exposure times of 24 and 48 weeks. These data also demonstrate that most of the EO exposures that produced distinct responses in the somatic cells did not do so in spermatogonial stem cells of the testis in the very same animals. The frequencies of translocations induced in spermatogonial stem cells were significantly increased for all concentrations at 48-weeks, although these increases were very similar for all four concentrations…. The germ cell data presented in the present manuscript confirm the conclusion developed by Preston et al. (1996) that, based on mechanistic considerations, the dose-response curve for reciprocal translocations induced in spermatogonial stem cells by chronic EO exposures, will depict a threshold at low exposure concentrations.’
Observations: Even 25 ppm EO repeated exposure is considered a significant dose, so additional data from lower doses would help to further evaluate the low-dose dose-response curve.  However, the data reported clearly demonstrates that the dose-response for the assessed transmissible, mutagenic endpoints (such as RT) is not linear.  Thus, in vivo induction of stable reciprocal translocations, a transmissible event, demonstrates non-linear/threshold dose-response relationships, in both peripheral lymphocytes and in spermocytes, with repeated inhalation exposure to EO.

Hypothesis: Plausibility of Non-linear/Threshold Dose-Response for Mutations
The plausibility test is an evaluation of the data and the proposed mode of action to determine whether there is a plausible and feasible hypothesis to explain the origin of the non-linear/threshold dose-response.  For example, the induced mutations may be due to sufficient accumulation of O6-HEG adducts; thus a certain level of O6-HEG adducts must be present before mutations are quantifiably increased.  At low doses, that do not result in adequate formation of O6-HEG, either because levels are too low or because repair removes the O6-HEG efficiently and prevents accumulation, one would expect to see no increase in MF.  Alternatively, the background/endogenous level of O6-HEG could mask impact of any small increases, depending on the stoichiometry of the relationship between adducts and mutations.

Our current hypothesis is that the non-linear/threshold dose-response of EO-induced mutagenic events is the result of several key aspects:
· High level of Background/Spontaneous DNA lesions/mutations (Swenberg et al., 2008); ‘DNA is not pristine’ (Jarabek et al., 2009): the dose-response curve for mutagenicity does not start from zero and thus it is not biologically feasible that a dose-response curve for mutation be linearly extrapolated back to zero.  There are clear examples where an increasing internal dose, demonstrable by increased adduct (DNA or protein), does not translate to an increase in mutant frequency over background/spontaneous mutant frequency.

· Predominantly non-mutagenic adducts formed by exogenous EO exposure: N7-HEG, which is by far the predominant adduct formed, representing up to 95% or more of total adducts, does not form at a coding position and is formed on the outside of DNA helix.  This likely explains in part the weak mutagenic effects by chemicals which form predominantly N7-alkylguanine adducts.  Clearly such adducts are present at all times, as they contribute significantly to quantified background/spontaneous DNA lesions (see Table 1).  (Albertini and Sweeney, 2007; Albertini, 2009 Tox Forum; Boysen et al., 2009). However, they do not appear to contribute to any biologically significant effects such as mutation induction, at least not at low levels identified following 28-d exposures to 50 ppm EO by inhalation.

· Efficient/Effective DNA Repair of likely AP sites and of low frequency promutagenic adduct O6HEG (MGMT).  N7-alkylguanine adducts have been proposed to induce mutations via increased formation of apurinic sites (AP) sites and subsequent replication across unrepaired AP sites, a mutagenic lesion (Cabral-Neto et al., 1992).  This hypothesis has been put to rest by published data that clearly demonstrates no increases in AP sites in tissues that are heavily burdened with N7-alkylguanine DNA adducts, from repeated exposures to EO (Rusyn et al., 2005) or to PO (Rios-Blanco et al., 2000, 2003).  Although these tissues demonstrated extremely high levels of N7-alkylguanine (N7-HEG or N7-HPG, respectively), there were no increases in AP sites present following up to 28 days of exposure.  It is well understood that N7-alkylguanine adducts are mostly lost via spontaneous depurination (Boysen et al., 2009), thus during a 28-d exposure regime there would be ample opportunity for formation of a surplus of AP site from depurinated N7-alkylG adducts.  The lack of any difference between AP site levels in control tissue vs treated ones indicates that AP site level is highly controlled by the cell.  Formation of O6-alkylG adducts occurs to a lesser extent (Beranek, 1990), and there are only limited published data on the proportion of O6-HEG adducts present following exposure to EO; one data set found O6-HEG to represent 0.13% of the total adducts measured in EO-treated plasmids, while the O6-HEG levels were below detection in other samples (e.g., calf thymus DNA, control rat liver; Tompkins et al., 2008).   Clearly the formation of the pro-mutagenic adduct O6-HEG following exposure to EO is quite limited.  In addition, under normal circumstances in whole animal, there are DNA repair pathways functioning to remove DNA damage, including DNA adducts.  The O6-alkylG adducts are specifically removed by the protein methylguanine methyltransferase (MGMT), which is an inducible protein.  Removal of the adduct returns the DNA to its normal state.  While MGMT capacity can be overwhelmed at high doses, clearly effective removal of these promutagenic adducts following low-dose exposures will shift a mutation induction dose-response curve towards increasing non-linearity.

Conclusions:

The dose-response for mutation induction by EO for a variety of mutagenic and related endpoints indicates non-linearities/thresholds.  While there may not be a definitively proven hypothesis to explain the empirically demonstrated non-linear/threshold dose-response relationships for several types of mutagenic response to exogenous EO, there are plausible and feasible explanations (existence of background/endogenous DNA damage overwhelms any low-dose impact; predominant adduct induced is not mutagenic; necessary accumulation of promutagenic adducts to initiate mutation induction is not linearly related to mutation induction, in part due to efficient DNA repair of already low frequency mutagenic DNA adducts induced by EO). Thus, given this non-linearity/threshold effect for mutation induction, in combination with any later, sequentially dependent endpoints (e.g., if a mutagenic MOA for cancer), the overall dose-response (for mutation induction or for cancer induction) cannot be linear.
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Table 1. From Swenberg (personal communication).
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Figure 1. From Walker et al., 1993.
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Figure 2.  From Marsden et al., 2009
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Figure 3. From Thompkins et al., 2009.
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Figure 4.  From Nivard et al., 2003.
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Figure 5. From Tates et al., 1999.
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Figure 5. Continued. From Tates et al., 1999.
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Fig. 5b. From Van Sittert et al., 2000

[image: image14.emf]
Table 2. From Van Sittert et al., 2000.
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Figure 6. From Walker et al., 2000 data & Albertini, 2009 Tox Forum presentation.
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Figure 7. From Walker et al., 1997.
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Fig. 8. From Swenberg et al. (2008).
[image: image20.emf]  [image: image21.emf]
Figure 9. From Recio et al., 2004.
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Table 3. From Donner et al., 2009
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Table 3. Continued from Donner et al., 2009
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APPENDIX B: EMS & ENU
Evaluation of published research approaches for determining the shape of the dose-response curve for the induction of mutation and/or clastogenicity.

ENU and EMS:  Published approaches to investigate whether the dose-response curve for mutation induction is non-linear. 
Summaries of studies:
In Vitro
1) Doak et al. (2007): Mechanistic influences for mutation induction curves after exposure to DNA-reactive carcinogens   
Description of experiments:    Human lymphoblastoid cells (AHH-1) were treated with MMS, MNU, EMS, and ENU.   

Cytokinesis blocked Micronucleus assay:  Duplicate cultures were used.  Cytocholasin B was used.  2000 binucleated cell were scored (1000 per culture).  For doses surrounding the calculated no-observed-effect-level (NOEL), 10000 cells were scored.   Kinetochore staining indicated that the primary type of damage was chromosome breakage rather than aneuploidy.
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The authors conclude that the NOEL values ranged between 0-0.8 g/ml for MMS; 0-1.35 for EMS.  The lowest-observed-effect-level (LOEL) was 0.85 g/ml for MMS and 1.40 g/ml for EMS.  No clear NOEL was identified for MNU or ENU.

HPRT Mutation:  a 13-day expression period was used.  Twenty 96-well plates containing approximately 4 million cells were used for the mutant selection and twenty 96-well plates containing approximately 2000 cells were used for the plating efficiency.  The number of plates was increased to 100 for the mutant selection, and 50 for plating efficiency around the NOEL.  
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The authors conclude that for MMS the NOEL is between 0-1 g/ml and for EMS between 0-1.2 g/ml.  The LOEL for MMS was 1.25 g/ml and for EMS 1.4 g/ml.  They conducted a statistical analysis that showed that all of the doses below (and including the NOEL) were no different from the negative control, but the LOEL dose was different.  MNU and ENU were considered to be linear even  at low doses, although additional statistical analysis later indicated that the ENU dose-response for Hprt MF had a best fit for a non-linear dose-response model (Johnson et al., 2009).

For MMS, the authors conducted a mutation analysis using the thymidine kinase (Tk) gene to determine if another selectable gene would show a similar LOEL/NOEL.  The authors concluded that the LOEL and NOEL were the same for both loci, and they concluded that this suggests a genome-wide increase which would indicate that MMS was acting through the same mutagenic mechanism.  It should be noted, however, that the Hprt and Tk genes detect a different array of mutational events. MMS induces both point mutations and chromosomal mutations. Tk detects the chromosomal mutations, while Hprt does not.  It has been shown in other cell lines that the induced Tk mutant frequency is much higher than the Hprt mutant frequency for MMS-treated cells.  While the LOEL and NOEL may be the same in these experiments, consistent with previous work with other cell lines the induced mutant frequencies are substantially different for the two loci.  
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Comments on the utility of this study:

It would be helpful to have the comments of a statistician.  The authors have conducted their analysis by using a much larger number of cells for the doses around the NOEL than are normally used for micronucleus (MN) or mutation studies.  It seems  that they have used a sufficient number of cells. They used a strategy of triplicate cultures and then using a large number of plates for mutant selection.  This approach gives only 3 data points which are measured with a large degree of accuracy.  A better (and more difficult) approach would have been to use a large number of cultures and a reasonable number of plates for each culture.  This would do a better job of capturing the variability of the background mutant frequency (MF) as well as the MF for the treated cultures.

A few issues cast serious doubt on the conclusions.  First, the same dose range is used for MMS and EMS.  In my experience (with a different cell line) the doses are very different—the MMS dose is 100-fold less than the EMS dose.

Also, the background mutant frequencies are far too high for this cell line (or for any cell line for these reporter genes).  The background mutant frequency for Hprt seems to be between 50-100 per million cells, and the background mutant frequency for Tk seems to be approximately 500 per million cells. Both of these are approximately 10 times expected values.  It is unclear why this is the case.  These investigators also did an experiment where they plated a higher number of cells for mutant selection.  In these experiments, they got higher mutant frequencies (see below), which should not be the case.  It appears that they did not have stringent selection conditions--that is, the colonies that they counted were not all true mutants. 

2) Bryce et al. (2010): Miniaturized Flow Cytometric In Vitro Micronucleus Assay Represents an Efficient Tool for Comprehensively Characterizing Genotoxicity Dose-Response Relationships..
The authors tested a series of genotoxic, mutagenic chemicals in an in vitro micronucleus study design using flow cytometry to assess induction of micronuclei.
These experiments investigated dose-response of induction of micronucleus (MN) formation in vitro in TK6 cells, a human-derived lymphoblastoid cell line, following 24-30 continuous h of treatment with a series of DNA-reactive chemicals including EMS or ENU, which were applied at 22 closely-spaced concentrations in quadruplicate, with 10,000 cells analyzed per replicate.  

These conditions are rigorous and offer significant power to detect small increases in MN formation.  The statistical analysis conducted was that of Lutz and Lutz (2009).  In addition, a set of ingenious pilot experiments were conducted, using differently colored fluorescent microbeads to simulate wild type and mutant cells, to determine optimal conditions for the best compromise between precision and the efficient acquisition of large data sets; a stop-mode of 10,000 nuclei/replicate represented a good compromise and was applied for the definitive data collection.

As is shown in the below figures (Figs. 6 and 8 from Bryce et al., 2010), for both ENU and EMS the induction of MN resulted in the ‘hockey-stick’ dose-response models providing the best fit based on the statistical parameters employed. For each agent statistically significant p-values indicated that the hockey-stick model is a better description of the dose-response relationships than a linear fit. These interpretations were confirmed with independent repeat experiments. 

Taken from Figs. 6 and 8 from Bryce et al., 2010.
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The table below (Table II from Bryce et al., 2010) provides the statistical parameters determined by the analysis, and reports the Td determined for the non-linear/threshold dose-response model.  For ENU, the Td values determined were 2.3 and 5.845 g/ml, while for EMS the Td values were 8.074 and 7.581 g/ml. Both sets of results produced significant p-values, The estimated threshold doses were fairly reproducible between independent repeat experiments 

Taken from Bryce et al., 2010 (Table II).
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Utility of the Bryce et al. (2010) dataset:
This robust dataset provides strong evidence of a non-linear/threshold dose-response for the in vitro induction of micronuclei by both ENU and EMS.  The study design was extremely robust, and included several replicates, 22 doses, and independent repeat experiments.  That robustness allowed for application of statistical approaches to determine the best fit dose-response model, as described by Lutz and Lutz (2009), which compares the fit of a series of models, including linear and non-linear/threshold, using standard statistical parameters.  These approaches clearly support non-linear/threshold dose-responses for both ENU and EMS for the in vitro induction of micronucleus.

In Vivo:

Gocke and Müller (2009):  In vivo studies in the mouse to define a threshold for the genotoxicity of EMS and ENU.
Description of test system:  Outbred CD-1 mice

Bone marrow MN; Six mice/dose were treated for 7 days and necropsied on the following day.  4000 PCEs were scored per animal.  

The comments of a statistician would be helpful in interpreting the MN results.  It does visually appear that for EMS there are several low doses that give MN frequencies that are within the range of the background.  While ENU appears to give a more linear curve, it would be important to conduct additional studies using lower doses of ENU to be sure that there is no part of the dose-response curve that falls within the range of the background.
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This statistical analysis confirms the conclusions drawn based on the visual analysis of the MN curve for EMS, supporting a non-linear dose-response for in vivo micronucleus induction in bone marrow.
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Evaluating the relationship between the ethylvaline adducts and the induction of MN shows clearly (by visual inspection) that there are two parts to the dose-response curve:  A region that appears to be within the normal distribution of the background level and then a region that breaks from the “background” and is linear.  The depiction in log-log scale emphasizes this effect at the lower doses.
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LacZ gene mutation:  CD2-lacZ80/HazfBR mice were treated for 28 days and sampled on day 31.  Bone marrow, liver and small intestine were evaluated.  Where possible 200,000 pfu per animal per tissue were analyzed for all seven animals per dose group.   

The data for the three tissues is plotted for both ENU- and EMS-treated animals.  In Fig 4 (below), both chemicals are plotted on a single graph for each tissue.  Because the MF for ENU is so much higher than for EMS, it is difficult to visually evaluate the shape of the EMS curve.  The EMS data is then plotted with a y-axis scaling selected to maximize the view of the dose-response curve.  Visual inspection seems to confirm that there are several doses (for each tissue) where the MF falls within the range of the background.  The dose at which the MF begins to increase from the background varies slightly among the tissues.  

The range of the background is rather large in these studies. For the background values, the individual animal data is plotted, while for the treated animals, the means for the EMS-treated animals are plotted.  Had the individual animal data been plotted on graphs showing only the EMS data, the variability in the individual MF measurements would have been more readily apparent.  

It would be helpful to have a statistician to assist with the data interpretations and critique of the experimental design
.  The recommendation for the Big Blue® cII mutation assay is to use 5 animals and evaluate approximately 300,000 pfu per animal per tissue. This provides sufficient statistical power to detect a doubling of the background.  The question is whether using 7 animals with using 200,000 pfu per animal per tissue provides the same statistical power, and sufficient information on the distribution of the MF for the negative control and for the treated groups.  This is obviously one of the most important factors in the design strategy.  

The authors of this study concluded that their data provide sufficient evidence that EMS has a threshold for inducing mutations in vivo.  However, this assessment has been controversial.  There was extensive discussion at the March, 2011 ARA-sponsored workshop in Austin, TX (Beyond Science & Decisions: From Problem Formulation to Dose-Response), around the presentations by well-known statisticians that it is, in fact, not possible to distinguish between a linear dose-response curve with a positive slope and a threshold, especially at the low-dose end of the dose-response curve.   It does seem clear, however, that Gocke and Müller (2009) have provided substantial evidence that EMS  has a non-linear dose-response, at least for the induction of point mutations in the liver, bone marrow, and GI tract—neither of which is known to be the target tissue for the induction of cancer; a full scale cancer bioassay is not available for EMS.  

Figure 4 taken from Gocke and Müller, 2009).
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Heritable gene mutation:

Jack Favor (1998):  The mutagenic activity of ENU at low doses in spermatogonia of the mouse as assessed by the specific-locus test

Description of test:  Homozygous wild-type male mice were exposed to ENU.  Each male was paired with an untreated female mouse, homozygous recessive at 7 specific loci that control hair color.  Offspring with conception times greater than 42 days after the last treatment are evaluated.  This timing assures that the offspring were derived from conceptions in which the male gamete arose from spermatogonia exposed to ENU.  Mutation of one of the 7 specific loci will result in an altered coat color for the offspring.  

The dose-response curve is shown below.
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Author’s conclusions:  The authors of this study used several models to fit the data:  Linear, linear-quadratic, power, and threshold.  They found the linear model to be inadequate in describing the relationship between dose and mutation rate.  The other models provided a better fit of the data, and they concluded that the threshold model was superior, based on the deviance statistic.  They estimated the threshold dose to be 33.93 mg ENU/kg of body weight.

Comments on utility of this study:  This study evaluates mutation in the offspring of males treated with ENU.   A number of events must occur between the exposure, induction of mutation in spermatogonia, fertilization of an egg and production of a viable offspring.  This sequence is much more complicated than the induction of mutation in a somatic cell, and has a number of steps after the induction of mutated spermatogonia that are likely related to a variety of other biological processes that are unrelated to the fact that the gamete contains a mutation.  Therefore, this study is not useful for the particular question before us.

Overall Comments and Conclusions:

For EMS and ENU, these papers provide perhaps the most information as to developing a strategy for determining whether mutagens can have non-linear dose-response curves.  There is clear evidence to support the possibility of non-linear/threshold dose-response curves for EMS from both in vitro and in vivo studies; for ENU the data are less clear but there is some evidence to demonstrate non-linear/threshold dose-response for in vitro micronuclei and gene mutation; the in vivo data did not evaluate doses low enough to address the shape for ENU. 

There are several important factors to consider in designing experiments to evaluate additional mutagens for the possibility that they induce non-linear curves across the full dose-range.  

1) While the study of Favor et al. (1998) provides a sound evaluation, the conclusions should be restricted to effects in germ cells.  The series of biological events that occur from the exposure to the production of a viable offspring is much different than the series of events that occur in somatic cells, particularly in relation to the induction of tumors.

2) If one were to weigh the strengths and relevance of various approaches and endpoints, experiments conducted in vivo, with relevant exposure routes, and using mutation as the endpoint should carry the most weight.

3) In vitro experiments can be useful in addressing the relationship between biomarkers of exposure, such as DNA adducts and mutation.  Because in vitro experiments can eliminate the animal to animal variability and be better controlled technically, it is possible to really focus on the fundamental biology that relates the DNA adduct to the mutation.  If this relationship is not linear, then the overall dose-response curve cannot be linear.  

4) When in vitro experiments are conducted, it is very important to ensure that the proper culture conditions and stringent mutant selection conditions are used.  This was  not the case for the Doak et al. (2007) study.  It is also important to recognize that some mutants can have selective advantages or disadvantages in the culture conditions (this can also be an issue for some endpoints in vivo).  This needs to be taken into account in the experimental design.   Background mutant frequencies can be variable and generally there are not enough independent measurements within a single experiment to fully capture the full distribution.  This is also an issue with the treated cultures.  In the Doak et al. (2007) experiments, their design used a large number of cells to evaluate the mutant frequency, and used three independent cultures.  This improves the “precision” of the individual data point, but only provides three independent measures.  It would have been better (although technically much more difficult) to use a large number of independent cultures with fewer cells for each measurement.  There is a practical limit to the number of cells and cultures that can be reasonably handled.

5) In vivo experiments using the tumor target tissue (for cancer assessments) provide the most “relevant” information.  Gene mutation studies provide the best—most “relevant” endpoint.  Reporter genes for which the mutant cells are neither selected for or against (‘neutral’ reporter genes) will give the most reliable quantitative information.  Treatment route and doses should be selected based on the cancer bioassay information (assuming that cancer assessment is the ultimate goal).  As with in vitro experiments for chemicals that have the induction of DNA adducts as a key event for the induction of mutations, experiments relating the dose-response for adducts to the dose-response for mutation can be very useful.  It is important to understand the normal range of the background mutation frequency for the endpoint chosen.  
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APPENDIX C: MMS & MNU
Evidence for non-linearity/threshold in mutation dose-response for MMS and MNU
The issue of the shape of low-dose dose-response curves for genotoxic chemicals continues to engender much debate.  The question of linear vs non-linear/threshold lends itself to in vitro data collection, with the advantages of increased sensitivity, direct dosing of cells, and facilitated inclusion of a large test population with many replicates, as desired elements of study design to address questions of non-linear/threshold dose-response.  In fact, over the past 10 years a significant amount of data, designed to address these questions, has been published. One frequent approach is to collect data on chemicals typically used as positive controls in genotoxicity assays, to ensure that there is no question about whether the test chemical is directly DNA-reactive and mutagenic. Methyl methanesulfonate (MMS) and methylnitrosourea (MNU) offer this approach as directly DNA-reactive chemicals that have been used as positive controls.  

In addition, there are now available published examples of recommended approaches to apply dose-response modelling and statistical parameters to determine best fit for such datasets (Pottenger et al., 2009; Pottenger and Gollapudi, 2010; Johnson et al., 2009; Lutz and Lutz, 2009).  Briefly some of those recommendations include the following: at a minimum, data on >3 doses; reproducible results (intra-lab and, preferably, across laboratories); adequate replicates and doses to permit statistical analysis (e.g., no-observed-genotoxicity-exposure-level; NOGEL); and dose-response modelling that demonstrates best fit for non-linear/threshold models compared to linear models by statistically valid parameters.  Careful study design can provide significant power for such analyses, rendering the conclusions convincing. In addition, proposal of a feasible hypothesis to explain the empirically demonstrated non-linearity/threshold dose-response is a key aspect to carry a proposed threshold beyond just that, empirical demonstration.

There are four recently published in vitro datasets available to evaluate in vitro mutation dose-response relationships, three of which provide adequate data to assess the low-dose region. The fourth study, although it covered several endpoints of interest (micronucleus induction, Comet assay, DNA adducts) did not address low enough doses (Brink et al., 2007).  One dataset assessed the induction of gene mutations (Tk;), with DNA adduct measurements as biomarkers of exposure; the second evaluated both gene mutation (Tk and Hprt) and chromosomal events (micronucleus) and later added some DNA adduct and gene expression data, while the third evaluated induction of micronucleus (flow cytometry); all of them tested both MMS and MNU. All three included designs with significant weight on low doses in order to address the issue of the shape of the low-dose dose-response curve for in vitro mutational events (Doak et al., 2007; Pottenger et al., 2009; Bryce et al., 2010).  

These three datasets use different cell lines and somewhat different treatment techniques, but all three datasets support similar doses of MMS as threshold doses, and overall MMS dose-response relationship as a threshold dose-response using similar statistical parameters.  The results for MNU differ, with two reports demonstrating a non-linear/threshold dose-response for MNU-induced mutation (Pottenger et al., 2009; Bryce et al., 2010), while the third report finds support for a linear dose-response (Doak et al., 2007; Johnson et al., 2009).  While no clear explanation for this discrepancy is available, several methodological differences exist among the studies, including different cell types, different treatment protocols, and different doses, that may account for this difference.  

Overall, the datasets provide unequivocal support for a non-linear/threshold dose-response for induction of genotoxicity (gene mutations and chromosomal events/clastogenicity) by MMS; the data are strong for a non-linear/threshold dose-response for mutation induction (gene mutations and chromosomal events/clastogenicity) by MNU from two of the three datasets.  Thus the first step of the process is adequately supported.  These clear demonstrations of empirically determined non-linear/threshold dose-responses await the elucidation of the MOA, and eventually the mechanism of action, that drives the shape of their dose-response curves.  

Possible hypotheses that could be tested in this regard include the following: 

· High level of Background/Spontaneous DNA lesions/mutations drive the low-dose dose-response curve (Swenberg et al., 2008); ‘DNA is not pristine’ (Jarabek et al., 2009)

· Predominant formation of non-mutagenic, N7-alkylguanine adducts (Beranek, 1990)
· Efficient/Effective DNA Repair of likely AP sites and of the low frequency pro-mutagenic adduct O6alkylguanine (O6-MeG) (MGMT) (Rios-Blancos et al., 2000; Rusyn et al., 2005).

1) Pottenger et al., 2009:  

Study Design: The study design for the mouse lymphoma assays (MLA) reported by Pottenger et al. (2009) was directed towards providing adequate power to detect small increases in mutant frequency (MF). The levels of N7-Methylguanine (N7-MeG) DNA adducts, the most abundant adduct formed from these DNA-reactive chemicals, were measured using mass spectrometry structural quantitation techniques, and served as a measure of internal/target dose. Specific elements of study design, such as 5 replicates per dose and 11 doses tested, allowed for increased statistical power and a variety of statistical analyses. 

Statistics: The following sequential analysis approach was applied to the MMS & MNU data: 
1) mutant frequency (MF) was evaluated by a one-sided Dunnett’s test at alpha = 0.05 for a No-Observed-Genotoxic-Effect-Level (NOGEL), the highest dose at which MF did not differ significantly from the background MF for the control data. 2) Further analysis was conducted with an analysis of variance (ANOVA), followed by evaluation of fit of a bilinear dose-response model obtained from Lutz and Lutz (2009),  to determine if a threshold dose (Td) value was statistically distinguishable from zero at the 95% confidence level. This is a key criterion to determine whether a linear or a threshold model gives a better fit. 3) Finally, a bilinear model was constructed and fit using PROC REG in SAS, and selected values of tested doses were evaluated as potential threshold doses (Td), based on visual inspection of the dose-response curve, to determine which model (threshold or linear) gives a better fit. Statistical parameters evaluated the goodness-of-fit (R2 and F values).
Dose-response models fitted to the in vitro gene mutation data clearly demonstrated non-linear/threshold dose-responses as the superior fit, beginning with visual inspection (see Figure 1, below), and continuing through the series of statistical approaches.  Modeled threshold doses (Td) were derived for MMS and MNU of 9 and 0.69 M, respectively (see Tables 1 & 2, below).  
These in vitro mutation data complement an earlier publication (Doak et al., 2007), that also evaluated MMS and MNU for three in vitro mutation endpoints in a different cell line, using AHH-1 human-derived lymphoblastoid cells and assessing induction of Hprt and Tk gene mutations in addition to cytokinesis-blocked micronucleus induction (CBMN).  This additional dataset underwent additional statistical analyses, reported as Johnson et al., 2009, that parallel and further extend those described by Pottenger et al. (2009) and above.

Fig 1. Taken from Pottenger et al., 2009.
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Table 1. Taken from Pottenger et al., 2009.
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Table 2. Taken from Pottenger et al., 2009.
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2. Doak et al. (2007), Mechanistic influences for mutation induction curves after exposure to DNA-reactive carcinogens; and Johnson et al. (2009);  Non-linear dose–response of DNA-reactive genotoxins: Recommendations for data analysis. 

Study Design: Human lymphoblastoid cells (AHH-1) were treated with MMS or MNU at a series of low doses to determine dose-response characteristics for in vitro induction of gene mutation and micronucleus formation.   Treatments were for 24 h.

Statistics: The statistical analysis was conducted in two parts, with the original analysis limited to application of a one-way ANOVA, followed by a Dunnett’s posthoc test to determine if any of the treatment doses differed significantly from the control. In addition, NOEL/LOEL concentrations were determined by statistical modeling, by subtraction of the control values and root transformation of the data to standardize it.  A later publication by the same research group (Johnson et al., 2009) applied additional statistical analyses to the original data, including approaches similar to those described above for Pottenger et al. (2009): Dose-response analysis included fitting hockey stick, linear, and quadratic non-linear models to the original data; if non-linearities were established, further statistical analysis was used to determine the first statistically significant dose (LOEL). The approach described above, published by Lutz and Lutz (2009), which attempts to fit two straight line segments to the data, was applied next, which included calculating the probability value for fit of the linear model compared to the hockey stick. Then linear and quadratic models were evaluated, along with best fit parameters to determine best fit statistically (R2).  Further statistical analyses to determine LOEL were based on two methods. These included a Dunnet’s test, and an approach designed by Covance Laboratories, UK, based on an ANOVA plus t-test.  Once these methods of analysis are conducted, the dose–response can categorized as either linear or as a threshold dose-response.
Cytokinesis blocked Micronucleus assay (CBMN):  Duplicate cultures were used.  Cytocholasin B was used; 2000 binucleated cell were scored (1000 per culture).  For doses surrounding the calculated NOEL, a target of 10,000 cells were scored.   Kinetochore staining indicated that the primary type of damage was chromosome breakage rather than aneuploidy.

The authors conclude that for CBMN there is a NOEL ranging between 0-0.8 g/ml for MMS, with the LOEL at 0.85 g/ml for MMS, and that a ‘hockey-stick’ dose-response model is a better fit for the MMS CBMN data than a linear model (see Fig. 2).  No clear NOEL was seen for MNU in the original analyses, nor in the follow-up, more extensive statistical analysis (Johnson et al, 2009); their MNU CBMN data was a better fit for a linear dose-response model.
Figure 2. From Doak et al., 2007.
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HPRT Mutation:  a 13-day expression period was used.  Twenty 96-well plates containing approximately 4 x106 cells were used for the mutant selection, and 20 96-well plates containing approximately 2000 cells were used for the plating efficiency.  To ensure significant sensitivity, the number of plates was increased to 100 per dose for the mutant selection and 50 per dose for plating efficiency at lower doses, around the NOEL value. 

The authors conclude that for MMS the NOEL is between 0-1 g/ml; the LOEL for MMS was 1.25 g/ml (see Fig. 3).  In Johnson et al. (2009), they reported a statistical analysis that showed that all of the doses below (and including the NOEL) were not different from the negative control but the LOEL dose was different.  MNU was interpreted to be linear even to low doses in both publications.

 Fig. 3. From Doak et al., 2007.
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Fig. 4. From Johnson et al., 2009 (further statistical analysis of hprt mutation results).
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For MMS, the authors conducted a mutation analysis using the thymidine kinase (Tk) gene to determine if another selectable gene would show a similar LOEL/NOEL.  The authors concluded that the LOEL and NOEL was the same for both loci and they concluded that this suggests a genome-wide increase which would indicate that MMS was acting thru the same mutagenic mechanism.  It should be noted, however, that the Hprt and Tk genes detect a different array of mutational events. MMS induces both point mutations and chromosomal mutations. Tk detects the chromosomal mutations while Hprt does not.  It has been shown in other cell lines that the induced Tk mutant frequency typically is much higher than the Hprt mutant frequency for MMS-treated cells.  While the LOEL and NOEL may be the same for Hprt and Tk in these experiments, more typically, and consistent with previous work with other cell lines, the induced mutant frequencies are substantially different for these two gene loci.  
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Comments on the utility of this study:

Many of the statistical approaches applied are similar (or even the same) as those applied in the Pottenger et al. (2009) report, for which the analyses were conducted by an experienced statistician and modeler, thus it is assumed the statistical approaches are valid.  Nonetheless, it would be helpful to have the individual datasets available for review and comparison by statistician, especially for the additional analyses published in Johnson et al. (2009).  

The authors have conducted their analysis by using a much larger number of cells for the doses around the NOEL than are normally used for MN or mutation studies.  This appears to provide a sufficient number of cells and thus they have demonstrated a non-linear response for MMS.  

There are a few issues that should be addressed, in particular a better understanding of their very high background/spontaneous mutant frequencies, which are much higher than what is typically reported for this cell line.   Their use of the same dose range for MMS and EMS is surprising, at least based on data for mouse lymphoma cells, where the effective mutation-inducing doses are very different—typically the MMS dose is 100-fold less than the EMS dose.

It should be noted that, in the Doak et al. (2007) paper, the background MF for Hprt runs between 50 to ~100/106cells and the background MF for Tk seems to be approximately 500/106cells. Both of these are approximately 10x expected background based on the literature.  It is unclear why this is the case.  

Doak et al., 2008, No-observed effect levels are associated with up-regulation of MGMT following MMS exposure. Mut Res 648: 9–14.

This paper attempted to provide some MOA/mechanistic explanations to support the empirically determined non-linear/threshold dose-response for MMS.  While two reasonable hypotheses were investigated, it seems to me that the data presented do not provide good support of their hypotheses.
One hypothesis was that induction of the methylguanine methyltransferase (MGMT) DNA repair protein would lead to increased capacity to remove the promutagenic O6-alkylG adducts, which could then lead to a threshold dose-response.  Until the promutagenic O6-alkylG adducts begin to accumulate, there would be no increase in mutation induction.  Unfortunately the genomic and proteomic data did not demonstrate any convincing or sustained increase in MGMT (Fig 5), with only a 6-fold increase in expression of MGMT message at a single concentration, 1 g/ml, and only at a single time point, 4 h post-dosing and with no quantifiable change in MGMT protein expression.  While it is true that the dose where the increased message is seen matches the threshold dose for mutation induction, given that the treatment lasted over 24 h, it is difficult to conceive how this singularity would make biological sense, especially with no increase in expressed MGMT protein.  In fact, recent in vivo data in rats on the induction of micronucleus in peripheral blood by repeated MMS demonstrated no induction of MGMT at lower doses in liver (Le Baron et al., 2009), thus supporting the data from the in vitro AHH-1 cell system.

The second hypothesis proposed a threshold due to induction of methylpurine glycosylase (MPG) as an indication of N7-alkylG adduct repair, resulting in decreased N7-MeG adducts.  However, there are some challenges for this hypothesis. Firstly, their limited N7-MeG adduct data did not demonstrate any evidence for a threshold; secondly there was no evidence of any induction of MPG, either in gene expression or in protein expression. Thus their results did not provide any support for the hypothesis that the threshold was due to induction of DNA repair of N7-MeG.  This is not surprising, given that N7-alkylG adducts of this nature are mostly considered not to be pro-mutagenic (Albertini and Sweeney, 2007).
Fig 5. From Doak et al, 2008.
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3) Bryce et al. (2010) Miniaturized Flow Cytometric In Vitro Micronucleus Assay Represents an Efficient Tool for Comprehensively Characterizing Genotoxicity Dose-Response Relationshipsin press  Mut Res

These experiments investigated dose-response of induction of micronucleus (MN) formation in vitro in TK6 cells, a human-derived lymphoblastoid cell line, following 24-30 continuous h of treatment with a series of DNA-reactive chemicals including MMS or MNU, which were applied at 22 closely-spaced concentrations in quadruplicate, with 10,000 cells analyzed per replicate.  
These conditions are rigorous and offer significant power to detect small increases in MN formation.  The statistical analysis conducted was that of Lutz and Lutz (2009) as described above for the previous datasets.  In addition, a set of ingenious pilot experiments were conducted, using differently colored fluorescent microbeads to simulate wild type and mutant cells, to determine optimal conditions for the best compromise between precision and the efficient acquisition of large data sets; a stop-mode of 10,000 nuclei/replicate represented a good compromise and was applied for the definitive data collection.
As is shown in Fig. 6, both MNU and MMS induction of MN resulted in a ‘hockey-stick’ dose-response model providing the best fit based on the statistical parameters employed. For each agent statistically significant p-values indicated that the hockey-stick model is a better description of the dose-response relationships than a linear fit. These interpretations were confirmed with independent repeat experiments. 
Fig 6. From Bryce et al., 2010.
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Table 3 below provides the statistical parameters determined by the analysis, and reports the Td determined for the non-linear/threshold dose-response model.  For MNU, the Td values determined were 0.357 and 0.259 g/ml, while for MMS the Td values were 0.804 and 0.723 g/ml. The MNU experiment 2 seemingly produced a nonsignificant p-value, but by following the recommended iterative approach that reduces the impact from a saturated response, the highly significant result shown in Table II was generated. The estimated threshold doses were fairly reproducible between independent repeat experiments, especially for MMS. On the other hand, as with the aneugens, the slopes above the threshold doses tended to be more variable. The requirement for application of an iterative approach to obtain the best fit for the MNU data was also necessary for the analysis reported in Pottenger et al. (2009)/.  That MNU dataset also required an iterative approach of progressively eliminating a high dose from the data analysis to obtain the best fit, while MMS did not require this iterative approach, neither for the Bryce et al., MN dataset in TK-6 cells, nor for the Pottenger et al. dataset on induction of Tk mutations in mouse lymphoma cells.
Table 3. From Bryce et al., 2010.
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Overall Conclusions
Overall, these three in vitro datasets present very strong cases for non-linearity/threshold dose-responses for both of these DNA-reactive chemicals, MMS and MNU.  For two different types of genotoxicity endpoints (gene mutation and micronucleus induction) and for different cell types (AHH-1, mouse lymphoma, and TK-6), and with data from three different labs, the empirical evidence is very strong for MMS and almost just as strong for MNU.  In addition, the datasets that include measurement of DNA adducts as biomarkers of internal/target dose demonstrate that the dose-response for DNA adducts may not parallel that of mutation induction.  This is not surprising as induction of a mutation is a multi-step process, requiring cell replication to occur at a minimum.  DNA adducts can be removed or repaired, which has impact on their dose-response curve separately from identified impacts on mutation induction; while the dose-response for the formation of DNA adducts may be linear in many cases, this is not necessarily the case for mutation induction.  Assessment of the dose-response for mutation induction, especially in cases where such data will be critical in establishment of a MOA, is not a given; it will require data to determine whether linear or non-linear/threshold dose-response models better fit the available mutation induction data.
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APPENDIX D: Acrylamide/Glycidamide
The summary is based on the R. Tardiff’s original write-up “TERA Case #26 Acrylamide” sent by L. Haber on 8/31/2010, but revised to focus on the shape of the dose-response curve for mutation induction (reviewed graphs from referenced articles).

Both acrylamide (AA) and its primary reactive epoxide metabolite glycidamide (GA) can cause mutations in vitro as well as in vivo.  AA produces protein (hemoglobin) adducts and GA produces both hemoglobin and DNA adducts (Doerge et al., 2005; Fennell et al., 2005; Friedman et al., 2008; Zeiger et al., 2009).  A number of studies examined the dose-response relationship for mutagenicity:
· In vitro mouse lymphoma study: AA showed an apparent nonlinearity in mutation frequencies (MFs) in mouse lymphoma cells (Mei et al., 2008); though GA induced DNA adducts in a linear dose-dependent manner, the induced MFs demonstrated a smaller slope at low doses with a point of inflection above which the dose-response curve becomes increasingly steep (Mei et al., 2008, Moore et al., 1987)).   These studies have the limitation that they were designed as hazard identification studies, and not to address dose-response at low doses; thus, for example, no attempt was made to confirm there were no losses of slow-growing mutants.
· The clastogenic effects of AA include nonlinear, threshold events such as cross-linking chromosomes and/or associated proteins (Carere, 2006). 

· In vivo micronucleus (MN) study: A non-linear micronucleus (MN) formation was observed in mice orally dosed with AA, while the induction of DNA adducts showed a clear linear dose-response (Swenberg et al., 2008).  In a study using 11 doses ranging from 0.125 (approximately 2-fold the background level of AA in the feed) to  24 mg/kg/d administered by gavage to mice, non-linear dose response was demonstrated at low levels when measured against the biological dose, defined as the DNA adduct levels (Zeiger et al., 2009).  Regardless of the dose metric used, there was a statistically significant threshold effect between 1 and 2 mg/kg/d.  
· In vivo transgenic mutation study: control plus two doses of acrylamide or glycidamide were administered to groups of 8/sex, male and female Big Blue® rats via drinking water (0, 0.7 mM, and 1.4 mM) for two months (Mei et al., 2010).  Induction of micronucleus (peripheral blood), Hprt gene mutations in splenocytes, and cII transgene mutations from samples of mammary tissue (target), thyroid (target), liver (non-target), bone marrow (non-target), and testis (target), were analyzed for increases compared to control.  All treated animals showed increases in Hprt mutations in lymphocytes and cII transgenes in certain tissues; no increases were found in micronucleus induction.  This study does not provide useful information to assess the low-dose region of the dose-response curve; administered doses ranged from 235-725 mg/kg bw/d, likely too high to reliably assess low dose response.
Based on the above evidence for AA, it is concluded that mutagenic in vitro or in vivo does not necessarily mean a linear dose-response for mutation induction.  The case of the acrylamide supports the notion that while the induction of DNA adducts (biomarker of exposure) shows a linear dose-response, mutation induction (biomarker of effects) may exhibit a non-linear/threshold dose-response relationship. 
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APPENDIX E:  Mutation MOA
PRELIMINARY ANALYSIS OF MOA FOR MUTATION FOR MMS/MNU and EMS/ENU
In response to discussion and Panel recommendations from the October 2010 ARA-sponsored Beyond Science and Decisions: From Problem Formulation to Dose-Response Workshop #2, the case study team reviewed a selected set of published data as part of an initial effort to analyze the available data for a mode-of-action (MOA) for mutation for the genotoxic chemicals under consideration, MMS/MNU and EMS/ENU.  The MOA for mutation assessed here was based on Pottenger and Gollapudi (2010), which includes the following as key events (KE) and potential biomarkers of those key events:

KE1: Internal dose (Protein adducts)

KE2: Dose to critical target (DNA adducts)

KE3: Altered homeostasis (Altered gene expression)

KE4: Genotoxic stress (DNA strand breaks, ↑↑ unrepaired promutagenic DNA adducts)

KE5: Cell replication (Mitotic index)

KE6: Mutation (Phenotypic or genotypic change)
The attached tables (see Appendix E, Tables A, B, C, D) present the data reviewed from individual publications, organized under Key Events 1-6, with the shaded boxes to illustrate where there are data from each publication to address a particular key event.  The Comments section provides some additional details on experimental design and interpretation of results, in particular, where the case study authors agreed or disagreed with the published conclusions.  

While the selected references provided some published data that inform and support certain key events in the proposed MOA for mutation, it is clear from the paucity of shaded boxes that considerable additional work is needed in order to support these key events as part of an analysis of MOA for mutation.  

KE1 (Internal dose):  KE1 is typically only addressed with in vivo data, although it could be addressed by in vitro data.  Of course, if there are reliable and adequate data to support KE2, then there is not the same requirement for KE1 data.  

KE2 (Dose to critical target):  The kind of data needed to support KE2 should meet similar criteria as those described in Jarabek et al., 2009, including data on structural identification of adducts and use of authentic standards (internal and external).  These and other recommendations set a high standard to address relevance of DNA adduct data such as pro-mutagenic character of the adduct and its identification in target tissue.  Most of the currently available data for these chemicals do not meet those standards, although the data published by Swenberg et al. (2008) and Pottenger et al. (2009) incorporated many of these requirements.  The data evaluated focused on N7-alkylG adducts, which are believed to be not pro-mutagenic (Wyatt and Pittman, 2006; Albertini and Sweeney, 2007; Boysen et al., 2009; Jarabek et al., 2009; Shrivastav et al., 2010), and O6-alkylG adducts, believed to be pro-mutagenic.  The N7-alkylG adducts are the most abundant DNA adducts induced by these direct alkylating agents, representing an estimated 86%, 70%, 70-87%, and 14-20% of MMS-, EMS-, MNU-, and ENU-induced adducts, respectively, in mammalian tissues (Beranek, 1990), therefore are the easiest to measure.  The available data indicate that the dose-response for those adducts, once above the background/spontaneous incidence, is likely linear (Swenberg et al., 2008; Pottenger et al., 2009; Brink et al., 2007); therefore it is not clear what role the N7-alkylG adducts might play in the non-linear/threshold dose-response clearly demonstrated for both mutations and micronucleus induction by these genotoxic chemicals.  Likewise, the limited data on O6-alkylG adducts from MMS demonstrates linearity (Swenberg et al., 2008), thus confounding a simple relationship between the non-linear/threshold dose-responses and the induction of these adducts.  Time course data are not available for these adduct measurements, but might help tease out whether there is a reduced formation of either of these adducts either early or late, which may play a role in MOA.

KE3 (Altered homeostasis):  Some published data were identified for KE3, in particular evaluating gene expression changes in MGMT and/or MPG in cells treated with MMS (Doak et al., 2008) and MPG in wild type or MPG-deficient cells treated with EMS/ENU (Zair et al., 2011).  While some significant changes in gene expression were quantified (e.g., increased MGMT gene expression at 4-hr post-treatment time point only, for cells treated with either 0.5 or 1.0 g/ml MMS only; accompanied by a reduction in MGMT immunstained protein at all treatment doses), the gene expression changes were limited to only those low doses and only at single time points following 24-h treatments.  It may be useful to evaluate a time course of gene expression during treatment to see if there were more significant, sustained changes in gene expression.  Again, given the linear DNA adduct dose-response data overall, it is difficult to translate the limited changes in gene expression for these repair proteins, reported only at very specific time points and doses, as causal in the non-linear/threshold dose-response of the mutagenic effects.

KE4 (Increased genotoxic stress) & KE5 (Cell proliferation):  There were no specific data identified to correspond with either KE4 or KE5, although clearly KE5 occurs as the identification of mutant clones requires cell proliferation to form a clone.  Both KE4 and KE5 would benefit from collection of data specifically designed to address those key events. These might include a more detailed evaluation of DNA adduct profiles across the relevant dose-ranges over time, along with quantitation of apurinic sites and single strand breaks (Comet assay) for KE4, and mitotic index data for KE5. 

KE6 (Mutation): KE6 was well-represented in the data reviewed, either as a gene mutation or induced micronuclei.

This preliminary analysis of the MOA for mutation revealed considerable data gaps in support for the stated key events described in the MOA for mutation analysis.  A thorough analysis of the MOA for a mutation response will be an essential element in determination of the underlying biology necessary to understand the non-linear/threshold dose-response relationships demonstrated for certain genotoxic chemicals.
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           MOA Table A. Preliminary Analysis of MOA for Mutation Based on MMS Data Reviewed.
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Compound Reference

In vitro In vivo

Test system

Internal Dose  

(Protein 

Adducts)

Dose to Critical Target 

(DNA Adducts)

Altered Homeostasis (Altered Gene 

Expression)

Genotoxic Stress 

(

↑↑ Unrepaired 

Adducts, DNA Strand 

Breaks)

Cell Replication 

(Mitotic Index)

Mutation 

(Phenotypic 

Change)

Doak et al. , 2007;  

Johnson et al ., 

2009

X AHH-1 cells

Not measured

Not measured

Not measured

Not measured

Cell replication 

occurs during 

expression time and 

clonal growth.

TK and HPRT mutations 

(and MN) measured in 

AHH-1 cells with 

threshold d-r

11-17 doses

; some technical issues (see description in main text);

Based on Doak et al ., 2007, authors' concluded non-linear/threshold dose-

response model best described MMS dose-response for all endpoints (MN and 

HPRT). Dose-response modelling with Lutz' model confirmed that conclusion 

(Johnson et al. , 2009). 



The case study authors agreed with these conclusions.



Doak et al ., 2008

AHH-1 cells

Not measured

N7MeG (not mutagenic) measured in 

AHH-1 cells similarly treated 

demonstrated increases over control at 

NOEL, and above.

MPG gene expression: no change over 24 h 

post-treatment; 

MGMT gene expression: increased only at 4-h 

post-treatment ~2.5x at 0.5 and ~6.5x at 1 

m

g 

MMS/ml;

MGMT protein levels reduced at 24-h post-

treatment (0.5-0.7 of pre-treatment control); 

may signal depletion of MGMT due to O

6

-MeG 

binding.

Johnson et al ., 2008

Not measured Not measured Not measured

4 doses

; Additional work demonstrated increased gene expression of MGMT at a 

single timepoint and at 2 low-doses only (0.5 & 1 

m

g/ml = NOEL doses), along 

with a reduction in MGMT protein at all doses (MMS: 0.5-2 

m

g/ml); 

Authors conclude this explains the non-linear/threshold dose-response for MMS, 

as MGMT will repair O

6

-MeG adducts, thus restoring the normal, unadducted G 

primary sequence.



The case study authors believe that while MMS induction of MGMT may 

contribute to non-linear/threshold d-r, given that O

6

-MeG adducts following MMS 

treatment are linear, it is not clear how a non-linear/threshold d-r could be due 

solely to MGMT repair of O

6

-MeG, which have a linear d-r.

Swenberg et al ., 

2008

X AHH-1 cells

Not measured

N7MeG (not mutagenic) & O

6

MeG 

measured in AHH-1 cells treated with 

MMS

Not measured Not measured Not measured Not measured

Work conducted in same cell line and doses as Doak et al ., 2007.  

Linear dose-response described for N7MeG adducts and O

6

MeG adducts 

induced with

 13

C-MMS.

Authors conclude linear d-r for N7- and O

6

-MeG adducts in AHH-1 cells treated 

with MMS.

The case study authors agree with these conclusions.

Pottenger et al ., 

2009

X

mouse lymphoma cells Not measured

N7MeG (not mutagenic) & O

6

MeG (not 

detectable) measured in mouse 

lymphoma cells treated with MMS; 

Background N7MeG quantifiable; not 

differentiated from exogenous N7MeG

Not measured Not measured

Cell replication 

occurs during 

expression time and 

clonal growth.

TK mutations measured 

in mouse lymphoma 

cells with threshold d-r

8 doses

; authors' concluded clear evidence of statistically demonstrated non-

linear/threshold dose-response (2 different dose-response modelling approaches 

showed threshold as best fit vs linear); NOGEL* also determined with standard 

statistical methods; N7MeG increased at doses that did not show increased 

mutant frequency.

Additional data showed that lack of increased mutant frequency was not due to 

loss of slow-growing mutant colonies.

The case study authors agreed with these conclusions.

Bryce et al ., 2010

X TK6 cells

Not measured Not measured

Not measured Not measured

Cells cultured in 

multi-well plates for 

24-30 hr to allow for 

1.5-2.0 normal cell 

doublings.

MN measured via  FCM 

in TK6 cells with 

threshold d-r

22 doses 

tested; based on statistical dose-response modelling, authors' 

concluded non-linear/threshold dose-response for induction of MN in TK6 cells by 

MMS.

The case study authors agreed with these conclusions.

Key Events in the MOA for Induction of a Mutation by a Genotxic Agent [from Figure 1 (Pottenger & Gollapudi, 2010)

methyl 

methane 

sulfonate 

(MMS)

*NOGEL: No-Observed-Genotoxic-Effect Level


        MOA Table B. Preliminary Analysis of MOA for Mutation Based on MNU Data Reviewed.
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Compound Reference

In vitro In vivo

Test system

Internal Dose  

(Protein 

Adducts)

Dose to Critical Target 

(DNA Adducts)

Altered Homeostasis (Altered Gene 

Expression)

Genotoxic Stress 

(

↑↑ Unrepaired 

Adducts, DNA Strand 

Breaks)

Cell Replication 

(Mitotic Index)

Mutation 

(Phenotypic 

Change)

Doak et al. , 2007; 

Johnson et al ., 

2009

X AHH-1 cells Not measured

N7MeG (not mutagenic) measured in 

AHH-1 cells similarly treated but with 

inadequate sensitivity

Not measured Not measured

Cell replication 

occurs during 

expression time and 

clonal growth.

TK and HPRT mutations 

(and MN) measured in 

AHH-1 cells

11-17 doses

; some technical issues (see description in main text);

Based on Doak et al ., 2007, authors' concluded linear dose-response model best 

described MNU dose-response for all endpoints (MN and HPRT). Later, dose-

response modelling with Lutz' model supported that conclusion for MNU 

(Johnson et al. , 2009). 

The case study authors agreed with these conclusions based on their reported 

data, but not the logic (SN1 vs SN2) used to explain the lack of threshold, nor that 

these data were representative of MNU dose-response for mutagenic effects, 

generally, given other published data clearly demonstrating non-linear/threshold 

dose-responses for MNU over a similar dose-range.

Swenberg et al ., 

2008

X AHH-1 cells Not measured

In progress: N7MeG (not muta-genic) & 

O

6

MeG measured in AHH-1 cells 

similarly treated with MNU

Not measured Not measured Not measured Not measured

Same cell line and doses as Doak et al ., 2007.  

In-progress: Preliminary results indicate linear dose-response for N7MeG adducts 

and O

6

MeG adducts induced with

 13

C-MNU.

Pottenger et al ., 

2009

X

mouse lymphoma cells

Not measured

N7MeG (not mutagenic) & O

6

MeG 

measured in mouse lymphoma cells 

treated with MNU

Not measured Not measured

Cell replication 

occurs during 

expression time and 

clonal growth.

TK mutations measured 

in mouse lymphoma 

cells

8 doses

; authors' concluded clear evidence of statistically demonstrated non-

linear/threshold dose-response (2 different dose-response modelling approaches 

showed threshold as best fit vs linear); NOGEL also determined with standard 

statistical methods.

The case study authors agreed with these conclusions.

Bryce et al ., 2010

X TK6 cells Not measured Not measured Not measured Not measured

Cells cultured in 

multi-well plates for 

24-30 hr to allow for 

1.5-2.0 normal cell 

doublings.

MN measured via  FCM 

in TK6 cells

22 doses

 tested; based on statistical dose-response modelling, authors' 

concluded non-linear/threshold dose-response for induction of MN in TK6 cells by 

MNU.

The case study authors agreed with these conclusions.

*NOGEL: No-Observed-Genotoxic-Effect Level

Key Events in the MOA for Induction of a Mutation by a Genotxic Agent [from Figure 1 (Pottenger & Gollapudi, 2010)

N-methyl-N-

nitrosourea 

(MNU)



MOA Table C. Preliminary Analysis of MOA for Mutation Based on EMS Data Reviewed.
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Compound Article

In vitro In vivo

Test system

Internal Dose  

(Protein 

Adducts)

Dose to Critical Target 

(DNA Adducts)

Altered 

Homeostasis 

(Altered Gene 

Expression)

Genotoxic Stress 

(↑↑ Unrepaired 

Adducts, DNA 

Strand Breaks)

Cell Replication 

(Mitotic Index)

Mutation 

(Phenotypic Change)

Doak et al .,  2007; 

Johnson et al ., 

2009

X AHH-1 cells Not measured Not measured Not measured Not measured Not measured

MN and HPRT mutations; threshold 

response at 1.35 

m

g/ml for MN and 1.4 

m

g/ml for HPRT; no aneuploidy. 

Lutz-model analysis (Johnson et al ., 2009) 

identified inflection points at 1.08 and1.06 

m

g/ml for HPRT and MN, respectively

EMS treatment not toxic over dose range tested: 0.25 - 2.5 

m

g/ml; Johnson et al ., 2009 is 

a reanalysis of data from Doak et al ., 2007

Authors conclude threshold d-r for EMS, not for ENU (linear d-r).



The case study authors agreed with these conclusions based on their reported data, but 

not the logic (SN1 vs SN2) used to explain the lack of threshold, nor that these data were 

representative of ENU dose-response for mutagenic effects, generally, given other 

published data clearly demonstrating non-linear/threshold dose-responses for ENU over a 

similar dose-range.

Bryce et al.,  2010

X TK6 cells Not measured Not measured Not measured Not measured Not measured

MN induced with threshhold at 7.6 -8.1 

m

g/ml

22 doses

 tested up to 50 

m

g/ml; toxicity at threshhold dose not recorded

Based on statistical dose-response modelling, authors concluded non-linear/threshold 

dose-response for induction of MN in TK6 cells by EMS.

The case study authors agreed with these conclusions.

Gocke, Muller,2009

X

CD-1 mice: BM-MN

Hb ethylvaline 

measured

Not measured Not measured Not measured Not measured

MN induced with threshhold at 80 mg/kg/d

Oral gavage; range of 

8 doses

 up to 250 mg/kg/d x 8 d.

Based on statistical dose-response modelling, authors' concluded non-linear/threshold d-r 

for induction of MN in mouse in vivo  by EMS.

The case study authors agreed with these conclusions.

Gocke, Muller,2009

X

transgenic MutaMouse: 

MF in BM, liver, intestine

Hb ethylvaline 

measured

Not measured Not measured Not measured Not measured

lacZ mutations induced in all tissues with 

threshhold responses

Oral gavage; range of

 8 doses 

up to 260 mg/kg/d x 8 d. Threshhold in liver was higher 

than in bone marrow or GI tract.

Based on statistical dose-response modelling, authors' concluded non-linear/threshold d-r 

for induction of lacZ  mutations in mouse in vivo  by EMS.

The case study authors agreed with these conclusions.

Zair et al ., 2011

x

AHH-1, M09I, M09B. TK6

Not measured

N7eG adducts measured for 

single dose EMS; no 

analytical details provided; 

Fig S4 shows 2x adducts in 

AHH-1 vs MPG def M09B 

(44% def in MPG) at 1 mg/ml 

EMS.

MPG mRNA is 

induced by EMS but 

only at single time 

point & lowest doses;

Not measured

cell proliferation rate is 

reduced in MPG-def 

cells

MN induction was threshhold; response 

was reduced and threshhold eliminated in 

MPG-deficient cells.  Threshhold response 

for HPRT mutation was not affected by 

MPR deficiency.

M09I, M09B: MPG-def lines derived from AHH-1. Authors concluded that DNA repair of 

N7eG adducts via  BER drives MN threshold d-r with EMS, but has no impact on ENU 

linear d-r; doses tested 0.25 to 2.5 

m

g/ml.  

Results/interpretation raise several questions for the case study authors: 

1) N7eG most abundant adduct for both EMS (~80%) and ENU (~20%) and d-r very 

similar--why different results for EMS vs ENU if solely due to N7eG; 

2) N7eG mostly removed via  spontaneous depurination (not MPG), so why MPG-def 

impact?; 

3) Not clear that EMS d-r with MPG-def. is not threshold d-r from graph (Fig.2B); 

4) ENU gives threshold d-r with 2 other pubs, but not here--what is different about AHH-1 

cells?

Jenkins et al ., 2010

Review; 

AHH1 and MT1 cell 

comparison

NA NA

MPG-deficient 

mutants used

NA NA

HPRT mutation; taken from other, 

unidentified, source. Apparent threshhold 

with wild-type cells, but not with MMR-

deficient cells

Mismatch repair (MMR)-deficient cells are more sensitive than wild-type cells.  Graph 

presented, but no experimental M&M.  Other data taken from Johnson et al ., 2009.

Key Events in the MOA for Induction of a Mutation by a Genotxic Agent [from Figure 1 (Pottenger & Gollapudi, 2010)

ethyl 

methane 

sulfonate 

(EMS)


    MOA Table D. Preliminary Analysis of MOA for Mutation Based on ENU Data Reviewed.
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Test system

Internal Dose  

(Protein 

Adducts)

Dose to Critical Target 

(DNA Adducts)

Altered 

Homeostasis 

(Altered Gene 

Expression)

Genotoxic Stress 

(↑↑ Unrepaired 

Adducts, DNA 

Strand Breaks)

Cell Replication 

(Mitotic Index)

Mutation 

(Phenotypic Change)

Doak et al .,  2007; 

Johnson et al ., 

2009

X AHH-1 cells Not measured Not measured Not measured Not measured Not measured

MN and HPRT mutations measured in 

AHH-1 cells

Tested at dose range of ~0.25 - 2.0 

m

g/ml; 10% toxicity at top dose; linear d-r; no 

aneuploidy; Lutz-model analysis (Johnson, 2009) confirmed linearity of responses for 

HPRT and MN as a reanalysis of Doak et al.,  2007;

Authors conclude linear d-r for ENU.



The case study authors agreed with these conclusions based on their reported data, but 

not the logic (SN1 vs SN2) used to explain the lack of threshold, nor that these data were 

representative of ENU dose-response for mutagenic effects, generally, given other 

published data clearly demonstrating non-linear/threshold dose-responses for ENU over a 

similar dose-range.

Bryce et al ., 2010

X TK6 cells Not measured Not measured Not measured Not measured Not measured

MN measured in TK-6 cells 

22 doses

 tested up to 100 

m

g/ml; toxicity at threshhold dose not recorded; MN induced 

with threshhold at approx. 2.5 - 5 

m

g/ml

Based on statistical dose-response modelling, authors concluded non-linear/threshold 

dose-response for induction of MN in TK6 cells by EMS.



The case study authors agreed with these conclusions.

Gocke, Muller,2009

X

CD-1 mice: BM-MN

Hb ethylvaline 

measured

Not measured Not measured Not measured Not measured

MN measured in mouse peripheral blood

Oral gavage; range of 

3 doses

 up to 17.8 mg/kg/d x 8 d. 



The case study authors agreed with these conclusions based on their reported data, but 

not the logic (SN1 vs SN2) used to explain the lack of threshold, nor that these data were 

representative of ENU dose-response for mutagenic effects, generally, given other 

published data clearly demonstrating non-linear/threshold dose-responses for ENU over a 

similar dose-range.  Additional, lower doses may give different results.

Gocke, Muller,2009

X

transgenic MutaMouse: 

MF in BM, liver, intestine

Hb ethylvaline 

measured

Not measured Not measured Not measured Not measured

lacZ mutations measured in variety of 

tissues of Mutamouse 

Oral gavage; range of 3 doses up to 17.8 mg/kg/d x 8 d; Induced mutations measured in 

liver, bone marrow and GI tract; induced in all tissues with no threshhold.



The case study authors agreed with these conclusions based on their reported data, but 

not the logic (SN1 vs SN2) used to explain the lack of threshold, nor that these data were 

representative of ENU dose-response for mutagenic effects, generally, given other 

published data clearly demonstrating non-linear/threshold dose-responses for ENU over a 

similar dose-range.  Additional, lower doses may give different results.

Zair et al ., 2011

x

AHH-1, M09I, M09B. TK6

Not measured

No data provided for ENU on 

N7eG adducts.



MPG mRNA is not 

induced by ENU

Not measured Not measured

MN and HPRT d-r linear; 

MN response not reduced by MPG 

deficiency; 

ENU induction of HRPT MF was reduced 

in MPG-def cells; while apoptosis 

increased.

M09I, M09B: MPG-def lines derived from AHH-1. Tested up to 2.0 

m

g/ml for both 

endpoints.  HPRT MF reduced in ENU-treated, MPG-deficient (M09B); while ENU-

induced apoptosis increased.  Authors concluded that DNA repair of N7eG adducts via 

BER drives MN threshold d-r with EMS, but no change with MPG-def when treated with 

ENU (linear d-r); doses tested 0.25 to 2.5 

m

g/ml.  



Results/interpretation raise several questions for case study authors: 

1) N7eG most abundant adduct for both EMS (~80%) and ENU (~20%)--why different 

results for EMS vs ENU if due solely to N7eG repair/not; 

2) N7eG mostly removed via spontaneous depurination (not MPG), so why MPG-def 

impact?; 

3) Not clear that EMS d-r with MPG-def. is not threshold from graph (Fig.2B); 

4) ENU gives threshold d-r with 2 other pubs, but not here--what is different?

Key Events in the MOA for Induction of a Mutation by a Genotxic Agent [from Figure 1 (Pottenger & Gollapudi, 2010)

N-ethyl-N-

nitroso urea 

(ENU)


MMS





MNU








� Contributors: L.H. Pottenger (team leader), E. Zeiger, M.M. Moore, M. Bartholomew T. Zhou.


� Liaison: Haber, L.


� Mutations are heritable changes in genetic information.


� ( Possible sources: Transgenic mutagenicity assay: statistical determination of sample size by Janice D, Callahan A, Jay M. Short, (1995) Mutation Research 327 201-208,; Thybaud IWGTP recommendations on TGR assay (2003).
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