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Addendum on a preliminary analysis of data supporting a mode-of-action (MOA) for mutation.
L.H. Pottenger, M.M. Moore, E. Zeiger, M. Bartholomew, and T. Zhou
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.

[image: image3.emf]Event 1 Event 2 Event 3 Event 4 Event 5 Event 6 COMMENTS

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.

[image: image4.emf]Event 1 Event 2 Event 3 Event 4 Event 5 Event 6 COMMENTS

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 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)
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