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Summary

N-nitrosodimethylamine (NDMA) is a DNA methylating agent that has been discovered to 

contaminate water, food and drugs. The alkyladenine glycosylase (AAG) removes methylated 

bases to initiate the base excision repair (BER) pathway. To understand how gene-environment 

interactions impact disease susceptibility, we study Aag−/− and Aag-overexpressing mice that 

harbor increased levels of either replication-blocking lesions (3-methyladenine, or 3MeA) or 

strand breaks (BER intermediates), respectively. Remarkably, the disease outcome switches from 
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cancer to lethality simply by changing AAG levels. To understand the underlying basis for this 

observation, we integrate a suite of molecular, cellular and physiological analyses. We find that 

unrepaired 3MeA is somewhat toxic but highly mutagenic (promoting cancer), whereas excess 

strand breaks are poorly mutagenic and highly toxic (suppressing cancer and promoting lethality). 

We demonstrate that the levels of a single DNA repair protein tips the balance between blocks and 

breaks, and thus dictates the disease consequences of DNA damage.
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INTRODUCTION

DNA damaging agents lead to changes in DNA structure that can promote cancer and 

other diseases. Distinct types of DNA modifications can result in very different biological 

consequences. Two major classes of DNA damage are blocking lesions (that inhibit DNA 

replication) and single strand breaks (SSBs). A challenge in understanding consequences 

of blocks versus breaks has been that most exposures induce a complex milieu of DNA 

lesions. To overcome this barrier, we manipulated the initial step in base excision repair 

(BER) to favor either excess blocking lesions or excess SSBs. Specifically, the mammalian 

alkyladenine DNA glycosylase (AAG; also known as MPG or ANPG) initiates BER 

by removing the damaged base to create an abasic site, which is then cleaved by AP 

endonuclease (APE1). In the dominant pathway, polymerase β removes the resultant 5’ 

deoxyribose phosphate and inserts a single nucleotide, and the backbone is then sealed by 

ligation. As such, BER creates SSBs as requisite intermediates. For reviews of BER, see 

(Robertson et al., 2009), (Krokan and Bjoras, 2013), and (Wallace et al., 2012). By knocking 
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out Aag, it is possible to study the consequences of unrepaired 3-methyladenie (3MeA), 

a replication-blocking lesion. Conversely, by overexpressing Aag, the impact of elevated 

levels of downstream BER-intermediate SSBs can be evaluated. In this study, we find that 

there is a concert of responses that differ substantially between Aag-knockout mice (Aag−/−, 

(Engelward et al., 1997)) and mice containing a transgenic construct for Aag overexpression 

(AagTg, (Meira et al., 2009), which have ~6x higher AAG activity in the liver compared to 

WT (Calvo et al., 2013)). Within days after a methylating exposure, distinct patterns of early 

physiological changes occur in the Aag−/− and AagTg mice that correlate with either cancer 

(for Aag−/−) or toxicity (for AagTg). The results from these studies thus provide a deeper 

mechanistic understanding of the biological consequences of blocks versus breaks, while 

also pointing to composite biomarkers that can potentially be used to predict the effects 

of seemingly small DNA structural changes that can have large biological consequences. 

Importantly, results show that by simply varying the level of a single DNA repair protein, 

which in turn tips the balance between blocks and breaks, an exposure can have radically 

different disease outcomes: cancer versus death.

It is well established that AAG modulates responses of cells and animals to DNA 

methylating agents (Ensminger et al., 2014, Alhumaydhi et al., 2020, Engelward et al., 

1996, Klapacz et al., 2010, Allocca et al., 2017, Meira et al., 2009, Calvo et al., 2013, 

Calvo et al., 2016, Allocca et al., 2019). However, prior studies have been almost exclusively 

focused on model methylating agents, for which human exposure is unlikely. Here, we 

have turned our attention to an environmental contaminant that is a major public health 

concern, N-nitrosodimethylamine (NDMA). NDMA is potently genotoxic and carcinogenic 

in animals (Dass et al., 1998, Dass et al., 1999, Nishikawa et al., 1997, Peto et al., 1991, 

Vesselinovitch, 1969, Weghorst et al., 1989), and has been classified as an IARC Group 

2A probable human carcinogen (IARC, 2010). Its genotoxicity is dependent upon metabolic 

activation by CYP2E1, which produces the highly reactive methyldiazonium ion (Haggerty 

and Holsapple, 1990, Lee et al., 1996, Sohn et al., 1991), which reacts with DNA to create 

3MeA, O6-methylguanine (O6MeG), and other DNA lesions (Swenberg et al., 1991, Pegg 

and Hui, 1978, Souliotis et al., 1998, Beranek, 1990). Importantly, irresponsible disposal of 

industrial waste has resulted in massive levels of NDMA contamination in the environment. 

For example, ineffective containment of more than 20 million gallons of chemical waste at 

the Olin Chemical Superfund Site led to NDMA contamination of the local drinking water 

supply. NDMA is also present in food, including processed meat, which was designated 

an IARC Group 1 known human carcinogen in 2015 (IARC, 2015). It also contaminates 

many public water supplies as a result of certain water treatment processes (Richardson, 

2003, Kimoto, 1980, Sedlak et al., 2005, Mitch and Sedlak, 2004). Furthermore, a recent 

public health crisis has emerged due to high levels of NDMA contamination in commonly 

used drugs taken by millions of people (Pottegard et al., 2018, Scherf-Clavel et al., 2019, 

Sorgel et al., 2019, Tsutsumi et al., 2019, Parr and Joseph, 2019). While O6MeG lesions 

are known to be mutagenic and have been intensely studied, 3MeA lesions are also 

highly consequential, but less well-studied. While studies are underway to interrogate the 

contributions of O6MeG to NDMA-induced disease, here we were able to isolate the specific 

consequences of unrepaired 3MeA and its downstream repair intermediates by modifying 

the levels of the enzyme responsible for its excision, namely, AAG.

Kay et al. Page 3

Cell Rep. Author manuscript; available in PMC 2021 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While AAG has several substrates, 3MeA is among the most consequential, because its other 

methylated substrates are either relatively benign (e.g., 7MeG) or far less prevalent than 

3MeA (e.g., 3MeG) (Strauss et al., 1975). Although 7MeG can depurinate to form abasic 

sites (t1/2 = ~69h) (Gates et al., 2004), these would arise gradually and so the biological 

impact of an AAG deficiency is likely driven by 3MeA. This single aberrant methyl group 

inhibits replicative polymerases, possibly due to disruption of critical hydrogen bonding 

between the polymerase and the N3 position of adenine that are required for stabilization 

and extension (Plosky et al., 2008, Doublie and Ellenberger, 1998, Larson et al., 1985). Cells 

have two major responses for tolerating replication blocking lesions, namely, recruitment of 

translesion polymerases and induction of homologous recombination (HR). In vitro studies 

indicate that while lower fidelity translesion synthesis (TLS) polymerases can replicate 

past potentially toxic 3MeA lesions, the process is significantly mutagenic (Plosky et al., 

2008, Johnson et al., 2007, Yoon et al., 2017, Monti et al., 2010). Alternatively, polymerase 

stalling can stimulate homologous recombination (HR) (Ait Saada et al., 2018, Lambert et 

al., 2010, Yeeles et al., 2013, Marians, 2018, Engelward et al., 1996). Although HR is often 

considered error-free, misalignments and strand slippage during HR can lead to large-scale 

sequence rearrangement mutations, including insertions, deletions, translocations, and loss 

of heterozygosity that promote cancer (Gupta et al., 1997, Lambert et al., 2010, Lambert et 

al., 2005, Piazza et al., 2017, Shao et al., 1999, Pal et al., 2011, Strout et al., 1998, Aissi-Ben 

Moussa et al., 2009, Bishop and Schiestl, 2001, Kolomietz et al., 2002, Ogiwara et al., 2008, 

Haigis and Dove, 2003, Zhang et al., 2011, Cui et al., 2011, Anwar et al., 2017). Given that 

3MeA can induce TLS and HR, a focus of this particular study is on susceptibility of mice 

to 3MeA-driven point mutations and large-scale sequence rearrangements. Interestingly, the 

predicted effects of Aag overexpression are very different. High levels of AAG activity 

cause an increase in the levels of SSBs (Alhumaydhi et al., 2020, Allocca et al., 2019, 

Parrish et al., 2018, Margulies et al., 2017) that cannot be bypassed by polymerases. 

Indeed, SSBs promote replication fork breakdown, leading to one-ended double strand 

breaks (DSBs) that can both signal for cell death and trigger HR.

To learn about the progression from exposure-induced DNA damage to disease for an 

environmentally relevant hazardous chemical, we compared Aag−/− and AagTg mice for 

initial DNA and tissue damage, mutations, and downstream cancer in the liver (where 

NDMA is metabolically activated). We found that Aag−/− mice have a dramatic increase in 

mutations and cancer in the liver compared to WT mice. In contrast, mutations and cancer 

were significantly reduced in AagTg mice relative to WT mice. Prior studies have linked 

AAG-induced SSBs to cytotoxicity (Calvo et al., 2013, Allocca et al., 2017, Allocca et al., 

2019, Margulies et al., 2017), and so cell death may prevent mutant cells from surviving 

and inducing cancer. While seemingly beneficial, the cost is that there is increased tissue 

damage and lethality. Interestingly, the suite of responses uncovered in Aag−/− and AagTg 
mice also occur in WT mice, but to a lesser extent. Thus, cells with balanced BER still 

contend with the consequences of both unrepaired 3MeA and its downstream SSBs, but they 

are ultimately protected from the extreme adverse outcomes observed in mice with either too 

little or too much Aag expression. Taken together, this study points to reduced AAG activity 

as a risk factor for NDMA-induced liver cancer, whereas elevated AAG activity increases 

risk for toxicity-driven phenotypes. As people are quite variable in their AAG levels (Calvo 
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et al., 2013, Crosbie et al., 2012, Hall et al., 1993), this study points to AAG activity levels 

as a potentially deciding factor for disease susceptibility for people exposed to NMDA.

RESULTS

NDMA is potently point mutagenic, particularly in AAG-deficient mice

While it is known that DNA damage can induce mutations that cause cancer, the relative 

impact of an unrepaired DNA base adduct versus its downstream intermediates on point 

mutations had not been explored previously. We leveraged the gpt delta transgenic 

mouse model developed by the Nohmi laboratory (Nohmi et al., 1996), which enables 

quantification of point mutations via heterologous gene expression in E. coli. Briefly, 

these mice contain multiple copies of the bacterial nucleotide salvage pathway guanine 

phosphoribosyltransferase (gpt) gene, which confers sensitivity to 6-thioguanine. DNA 

extracted from gpt delta mouse tissues can be packaged into phage and transformed into 

E. coli, and bacteria that receive a mutant gpt gene can form colonies on 6-thioguanine 

selection plates. The frequency of resultant colonies thus correlates to the number of 

mutations that occurred in the mouse.

We studied point mutations in livers from WT, Aag−/− and AagTg mice exposed to 10.5 

mg/kg NDMA, injected intraperitoneally in mice in a split dose at 8 (3.5 mg/kg) and 15 

days old (7 mg/kg), a dosing regimen that was previously shown to cause liver and lung 

tumors in C57Bl6 mice (Dass et al., 1998) (Figure S1). We extracted genomic DNA from 

livers 10 weeks after exposure, a timepoint at which there was no histological evidence of 

neoplastic changes (Figure S2), thus reducing the possibility that mutations were caused 

by a tumor-associated mutator phenotype. We observed increased levels of hepatocellular 

degeneration and hypertrophy at 10 weeks in all mice treated with NDMA, but these did 

not differ significantly between NDMA-treated groups (Figure S2). When we analyzed point 

mutations, we observed a significant increase in WT mice (Figure 1A), consistent with the 

ability of NDMA to create point mutagenic DNA damage (Pegg and Hui, 1978, Souliotis 

et al., 1998, Swenberg et al., 1991, Beranek, 1990). Aag−/− mice, on the other hand, 

have a greatly enhanced susceptibility to NDMA-induced mutations (Figure 1A) which is 

consistent with evidence that replication past 3MeA lesions via TLS polymerases leads to 

the insertion of incorrect nucleotides (Monti et al., 2010, Johnson et al., 2007, Plosky et al., 

2008).

Excision of 3MeA by AAG produces an abasic site, which can inhibit polymerases (Pages 

et al., 2008), and TLS bypass of abasic sites can result in point mutations (Haracska et 

al., 2001, Zhang et al., 2000). We therefore hypothesized that mice overexpressing Aag 
would show an increase in point mutations compared to WT mice due to increased abasic 

sites. However, AagTg mice showed a significantly lower frequency of point mutations than 

WT, and far lower than that of Aag−/− mice (Figure 1A). This result is consistent with 

AAG-mediated abasic sites being quickly processed by APE1 into SSBs, which cannot be 

mutagenic via TLS.
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NDMA induces phosphorylation cascades indicative of HR induction

When replication forks encounter lesions that inhibit progression, such as SSBs or 

replication-blocking lesions, the stalled or broken fork be restored by HR. However, mis­

insertion during replication fork repair can lead to large-scale sequence rearrangements 

that are known to drive cancer (Strout et al., 1998, Pal et al., 2011, Aissi-Ben Moussa et 

al., 2009, Bishop and Schiestl, 2001, Kolomietz et al., 2002, Ogiwara et al., 2008, Haigis 

and Dove, 2003). We therefore investigated the possibility that NDMA is recombinogenic 

in vivo. Specifically, since DNA damage induces a DNA damage response (DDR) 

characterized by activation of ATM and ATR kinases (Matsuoka et al., 2007), we analyzed 

the putative ATM/ATR substrate motif-specific phosphoproteome of control and NDMA­

exposed WT mice. Analysis shows activation of DDR 24h post-exposure, consistent with 

stress responses to DNA damage (Figure 1B and Table S1). In particular, we observed 

phosphorylation of proteins associated with DSB recognition (blue font), including at the 

known DNA damage-regulated S732 site of MDC1 (Matsuoka et al., 2007), the ATM 

autophosphorylation site S1987 (Daniel et al., 2008, Pellegrini et al., 2006), and as yet 

uncharacterized sites on the DSB recognition proteins 53BP1 (S579) and NBN (S508). We 

also found that NDMA induced phosphorylation at sites associated with replication stress 

and DNA damage (red font), including H2AX S140 (Mazouzi et al., 2016), MCM6 S704 

(Mazouzi et al., 2016), and MCM2 S108 (Cortez et al., 2004, Charych et al., 2008). Finally, 

we identified increased phosphorylation of HR proteins at known activation sites (green 

font), including RAD50 S635 (Gatei et al., 2011) and UIMC1 (aka RAP80) S402 (Yang 

et al., 2018, Matsuoka et al., 2007, Wang et al., 2007) as well as at uncharacterized sites 

on the HR proteins BRCA1 (S1422), RAD51c (S347), and ABRAXAS1 (S48). Notably, 

the S1422 site on mouse BRCA1 has high sequence similarity to the human BRCA1 site 

S1423, which is important for HR activity (Beckta et al., 2015), the G2/M checkpoint (Xu 

et al., 2001), and acetylation of p53 (Li et al., 2019). Given this molecular evidence that 

NDMA induces DNA damage, replication stress, and HR, we next turned our attention to a 

phenotypic readout for HR events.

NDMA lesions repaired by AAG are more recombinogenic than their downstream repair 
intermediates

To more directly assess HR, we performed a functional assay for genetic sequence 

rearrangements 10 weeks post-exposure. The RaDR transgenic mouse model enables 

evaluation of the frequency of mutagenic recombination events in whole-mount tissues 

(Sukup-Jackson et al., 2014). The RaDR transgene (shown in Figure 1C) contains a direct 

repeat of truncated EGFP expression cassettes at the ubiquitously expressed Rosa26 locus 

(Sukup-Jackson et al., 2014, Soriano, 1999). Upon recombination between the cassettes, 

full-length EGFP cDNA can be produced and expressed, creating a fluorescent signal 

(as shown in Figure S3). The frequency of this specific mutagenic recombination event 

can be readily visualized in whole-mount tissue where fluorescent foci are indicative of 

recombination events (Figures 1D and S3). To achieve rapid and unbiased quantification, 

we developed a machine learning algorithm to enumerate fluorescent foci in whole-mount 

liver tissue and normalize to tissue area (see STAR methods and Figure S4). Here, we 

demonstrate that NDMA is highly recombinogenic in vivo (Figure 1D and E).
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As SSBs are known to cause fork breakdown, which stimulates HR, we predicted 

that AagTg mice would be highly susceptible to NDMA-induced recombination events. 

Unexpectedly, AagTg mice showed a strong reduction in HR events compared to WT 

mice (Figure 1D and E). This observation raises the possibility that damaged cells are 

also susceptible to cell death as well as HR. In contrast to the AagTg mice, Aag−/− mice 

have a significant increase in susceptibility to mutagenic recombination compared to WT 

(Figure 1D and E). This result is consistent with prior in vitro studies showing that 3MeA is 

recombinogenic (Engelward et al., 1996, Hendricks et al., 2002, Engelward et al., 1998), and 

with the possibility that 3MeAs are less toxic than SSBs, allowing for more mutant cells to 

survive.

DNA strand breaks and chromosomal instability are modulated by AAG activity

Given that both replication-blocking lesions and SSBs can cause fork breakdown, we next 

asked if AAG modulates the levels of DSBs. Phosphorylation of the histone variant H2AX at 

Ser139 (γH2AX) occurs at sites of replication stress, most significantly in response to DSBs 

(Bekker-Jensen and Mailand, 2010, Scully and Xie, 2013, Stucki et al., 2005, Ward and 

Chen, 2001, Chanoux et al., 2009), as well as in response to SSBs (Katsube et al., 2014). We 

therefore approximated the frequency of cells that harbor an increase in strand breaks 24h 

post-exposure by quantifying cells with five or more γH2AX foci (Figure 2A, white arrow). 

In WT mice, we observed a significant increase in the levels of cells with increased levels 

of γH2AX foci, consistent with NDMA-induced strand breaks (Figure 2C). Consistent with 

the lack of glycosylase activity in Aag−/− mice, we observed fewer cells with γH2AX foci 

relative to WT mice (Figure 2C).

We next quantified cells with γH2AX foci in livers of AagTg mice (Figure 2C). We 

observed comparable levels of γH2AX-positive cells for AagTg mice compared to WT 

(Figure 1E), despite previous studies showing increased induction of SSBs following 

alkylating exposures in these mice (Allocca et al., 2019). A potential explanation for these 

observations is that excess SSBs cause such a strong DNA damage response that cells die 

instead of undergoing mutagenesis. To explore this possibility, we evaluated pan-nuclear 

staining of γH2AX (Figure 2A, red arrows), which occurs when there is an overwhelming 

amount of DNA damage (Moeglin et al., 2019, Baritaud et al., 2012, Ewald et al., 2007). 

Although we observed similar levels of pan-nuclear staining for all genotypes (Figure 2D), 

during our analysis, we also observed super-bright pan-nuclear γH2AX staining, which 

has previously been shown occur in apoptotic cells due to cytotoxic damage in S-phase 

(Moeglin et al., 2019, Ewald et al., 2007, Huang et al., 2004) (Figure 2A, red asterisk). 

Using ImageJ (NIH), a high threshold for pixel intensity (combined with exclusion of cells 

with subnuclear foci) was applied to identify cells with exceptionally intense pan-nuclear 

staining (see STAR methods). Interestingly, AagTg livers showed a dramatic increase in the 

frequency of super-bright pan-stained nuclei, whereas WT and Aag−/− showed only slight 

increases (Figure 2E). These results indicate that AagTg cells have extremely high levels 

of DNA damage that potentiate cell death, which would be consistent with reduced mutant 

cells at 10 weeks.
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In addition to induction of γH2AX, DSBs can also lead to the formation of micronuclei 

(MN) in dividing cells (an example of a hepatocyte with MN is shown in Figure 2B). 

We observed a significant increase in MN in NDMA-treated WT mice, a result that is 

consistent with DSBs during cell division (Figure 2F). (Note that division was similar 

among NDMA-treated groups as evidenced by Ki67; Figure S5.) Interestingly, Aag−/− mice 

showed similar levels of MN induction as WT. In contrast, the AagTg mice had significantly 

higher frequencies of MN than WT, consistent with the observation that these mice are 

susceptible to overwhelming amounts of DSBs. Since overwhelming and persistent DNA 

damage can be cytotoxic, we next analyzed the frequency of cell death in vivo.

NDMA causes hepatotoxicity in mice with imbalanced BER

To determine the acute hepatotoxic effects of NDMA in mice, we evaluated apoptosis and 

histopathological changes in livers 24 hours after the second NDMA injection. Consistent 

with induction of cytotoxic DNA damage, we observed an increase in apoptotic events in 

all NDMA-treated livers, with significantly more apoptosis in Aag−/− compared to WT and 

the highest degree in AagTg livers (Figure 3A). Histologically, all groups of NDMA-treated 

mice had changes consistent with hepatocellular necrosis and degeneration (Figure 3B and 

C), which were often noted in centrilobular regions (Figure S6B, D, F, H, J, and L). 

Remarkably, AagTg livers exhibited significantly higher histological scores of centrilobular 

necrosis compared to both WT and Aag−/− (Figure 3B). The centrilobular lesions in AagTg 
livers contained multiple necrotic hepatocytes, characterized by increased cytoplasmic 

eosinophilia and nuclear fragmentation, which were surrounded by vacuolated eosinophilic 

hepatocytes (degeneration) and low numbers of leukocyte infiltrates at the periphery (Figure 

S6J and L). Aag−/− mice had increased hepatocellular necrosis and degeneration compared 

to WT mice (Figure 3B and C), with multifocal areas of hepatocellular degeneration mixed 

with an increased number of necrotic hepatocytes and inflammatory cell infiltrates (Figure 

S6F and H). WT livers showed multifocal areas of mild hepatocellular degeneration mixed 

with foci of single cell necrosis in centrilobular zones (Figure S6B and D). Together, these 

lesions were consistent with previous studies in laboratory rodents exposed to NDMA 

(Tolba et al., 2015, Barnes and Magee, 1954, George et al., 2019).

Hepatocellular necrosis and degeneration are well-known for their ability to elicit 

inflammation (Sachet et al., 2017, Westman et al., 2019, Iyer et al., 2009). Analysis 

shows that the cumulative inflammation score, representing all zones of the hepatic lobules 

(centrilobular, midzonal, and portal), was markedly enhanced in all mice treated with 

NDMA (Figure 3D). (Inflammation scores for centrilobular and midzonal regions are 

shown in Figure S6M and N). Livers from NDMA-treated Aag−/− and AagTg mice had 

significantly higher inflammation scores than those of WT animals (Figure 3D). These 

results suggest that inflammatory cell recruitment is likely mediated by mechanisms 

dependent on NDMA hepatotoxicity and AAG function. In addition, the significant 

increase in cytotoxicity and inflammation in Aag−/− livers compared to WT supports the 

hypothesis that unrepaired blocking lesions can produce an overwhelming DNA damage 

response, leading to toxicity that drives inflammation. It is noteworthy, however, that Aag−/− 

hepatocytes are less susceptible to cytotoxicity, inflammation, and induction of super-bright 
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pan-nuclear γH2AX and MN than AagTg, suggesting that blocking lesions are less toxic 

than SSBs.

AagTg mice are susceptible to NDMA-induced lethality

In addition to acute hepatotoxic lesions, we also observed diminished survival in NDMA­

treated AagTg mice. Over 12% of AagTg mice died within two weeks of injection, whereas 

nearly all WT and Aag−/− mice survived exposure to NDMA (>98%; Table 1). Previous 

work has shown that acute toxic effects of NDMA occur predominantly in the liver, with 

minimal evidence of toxicity in other organs in the first few days after exposure (Barnes and 

Magee, 1954). Thus, elevated animal lethality supports a model wherein AagTg livers are 

particularly sensitized to NDMA toxicity. Our observation that imbalanced BER is lethal is 

supported by previous studies showing that AagTg mice have a significantly lower LD50 for 

alkylating agents compared to WT (Calvo et al., 2016) and Aag−/− mice (Calvo et al., 2013).

AAG activity reduces susceptibility to liver cancer

To learn about the impact of AAG levels on cancer risk, we let mice age for ~10 months to 

allow time for liver tumors to develop (the average age at necropsy of each saline treatment 

group was between 10.4–10.6 months, and the average age of each NDMA treatment group 

was 10.0–10.2 months). We observed a high incidence of macroscopic tumor induction in 

WT mice, with 67% of NDMA-treated animals developing visibly evident tumors (Table 

2). Tumor multiplicity was generally low, wherein no mouse developed more than 5 visible 

tumors and the median number of tumors was 1 (Figure 4 and Table 2).

Aag−/− mice developed significantly more grossly visible tumors than WT mice. In total, 

86% of Aag−/− mice developed tumors, and the median number of tumors per mouse was 

significantly higher (4.5 tumors/mouse; Table 2). Considering these data in the context of 

early phenotypes, it becomes apparent that 3MeA is highly mutagenic and only moderately 

cytotoxic, which is consistent with survival of cells that acquire tumorigenic mutations. In 

striking contrast, we observed reduced tumor induction in AagTg mice compared to WT 

(and far lower tumor induction compared to Aag−/−; Table 2 and Figure 4). Less than half of 

AagTg mice developed any macroscopic tumors, and therefore the median number of tumors 

was 0 (Table 2). Of note, diminished induction of mutant cells in AagTg mice correlated 

with reduced susceptibility to tumorigenesis.

Integration of discrete endpoints reveals biomarkers upstream of cancer and lethality

To gain an integrated understanding of how different phenotypes are related to one another, 

we combined data sets, as shown in Figure 5. Starting from the top and working clockwise, 

we have plotted key observations from our experiments in chronological order. These 

include DNA damage (γH2AX foci), replication stress (super-bright pan-nuclear γH2AX), 

chromosomal instability (micronuclei), cytotoxicity (apoptosis), animal lethality, point 

mutations, recombination events, and tumor induction. Medians or means were normalized 

to the highest scoring group for that endpoint (e.g., NDMA-treated Aag−/− mice developed 

the most tumors [median = 4.5], so all tumor burden medians were normalized to Aag−/− 

NDMA). Light-colored lines show the results for saline-treated mice, and dark colors show 

the results for NDMA-treated groups.
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Although markers of genotoxicity and animal lethality in NDMA-treated Aag−/− mice were 

lower than or equivalent to those of WT mice, cytotoxicity was significantly increased, and 

there was very strong induction of mutations and tumors. In stark contrast, overexpression 

of Aag led to poor outcomes shortly after NDMA exposure (including genotoxicity, 

cytotoxicity, and lethality), and mutations and cancer are low. It is remarkable that for WT 

mice, the integrated toxicity-related phenotypes (on the right side) as well as the integrated 

mutagenicity/cancer phenotypes (on the left side) are both reduced compared to Aag−/− and 

AagTg mice. In fact, response patterns in WT mice show some similarities to both the 

Aag−/− and the AagTg mice, which is consistent with NDMA exposure both saturating AAG 

excision capacity (leading to persistent 3MeA) while simultaneously causing stress to the 

downstream BER pathway (leading to increased SSBs and DSBs). Ultimately, the ability 

to both excise replication blocking lesions and complete the BER pathway mitigates the 

extreme adverse effects of both replication blocks and strand breaks.

DISCUSSION

In this work, we have explored the relationships of two fundamentally different classes 

DNA damage with cancer and lethality, namely lesions that block replication and strand 

breaks. By varying Aag expression, we were able to specifically probe the consequences 

of unrepaired replication-blocking 3MeA and SSBs formed as BER-intermediates. With a 

focus on NDMA, a carcinogen that contaminates water, food, and drugs, we found that 

AAG has an enormous impact on whether cells will survive DNA methylation damage and 

whether they will eventually develop mutations and cancer. Given that individuals are known 

to vary in AAG activity, this study points to AAG as being a key variable that dictates 

the health impact of DNA methylation damage. Methylating agents are not only important 

environmental contaminants, but they are also used as chemotherapeutic agents to treat 

cancer. As such, the results of this work have broad relevance to public health as well as to 

personalized medicine for cancer patients.

We aimed to integrate across multiple phenotypes over time in order to uncover 

biomarkers with predictive potential for downstream cancer. By presenting the integration 

of phenotypes in the radar plots, a holistic perspective on biological responses in WT, 

Aag−/− and AagTg mice is gained. We found that phenotypes related to toxicity are high 

in the AagTg mice, while downstream mutations and cancer endpoints are equivalent 

to or lower than WT. In contrast, the Aag−/− mice have results heavily skewed toward 

mutations and cancer with weaker indicators of genotoxicity. These results support a 

model wherein blocking lesions repaired by AAG are moderately cytotoxic but highly 

mutagenic, whereas BER intermediates (e.g., SSBs) are highly toxic, reducing survival of 

damaged cells and suppressing the development of mutations, but at the cost of increased 

lethality. Interestingly, strand break-induced toxicity appears to be protective against cancer, 

consistent with a broad literature showing that disabling apoptosis signaling accelerates 

cancer (Norbury and Zhivotovsky, 2004, Foster et al., 2012, Lowe and Lin, 2000, Roos and 

Kaina, 2013). Notably, WT mice show responses that are consistent with both unrepaired 

3MeA and SSBs, but each to a lesser extent. Thus, the ability to initiate repair is key to 

cancer prevention, and completion of the BER pathway is key to prevention of toxicity.
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The results of these experiments are consistent with previous studies showing reduced 

toxicity from 3MeA relative to BER intermediates (Sobol et al., 2003, Meira et al., 2009, 

Calvo et al., 2013, Margulies et al., 2017, Allocca et al., 2019, Ebrahimkhani et al., 2014, 

Kisby et al., 2009). In fact, knockout of Aag has been shown to reduce SSBs (Ensminger 

et al., 2014) and protect against alkylation-induced toxicity and degeneration in the retina 

and cerebellum (Meira et al., 2009, Allocca et al., 2019, Calvo et al., 2013, Margulies et al., 

2017), and overexpression of Aag results in elevated levels of SSBs (Margulies et al., 2017) 

and sensitizes cells to alkylation-induced toxicity (Hendricks et al., 2002, Ibeanu et al., 

1992). In terms of cancer, Aag−/− mice have been found to be more susceptible to exposure­

induced mutations and tumors in the colon (Calvo et al., 2012, Meira et al., 2008, Wirtz et 

al., 2010, Fahrer et al., 2015). Interestingly, however, the specific biological consequences 

of AAG appear to vary by context. For example, both overexpression and knockout of Aag 
have been associated with chromosomal aberrations in mammalian cell culture (Coquerelle 

et al., 1995, Ensminger et al., 2014, Kaina et al., 1993, Engelward et al., 1998, Ibeanu et al., 

1992, Engelward et al., 1996). Additionally, we have previously observed that knockout of 

Aag protects against methylation-induced immune cell infiltration and inflammation in the 

retina, whereas here we observed increased immune cell infiltration in the NDMA-treated 

liver of Aag−/− mice, pointing to tissue-specific differences. We have also shown that 

treatment of Aag−/− mice with the alkylating agent methyl nitrosourea (which causes the 

same lesions as NDMA) did not significantly induce sequence rearrangement mutations in 

the pancreas (Kiraly et al., 2014), suggesting tissue-specific differences in mutagenesis, as 

has previously been described (Loktionov et al., 1990, Schmezer et al., 1994, Mientjes et 

al., 1998, Wang et al., 1998). One possibility is that TLS is less efficient in the liver relative 

to the pancreas (exacerbating the consequences of blocking lesions). Indeed, TLS capacity 

has been shown to be highly variable depending on cell type (Cruet-Hennequart et al., 2009, 

Makridakis and Reichardt, 2012, Lange et al., 2011).

An unexpected pattern revealed by our analyses was the lack of consistency between 

γH2AX staining and recombination events, despite the fact that DSBs are repaired by HR 

during S/G2. Interestingly, for AagTg mice (wherein increased SSB-induced replication fork 

breakdown can be restored by mutagenic HR; Figure S7A), we observed similar induction 

of γH2AX foci as WT, leading one to predict similar degrees of HR induction in WT 

and AagTg mice. However, AagTg mice showed a significantly reduced frequency of cells 

harboring HR-driven mutations compared to WT. Analyses of super-bright pan-γH2AX 

staining (indicative of toxic replication stress), MN induction, apoptosis, and necrosis all 

suggest that damaged cells are being eliminated rather than surviving with mutations. On 

the other hand, livers from Aag−/− mice showed significantly reduced γH2AX staining 

compared to WT, and yet they developed significantly more HR-driven mutations. The 

susceptibility of Aag−/− mice to mutagenic recombination may therefore reflect DSB­

independent HR events. While several studies have linked replication blocking lesions to 

HR through an endonuclease that creates DSBs (Saugar et al., 2013, Willis and Rhind, 2009, 

Hanada et al., 2006, Hanada et al., 2007), direct evidence of blocking lesions leading to 

fork breakdown and free DSB ends is lacking, in part because the predominant method 

for studying so-called blocked replication forks is to deplete cells of nucleotides, which is 

quite different from inducing damage that inhibits polymerases. Indeed, blocking lesions are 
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known to induce template switching (Ait Saada et al., 2018, Lambert et al., 2010, Marians, 

2018), and our data suggest that this is likely the dominant response to blocking lesions. In 

the case of the direct repeat HR substrate used for these studies, fork reversal (caused by 

leading strand blockage) may lead to misalignments that reconstitute the full-length EGFP 

cDNA (Figure S7B). Alternatively, lagging strand blockage can be bypassed by invasion of 

the sister chromatid, and misalignment during this process can also restore full-length EGFP 

(Figure S7C).

An exciting aspect of this study is that the combination of gpt delta and RaDR transgenes 

enables analyses of both point mutations and mutagenic recombination events within the 

same tissues. RaDR mutations can be evaluated by fluorescent microscopy on fresh tissue 

in mere minutes, and following imaging, the tissues can be flash frozen for subsequent gpt 
point mutation analyses. Using our dual detection approach, we show that conditions that 

promote point mutations also promote sequence rearrangements, an observation that has 

been suggested by many diverse studies but has proven difficult to demonstrate directly. 

While the RaDR and gpt delta assays cannot capture all possible genetic alterations that 

may drive cancer, such as chromosomal aberrations, they provide important information 

about two major classes of mutations. Importantly, the results of this study show strong 

predictive capacity of RaDR and gpt mutation assays for cancer risk, suggesting these 

assays may serve as effective surrogates for time- and resource-intensive carcinogenicity 

studies, especially for DNA damaging agents. Furthermore, results indicate that genotoxicity 

analyses, such as γH2AX and MN, are not as effective in predicting cancer risk as analyses 

of mutations, and may even be misleading if not combined with analyses of toxicity.

A major challenge in chemotherapy is the risk of mutations that drive secondary cancers 

(Choi 2014). Ideally, a drug or combination of drugs would be toxic without being 

mutagenic. The approaches described here present an interesting opportunity to optimize 

cancer chemotherapeutics by integrating multiple early stage biomarkers predictive of 

both toxicity and downstream cancer. Evaluation of mutagenicity with RaDR;gpt mice in 

combination with analyses of DNA damage (e.g., γH2AX and MN) and toxicity may prove 

to be an effective strategy for optimizing treatments so as to avoid secondary cancers before 

going to clinical trials. This is particularly important for childhood cancer therapies, for 

which secondary cancers can arise over a decade after treatment.

In addition to replication fork breakdown-associated DSBs that signal apoptosis, prior 

studies show that overactivity of PARP is a significant modulator of AAG-driven toxicity 

due to increased strand breaks and PARP-1 hyperactivation (Alhumaydhi et al., 2020, 

Allocca et al., 2017, Allocca et al., 2019). PARP-1 stimulates repair of SSBs by 

polymerizing ADP-ribose from NAD+, so an excess of DNA damage causes NAD+ 

depletion and a form of programmed necrotic cell death termed parthanatos (Yu et al., 

2002, Zhao et al., 2018, Xu et al., 2006). We have previously shown that AagTg mice 

experience elevated cytotoxicity and tissue degeneration from DNA alkylating treatments 

in the cerebellum, retina, spleen, thymus, bone marrow, and pancreas (Calvo et al., 2013, 

Allocca et al., 2017, Allocca et al., 2019, Margulies et al., 2017), and that this is often 

dependent on PARP-1. Indeed, histopathology of NDMA-treated AagTg livers showed 

significantly elevated necrosis over that of WT and Aag−/− livers. It is also noteworthy that 
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PARylation by PARP-1 facilitates the recruitment of several proteins involved in HR (Haince 

et al., 2008, Bryant et al., 2009, Li and Yu, 2013); as a result, NAD+ depletion in AagTg 
cells may have prevented effective HR, leading to the observed reduction in HR-driven 

mutations in those mice. Since high levels of cytotoxicity drive degenerative diseases and 

aging, individuals with high AAG activity may be at elevated risk for such pathologies. In 

this context, it is interesting to note that AagTg mice have approximately 6-fold higher AAG 

activity than WT in the liver (Calvo et al., 2013), whereas AAG activity can vary by as much 

as 20-fold among people (Calvo et al., 2013, Crosbie et al., 2012, Hall et al., 1993), calling 

attention to the biological relevance of this study.

The work presented here uncovers a variety of insights regarding human susceptibility 

to disease. NDMA contamination is widespread, and there are many sources of human 

exposure. Since people have been shown to vary substantially in AAG activity (Chaim 

et al., 2017, Calvo et al., 2013, Crosbie et al., 2012, Leitner-Dagan et al., 2012), our 

research may provide a means of stratifying exposed populations into low- and high-risk 

categories for different adverse health outcomes. For example, DNA methylating agents 

are often used for cancer chemotherapy, and so knowledge of the levels of AAG in a 

tumor can be used for precision medicine, since high levels of AAG would predict effective 

cytotoxicity, whereas low AAG would point to increased mutations (and potentially more 

aggressive tumors). Indeed, studies have shown that some individuals have very low levels 

of AAG activity in peripheral blood mononuclear cells (Calvo et al., 2013), raising the 

possibility that these individuals are more vulnerable to methylation-induced cancers. Future 

epidemiological studies will be very interesting in this context. Importantly, from the public 

health perspective, novel technologies that enable screening of people for their AAG activity 

(Nagel et al., 2014, Chaim et al., 2017) are paving the way for precision prevention. Taken 

together, the results of this study provide a basis for advancements in predicting outcomes 

of exposure to DNA alkylating agents that promise to help in both treating and preventing 

cancer.

Limitations of the study

A limitation of this study is that the analysis of the phosphoproteome did not include 

Aag−/− or AagTg mice, as these studies are currently underway. We anticipate that results 

will be very interesting, since knowing how AAG modulates cell signaling will add to 

our understanding of the very earliest responses, for which some may play key roles in 

setting into motion the sequence of events that ultimately shapes disease outcome. Another 

potential limitation is that EGFP expression may have negative biological consequences due 

to fluorophore-associated oxidative stress (Ganini et al., 2017). However, the strong parallels 

between point mutations and RaDR mutations suggests that using EGFP expression as a 

marker for mutant cells does not significantly affect the results of these studies.

Importantly, the analyses presented here grouped equal numbers of males and females of 

the same genotype. However, it is known that males and females differ in susceptibility to 

alkylation damage (Allocca et al., 2017, Allocca et al., 2019, Likhite et al., 2004) and liver 

cancer (Hassan et al., 2017, Naugler et al., 2007, Rao and Vesselinovitch, 1973). A brief 

report on sex differences observed in these experiments is in preparation, but further studies 
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of sex-dependent differences in Aag−/− and AagTg mice will help define interindividual 

variability in responses to NDMA-induced health outcomes.

Additional studies of NDMA in other tissues and at lower doses will help to further uncover 

the biological consequences of NDMA in animals with varied AAG activity. NDMA is 

mutagenic in the lungs and kidneys of mice exposed by i.p. injection (Nishikawa et al., 

1997, Suzuki et al., 1996), and we have previously shown that alkylation-induced toxicity 

is both tissue- and AAG-dependent (Calvo et al., 2013, Allocca et al., 2019). Interestingly, 

higher levels of AAG activity were observed in smokers and individuals with lung cancer 

(Crosbie et al., 2012, Hall et al., 1993, Leitner-Dagan et al., 2012), raising the possibility 

that the consequences of high AAG may be quite different in the lung compared to the liver. 

Furthermore, the exposure conditions used in this study differ substantially from the typical 

human experience, as people tend to be exposed to NDMA in lower doses over long periods 

of time. It is noteworthy that in yeast, the AAG homolog Mag1 protects against methylation­

driven HR even at non-toxic doses (Hendricks et al., 2002), suggesting that AAG may 

modulate the impact of NDMA on sequence rearrangements even under long-term low-dose 

conditions. Future studies on the impact of NDMA on different tissues and at long-term 

low-dose exposures conditions are certainly warranted in order to better understand the 

potential for gene-environment interactions to modulate the health consequences of exposure 

to NDMA through water, food, or medications.

STAR Methods

RESOURCE AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Bevin Engelward (bevin@mit.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The mass spectrometry proteomics data are available at the 

ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository 

with the dataset identifier PXD021142. The RaDR foci counting algorithm is available on 

Github at https://github.com/dushanw/RPN_RCN_roiExtractor.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All experimental mice were on a C57BL6 genetic background. 

RaDRR/R;gptg/g mice were created by crossing RaDR-GFP mice (B6.129S4(Cg)-

Gt(ROSA)26Sortm1(CAG-EGFP*)Bpeng) (Sukup-Jackson et al., 2014) with gpt delta mice 

(Nohmi et al., 1996) (a gift from T. Nohmi). RaDRR/R;gptg/g;Aag−/− mice were generated 

by crossing RaDRR/R;gptg/g and Aag−/− mice (described previously (Engelward et al., 

1997)). RaDRR/R;gptg/g;AagTg were generated by crossing RaDRR/R;gptg/g and AagTg 
mice (described previously (Calvo et al., 2013)). The mice were maintained in AAALAC­

certified animal care facilities and provided standard food and water ad libitum. All animal 

procedures were performed according to the NIH Guide for the Care and Use of Laboratory 
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Animals and protocols approved by the Massachusetts Institute of Technology Committee 

on Animal Care.

METHOD DETAILS

NDMA synthesis—NDMA was prepared as previously described (Heath, 1961, He et al., 

2019). Briefly, sodium nitrite in water was slowly added to a solution of dimethylanime in 

water and acetic acid. After cooling, 10N NaOH was added and the solution was extracted 

four times with ether. The ether solution was dried over Na2SO4 and NDMA isolated by 

fractional distillation having a boiling point of 148-149°C. The pale yellow liquid was 

characterized by NMR and mass spectrometry: MS, ESI m/z, 75.0056 (M+H); 1H 300 MHz 

NMR, CDCl3 δ 3.06 (s, 3H,Me cis), 3.76 (s,3H,Me trans). The NMR assignments are in 

agreement with those reported for NDMA by Karabatsos and Taller (Karabatsos, 1964). 

Aliquots of NDMA were packaged in sealed ampules under Ar gas and stored at −20°C.

NDMA treatment—Litters of mice were designated for saline or NDMA treatment at 

birth. A total dose of 10.5 mg/kg NDMA diluted in saline was administered intraperitoneally 

over two separate injections, according to (Dass et al., 1998). One-third of the dose (3.5 

mg/kg NDMA in saline, 10 μL volume) was given at 8 days of age, and the remaining 

two-thirds of the dose (7 mg/kg, 20 μL volume) was given at 15 days of age. Control mice 

were sham treated at the same timepoints with equivalent volumes of saline.

Mice were euthanized by asphyxiation with carbon dioxide according to AVMA guidelines 

and necropsied 24 hours (phosphoproteomics, immunostaining, and histopathology), 

48 hours (flow cytometric micronucleus and proliferation), 10 weeks (mutations and 

histopathology), or 9 to 11 months (tumors) post-second injection. Whenever possible, equal 

numbers of males and females of each genotype and treatment group were analyzed for 

each endpoint. When data were collected from an excess number of males or females for 

an endpoint, individual data points were selected by random number generator for exclusion 

from analysis.

Gpt delta assay—Samples of liver tissue were collected after RaDR imaging, flash frozen 

in liquid nitrogen, and stored at −80°C until analysis (n = 5 males and 5 females from each 

group). Mutations in the gpt gene were identified by selection with 6-thioguanine (6-TG), 

as previously described (Nohmi et al., 1996, Chawanthayatham et al., 2017). Briefly, liver 

tissues were pulverized with a mortar and pestle with liquid nitrogen. Genomic DNA 

was extracted from approximately 25 mg of liver tissue using the RecoverEase DNA 

Isolation Kit (Agilent Technologies). The λ-EG10 phage were packaged in vitro from 

genomic DNA using Transpack packaging extract (Agilent Technologies). The λ-EG10 

phage were then transfected into Escherichia coli YG6020 expressing Cre-recombinase, 

generating a 6.4-kb plasmid carrying the gpt and chloramphenicol acetyltransferase genes. 

These bacteria were cultured on selective media containing chloramphenicol and 6-TG or 

chloramphenicol alone. 6-TG resistance was confirmed by regrowth of colonies on plates 

containing chloramphenicol and 6-TG. The samples were processed and analyzed in a 

blinded fashion.
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Phosphoproteomic analysis—Twenty-four hours after the second injection, animals 

were humanely euthanized and portions of livers were immediately excised, flash frozen 

in liquid nitrogen, and stored at −80°C until analysis (WT mice only; saline, one male 

and one female; NDMA, three females). Liver tissues were homogenized in ice-cold 

8M Urea (Sigma) with three 10-second pulses. Proteins were processed, digested and 

desalted as described previously (Dittmann et al., 2019). Lyophilized peptide aliquots 

of 400 µg (of starting protein) were labeled with TMT10-plex labeling kits (Thermo 

Fisher). Phosphopeptides were enriched with a 2-step enrichment process consisting 

of immunoprecipitation (IP) followed by Fe-NTA-based immobilized metal affinity 

chromatography (IMAC). TMT-labeled samples were resuspended in IP buffer (100 mM 

Tris-HCl, 1% Nonidet P-40, pH 7.4) and incubated overnight with PTMScan Phospho­

ATM/ATR Substrate Motif kit (Cell Signaling Technology). Peptides were eluted twice, 

each with 25 µL of 0.2% trifluoroacetic acid (TFA) for 10 minutes at room temperature 

followed by a secondary Fe-NTA-based IMAC to remove non-specifically retained non­

phosphopeptides. High-Select Fe-NTA enrichment kit (Pierce) was used according to 

manufacturer’s protocol with following modifications. After washing the Fe-NTA spin 

columns, beads were resuspended in 25 µL of binding washing buffer. Eluates from IP 

were incubated with Fe-NTA beads for 30 minutes. Peptides were eluted twice with 20 µL 

of elution buffer into a 1.7-mL microcentrifuge tube. Eluates were dried in SpeedVac until 

1-5 µL of sample remained. Samples were resuspended in 10 µL of 5% acetonitrile in 0.1% 

formic acid and loaded directly onto an in-house packed analytical capillary column (50 µm 

ID x 10 cm) packed with 5-µm C18 beads (YMC gel, ODS-AQ, AQ12S05).

Liquid chromatography tandem mass spectrometry (LC-MS/MS) of phosphopeptides 

and crude lysate analysis was carried out on an Agilent 1260 LC coupled to a Q 

Exactive HF-X mass spectrometer (Thermo Fisher) as described previously (Dittmann 

et al., 2019). Raw mass spectra data files were processed with Proteome Discoverer 

version 2.2 (Thermo Fisher) and searched against the mouse SwissProt database using 

Mascot version 2.4 (Matrix Science). TMT reporter quantification was extracted using 

Proteome Discoverer. MS/MS spectra were searched with the following settings: mass 

tolerance of 10 ppm for precursor ions; 20 mmu for fragment ions; fixed modification 

for cysteine carbamidomethylation, TMT-labeled lysine, TMT-labeled peptide N-termini; 

dynamic modifications for methionine oxidation and phosphorylation of serine, threonine 

and tyrosine. Peptide spectrum matches (PSMs) were filtered according to following 

parameters: rank = 1, search engine rank = 1, mascot ion score > 20, isolation interference 

< 30%, average TMT signal > 1000. Peptides with missing values across any channel were 

filtered out. Phosphorylation sites were localized using ptmRS module (Taus et al., 2011) 

on Proteome Discoverer. PSMs with >95% localization probability were included for further 

analysis. Only peptides containing ‘SQ’ or ‘TQ’ sequence motif were included for final 

analysis. Peptide quantification was normalized with relative median values obtained from 

crude peptide analysis. Further data analysis was performed in Python (version 3.6) and 

MATLAB (R2016a).

RaDR analysis—Livers were collected from mice 10 weeks after the second NDMA 

injection (WT saline n = 12 males, 12 females; WT NDMA n = 11 males, 11 females; 
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Aag−/− saline n = 11 males, 11 females; Aag−/− NDMA n = 12 males, 12 females; AagTg 
saline n = 13 males, 13 females; AagTg NDMA = 9 males, 9 females). Freshly excised 

livers were held on ice in 0.01% trypsin inhibitor (Boston BioProducts) in PBS prior to 

imaging. The entire left lobe of the liver was secured between a glass slide and a cover 

slip. The dorsal surface of each liver was then imaged with a Nikon Eclipse Ti2 scanning 

microscope on the 2x objective in the FITC channel using an Andor Zyla 4.2 camera and 

NIS Elements software. A user-trained two-stage machine learning algorithm was used to 

identify and enumerate fluorescent foci within intact tissue (available on Github at https://

github.com/dushanw/RPN_RCN_roiExtractor). Similar to our previous work (Wadduwage 

et al., 2018), we first identified potential regions (termed region proposals) that might 

contain foci, and then classified them into True Foci or False Regions (Figure S4A). 

Two deep convolutional neural networks (DCNNs) were used that were trained using 10 

manually annotated images for both tasks. The first network (i.e. Region Proposal Network), 

segmented the foci-like regions. Then we used their locations to extract the corresponding 

image patches (i.e. region proposals). These region proposals were then fed to a second 

DCNN (i.e. Proposal Classifier Network) that classified them into either True Foci, or False 

Regions. The true foci locations were then listed and counted to get the final foci count. 

The 10 manually annotated training images comprised samples from each genotype and 

treatment group. All liver images were analyzed by the machine learning program based on 

parameters developed from training data. The number of fluorescent foci was normalized to 

the area of the liver in the image.

Histological analysis—Sections of liver were fixed in 10% buffered formalin, embedded 

in paraffin, and sectioned at 4-μm thickness using a microtome, followed by hematoxylin 

and eosin (H&E) staining. Liver sections from 4 males and 4 females of each group (24h 

and 10-week timepoints) were scored by a board-certified veterinary pathologist blinded to 

sample identity. Specific lesions were graded with a numerical score from 0 to 4, in which 

0 = normal, 1 = minimal, 2 = mild, 3 = moderate, and 4 = severe. The following hepatic 

lesions were graded: inflammation, hepatocellular degeneration, hepatocellular necrosis, 

nuclear enlargement (karyomegaly), foci of hepatocellular alteration, hepatic lipidosis, 

extramedullary hematopoiesis, Kupffer cell hyperplasia, Ito cell hyperplasia, bile duct 

hyperplasia/dysplasia, and fibrosis (Thoolen et al., 2010). Lesions for the liver scored 

as present (1) or absent (0) included hemorrhage and neoplasia. A total inflammation 

score for each liver was generated by combining individual scores of portal, midzonal, 

and centrilobular inflammation from each submitted section (Snider et al., 2018). Foci 

of altered hepatocytes were classified based on morphologic criteria reported by Thoolen 

and colleagues (Thoolen et al., 2010). Sections were examined using an Olympus BX41 

microscope attached with an iKona digital camera and photographed.

γH2AX staining and analysis—Formalin-fixed tissue sections (4 μm) (n = 4 males 

and 4 females from each treatment group, 24h timepoint) were deparaffinized in xylenes, 

rehydrated, and subjected to heat-induced epitope retrieval (HIER) in citrate buffer pH 6.1 

(Agilent). Sections were blocked with 5% bovine serum albumin (BSA) and 0.5% Tween 20 

for 1 hour at room temperature, then incubated with an antibody for γH2AX (1:200; Cell 

Signaling Technologies) in 1% BSA and 0.5% Tween 20 in PBS overnight at 4°C. Sections 
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were then washed and incubated with a secondary antibody conjugated to an AlexaFluor 488 

probe (1:400; Invitrogen) for 1 hour at room temperature. Nuclei were counterstained with 

DAPI with ProLong Gold AntiFade (ThermoFisher). Stained tissue sections were imaged at 

60x under DAPI and FITC filters using a Nikon Eclipse Ti2 microscope and an Andor Zyla 

4.2 camera, with two independent regions randomly selected from each slide. A complete 

immunofluorescence staining protocol is available at https://nextgen-protocols.org/protocol/

staining-for-%ce%b3h2ax-in-paraffin-embedded-tissue-sections/.

Cells containing 5 or more γH2AX foci or pan-nuclear staining were manually annotated 

and enumerated in a blinded fashion. Super-bright pan-nuclear staining was determined with 

ImageJ (NIH) by setting a conservative pixel intensity threshold and excluding particles 

smaller than 10 μm2. Nuclei were identified by using Ilastik (Berg et al., 2019) and KNIME 

(University of Konstanz, Zurich, Switzerland) software to segment nuclei based on user­

annotated training images. Segmented particles were counted in ImageJ for an approximate 

number of nuclei in the image, and the percentage of nuclei falling into each category (foci, 

pan-nuclear, super-bright pan-nuclear) was calculated. Data were collected for at least 1,300 

nuclei from each mouse.

Caspase staining and analysis—Formalin-fixed tissue sections (4 μm) from 4 males 

and 4 females from each treatment group (24h timepoint, same mice as those analyzed 

for γH2AX and histopathology) were deparaffinized in xylenes, rehydrated, and subjected 

to HIER in Buffer H, pH 8.8 (Thermo Scientific). After cooling, endogenous peroxidase 

was blocked with Peroxidazed 1 (Biocare Medical) for 5 minutes and slides were blocked 

in Background Sniper (Biocare Medical) for 15 minutes. Slides were then incubated 

with cleaved caspase-3 primary antibody (Cell Signaling Technology) for 60 minutes at 

room temperature, washed, and incubated with Rabbit-on-Rodent HRP Polymer (Biocare 

Medical) for 30 minutes at room temperature. Slides were washed and incubated with 

DAB (Betazoid DAB Chromagen kit, Biocare Medical), washed, and counterstained 

with hematoxylin. Stained slides were scanned with a Leica Aperio AT2 slide scanning 

microscope and analyzed with QuPath software (Bankhead et al., 2017). After blinding 

filenames, 4 equal-sized, randomly selected, independent regions of tissue were annotated 

for number of nuclei and number of apoptotic events. The percentage of apoptotic events for 

each animal was calculated from the total number of apoptotic hepatocytes and total number 

of nuclei from four representative 400x fields.

Micronucleus assay—Supplies for collecting mouse livers at MIT and shipping to Litron 

for flow cytometric hepatocyte micronucleus (MNHEP) scoring were from Prototype In 

Vivo MicroFlow® BASIC ML Kits, Litron Laboratories and included Liver Preservation 

Buffer Solution, 2 ml vials and ExaktPak shipping containers with ice packs. Reagents and 

supplies used at Litron for preparing livers for MNHEP scoring were from Prototype In 

Vivo MicroFlow® PLUS ML Kits, Litron Laboratories and included Liver Rinse, EGTA 

Solution, Collagenase Solution, Incomplete Lysis Solution 1, Incomplete Lysis Solution 2, 

anti-Ki67-eFluor® 660, Liver Nucleic Acid Dye (contains SYTOX® Green), and RNase 

Solution.
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Mice (n = 4 males, 4 females of each group) were euthanized 48 hours after the second 

NDMA injection and livers were collected into 1 mL ice-cold Liver Preservation Buffer, 

packed on ice, and shipped overnight to Litron Laboratories. Upon receipt at Litron, each 

liver was removed from the Liver Preservation Buffer, patted dry, placed into a separate 

flask containing 10 mL of Liver Rinse Solution, and processed as described previously 

(Avlasevich et al., 2018). Samples were analyzed with a FACSCanto™ II flow cytometer 

equipped with 488 and 633 nM excitation (BD Biosciences, San Jose, CA).

Instrumentation settings and data acquisition/analysis were controlled with FACSDiva™ 

software v6.1.3 (BD Biosciences). SYTOX Green-associated fluorescence emissions 

were collected in the FITC channel (530/30 band-pass filter), and anti-Ki67-eFluoR 660­

associated fluorescence emissions were collected in the APC channel (660/20 band-pass 

filter). The flow cytometry gating strategy for MNHEP scoring required events to fall 

within each of three regions and one histogram marker before they were scored as 

nuclei or micronuclei. The incidence of flow cytometry-scored MNHEP is expressed as 

frequency percent (no. micronuclei/no. nuclei x 100) of 20,000 SYTOX Green positive 

nuclei per specimen. Simultaneous with micronucleus assessments, an experimental index of 

hepatocyte proliferation was collected based on gating for Ki67-positive nuclei.

MNHEP microscopy was performed by adding SYTOX Green-stained cells to acridine 

orange-coated slides, then imaged on an Olympus BH-2 microscope with a 40x objective as 

previously described (Avlasevich et al., 2018).

Tumor analysis—Gross surface lesions on the entire liver were recorded at necropsy. 

Distinct macroscopic tumors were enumerated; multifocal to coalescing tumorous regions 

were counted as one. WT saline n = 12 males, 12 females; WT NDMA n = 12 males, 12 

females; Aag−/− saline n = 12 males, 12 females; Aag−/− NDMA n = 11 males, 11 females; 

AagTg saline n = 12 males, 12 females; AagTg NDMA n = 12 males, 12 females.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses were performed using the GraphPad Prism software. Tumor multiplicity, 

RaDR foci, gpt mutant fractions, caspase staining, and histopathology scores were compared 

by Mann-Whitney U-test. Phosphoproteome, micronucleus, γH2AX, and Ki67 analyses 

were compared by unpaired Student’s t-test. A P value was considered significant if less 

than 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Aag expression levels modulate NDMA-induced point mutations, phosphoproteomic 
responses, and homologous recombination-driven sequence rearrangements.
A) At 10 weeks after exposure, point mutations induced by NDMA were detected in the 

liver. Mann-Whitney U-test, *p < 0.05, #p < 0.0001, n = 10 per group. B) NDMA treatment 

induces phosphorylation of proteins involved in DSB recognition (blue font), replication 

stress (red), and HR (green) 24h post-exposure. Volcano plot of phosphorylation sites 

quantified from ATM/ATR substrate motif specific (phospho-SQ/TQ) proteomic analysis 

in WT mouse livers treated with saline (n = 2) or NDMA (n = 3). Log2 fold changes 

are relative to saline control. P-values were calculated based on two-tailed Student’s t-test 
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and were corrected for multiple hypothesis testing based on Benjamini-Hochberg FDR 

correction. See also Table S1. C) The RaDR transgenic construct consists of a direct repeat 

of two EGFP expression cassettes, wherein the 5’ cDNA has been truncated at the 5’ end 

and the 3’ cDNA has been truncated at the 3’ end. See also Figure S7. D) Representative 

RaDR liver images from each group, 10 months post-exposure. Large image scale bar = 5 

mm, inset scale bar = 1 mm. See also Figure S3. E) NDMA induces sequence rearrangement 

mutations detected 10 weeks post-exposure. WT saline n = 24; WT NDMA n = 22; Aag−/− 

saline n = 22; Aag−/− NDMA n = 24; AagTg saline n = 26; AagTg NDMA = 18. See also 

Figures S2 and S4. Bar graphs show the median with data points representing individual 

animals. Mann-Whitney U-test, **p < 0.01, ***p < 0.001, #p < 0.0001.
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Figure 2. AAG levels modulate NDMA-induced phosphorylation of H2AX and micronuclei.
A) Staining of γH2AX in NDMA-treated livers can appear as punctate foci (white arrow), 

pan-nuclear (red arrows) or super-bright pan-nuclear (red asterisk). Scale bar = 10 μm. 

B) Example of a hepatocyte with two micronuclei (yellow arrows). Image adapted from 

(Avlasevich et al., 2018) with permission from the authors and publisher. C) NDMA 

exposure increases the number of cells harboring an increase in punctate γH2AX foci 

24h post-exposure. Nuclei containing 5 or more foci were counted as γH2AX-positive. 

D) NDMA increases the frequency of cells with pan-nuclear γH2AX signal 24h post­
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exposure. E) NDMA increases the frequency of super-bright pan-nuclear γH2AX stained 

cells 24h post-exposure. F) NDMA induces micronucleus formation in hepatocytes 48h 

post-exposure. See also Figure S5. Box plots show median with interquartile range, and 

whiskers show the range. Micronuclei represented as mean ± SD. For all graphs, each 

data point represents one mouse (n = 8), and γH2AX data points are averaged from two 

independent regions of one slide. Unpaired Student’s t-test; *p < 0.05, **p < 0.01, ***p < 

0.001, #p < 0.0001.
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Figure 3. Imbalanced BER exacerbates NDMA-induced cytotoxic liver damage 24h post­
exposure.
A) Quantitative analysis of cleaved caspase-3-positive apoptotic hepatocytes. 

Histopathological analysis indicates elevated B) centrilobular hepatocellular necrosis, C) 

hepatocellular degeneration, and D) inflammatory cell infiltration in all genotypes. Bars 

indicate the median of scores from individual mice (n = 8). Caspase scores were calculated 

from the sum of 4 independent regions of one slide. Mann-Whitney U-test, *p < 0.05, **p < 

0.01, ***p < 0.001. See also Figure S6.
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Figure 4. Aag−/− mice have increased susceptibility to NDMA-induced cancer and AagTg mice 
are resistant.
Mice unable to excise the 3MeA lesion (Aag−/−) are more prone to developing tumors 

in greater numbers than WT and AagTg mice. Lines indicate the median, and each data 

point represents an individual mouse (n = 24 for each group except Aag−/−, where n = 22). 

Mann-Whitney U-test, ***p < 0.001, #p < 0.0001.
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Figure 5. Integration of phenotypic endpoints over time shows that reduced toxicity and 
increased mutations lie upstream of cancer in Aag−/− mice, and DNA damage and cytotoxicity 
precede lethality in AagTg mice.
Radar plots showing key endpoints from this study in chronological order. Medians or 

means from each group for each endpoint are normalized to the highest scoring group at 

that endpoint (e.g., NDMA-treated Aag−/− mice have the highest tumor burden, so medians 

of all groups were normalized to the median Aag−/−. Similarly, NDMA-treated AagTg mice 
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showed the highest micronucleus induction, so means of MN results were normalized to the 

AagTg mean.)
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Table 1.

AagTg mice suffer acute lethality from NDMA exposure.

Total animals injected w/NDMA Total dead within two weeks Premature lethality (% injected)

WT 137 1 0.7

Aag −/− 93 1 1.1

AagTg 102 13 12.7
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Table 2.

AAG activity modulates liver cancer susceptibility.

Median # tumors/mouse Incidence (% mice with tumors)

WT 1 16/24 (67%)

Aag −/− 4.5 19/22 (86%)

AagTg 0 10/24 (42%)
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-phospho-Histone H2A.X (Ser139) Cell Signaling Technology Cat# 9718; RRID: AB_2118009

Rabbit polyclonal anti-Ki67 Abcam Cat# ab15580; RRID: AB_443209

Rabbit monoclonal Cleaved Caspase 3 (Asp175) Cell Signaling Technology Cat# 9664; RRID: AB_2070042

PTMScan Phospho-ATM/ATR Substrate Motif (pSQ) Kit Cell Signaling Technology Cat# 12267

Bacterial and Virus Strains

E. coli YG6020 Nohmi et al. 1996 N/A

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

N-nitrosodimethylamine This paper CAS: 62-75-9

Sequencing grade Trypsin Promega Cat# V5111

5 μm C18 beads, ODS-AQ YMC AQ12S05

TMT10plex reagent Thermo Scientific Cat# 90406

Critical Commercial Assays

Prototype In Vivo MicroFlow® BASIC ML Kit Litron Laboratories N/A

Prototype In Vivo MicroFlow® PLUS ML Kit Litron Laboratories N/A

RecoverEase DNA Isolation Kit Agilent Technologies Cat# 72023

High-Select Fe-NTA Phosphopeptide Enrichment Kit Thermo Scientific Cat# A32992

Deposited Data

Mass spectrometry proteomics data This paper ProteomeXchange Consortium PXD021142

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: B6.129S4(Cg)-
Gt(ROSA)26Sortm1(CAG-EGFP*)Bpeng/J;gptg/g

This paper N/A

Mouse: B6.129S4(Cg)-
Gt(ROSA)26Sortm1(CAG-EGFP*)Bpeng/J;gptg/g;Aag−/−

This paper N/A

Mouse: B6.129S4(Cg)-
Gt(ROSA)26Sortm1(CAG-EGFP*)Bpeng/J;gptg/g;AagTg

This paper N/A

Oligonucleotides

Recombinant DNA

Software and Algorithms

Proteome Discoverer 2.2 ThermoFisher https://www.thermofisher.com/us/en/
home/industrial/mass-spectrometry/liquid­
chromatography-mass-spectrometry-lc-ms/lc­
ms-software/multi-omics-data-analysis/
proteome-discoverer-software.html

Mascot version 2.4 Matrix Science http://www.matrixscience.com/

Prism 8 GraphPad Software, LLC https://www.graphpad.com/scientific-software/
prism/

ImageJ National Institutes of Health https://imagej.nih.gov/ij/
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REAGENT or RESOURCE SOURCE IDENTIFIER

KNIME 4.0.1 KNIME AG, Zurich, 
Switzerland

https://www.knime.com/downloads

Ilastik 1.3.2 Berg et al., 2019 https://www.ilastik.org/

QuPath 0.2.1 Bankhead et al., 2017 https://qupath.github.io/

Matlab R2016a MathWorks https://www.mathworks.com/products/
new_products/release2016a.html

Python 3.6.0 Python https://www.python.org/downloads/release/
python-360/

FACSDiva™ v6.1.3 BD Biosciences https://www.bdbiosciences.com/ca/instruments/
clinical/software/flow-cytometry-acquisition/bd­
facsdiva-software/bd-facsdiva-software-v-613/p/
643629

RaDR foci counting algorithm This paper https://github.com/dushanw/
RPN_RCN_roiExtractor

Other
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