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Abstract

Arylamine N-acetyltransferase 1 (NAT1) and 2 (NAT2) catalyze the acetylation of arylamine
carcinogens. Single nucleotide polymorphisms in the NA72 coding exon present in NAT2
haplotypes encode allozymes with reduced N-acetyltransferase activity towards the N-acetylation
of arylamine carcinogens and the O-acetylation of their N-hydroxylated metabolites. NAT2
acetylator phenotype modifies urinary bladder cancer risk following exposures to arylamine
carcinogens such as 4-aminobiphenyl. 4, 4’-methylene bis (2-chloroaniline) (MOCA) is a Group 1
carcinogen for which a role of the NAT2 acetylation polymorphism on cancer risk is unknown. We
investigated the role of NAT2 and the genetic acetylation polymorphism on both MOCA N-
acetylation and N-hydroxy-MOCA O-acetylation. MOCA N-acetylation exhibited a robust gene
dose response in rabbit liver cytosol and in cryopreserved human hepatocytes derived from
individuals of rapid, intermediate and slow acetylator NAT2 genotype. MOCA exhibited about 4-
fold higher affinity for recombinant human NAT2 than NAT1. Recombinant human NAT2*4
(reference) and 15 variant recombinant human NAT?2 allozymes catalyzed both the N-acetylation
of MOCA and the O-acetylation of N-hydroxy-MOCA. Human NAT2 5, NAT2 6, NAT2 7 and
NAT2 14 allozymes catalyzed MOCA N-acetylation and N-hydroxy-O-acetylation at rates much
lower than the reference NAT2 4 allozyme. In conclusion, our results show that AJA7.2acetylator
genotype has an important role in MOCA metabolism and suggest that risk assessments related to
MOCA exposures consider accounting for MA72acetylator phenotype in the analysis.
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1.0 Introduction

As summarized in the National Toxicology Program’s (NTP) Report on Carcinogens (NTP,
2016), 4, 4’-methylene bis (2-chloroaniline) (abbreviated MOCA), also known as
methylene-bis-ortho-chloroaniline (abbreviated MBOCA) is used extensively as a curing
agent in the production of elastomers. MOCA is listed as a pollutant of concern by the
United States Environmental Protection Agency (EPA) and is ranked among the top third of
priority chemicals with most significant potential threat to human health due to their known
or suspected toxicity and potential for human exposure..

MOCA recently was reclassified by the International Agency for Research on Cancer
(IARC) to the Group 1 based on sufficient evidence of carcinogenicity in experimental
animals. . In the dog, MOCA induces urinary bladder cancer (Stula et al., 1978). In humans,
the occupational exposures to MOCA are associated with human urinary bladder cancer
(Rubino et al., 1982; Ward et al., 1988; Chen et al., 2005; Liu et al., 2005; Dost et al., 2009).

Arylamine carcinogens such as 4-aminobiphenyl and benzidine undergo N-acetylation
catalyzed by the arylamine N-acetyltransferases 1 (NAT1) and 2 (NAT2). MOCA undergoes
N-acetylation in rabbit liver (Glowinski et al., 1978) and N-acetyl MOCA is present in urine
of workers exposed to MOCA (Ducos et al., 1985; Cocker et al., 1988; Robert et al., 1995).
Arylamine carcinogens are frequently substrates for N-hydroxylation, and N-hydroxy-
MOCA has been identified as the predominant (80-90%) oxidized metabolite of MOCA
following incubation with human liver microsomes (Morton et al., 1988; Butler et al., 1989).
N-hydroxy-MOCA is produced primarily via oxidation by human CYP3A4 (Yun et al.,
1992). In addition to N-acetylation, aromatic amines frequently undergo O-acetylation of
their N-hydroxy metabolite which is also catalyzed by NAT1 and/or NAT2 (Hein et al.,
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2000). O-acetylation of the N-hydroxylated aromatic amines forms unstable N-acetoxy
arylamines that can spontaneously liberate electrophilic arylnitrenium ions that bind DNA to
initiate mutagenesis and carcinogenesis (Hein et al., 1992). MOCA is genotoxic (McQueen
and Williams, 1990; IARC, 1993). DNA adducts are formed from reaction with N-hydroxy-
MOCA and these DNA adducts have been identified in experimental tumor target organs of
animals administered MOCA (DeBord et al., 1996) and in urothelial cells from a man
occupationally exposed (Kaderlik et al., 1993).

Metabolites N-hydroxy-MOCA exhibits enhanced mutagenicity whereas N-acetyl-MOCA
exhibits reduced mutagenicity in comparison to the parent compound MOCA (Reid et al.,
1998; Hesbert et al, 1985). Inter-individual variability in N-hydroxylation and acetylation
has been suggested as modifiers of MOCA cancer risks (ATSDR, 1994). As previously
reviewed (Hein, 2009), humans possess two functional N-acetyltransferase isozymes
identified as NAT1 and NAT2. The reference humanNAT1 4 and NAT2 4 enzymes are
associated with high activity encoded by the MATZ#*4and NAT2#4 genes, respectively.
Human NAT2 exhibits genetic polymorphisms leading to rapid, intermediate and slow
acetylator phenotypes that result in differential efficacy and/or toxicity following
administration of numerous arylamine drugs (Weber and Hein, 1985; McDonagh et al,
2014). NAT2*4is associated with rapid acetylator phenotype whereas the most common
human NATZ haplotypes associated with slow acetylator phenotype are NAT2*55,
NATZ2#*6A, NAT2*7B and NATZ2*14B (Hein, 2009).

Both NAT1 and NAT2 are expressed in human liver and catalyze the acetylation of
arylamine carcinogens such as 4-aminobiphenyl and benzidine (Hein, 2009). A gene-dosage
relationship between NAT2 genotype and phenotype is clearly demonstrated for both N-
acetylation and O-acetylation of arylamine carcinogens in rabbit (Hein et al., 1982; Hein and
Doll, 2017) and human liver (Doll et al., 2010). The reduced N-acetyltransferase activity in
the N-acetylation of arylamine carcinogens and the O-acetylation of their N-hydroxylated
metabolites can be attributed to single nucleotide polymorphisms in the AlAT22 coding exon
present in MA72 haplotypes (Hein et al., 1994; 1995).

A recent study reported that human rapid and intermediate N-acetylators are less susceptible
to oxidative damage among workers exposed to MOCA, but concluded that the impact of
NAT?2 acetylator status is low, if at all, on the generation of the oxidative stress marker 8-
hydroxydeoxyguaosine in the investigated group exposed to MOCA (Lin et al., 2013). The
purpose of the present study was to assess the role of NAT2 and the genetic acetylation
polymorphism on MOCA metabolism, including both MOCA N-acetylation and N-hydroxy-
MOCA O-acetylation.

2.0 Materials and methods

2.1 N-acetylation of MOCA in rabbit liver cytosols

Genomic DNA and snap-frozen liver samples from twelve adult New Zealand White rabbits
were purchased and shipped from Pel-Freeze Biologicals (Rodgers, AR). Rabbit NAT2
contains a single open reading frame of 870 nucleotides encoding a 290 amino acid protein
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(Blum et al., 1990). The rabbit NAT2 and B-globin genes were amplified by polymerase
chain reaction (PCR) as previously described (Hein and Doll, 2017).

Individual cytosols (100,000 x g) were prepared as previously described (Fretland et al.,
2003) from livers of seven rapid and five slow acetylator rabbits identified by the NAT2
genotype method described above. MOCA N-acetyltransferase activities were measured
using modifications of high performance liquid chromatography assays as previously
described (Walraven et al., 2006). Suitably diluted liver cytosol, acetyl coenzyme A (1000
uM), and MOCA (100 pM) were incubated at 37°C for 10 min. The reaction was stopped by
the addition of 1 M perchloric acid. Following centrifugation to precipitate protein, reaction
supernatants were injected (40 pl) onto an EM Science 125 mm x 4 mm Lichrocart C18 (5
um) column fitted with a similar Lichrocart guard column (4 mm x 4 mm). Reactants and
products were eluted from the column with a 10 minute linear gradient (2 ml/min) from
100% sodium perchlorate (pH 2.5) to 100% acetonitrile. Under the conditions of this assay,
N,N’-diacetyl-MOCA eluted at 15.9 min, N-acetyl-MOCA at 16.5 min, and MOCA at 17.2
min. Protein concentrations in the lysates were determined using the Bio-Rad protein assay
(Bio-Rad, Richmond, CA).

2.2 N-acetylation of MOCA catalyzed by human recombinant NAT1 4 and NAT2 4

NATI1*4and NAT2*4 were expressed recombinantly in Escherichia coli IM105 as
previously described (Hein et al., 1994; 1995). Briefly, bacteria harboring the NA71*4 or
NAT2*4 plasmid were grown up overnight in Luria-Bertani medium containing 100 pg/ml
ampicillin at 37°C. Fresh Luria-Bertani ampicillin broth was reinoculated, and NA7Z and
NATZ- expressing bacteria were grown to approximately Aggo=0.5. Isopropyl-p-D-
thiogalactopyranoside (1 mM) was added to the broth for induction and the cultures were
grown for an additional 3 h. The cells were harvested by centrifugation at 5000xg for 10
min. Cell pellets were suspended in 20 volume of homogenization buffer (20 mM sodium
phosphate, pH 7.4, containing EDTA (1 mM), DTT (1 mM), and protease inhibitors
aprotinin (1 pg/ml), PMSF (100 uM), and pepstatin (0.75 uM). The suspension was lysed by
sonication and the lysed suspension was then subjected to centrifugation at 15,000xg for 20
min at 4°C. Collected supernatants were aliquoted and stored at —80 °C until use. MOCA N-
acetyltransferase assays were conducted with MOCA concentrations ranging from 3.9 to
1000 uM in the presence of 1000 uM acetyl coenzyme A.

2.3 N-acetylation of MOCA and O-acetylation of N-hydroxy-MOCA catalyzed by human
recombinant NAT2 allozymes

NATZ2*4 and variant NATZ alleles were expressed recombinantly in Escherichia coli IM105
as previously described (Hein et al,, 1994; 1995). Bacterial lysates were prepared as
described above and tested for their capacity to catalyze MOCA N-acetylation and N-
hydroxy-MOCA O-acetylation. MOCA N-acetylation assays were conducted as described
above with MOCA and acetyl coenzyme A concentrations of 1000 pM. N-hydroxy-MOCA
O-acetyltransferase activities were assessed by measurement of AcCoA-dependent
metabolic activation of [ring-3H] N-hydroxy-MOCA to DNA adducts as previously
described (Hein and Doll, 2017). [ring-3H] N-hydroxy-MOCA was synthesized as described
(Butler et al., 1989) and was a kind gift from Dr. Fred Kadubar. The O-acetylation reactions
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contained 20 mM sodium phosphate buffer (pH 7.4), 1 mM DTT, 1 mM EDTA, calf thymus
DNA (1 mg/ml), and bacterial lysate. The [ring-3H] N-hydroxy-MOCA and AcCoA
concentrations were 100 pM and 2 mM, respectively. Since A-hydroxyarylamines have been
shown to bind directly to DNA at neutral pH, reaction controls without AcCoA were
subtracted from the experimental determinations. Assays were carried out for 20 min and
terminated by adding 1 ml of ice-cold water-saturated s-butanol. The aqueous layer was
extracted with phenol, and the DNA was precipitated and washed with 80% ethanol. Since
previous studies have reported equivalent levels of NAT2 immunoreactive protein expression
following recombinant expression of human NAT?2 alleles in Escherichia coli IM105 (Hein
et al., 1994; 1995), MOCA N- and O-acetylation activities were normalized to total lysate
protein measured with the Bio-Rad protein assay kit (Bio-Rad, Richmond, CA).

2.4 N-acetylation of MOCA in cryopreserved human hepatocytes

MOCA N-acetyltransferase activities were determined in lysates obtained from male and
female cryopreserved human hepatocytes previously identified as rapid, intermediate, or
slow acetylators (Doll et al., 2017). Cytosols from each hepatocyte sample were prepared as
previously described (Doll et al., 2010). MOCA N-acetyltransferase activities were
determined as described above with MOCA concentrations of 300 uM and acetyl coenzyme
A concentrations of 1000 uM. MOCA N- acetylation activities were normalized to total
lysate protein measured with the Bio-Rad protein assay kit (Bio-Rad, Richmond, CA

3.0 Results
3.1 N-acetylation of MOCA in rabbit liver cytosols

MOCA N-acetyltransferase activities were determined in liver cytosols obtained from
rabbits previously identified as rapid and slow acetylators due to presence or absence of
NATZ2 (Hein and Doll, 2017). MOCA N-acetyltransferase activities ranged from 710 to 1763
pmoles/min/mg in the rapid acetylator liver cytosols whereas they ranged from 3.8 to 9.1
pmoles/min/mg in the slow acetylator liver cytosols (Figure 1). The MOCA N-acetylation
activities were significantly (p=0.0361) higher in the rapid than slow acetylator rabbit liver
cytosols.

3.2 N-acetylation of MOCA catalyzed by human recombinant NAT1 4 and NAT2 4

MOCA N-acetylation was concentration-dependent when catalyzed by both recombinant
human NAT1 4 and NAT2 4 (Figure 2). The apparent Km for human recombinant NAT1 4
and NAT2 4 was 189 + 25 and 48.4 + 5.6 UM respectively in the presence of 1000 UM acetyl
coenzyme A.

3.3 N-acetylation of MOCA and O-acetylation of N-hydroxy-MOCA catalyzed by human
recombinant NAT2 allozymes

Human NAT2 4 and 15 variant NAT72allozymes were tested for the ability to catalyze both
the N-acetylation of MOCA and the O-acetylation of N-hydroxy-MOCA. Human NAT?2 5,
NAT2 6, NAT2 7 and NAT?2 14 allozymes catalyzed MOCA N-acetylation at rates much
lower than the reference NAT2 4 or the NAT2 11, NAT2 12, NAT2 13 allozymes (Figure 3).
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3.4 N-acetylation of MOCA in cryopreserved human hepatocytes

MOCA N-acetyltransferase activities were determined in lysates obtained from
cryopreserved human hepatocytes previously identified as rapid, intermediate, or slow
acetylators (Doll et al., 2017). A robust and highly significant (p<0.0001) gene dose-
response relationship was observed for MOCA N-acetylation, with highest levels in rapid
NAT?2 acetylators, lower levels in intermediate NAT2 acetylators, and lowest levels in slow
NAT?2 acetylators (Figure 4). Differences in MOCA N-acetyltransferase activities between
males and females within each acetylator phenotype were analyzed for significance by
unpaired t test. The activities did not differ significantly between males and females among
rapid (p=0.348) or slow (p=0.416) acetylator cryopreserved human hepatocytes. MOCA N-
acetyltransferase activities in male and female intermediate acetylator cryopreserved human
hepatocytes also were highly similar (only one male sample precluded statistical analysis of
the difference).

4.0 Discussion

MOCA is N-acetylated by both recombinant rat NAT1 and NAT2, but to a much greater
extent by rat NAT1 than by rat NAT2 (Walraven et al., 2006). Since the substrate specificity
of rat NAT1 and NAT2 mirrors human NAT2 and NAT1, it was not unexpected that human
NAT2 would exhibit a higher affinity for MOCA than human NAT1 (apparent Km of 48
versus 189 uM). The N-acetylation of MOCA in human liver cytosol which expresses both
human NAT1 and NAT2 reported an apparent Km for MOCA of 65 uM (Glowinski et al.,
1978). These findings suggest that MOCA N-acetylation is selectively but not specifically
catalyzed by human NAT2. MOCA N-acetylation will thus be impacted by the relative
expression of human NAT1 and NAT2 in various organs.

Unlike rat NAT2, rabbit NAT2 has similar substrate selectively with human NAT2 (Weber
and Hein, 1985). Thus, the rabbit model of the N-acetylation polymorphism was considered
the more appropriate animal model to investigate the role of NAT2 genotype on MOCA
metabolism. To our knowledge, MOCA metabolism in the rabbit has yet to be investigated
or reported, but our findings clearly show NAT2 genotype-dependent MOCA N-acetylation
as has previously been shown for N-acetylation of other arylamine carcinogens such as 2-
aminofluorene (Hein et al., 1982), 4-aminobiphenyl and benzidine (Hein and Doll, 2017).

The reference recombinant human NAT2 4 and 15 variant NAT2 allozymes each catalyzed
the N-acetylation of MOCA and the O-acetylation of N-hydroxy-MOCA but at substantially
reduced rates for NAT2 allozymes of the NAT2*5, NAT2*6, NAT2*7 and NAT2*14 clusters.
This result is markedly similar to previous findings for the N-acetylation of 2-aminofluorene
(Hein et al., 1994; 1995) and the O-acetylation of N-hydroxy-2-aminofluorene and N-
hydroxy-4-aminobiphenyl (Hein et al., 1995) and are consistent with associations of the
NAT2#*5, NAT2*6 NATZ2*7 and NATZ2*14 haplotypes with slow acetylator phenotype (Hein
and Doll, 2012).

Cryopreserved human hepatocytes have been used for /in vitro investigations into the
metabolism of arylamine carcinogens such as 4-aminobiphenyl and benzidine including
investigations into the role of NA72genotype (Hein and Doll, 2012; 2017; Doll et al., 2010;
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2017; Doll and Hein, 2017). Our findings clearly showed that MOCA N-acetylation was
NATZ2 genotype dependent in both rabbit and human liver. These findings are consistent with
the greater affinity of MOCA for human NAT2 than NAT1, and the large differences in N-
acetylation of MOCA and the O-acetylation of N-hydroxy-MOCA between NAT2 allozymes
associated with rapid acetylator versus slow acetylator phenotype. Previous studies have
reported the absence of gender differences in aromatic amine activation human hepatocytes
(Williams et al., 2016). Significant gender differences in MOCA N-acetylation were not
observed in the cryopreserved human hepatocytes used in our study.

Enhanced risk for urinary bladder cancer among slow acetylators occupationally exposed to
arylamine carcinogens was proposed by Cartwright et al., (1982) and has been the subject of
subsequent reviews (Hein, 2006; Rothman et al., 2007). A more recent study of MOCA-
exposed workers reported that rapid and intermediate N-acetylators are less susceptible to
oxidative damage from MOCA, but concluded that the impact of NAT2 acetylator status is
low, if at all, on the generation of the oxidative stress marker 8-hydroxydeoxyguaosine in the
investigated group exposed to MOCA (Lin et al., 2013). One explanation for this finding
could be primary or at least substantial acetylation by NAT1 versus NAT2. Based on the
results of the present study, this would appear to be unlikely in tissues such as the liver
where both NAT1 and NAT?2 are expressed. N-acetylation in the skin is catalyzed by human
NAT1 (Lichter et al., 2017) which may suggest predominantly dermal exposures to MOCA
in the previous group (Lin et al., 2013). Toxicokinetic investigations of MOCA and N-
acetyl-MOCA levels stratified by NAT2 genotype would provide a more direct measure into
the role of NMAT2 genotype on MOCA metabolism. Alternatively, 8-hydroxydeoxyguanosine
plasma levels may not be an appropriate biomarker for MOCA genotoxicity particularly
since significant differences in plasma 8-hydroxydeoxyguanosine levels were not observed
between MOCA exposed and non-exposed groups (Chen et al., 2007). Earlier studies which
measured MOCA and its urinary metabolites in exposed workers reported that N-acetylation
of MOCA to N-acetyl-MOCA was an important deactivation pathway in humans, that the
urinary ratio of N-acetyl-MOCA to MOCA varied from 0 to 100%, and that the di-
acetylated MOCA metabolite was less than 3% of the total MOCA metabolites (Robert et
al., 1995). Our studies are quite consistent with the previous findings (Robert et al., 1995)
since we found that N-acetyl-MOCA levels in human liver were NAT2 genotype-dependent
and N,N-diacetyl- MOCA was not detected.

In conclusion, our results suggest that MJA72 acetylator phenotype has an important role in
MOCA metabolism, and by implication its carcinogenicity further suggests that risk
assessments related to MOCA exposures consider accounting for MAT2 acetylator
phenotype.
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MBOCA  methylene-bis-ortho-chloroaniline
NAT1 N-acetyltransferase 1
NAT2 N-acetyltransferase 2
NTP United States National Toxicology Program
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ATSDR United States Agency for Toxic Substances and Disease Registry
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. A role of the NAT2 acetylation polymorphism in MOCA cancer risk is

. MOCA exhibited about 4-fold higher affinity for recombinant human NAT?2

. MOCA N-acetylation exhibited NAT2 gene dose response in rabbit and

. Slow acetylator NAT2 allozymes exhibited reduced MOCA N-and O-

. Risk assessments related to MOCA exposures should include NAT2
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than NAT1.

human liver.

acetylation.

acetylator phenotype.
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Figure 1.
N-acetylation of MOCA in rabbit liver cytosols. MOCA N-acetyltransferase activities were

determined in liver cytosols obtained from rabbits previously identified as rapid (circles) and
slow (squares) acetylators due to presence or absence of NA72 (Hein and Doll, 2017). Mean
N-acetyltransferase activities are shown by the horizontal line. MOCA N-acetylation
activities were significantly (p=0.0361) higher in the rapid than the slow acetylator rabbit
liver cytosols.
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N-acetylation of MOCA catalyzed by human recombinant NAT1 4 and NAT2 4. MOCA N-
acetylation was concentration-dependent when catalyzed by both recombinant human NAT1
4 (circles) and NAT2 4 (squares). Each data point represents Mean + SEM for three
determinations. Michaelis Menten kinetics constants were calculated by non-linear
regression and the best fit lines are illustrated. The apparent Km for recombinant NAT1 4
and NAT2 4 was 189 + 25 and 48.4 + 5.6 UM respectively in the presence of 1000 UM acety!l
coenzyme A.
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Figure 3.
N-acetylation of MOCA (top) and O-acetylation of N-hydroxy-MOCA (bottom) catalyzed

by human recombinant NAT2 allozymes. Each bar represents Mean + SEM for three to five
determinations. MOCA N-acetyltransferase activities differed significantly across the
allozymes following one way analysis of variance (p<0.0001). NAT2 allozymes 5A, 5B, 5C,
5D, 6A, 6B, 7A, 7B, 14A, and 14B catalyzed MOCA N-acetylation at rates much lower than
NAT?2 4 reference. N-hydroxy-MOCA O-acetyltransferase activities differed significantly
across the allozymes following one way analysis of variance (p<0.0001). NAT2 allozymes
5A, 5B, 5C, 5D, 6A, 6B, 7A, 7B, 13, 14A, and 14B catalyzed N-hydroxy- MOCA O-
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acetylation at rates much lower than NAT?2 4 reference. Rates of MOCA N-acetylation and
N-hydroxy-MOCA O-acetylation were highly correlated following linear regression. (r2) =
0.931; p<0.0001.
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Figure 4.
N-acetylation of MOCA in cryopreserved human hepatocytes. MOCA N-acetyltransferase

activities were determined in lysates obtained from cryopreserved human hepatocytes
previously identified as rapid, intermediate, or slow acetylators (Doll et al., 2017). A robust
and highly significant gene dose-response relationship was observed for MOCA N-
acetylation, with highest levels in rapid MAT2 acetylators (circles), lower levels in
intermediate NJA72 acetylators (squares) and lowest levels in slow NATZ acetylators
(triangles). Mean N-acetyltransferase activities are shown by the horizontal line which
differed significantly following one way analysis of variance (0<0.0001) and subsequent
Tukey’s multiple comparisons test (p<0.005). The MMA7.2 genotypes of the rapid acetylators
were NAT2*4/*4 (two male and two female samples) and NA72#*4/*13 (one female sample).
The NATZ2 genotypes of the intermediate acetylators were NAT72*4/*5B (one male and two
female samples), NAT2*4/*5A (one female sample) and NAT2*4/%6A (one female sample).
The NATZ genotypes of the slow acetylators were NAT2*58/*58 (one male and one female
samples), NAT2*5B/*6A (one female sample), NATZ2*5A/*6A (one male sample) and
NAT2*6A/*6A (one male sample).
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