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Abstract

Genetic alterations in cancer tissues may reflect the mutational fingerprint of environmental
carcinogens. Here we review the evidence that support the role of aristolochic acid (AA) in
inducing a mutational fingerprint in the tumor suppressor gene 7P53in urothelial carcinomas of
the upper urinary tract (UUT). Exposure to AA, a nitrophenathrene carboxylic acid present in
certain herbal remedies and in flour prepared from wheat grain contaminated with seeds of
Aristolochia clematitis, has been linked to chronic nephropathy and UUT. 7P53 mutations in UUT
of individuals exposed to AA reveal a unique pattern of mutations characterised by Ato T
transversions on the non-transcribed strand, which cluster at hotspots rarely mutated in other
cancers. This unusual pattern, originally discovered in UUTs from two different populations, one
in Taiwan, and one in the Balkans, has been reproduced experimentally by treating mouse cells
that harbour human 7P53 sequences with AA. The convergence of molecular epidemiological and
experimental data establishes a clear causal association between exposure to the human
carcinogen AA and UUT cancer. Despite bans on the sale of herbs containing AA, their use
continues, raising global public health concern and an urgent need to identify populations at risk.
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1. Introduction

Exposure to certain environmental mutagens produces specific mutational patterns, so-called
“fingerprints”, in tumor cell DNA. These patterns, defined by the locations, frequencies,
types of mutations and strand preference, are influenced by the reactivity of the mutagenic
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agent, DNA sequence context, epigenetic modifications, DNA repair, replication processes
(e.g., translesion DNA synthesis), transcriptional activity, and biological selection [1].
Mutations in the tumor suppressor gene 7P53 are among the most frequent mutational
events observed in human cancers and, in some cases, reflect the mutational fingerprint of
environmental carcinogens [2].

The best documented examples of 7253 mutational fingerprints in human cancers are a)
exposure to sunlight and the presence of tandem CC to TT transitions in nonmelanoma skin
cancers [3]; b) exposure to polycyclic aromatic hydrocarbon (PAH) through tobacco
smoking or smoky coal exposure and G to T transversions in lung cancers, with the mutated
guanines located at specific codons on the non-transcribed strand of DNA [4-6]; and c)
dietary exposure to aflatoxin B4 and the presence of G to T transversions at the third base of
codon 249 (AGG to AGT) in HBV-related hepatocellular carcinoma [7]. Recent genome-
wide sequencing analyses have shown that, in tumors of patients exposed to UV or tobacco,
the global mutation patterns observed are consistent with fingerprints derived from collating
TP53 mutation data from multiple patients exposed to these agents [8;9]. Taken together,
these data illustrate the usefulness of mutational analyses of the 7P53gene or of the whole
genome in providing clues to prior exposure and in demonstrating causal links between
exposure to environmental mutagens and human cancer.

The International Agency for Research on Cancer (IARC) TP53 Database (http://
p53.iarc.fr/) includes data on the prevalence and patterns of 7253 mutations in human
cancers, annotations of tumor phenotype, patient characteristics, and the structural and
functional impact of the mutations [10]. This information can be compared with data
generated in cells or in organisms exposed to environmental agents believed to contribute to
the mutational burden in humans. Additionally, using cells obtained from mice genetically
engineered to harbor human 7P53sequences, iconic 7P53 mutation patterns found in human
tumors have been reproduced with carcinogens known to initiate the cancers in question
[11-13]. Recently, resources such as the International Cancer Genome Consortium (ICGC)
data repository (http://www.icgc.org/), containing genome wide data on tumor somatic
mutations, have become available, providing valuable tools for studies of factors that
influence mutation load and patterns in human cancers.

The disparity in the incidence of various cancers worldwide suggests that environmental and
life-style factors play a critical role in human cancers. Data on upper urinary tract tumors
(UUT) provide a striking example of this phenomenon. Thus, pockets of high incidence of
relatively rare UUT occur in rural villages in the Balkans [14], while, in Taiwan, the
incidence of UUT is the highest of any country in the world [15;16]. Among the several
environmental agents that have been investigated, ingestion of aristolochic acid (AA) found
in Aristolochia plants proved to be the causal agent of UUT in both of these high-risk
populations. Mutational analysis of tumors in these two cohorts, coupled with DNA adduct
studies [17-21], has provided definitive molecular epidemiologic evidence for incriminating
AA in the etiology of UUT [17;19-26]. No such strong molecular, clinical or epidemiologic
evidence exists for the myotoxin ochratoxin A (OTA), one of many environmental agents
hypothesized as playing a role in the etiology of BEN [27].

The purpose of this article is to describe how patterns of 7253 mutations in UUT patients
from Taiwan and the Balkans differ from those observed in other cancers, and how these
mutations are recapitulated in experimental models. We will then examine why these

observations support the conclusion that AA induces fingerprint 7253 mutations in UUT.
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2. Human exposure to Aristolochia

Plants of the genus Aristolochia have been used for medicinal purposes for centuries [24].
All Aristolochia sp contain nitrophenanthrene carboxylic acids, including AAI and AAII
(Figure 1; in this article, we refer to either compound or to both as “aristolochic acid”).
Importantly, AA-1 and AA-11 do not have identical biological effects; for example in certain
strains of mice, AA-I is nephrotoxic while AA-11 is not [28]. However, although
Aristolochia clematitis contains significant amounts of both analogs, AL-DNA adducts
recovered from the renal cortex of patients with endemic nephropathy contain much less
AL-II than AA-1 [19]; thus, mutagenicity and carcinogenicity in humans are likely to be
attributed to AA-I.

A diverse palette of benefits has been sought from Aristolochia herbal remedies, including
relief from snakebites, arthritis, and gout, and, prominently, for facilitation of childbirth
[22]. In some regions of the world, particularly the Far East, and possibly on the Indian
subcontinent, its use continues to be widespread, although challenging to document,
particularly where self-administration is commonplace. However, in Taiwan, national
prescription databases reveal that millions of Taiwanese have ingested herbal remedies
containing Aristolochia [29].

Two decades ago, the inadvertent use of Aristolochiaherbs in a weight reduction clinic in
Belgium resulted in iatrogenic renal disease, resulting from exposure to AA [30]. The
episode drew widespread attention to the nephrotoxic and carcinogenic effects of AA, a
substance known since the early 1980s to be tumorigenic in rodents [31;32]. As such,
importation of Aristolochia herbs is officially banned in many but not all countries. In the
Belgian clinic, an herbal preparation containing Aristolochia fangchi, instead of the intended
herb diuretic Stephania tetranda, had been administered as part of the slimming regimen.
Within 10 years following this exposure, 100 cases of nephrotoxicity, many accompanied by
UUT, occurred in the women who consumed the herbal preparation [30]. In this group of
patients, the connection between exposure to AA and development of UUT was well
documented. The reactive metabolic intermediate of AA binds covalently to purine bases in
DNA, and the adducted base persists in target tissues due to the inability of the global
genomic repair system to recognize and excise the lesion [33]. Aristolactam-DNA (AL-
DNA) adducts in tissue of patients were detectable years later [30].

Both the cluster of 1800 Belgian women and JD Wang's elegant studies of the general
population of Taiwan lend themselves to a quantitative analysis of the dose response
relationship. Thus, 1800 Belgian women received 0.025mg/kg of AA a day over a period
averaging 13 months with 5% of this cohort developing end stage renal failure up to 85
months after last ingesting Aristolochia fangchi [34]. And, in large-scale population studies
in Taiwan, the amount of AA contained in various herbal products has been associated, in a
dose-dependent manner with the risk of developing urothelial cancer or chronic renal
disease [15;35].

Life-long dietary exposure to AA occurs in rural communities of the Danube river basin.
This unusual circumstance provides additional data independently linking ingestion of AA
with renal toxicity and UUT [36-38]. Epidemiological evidence, accumulating since the
1950's, suggested that clusters of chronic nephropathy cases in the Balkans (frequently
referred to in the literature as Balkan Endemic Nephropathy, BEN) are associated with
UUT. Recently, BEN was attributed to the ingestion of bread prepared from wheat grain
harvested in fields where Aristolochia clematitis also grows [37]. Detection of AL-DNA
adducts in the renal cortex of UUT patients residing in rural areas where nephropathy and
UUT are endemic, but not in UUT patients from Zagreb and Belgrade [19;20], firmly
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established the association between AA exposure, endemic nephropathy and UUT in the
Balkans [19-22].

The most recent information linking AA exposure to AL-DNA adducts in tissues of patients
with UUT comes from a study of 151 cases in Taiwan [17]. This study presents compelling
evidence for a causal link between AA and 7P53 mutation patterns in tumor DNA. As
detailed in the following section, the 7P53 mutation spectrum in AA-UUT display an
unusual pattern, readily distinguishable from all the other mutation spectra that have
emerged to date from among the >27,000 human tumor mutations in the IARC TP53
database.

3. Mutation Analyses

3.1 In human cancers, somatic A:T>T:A mutations are rare compared with other types of
base changes, yet they dominate the mutation pattern in UUT tumors from patients
exposed to aristolochic acid

A:T>T:A mutations represent about 5% of somatic 7253 mutations in all types of cancers
combined (IARC TP53 Database, R15). The proportion of A:T>T:A mutations among all
reported single base substitutions varies among cancer types and, in most cases, the
proportion observed in 7P53are similar to that observed in whole genome data extracted
from the ICGC data portal (Table 1). Hepatocellular cancers and chronic lymphocytic
leukaemia (CLL) show somewhat higher proportions of A:T>T:A mutations than other
cancer types, but A:T>T:A transversions account consistently for less than 15% of the total
single base substitutions observed (Table 1). Remarkably, A to T transversions constitute
58% (101/173) of 7P53sequence changes found in UUT linked to AA exposure
(abbreviated “AA-UUT?”), but represent less than 2% (1/68) in UUT patients with no
suspected exposure to AA (abbreviated “non-AA-UUT”)(p=4.3E-19 for AA-UUT vs
nonAA-UUT), or 5.9% (818/13854) in all other types of cancers combined (p=1.1E-74 for
AA-UUT vsother cancers), in accordance with the general rarity of this type of substitution
in other types of cancer (Suppl. Table 1). All mutation data in AA-UUT patients, obtained in
recent molecular epidemiology studies of the two high risk populations (Taiwan and Balkan
rural communities), were concordant despite significant differences in the dose, frequency
and timing of exposure [17;19-21]. The AA-UUT data used in the present analyses also
include one case of documented exposure in the UK to an Aristolochia-containing herbal
preparation [39].

The proportion of A:T>T:A transversions is thus a highly distinguishing feature of the AA-
UUT mutation spectrum of 7P53. Additionally, 7253 A:T>T:A mutations in AA-UUTSs are
almost exclusively oriented such that the pre-mutated adenine is positioned on the non-
transcribed strand (Suppl. Table 1), suggesting the impact of transcription-coupled repair of
AA-derived DNA adducts on the mutation spectrum [40]. A:T>T:A transversions observed
in other human cancers do not show this marked strand bias (Suppl. Table 1). Adenine is the
principal DNA base subjected to electrophilic attack by metabolically activated aristolochic
acid, and A to T transversions are predicted by the known miscoding properties of AL-dA
adducts in mammalian cells [41].

3.2 A:T>T:A mutations in upper urinary tract tumors from aristolochic acid-exposed
patients occur at hotspots that differ from common sites of A to T base changes in other
types of cancers

The set of codons affected by A:T>T:A mutations in AA-UUT is unusual (Figure 2A),
compared to those of other types of human tumors (including nonAA-UUT tumors) (Figure
2B). Several reiterated A:T>T:A mutations in the 7P53 coding sequences of AA-UUT are
conspicuously rare or entirely absent in other tumor types. Of the 101 AA-UUT A:T>T:A
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mutations, 12 distinct coding mutations are present in two or more patients, yet these
reiterated sites are found very rarely in other cancers, and are comparatively
underrepresented amongst the 1,167 A:T>T:A mutations in all other tumor types combined
(Table 2). Several of these unusual A:T>T:A mutations were, found in two independent
studies [17;21], and have been induced in cell cultures treated with AA (mutations in bold in
Table 2) as discussed below. Among these, p.N131Y (c.391A>T) is of special note. Eight
AA-UUTSs harbor this mutation (8/173; 4.6%), yet among >27,000 7P53 mutations reported
in the IARC DB (all types of cancers combined worldwide excluding AA-related cancers),
only five p.N131Y mutations have ever been described (<0.002%). p.N131Y is thus a
promising specific biomarker of AA exposure. Based on experimental assays and prediction
models, this mutation is deleterious, causing a complete loss of function (LOF) in p53
transactivation activity [10;42].

In contrast to A:T>T:A transversions, other types of base substitutions in AA-UUT revealed
no unusual features. For example, A:T>G:C transitions have been found in UUT at codons
163, 205 and 220, as in other cancers (Suppl. Figure 1).

Remarkably, more than 30% (34/101) of A:T>T:A mutations reported in AA-UUT occur at
splice sites. Taking into account all possible A:T>T:A substitutions in the 7P53 sequence,
only 3.5% of A:T>T:A mutations would be expected to occur at splice sites, if A T>T:A
transversions occurred at random with no predilection for specific sequence contexts (Table
3). In nonAA-UUT cancers, splice site mutations have not been reported and, in other types
of cancer, the overall percentage has been found to be 5%. Thus, splice site mutations in
AA-UUT tumors are almost tenfold more frequent than expected, and about sixfold more
common than in other cancers.

The mechanism underlying this striking feature of the AA-UUT mutation spectrum remains
unclear. The canonical splice acceptor sequence -ag- and its canonical flanking bases [(Py)-
ag-G] may constitute a preferred context for DNA adduction by AA. Indeed, the data imply
that the PyAPu motif is a preferred site for AA mutagenesis as analysis of the 101 A:T>T:A
transversions in AA-UUT cancers shows that mutation-prone adenines are flanked by a
5'pyrimidine and a 3'purine in most instances [17] (Figure 3A). When A:T>T:A leading to
missense and nonsense mutations are considered exclusively, the consensus sequence would
be (C/G)APu (Figure 3B).

Exome and whole genome sequencing of AA-UUT tumors and studies of AA-immortalised
cell clones should help to establish whether the PyAPu consensus sequence is inherently
vulnerable to mutation by AA. Thus, with whole genome analysis, it should be possible to
determine whether A:T base pairs at intronic branch sites, which are in themselves PyAPu
motifs, are selectively mutation-prone in genes other than 7P53. Curiously, of the 34 7P53
A:T>T:A splice site mutations in AA-UUT, ten were located in the acceptor site of intron-6,
and 9 were in intron-8. These sites have no obvious feature that would explain this high
incidence of mutations. Moreover, when all other cancer types are combined, base
substitutions at 7”53 splice sites are only slightly more common at introns 5 and 6 than at
other introns (Table 4). Flanking sequences of the acceptor sites of these two introns are
very similar (cttagGT and cctagGT). Although prediction tools suggest that altered splicing
results from intronic base substitutions (IARC TP53 Database), outcomes of these mutations
in human cells are unknown. Therefore, the reason for the high prevalence of AA-UUT
splice site mutations remains to be clarified. It is conceivable that splice site mutations in
TP53from other types of tumors are more prevalent than reported in public databases
because of a bias towards mutation analyses/experimental designs based on exons or cONA
sequencing [43].

Mutat Res. Author manuscript; available in PMC 2014 July 01.
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Nonsense mutations resulting from A:T>T:A transversions are three times more numerous
than expected in AA-UUTSs, and nonsense mutations resulting from other types of base
substitutions are six times more numerous in AA-UUT than expected (Table 3). As
nonsense and most splice mutations are expected to confer a complete loss of function, these
data suggest a strong selection for total loss of the p53 wild-type functions in UUT.
Although most tumorigenic mutations show complete loss of function (some also acquire
simultaneously a novel oncogenic gain of function), some missense mutations retain partial
wild-type p53 ability to transactivate p53-responsive genes [42]. For A:T>T:A and other
types of mutations, loss of function due to missense mutations are more frequent than
expected in AA-UUT (Table 3), again suggesting a strong requirement for total loss of p53
function.

3.3 AA-induced mutations in experimental systems

Laboratory studies have demonstrated that AL-dA is the predominant DNA lesion in AA-
exposed cells, and that the adducted base can miscode during translesion synthesis, thereby
generating a T:A base pair at the site of the original A:T pair in subsequent rounds of DNA
synthesis [41]. Mutagenesis assays using microorganisms, mammalian cells and genetically
engineered laboratory rodents have been used to study the induction of base substitution
mutations by environmental agents. Such tests have shown that AA is a potent mutagen
(IARC monograph volume 82, 2002). Tumor analysis in an early rodent cancer study of AA
demonstrated the activation of rasgenes by A:T>T:A transversion at the critical codons.
ACB (allele-specific competitive blocker)-PCR, a DNA amplification method that permits
detection of mutations present in low abundance in a cell population, recorded the induction
by AA of A >T substitutions in codon 61 (CAA to CTA) of the Hrasoncogene [44].
Recently, oncogene-activating A>T mutations at the second nucleotide of HRAS codon 61
were observed in a subset of patients with AA-UUT [17].

The frequencies of specific types of base alterations resulting from mutagen exposure in
various sequence contexts can be assessed in certain mutagenesis protocols, for example, by
sequencing a reporter gene that provides a selection strategy for enumeration of mutants.
Transgenic mouse and BigBlue™ rat studies verify that exposure to AA results in a high
frequency of A>T transversions [45;46]. Recapitulation of the exposure-linked human tumor
TP53 mutation spectrum in laboratory experiments would strengthen arguments for a causal
link. However, the strand bias or preferred sequence contexts observed in human cancer
genes cannot be recapitulated when certain reporter gene assays are employed (eg, those
using nonexpressed transgenes). As no efficient strategies were available for recovering
TP53 mutations in cells exposed to a mutagen, one us (MH) constructed the Hupki (human
p53 knock-in) mouse, a strain genetically altered to express human 7P53instead of mouse
Trp53, and then exploited the ability of primary mouse embryonic fibroblasts to form
immortalised clones when p53 is disabled by a mutation [12;47;48]. In this experimental
system, Hupki embryonic fibroblasts (HUFs) are exposed /n vitroto a mutagen, and the
7P53 gene of immortalised clones, which arise after several weeks, is sequenced [48]. The
biological process of immortalization serves as a selection strategy for recovering 7P53
mutants, analogous to the use of drugs to recover mutants in classical mutation assays. In
experiments with several human carcinogens, the HUF assay generated mutation data that
were consistent with human tumor 7253 mutation spectra [11;49].

A striking recapitulation of the human 7P53 mutational spectrum in HUFs was observed in
experiments in which the cells were exposed to AA. Of 37 mutations recovered in four
separate experiments, 21 (57%) were A:T>T:A transversions, and 20/21 (95%) involved
mutation on the non-transcribed strand. This result is consistent with AA-UUT data (57% vs
58% and 95% vs 98%, respectively). However, the most persuasive data with respect to the
specificity of the AA-UUT spectrum is evident from a comparison of A:T>T:A transversion
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sites in the 7P53sequence. Figure 4 depicts the extent of overlap in A:T>T:A substitution
locations in the two datasets. There are 46 observed A:T>T:A distinct mutations in AA-
UUT, and 18 in HUF, 11 of which (23.9% and 61.1% respectively) are common to the two
datasets (left pandl). Of the 11 mutations in common, most were observed in more than two
UUT patients (Figure 4, right panel). Notably, of the 12 A:T>T:A transversions found in
more than one AA-UUT and thus, potential mutational hotspots (Table 2), ten have been
reproduced in the AA-HUF experiments despite the small HUF experimental data set. The
concordant transversions include the prominent p.N131Y in AA-UUT discussed above. The
selection of 7P53p.N131Y in immortalized HUFs (i.e. fibroblasts) argues against the
possibility that p.N131Y is an AA-UUT signature mutation due to special p.N131Y gain-of-
function properties uniquely active in urothelial cells. The preferred sequence context for
A:T>T:A derived from nonsense and missense mutations in the tumors (Figure 3B) also
matches the HUF data. In contrast, among 163 HUF mutant 7253 clones recovered from
experiments with other human carcinogens, no A:T>T:A mutations identical to those found
in AA-UUT were found [48-52], and unpublished data), although other mutagens
specifically targeting A: T base pairs have yet to be tested in this assay.

As was found in AA-UUT patients, the proportion of mutations in AA-HUFs generating a
stop codon is high (6/37, 16.2%). Curiously, only one intron splice mutation (intron 8 splice
acceptor) was detected, a clear departure from the mutation pattern observed in AA-exposed
patients. A tentative explanation for this difference may lie in the methods used to screen
HUFs and tumors for mutations. Patient DNA was sequenced using the Roche AmpliChip
p53 microarray which was designed to detect splice site mutations with high efficiency.
Genome sequencing of AA-HUF clones and HUF clones induced by other carcinogens will
provide data for comparisons with next-generation sequencing studies in human tumors.

4. Discussion and Future Directions

The most plausible explanation for the unique UUT mutation pattern in the Balkan and
Taiwanese populations, reinforced by the strong concordance between tumor mutations in
patients and AA-induced 7P53 mutations in HUFs, is that AA exposure plays a major role
in causing genetic damage to 7P53and in the subsequent development of UUT.

TP53 A:T>T:A mutations have been linked to another environmental carcinogen, vinyl
chloride, in angiosarcomas of vinyl chloride-exposed factory workers [53;54]. These data
remain very limited (only 14 mutations described) and show different hotspot mutations
than the ones observed in AA-UUT. Thus, the pattern of AA-related 7P53 mutations
appears to be highly specific for AA.

Molecular epidemiological and experimental data supporting the deduction that AA induces
A:T>T:A mutations in UUT has parallels in the extensive research performed on aflatoxin
B4 exposure and the remarkable hotspot codon 249 7P53 mutation (c.747G>T; p.R249S)
found in liver tumors. This single mutation is considered a signature for aflatoxin exposure
and a risk marker for hepatocellular carcinoma (HCC) (Table 5). Although A:T>T:A
mutations in AA-associated UUT are more dispersed in the 7P53 gene than in the aflatoxin
B4 (AFB1)-linked hotspot mutation in HCC, distinctive hotspot signature mutations in
UUT-AA are evident (Table 2). Thus, the case of AA-UUT represents another compelling
example, with strong mechanistic support, of the concept that exposure to environmental
carcinogens may generate “signature” mutations in genes that drive tumor development in
target tissues. With the advent of nanopore/semiconductor DNA sequencing methods [55]
and other next generation sequencing technologies, the analysis of AA-associated mutations
in circulating tumor cells, or in exfoliated cells in urine could be explored in strategies for
noninvasive measurements and prospective study design. It would also be important to
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investigate the role of genetic factors in DNA repair and of enzymes involved in forming
DNA adducts, thereby shaping mutation patterns and influencing cancer risk [56;57].

Recent investigations in Taiwan raise the possibility that AA-associated UUT cancer is a
disease of global proportions, with the number of persons at risk being orders of magnitude
higher than hitherto appreciated [17]. In Taiwan alone, one in three persons has used some
form of Aristolochiaherbal preparations [15]. Moreover, the incidence of UUT in Taiwan is
the highest recorded world-wide [15;16]. Case-control studies in Taiwan, with prescription
documentation, would be required to investigate a direct relationship between cancer risk
and the estimated exposure to Aristolochia species. Despite official bans on the sale and use
of Aristolochia herbs for medicinal purposes, self-administration of this widely used herbal
remedy continues, adding to the millions of people already exposed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AA Aristolochic acid(s)

AL-DNA adducts aristolactam-DNA adducts

AL-dA 7-(deoxyadenosin-N6-yl)aristolactam

BEN Balkan endemic nephropathy

CosMmIC Catalogue of Somatic Mutations in Cancer

IARC International Agency for Research on Cancer

IARC DB IARC TP53 Database

ICGC International Cancer Genome Consortium

TP53 the human p53 tumor suppressor gene

LOF loss of wild-type function

Trp53 the mouse p53 tumor suppressor gene

uuT upper urinary tract tumors

AA-UUT UUT tumors from patient cohorts with documented or suspected
exposure to AA

nonAA-UUT UUT tumors from patient cohorts with no known or suspected
exposure to AA

HUF Hupki embryonic fibroblasts
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Figure 1.
Aristolochia littoralis and structures of aristolochic acids.
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Figure2.

Codon distribution of A:T>T:A substitutions in 7P53 coding sequence in (A) AA-UUT
cancers [17;19;21;39], and in (B) other cancer types (IARC TP53 Database, R15, excluding
AA-related cancers and cell-lines). Codon labels are shown for mutations representing more
than 2% of all coding mutations. Note that intronic mutations located at splice sites (first and
last nucleotides of introns) are not depicted in this chart.
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Figure 3.

Sequence context of A>T mutations in AA-UUT cancers. Motif surrounding the A
nucleotide involved in the A>T mutations associated with AA exposure in UUT, taking into
account (A) all A>T mutations, or (B) only A>T resulting in missense or nonsense
mutations.
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Overlap in identity of specific A to T mutations in AA-UUT and in AA HUFs. Left panel:
Overlap between the specific A:T>T:A AA-associated mutations in Hupki (N=18 unique
mutations) and in AA-UUT (N=46 unique mutations). Right panel: details on the specific
mutations overlapping between Hupki and human data. Mutations are described using NCBI

reference sequence NM_000546 for cDNA description and NP_000537 for protein

description.
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Frequency of human cancer A:T>T:A mutations in the 7253 gene (IARC TP53 Database, R15) and in the
whole genome (ICGC data 2012)

A:T>T:A (% of point 1 mutations)

TP53 Whole genome

AA-UUT 58.91 no data
nonAA-UUT | 1.47 no data
Breast 6.11 4.62
cLL ¥ 8.8 13.7
CRC 3.63 5.01
Brain, GBM 2.2 2.63
Liver 9.65 12.46
Lung, ADC 3.65 8.48
Mydoma * | 125 5.38
Pancreas 7.98 6.85
Stomach 5.77 5.38

Abbreviations: CLL, chronic lymphocytic leukaemia; CRC, colorectal cancer; GBM, glioblastoma; ADC, adenocarcinoma.

*
less than 60 total point mutations
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Recurrent A:T>T:A coding 7P53 mutations in AA-UUT

A:T>T:A mutation

Number of records (%) in AA-UUT

Number of records (%) in Other tumor types (IARC DB)

p.0104L * 2 (1.9%) 1 (<0.005%)
p.K120M 3 (2.9%) 1 (<0.005%)
p.N131Y 8 (7.9%) 5 (<0.005%)
p.K 139X 2 (1.9%) 3 (<0.005%)
p.1162F 3 (2.9%) 10 (0.008%)
p.K 164X 3(2.9%) 13 (0.01%)
p.H179L 3 (2.9%) 32 (0.03%)
p.R209X 4(3.9%) 8 (0.007%)
p.R249W 4 (3.9%) 37 (0.03%)
P.R280S 4(3.9%) 11 (0.009%)
p.K 291X 4(3.9%) 4(<0.005%)
p.K305X 2 (1.9%) 15 (0.01%)
AUA:T>TA 101 1167

*
Mutations in bold were found in two independent studies [17;21] and have been induced in HUF cell cultures treated with AA.
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Table 3

Expected versus observed A:T>T:A mutations ( 7P53 exons 2-10) in relation to functional impact of single
base substitutions

Type Effect E><pec’(ed1 Observed in AA-UUT2 Observed in Other tumor types (IARC DB)3

A:T>T:A | missense LOF 18.43 34.65 64.59
missense others | 54.66 9.90 18.18
nonsense 6.21 20.79 11.48
silent 17.18 0.99 0.96
Splice4 3.52 33.66 4.78

Others missense LOF 15.20 48.57 66.25
missense others | 54.80 24.29 15.06
nonsense 3.06 18.57 12.03
silent 23.84 7.14 2.55
splice 3.13 1.43 411

Proportion of mutations (percent, of 483 AT>TA and 2907 other mutations) taking into account all possible single base substitutions in the 7P53
sequence (including only exons and first and last two nucleotides of introns)

2 . . . .
Proportion of mutations (percent, of 101 AT>TA and 70 other mutations) observed in AA-UUT cancers
3Prop0rtion of mutations (percent, of 209 AT>TA and 3141 other mutations) observed in cancers other than UUT (IARC DB)

4 . . ] I . ] . .
Splice mutations are defined here as substitutions occurring at the first two and last two nucleotides of introns
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TP53 A:T>T:A mutations among splice site mutations observed in nonAA, non-UUT cancers (IARC DB)

Intron number

Splice site point mutations (N=326)

AT>T:A (%)

3 10 (3.1%) 1(3.5%)

4 51 (15.6%) 5 (17.2%)
5 74 (22.7%) 5 (17.2%)
6 63 (19.3%) 6 (20.7%)
7 46 (14.1%) 4 (13.8%)
8 48 (14.7%) 3 (10.3%)
9 34 (10.4%) 5 (17.2%)
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Hypothesis: dietary ingestion of AA may result in A:T>T:A mutations in human cancers of the upper urinary

tract”™

Strength of association:

Biological plausibility

Consistency

« Dose-response correlation between AA exposure and incidence of
UUT [15;34]

* AL-DNA adducts detected in individuals exposed to AA, but not in
unexposed cohorts [17-22;30]
Specificity

 Frequent A:T>T:A (non-transcribed strand), especially at codons
131, 209, 249, and splice sites in tumors of AA exposed patients, but
uncommon in other cancers and in UUT of patients with no AA exposure
history (This review; [18])

* A:T>T:A mutations (“genome scarring”) as a biomarker of UUT
cancer risk

Temporality

« A:T>T:A mutations in disease-free individuals predict higher UUT
risk (prospective)

* AL-dA adducts predominate, and can persist in tissues for decades
because they are poorly repaired [22;40]

» AA is a potent mutagen and carcinogen in laboratory studies
(IARC monograph, volume 82, 2002)

« AA is metabolized to an electrophilic intermediate that binds
covalently to purines in DNA [57]

« AL-dA DNA adducts are miscoding lesions that produce A>T
transversions /n vitro [18;22;41]

« Treatment of cells with AA induces A:T>T:A mutations with
a strong strand bias in 7P53that occur at locations identical to
those found in tumors of humans exposed to AA (this review and
[48;50])

* AL-DNA adducts are found in the target organ of exposed
patients and experimental animals [20;30;45;46]

The original table (Table 1 of Hussain et a/. [7] presented evidence in support of the hypothesis that aflatoxin B1 exposure can cause codon 249

G>T mutations in the development of hepatocellular carcinoma (HCC). It has been adapted here to the evidence for the role of AA in causing
deleterious 7P53 mutations in the development of UUT cancer. Italics indicate associations that are lacking which future studies/new technologies

might examine with respect to AA exposure and UUT cancer.
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