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In humans, exposure to aristolochic acid (AA) is associated with urothelial carcinoma of the upper urinary tract
(UTUC). Exome sequencing of UTUCs from 19 individuals with documented exposure to AA revealed a remark-
ably large number of somatic mutations and an unusual mutational signature attributable to AA. Most of the
mutations (72%) in these tumors were A:T-to-T:A transversions, located predominantly on the nontranscribed
strand, with a strong preference for deoxyadenosine in a consensus sequence (T/C–AG). This trinucleotide motif
overlaps the canonical splice acceptor site, possibly accounting for the excess of splice site mutations observed
in these tumors. The AA mutational fingerprint was found frequently in oncogenes and tumor suppressor
genes in AA-associated UTUC. The AA mutational signature was observed in one patient’s tumor from a UTUC
cohort without previous indication of AA exposure. Together, these results directly link an established
environmental mutagen to cancer through genome-wide sequencing and highlight its power to reveal individ-
ual exposure to carcinogens.
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INTRODUCTION

Aristolochic acid (AA) is a nitrophenanthrene carboxylic acid found in
all members of the genusAristolochia (1), plants that have been used for
medicinal purposes for more than 2000 years (2). Remarkably, the pro-
found nephrotoxicity and carcinogenicity associated with the use of
these plants came to light only recently (3), when Aristolochia fangchi,
administered to 1800 otherwise healthy Belgian women as part of a
weight reduction regimen, resulted in more than 100 cases of chronic
tubulointerstitial disease progressing to end-stage renal failure (4). Over
the next several years,many of the affectedwomendeveloped neoplastic
changes in the upper urinary tract (5, 6). The presence of aristolactam
(AL)–DNA adducts, products of AA metabolism, in the kidneys and
ureters in these individuals (6) provides a tangible link between human
exposure to AA and its carcinogenic effects.

In addition to the toxicities of AA associated with the use of herbal
medicines, AA has been implicated as an environmental carcinogen.
Balkan endemic nephropathy (BEN), a devastating kidney disease asso-
ciated with urothelial carcinoma of the upper urinary tract (UTUC),
occurs exclusively in residents of rural communities in the Danube
River basin (7). The etiology of BEN remained a mystery until AA was
shown to be the causative agent of this disease (8–10). In these studies,
AL-DNA adducts and the TP53 mutational spectrum of UTUC (see
below) were used as biomarkers of internal exposure to AA. Envi-
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ronmental exposure to AA was attributed to consumption of wheat
grain contaminated with seeds of Aristolochia clematitis (11, 12).

Epidemiologic studies in Taiwan, using a national prescription
database, reveal that, between 1997 and 2003, about one-third of the
Taiwanese population had been prescribed remedies containing Aristo-
lochia herbs (13). Moreover, the incidence of UTUC in Taiwan is the
highest in the world (14). As in the Balkans, the detection of AL-DNA
adducts and the spectrumofTP53mutations in the associated urothelial
cancers supported the designation of AA as a major cause of UTUC in
Taiwan (15).

The mutational spectrum of TP53 in UTUC associated with AA ex-
posure in both the Balkans and Taiwan is dominated by A:T-to-T:A
mutations (8, 9, 15, 16). Likewise, the predominant (48%) mutations
seen in the human TP53 gene in knock-in mouse cells treated in vitro
with AA are A:T-to-T:A transversions (17). In contrast, among the
27,000 mutations in the International Agency for Research on Cancer
(IARC)TP53 database, A:T-to-T:ATP53mutations are found in 5.3%of
all human cancers and only 1.4% of UTUCs overall (18). The altered
spectrum of TP53 mutations associated with exposure to AA suggests
that AA is acting as the causative agent. Supporting this idea, transle-
sionalDNA synthesis past AL-deoxyadenosine-DNAadducts preferen-
tially fosters misincorporation of deoxyadenosine, leading to A-to-T
transversions (19). The demonstration that AL-DNA adducts are
strongly resistant to global genomic nucleotide excision repair (20)
accounts for the strand bias seen in TP53 mutations and contributes
to their remarkable persistence in human tissues (6, 9).

The studies reviewed above provide important insights into AA-
associated cancers but leave a number of questions unanswered. For
example, does AA exposure result in more mutations per tumor or
just an altered spectrum of mutations? Are the TP53mutations asso-
ciated with AA representative of mutations throughout the genome?
And what mutated genes beyond TP53 drive AA-associated UTUC?
To help answer these questions, we characterized the somatic muta-
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tions in all of the protein-coding genes inUTUCs from 26 individuals,
including 19 with suspected exposure to AA.
on
 A

ug
us

t 8
, 2

01
3

RESULTS

Exome sequencing of UTUCs
The exomes of 19 UTUCs andmatched normal tissue from individuals
with documentedAA exposure were sequenced. Biomarkers used to in-
dicate patient exposure to AAwere the presence of AL-DNA adducts in
kidney DNA, as determined by the 32P-postlabeling method, and/or a
rare A:T-to-T:A mutation in tumor TP53 gene (15, 21) (table S1). For
comparison, we sequenced 7 UTUCs from individuals with no
suspected AA exposure; all of these individuals were smokers, whereas
all 19 AA-UTUCs were never-smokers. Both the AA-UTUC and the
smoking-associated (SA)–UTUCcohortswere selected from theTaiwanese
population and were similar in age (average, 69 versus 64) and extent of
disease (Table 1 and table S1). The average coverage of each base in the
targeted regions was high (130- and 111-fold for the AA and SA co-
horts, respectively), and 89% of the 37,907,452 bases of coding exons
were covered by at least 10 reads (Table 1 and table S2).

Analysis of these data revealed an average of 17,102 known single-
nucleotide polymorphisms (SNPs) per individual. These SNPs allowed
two important quality controls. First, the tumor and normal tissue from
www.Scien
each individual shared, on average, 99.96% of the SNPs, confirming
their origin from the same patient. Second, the SNPs allowed iden-
tification of regions containing allelic imbalance because of either loss
of heterozygosity (LOH) or gain of a chromosomal segment. Using
regions of LOH, we were able to confirm a high neoplastic cell con-
tent (>45%) in 24 of 26 samples (table S1). The remaining two sam-
ples were subsequently confirmed to have a high neoplastic cell
content (>60%) on the basis of the allelic ratios of somatic mutations
(table S1).

Identification of somatic mutations
Using stringent criteria to avoid false-positive calls (see Materials and
Methods), we identified a total of 14,957 mutations in the two cohorts,
with a median of 304 (range, 87 to 3303) somatic mutations in AA-
UTUCs versus 92 (range, 20 to 178) in SA-UTUCs (tables S1 and
S3). The vast majority (98.4 and 97.8% in the AA and SA cohorts, re-
spectively) of thesemutationswere single-base substitutions (SBSs). The
accuracy of the somatic mutation calls was independently validated by
Sanger sequencing of a subset of somatic mutations. Two hundred
eighty-six of the 297 (96%) tested somatic mutations were confirmed by
this analysis (tables S3 and S4). There was a median of 233 (range, 69 to
2573) nonsynonymous mutations in AA-UTUCs versus 70 (range,
19 to 143) in SA-UTUCs (see table S1). The high mutation load ob-
served in AA-UTUCs (mean, 753 mutations per tumor) is consistent
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Table 1. Summary of exome sequence analysis of human urothelial carcinomas of the upper urinary tract.
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Characteristics of sample analyzed
 Male
 11
 6*
ro
m

Female
 8
 0
d 
f

Average age at diagnosis (years)
 69
 64
ad
e

Sequencing
 Bases sequenced (after quality filtering)
 540,388,137,550
 198,257,916,200
nl
o
Bases mapped to genome
 460,243,168,050
 186,169,938,500
ow
Bases mapped to targeted region
 236,240,310,243
 85,724,475,798
D
Average no. of reads per targeted base
 130
 111
Targeted bases with at least 10 reads (%)
 89%
 89%
Known SNPs identified in targeted region†
 649,783
 239,525
Somatic mutations
 Total somatic mutations
 14,305
 547
Insertions or deletions
 227
 12
Single-base substitutions
 14,078
 535
Mutation description
 Synonymous
 3,197
 124
Missense
 9,377
 368
Nonsense
 905
 35
Frameshift
 225
 12
Splice acceptor
 486
 6
Splice donor
 68
 1
Nonstop
 47
 1
Frequency of A:T>T:A
 72%
 7%
*Patient SA_116 excluded from the SA cohort because of AA exposure found during this study (see main text and Fig. 3). †dbSNP (53).
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with exposure to a potent mutagen and considerably greater than the
average number of mutations observed in ultraviolet (UV)–induced
melanomas and smoking-induced lung cancers (22).

On average, 524 genes were mutated in each AA-associated tumor,
making it difficult to distinguish mutated driver from mutated passen-
ger genes. Nevertheless, several known driver genes (22) were found to
be mutated in these UTUCs, including genes previously implicated in
UTUCs, such as FGFR3 (8%), HRAS (4%), NRAS (15%), and TP53
(58%) (Table 2 and table S1). Nonsynonymous mutations were fre-
quently found in driver genes involved in the chromatin modification
www.Scien
pathway (fig. S1). These genes include MLL2 (62%), CREBBP (38%),
and KDM6A/UTX (15%), which have been noted previously in cancers
of the bladder but not in UTUC (23). Finally, several driver genes not
previously associated with tumors of the urinary tract were found to be
frequently mutated in the UTUC cases studied here. These included
STAG2 (27%) and BRCA2 (19%).

The mutational signature of AA
The SBSs in the AA cohort showed amarkedmutagenic signature, with
A:T>T:A transversions accounting for 73% of SBSs (Fig. 1). A:T>T:A
Table 2. Genetic characteristics of human urothelial carcinomas of
the upper urinary tract. Gene list was compiled using the following
criteria: (i) commonly mutated oncogene or tumor suppressor gene,
specifically genes listed in table S2 of (22); (ii) nonsynonymous mutation
found in three or more UTUCs and/or recurrent nonsynonymous muta-
tion observed in two or more UTUCs; and (iii) if no recurrent mutations,
then at least one nonsynonymous mutation is potentially inactivating
(nonsense, frameshift, splice site). Twenty of the possible 6940 genes
with at least one nonsynonymous mutation in a UTUC satisfied the above
criteria and are listed here. nd, not detected.
3
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Frequency
 Number of mutations
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nonsynonymous
mutation

(frequency‡)
Nonsynonymous§
Synonymous

Complementary

DNA

Protein
Frequency of
nonsynonymous
mutations with
AA signature¶
r
Missense
 Nonsense
 Frameshift
 Splice site
.o
AA-associated
UTUC∥
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SA-UTUC**
ag
MLL2
 16 (62%)
 7
 6
 4
 4
 2
 47% (7/15)
 17% (1/6)
ce
m

TP53
 15†† (58%)
 8
 3
 1
 6
 0
 c.840A>T
 p.R280S
 93% (13/14)‡‡
 0% (0/4)‡‡
ie
n

CREBBP
 10 (38%)
 7
 2
 0
 4
 0
 IVS28-2A>T
 N/A
 82% (9/11)
 0% (0/2)
.s
c

STAG2
 7 (27%)
 4
 1
 2
 2
 1
 43% (3/7)
 0% (0/2)
tm
BRCA2
 5 (19%)
 3
 2
 0
 0
 0
 100% (5/5)
 nd
 s
m

 

KDM6A
 4 (15%)
 0
 3
 1
 0
 0
 0% (0/3)
 0% (0/1)
 fr
o

ATRX
 4 (15%)
 2
 2
 0
 0
 1
 67% (2/3)
 0% (0/1)
ed
ASXL1
 4 (15%)
 3
 0
 1
 0
 0
 25% (1/4)
 nd
oa
d

MLL3
 4 (15%)
 3
 0
 1
 0
 0
 33% (1/3)
 0% (0/1)
nl
SMARCA4
 4 (15%)
 5
 1
 0
 0
 0
 100% (6/6)
 nd
ow
BCOR
 4 (15%)
 3
 0
 0
 1
 1
 50% (2/4)
 nd
 D
NRAS
 4 (15%)
 4
 0
 0
 0
 0
 c.182A>T
 p.Q61L
 100% (4/4)
 nd
ARID1A
 3 (12%)
 1
 3
 0
 0
 2
 100% (4/4)
 nd
ABL1
 3 (12%)
 2
 1
 0
 0
 1
 100% (3/3)
 nd
ARID1B
 3 (12%)
 2
 1
 0
 0
 1
 33% (1/3)
 nd
ARID2
 3 (12%)
 3
 1
 0
 0
 2
 75% (3/4)
 nd
NCOR1
 3 (12%)
 2
 1
 0
 0
 0
 100% (3/3)
 nd
AKT1
 2 (8%)
 2
 0
 0
 0
 0
 c.49G>A
 p.E17K
 0% (0/1)
 0% (0/1)
PIKC3A
 2 (8%)
 2
 0
 0
 0
 0
 c.1633G>A
 p.E545K
 nd
 0% (0/2)
FGFR3
 2 (8%)
 2
 0
 0
 0
 0
 c.746C>G
 p.S249C
 0% (0/1)
 0% (0/1)
Total
 65
 27
 10
 17§§
 11
 68% (67/98)
 5% (1/20)
*Observed in two or more tumors. †A>T on nontranscribed strand. Note that A-T transversions are the most rare SBS observed in COSMIC data set (see Fig. 1). ‡Frequency calculated
as number of UTUCs with nonsynonymous mutation in the driver gene divided by 26 (total UTUCs analyzed). §No nonstop mutations detected in this gene set, so nonstop subcategory
omitted. ¶Frequency calculated as number of nonsynonymous A>T mutations on nontranscribed strand in UTUC cohort divided by the total number of nonsynonymous mutations in UTUC
cohort (raw numbers are in parentheses). ∥Twenty UTUCs include 19 from AA cohort and 1 patient (SA_116) for whom AA association was subsequently found in this study (see Fig. 3). **Six
UTUCs from SA cohort, excluding patient SA_116 (see footnote ∥). ††Nonsynonymous mutations detected in three UTUCs (AA_101, AA_106, and AA_109) by Sanger sequencing (see table
S1). ‡‡Frequency may be skewed because of selection of UTUCs with and without A>T mutation in TP53 for AA and SA cohorts (see Materials and Methods). §§Sixteen of 17 in splice
acceptor and 1 of 17 in splice donor.
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transversions are uncommon in other cancers [4.4% of 119,825 SBSs in
the Catalog of Somatic Mutations in Cancer (COSMIC) database (Fig.
1 and tables S5 and S6) (24)] but have been observed frequently inTP53
in AA-UTUCs (2). This pattern of mutations was distinct from that ob-
served in other hypermutable tumors, including those associated with
UV exposure (25) and tobacco smoke (26, 27) and those associatedwith
defects in POLE or microsatellite instability (28, 29). The lack of a mi-
crosatellite instability signature in these samples is of interest given a
previous report of microsatellite instability in sporadic upper urinary
tract cancer (30).

The A:T>T:A signature within the coding regions of the AA cohort
was biasedmore than twofold toward the nontranscribed strand (Fig. 2A).
However, this strand bias is less than that previously reported for TP53
mutations (9, 15), presumably due to the inclusion of nontranscribed
www.Scien
genes in our genome-wide data. Such genes would not be subject to
transcription-coupled DNA repair. We also observed a preference for
a C or T in the base preceding the mutated A residue, and a preference
for G at the following base in both synonymous and nonsynonymous
A>Tmutations (Fig. 2B and fig. S2). This preference coincides with the
canonical splice acceptor sequence of the nontranscribed strand (that is,
T/CAG) and likely accounts for the 7.4-fold overrepresentation of splice
acceptor mutations we observed in AA-UTUCs (Fig. 2C). It also is
consistent with the previously reported overrepresentation of acceptor
splice site mutations in TP53 (16). Additionally, the AAmutational sig-
naturewas present in oncogenes and tumor suppressor genes frequently
mutated in UTUCs, where 67 of 98 (68%) nonsynonymous mutations
were A>T mutations on the nontranscribed strand in AA-associated
UTUCs compared to 1 of 20 (5%) nonsynonymous mutations in
SA-UTUCs (Table 2).

In contrast, examination of the distribution of SBSs in the SA cohort
revealed that the predominant mutations were C:G>T:A transitions
(48% of SBSs, see Fig. 1). This pattern differs from the C:G>A:T trans-
versions commonly observed in lung cancers (26, 27). This paucity of
C:G-to-A:T mutations suggests that tobacco carcinogens, such as
polycyclic aromatic hydrocarbons including benzo[a]pyrene or reactive
aldehydes, such as acrolein, do not play a major role in SA-UTUC, but
others, such as certain nitrosamines, may be involved (31).

The AA mutational signature as a marker of AA exposure
In addition to the global patterns of mutations distinguishing the AA
from the SA cohorts, we examined the mutation patterns in each indi-
vidualUTUC (Fig. 3A). Seventeen of the 19AA-UTUCshad a percentage
of A:T>T:A transversions that wasmore than six times the interquartile
range (IQR) of COSMIC tumors away from the COSMIC median
(median of 5.6% of SBSs with IQR of 6.2%), strongly supporting expo-
sure toAA as the causative event in these cancers (Fig. 3B). This allowed
the formulation of an AA signature defined as a mutation load of ≥40
SBS mutations and >35% A:T>T:A transversions. This signature was
not observed in 812 tumors with 40 or more SBS mutations present in
COSMIC (Fig. 3B). In two AA-UTUC cases, AA_101 and AA_129, the
percentages of A:T>T:A transversions were not consistent with the AA
signature, making the etiologic role of AA in these patients less clear
(Fig. 3, A and B).

Surprisingly, this analysis revealed that one of the SA patients
(SA_116) had a highly elevated level of A:T>T:A transversions [55 of
102 SBSs (54%)], consistent with the AA signature (Fig. 3B). This level
is within the IQR of the AA-UTUCs (IQR between 48 and 79%) but is
almost twofold greater than the highest value (29%) observed in the 812
tumors from COSMIC. Furthermore, as observed in AA-induced
cancers, A:T>T:A transversions showed a bias for the nontranscribed
strand (Fig. 3C) and a preference for a CAG context (Fig. 3D).

AL-DNA adducts were undetectable in kidney DNA from patient
SA_116, as determined by 32P-postlabeling analysis. To investigate this
apparent discrepancy, we applied a recently developed, ultrasensitive
mass spectrometric method (32) for the determination of AL-DNA ad-
ducts to nine patients who were adduct-negative by 32P-postlabeling
techniques, which includes two from the AA cohort and all seven from
the SA cohort (see Materials and Methods). Consistent with the docu-
mented, widespread use of Aristolochia-containing herbal medicines in
Taiwan (13, 14), mass spectrometric analysis revealed that eight of the
nine renal DNA samples had detectable AL-DNA adducts. Patient
SA_116 had 5.5 adducts per 108 nucleotides, a concentration similar
AA-UTUC SA-UTUC COSMIC
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Fig. 1. Mutation spectrum of AA-associated UTUCs. (Top) Scatter plot
of total number of SBSs found from exome sequencing of two UTUC co-

horts: AA-UTUC and SA-UTUC. The COSMIC data set represents a broad
distribution of cancer types (details in tables S5 and S6); mutations are in
exomic regions for comparison with UTUC exomes. Each dot indicates an
individual tumor (19 tumors for AA-UTUCs, 6 tumors for SA-UTUCs, and
812 tumors for COSMIC data set). One tumor from SA-UTUCs (SA_116) was
excluded from the SA group calculations because of the presence of the
AA mutational signature (details in text and Fig. 3). Only COSMIC tumors
with ≥40 SBSs were included to reflect each tumor mutation spectrum.
Horizontal red bars indicate median. (Bottom) Pie charts of SBS muta-
tion frequencies in the exomes of AA-UTUC, SA-UTUC, and COSMIC groups.
Pie legend contains the six possible SBSs on double-stranded DNA. For
example, A:T>T:A is both A-to-T and T-to-A mutations, where colon (:) rep-
resents the bond between DNA strands. Group frequencies of A:T>T:A
transversions (red in pie graph) are 73, 7, and 4% of SBSs in AA-UTUC,
SA-UTUC, and COSMIC groups, respectively. A:T>T:A transversions are the
least-frequent SBS in the COSMIC data set.
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to or higher than three of the patients in theAA cohort, and higher than
any of the other SA patients (table S1). These adduct findings are
consistent with an AA exposure–induced cancer in patient SA_116.
However, AL-DNA adducts indicate exposure in kidney tissue and
do not reveal the timing and extent of exposure in urothelial tissue
giving rise to the cancer. Although other yet to be determined carcino-
gensmay result in similar signatures, the presence of the AAmutational
signature in the tumor, coupled with the tumor type and detectable
AL-DNA adducts in normal tissue, provides strong evidence for AA
as a causative agent in this case.
DISCUSSION

Whole-exome sequencing analysis of AA- and SA-UTUCs allowed
us to characterize in depth the mutational signature of AA exposure
and to identify drivers in this tumor type. Driver genes mutated in a
large fraction of UTUCs include previously implicated genes [HRAS
(33), TP53 (34), and FGFR3 (35)] and genes not previously reported
to be mutated in UTUCs (MLL2, CREBBP, STAG2, BRCA2, KDM6A,
andNRAS). Of the newly identified genes, several that were mutated in
a high fraction of UTUCs (MLL2, CREBBP, and KDM6A) were of par-
ticular interest because they implicate defects in chromatinmodification
www.ScienceTranslationalMedicine.org 7
in the development of UTUCs. One or
more of these three genes were mutated
in over two-thirds ofUTUCs, andwhen less
frequentlymutated chromatin remodeling
genes (ARID2,ATRX,MLL3, and PBRM1)
are considered, this figure rises to 81% (21
of 26) of UTUCs.

It has recently been shown that half or
more of the somaticmutations in cancers
occur during the replication of normal
stem cells before the onset of neoplasia
(36). These background passenger muta-
tions can make it difficult to recognize
the mutational signature of a carcinogen.
Nevertheless, potent mutagens leading to
high levels of signature mutations can be
recognized in certain tumor types. Exam-
ples so far include UV-induced mela-
nomas that display abundant C:G-to-T:A
mutations in a dipyrimidine context
along with CC:GG-to-TT:AA dinucleo-
tide substitutions (25, 37–42). Although
tobacco smoke contains more than 60
carcinogens (43), lung tumors of tobacco
smokers have a predominance of C:G-
to-A:Tmutations (26, 27, 44–48), presum-
ably reflecting the preferential action of
one or severalmutagens that leave this sig-
nature. This tobacco-related signature is
not evident in all tumor types associated
with smoking because it is not prominent
in head and neck squamous cell carcino-
ma (49) or the SA-UTUCs studied here.
Our study of AA-UTUCs reveals a genome-wide mutational signature
characterized by a high mutational load with an excess of A:T-to-T:A
transversions and splice acceptor mutations, as well as an enrichment
of A>Ts on the nontranscribed strand with an A>T preference for a
T/CAG context. All aspects of this molecular signature are similar
to that reported for AA-induced UTUC in the accompanying pa-
per (50).

AL-DNA adducts in normal tissues serve as a sensitive biomarker of
internal exposure but alone cannot establish AA as the causative agent
for neoplasia in the same patient. Exposure to AA may occur subse-
quent to tumor initiation ormay have been coincidental. Indeed, in this
study, the application of an ultrasensitive and highly specific analytical
method capable of detecting less than 20 adducts per diploid cell re-
vealed that all but one member of the AA and SA cohorts combined
had been exposed to some extent previously to AA. In contrast, the ob-
servation of a strong AA mutational signature among the clonal muta-
tions distributed throughout the genome of a tumor, and specifically in
driver gene mutations, provides strong evidence of causality. As an ex-
ample of this principle, the AA mutational signature allowed us to im-
plicate AA exposure in a patient in whom smoking was believed to be
the causative agent of cancer. Our observations support the idea that
genome-wide sequencing can illuminate the pathogenesis of cancers
in individual cases or clusters of cases suspected to be caused by expo-
sure to environmental mutagens, providing a powerful tool for molec-
ular epidemiology.
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Fig. 2. Mutational pattern of A:T>T:A transversions in AA-UTUC exomes. (A) Frequencies of the six
possible SBSs listedon the x axis foundon thenontranscribed strand (black bars) or transcribed strand (white

bars) in AA-UTUC (left side) and COSMIC data set (right side). The A:T>T:A strand bias in AA-UTUCs likely
represents an enrichment of A>T mutations on the nontranscribed strand (rather than T>As on the tran-
scribed strand). (B) Frequencies of A>Tmutationswithin eachobserved trinucleotide sequence inAA-UTUCs
(black bars) and COSMIC data set (white bars). The middle A is the mutated base (A>T) in trinucleotide se-
quences listed on the x axis. Total number of A>Ts evaluated is 10,326 for AA-UTUCs and 5250 for COSMIC
data set. (C) Frequencies ofmutations found in 5′ splice donor (black bars) and 3′ splice acceptor (white bars)
sites in AA-UTUCs and COSMIC data set. Mutations only in the canonical 5′ splice donor (GT) and 3′ splice
acceptor (CAG or TAG) sites were counted. GT and CAG/TAG splice site sequences correspond to the non-
transcribed strand sequences.
August 2013 Vol 5 Issue 197 197ra102 5

http://stm.sciencemag.org/


R E S EARCH ART I C L E

 o
n 

A
ug

us
t 8

, 2
01

3
st

m
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

MATERIALS AND METHODS

Study design
The objective of this study was to determine the molecular signature
of AA in UTUC DNA. Tumor-specific mutations were determined by
comparing exome sequences of DNA from UTUC and nontumorous
tissue obtained from a cohort of 20 patients for whom AA exposure
was suspected. This mutation profile was compared to that in the
COSMIC database and to UTUCs from a cohort of 10 ethnically and
age-matched smokers. Inclusion in the AA cohort required the detec-
tion of AL-DNA adducts in kidney DNA by the 32P-postlabeling meth-
od and/or the presence of an A:T-to-T:A mutation in the TP53 gene.
Patients selected for the SA cohort were negative for both these param-
eters and had a history of smoking. After determining the mutation
profiles in each cohort, we reanalyzed the AL-DNA adduct content
www.Scien
of all kidney DNAs using a recently developed, sensitive mass spectro-
metric method.

Preparation of clinical samples
The research protocol was reviewed and approved by the Institutional
Review Boards of Stony Brook University, the National Taiwan Uni-
versity, Wadsworth Center, and Johns Hopkins University. A com-
plete description of the clinical parameters of a cohort of 151 UTUC
and kidney tissue pairs was reported previously (15, 21), together with
concentrations of AL-DNA adducts in the kidney DNA as determined
by the 32P-postlabeling method, and mutations in the TP53 gene in
UTUC DNA (15, 21). For the present study, we selected a cohort of
20 tumor patients (AA_101 to AA_110 and AA_121 to AA_130) with
documented AA exposure, as defined by the presence of either
AL-DNA adducts or an A>T mutation in TP53. Specifically, 10 of the
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Fig. 3. Molecular diagnosis of UTUC patient with previously unknown
AA exposure. (A) Mutation spectra from exome sequencing of 26 UTUC pa-

sion frequencies are69%forAA-UTUC, 5.9% for SA-UTUC, and5.6% forCOSMIC
data set. The IQR (indicated by vertical gray lines) is between 48 and 79% for
tients (labeled on the x axis) from AA-UTUC and SA-UTUC cohorts. AA cohort
originally defined by the presence of AL-DNA adducts in kidney tissue by 32P-
postlabeling method and/or the presence of A>T mutation in TP53 (see
Materials and Methods). The seven individuals in the SA cohort lacked both
AA biomarkers noted above but did have a clinical history of smoking. (B)
Dot plot of frequencies of A:T>T:A transversions out of total SBSs. Each dot is
an individual tumor (19 tumors for AA-UTUC, 7 tumors for SA-UTUC, and 812
tumors for COSMIC data set). Suspected exposure to AA herein defined as
above 35% (red dashed line). Median (horizontal gray lines) A:T>T:A transver-
AA-UTUC, 0 and 20% for SA-UTUC, and 2.9 and 9.1% for COSMIC data set. Pa-
tient SA_116 has 54% (55 of 102 SBSs) A:T>T:A transversions (red arrow). This
54% value lies within the IQR of AA-UTUC but is above the upper quartile (by
seven times theCOSMIC IQR) of theCOSMICdata set. (C) Dot plot of the ratio of
A:T>T:Amutations on nontranscribed strand over transcribed strand in patient
SA_116 (ratio of 3.6) relative toAA-UTUC cohort (median ratio of 2.5with IQRof
2.3 to 2.7). (D) Dot plot of frequencies of A>Ts within CAG consensus sequence
out of total number of observed trinucleotide sequences in patient SA_116
(27%) relative to AA-UTUC cohort (median of 32% with IQR of 29 to 34%).
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tumors selected had both AL-DNA adducts and an A>T mutation in
TP53, 8 tumors had AL-DNA adducts without an A>T mutation in
TP53, and 2 tumors had an A>T mutation in TP53 without adducts
detectable by 32P-postlabeling (table S1). Additionally, 10 tumors
(SA_111 to SA_120) were selected from patients who had neither
AL-DNA adducts by 32P-postlabeling nor TP53 A-to-T mutations
but did have a history of smoking. Subsequently, four tumors that were
sequenced failed quality control as detailed below.

Mass spectrometric determination of AL-DNA adducts
AL-DNA adduct concentrations were determined by ultraperformance
liquid chromatography–electrospray ionization/multistage scan mass
spectrometry. Five micrograms of kidney DNA from nine patients
(AA_103, AA_104, SA_111, SA_114, SA_115, SA_116, SA_117,
SA_118, and SA_119) that were adduct-negative by 32P-postlabeling
and one control (AA_129) that was adduct-positive by 32P-postlabeling
was hydrolyzed with a cocktail of enzymes containing deoxyribonuclease
(DNase) I, nuclease P1, alkaline phosphatase, and phosphodiesterase, as
previously described (51). Adduct quantification used the stable isotope
dilutionmethod, with [15N5]-dA-AL-I as the internal standard at a con-
centration of two to five adducts per 108DNAbases (32). Analyses were
performedwith a nanoACQUITYUPLC system (Waters Corporation)
interfaced with an Advance CaptiveSpray source from Michrom
Bioresources Inc. and an ion trapmass spectrometer (LTQVelos, Thermo
Fisher). AWaters Symmetry trap column (180 mm×20mm, 5-mmpar-
ticle size)was used for online solid-phase enrichment of theDNAadducts.
AC18AQ(0.3× 150mm, 3-mmparticle size,MichromBioresources Inc.)
was used for chromatography. TheDNA adducts weremeasured in the
positive ionization mode at the MS3 scan stage. The chromatographic
andmass spectra acquisition parameterswere previously described (32).

Preparation of Illumina genomic DNA libraries
Genomic DNA libraries for cases AA_101 to AA_110 were prepared
following a modified Illumina protocol as described (52). Libraries for
the remaining cases were prepared with a TruSeq library kit (Illumina)
with the following modifications. (i) Genomic DNA (0.1 to 2 mg) from
tumor or normal cells in 55 ml of tris-EDTA (TE) buffer was sonicated
targeting 250 base pairs (bp) (range, 100 to 500 bp) with a Bioruptor
(Diagenode) at intensity H with seven cycles of 30 s on and 90 s off in
3°Cwater bath. (ii) FragmentedDNA(50ml)wasmixedwith 40ml of End
RepairMix and10ml of resuspensionbuffer. The 100-ml end-repairmixture
was incubated at 30°C for 30min. (iii) End-repairmixture was size-selected
for ~200-bp inserts with AMPure XP beads (Agencourt). Specifically, 80 ml
of AMPure XP beads was mixed with the 100-ml end-repair reaction,
incubated at room temperature for 15 min, and then placed on a mag-
net for 5 min. The supernatant (~175 ml) was transferred to a new
tube. AMPure XP beads (50 ml) were mixed with the ~175 ml of super-
natant, incubated for 15min, and placed on amagnet for 5 min. Super-
natant was removed and discarded, and the beads were washed twice
with 200 ml of freshly prepared 80% ethanol with 30-s room tempera-
ture incubation for eachwash. Beadswere left at room temperature for 15
min to dry. Beads were resuspended in 19 ml of resuspension buffer,
incubated at room temperature for 2 min, and then placed on a mag-
netic stand for 2min. Clear supernatant (15 ml) was transferred to a new
tube. (iv) ToA-tail, 15 ml of the supernatant (purified end-repairedDNA)
wasmixedwith 2.5 ml of resuspension buffer and 12.5 ml of A-tailingmix,
and incubated at 37°C for 30 min. (v) For adaptor ligation, the 30 ml of
A-tailed DNA was mixed with 2.5 ml of resuspension buffer, 2.5 ml of
www.Scien
ligation mix, and 2.5 ml of adaptor index. The ligation mixture was in-
cubated for exactly 10 min at 30°C. After the 10-min ligation, 5 ml of
stop ligation buffer was added. (vi) The adaptor-ligated DNAwas puri-
fied with two rounds of AMPure XP beads with a 1:1 ratio of beads to
sample. Specifically, 42.5ml ofAMPureXPbeadswasmixedwith 42.5ml
of the ligation reaction, incubated for 15min, and placed onmagnet for
5 min. Supernatant was discarded, and beads were washed twice with
freshly prepared 80% ethanol with 30-s room temperature incubation
for each wash. Beads were left at room temperature for 15 min to dry.
Dry beadswere resuspended in 52.5 ml of resuspension buffer, incubated
at room temperature for 2min, and then placed onmagnetic stand for
2min. Clear supernatant (50 ml) was transferred to a new tube. AMPure
XP beads (50 ml) were mixed with the 50-ml supernatant, and the puri-
fication scheme detailed above was repeated, except the beads were
resuspended with 25 ml of resuspension buffer, and 21 ml of clear su-
pernatant (purified adapter-ligatedDNA)was then transferred to a new
tube. (vii) To obtain an amplified library, 20 ml of adapter-ligated DNA
was mixed with 5 ml of polymerase chain reaction (PCR) primer Cock-
tail and 25 ml of PCRMaster Mix. PCR program used was as follows: 10
cycles of 98°C for 10 s, 60°C for 30 s, 72°C for 30 s, and then 1 cycle of
72°C for 5 min. To purify the PCR product, 48 ml of AMPure XP beads
was mixed with 48 ml of PCR, incubated at room temperature for 5min,
and placed on amagnet for 5min. Supernatant was discarded, and beads
were washed twice with freshly prepared 80% ethanol with 30-s room
temperature incubation for each wash. Beads were left at room tempera-
ture for 15min to dry. Dry beads were resuspended in 12 ml of resuspen-
sion buffer, incubated at room temperature for 2 min, and placed on a
magnetic stand for 2 min. Clear supernatant (10 ml) (amplified TruSeq
library) was transferred to a new tube. DNA concentration of TruSeq
libraries was measured with BioAnalyzer (Agilent).

Exome and targeted subgenomic DNA capture
Humanexomecapturewas performed following aprotocol fromAgilent’s
SureSelectXT Human All Exon V4 (catalog no. 5190-4634, Agilent)
with the following modifications. (i) A hybridization mixture was
prepared containing 25 ml of SureSelect Hyb #1, 1 ml of SureSelect Hyb
#2, 10 ml of SureSelect Hyb #3, and 13 ml of SureSelect Hyb #4. (ii) PE-
library DNA (3.4 ml, 0.5 mg) described above, SureSelect Block #1 (2.5 ml),
SureSelect Block #2 (2.5 ml), and Block #3 (0.6 ml) were loaded into one
well in a 384-well Diamond PCR plate (catalog no. AB-1111, Thermo
Scientific), sealed with MicroAmp clear adhesive film (catalog no.
4306311; ABI), placed in GeneAmp PCR System 9700 thermocycler
(Life Sciences Inc.) for 5 min at 95°C, and then held at 65°C (with
the heated lid on). (iii) Hybridization buffer (25 to 30 ml) from step (i)
was heated for at least 5 min at 65°C in another sealed plate with heated
lid on. (iv) SureSelect Oligo Capture Library (5 ml), nuclease-free water
(1 ml), anddilutedRNaseBlock (1ml) (prepared by dilutingRNaseBlock
1:1 with nuclease-free water) were mixed and heated at 65°C for 2 min
in another sealed 384-well plate. (v)While keeping all reactions at 65°C,
13 ml of hybridization buffer from step (iii) was added to the 7 ml of the
SureSelect Capture Library Mix from step (iv) and then the entire
contents (9 ml) of the library from step (ii). The mixture was slowly
pipetted up and down 8 to 10 times. (vi) The 384-well plate was sealed
tightly, and the hybridization mixture was incubated for 24 hours at
65°C with a heated lid.

After hybridization, five steps were performed to recover and am-
plify captured DNA library. (i) Magnetic beads for recovering captured
DNA: 50 ml of Dynal MyOne Streptavidin C1 magnetic beads (catalog
ceTranslationalMedicine.org 7 August 2013 Vol 5 Issue 197 197ra102 7
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no. 650.02, InvitrogenDynal AS) was placed in a 1.5-mlmicrofuge tube
and vigorously resuspended on a vortexmixer. Beadswerewashed three
times by adding 200 ml of SureSelect binding buffer, mixing on a vortex
for 5 s and then removing the supernatant after placing the tubes in a
Dynal magnetic separator. After the third wash, beads were resus-
pended in 200 ml of SureSelect binding buffer. (ii) To bind captured
DNA, the entire hybridization mixture described above (29 ml) was
transferred directly from the thermocycler to the bead solution and
mixed gently; the hybridization mix/bead solution was incubated in
anEppendorf thermomixer at 850 rpm for 30min at room temperature.
(iii) To wash the beads, the supernatant was removed from beads after
applying a Dynal magnetic separator, and the beads were resuspended
in 500 ml of SureSelectWash Buffer #1 bymixing on a vortexmixer for
5 s and incubated for 15 min at room temperature. Wash Buffer #1 was
then removed from beads after magnetic separation. The beads were
further washed three times, each with 500 ml of prewarmed SureSelect
WashBuffer #2 after incubation at 65°C for 10min.After the finalwash,
SureSelect Wash Buffer #2 was completely removed. (iv) To elute
captured DNA, the beads were suspended in 50 ml of SureSelect elution
buffer, vortex-mixed, and incubated for 10 min at room temperature.
The supernatant was removed after magnetic separation, collected in a
new 1.5-ml microcentrifuge tube, and mixed with 50 ml of SureSelect
neutralization buffer. DNAwas purified with a QiagenMinElute column
and eluted in 17ml of 70°C elutionbuffer to obtain 15ml of capturedDNA
library. (v) The capturedDNA librarywas amplified in the followingway:
15PCRs, each containing9.5ml ofH2O, 3ml of 5×PhusionHFbuffer, 0.3ml
of 10 mM deoxynucleotide triphosphate, 0.75 ml of dimethyl sulfoxide,
0.15 ml of Illumina PE primer #1, 0.15 ml of Illumina PEprimer #2, 0.15 ml
ofHotStart Phusion polymerase, and 1 ml of captured exome library, were
set up. The PCR program used was as follows: 98°C for 30 s; 14 cycles of
98°C for 10 s, 65°C for 30 s, 72°C for 30 s; and 72°C for 5 min. To purify
PCR products, 225 ml of PCR mixture (from 15 PCRs) was mixed with
450 ml of NT buffer from NucleoSpin Extract II kit and purified as de-
scribed above. The final libraryDNAwas elutedwith 30 ml of 70°C elution
buffer, andDNAconcentrationwas estimatedwithBioAnalyzer (Agilent).

Quality control of sequencing and tumor samples
The quality of sequencing and tumor samples was based on coverage
and neoplastic content, respectively. For coverage, the average reads per
targeted base for the 60 sequenced samples (30 tumors and 30matched
normal tissues) was 121 ± 35 (SD). Two SDs below this average were
used as the cutoff for proper sequence coverage. One sample (SA_120),
with an average of 16 reads per targeted base in the tumor, failed tomeet
this requirement and was dropped from further analysis. For neoplastic
content, all heterozygous positions in the matched normal tissue were
first evaluated in the tumor sample to identify regions of LOH. Theo-
retically, if both alleles of the SNP remained heterozygous in the tumor,
the allele fractionwould be 0.5. Chromosomal segments where the allele
fraction “shifted” lower than ~0.5 were designated as regions of LOH,
and the allele detected in these LOH regions was called the “minor al-
lele” or the allele absent in the tumor. The percentage of neoplastic cells
was estimated on the basis of the minor allele fraction. For example, a
minor allele fraction of 0.2 in LOH regions represents the minor allele
from nontumor cells. This implies a major allele fraction of 0.2 from
nontumor cells, leaving 0.6 for the major allele from tumor cells. The
number of tumor cells divided by the total number of cells is represented
by 0.6/(0.6 + 0.2) = 0.75, or 75% neoplastic cell content. LOH was not
detected in five samples. Of these five, one sample (SA_117) used the
www.Scien
mutation fraction of a known driver mutation (HRAS Q61K) and one
sample (AA_125) used the average mutation fraction of its 69 nonsyn-
onymous mutations to estimate neoplastic content. The remaining
three samples that lacked LOH (SA_112, SA_113, and SA_127) were
dropped because of an insufficient number of somatic mutations (less
than five mutations each) to estimate neoplastic cell content.

Somatic mutation identification by massively
parallel sequencing
Captured DNA libraries were sequenced with the Illumina GAIIx Ge-
nome Analyzer, yielding 200 (2 × 100) bp from the final library frag-
ments. Sequencing reads were analyzed and aligned to human genome
hg18 with the Eland algorithm in CASAVA 1.7 software (Illumina). A
mismatched base was identified as amutation only when (i) it was iden-
tified by more than five distinct tags with at least one read in each di-
rection; (ii) the number of tags containing a particularmismatched base
was at least 15% of the total tags; (iii) there were at least 10 distinct reads
in the matched normal samples; and (iv) it was not present in >1.0% of
the tags in the matched normal sample. The candidate somatic muta-
tions were further filtered to remove any known germline variants de-
scribed in dbSNP (53), the 1000 Genomes Project (54), and previous
exome sequencing projects including ESP6500 (55).

Confirmation of somatic mutations
All somatic mutations in the driver genes listed in Table 2, table S1, and fig.
S1, along with a representative sample of mutations, were independently
confirmed by Sanger sequencing of the original tumor and matched
normal (tables S3 and S4). PCR amplification and Sanger sequencing
were performed following protocols described previously (56) with the
primers listed in table S4, and results are reported in tables S3 and S4.

COSMIC analysis
A total of 122,148 SBS mutations from 812 tumors with 40 or more
distinct somatic mutations (Nonstop extension, Substitution—coding
silent, Substitution—Missense, Substitution—Nonsense, and Unknown)
were extracted from COSMIC version 61 (table S5) (24). Of the 122,148
COSMIC mutations, 1711 from Unknown and 612 from Substitution
categories were further excluded from analysis for the following reasons:
(i) not SBS, (ii) not canonical splice donor (+1G, +2T) or canonical splice
acceptor (−3C, −3T, −2A, −1G) mutation, or (iii) incomplete or ambig-
uous annotation. The remaining 119,825COSMICSBSsused to compare
the SBSmutations in theUTUC samples are listed in table S6.We further
verified that the mutational spectra of the highly mutated tumors in our
COSMIC data set (the top 30mutated tumors) were similar to the rest of
the COSMIC group (the bottom 782 tumors).

Generation of WebLogos
Eleven bases of sequence corresponding to five bases 5′ and five bases 3′
of A>T mutations from AA-UTUCs were uploaded to the WebLogo
application found atweblogo.berkeley.edu/ (57). Sequences used to gen-
erate WebLogos are found in table S3.
SUPPLEMENTARY MATERIALS
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Fig. S1. Chromatin modification pathway mutations in UTUCs.
Fig. S2. T/CAG sequence preference at synonymous and nonsynonymous A>Ts in AA-UTUCs.
Table S1. Characteristics of human samples of urothelial carcinomas of the upper urinary tract.
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Table S2. Detailed summary of sequence analysis of human urothelial carcinomas of the upper
urinary tract.
Table S3. Somatic mutations in human urothelial carcinomas of the upper urinary tract.
Table S4. Primers used for Sanger sequencing.
Table S5. COSMIC studies considered.
Table S6. COSMIC mutation data set used in this study.
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