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Abstract

Thousands of somatic mutations accrue in most human cancers and causes are largely unknown.
We recently showed that the DNA cytosine deaminase APOBEC3B accounts for up to half of the
mutational load in breast carcinomas expressing this enzyme. Here, we address whether
APOBEC3B is broadly responsible for mutagenesis in multiple tumor types. We analyzed gene
expression data and mutation patterns, distributions, and loads for 19 different cancer types,
totaling over 4,800 exomes and 1,000,000 somatic mutations. Remarkably, APOBEC3B is
upregulated and its preferred target sequence is frequently mutated and clustered in at least 6
distinct cancers: bladder, cervix, lung (adeno- and squamous cell), head/neck, and breast.
Interpreted in light of prior genetic, cellular, and biochemical studies, the most parsimonious
conclusion based on these global analyses is that APOBEC3B catalyzed genomic uracil lesions are
responsible for a large proportion of both dispersed and clustered mutations in multiple distinct
cancers.

Somatic mutations are essential for normal cells to develop into cancers. Partial and full
tumor genome sequences have revealed the existence of hundreds to thousands of mutations
in most cancers'~10, The observed mutation spectrum is the result of DNA lesions that either
escaped repair or were misrepaired. This spectrum can be used to help determine the cause
or source of the initial damage. For instance, the C-to-T transition bias in skin cancers can
be explained by a mechanism in which UV-induced lesions, cyclobutane pyrimidine dimers
(C*C, C*T, T*C, or T*T), are bypassed by DNA polymerase-catalyzed insertion of two
adenine bases opposite each unrepaired lesionl®. A second round of DNA replication or
excision and repair of the pyrimidine dimer results in C-to-T transitions. Notably, the nature
of this type of DNA damage dictates that each resulting C-to-T transition occurs in a
dipyrimidine context, with each mutated cytosine invariably flanked on the 5 or the 3’ side
by a cytosine or thymine. Similar rationale combining observed mutation spectra and
knowledge of biochemical mechanisms may be used to delineate other sources of DNA
damage and mutation in human cancers.
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Non-random mutation patterns are also observed in other types of cancer, such as C/G base
pairs being more frequently mutated than A/T pairs1~10 and the occurrence of strand-
coordinated clusters of cytosine mutations®12.13, Spontaneous hydrolytic deamination of
cytosine to uracil (C-to-U) may explain a subset of these events, but not the majority
because most occur outside of potentially methylatable CpG dinucleotide motifs (i.e., sites
most prone to spontaneous deamination) and the occurrence of these mutations in clusters is
highly non-random. Another possible source of these mutations is enzyme-catalyzed C-to-U
deamination by one or more of the nine active DNA cytosine deaminases encoded by the
human genome. Such a mechanism was originally hypothesized when the DNA deaminase
activity of these enzymes was discovered!4, and was recently highlighted with
demonstrations of clustered mutations in breast, head/neck, and other cancers®12.13, These
clusters have been named kataegis, as their sporadic but concentrated nature bears likeness
to rain showers®. Although enzymatic deamination has been implicated in this phenomenon,
the actual enzyme responsible has not been determined.

Enzyme-catalyzed DNA C-to-U deamination is central to both adaptive and innate immune
responses. B lymphocytes use activation-induced deaminase (AID) to create antibody
diversity by inflicting uracil lesions in the variable regions of expressed immunoglobulin
genes, which are ultimately processed into all six types of base substitution mutations®16,
AID also catalyzes uracil lesions in antibody gene switch regions that lead to DNA breaks
and juxtaposition of the expressed, and often mutated, variable region next to a new constant
region (i.e., isotype switch recombination)®16_ In humans, seven related enzymes,
APOBEC3A, APOBEC3B, APOBEC3C, APOBEC3D, APOBEC3F, APOBEC3G, and
APOBEC3H, combine to provide innate immunity to a variety of DNA-based parasitic
elements!”:18. A well-studied example is the cDNA replication intermediate of HIV-1,
which during reverse transcription is vulnerable to enzymatic deamination by at least 3
different APOBECS3 proteins1920, APOBEC1 also has a similar capacity for viral cDNA
deamination, and it is the only family member known to have a biological role in cellular
mRNA editing?1-24. More distantly related proteins, APOBEC2 and APOBEC4, have yet to
elicit enzymatic activity. In total, nine of eleven APOBEC family members have
demonstrated DNA deaminase activity in a variety of biochemical and biological assay
systems14:25-29,

However, a possible drawback of encoding nine active DNA deaminases could be
chromosomal DNA damage and, ultimately, mutations that lead to cancer!4. AID has been
linked to B cell tumorigenesis through off-target chromosomal deamination as well as
triggering translocations between the expressed heavy chain locus and various oncogenes?,
Transgenic expression of AID causes tumor formation in miceL, as does transgenic
expression of APOBEC132, Most recently, we showed that APOBEC3B is upregulated in
breast tumors and correlated with a doubling of both C-to-T and overall base substitution
mutation loads33. Since AID and APOBECT are expressed tissue specifically and there is no
reason to suspect developmental confinement of APOBEC3B, we hypothesized that
APOBEC3B may be a general mutagenic factor impacting the genesis and evolution of
many different cancers. This hypothesis is supported by studies indicating APOBEC3B
expression in many different cancer cell lines33-3%, in contrast to relatively low expression
in 21 normal human tissues spanning all major organs33:3%:36_ This DNA mutator hypothesis
is additionally supported by the fact that APOBEC3B is the only deaminase family member
with constitutive nuclear localization33:37,

Here, we test this mutator hypothesis by performing a global analysis of all available DNA
deaminase family member expression data and exomic mutation data from 19 different
carcinomas, representing over 4,800 tumors and 1,000,000 somatic mutations. Mutation
frequencies, local sequence contexts, and distributions including kataegis events were
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analyzed systematically for each tumor and cancer type. In addition, we calculated the
hierarchical distances between the deamination signature of recombinant APOBEC3B
derived from biochemical experiments33 and the observed frequencies of cytosine mutation
spectra in all 19 cancer types. Taken together, these analyses converge upon APOBEC3B as
the most likely cause of a large fraction of the both the dispersed and clustered cytosine
mutations in six distinct cancers.

As a first test of the hypothesis that APOBEC3B is a general endogenous cancer mutagen,
we performed a comprehensive analysis of the expression profiles of all eleven APOBEC
family members across a panel of 19 distinct tumor types, including breast cancer as a
positive control33 (Table 1 and Supplementary Fig. 1). The expression values for each target
mMRNA were normalized to those of the constitutive housekeeping gene, TATA-binding
protein (TBP), to enable quantitative comparisons between RNAseq and RT-qPCR data sets
and to provide controls for the few instances where RNAseq values for normal tissues were
not available publicly (Online M ethods).

Several cancers showed APOBEC3B expression levels comparable to those in corresponding
normal tissues (Fig. 1, Table 1, Supplementary Fig. 1, and Supplementary Table 1). Prostate
and renal clear cell carcinomas showed statistically significant upregulation of APOBEC3B
in the tumors, albeit with median expression values that are only a fraction of TBP. In
contrast, 6 different cancers showed evidence for strong APOBEC3B upregulation in the
majority of tumors of the breast, uterus, bladder, head & neck, and lung (adeno- and
squamous cell carcinomas) (p<0.0001 by Mann-Whitney U-test). Other cancers such as
cervical and skin also showed high APOBEC3B levels, but a lack of data for corresponding
normal tissues precluded statistical analysis. Remarkably, a total of 10 cancers showed a
median level of APOBEC3B upregulation greater than that of the intended positive control,
breast cancer. This was particularly striking for bladder, head/neck, both lung, and cervical
cancers.

The second major prediction of the APOBEC mutator hypothesis is chromosomal DNA C-
to-U deamination, which should result in strong biases toward mutations at C/G base pairs.
Such mutational events may be either transitions or transversions because genomic uracils
can directly template the insertion of adenines during DNA replication and, if converted to
abasic sites by uracil DNA glycosylase, the lesions become non-instructional and error-
prone polymerases may insert adenine, thymine, or cytosine opposite the abasic site (most
often adenine following the A-rule). In both scenarios, an additional round of DNA
synthesis or repair can yield either transitions or transversions at C/G base pairs (i.e., C/G-
to-T/A, C/G-to-G/C, and C/G-to-A/T mutations; see Discussion for model).

Interestingly, the fraction of mutations at C/G base pairs ranges considerably, from a low of
60% in renal cancers to a high of approximately 90% in skin, bladder, and cervical cancers
(Fig. 2a). The massive bias in skin cancers is largely attributable to error-prone DNA
synthesis (A insertion) opposite cyclobutane pyrimidine dimers caused by UV light!1.
However, the biases observed in urogenital carcinomas such as bladder and cervical cancers
are probably not due to UV but more likely to an alternative mutagenic source such as
enzymatic DNA deamination. Indeed, the top 5 tumor types with C/G dominated mutation
spectra are among the top 6 tumors in terms of APOBEC3B expression (compare Fig. 1 and
Fig. 2a). A possible mechanistic relationship is further supported by a positive correlation
between overall proportion of mutations occurring at C/G base pairs and median
APOBEC3B levels (p=0.0031, r=0.64 by Spearman’s correlation; Fig. 2b). The positive
correlation is remarkable given the fact that all available data were included in the analysis
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and multiple variables could have undermined a positive correlation, such as known
mutational sources (UV in skin cancer), undefined mutational sources (glioma with the 6"
highest C/G mutation bias and lowest APOBEC3B levels), and differential DNA repair
capabilities among the distinct tumor types (discussed further below).

DNA deaminases such as APOBEC3B are strongly influenced by the bases adjacent to the
target cytosine, particularly at the immediate 5° position. For instance, AID prefers 5’
adenines or guanines, APOBEC3G prefers 5’ cytosines, and other family members prefer 5
thymines38-40, We recently showed that recombinant APOBEC3B prefers 5’ thymines and
strongly disfavors 5’ purines; on the 3’ side, it prefers adenines or guanines, and disfavors
pyrimidines33 (Fig. 3a). Therefore, the third and possibly most important prediction of the
APOBEC mutator hypothesis is that cancers impacted by enzymatic deamination should
show non-random nucleotide distributions immediately 5’ and 3’ of mutated cytosines, and
that these signatures can then be used with expression information (above), additional
mutation data (below), and existing literature and biochemical constraints (below) to
identify the enzyme responsible.

We therefore performed a global sequence signature analysis on all available cytosine
mutation data from the upper 50% of APOBEC3B-expressing tumors for each tumor type
(this cut-off was chosen to minimize the impact of unrelated mutational mechanisms). These
mutation data were first compiled and subjected to a hierarchical cluster analysis to group
tumors with similar cytosine mutation signatures (Fig. 3a). Short Euclidean distances (i.e.,
smaller measures) between the mutation signatures of different tumors indicate a high
degree of concordance, i.e. similar mutational patterns (Supplementary Table 2 lists
calculated values). Bladder and cervical cancers, two of the top APOBEC3B-expressing
cancers, had cytosine mutation signatures remarkably similar to each other and to that of
recombinant APOBEC3B. This is visually evidenced by strong mutation biases at 5’TCA
motifs, which match the enzyme’s optimal in vitro substrate. The two lung cancers, breast
cancer, and head/neck cancer also had cytosine mutation signatures that strongly resembled
the preference of recombinant APOBEC3B (Fig. 3a and Supplementary Table 2). Several
cancers had cytosine mutation signatures with an intermediate relatedness to recombinant
APOBEC3B (renal papillary, thyroid, ovarian, renal clear cell, GBM, and skin). In further
contrast, the seven remaining cancers had the largest separation from recombinant
APOBEC3B ranging from uterine to colon cancer (Fig. 3a and Supplementary Table 2).

We next separated each composite mutation distribution into the 16 individual local
trinucleotide contexts to further resolve cytosine-focused mutational mechanisms that may
be influencing each cancer. Bladder, cervical, lung squamous, lung adeno, head/neck, and
breast carcinomas all shared strong 5’TCN mutation signatures, with 5’TCA being strongest
of the four possibilities (boxed in Fig. 3b). A background of other mutations was apparent in
the two types of lung cancer, possibly associated with tobacco carcinogens or other
mutational mechanisms. The next most obvious signature occurred in skin cancer, as
expected, with C-to-T transitions predominating within dipyrimidine contexts (middle
dashed boxes in Fig. 3b). Only two other obvious cytosine-focused mutation patterns were
evident. C-to-T mutations at 5’CG contexts dominated at least seven types of cancer,
consistent with a 5’CG targeted mechanism such as spontaneous deamination of methyl-
cytosine (lower dashed boxes in Fig. 3b). Finally, uterine, low-grade glioma, rectal, and
colon cancers had an inordinate number to C-to-A transversions in 5’(YCT contexts)
consistent with at least one additional distinct cytosine-focused mutational mechanism (e.g.,
POLE proofreading domain variants have been implicated in a subset of colorectal
tumors?1).
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A fourth prediction of a general mutator hypothesis is that tumor mutation loads ought to
correlate with APOBEC3B expression levels. To test this possibility on a global level, we
used median mutation loads for each tumor type and median APOBEC3B expression values.
Median values were chosen ensure the inclusion of all data, yet simultaneously minimize the
impact of uncontrollable variables such as other mutational mechanisms, jackpot effects,
bottlenecks, tumor ages, etc. As recently reviewed?#2, mutation loads vary considerably
within each tumor type and between the different cancers with more than a full log
difference from the bottom to the top of this range (AML to skin cancer in Fig. 4a).
However, despite this incredible variation, a strong positive correlation was found between
median mutation loads and APOBEC3B expression levels (p=0.0013, r=0.68 by Spearman’s
correlation; Fig. 4b). This result is consistent with the possibility that APOBEC3B may be a
general endogenous mutagen that contributes to most human cancers albeit, as outlined
above, clearly much more to a subset of cancers. A dominant role for APOBEC3B in a
subset of cancers is further evidenced by significant correlations between mutation loads and
APOBEC3B expression levels when these analyses were performed for each cancer type on
a tumor-by-tumor basis (Supplementary Fig. 2 and Supplementary Fig. 3).

A final prediction of a general APOBEC mutator hypothesis is that impacted cancers should
bear evidence for strand-coordinated clusters of cytosine mutations®-12:13, As proposed??,
clusters can be defined as 2 or more mutation events within a 10 kbp window. By this
criterion, every cancer showed evidence for cytosine mutation clustering with a large range
between different cancer types (0.016 to 38 cytosine mutation clusters per tumor). However,
it is necessary to apply an additional calculation to take into consideration the sequence
length of each cluster, which also varies dramatically and can result in the inclusion of false-
positives (see Roberts et al.12 and Online M ethods). This additional filter yielded a much
smaller number of likely kataegis events, ranging from 0.002 clusters per ovarian carcinoma
to 4.4 clusters per uterine tumor (Table 1). Interestingly, the number of mutations grouped
into kataegis was a relatively small percentage of the total number of cytosine mutations for
each cancer (maximally 7.9%). However, the sheer existence of clustered cytosine mutation
in nearly every cancer provides further evidence for APOBEC involvement. For most
cancers this is likely to be APOBEC3B because average number of kataegis per tumor
correlates positively with median APOBEC3B expression levels (p=0.017 and r=0.54 by
Spearman correlation; Fig. 4c). The 6 cancer types with cytosine mutation signatures that
grouped most closely with recombinant APOBEC3B, bladder, cervix, lung (adeno- and
squamous cell), head/neck, and breast, all showed strong evidence for kataegis with a mean
of 3.0, 2.5, 0.79, 0.81, 0.66, and 0.16 clusters per tumor, respectively. It is notable that breast
cancer is at the low end of this range, but 50-fold higher frequencies would be expected if
full genomic sequences had been available (concordant with analyses of Nik-Zainal et al.%).
Interestingly, low-grade gliomas and uterine carcinomas are clear outliers in this analysis,
consistent with the close hierarchical clustering of their cytosine mutation signatures (distant
from recombinant APOBEC3B) and strongly suggesting another distinct mutational
mechanism.

DISCUSSION

We performed an unbiased analysis of all available DNA deaminase expression profiles and
cytosine mutation patterns in 19 different cancer types to try to explain the origin of the
cytosine-biased mutation spectra and clustering observed in many different cancers1~10:13,
The observed cytosine mutation patterns were compared using a hierarchical clustering
method to group cancers with similar mutation patterns. Six distinct cancer types, bladder,
cervical, lung squamous cell, lung adenocarcinoma, head/neck, and breast, clearly stood out,
with elevated APOBEC3B expression in the majority of tumors, strong overall C/G mutation
biases, cytosine mutation contexts that closely resemble the deamination signature of
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recombinant APOBEC3B, and evidence for kataegis events. The most parsimonious
explanation for this convergence of independent data sets is that APOBEC3B-dependent
genomic DNA deamination is the direct cause of most of these cytosine mutations in these
types of cancers. These data are consistent with a general mutator hypothesis, in which
APOBEC3B mutagenesis has the capacity to broadly shape the mutation landscapes of at
least six distinct tumor types and possibly also those of several others, albeit to lesser
extents.

The large data sets analyzed here support a model in which upregulated levels of
APOBEC3B cause genomic C-to-U lesions, which may be processed into a variety of
mutagenic outcomes33 (Supplementary Fig. 4). In most instances, uracil lesions are repaired
faithfully by canonical base excision repair. However, in some instances, uracil lesions may
template the insertion of adenines during DNA synthesis, which may result in C-to-T
transitions (G-to-A on the opposing strand). In other instances, genomic uracils may be
converted to abasic sites by uracil DNA glycosylase. These lesions are noninstructional such
that DNA polymerases, in particular translesion DNA polymerases, may place any base
opposite, with an A leading to a transition and a C or T leading to a transversion. In addition,
uracil lesions that are processed into nicks through the concerted action of a uracil DNA
glycosylase and an abasic site endonuclease, can result in single- or double-stranded DNA
breaks, which are substrates for recombination repair and undoubtedly intermediates in the
formation of cytosine mutation clusters (kataegis)®-12:13 and larger-scale chromosomal
aberrations such as translocations.

The significant positive correlations between APOBEC3B expression levels and the
percentage of mutations at C/G pairs, the overall mutation loads, and the number of kataegis
events combine to suggest that most cancers are impacted by APOBEC3B-dependent
mutagenesis, but unambiguous determinations were not possible for several cancers for a
variety of reasons. Skin cancer, for example, has the fifth highest APOBEC3B expression
rank and clear evidence for kataegis, but it also has a strong dipyrimidine-focused C-to-T
mutation pattern that could easily eclipse an APOBEC3B deamination signature.
APOBEC3B may help explain melanomas that occur with minimal UV exposure?3, Several
other cancers such as uterine, rectal, stomach, and ovarian also have significant APOBEC3B
upregulation and evidence for kataegis, which combine to suggest direct involvement, but
the trinucleotide cytosine mutation motifs were too distantly related to that of the
recombinant enzyme to enable unambiguous associations. Therefore, additional large data
sets such as high-depth full genome sequences will be required to distinguish an
APOBEC3B-dependent mechanism unambiguously from the multiple other mechanisms
contributing to these tumor types.

We note that we have not completely excluded the possibility of other DNA deaminase
family members contributing to mutation in cancer but, apart from AID in B cell cancers3?,
roles for other APOBECSs are unlikely to be as great as those of APOBEC3B for the
following reasons: i) no reported enzymatic activity (APOBEC2 and APOBECA4), ii) tissue-
restricted expression profiles (AID, APOBEC3A, APOBEC1, APOBEC2, and
APOBEC4)33:35.36.44-48 jjj |ocalization to the cytoplasmic compartment (APOBEC3A,
APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H)29:37:49.50 and iv) in two
instances, a completely different intrinsic preference for bases surrounding the target
cytosine (AID and APOBEC3G prefer 5’RC and 5’CC, respectively)33:38-40 Thus, taken
together with the comprehensive analyses presented here of expression data (Fig. 1), C/G
mutation frequencies (Fig. 2), local cytosine mutation signatures (Fig. 3), overall mutation
loads (Fig. 4), and kataegis (Fig. 4c and Table 1), all available data converge upon the
conclusion that APOBEC3B is a major source of mutation in multiple human cancers. This
knowledge provides foundations for future studies focused on each cancer type and sub-type
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to further delineate the impact of this potent DNA mutator on each cancer genome and on
associated therapeutic responses and patient outcomes.

ONLINE METHODS

Data Analyses

A description of tumor types, tumor APOBEC3B expression data, and tumor exome
mutation data is provided in Table 1. Information for the corresponding normal tissues is
provided in Supplementary Table 1. Somatic mutations and RNAseq expression data were
retrieved from the Cancer Genome Atlas Data Matrix on January 3", 2013. Gene expression
data were mined from RNAseqV2 datasets for all cancers (normalized expression values)
with the exception of LAML and STAD, which were from RNAseq datasets (RPKM
values). Additional normal sample RNAseqV2 data were downloaded from TCGA on April
4th 2013 to include recently released normal sample information for READ and COAD.
APOBEC3B expression values were normalized to the expression of TBP for each patient
sample. Comparisons between the normal RNAseg-derived gene expression values and the
tumor expression values were performed using the Mann-Whitney U test to determine
significance. All RT-gPCR values for normal tissues were reported previously based on data
from pooled normal samples33:35, with the exception of salivary gland, stomach, skin, and
rectal tissues, which are unique to this report. The primary tissue RNA was generated using
published methods3® and total RNA obtained commercially (salivary gland RNA for head/
neck and stomach RNA were obtained from Clontech and skin and rectal RNA were
obtained from USBiological). Each A3B relative to TBP value from RTgPCR was multiplied
by an experimentally derived factor of 2 to facilitate direct comparisons with RNAseq
values (unpublished data).

Mutation data were taken from maf files downloaded from TCGA Somatic Mutation
database (http://tcga-data.nci.nih.gov/tcga/). Insertions/deletions and adjacent multiple
mutations (di- and trinucleotide variations) were removed and the remaining single
nucleotide variations (SNVs) were converted to hg19 coordinates (Supplementary Table 3).
Non-mutations with respect to the reference genome (e.g., C-to-C) were eliminated and
duplicate entries were removed unless they were reported for different patient samples.
Comparisons between mutation and gene expression were calculated using Spearman’s rank
correlation.

Trinucleotides with cytosines in the center position were used to calculate the sequence
context-dependence of mutations. There are a total of 16 unique trinucleotides containing C
in the center position. The corresponding 16 reverse complements were also included in the
analysis but, for simplicity, discussion was focused on the cytosine-containing strand. For
each unique trinucleotide the observed C-to-T, C-to-G, and C-to-A mutations were counted
and placed in a table and normalized to one to reflect the fraction of each mutation type.
This table reflects the global mutation profile of cytosines for each cancer. These data were
then used to hierarchically cluster the cancer mutation signatures. This was done using the
hclust function of R using Euclidean distance and “complete” option (http://www.r-
project.org). The Euclidean distance is the ordinary distance between two data points on a
2D plot (Supplementary Table 2 lists all calculated Euclidean distances).

A kataegis event is defined as two or more mutations within a 10,000 nucleotide genomic
DNA window. The probability of each event occurring by chance is then calculated
following the work of Gordenin and colleagues'2. Briefly, the p-value of observing a given
number of mutations within a given number of base pairs was calculated using a negative
binomial distribution utilizing the genomic size of each event, the number of mutations in
each event and the base probability of finding a random mutation in the exome (number of
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mutations in each cancer type divided by the number of patients and exome size). The
significant kataegis events with p-values less than 10~ for each cancer are reported in Table
1. “Gordenin significance” indicates that a given cluster of mutations has met the above
criteria and attained significance. This approach minimizes false positive cluster-calls
resulting by random chance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. APOBEC3B isupregulated in numerous cancer types

Each data point represents one tumor or normal sample, and the Y-axis is log-transformed
for better data visualization. Red, blue, and yellow horizontal lines indicate the median
APOBEC3B/TBP value for each cancer type (Table 1), the median value for each set of
normal tissue RNAseq data (Supplementary Table 1), and individual RT-gPCR data points,
respectively. Asterisks indicate significant upregulation of APOBEC3B in the indicated
tumor type relative to the corresponding normal tissues (p<0.0001 by Mann-Whitney U-
test). P-values for negative or insignificant associations are not shown.
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Figure 2. Mutation types and signaturesin 19 human cancers
(a) Stacked bar graph summarizing the 6 types of base substitution mutations as proportions
of the total mutations per cancer.
(b) Median APOBECS3B relative to TBP expression levels plotted against the proportion of

mutations at C/G base pairs (Spearman p = 0.0031, r = 0.64). Dashed grey line is the best-fit

for visualizatio

n.
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mutations were to occur at random C bases in the exome is included as an inset at the
bottom left.

(b) Stacked bars indicate the observed proportion of cytosine mutations at each unique
trinucleotide [5’-NCN-to-N(T/G/A)N]. Bar color indicates each mutation type: red: C-to-T,
black: C-to-G, and blue: C-to-A. The top 6 cancer types (highlighted by solid line box) show
clear biases toward mutations within 5’TCN motifs, at frequencies that resemble the
preferences of recombinant APOBEC3B in vitro (Ref. 33). Skin cancer and the bottom 7
cancers (highlighted by dashed line boxes) have obviously different cytosine mutation
spectra.
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Figure 4. APOBEC3B expression levels correlate with total mutation loads and kataegis events
(a) A dot plot showing the total mutation loads for each tumor exome from each of the
indicated cancers. Each data point represents one tumor, and the Y-axis is log-transformed

for better visualization. A red horizontal line shows the median mutation load for each

cancer type.

(b) Median mutation loads per tumor exome for each cancer type plotted against the median
APOBEC3B relative to TBP expression values (Spearman p = 0.0013, r = 0.68). Dashed

grey line is the best-fit for visualization.
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(c) The mean number of cytosine mutation clusters per exome for each cancer type plotted

against median APOBECS3B relative to TBP expression values (Spearman p = 0.0017, r =
0.54). Dashed grey line is the best-fit for visualization.
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