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Cancer results from alterations to DNA that lead to the activation of
oncogenes or the inactivation of tumor suppressors. The Lawrence laboratory
focuses on understanding the many ways this can happen, using computation
as a powerful microscope to study the processes of DNA damage and repair,
gene expression and genome replication, and cancer driver genes. Over our
lifetimes, DNA slowly accumulates mutations due to environmental toxins
and radiation, as well as from naturally occurring copying errors. The vast
majority of mutations have little or no effect on a cell, but out of all possible
mutations, a few may hit exactly the right place in the genome, where they

can act as a “driver mutation,” pushing the cell toward aggressive growth and
tumor formation. Sequencing the DNA in a tumor reveals not only its driver
mutations, but also all the other “passenger mutations” that were present in
the tumor-initiating cell. We seek insights about cancer from both driver and

passenger mutations.

Analyzing mutational signatures

Cancers vary over many orders of magnitude
in their total background mutation burden,
ranging from very quiet tumor types such as
leukemias and childhood tumors, which may
have fewer than 10 somatic mutations in
their exome, to carcinogen-associated tumor
types such as lung cancer and melanoma,
which may have over 1000. Mutations

have many causes, and each mutagen

can leave a telltale signature. For instance,
spontaneous deamination of methylated
CpG's causes the transition mutations that
dominate many tumor types. Mutagens in
tobacco smoke cause G-to-T transversions.
Ultraviolet radiation causes C-to-T mutations
at dipyrimidines. Agitated APOBEC enzymes
cause mutations at C's preceded by T. Loss
of mismatch repair causes microsatellite
instability (MSI), marked by expansion and
contraction of simple- sequence repeats,

as well as characteristic types of single-
base changes. Tumors carrying mutations

in the proofreading exonuclease domain of
polymerase epsilon (POLE) tend to accrue
C-to-A mutations at the trinucleotide TCT.
Very rare “MSI+POLE" cancers show the
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highest yet known somatic mutation burdens,
with upwards of 10,000 coding mutations
per patient. Patients affected by MSI and/or
POLE mutagenesis are known to experience
better clinical outcomes, probably thanks

to their high neoantigen loads which attract

a powerful immune response. Our most
recent research has focused on a less well-
studied signal in somatic mutation datasets,
mutational asymmetries between the two
DNA strands. These illuminate transcriptional
or “T-class” mutational patterns, associated
with exposure to tobacco smoke, UV
radiation, and a yet-unknown agent in

liver cancer, as well as replicative or

“R-class” patterns, associated with MS],
APOBEC, POLE, and a yet-unknown agent in
esophageal cancer.

APOBEC mutations and mesoscale
genomic features

Statistical approaches for distinguishing
driver mutations from passenger mutations
have relied on the gold standard of recurrence
across patients. Seeing exactly the same
DNA base-pair mutated recurrently across
patients has been taken as proof that the



The mutational landscape of a cancer
cell across size regimes. At the smallest
scale, local DNA trinucleotide sequences
(lower-left foreground) correlate with

the “mutational signatures” induced by
various mutagens. At the largest scale
(background of image), chromatin is
organized into multi-megabase domains
comprising Compartment B (tightly
packed, gene-poor DNA lining the nuclear
periphery) and Compartment A (gene-
rich open DNA in the nuclear interior).
Mutations induced by APOBEC enzymes
(vellow points) are distributed equally
across the two compartments, but most
other types of mutations (blue points)
are concentrated in Compartment B.
Between the large and small extremes
lies the “mesoscale” regime, where
genomic features like hairpin-forming
ability are determined. DNA exposed in a
hairpin loop is vulnerable to attack by the
enzyme APOBEC3A (center), giving rise
to highly recurrent passenger mutations
in cancer.

mutation must be under functional selection
for contributing to tumor fitness. The
assumption is that mutational processes,
being essentially random, are unlikely to

hit the exact same base-pair over and

over again. Our recent discoveries about
APOBEC mutagenesis have cast doubt

on this assumption. We have shown that
APOBEC3A has a very strong preference for
mutating cytosines presented in a short loop
at the end of a strongly paired DNA hairpins.
Our results indicate that there are multiple
routes to cancer mutational hotspots. Driver
mutation hotspots in oncogenes can rise to
prominence through positive selection, and
are not restricted to the “favorite” sites of any
particular mutagen. In contrast, special DNA
sites (like hairpins) that happen to be optimal
substrates for a mutagen (like APOBEC) can
give rise to “passenger hotspot mutations”
that owe their prevalence to substrate
optimality, not to any effects on tumor fitness.
These findings apply not just to APOBEC but
to all mutation signatures, and remind us of
the need to be careful about assuming that

all recurrent mutations are causative drivers
of disease.
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