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Summary

Genetic abnormalities are present in all tumor types, although the frequency and type can vary. 

Chromosome abnormalities include highly aberrant structures, particularly chromothriptic 

chromosomes. The generation of massive sequencing data has illuminated the scope of the 

mutational burden in cancer genomes, identifying patterns of mutations (mutation signatures), 

which have the potential to shed light on the relatedness and etiologies of cancers and impact 

therapy response. Some mutation patterns are clearly attributable to disruptions in pathways that 

maintain genomic integrity. Here we review recent advances in our understanding of genetic 

changes occurring in cancers and the roles of genome maintenance pathways.
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Cancer builds on a foundation of germline variation and constant or even explosive damage 

to somatic genomes. Throughout the life of an individual, DNA is damaged as a result of 

ongoing endogenous processes and from environmental mutagens. The sum of genomic 

alterations is dependent on the repair processes our cells enact to manage perturbations, the 

landscape of which is beginning to be illuminated by whole genome and exome sequencing. 

Whole genome sequencing also allows a more complete assessement of chromosome 

structural variation and a wide-angle view of the genomic landscape. Sequencing predictions 

have often been confirmed by molecular and cell biological approaches, which are also 

uncovering novel cellular mechanisms. The pace of discovery in the last few years has been 

remarkable and provides promise that cancer will yield to our collective advances and novel 

biological insights.
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DNA damage: a range of sources

Sources and types of DNA damage are numerous (see (Ciccia and Elledge, 2010) and 

references therein). Sun-exposure to skin is one of the best known sources of exogenous 

damage, often leading to pyrimidine dimers, as is cigarette smoke, which commonly results 

in DNA adducts. Radiation incurred from medical scans, radiotherapy, and other sources, or, 

in the extreme case, radioactive fallout, can result in double-strand breaks (DSBs). DNA 

damage arising through endogenous processes is as or more common as that from 

exogenous agents, including cytosine deamination, depurination, and base oxidation and 

methylation. Reactive oxygen species are well-known sources of DNA damage. More 

recently, endogenous aldehydes, including acetaldehyde and formaldehyde, which are also 

byproducts of cellular metabolism, have been appreciated as an important source of 

endogenous DNA damage in animals, such that their inadequate repair is associated with 

cancer predisposition and other disease states (Langevin et al., 2011; Pontel et al., 2015).

DNA replication can lead to DNA breaks, especially at structures that are difficult to 

replicate, and base mismatches. Base mismatches are typically kept in check by the 

proofreading activities of DNA polymerases; however, missense mutations in the 

proofreading domains of the leading (POLE) and lagging (POLD1) strand polymerases are 

found in some cancers with ultramutated genomes (Cancer Genome Atlas Research et al., 

2013; Palles et al., 2013; Seshagiri, 2013). Repair of the various lesions encountered in DNA 

involves specialized, often well-characterized pathways, including nucleotide and base 

excision repair, mismatch repair (MMR), nonhomologous end-joining (NHEJ), and 

homologous recombination (HR).

Because both strands of the DNA helix are disrupted, DSBs are considered particularly 

dangerous lesions that can jeopardize the stability of the genome. However, DSBs are 

intermediates in certain developmental programs, in particular, during antigen receptor 

rearrangement and class switch recombination (Alt et al., 2013; Casellas et al., 2016). 

Astoundingly, during meiosis, which is key to the transmission of the genome, a couple 

hundred DSBs are introduced genome-wide (Cole et al., 2010), indicating that cells are able 

to repair high DNA damage loads with accuracy at least under some circumstances. 

Accurate repair may rely on particular aspects of the pathways involved in the repair of 

programmed DSBs, such as tight binding of the RAG recombinase to DNA ends during 

antigen receptor rearrangement; however, errors in the repair processes can give rise to 

oncogenic lesions (Alt et al., 2013; Casellas et al., 2016).

More recently, DSBs have been suggested to occur during another developmental program, 

i.e., during the rapid expression of immediate early genes in response to neuronal activity 

(Madabhushi et al., 2015). DSBs in the promoters of these activity-induced genes, which are 

likely generated by topoisomerase IIβ, have been hypothesized to relieve torsional stress 

within topological domains to promote a rapid transcriptional response. Topoisomerase IIβ-

generated DSBs in another context–nuclear receptor-induced genes–have been implicated in 

oncogenic rearrangements in prostate cells (Haffner et al., 2010; Lin et al., 2009). Within 

neuronal cells, recurrent DSBs have also been observed in genes rearranged in some cancers 

(Lyu et al., 2006; Wei et al., 2016).
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A surprising source of exogenously induced DSBs is from microbial invaders (Nougayrede 

et al., 2006), such as from Helicobacter pylori (Toller et al., 2011), which is associated with 

gastric cancer. In this case, DSBs appear to arise through the nucleotide excision repair 

pathway (Hartung et al., 2015). Microbial invaders can also lead to other types of DNA 

damage. Members of the APOBEC family of cytidine deaminases, which is involved in the 

defense against retroelements, can be induced by viral infection (Chan and Gordenin, 2015), 

for example, by HPV infection, which is associated with head and neck and cervical cancers. 

These tumors exhibit an overall high rate of mutations expected by APOBEC induction as 

well as specific mutations in genes linked to tumorigenesis, including PIK3CA (Henderson 

et al., 2014; Vieira et al., 2014).

Explosive events that alter the genome: Chromothripsis and kataegis

A long-standing tenet in cancer etiology has been that mutations accumulate gradually over 

an extended period of time (see e.g., (Jones et al., 2008)). However, the advent of more 

advanced genome sequencing technologies has provided evidence that the relatively constant 

mutation rate may be interrupted by squalls of instability. Chromothripsis is a recently 

identified mutational process in which specific chromosomal regions undergo catastrophic 

shattering characterized by extensive genomic rearrangements (Stephens et al., 2011). 

Chromothriptic chromosomes can have dozens or hundreds of chromosome segments from 

one or a few chromosomes stitched together in random order and orientation with oscillating 

copy numbers (Korbel and Campbell, 2013). They have been observed in multiple tumor 

types and, surprisingly, even constitutionally in rare individuals (Kloosterman et al., 2012; 

Weckselblatt et al., 2015). Estimates are that up to 5% of tumors show evidence of 

chromothripsis, although some tumor types have higher frequencies (Kloosterman et al., 

2014; Malhotra et al., 2013; Stephens et al., 2011). Chromothripsis can lead to disruption of 

tumor suppressor genes, oncogenic gene fusions, and oncogene amplification (Kloosterman 

et al., 2014; Leibowitz et al., 2015). Massive amplification associated with chromothripsis 

may involve double minute formation from excised fragments and subsequent reintegration 

as homogeneously staining regions (e.g., including the MYC locus) (Rausch et al., 2012; 

Stephens et al., 2011).

Two recent studies have provided possible mechanisms that could give rise to 

chromothripsis. Pellman and colleagues hypothesized that one route may involve DNA 

micronucleus formation, when the nuclear envelope reforms around chromosomes or 

chromosome fragments that become separated from the main chromosome complement 

during mitotic exit (Crasta et al., 2012). An attractive feature of this model is the physical 

isolation of DNA in micronuclei from bulk genomic DNA. Further, DNA in micronuclei 

undergoes breakage and extensive fragmentation (“pulverization”) likely due to 

asynchronous replication and collapse of the nuclear envelope (Crasta et al., 2012; Hatch et 

al., 2013). However, eventually micronuclear DNA can return to the nucleus for subsequent 

transmission to daughter cells. More recently, the complex genomic rearrangements 

consistent with chromothripsis have been confirmed by single-cell sequencing, providing 

evidence that chromothripsis occurs within a single-cell cycle and so is an episodic 

mutational phenomenon (Zhang et al., 2015). Of note, evidence for double minute formation 

during chromothriptic events was also provided.
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Another new study from de Lange and colleagues has suggested that chromothripsis occurs 

as a consequence of telomere crisis resolution in the early stages of tumorigenesis 

(Maciejowski et al., 2015). Dicentric chromosomes that arise due to dysfunctional telomeres 

can form long-lived chromatin bridges that lead to nuclear envelope rupture during 

interphase (“NERDI”). Dicentrics have traditionally been thought to break due to forces 

pulling the chromosomes to opposite poles; however, Maciejowski et al. demonstrate that the 

cytoplasmic nuclease TREX1 localizes to chromatin bridges and gives rise to RPA-coated 

single-stranded DNA. Following telomere crisis resolution, clusters of genomic 

rearrangements were observed consistent with chromothripsis.

Disease causality or disease progression attributed to chromothripsis is difficult to determine 

with certainty. Attribution has been inferred in glioblastoma multiforme based on short 

latency, aggressive tumor biology and high prevalence of chromothripsis (Malhotra et al., 

2013). In childhood retinoblastoma, chromothripsis was identified as the mechanism of RB1 
loss, due to complex structural variation on chromosome 13 missed by conventional analysis 

(McEvoy et al., 2014), suggesting causality. In prostate cancer, the incidence of 

chromothripsis has been reported to be high, but it was of similar prevalence in both low 

grade tumors that do not progress and aggressive high grade tumors (Kovtun et al., 2015). 

This study identified no difference in clinical outcome that associated with the presence or 

absence of chromothripsis, and chromothriptic events did not involve the most common 

genetically altered drivers associated with prostate cancer. Thus, the data in prostate cancer 

suggest that chromothripsis is not related to cancer progression but may be related to cancer 

initiation given its relatively common occurrence in low grade tumors. Chromothripsis is 

associated with poor prognosis in some reports, but evidence that its presence is an 

independent prognosticator is limited (Molenaar et al., 2012; Rausch et al., 2012).

A second catastrophic process is clustered mutagenesis, sometimes termed kataegis, which 

is typically associated with chromosomal rearrangements (Nik-Zainal et al., 2012; Roberts et 

al., 2012). Up to 50% of some tumor types show evidence of kataegis (Chen et al., 2014; 

Nik-Zainal et al., 2012). The mutations typically involve C to T transitions in TpC 

dinucleotides which arise from APOBEC3A/B acting on single-stranded DNA; in B cell 

lymphomas, a related APOBEC family member, AID, is also implicated in mutagenesis but 

at a distinct motif (Casellas et al., 2016; Chan and Gordenin, 2015) (Figure 1A). Single-

stranded DNA can arise in cells through several cellular processes, including DNA 

replication, especially lagging strand synthesis, and end resection during DSB repair, to 

become a target for APOBECs (Chan and Gordenin, 2015; Haradhvala et al., 2016; Hoopes 

et al., 2016; Kazanov et al., 2015; Seplyarskiy et al., 2016). Further, the chromothriptic 

chromosomes described above that arose from telomere fusions show the characteristic 

hypermutation pattern of kataegis, suggesting that the single-stranded DNA in chromatin 

bridges is processed by APOBEC-mediated cytosine deamination (Maciejowski et al., 

2015).

Mutational signatures in cancer genomes

It is well established that the genomes of all cancers carry somatic mutations, although the 

scope is just now becoming apparent. Advances in DNA sequencing technologies have made 
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it possible to identify thousands of individual somatic mutations in a single cancer genome 

(Pleasance et al., 2010). Among various adult tumor types, frequencies of 1 to 10 

nonsynonymous mutations per Mb are common, although tumors with 10-fold higher or 

lower numbers of mutations are observed as well, even within the same tumor type 

(Alexandrov et al., 2013; Lawrence et al., 2013) (Figure 1B). The mutation rate is not 

constant throughout the genome but differs ~5-fold, and a higher mutation rate is typically 

seen in late replicating and low transcribing genes (see also (Morganella et al., 2016)).

Diverse mutational processes in cancer genomes produce unique patterns of mutations, 

referred to as mutational signatures (Alexandrov et al., 2013; Lawrence et al., 2013; Roberts 

and Gordenin, 2014) (Figure 1A). To date, ~30 unique mutational signatures have been 

identified, which are based on specific base substitutions at a pyrimidine and the immediate 

5′ and 3′ nucleotides (http://cancer.sanger.ac.uk/cosmic/signatures). Certain signatures are 

characterized by exposure to strong mutagens; for example, exposure to UV light is 

associated with C to T and CpC to TpT mutations in skin, while tobacco exposure is 

associated with C to A mutations and is primarily found in lung, liver and head and neck 

cancers. Another signature, which is found in all tumor types, is associated with spontaneous 

deamination of 5-methylcytosine in the context of CpG; the numbers of mutations in this 

signature in tumors correlates well with age of diagnosis to act as a clock-like process 

(Alexandrov et al., 2015a). Other signatures are associated with enzymes that modify DNA, 

such as the APOBECs (Alexandrov et al., 2013; Roberts et al., 2013), as discussed above, 

defective polymerase proofreading, and defects in DNA repair pathways, such as MMR, 

nucleotide excision repair (Kim et al., 2016), and HR (see below). MMR defects are 

associated with high numbers of short insertion/deletions (< 3bp) at mono/polynucleotide 

repeats. The etiology of some other signatures is unclear. Interestingly, APOBEC-induced 

mutagenesis favors early-replicating regions of cancer genomes, which is the opposite to the 

genomic preference of other mutation types (Kazanov et al., 2015). Certain mutational 

signatures are more prevalent than others; the APOBEC3A/B signature is the second most 

common after the age-associated 5-methylcytosine deamination signature.

More recently, sequencing of 560 breast tumors, the largest cohort of a single tissue type to 

date, has led to the description of six rearrangement mutational signatures (Nik-Zainal et al., 

2016). These signatures are distinguished by the prevalent type of rearrangement (i.e., 

deletion, tandem duplication, inversion, translocation), the length of the rearranged segment, 

and whether they occur within rearrangement clusters (e.g., at amplified genomic locations).

The term mutational signatures tends to imply an unchanging, identifiable character, 

however, the mutational signatures identified in a tumor can change. Recent work analyzing 

subclonal tumor populations demonstrated early and late mutational signatures and 

identified differences across several tumor types arising from tumor evolution (McGranahan 

et al., 2015). In some tumors, this was characterized by an early broad non-specific cancer 

signature followed by a later more defined etiologic process, whereas, in others exposure to 

tobacco or UV-light defined the early signature but other mutational processes occurring 

later in tumor development were evident. A key observation was that a large percentage of 

subclonal mutations in driver genes could be explained by APOBEC-mediated cytosine 

deamination.
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Although much of the information regarding tumor heterogeneity and clonal evolution is 

derived from cancer gene sequencing, a focus on mutational signatures may yield strategies 

suitable for exploitation in the clinic. Notably, 20% of tumors from a pan-cancer analysis 

identified subclonal mutations in the BRCA1/2 pathway, suggesting tumor populations that 

may benefit from targeted therapies (McGranahan et al., 2015) (see below). How often 

changes occur in the mutational signatures identified within a cancer is not known. In a 

small number of cases (4 women with triple negative breast cancer), the mutational signature 

was minimally altered in residual breast cancer after neoadjuvant chemotherapy as compared 

to the pretreatment biopsy. The changes appeared to be small increases in the APOBEC 

related signatures, leading to the conclusion that there was a minimal contribution 

introduced to the mutational signature by chemotherapy (Yates et al., 2015). The timeframe 

between biopsy and surgery following neoadjuvant chemotherapy is relatively short; 

whether changes to the mutational signature introduced by treatment would be identified in 

clonal expansion of resistant tumor cells remains a possibility.

Mutations may be exploitable: High mutation burden and immunotherapy 

response

A recent advance in cancer immunotherapy has been the development of immune checkpoint 

inhibitors, including monoclonal antibodies directed against cytotoxic T-lymphocyte antigen 

4 (CTLA-4) and programmed death 1 receptor (PD-1), which have demonstrated promising 

results in the clinical setting (Postow et al., 2015). Immune checkpoint blockade harnesses a 

patient’s own immune response against a tumor by blocking inhibitory signaling molecules 

expressed on T cells, thereby strengthening the anti-tumor response. However, not all tumors 

respond to treatment with immune checkpoint inhibitors, and it has been hypothesized that 

tumors with a large number of somatic mutations may be particularly responsive to these 

immunotherapies, as the larger number of mutations may make the tumor appear more 

foreign to a patient’s own immune system (Schumacher and Schreiber, 2015).

Cancers that have so far shown significant responses to treatment with checkpoint blocking 

antibodies include melanoma and non-small cell lung cancer, both of which are linked to 

high mutagen exposure. Within these tumor types, a wide variation in mutation burden 

nonetheless exists between individual tumors (Lawrence et al., 2013; Vogelstein et al., 

2013), which may help predict response to immunotherapy. In studies of melanoma patients, 

a higher mutational load was associated with a more sustained response to anti-CTLA-4 

treatment, and patients benefiting the most had a high neoantigen load that could lead to T 

cell activation (Snyder et al., 2014; Van Allen et al., 2015). In the case of lung cancer, 

tumors in smokers typically have a larger mutational load than non-smokers, and the higher 

nonsynonymous mutation burden was shown to associate with an increased response to anti-

PD1 immunotherapy and longer progression-free survival (Rizvi et al., 2015). The 

association of mutational load and beneficial immune response is not exact, however, and 

other cellular factors may substantially alter a response (Hugo et al., 2016).

The connection between increased mutational load and immunotherapy response suggests 

that tumors with a large number of mutations due to defective DNA repair may also respond 
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better to immune checkpoint inhibition. A small study recently showed that patients with 

colorectal and other tumors with defects in the MMR pathway were more responsive to 

treatment with anti-PD1 antibodies compared to MMR-proficient tumors (Le et al., 2015). 

Further, a lung cancer with mutations in POLD1 and MSH2, but without the typical smoking 

signature, had one of the highest mutation burdens in the tumor cohort, and this patient 

responded to immunotherapy (Rizvi et al., 2015).

Perhaps the most dramatic case of high mutation load in tumors is associated with germline, 

biallelic MMR (bMMR) deficiency, a syndrome in which affected children are at extremely 

high risk of developing malignancies at a young age, particularly glioblastoma (Shlien et al., 

2015). As a result of the inherited bMMR deficiency, somatic mutations arise more 

frequently in POLE or POLD1, leading to “ultra-hypermutated” cancers: the combined 

bMMR and polymerase mutations lead to a massive increase in replication errors, estimated 

at ~600 mutations per cell division. This high rate leads to ~400-fold more mutations than 

other pediatric tumors, which generally have a low frequency of mutations compared with 

adult tumors (Figure 1B). Two children with bMMR deficiency and recurrent, multifocal 

glioblastoma multiforme have recently been treated with anti-PD1 immunotherapy with 

clinically significant responses, suggesting an increased effective neoantigen load associated 

with these ultra-hypermutated cancers (Bouffet et al., 2016).

The high mutagenesis rate in the bMMR tumors allows an estimate of the mutation burden 

tumor cells can cope with before becoming disadvantaged. Mutations were found to level off 

at ~20,000 per exome, implying that this is the threshold beyond which cancer cell survival 

is compromised (Shlien et al., 2015). Chromosomal instability also appears to have a 

threshold, since tumors with extreme instability paradoxically have a better prognosis than 

those with somewhat less instability (Birkbak et al., 2012).

Mutations are not always problematic: High mutation burden in non-

cancerous skin

Starting from the earliest stages of development until death, cells of an individual undergo 

mutations. Despite robust proofreading activities of polymerases and MMR pathways, every 

S phase brings with it the chance of mutations arising from replication errors. Moreover, 

DNA breaks that arise during replication, as well as other processes, have a low but 

detectable frequency of causing rearrangements. DNA damage arising from other 

endogenous processes, as well as from environmental insults, may also not always be 

precisely repaired. As a result, oncogenic mutations and chromosome aberrations are 

observed in normal tissues from individuals without evidence of disease. Cellular context is 

essential; a cell limited by low self-renewal and life-span capacity would typically be 

eliminated prior to the growth advantaged selection process, resulting in clonal dominance 

and full oncogenic potential.

One of the most dramatic examples of the mutation burden in cells from a normal, cancer-

free tissue comes from deep-sequencing analysis of skin (Martincorena et al., 2015). 

Epidermis from four older individuals undergoing blepharoplasty–a procedure involving the 

excision of skin from the eyelids–was positionally biopsied >200 times to detect subclonal 
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mutations in a large number of cancer-associated genes. Several thousand mutations were 

identified which matched the spectrum expected for sunlight-induced DNA damage. The 

estimated mutation burden is ~2–6 per Mb, which is lower than that of many skin tumors, 

but higher than that of many other adult tumors (Figure 1B). Numerous cancer genes were 

found to be under positive selection in skin: more than 25% of skin cells carry cancer-

causing mutations while functioning as normal epidermis. Mutations were clustered into 

clones from a single mutant cell, but driver mutations conferred only a modest advantage in 

clonal expansion, presumably because cell-cell interactions constrained growth.

The high mutation load in skin is likely to be exceptional compared with other tissues 

because of its high exposure to mutagen. Indeed, peripheral blood cells show a much lower 

mutation rate (e.g., (Genovese et al., 2014; Jaiswal et al., 2014)). The clock-like 

accumulation of mutations at methylated CpG dinucleotides observed in tumors from 

individuals at different ages will likely provide an upper estimate on the number of 

mutations to be found in different tissue types (Alexandrov et al., 2015a). Nonetheless, it 

will be interesting to determine the variation in mutation load and signature in other normal 

tissues to understand tissue-specific mutational processes and how often oncogenic 

mutations are observed to understand the processes that constrain disease.

Defective HR in cancer

HR is a critical pathway for the precise repair of DSBs that arise during normal cellular 

processes, including replication, and as a result of exposure to exogenous DNA damaging 

agents (Chapman et al., 2012; Jasin and Rothstein, 2013). As an acknowledgement of its role 

in DNA repair, HR is also often termed homology-directed repair, although HR proteins can 

also prevent DNA damage from occurring independent of repair by protecting stalled 

replication forks from degradation (Hashimoto et al., 2010; Schlacher et al., 2011; Schlacher 

et al., 2012). Defects in HR result in error-prone repair of DSBs that ultimately predisposes 

cells to genome instability (Moynahan and Jasin, 2010). HR utilizes an undamaged 

homologous sequence as a repair template, which, with its functioning preferentially in late 

S and G2 phases of the cell cycle, is typically the sister chromatid.

HR involves multiple steps beginning with end resection which generates 3′ single-stranded 

DNA from the ends of the broken chromosome (Chapman et al., 2012; Jasin and Rothstein, 

2013) (Figure 2). Resection is a critical step in DSB repair pathway choice, because once 

resected, the DNA ends are refractory to repair by canonical NHEJ. The single-stranded 

DNA is bound initially by replication protein A (RPA) and subsequently by the strand 

exchange protein RAD51. Paradoxically, RPA both promotes RAD51 binding, by melting 

secondary structures in the single-stranded DNA, and occludes RAD51 binding; thus, 

mediator proteins are critical to promote RAD51 binding to RPA-coated single-stranded 

DNA. The active form of RAD51 is bound to single-stranded DNA in a nucleoprotein 

filament, which invades homologous DNA to prime repair synthesis using the homologous 

DNA as the template. HR reactions can be completed in a number of ways; however, most 

HR events lead to repair of the DSB without crossing-over. Even if the DNA ends are not 

perfectly preserved upon breakage, HR with the identical sister chromatid can restore the 
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original sequence, whereas the canonical NHEJ pathway will lead to insertion/deletion 

formation.

The breast cancer suppressors BRCA1 and BRCA2 play critical roles in HR at different 

stages of the pathway (Moynahan et al., 1999; Moynahan et al., 2001; Prakash et al., 2015; 

Stark et al., 2004). BRCA1 acts initially at the end resection step where it competes with 

53BP1 and other proteins to promote end resection (Bouwman et al., 2010; Bunting et al., 

2010; Zimmermann and de Lange, 2014), while BRCA2 is involved in loading RAD51 onto 

single-stranded DNA (Jensen et al., 2010). BRCA1 and BRCA2 were initially identified 

more than two decades ago for their roles as familial breast and ovarian cancer 

predisposition genes when mutated (Miki et al., 1994; Wooster et al., 1995). Germline 

mutations in BRCA1 and BRCA2 are also associated with other cancers, including prostate 

and pancreatic. Tumorigenesis is effectively suppressed in the heterozygous state, with a 

primary requirement for loss of the wild-type allele to provoke genomic instability due to 

unrepaired/misrepaired DNA damage and subsequent tumorigenesis. The decreased latency 

for incurring tumorigenesis with even more substantial loss of HR activity is best 

exemplified by inheritance of biallelic BRCA2 hypomorphic mutations where infants and 

children exhibit susceptibility to early onset medulloblastoma and leukemia (Meyer et al., 

2014).

Along with BRCA1 and BRCA2, several other genes in the HR pathway have also been 

linked to tumorigenesis, although at a lower frequency, including the RAD51 paralogs 

RAD51C and RAD51D (Prakash et al., 2015). Particularly notable is PALB2, as the PALB2 

protein seems to act as a bridge between BRCA1 and BRCA2 to promote cell cycle 

regulated localization of BRCA2 to chromatin (Orthwein et al., 2015; Xia et al., 2006). 

Thus, BRCA1 through PALB2 has a later function in HR in addition to promoting end 

resection.

In addition to HR and canonical NHEJ, DSBs can be repaired by two additional pathways 

that do not involve strand invasion: both pathways involve the annealing of complementary 

single-strands at DNA ends, either with minimal homology (a few bp, alternative NHEJ or 

microhomology-mediated NHEJ, MMEJ) (Figure 2) or more extended homology (10s–100s 

bp; single-strand annealing) (Jasin and Rothstein, 2013; Sfeir and Symington, 2015). The 

latter pathway was used to determine that BRCA1 acts upstream of BRCA2 in HR; thus, 

single-strand annealing is reduced in BRCA1-deficient cells but increased in BRCA2-

deficient cells (Stark et al., 2004). The physiological roles of alternative NHEJ and single-

strand annealing are not clear, although it is known that loss of the MMEJ pathway 

component polymerase theta (encoded by POLQ) is detrimental to BRCA-deficient cells 

(Ceccaldi et al., 2015; Mateos-Gomez et al., 2015), consistent with a role for MMEJ as a 

“back-up”, error-prone DSB repair pathway in HR mutants.

Most tumor suppressor genes that are mutated in cancer syndromes are also found to incur 

somatic loss or mutation at high prevalence (e.g., TP53 and RB1). Surprisingly, early 

analyses did not readily identify HR deficiencies through somatic mutation. However, 

somatic loss of function has been found to occur at significant frequency through epigenetic 

BRCA1 silencing (Cancer Genome Atlas Research, 2011), and clinically-relevant somatic 
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mutations in BRCA1, BRCA2, and other HR genes are now being detected. Together 

germline and somatic mutations in HR genes have been found in a significant fraction of 

some tumor types (10–20%), e.g., high-grade serous ovarian carcinomas, the most malignant 

epithelial ovarian cancer subtype (Cancer Genome Atlas Research, 2011), other ovarian, 

fallopian tube, and peritoneal carcinomas (Norquist et al., 2016; Pennington et al., 2014), 

gastric tumors (Alexandrov et al., 2015b), and metastatic castration-resistant prostate 

cancers (Robinson et al., 2015). Interestingly, this latter case is a larger fraction than 

previously observed in primary prostate cancers (Barbieri et al., 2012; Cancer Genome Atlas 

Research, 2015), suggestive of tumor evolution.

However, just as it has been difficult to determine the functional consequence of BRCA1/2 
sequence variants identified in the germline (Jhuraney et al., 2015), it is often with 

uncertainty that a DNA repair defect can be ascribed to somatic missense mutations. 

Additionally, haploinsufficiency phenotypes have thus far not been observed in mouse 

models and are equivocal in highly sensitive repair assays in vitro, and importantly human 

tumors from carriers almost always show loss of the wild-type allele (Roy et al., 2012). 

Whether more profound gene dosage deficiency results in HR defects that promote genetic 

instability or tumor cell hypersensitivity has not been fully evaluated, but in cultured cells, 

decreased expression of BRCA1 results in minor decreases in HR. Whether combinations of 

genetic alterations can additively diminish HR repair to incur hypersensitivity to DNA 

damaging agents is a particularly clinically relevant question as tumors with multiple genetic 

alterations are often observed by sequencing.

HR gene mutations and mutational signatures

Curiously, despite the different molecular roles of BRCA1 and BRCA2 in HR repair, their 

mutational signature at the nucleotide level is reported to be similar. A mutational signature 

associated with defective HR was first identified in BRCA1 or BRCA2 germline mutant 

breast cancers (Nik-Zainal et al., 2012), and later in ovarian, pancreatic, and gastric cancers 

(Alexandrov et al., 2015b; Alexandrov et al., 2013; Patch et al., 2015; Waddell et al., 2015). 

This signature consists of elevated numbers of indels (>3 bp) associated with 

microhomology at the breakpoint junctions (Figure 1A). Some tumors with this signature do 

not harbor BRCA1 or BRCA2 mutations, suggesting that they may contain mutations in 

other genes in the HR pathway (Alexandrov et al., 2013).

This signature has been postulated to be due to an increased reliance on MMEJ, consistent 

with a role for POLQ in BRCA1/2 mutant cells (Ceccaldi et al., 2015; Mateos-Gomez et al., 

2015). However, a reliance on both BRCA1 and BRCA2-deficient cells on MMEJ is 

paradoxical, because of their different roles in HR, i.e., BRCA1-deficiency would limit end 

resection, an early step in MMEJ as well as in HR (Zhang and Jasin, 2011), while BRCA2 

deficiency would be predicted to increase the lifespan of resected ends (Bouwman et al., 

2010; Bunting et al., 2010; Stark et al., 2004). It is important to note, however, that the 

presence of microhomology at breakpoint junctions does not definitively distinguish whether 

a junction arises from MMEJ: canonical NHEJ will join DNA ends with long 5′ overhangs 

to give rise to junctional microhomology (Ghezraoui et al., 2014). Thus, an alternative is that 

the DNA end structure may contribute to microhomology use.
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The recent sequencing of a large number of breast tumors, including 90 with germline (60) 

or somatic (14) mutation of BRCA1 or BRCA2 or BRCA1 promoter methylation (16), has 

led to the identification of rearrangement signatures associated with mutation of these genes 

(Nik-Zainal et al., 2016). BRCA1 mutation or promoter hypermethylation and BRCA2 
mutation showed substantial numbers of small deletions (<100 kb). However, distinguishing 

these genes, BRCA1 mutation was additionally associated with small tandem duplications 

(<100 kb). Some breast cancers without BRCA1/2 mutations also shared these signatures, 

illustrating the complexity of utilizing signatures or mutation status alone for considering 

treatment options. Interestingly, association of these signatures with genomic features 

related to essential processes such as replication suggest how DSB repair pathways may be 

utilized in cells: Rearrangement signatures that are associated with HR defects are enriched 

in early replicating regions, while signatures associated with microhomology-mediated 

indels and base substitution are enriched in late replicating regions, perhaps suggesting a 

contingency route (Morganella et al., 2016). This work also illuminates how DSB repair 

pathways may normally be utilized in cells.

HR gene mutations and therapeutics

There has been renewed focus on the role of BRCA1 and BRCA2 as well as other HR genes 

in multiple cancer types since the discovery of poly(ADP-ribose) polymerase (PARP) 

inhibitors as a new antitumor therapy that cause synthetic lethality in cells with BRCA1/2 
mutations (Bryant et al., 2005; Farmer et al., 2005). In support of these findings, a recent 

clinical study has shown that patients with metastatic castration-resistant prostate cancers 

with an HR gene mutation had a greater response rate to PARP inhibitor therapy after 

standard treatments had failed (Mateo et al., 2015). Besides PARP inhibitors, many standard 

cancer treatments cause DNA damage that requires HR for repair due to DSB intermediates, 

e.g., platinum-based chemotherapy drugs which crosslink both DNA strands. New strategies 

are also being developed, including one that targets a specific defect incurred by BRCA1/2 
mutant cells when replicating through DNA structures (Zimmer et al., 2016).

Germline and somatic mutations in HR genes have been shown to predict platinum response 

and survival in ovarian, fallopian tube, and peritoneal carcinomas (Pennington et al., 2014). 

Interestingly, high-grade serous ovarian cancers with BRCA1/2 mutations are known to 

contain a higher mutational load than other tumors, and recent work has shown that these 

tumors have a higher neoantigen load and increased PD-1 and PD-L1 expression compared 

to HR-proficient tumors, suggesting that BRCA1/2-mutated ovarian cancers may be more 

sensitive to immune checkpoint inhibition (Strickland et al., 2016). Similarly, in a cohort of 

melanoma patients, tumors responsive to anti-PD1 therapy were enriched for BRCA2 
mutations (Hugo et al., 2016).

However, a particularly important question is whether the presence of a mutational signature 

is robust enough to determine treatment strategy. In recent studies, the mutational signature 

attributed to defective HR was associated with therapeutic response to platinum-based 

therapy in a small cohort of pancreatic cancer patients with somatic or germline BRCA2 
mutations (Waddell et al., 2015), but not in primary high-grade serous ovarian cancer 

patients without HR gene deficiencies (Patch et al., 2015). In addition to analysis of 
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mutation signatures, there has been intense interest in developing a predictive biomarker to 

identify cancers with HR deficiencies, which would be expected to respond to platinum 

based therapy or PARP inhibition. A recent study has shown that a combined HR deficiency 

(HRD) score, taking into account three different measures of genomic instability, i.e. loss of 

heterozygosity, telomeric allelic imbalance, and large-scale state transitions (chromosome 

breaks >10 Mb in adjacent DNA segments) (Abkevich et al., 2012; Birkbak et al., 2012; 

Popova et al., 2012), could help predict which breast tumors are most likely to respond to 

neoadjuvant platinum-based therapy (Telli et al., 2016).

Surviving genomic chaos

Unstable genomes, whether they arise from a high constant rate of instability due to 

germline HR or other deficiency or a cancer with a low mutation rate interspersed with 

squalls of instability due to chromothripsis or other explosive events, must retain some order 

amidst chaos to successfully traverse the cell cycle. With an abrupt disruption, the shock to 

the cell would be expected to result in elimination; however in the cancer state, checkpoints 

that guard against genomic instability have largely been eliminated. Consistent with this is 

that many adult tumors with chromothripsis also have lost p53 function (Morrison et al., 

2014; Rausch et al., 2012), although chromothripsis and somatic p53 loss has not been 

associated in pediatric tumors, unless co-occurring kataegis is also identified (reviewed in 

(Chen et al., 2015)). Unstable genomes that associate with HR defects were noted to activate 

p53 responses in animal models and mutation or loss of p53 is associated with BRCA1/2-

mutated cancer (Moynahan, 2002; Patch et al., 2015). Unlike the ongoing genomic 

instability from defective HR where the underlying DNA repair defect itself offers a 

potential treatment strategy, chromothriptic or other explosive events may lead to the 

expression of potential neoantigens that could be targeted by immunotherapy.

The DNA repair field garnered significant recognition in 2015 through the Lasker Award 

and Nobel Prizes selections, where one recognized a researcher whose work began in the 

1940s. Despite the significant progress over the last decades, the genomic chaos recently 

elucidated in cancers makes it clear that basic studies of DNA repair and translation of 

findings need to expand in scope to have the best chance of transforming cancer care.
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Figure 1. Mutation signatures and frequencies found in cancer genomes
A. Examples of mutation signatures. See http://cancer.sanger.ac.uk/cosmic/signatures for 

more examples and detail. Note that for APOBEC3A/B and AID the mutation at C is 

equally to T (as shown) as to G (not shown). WRCY: W = A/T, R = purine, Y = pyrimidine; 

N,n: random nucleotides. The HR signature example represents a deletion with a 2 bp 

microhomology at the breakpoint junction (NN).

B. Somatic mutation frequencies in multiple tumor types, adapted from Shlien et al., 2015 

and including additional data from non-malignant skin (Martincorena et al., 2015). Mutation 

frequencies in bMMR-deficient (bMMRD) ultra-hypermutated malignant brain tumors 

(mean = 249 mutations/Mb) are high compared to that in other childhood brain cancers (<1 

mutation/Mb), childhood cancers (<1 mutation/Mb), and adult cancers (<10 mutations/Mb). 

bMMRD data are from exome sequencing except in the two cases with whole genome 
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sequencing, denoted with a “g”. In these latter two cases, genomic sequences are derived 

from the primary and relapsed glioblastoma multiforme (GBM) from the same patient. The 

box plots represent the interquartile range with the median indicated by the orange line. 

PiloAstro, Pilocytic Astrocytoma; Tera/Rhab = Atypical Teratoid/Rhabdoid Tumor; LG 

glioma, Low Grade Glioma; DIPG, Diffuse Intrinsic Pontine Glioma; ALL, Acute 

Lymphoblastic Leukemia; AML, Acute Myeloid Leukemia; Kidney Chrom, Kidney 

Chromophobe; CLL, Chronic Lymphocytic Leukemia; Kidney Pap, Kidney Renal Papillary 

Cell Carcinoma; Kidney CC, Kidney Clear Cell Carcinoma; Lung AD, Lung 

Adenocarcinoma; Lung SC, Lung Squamous Cell Carcinoma.
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Figure 2. Multiple pathways to repair DSBs
Canonical NHEJ is operational throughout the cell cycle. It can protect DNA ends prior to 

ligation, but deletions and insertions can occur, especially if the ends are frayed. HR is a 

relatively precise pathway to repair DSBs, the defining step of which is strand invasion 

catalyzed by RAD51. RAD51 forms a nucleoprotein filament on single-stranded DNA 

formed by end resection. The 3′ invading end primes repair DNA synthesis from the 

homologous template, primarily the sister chromatid. End resection is also an intermediate 

step in alternative-NHEJ (alt-NHEJ) involving microhomology, i.e., a few bp of sequence 

identity between the DNA ends. For this reason, it is also termed microhomology-mediated 

endjoining (MMEJ). If single-stranded DNA forms containing longer stretches of 

complementarity, they can also anneal, in which case the pathway is termed single-strand 

annealing (SSA, not shown).
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