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Abstract

Genomic instability underlies many cancers and generates genetic variation
that drives cancer initiation, progression, and therapy resistance. In contrast
with classical assumptions that mutations occur purely stochastically at con-
stant, gradual rates, microbes, plants, flies, and human cancer cells possess
mechanisms of mutagenesis that are upregulated by stress responses. These
generate transient, genetic-diversity bursts that can propel evolution, specif-
ically when cells are poorly adapted to their environments—that is, when
stressed. We review molecular mechanisms of stress-response-dependent
(stress-induced) mutagenesis that occur from bacteria to cancer, and are
activated by starvation, drugs, hypoxia, and other stressors. We discuss mu-
tagenic DNA break repair in Escherichia coli as a model for mechanisms in
cancers. The temporal regulation of mutagenesis by stress responses and
spatial restriction in genomes are common themes across the tree of life.
Both can accelerate evolution, including the evolution of cancers. We dis-
cuss possible anti-evolvability drugs, aimed at targeting mutagenesis and
other variation generators, that could be used to delay the evolution of can-
cer progression and therapy resistance.
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SOS response:
bacterial DNA damage
response; the first such
response discovered in
any organism; it is
prototypic for DNA
damage responses in
humans and other
organisms

INTRODUCTION

In the 1930s and 1940s, biologists fused Charles Darwin’s principles of evolution by variation and
selection (1859) with Gregor Mendel’s principles of genetic inheritance (1865). They articulated
(Huxley 1942) that gene mutations create variation between individuals and the fittest prolifer-
ate. Predating molecular biology, evolutionary biologists could not know that genes were DNA
(Avery et al. 1944, Hershey & Chase 1952), how DNA replicated (Meselson & Stahl 1958), nor
how mutations arise. So they tentatively modeled mutation formation simply (attractively!) as a
stochastic, probabilistic process, constant and gradual over time (Mayr 1985): a ticking clock that,
with enough time, could be essentially limitless.

Nowell (1976), and then others, modeled cancer development as an evolutionary process (re-
viewed in Greaves & Maley 2012, Yates & Campbell 2012, Gerlinger et al. 2014). Cells acquire
characteristics of cancer by multiple heritable changes (Fearon & Vogelstein 1990, Fishel et al.
1993), many of them genetic. Genomic instability fuels many cancers (reviewed in Lengauer et al.
1998, Lee et al. 2016) by increasing the probability of mutations, which drive every stage of cancer
progression. The origin of mutations is, therefore, fundamental to cancer biology. Mutations also
underpin the evolutionary arms races between the chemotherapies we develop and the cancer cells
and pathogens that out-evolve them.

Stress-induced mutagenesis encompasses molecular mechanisms of abrupt, transient genomic
instability that are upregulated by stress responses, as reviewed here. These mechanisms produce
mutations nonrandomly, preferentially when cells are maladapted to their environments—when
stressed—and can accelerate adaptation in changing environments (Ram & Hadany 2012, 2014).
In some mechanisms, the mutations also occur nonrandomly in genomic space: in localized clusters
(Lin et al. 2011, Shee et al. 2012), which could speed concerted evolution within genes (Ponder et al.
2005, Ram & Hadany 2014), a major problem in the evolution of new protein functions (Camps
et al. 2003). Mutation clusters occur across phylogeny (Drake et al. 2005), including in mutation
storms in cancer genomes (Nik-Zainal et al. 2012, Roberts et al. 2012, Alexandrov et al. 2013).

We review molecular mechanisms of stress-induced mutagenesis across the tree of life, induced
by starvation, drugs, hypoxia, protein misfolding, or other stressors and upregulated by various
stress responses. These illustrate that virtually all types of mutations observed in human cancer
genomes could result from stress-induced mutagenesis. We discuss their implications for cancer
and drug resistance and consider potential novel anti-evolvability drugs that could target genomic
instability and other variation generators that drive cancer evolution.

HISTORICAL PERSPECTIVE

Harrison Echols (1981) discussed the idea of stress-response “inducible evolution” when consid-
ering the Escherichia coli SOS DNA damage response. He, and previously Barbara McClintock
(summarized in McClintock 1978), thought that cells could sense stress and adapt by activating a
burst of upregulated genomic instability, which Echols discussed as a paradigm shift for evolution.
Both proposals followed Evelyn Witkin’s (1967; Witkin & George 1973) and Miroslav Radman’s
(1974, 1975) articulation of the SOS response, in which cells upregulate DNA repair, mutagenesis,
prophage induction, and cell division inhibition. Others still argue that cells induce SOS to re-
pair DNA, and mutagenesis is an unavoidable by-product (i.e., nonmutagenic DNA repair cannot
evolve; e.g., Lynch 2010, Andersson & Hughes 2014). Of course, both sides may be right: SOS is
needed for DNA repair, but it also could accelerate adaptation (modeled in Ram & Hadany 2012,
2014). During the past 15 years, this argument has been transcended by discoveries of molecular
mechanisms of mutagenesis that are upregulated by stress responses not needed for DNA repair.
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MBR: mutagenic
break repair

Indel: 1 to a few bp
insertions or deletions;
a common error of
DinB subfamily
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human unfolded-
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Sigma S: a bacterial
general stress-response
activator; induced by
starvation, antibiotics,
and cold, pH, osmotic,
oxidative, and other
shocks; a possible
analog of human
mTOR

MUTAGENIC BREAK REPAIR IN ESCHERICHIA COLI MODELS
CANCER PROCESSES

Discovered in E. coli (Harris et al. 1994, Rosenberg et al. 1994), mutagenic DNA break repair
upregulates mutation mechanisms temporally, during stress, and nonrandomly in genomic space,
and its mechanisms are illuminating similar mechanisms in cancers.

Two Mutagenic Break Repair Mechanisms

In starving E. coli (Cairns & Foster 1991, Al Mamun et al. 2012), double-strand break (DSB) repair
becomes mutagenic, depending on the general stress response (Ponder et al. 2005, Shee et al.
2011), by either of two mechanisms. Homologous recombination (HR)–based mutagenic break
repair (MBR) (Figure 1a–f ) generates base substitutions and indels (Foster & Trimarchi 1994,
Rosenberg et al. 1994, Ponder et al. 2005, Petrosino et al. 2009, Shee et al. 2011, Al Mamun et al.
2012) (Figure 1). An alternative break-induced microhomologous MBR mechanism produces
copy-number alterations (CNAs) (Figure 1h) and other genomic rearrangements (Hastings et al.
2000, Slack et al. 2006, Lin et al. 2011). Both mechanisms are useful models for human cancer
(e.g., Mihaylova et al. 2003, Bindra et al. 2005). They mirror the two kinds of genomic instability
seen in many cancers (reviewed in Lengauer et al. 1998, Lee et al. 2016), which could result from
stress-induced mutagenesis.

Three Stress Responses and Three Events Trigger Homologous
Recombinational Mutagenic Break Repair

HR-MBR requires three simultaneous events (Ponder et al. 2005, Shee et al. 2011) (Figure 1,
steps 1–3): a DSB (some promoted by the sigma E stress response) and its repair using HR (step 1);
activation of the SOS DNA damage response (step 2); and activation of the general (sigma S) stress
response, which is triggered by many different stressors (step 3). These events occur as follows.

In step 1, spontaneous DSBs occur in ≤1% of growing E. coli and are estimated to form
similarly per base pair in human genomes (Pennington & Rosenberg 2007, Shee et al. 2013). The
sigma E membrane stress response is required for MBR at some loci (Figure 1, step 1), can be
substituted by the delivery of a DSB near the mutation reporter gene assayed, and so promotes
spontaneous DSBs, by unknown means (Gibson et al. 2010; discussed in Rogers et al. 2016). DSB
repair (reviewed in Kuzminov 2013) uses human cancer protein analogs and orthologs (Figure 1)
(Aravind et al. 1999). RecBCD (an analog of human BRCA2) loads RecA (an ortholog of human
RAD51) onto single-stranded DNA at DSBs (Figure 1b); identical strands are exchanged (with,
e.g., a sister chromosome), and repair synthesis or replication (Figure 1c) replaces eroded DNA.
In unstressed cells, HR-DSB repair is relatively nonmutagenic (Ponder et al. 2005, Shee et al.
2011), using the high-fidelity major replicative DNA polymerase (Pol) III (Motamedi et al. 1999).

In step 2, the SOS DNA damage response is induced in about 25% of cells with a reparable DSB
(Pennington & Rosenberg 2007), and so follows DNA breakage (Figure 1, steps 1 and 2). SOS
promotes HR-MBR (Cairns & Foster 1991, McKenzie et al. 2000) by its 10-fold transcriptional
upregulation of the Pol IV (DinB) error-prone DNA polymerase (Galhardo et al. 2009). Pol
IV is required for most HR-MBR-generated base substitutions and indels (McKenzie et al. 2001,
Ponder et al. 2005, Shee et al. 2011) (Figure 1e, f ). Artificial production of Pol IV to SOS-induced
levels substitutes for a functional SOS response (Galhardo et al. 2009). SOS also allows production
of error-prone DNA Pol V, which is used in MBR at some sites (Petrosino et al. 2009, Shee et al.
2011), and increases Pol II, which promotes some MBR indels (Frisch et al. 2010). Although SOS-
induced cells have 10 times more Pol IV and produce Pol V, the repair of DSBs is still relatively
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Figure 1
Models of Escherichia coli MBR. (�) DSBs arise via many routes. (a–c) RecBCD nuclease (an analog of
human BRCA2) loads RecA HR protein (an ortholog of human RAD51) onto ssDNA, analogously to human
BRCA2 loading RAD51, facilitating base-pairing with a strand of identical duplex DNA (blue) (e.g., a sister
chromosome). Parallel lines represent base-paired DNA strands; arrowheads represent 3′ DNA ends. Repair
synthesis (dashed lines) is switched to a mutagenic mode by the general stress response (sigma S;�). (d–f ) In
HR-MBR, a switch to mutagenic HR repair of DSBs occurs when the SOS DNA damage response and
general stress response are activated. (�) The SOS response upregulates error-prone Pols IV, V, and II.
(�) The general stress response licenses the use of, or errors made by, alternative DNA polymerases in
repair synthesis by as yet unknown means. DSB repair is otherwise high fidelity and dependent on
high-fidelity DNA Pol III. HR-MBR produces (e) indels and ( f ) base substitutions, both dependent on Pol
IV. Pol V contributes to some indels, and base substitutions. Pol II contributes to some indels. The red Xs
represent DNA polymerase errors that become mutations. ( g,h) Microhomologous MBR requires DNA Pol
I for template switching to regions containing microhomology ( g) and initiates replication, creating genome
rearrangements (h) including duplications (blue arrows). Microhomologous MBR requires steps� and�,
but not the SOS response. Abbreviations: DSB, double-strand break; HR, homologous recombination;
MBR, mutagenic break repair; Pol, DNA polymerase; SS, single-stranded.

RecBCD: E. coli RecA
loader at double-
strand breaks; an
analog of human
BRCA2

nonmutagenic unless the general stress response is also induced (Ponder et al. 2005, Shee et al.
2011, Al Mamun et al. 2012). Whereas it has long been argued that nonmutagenic DNA repair
could not evolve (reviewed in the section Historical Perspective, above), the ability to remove the
mutagenic component from MBR without reducing repair demonstrates that this is not the case
(see the sidebar High-Fidelity Break Repair Has Evolved—Mutagenesis Not Needed).
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HIGH-FIDELITY BREAK REPAIR HAS EVOLVED—MUTAGENESIS NOT NEEDED

Mutants that lack functional Pol IV survive endonuclease-induced DSBs as well as, or better than, isogenic Pol
IV–proficient cells (Ponder et al. 2005, Shee et al. 2011). This counters arguments that nonmutagenic repair could
not evolve (see the section Historical Perspective) (e.g., Lynch 2010, Andersson & Hughes 2014). High-fidelity
DSB repair has evolved; E. coli has it. It is efficient and Pol IV appears to be used for reasons other than DSB survival
or repair. Instead, E. coli might use Pol IV in DSB repair because the generation of variation during stress is itself
selected (Ram & Hadany 2012, 2014).

RecA: E. coli ortholog
of human RAD51
homologous
recombination protein

Pol IV (DinB): E. coli
error-prone Y-family
DNA polymerase; an
ortholog of human Pol
κ (DINB1); a homolog
of human DNA Pols
iota, eta, and REV1

Mismatch repair
(MMR): a post-DNA
synthesis error
correction mechanism
conserved from
bacteria to humans,
inactivation of which
increases mutation rate
and promotes cancers

In step 3, the general stress response throws a switch that allows mutagenic DSB repair. The
general (sigma S) stress response is activated by starvation, cold, acid, and oxidative and osmotic
stresses, and it directly or indirectly up- or downregulates the transcription of about 10% of
E. coli genes (hundreds of genes) (reviewed in Battesti et al. 2011). Sigma S is a master regulator of
stress responses that may be analogous to human mTOR (mammalian target of rapamycin). When
induced by either stress or artificial means, sigma S licenses the use of error-prone DNA Pols IV,
II, and V, and/or errors made by, these Pols in the HR repair of site-specific endonuclease-induced
and spontaneous DSBs in living cells (Figure 1, step 3) (Ponder et al. 2005, Shee et al. 2011).
This demonstrates a sigma S–controlled switch to mutagenic HR-DSB repair. Base substitutions
and indels result.

Purified Pol IV in solution can load at a D loop HR-intermediate-like structure (Figure
1c), catalyze DNA synthesis, and produce errors such as those seen in HR-MBR (Figure 1d–f )
(Pomerantz et al. 2013). These data provide biochemical support for the HR-MBR mechanism.

Sigma S also allows DNA Pol I–dependent microhomologous MBR at endonuclease-induced
(Ponder et al. 2005) and spontaneous DSBs (see the section Microhomologous Mutagenic Break
Repair, below) (Figure 1c,g,h). It is unknown which sigma S–controlled gene or genes allow either
MBR mechanism and how this occurs. One hypothesis is that the sigma S response biases DNA
polymerase competition toward DNA polymerases other than Pol III at the DSB repair replisome
(Figure 1) (Frisch et al. 2010). Other mechanisms are possible.

Mismatch Repair Becomes Limiting During Homologous Recombinational
Mutagenic Break Repair

DNA mismatch repair (MMR) is conserved from bacteria to humans, acts after replication to
correct DNA polymerase errors, and also prevents genomic rearrangements by preventing HR
between imperfectly identical DNA sequences (reviewed in Li 2008). Humans with mutations in
the orthologs of bacterial MMR genes display high mutation rates and Lynch syndrome colon
and ovarian cancers (Fishel et al. 1993).

Transient downregulation or limitation of MMR was suggested (Stahl 1988) and then dis-
covered in E. coli MBR. First, HR-MBR mutation sequences (Foster & Trimarchi 1994, Harris
et al. 1994, Rosenberg et al. 1994) mimic mutations in unstressed MMR-defective mutant cells
(Longerich et al. 1995), even though most MBR-generated mutants are MMR proficient once
formed (Longerich et al. 1995, Torkelson et al. 1997, Rosenberg et al. 1998). This implies that
there is transient MMR deficiency. Second, the overproduction of the MMR protein MutL in-
hibits HR-MBR, as if MutL were limiting for MMR during HR-MBR, but MutL protein levels
are not decreased, whereas MutS and MutH are (Harris et al. 1997). The general stress response
downregulates MutS and MutH protein levels (Tsui et al. 1997). How MMR becomes limiting
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Kataegis: mutation
storms (from Greek)
of multiple, isolated,
approximately 100 kb
clusters or showers of
mutations seen in
cancer genome
sequences

R loop: RNA–DNA
hybrid molecule with
an RNA strand
displacing a like strand
of duplex DNA

transiently during MBR remains unsolved, although the finding of this transient limitation led
to the discovery of the transcriptional downregulation of human MutL and MutS orthologs by
hypoxic stress responses, which causes genomic instability in human cancer cells (e.g., Mihaylova
et al. 2003; see the section Hypoxic Stress Responses Downregulate Mismatch Repair, below), and
the discovery of MMR downregulation in other stress-induced mutation mechanisms (Brégeon
et al. 1999, Bjedov et al. 2003, Pedraza-Reyes & Yasbin 2004, Gutierrez et al. 2013).

NONRANDOM MUTATIONS IN GENOMIC SPACE

Homologous Recombinational Mutagenic Break Repair Generates Mutation
Clusters at Double-Strand Breaks Similar to Kataegis in Cancers

HR-MBR-generated mutations promoted by site-specific endonuclease-generated DSBs occur
mostly in the first kilobase (kb) pair of the DSB, in hot spots that fall off to approximately 60 kb
on either side (Shee et al. 2012), and occur in clusters (Bull et al. 2000). Similarly, roughly 100 kb
showers of multiple mutations were found concurrently in human cancer genomes and inferred to
result from MBR (Nik-Zainal et al. 2012, Roberts et al. 2012, Alexandrov et al. 2013). Mutation
clusters in cancers are called kataegis (Greek for storms). Mutation clusters in yeast HR-MBR
(Sakofsky et al. 2014) further support HR-MBR causing kataegis in cancers. Moreover, HR-MBR
is a mechanism that E. coli normally and frequently uses (see the sidebar HR-MBR: A Mechanism
Normally Used).

Mutation clusters could promote concerted evolution via multiple simultaneous mutations
within genes or linked gene families (Ponder et al. 2005, Ram & Hadany 2014). The need for
multiple mutations in the evolution of new protein functions is a major problem (Camps et al.
2003), potentially addressed by the observation that coincident nearby mutations occur across
phylogeny (Drake et al. 2005).

Are Spontaneous Double-Strand Breaks Nonrandom in Space?

The genomic locations of spontaneous DSBs in somatic cells are unknown, and they might or
might not be random. Few mechanisms of spontaneous DNA breakage are known (reviewed in
Merrikh et al. 2012, Shee et al. 2013). Some spontaneous DSBs in E. coli result from RNA-DNA
hybrids generated by transcription (R loops) (Figure 1a, step 1) (Wimberly et al. 2013) and the
sigma E membrane stress response (Gibson et al. 2010). Transcriptional R loops also promote
DNA damage in yeast and other organisms (reviewed in Santos-Pereira & Aguilera 2015). The
connection of DSBs with transcription raises the possibility that MBR hot spots might fall in or
near active genes, potentially biasing mutations to genes currently under selection, which might

HR-MBR: A MECHANISM NORMALLY USED

When no engineered DSBs are given to plasmid-free E. coli starved in liquid, half of the base substitutions and
indels detected in two chromosomal mutation reporter gene assays required the proteins for HR-MBR: DSB repair
proteins, a functional SOS response regulator, sigma S, and DNA Pols IV and V (Shee et al. 2011). Both reporter
genes assayed drug-resistance mutations that were induced, but not selected, by starvation. Dependence on the
DSB-specific RecB protein implies that spontaneous DSBs promote the mutagenesis. The data indicate that HR-
MBR is a mechanism that E. coli normally uses. Further, the mutation signatures of HR-MBR are overrepresented
in bacterial genomes, suggesting its widespread use (Maharjan & Ferenci 2015).
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MMBIR:
microhomology-
mediated
break-induced
replication

additionally accelerate evolution. This hypothesis remains to be tested. Caporale (2006) reviews
many biological systems in which genomes appear to possess intrinsic mutation-targeting devices.

A LARGE MUTAGENIC BREAK REPAIR GENE NETWORK COUPLES
MUTAGENESIS TO STRESS, PREDICTS DRUG TARGETS

A screen for MBR-defective mutants discovered a network of more than 93 genes that promote
MBR, of which only 16 had been identified previously (Al Mamun et al. 2012). Using mechanism-
directed functional tests, more than half the genes were assigned or implicated in MBR roles
upstream of the activation of the three key stress-response regulators: sigma S, sigma E, and the
SOS response. The data show that sensing and signaling stress are central to mutagenesis. Electron
transfer, the largest class of MBR network genes discovered, upregulates sigma S, indicating that
cells sense starvation and transduce the signal via electron transfer. The three stress-response
regulators are nonredundant network hubs (Al Mamun et al. 2012) and so are potentially vulnerable
targets for proposed new drugs aimed at slowing the evolution of pathogens and stress-induced
evolution in cancer (see the section Anti-Evolvability Drugs, below) (Al Mamun et al. 2012,
Rosenberg & Queitsch 2014).

MICROHOMOLOGOUS MUTAGENIC BREAK REPAIR CAUSES
COPY-NUMBER ALTERATIONS AND OTHER GENOMIC
REARRANGEMENTS VIA MICROHOMOLOGY-MEDIATED
BREAK-INDUCED REPLICATION

Microhomologous MBR, discovered in E. coli assays for gene amplification (Tlsty et al. 1984,
Hastings et al. 2000), produces CNAs and other genome rearrangements (Figure 1h) that model
human cancer–driving rearrangements (Hastings et al. 2000, Slack et al. 2006, Lin et al. 2011).
Microhomologous MBR is stress induced, requiring the sigma S response (Lombardo et al. 2004,
Ponder et al. 2005), and is initiated by and requires DSBs (Ponder et al. 2005, Wimberly et al.
2013), HR-DSB repair proteins, and DNA Pol I (Slack et al. 2006), which is used in E. coli lagging-
strand synthesis. A microhomology-mediated break-induced replication (MMBIR) mechanism
(Hastings et al. 2009) allowed by the sigma S response (Figure 1g,h) is supported for microho-
mologous MBR. In MMBIR, DSBs undergo nonhomologous repair via repeated rounds of DNA
Pol I–promoted replication template switching to regions of less than 20 bp of sequence identity
(Figure 1g) (Slack et al. 2006). Single-stranded 3′ DNA ends (Figure 1b), proposed to prime the
repair replication (Figure 1g), are demonstrable intermediates in that the overproduction of a
3′ single-strand-dependent exonuclease reduced sigma S-dependent, break-dependent amplifica-
tions (Slack et al. 2006). Intramolecular direct tandem repeat amplifications (Hastings et al. 2000)
are likely to result from additional HR-mediated expansions of the initial MMBIR-generated du-
plications (Figure 1h) (Slack et al. 2006). The MMBIR model developed for E. coli is illuminating
human genome rearrangements in cancer and other diseases (Hastings et al. 2009, Liu et al. 2012).

MUTAGENIC BREAK REPAIR IN SUBPOPULATIONS, IN EVOLUTION,
AND IN OTHER ORGANISMS

MBR is nonrandom not just in time and space but also in cell subpopulations (see the sidebar A
Subpopulation Phenomenon). MBR is predicted to promote evolution and to be selected on that
basis (see the sidebar Stress-Induced Mutagenesis Can Increase the Ability to Evolve). Mutation
mechanisms like HR-MBR are apparent in multiple organisms and circumstances (see the sidebar
Mutagenesis Mechanisms Similar to Escherichia coli Homologous Recombinational Mutagenic
Break Repair and the rest of this review).
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A SUBPOPULATION PHENOMENON

MBR occurs in cell subpopulations (Torkelson et al. 1997, Gonzalez et al. 2008, Lin et al. 2011). For HR-MBR,
(a) ≤1% of E. coli possess a spontaneous DSB (Pennington & Rosenberg 2007, Shee et al. 2013); (b) 10–40% of
stationary-phase cells have a second chromosome copy (Åkerlund et al. 1995) and so could repair with a sister; and
(c) 25% of reparable DSBs activate the SOS response (Pennington & Rosenberg 2007). The ≤10−3 of cells with all
three conditions could be limited further by other heterogeneities. Mutagenesis in small cell subpopulations might
be a bet-hedging strategy (discussed in Torkelson et al. 1997, Veening et al. 2008) that mitigates risk in the larger
population, but allows some individuals to experiment or explore the fitness landscape. Tumors (Berman et al.
2010) and bacterial colonies (Saint-Ruf et al. 2014) show heterogeneous stress-response induction and genomic
instability; bet-hedging might also promote tumor evolution.

STRESS-INDUCED MUTAGENESIS CAN INCREASE THE ABILITY TO EVOLVE

Mathematical modeling shows that stress-inducible mutagenesis accelerates adaptation in changing environments
and is selectable on that basis (Tenaillon et al. 2004; Denamur & Matic 2006; Ram & Hadany 2012, 2014). In asexual
tumor populations, constitutive mutators can be counterselected because the mutator phenotype is disadvantageous
after adaptation to a particular environment (Funchain et al. 2000). Tumor microenvironments fluctuate, suggesting
that inducible mutability will be favored.

MUTAGENESIS MECHANISMS SIMILAR TO ESCHERICHIA COLI HOMOLOGOUS
RECOMBINATIONAL MUTAGENIC BREAK REPAIR

HR-MBR in yeast (Strathern et al. 1995) requires error-prone DNA Pol zeta (see, for example, Holbeck & Strathern
1997), which has some similarities to E. coli Pol IV. Whether stress-response regulators permit yeast HR-MBR is
unknown (untested). By contrast, nonhomologous end-joining protein Ku promotes drug-induced mutagenesis in
yeast that requires the MSN environmental stress response (Shor et al. 2013). Ku also promotes mutations during
starvation (Heidenreich et al. 2003) and mutations in flies (Yu & McVey 2010), none of which has been tested for
stress-response dependence. MSN stress-induced mutagenesis also requires error-prone DNA polymerases Rev1
and Pol zeta, similar to the E. coli HR-MBR DNA polymerases. The same yeast error-prone DNA polymerases
were required for spontaneous mutagenesis in yeast (Quah et al. 1980). Perhaps yeast HR-MBR and most yeast
spontaneous mutations arise in occasional stressed cells, inducing MSN or other stress responses.

ANTIBIOTIC-INDUCED MUTAGENESIS IS SIMILAR TO ESCHERICHIA
COLI HOMOLOGOUS RECOMBINATIONAL MUTAGENIC BREAK
REPAIR AND MODELS CANCER CHEMOTHERAPY–INDUCED
MUTAGENESIS AND RESISTANCE

The anticancer drugs etoposide and doxorubicin, and quinolone antibiotics, are type II topo-
isomerase inhibitors that cause DSBs (reviewed in Pommier et al. 2010). HR-MBR is implicated
in mutagenesis induced by the quinolone ciprofloxacin. Ciprofloxacin-treated E. coli produced
ciprofloxacin-resistant mutants rapidly (Zhang et al. 2011), depending on DSB repair proteins,
SOS, and DNA Pols IV, V, and II, similar to E. coli HR-MBR (Cirz et al. 2005). This appears
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CONVERGENT EVOLUTION OF STRESS-INDUCED MUTAGENESIS

Similar to E. coli MBR, a Bacillus subtilis mutagenesis mechanism requires starvation stress responses (Rudner et al.
1999, Sung & Yasbin 2002), a DNA Pol IV (DinB) ortholog (Sung et al. 2003), and transient MMR deficiency
(Pedraza-Reyes & Yasbin 2004), and is promoted by transcription (Martin et al. 2011). HR proteins are not required
(Sung & Yasbin 2002), implying convergent evolution, which is the apparent rule (see also Bjedov et al. 2003). Across
species and kingdoms, the most common feature is stress-response upregulation (of different stress responses), with
DSBs or error-prone DNA polymerases, or both, in some, but not all, mechanisms.

HSP90: a protein
chaperone, during heat
shock, abandons client
proteins to ameliorate
others, releasing stored
phenotypic diversity in
clients that have
accumulated mutations

to occur in multigenome cells, possibly by recombining DNA (Bos et al. 2015). However, distin-
guishing selection from the induction of mutations is complicated (Cirz et al. 2005). Diverse
antibiotics, including other quinolones, induce the sigma S response (Gutierrez et al. 2013),
and some induce cross-resistance mutagenesis (Kohanski et al. 2010). A penicillin-like antibi-
otic induced cross-resistance mutations, requiring sigma S, Pol IV, and MutS-limited MMR in
diverse pathogens (Gutierrez et al. 2013), showing antibiotic-driven stress-induced mutagenesis
with some, but not all, HR-MBR-like features. Bile, a host antibacterial defense, also induced
Salmonella bile–resistance mutations dependent on DSB repair proteins, SOS, and DNA Pol IV,
also similar to E. coli HR-MBR (Prieto et al. 2006). Antibiotics also induce DSBs, so they might
both generate DSBs (Belenky et al. 2015) and trigger sigma S–dependent mutagenesis (Gutierrez
et al. 2013). Cancer therapies, such as etoposide and doxorubicin, are likely to provoke stress
response–dependent error-prone repair mechanisms, as antibiotics do in bacteria (Gutierrez et al.
2013, Belenky et al. 2015) (see the sidebar Convergent Evolution of Stress-Induced Mutagenesis).

HSP90 AND OTHER STRESS RESPONSES DESTABILIZE
EUKARYOTIC GENOMES

The HSP90 protein chaperone is an evolutionary capacitor that massages mutant proteins into
functional conformations, but abandons them during heat stress, revealing diverse new phenotypes
of the mutations that have accumulated (reviewed in Lindquist 2009). HSP90 depletion also
promotes genomic instability.

Aneuploidy

Chen et al. (2012) found that in yeast, exposure to heat shock or the drug radicicol, which inhibits
HSP90, induced aneuploidy and populations with karyotypic and phenotypic variation. Radicicol
disrupted kinetochore assembly, a probable explanation for the aneuploidy, and increased the
emergence of cells resistant to radicicol and unrelated drugs. Stress-associated aneuploidy causing
resistance to antifungal drugs occurs widely (reviewed in Forche 2014) and might result, similarly,
from HSP90 titration, but possibly other stress responses too.

Transposition in Flies

Genetic inhibition of HSP90 in Drosophila melanogaster disrupted piwi-interacting RNA-mediated
silencing of transposition in germline cells and induced the transposition of multiple DNA-based
and retrotransposable elements (Specchia et al. 2010). The transpositions produced morphological
variation in subsequent generations. These heat-shock response-induced transpositions suggest
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STRESS-INDUCED TRANSPOSITION MECHANISMS

Both the excision of an E. coli transposable prophage and a Pseudomonas transposon required the sigma S general
stress response, indicating stress inducibility (Lamrani et al. 1999, Ilves et al. 2001). A different starvation stress
response promoted the retrotransposition of a Lactobacillus lactis group II intron (Coros et al. 2009). A fascinating
transposition mechanism is promoted directly by oxidative stress in a bacteriophage homing intron, which inserts
into a particular genomic site (Robbins et al. 2011). During oxidative stress, direct oxidation of the homing en-
donuclease caused an alternative protein conformation that allowed promiscuous insertions into other sites—that
is, transposon mutagenesis was induced directly. Thus, there can be stress-induced genomic instability without a
stress response: by direct action on a protein.

at least one explanation for the widely reported stress-associated transpositions in flies and plants
(reviewed in Belyayev 2014, Piacentini et al. 2014). Other stress responses upregulate transposi-
tions and the genomic rearrangements likely to drive micro- and macroevolutionary events across
phylogeny (see the sidebar Stress-Induced Transposition Mechanisms) (reviewed in Casacuberta
& Gonzalez 2013).

HSP90, Other Stress Responses, and Triplet Repeat Instability
in Human Cells and Plants

Trinucleotide (triplet) repeat instability alters gene expression and protein function, and repeat
expansions promote various inherited neurological diseases (reviewed in Fonville et al. 2012).
The inhibition of HSP90 destabilized triplet repeats in cultured human fibroblasts (Mittelman
et al. 2010). The authors hypothesized that HSP90 inhibition decreased the activity of RAD51,
an HSP90 client, and showed that RAD51 knockdown destabilized triplet repeats similarly. In
plants, HSP90 inhibition also increased somatic alterations of triplet repeat microsatellite se-
quences (Queitsch et al. 2012). These data imply that microsatellites are destabilized when proteins
denature, such as during heat shock, and HSP90 chaperoning activity becomes limiting.

Chatterjee et al. (2015) found that cold, heat, hypoxic, and oxidative stresses all induced triplet
repeat instability in human cells. Each stressor required different stress-response regulator pro-
teins to destabilize the repeats: cold, the CIRP cold shock response regulator; heat, the heat-shock
response factor HSF1; and hypoxia and oxidative stresses, HSF1 and the hypoxic- or oxidative
stress-response regulators Hif1 and NRF2. All required the DNA replication–related proteins
FEN1 endonuclease and PIF1 helicase, suggesting a common, replication-based mechanism. The
data demonstrate that triplet repeat mutagenesis is broadly stress-response upregulated in human
cells. The stress inducibility of the triplet repeat instability might help explain the phenomenon
of genetic anticipation in triplet repeat–associated neurological diseases (see the sidebar Genetic
Anticipation in Neurological Diseases: Hypothesis). The existence of stress-induced metagene-
sis in multicellular organisms is at first glance a perplexing problem (see the sidebar Why Do
Multicellular Organisms Have Stress-Induced Mutagenesis?).

RETURN TO LIFE AFTER APOPTOSIS: TRANSIENT GENOMIC
INSTABILITY AND TRANSFORMATION

Cells of multicellular organisms initiate a process of programmed cell death, or apoptosis, in
response to various stressors. Apoptosis was previously thought to be irreversible, especially once
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GENETIC ANTICIPATION IN NEUROLOGICAL DISEASES: HYPOTHESIS

Stress response–induced triplet repeat instability (Mittelman et al. 2010, Queitsch et al. 2012, Chatterjee et al.
2015) might underlie anticipation in neurological diseases—in which children and grandchildren of individuals with
expanded repeats acquire successively larger repeat expansions and more severe pathologies (reviewed in Fonville
et al. 2012). In a triplet repeat disease caused by an altered poly-glutamate-containing protein, overproduction of
the HSP70 protein chaperone ameliorated pathological phenotypes (Cummings et al. 1998), implying that cellular
pathology induced by repeat expansion, in turn, induced a heat-shock response that depleted a chaperone, reducing
protein chaperoning. We suggest that anticipation could result from stress-response activation by triplet repeat–
induced protein or gene expression changes, and that the stress responses then provoke greater repeat instability.

WHY DO MULTICELLULAR ORGANISMS HAVE STRESS-INDUCED
MUTAGENESIS?

Stress-induced mutation mechanisms in plants, flies, human cells, and human cancer cells are startling because,
unlike microbes, multicellular creatures can get cancer. Understanding why stress-induced mutation mechanisms
exist in macrobes is a problem, yet they do. Regulatable mutagenesis might (a) be retained for another required
role of the mutagenic proteins, (b) promote evolution via the germline, or (c) promote somatic cell evolution, which
might be needed for multicellular life. All three probably occur. For example, immune responses require more
genetic diversity than a genome encodes. Three of the four human homologs of E. coli Pol IV (DinB) promote
somatic hypermutation of immunoglobulin genes (reviewed in Goodman & Woodgate 2013), supporting this idea,
although not Pol κ (DINB1), the ortholog of E. coli Pol IV (DinB). Pol κ (DINB1) is produced in lymphoid, adrenal
gland, and testis cells (suggestive of species evolution?) (Schenten et al. 2002, Velasco-Miguel et al. 2003). All of
the Pol IV homologs also promote cell survival via translesion synthesis. Biological processes other than immune
diversification might require regulatable evolution in continuously renewing somatic cells or tissues (such as liver
adaptation to toxins or colon or epithelium adaptation to microbes?). For whatever reason, stress-induced mutation
mechanisms exist in humans and so must be considered in cancer biology and therapy resistance.

the protease Caspase3 was activated and genome fragmentation had occurred. However, Tang
et al. (2012) demonstrated that many human cell lines recover from late-stage apoptosis and
begin dividing again upon removal of the inducing stressor, even after extensive DNA damage
and genome fragmentation have occurred. Recovered primary liver cells and NIH 3T3 cells
showed karyotypic abnormalities indicative of incomplete and inaccurate repair of apoptotic DNA
damage. Recovered NIH 3T3 cells also displayed hallmarks of oncogenic transformation, such as
anchorage-independent growth and loss of contact inhibition. Recovery from late-stage apoptosis
occurs frequently in flies (Ding et al. 2016) and is likely to occur in other organisms. Therefore,
transient stress can trigger incomplete apoptosis and recovery, resulting in transient genome
instability and potentially initiating tumorigenesis.

HYPOXIC STRESS–INDUCED MUTAGENESIS IN CANCER CELLS

Hypoxia in tumor microenvironments predicts aggressive phenotypes, therapy resistance, and
poor clinical outcomes (reviewed in Luoto et al. 2013), and it also upregulates mutagenesis.
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Hypoxic Stress Responses Downregulate Mismatch Repair

Similar to transient MMR deficiency during E. coli MBR (discussed above), multiple cancer cell
lines show hypoxic stress–response downregulation of MMR protein orthologs of E. coli MutL
and MutS: MLH (MutL homologous proteins) and MSH (MutS homologous proteins). The
hypoxia-activated transcriptional repressor Mad1–Max downregulates MLH1 and MSH2, caus-
ing increased mutagenesis via transient MMR deficiency (Mihaylova et al. 2003, Bindra & Glazer
2007a). The Hif1 hypoxic stress response transcriptionally downregulates MSH2 and MSH6, also
increasing mutagenesis, as does the DNA damage response regulator p53 (Koshiji et al. 2005).
These data demonstrate that the downregulation of MMR is a stress-induced mutation mech-
anism in cancer cells and reveal the underlying stress-responsive signal-transduction pathways.
Malignancy and therapy resistance in hypoxic tumors (reviewed in Luoto et al. 2013) could be
fueled by hypoxia-induced genomic instability.

A Hypoxia-Induced Switch to Genome-Destabilizing
Double-Strand Break Repair

The general stress response switches DSB repair from accurate to mutagenic in E. coli, causing
small mutations and genomic rearrangements (Figure 1). A switch to MBR is also implicated
in hypoxic cancer cells and tumors. Activated by hypoxia, the E2F4–p130 transcriptional repres-
sor downregulates the HR-DSB repair proteins BRCA1, RAD51, and FANCD2 (Bindra et al.
2005, Bindra & Glazer 2007b, Scanlon & Glazer 2014), which are also silenced translationally
(Chan et al. 2008). Nonhomologous break repair remains active in hypoxic BRCA1- and RAD51-
repressed cells (Bindra et al. 2005). Thus, downregulated HR is expected to switch DSB repair
to nonhomologous mechanisms, which produce CNAs, translocations, and loss of heterozygosity
(e.g., Figure 1g,h). The following findings correlate the functional deficiency of HR-DSB repair
with hypoxia. First, poly(ADP-ribose) polymerase-1 (PARP1) inhibition kills HR-DSB repair-
defective BRCA-mutant tumor cells and also kills cultured hypoxic cancer cells (Chan et al. 2010).
Second, hypoxic regions of PARP inhibitor–treated xenograft tumors display increased DNA
damage and death after radiotherapy (Chan et al. 2010), both of which are expected in DSB repair
deficiency. Third, downregulated HR-DSB repair appears generally relevant to tumors in that
cervical and colon tumor xenografts show RAD51 protein levels that are inversely correlated with
hypoxia-marker staining (Bindra et al. 2004). These data suggest that, analogously to E. coli MBR,
hypoxic stress responses switch DSB repair from high fidelity to chromosome destabilizing.

More Mutagenesis?

Hypoxia also induces transcription of the error-prone DNA Pol iota, a homolog of E. coli Pol IV,
although it is unknown whether this promotes mutagenesis (Ito et al. 2006). The rapid evolution of
malignancy and therapy resistance in hypoxic tumors (reviewed in Luoto et al. 2013) might result
from any or all of the above mechanisms of hypoxia-induced genomic instability and suggests that
inhibition of these multiple stress responses might work therapeutically.

MUTATIONS AND THERAPIES IN CANCER

Mutation Storms in Tumors: APOBEC3B and Stress-Induced Mutagenesis?

Above, we reviewed kataegis, the approximately 100 kb clusters of multiple mutations in many
cancers (Nik-Zainal et al. 2012, Roberts et al. 2012, Alexandrov et al. 2013), and its probable
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origin in MBR. Critical to kataegis is APOBEC3B, a cytidine deaminase that promotes C to T
mutations via C to U deamination in single-stranded DNA, including at DSB ends (reviewed
in Swanton et al. 2015). APOBEC3B levels have been correlated with tumor mutation storms
and total mutations, particularly in breast cancer and human papillomavirus–associated cancers
(Burns et al. 2013a,b; Roberts et al. 2013). APOBEC3B, a viral defense, is upregulated by the
human papillomavirus (Vieira et al. 2014), and also in many other cancers, partly via PKC/NF-
κB signaling (Leonard et al. 2015). It seems likely that APOBEC3B overproduction, and thus
mutagenesis, is stress inducible. Like E. coli MBR mutation hot spot clusters (Shee et al. 2012,
and reviewed above), cancer mutation storms potentially drive rapid, concerted evolution (Ponder
et al. 2005, Shee et al. 2012, Swanton et al. 2015).

Human Ortholog of Escherichia coli Error-Prone DNA Polymerase
in Lung Cancer Mutagenesis

Pol κ (DINB1), the human ortholog of the major E. coli HR-MBR DNA polymerase, is upregulated
in small-cell lung cancers, which are highly mutated, with evidence of DSBs (O-Wang et al. 2001,
Bavoux et al. 2005). It is unknown whether this is HR-MBR- or stress-induced, but this ortholog
is implicated in driving tumor evolution.

HSP90, Cancer Evolution, and Therapeutic Inhibition

Overproduction of HSP90 protein chaperone characterizes many cancers and indicates poor prog-
nosis (reviewed in Jarosz 2016). HSP90 inhibitors aim to block the HSP90 chaperone support
of mutant proteins (reviewed above) to reveal deleterious phenotypes of highly mutated cancer
cells (reviewed in Jarosz 2016). HSP90 inhibitors attack cancer cells highly specifically, prob-
ably because HSP90 exists in different protein complexes in cancer and normal cells (Kamal
et al. 2003). Although we reviewed the many ways that HSP90 depletion promotes mutagenesis
above, therapeutic inhibition, nevertheless, appears promising because of its specificity. Poten-
tially, stress-induced titration of HSP90 may drive key, early genetic oncogenic events, whereas
HSP90 overproduction promotes the survival and malignancy of heavily mutated cancer cells later
in cancer evolution, when these drugs are needed.

Mutational Big Bangs in Tumors

Studies of tumor genome heterogeneity, using single-cell whole-genome sequencing (Navin et al.
2011, Wang et al. 2014) or mathematical reconstruction (Baca et al. 2013, Sottoriva et al. 2015),
imply a picture of punctuated mutations. Early in tumor development, cells appear to undergo an
explosion of cell division and mutagenesis, then remain relatively stable, sometimes with multiple
different cell clones coexisting after the big bang (Baca et al. 2013, Sottoriva et al. 2015). The
implication that mutagenesis turns up and then turns down supports the idea of stress-induced
mutation mechanisms; if poorly adapted, stressed cells are mutable, then mutated or adapted cells
are stable. The mechanisms of mutagenesis in these big bangs are important to understand in the
contexts of cancer therapy and prevention.

Probabilistic Cancer-Causing Mutations Could Be Stress Induced

Both the seminal Luria & Delbruck (1943) mutation experiments in E. coli and the recent correla-
tion of cancer incidence with stem cell divisions (Tomasetti & Vogelstein 2015) imply probabilistic
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relationships between cell generations and mutations (but see Wu et al. 2016). A common confla-
tion is to interpret probabilistic events as random (as opposed to regulated or otherwise induced),
as if, for example, the one cell or cell division per billion undergoing a spontaneous mutation is like
every other. Such spontaneous mutations could occur in cells that have experienced special internal
or external environmental conditions that induced stress responses that upregulated mutagenesis.
Regardless of a correlation with generations, probabilistic mutations can arise via stress-induced
mutagenesis. The evidence of tumor mutational big bangs, kataegis, and mutagenesis mechanisms
in cancer cells and other models, discussed above, supports this view.

ANTI-EVOLVABILITY DRUGS

Most cancer treatments target one or a few of the many cell biological properties of cancer
(Figure 2). These are the products of cancer evolution. Turning off the tap of the evolution pro-
cesses that generate those products could be a fundamentally different and synergistic therapeutic
strategy. We suggest targeting the mechanisms that create the variation that drives cancer evolu-
tion with anti-evolvability drugs (Figure 2) (Al Mamun et al. 2012, Rosenberg & Queitsch 2014).
Targets could include, but not be limited to, activators of stress responses that drive stress-inducible
mutagenesis, which are nonredundant network hubs (Al Mamun et al. 2012). APOBEC3B inhi-
bition could also be promising (suggested in Swanton et al. 2015). Anti-evolvability drugs could
slow the evolution of malignancy and resistance to chemotherapies, particularly in small popula-
tions with fewer already resistant mutant cells, for example, postsurgically. Most chemotherapies
kill cells or inhibit growth and probably activate stress responses in the survivors, as various
bacterial antibiotics do (Gutierrez et al. 2013). Standard chemotherapies are, therefore, likely

Chemotherapy

Inflammation

Starvation

Hypoxia 

Generation
of variation 

Angiogenesis 

Invasion 

Metastasis 

Proliferation 

New drugs to target 
evolution processes 

Current therapies target
evolution products 

Stress 
responses 

Figure 2
Proposed anti-evolvability drugs for targeting the processes of cancer evolution. Current anticancer and
antipathogen chemotherapies kill cells or inhibit growth and target the phenotypes of cancer—that is, the
products of cancer evolution (right). Proposed anti-evolvability drugs would target the evolutionary
processes that generate the variation that drives cancer (and pathogen) evolution, including the stress-
response regulators that propel mutagenesis and the generators of nongenetic variation. Anti-evolvability
drugs could slow evolution to allow other drugs and the immune system to work without inducing resistance.
Multiple inputs into, and outputs from, one knot, referred to as bow ties, are universal organizational
structures in biological and technological networks that confer evolvability and robustness and predict
fragilities in disease (Csete & Doyle 2004).
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to induce mutation mechanisms that provoke the evolution of resistance and malignancy. Anti-
evolvability drugs might succeed in early-stage cancers without the use of standard chemothera-
pies. Alternatively, their use with other drugs might slow the evolution of resistance. Mild HSP90
inhibition shows promise in an anti-evolvability resistance-blocking capacity (Whitesell et al.
2014). Anti-evolvability antimicrobials (Al Mamun et al. 2012, Rosenberg & Queitsch 2014)
could block pathogen evolution and allow immune system clearance, potentially with or without
standard antibiotics, and could benefit cancer patients postsurgically and during immunosuppres-
sive chemotherapy. Some of the anticancer efficacy of current inhibitors of the HIF response and
mTOR (Ortolani et al. 2015) might result from the demonstrated (see the section Hypoxic Stress-
Induced Mutagenesis in Cancer Cells), or possible, antimutagenic consequences of blocking those
stress responses.

SUMMARY POINTS

1. Stress responses transiently and abruptly upregulate mutation mechanisms, and poten-
tially the ability to evolve, when cells are poorly adapted to their environments—that is,
when they are stressed.

2. Stress-induced mutation mechanisms are similar from bacteria to cancer cells, and they
cause base substitutions and indels, transposon hops, copy-number alterations, and other
genome rearrangements. Bacterial models led to the discovery of cancer cell mechanisms.

3. Mutations often occur nonrandomly in genomic space, in clusters, and are limited to
small cell subpopulations, and both characteristics are predicted to drive evolution.

4. Mutation storms and punctuated big bangs of mutagenesis in tumors suggest stress-
induced mutation mechanisms that are similar to mutagenic break repair in E. coli.

5. Cancer cells encounter stress-laden microenvironments. Hypoxic stress responses, and
probably others, upregulate multiple mutation mechanisms.

6. Anti-evolvability drugs proposed to target the generation of variation that drives cancer
evolution might slow malignancy and resistance to standard antiproliferative chemother-
apies, which induce stress responses and, potentially, mutagenesis. This strategy is
promising against pathogens as well.

7. Some of the efficacy of current anticancer stress-response inhibitors might result from
anti-evolvability activity.

FUTURE ISSUES

1. Do stress responses underlie most spontaneous mutations? Which responses?

2. How do stress responses flip the switch to mutagenesis in E. coli mutagenic break repair
and in cancer cells?

3. Are spontaneous double-strand breaks, and the mutation showers they cause, random in
genomic space or regulated, biased, or directed? By which mechanisms? Responsively to
environments?

4. Do hypoxia-induced mutation mechanisms occur in tumors and drive tumor evolution?
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5. Do punctuated mutational big bangs and kataegis in tumors result from stress-induced
mutagenesis? Which mechanism(s)? Which stress responses?

6. Can proposed anti-evolvability drugs succeed as cancer cotherapies with current antipro-
liferative cancer therapies? In cancer prevention? As antipathogen cotherapies?

7. Could anti-evolvability drugs succeed alone, without standard antiproliferative drugs, in
cancer or in infectious disease, or both, by favoring immune clearance?
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