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Abstract | Cancer cells rapidly evolve drug resistance through somatic evolution
and, in order to continue growth in the metastatic phase, violate the organism-wide
consensus of regulated growth and beneficial communal interactions. We suggest
that there is a fundamental mechanistic connection between the rapid evolution
of resistance to chemotherapy in cellular communities within malignant tissues
and the rapid evolution of antibiotic resistance in bacterial communities. We
propose that this evolution is the result of a programmed and collective stress
response performed by interacting cells, and that, given this fundamental
connection, studying bacterial communities can provide deeper insights into the
dynamics of adaptation and the evolution of cells within tumours.

There is a general agreement that the various
‘Wars on Cancer’ that have been declared
have not been as successful as expected: the
overall mortality rate for cancer has been
practically flat for the past 40 years. One of
the reasons that could explain this failure
is the lack of understanding at a fundamen-
tal level of how cells evolve in response to
drug treatments and, more generally, the
basic rules that control evolution under
stress across the biological kingdom. In
this Opinion, we propose that an in-depth
understanding of the processes behind the
evolution of drug resistance in malignant
tissues can be achieved by considering the
problem of cancer evolution from a more
generalist point of view. We propose that
substantial insight into the evolutionary and
adaptation dynamics of cancer tissues can be
gained by studying the evolutionary strate-
gies used by simpler, rapidly evolving micro-
organisms (such as bacteria) in response to
drug treatments and stressful environments.
In the following sections, we first recon-
sider the current view of cancer evolution
in light of the strategies used by bacterial
communities. Then, we compare the stress

responses of bacterial communities and
show that they may be used to study the evo-
lution of drug resistance in malignant tissues
at a fundamental level. We then describe
communal aspects of cancer tissues, the
understanding of which may benefit from
using bacterial model systems. Finally, we
propose and review specific experimental
approaches using bacterial model systems
that may deepen our understanding of

the fundamentals of cancer evolution and
adaptation.

An alternative view of cancer evolution
The role of evolution in the origins of resist-
ance to drugs in cellular communities is
known to be important but remains poorly
understood. The question, of course, is

not whether evolution occurs, but how.
Evolutionary processes are clearly important
because the crucial problem in chemotherapy
is that malignant tissues rapidly acquire
adaptive phenotypes and thus evolve drug
resistance through somatic evolution. But
how does this happen? FICURE 1a presents the
traditional view that this evolution is initiated
by chance in a rogue cell (analogous to darts

randomly hitting a target) and subsequent
successive mutations activate hallmark capa-
bilities' such as invasiveness and the evasion
of programmed cell death. Additional chance
mutations generate cells that have acquired
self-sufficient capabilities. These cells forgo
the organism-wide consensus of beneficial
communal interactions and develop pheno-
types that interfere with the survival of the
host organism, leading to an eventual break-
down in cellular control. Moderating the
adverse effect of acquired malignant traits has
driven the basic philosophy and rationale for
the development of targeted therapies**. This
approach, however, has had limited success
over the past decades® because cells within
the tumour inexorably become resistant to the
chemotherapeutic drugs®.

We propose a contrasting view in
which random genetic lesions alone are
not sufficient to explain the progression of
malignancy. Instead, cancer results from
a programmed, deterministic and collec-
tive stress response that is performed by
interacting cells that also have complex
communication with the surrounding
microenvironment (FIC. 1b). The inter-
play between cells seeking survival under
stress activates a survival programme
that facilitates evolution and adaptation
of malignant and pre-malignant cells
(FIG. 1¢). Unfortunately, this programmatic
development occurs in a highly complex
and dynamic microenvironment that has
been difficult to study at a basic level in
cancer tissues.

We propose that a more profound under-
standing of the processes behind cancer
evolution and metastasis can be achieved by
considering them in light of the strategies
used by simpler organisms such as bacteria.
As we will discuss below, the evolutionary
strategies used by bacteria, such as the col-
lective responses favouring the generation
of genetic and phenotypic heterogeneity
under external stress, parallel those used by
tumour cells.

The role of stress in evolution

Both bacterial and tumour cells can evade
death induced by exposure to drugs through
various mechanisms. The easiest strategy

is to move to an environment that contains
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Figure 1| An alternative view of cancer development. a | The traditional view of canceris as a
cell-autonomous result of cumulative genetic mutations. Genes can be conceptualized according to
their function as sectors on a dartboard that represent the hallmarks of cancer, and familial or acquired
mutations can be thought of as randomly occurring dart strikes. A normal cell (yellow) can acquire
a mutation (blue) that, for example, confers self-sufficiency in growth signals. As the progeny of the
mutated cell expand, some daughter cells acquire additional mutations. Daughter cells displaying a
full complement of hallmark lesions (dark blue) are malignant and capable of rapid proliferation and
dissemination. b,c | An alternative view of cancer as a collective stress response. b | Stress emanates
from a source, creating stressful conditions that are localized in space and time. This in turn induces
‘normal’ cells to exchange stress signals in regions of high stress. ¢ | These stress signals orchestrate
the display of multiple adaptive phenotypes that are traditionally considered ‘abnormal’ and can
include rapid proliferation and tumour cell dissemination. Normal and abnormal cells can coexist.
Part a is modified, with permission, from REF. 1 © (2000) Elsevier Science.

a lower concentration of a cytocidal agent.
This is achieved through swimming by
bacterial cells and through metastasis by
tumour cells™®. Alternatively, the cell popula-
tion can create a milieu where the drug has

limited access to the cells. This has been
demonstrated to be a function of biofilms

in a bacterial colony and a function of an
altered tumour microenvironment (includ-
ing the vasculature) for tumour cells’"!. One

of the most intriguing methods of evading
death in both cell populations depends on

a probabilistic phenotypic switching mecha-
nism'>™. In this situation, a small fraction of
the bacterial or tumour cell population is in
a state that is not responsive to the cytotoxic
properties of the drug. This has been called
‘a persister phenotype’ for bacterial commu-
nities'? and has recently been described as a
mechanism whereby tumour cells can escape
death caused by exposure to drugs®.

These mechanisms provide highly revers-
ible drug resistance. Mechanisms of more
permanent, heritable drug resistance in
tumour cells involve pre-existing genetic
variation within the population and the
generation of de novo mutations that provide
intrinsic or acquired drug resistance'".
These mechanisms can be particularly
important for evolving drug resistance when
they occur as stress responses.

To emphasize this, we propose to regard
‘evolvability, which is defined as the genera-
tion of mechanisms that facilitate evolu-
tion'®, as a fundamental component of drug
resistance. In particular, the existence of
individuals with relatively high mutation
rates (a mutator phenotype) in a community
of cells is a widely known phenomenon for
both cancer' and bacteria®. This mutator
phenotype can be selected for* and has been
shown to increase the rate of adaptation of
an organism to stress?.

When occurring in only a subpopula-
tion of bacteria, stress-induced mutagen-
esis is not considered a liability; rather, it is

Glossary

Altruism
Behaviours that benefit another individual while incurring a
cost to oneself.

Biofilm
A multicellular aggregate of bacteria and its associated
proteinaceous matrix formed in response to external stress.

Cheating

A strategy in which individuals do not cooperate but still
benefit from the positive interactions with cooperating
individuals.

Clonal expansion
Population growth that is mainly carried out by a single
genotype.

Cooperation
Cystic fibrosis
An inherited disease that causes thick mucus to build up in

the lungs and the digestive tract.

Cytocidal agent
A molecule or drug causing cell death.

Actions or behaviours that are beneficial to other individuals.

Exopolymer matrix

A polysaccharide-based extracellular matrix collectively
secreted by bacteria in biofilms. The matrix links cells
together and acts as a protective microenvironment.

Game theory

A mathematical theory describing the costs and benefits
associated with the interactions among individuals of a
group. This theory is most often used in economics and
evolutionary biology.

Genetic drift

A process through which the frequency of genes in
populations fluctuates because selection occurs mainly by
chance.

Growth advantage under stationary phase
(GASP). A phenotype that allows certain bacterial cells to
outcompete wild-type cells by maintaining a proliferative
state while the wild-type cells cease to grow and enter
stationary phase.

Phenotypic switching

The ability of organisms to alternate between two
distinct states in order to adapt to fluctuating
environments.

Retromutagenesis

A process whereby DNA damage that causes changes
to base pairing becomes incorporated into the genome.
This may occur if a mutant protein resulting from
transcriptional mutagenesis causes the rapid restart of
DNA replication, thus resulting in a genetic lesion that
alters base pairing being copied by a DNA polymerase
before the lesion is repaired and thereby altering the
DNA sequence.

SOS response

A global DNA damage response in bacteria that involves
cell cycle arrest and mutagenic DNA repair and
recombination.

Source—sink ecology

A theoretical model used to describe the dynamics of a
population inside habitats that either promote growth
(source) or induce death (sink).

Transcriptional mutagenesis

A process by which proteins with altered functions
are translated because RNA polymerases
transcribe mRNA from a template containing DNA
damage.
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beneficial to the population as a whole*?%,
Evolvability in bacterial systems does not
necessarily originate from mutations or
alterations in DNA protection mecha-
nisms: the survival programmes expressed
by bacteria under stress promote adaptive
mutations and are often necessary for the
survival of a population®. In the case of
starvation stress in Escherichia coli, adaptive
mutations are carried out by the activation
of an error-prone DNA double-stranded
break (DSB) repair system?* (see BOX |
for a description of the bacterial analogues
of human DNA repair mechanisms). Sim-
ilarly, the rapid evolution of resistance to a
genotoxic agent such as ciprofloxacin —
from the quinolone family of antibiotics —
originates from point mutations caused by
DNA recombination that is induced by the
SOS response?. Furthermore, external
oxidative stress often affects the fidelity

of DNA transcription in the absence of
DNA replication, which in turn leads to
the translation of mutant proteins without
any permanent alterations (or mutations)
to the DNA template, a process known as
transcriptional mutagenesis®,

Conversely, the traditional interpretation
of evolvability and why it appears so often in
cancer tissues — where it is usually referred
to as genetic instability” — often relies on
assuming that random mutations cause
the failure of DNA protection processes.
Instead, we propose that genetic instability
in cancer tissues is an organized strategy
that acts as an accelerator of adaptation,
similar to the role of mutators in bacterial
populations.

From this point of view, a high rate of
mutation and a plastic genotype is a tried-
and-tested bacterial strategy that is neces-
sary to adapt to hostile and ever-changing
environments. We interpret the enhanced
mutation rate and genetic instability of a
tumour population as the expression of
very efficient evolutionary strategies used
by bacterial communities; cancer cells are
not rogue, instead, they are ‘liberated’ from
the cell protection mechanisms that are
activated in response to stress that fail to
enhance survival. As such, current thera-
peutic approaches targeting rapidly repli-
cating cells are doomed to fail, because cell
collectives are often able to evade complete
eradication by expressing a mutable pheno-
type to reprogramme themselves. Moreover,
even cells in an inactive DNA replication
state — a state that is not usually targeted by
chemotherapy — may contribute to survival
under stress through transcriptional muta-
genesis and retromutagenesis®. We propose
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Box 1| DNA repair mechanisms

Several proposed mechanisms for DNA repair and the stress response in human cells have
analogues in the bacterial world. Although the failure of processes that normally safeguard human
cells has traditionally been linked to an increased susceptibility to tumorigenesis, in bacteria such
processes are generally associated with increased adaptability.

Double-stranded breaks

In human cells, the repair of DNA double-stranded breaks (DSBs) is implemented by various DNA
damage response proteins, including BRCA1 (REF. 73) and alterations in BRCA1 are associated
with cancer. In bacteria, the response to DSBs is carried out by the SOS system’’*. The repair of
DSBs can itself be mutagenic in both bacteria and eukaryotes: activation of DSB repair
mechanisms is associated with an increased mutation rate owing to the use of error-prone DNA
polymerases’®”’. However, DSB-induced mutagenesis is still greatly increased in BRCA1-deficient
versus BRCA1-proficient human cells.

Mismatch repair

DNA mismatch repair (MMR) in human cells is performed by several combinations of different
MLH and MSH proteins. Defects in MMR are often associated with increased genomic instability.
Similarly, in bacteria, defects in the MMR proteins MutL or MutS elevate mutation rates, thereby
increasing the probability of developing antibiotic resistance; mutator phenotype bacteria with

altered DNA MMR systems are often found in persistent Pseudomonas aeruginosa biofilm

infections’®.

Homologous recombination

The RAD51 gene family encodes proteins that are necessary for homologous recombination in
human cells. BRCA2, a tumour suppressor gene, plays an important part in homologous-
recombination-mediated DNA repair’® and mutations in BRCA2 decrease genomic stability®°.
Homologous recombination in bacteria is carried out by the DNA recombination protein RecA,

aRADS51 analogue®.

Cell cycle regulation

p53, the product of the TP53 tumour suppressor gene regulates exit from the cell cycle under
conditions of stress and is involved in regulating the expression of DNA caretaker genes®2.
Mutations in TP53 are found in a large fraction of cancer lesions®® and are often associated
with sustained proliferation despite DNA damage or external stress®2 Similarly, the RNA
polymerase o factor (RpoS) regulates entry into the stationary phase (G0) of the bacterial cell
cycle and promotes expression of DNA repair genes®. The roles and functions of p53 and
RpoS are similar: both maintain genetic integrity in response to environmental stress.
Alterations in both TP53 and rpoS (in Escherichia coli) often provide a growth advantage

despite external stress®.

that the ability to resist a chemotherapeutic
treatment or to survive in stressful environ-
ments must be viewed as a demonstration
that cells have collectively and success-
fully adapted to new and more hostile
environments.

Biofilm and tumour stroma

One of the physiological responses of bac-
teria to external stress is to assemble into a
biofilm (see BOX 2 for more detail concern-
ing biofilms and biofilm development).
Pseudomonas aeruginosa is often used as a
model of biofilm development®'; in culture,
they produce an exopolymer matrix that pro-
tects cells from surrounding environmental
stresses. The formation of a biofilm greatly
increases the resistance of a population to

a hostile environment by shielding cells,
for example, from antibiotics. Biofilms,
however, limit the influx of nutrients and
oxygen owing to the decreased diffusion

of chemicals through the biofilm matrix*
(FIC. 2a). Although bacterial cells trigger

the expression of fermentative pathways

in the absence of oxygen®, this metabolic
pathway creates endogenous oxidative
stress within the exopolymer matrix, which
in turn increases the mutation rate of

the cells*.

Why would bacteria still want to live in
such a (self-created) hostile environment?
Actually, rather than trying to combat this
mutagenic environment, P. aeruginosa cells
embrace it. They maintain a small mutator-
phenotype-population (0.5-5%) in which
genes involved in protection against oxida-
tive stress are downregulated. These genes
include KatA, which encodes a catalase that
is necessary for peroxide decomposition®.
Downregulation of KatA gives cells mutation
rates up to 100-fold higher than in non-com-
munal, free-swimming cells**. Samples of
P aeruginosa biofilms extracted from patients
suffering from cystic fibrosis almost always
contain cells expressing a mutator pheno-
type, many of which are resistant to multiple
antibiotics®>*. As a result, cells in biofilms
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Box 2 | Bacterial cell communities

A natural response to increasing levels of stress in many species of
bacteria is the formation of biofilms, where cells assemble together and
produce large amounts of a polysaccharide-based exopolymer matrix3*.
The biofilm developmental programme usually starts with the collective
production of a dense, chemically inert exopolymer matrix by the cells as
aresponse to external stress (such as changes in pH and osmolarity,
starvation, and shear forces)®. Biofilm formation is beneficial to the cell
population as a whole, as it allows cells to survive within highly stressful
environments that prevent the survival of free-swimming cells®. Because
diffusion of metabolites and chemicals is greatly limited inside the
matrix*?, the microenvironment created by the biofilm is highly
heterogeneous and physiologically stressful®®. However, biofilm
production is accompanied by a high level of specialization within the

bacterial community. For example, subpopulations of bacteria inside a
biofilm, each a few hundred micrometres apart can alternatively grow
aerobically, process nutrients through fermentation pathways, digest the
hydrogen sulphide produced by other cells or resist the high shear forces
near the biofilm edge**®. In humans with bacterial infections, antibiotic
treatment is often ineffective because the limited diffusion inside

the biofilm decreases the effective dose that can reach the bacteria. Thus,
biofilms are a recognized source of recurrent and persistent bacterial
infections®”®. As bacteria assemble together, cell death and cell lysis
contribute to the formation of cavities inside the biofilm?*!. The presence
of such cavities in Pseudomonas aeruginosa biofilms allows cells to regain
a free-swimming state and move to a different habitat®’, not unlike a
metastatic expansion from a primary human tumour.

are able to develop resistance to multiple
antimicrobial agents much more rapidly*
and, by maintaining only a small fraction of
the population in a hypermutative state, do
not accumulate detrimental and fatal muta-

Similarly, cancer is not just a collection
of cells replicating and evolving uncontrol-
lably; it is an ecosystem®*. Cells surround-
ing a tumour (such as fibroblasts, immune
cells and endothelial cells) are part of a

tions in the rest of the clonal population®. tumour tissue and co-evolve with cancer
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Figure 2 | Changes in microenvironments. a| A community of bacteria can form biofilms by attach-
ing to a substrate and by producing large amounts of a polysaccharide-based exopolymer matrix that
links cells together. As the extracellular matrix (ECM) encases the cells and greatly hinders their
motion, cells switch from a motile to a sessile state. The matrix greatly limits nutrient and oxygen dif-
fusion and cells inside the biofilm become specialized according to the metabolites present.
(Subsistence on different nutrient sources is indicated by the different colours of the cells in different
regions.) Some cells, not unlike metastatic cancer cells, are able to break through the exopolymer
matrix and leave the biofilm to populate different environments. b | The type of cells associated with
a tumour, notably carcinoma-associated fibroblasts, produce signals that influence the behaviour of
tumour cells. Also, the stroma and ECM surrounding a tumour is much denser than that surrounding
normal tissue and the diffusion of nutrients and oxygen from the blood vessels is therefore greatly
diminished by the tumour-associated ECM and stroma. Metastatic cells (dark blue) may also leave the
primary tumour and disseminate throughout the body.

cells (FIG. 2b). For instance, stromal cells
such as fibroblasts associated with cancer-
ous tissues increase extracellular matrix
(ECM) production®. Similarly to bacterial
biofilms, the increased matrix deposition
not only reduces the effectiveness of chemo-
therapeutic drugs to penetrate a tumour**
but also reduces the amount of oxygen and
nutrients reaching the centre of a tumour.
Analogously to biofilms, tumour cells may
also switch to a fermentative pathway when
oxygen is unavailable: anaerobic glycolysis
allows cells to produce ATP but inadvert-
ently leads to the acidification of the tumour
microenvironment through the release and
fermentation of lactate®.

Tumour cells, however, are able to sur-
vive stressful environments through strong
mutual interactions with stromal cells*: it
has recently been shown that fibroblasts
and endothelial cells alter their metabolic
pathways to support the intensive glycolysis
of cancer cells, an example of which has
been presented for a colorectal carcinoma®.
Koukourakis ef al. have shown that fibro-
blasts surrounding a colorectal carcinoma
have an increased rate of lactate metabolism
to cope with the aerobic glycolysis of the
cancer cells””. They also demonstrated that
endothelial cells surrounding this particular
type of carcinoma have an aversion to lactate
absorption, which thereby prevents acid
production near the blood vessels".

As tumours recruit cells to their micro-
environment, they create a community of
highly specialized cells that are able to sustain
the high metabolic needs of tumour cells and
that protect them against the influx of drugs.
Taken as such, the levels of specialization
found in an epithelial-stromal cell collective
is, at a fundamental level, strategically similar
to bacterial biofilm communities. The under-
standing of the complex symbiotic interplay
between the different cell types within a
tumour may be facilitated by analogous
comparison with bacterial biofilms.
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Figure 3 | Proposed experimental approaches to investigate drug
resistance using bacterial models. The heterogeneous nature of a tumour
may be modelled using microfluidics devices. a | A solid tumour is physiologi-
cally heterogeneous: insufficient vasculature decreases the amount of oxy-
gen, nutrients and/or drugs that penetrate a tumour. For simplicity, only the
gradient of oxygen is illustrated. b | Similarly, the growth of tumour lesions
may occur in isolated subpopulations of cells, thereby limiting direct com-
munication between various parts of a tumour (for example, region 1 and
region 2 in the figure). As a result, weakly interacting subpopulations from
the same initial cancer lesion may evolve and adapt independently.
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c | The physiological segmentation of a tumour and the presence of strong
chemical gradients could be imitated inside a microfluidics device (the figure
depicts the use of this device for bacteria). For instance, media flowing on
each side of the chamber array could contain different levels of oxygen, mim-
icking the chemical composition of a tumour. Porous chamber walls (dashed
lines) allow chemical exchange but prevent cellular escape. Furthermore, the
movement and exchange of cells between different habitats can be limited
by the presence of narrow channels. As a result, cells in habitat 1 have
very limited interactions with cells in habitat 2 and these populations will
therefore evolve independently.

Studying the evolution of drug resistance
This comparison between cells within a
malignant tissue and bacterial communi-
ties, two seemingly different organisms, has
great potential to go beyond philosophical
interpretations. Here, we propose that the
leap of faith needed to go from in silico
models — which already use idealized
tumour representations to study cancer
evolution and adaptation*** — to in vivo
models is of similar magnitude to the one
needed to go from bacterial to cancer mod-
els: large, but by no means irreconcilable.
Below, we outline several experimental
systems that can be used to gain insight
into the evolution of drug resistance and
tumour development.

Heterogeneous culture environment. In the
absence of a chemotherapeutic treatment,
the fitness of cells on a tumour surface,
near the vasculature, can be much higher
than the fitness of cells inside a tumour.
During chemotherapeutic treatments, the
spatial-dependent fitness of cells within a
tumour is even more complex: spatial het-
erogeneities and poor vasculature can pro-
duce uneven drug, nutrient and/or oxygen
concentrations (FIG. 3a). Furthermore, the
subdivision of a tumour microenvironment
into multiple habitats (FIC. 3b) limits cell-
cell interactions but still allows circulating
tumour cells to be exchanged between
tumours™. This type of configuration cre-
ates isolated micro-ecologies in which
evolution occurs in parallel, with limited
exchange. Studying the dynamics of cancer
cell adaption under such conditions is vir-
tually impossible using conventional cell
culture techniques.

The use of microfluidic technologies that
can create strong chemical gradients over
very small volumes (hundreds of picolitres)
makes this type of study possible. Although
several groups have successfully cultured
mammalian cells for long periods inside
microfluidics devices®'~>*, long-term experi-
ments studying the evolution of cancer cells
under conditions of stress remain challeng-
ing. Conversely, bacterial cultures inside
microfluidics devices** ¢ provide enough
complexity to recreate heterogeneous and
fragmented aspects of cancer tissues.

Bacterial model systems inside micro-
fluidically controlled environments could
be used, for example, to mimic the limited
influx of drugs and nutrients that reach the
centre of a tumour (FIG. 3a) by limiting nutri-
ent levels in a location-dependent manner.
A device like the one presented in FIC. 3¢
could combine both effects presented in
FIG. 3a,b. First, media containing different
oxygen concentrations mimic the chemical
gradients present inside tumours. Second,
the presence of spatial structures physically
isolates subpopulations of bacteria into
weakly interacting micro-ecologies. Such
devices can be used, for instance, to test
spatially explicit theoretical models of evo-
lution such as source—sink ecologies”, which
propose that evolution occurs at a faster
pace in the presence of habitats with strong
chemical and population gradients. This
type of microfluidics-based experiment,
when considered purely as an evolutionary
problem, may not only provide information
about the general dynamics of adaptation
in biological systems but might also provide
insight into the dynamics of the evolution of
cancer cells.

Exploitation of a biofilm model of tumori-
genesis. Although the underlying biology of
bacterial biofilms and cancer tissues may be
very different, biofilms may still be used to
physically model the population dynamics of
evolving tumours. Indeed, spatial and tem-
poral genetic analyses of a single malignant
tissue (such as the oesophagus, as presented
by Maley et al.*®) show that simple concepts
such as genetic drift and clonal expansion play
an important part in the evolution of cancer-
ous tissues. Furthermore, the genetic com-
position of a tumour is far more complex
than that suggested by the assumption that a
tumour is monoclonal®.

Analogously, a recent study by Conibear
et al.** has demonstrated the context-
dependent emergence and clonal expansion
of mutations in P. aeruginosa when grown
as a biofilm. A green fluorescent protein
(GEP) gene containing a +1 frameshift muta-
tion was used to measure the mutation rate
of a biofilm population in response to a
mutagenic agent. Because a simple deletion
reverts the GFP protein to its wild-type state,
the physical location of such mutations and
how they spread within the biofilm can eas-
ily be assessed by fluorescence microscopy.
A high rate of ‘activated” GFP expression was
observed only in biofilm microcolonies
(foci of proliferation that protrude from
the attachment plane), possibly owing
to the accumulation of endogenous oxidative
waste. A representation of the spreading of
mutations in bacterial populations, and how
it relates to similar events in cancerous
tissues, is shown in FIG. 4.

In addition to being used to monitor the
fixation and expansion of mutations inside
a biofilm, this experiment could be taken
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Figure 4 | Evolutionary aspects of biofilm development as a model of drug resistance in
tumours. a,b | Aninterpretation of the work by Conibear et al.*° studying mutagenesis in biofilm com-
munities of Pseudomonas aeruginosa bacteria containing a green fluorescent protein (GFP) reporter
gene that has an inactivating +1 frameshift mutation. In this system, a simple base deletion restores
the function of the gene and induces the expression of GFP. a | Biofilm colony growth on a glass sub-
strate. The authors described the possibility that oxidative waste accumulates in microcolonies during
biofilm expansion. This waste causes stress-induced mutagenesis and activates GFP expression.
b | Top view of a P aeruginosa biofilm microcolony containing both cells with reactivated GFP and cells
without reactivated GFP. ¢ | Biofilm experiments could mimic population dynamics occurring during
tumorigenesis and during the development of drug resistance after therapy. In both situations, muta-
tions (depicted by genotypes A and B) can appear in localized environments before spreading to the
rest of the tumour. Panel b is reproduced from REF. 60.

further by applying an antibiotic treatment to
the biofilm cultures and measuring how cells
adapt in response. Alternatively, by fusing
the expression of a fluorescent protein with a
known indicator of resistance (resumption of
DNA synthesis or cell division, for instance),
the spreading dynamics of resistance could
be used to infer how drug resistance also
spreads within cancerous tissues. The power
of bacterial models comes from their relative
ease of culture and the ability to more accu-
rately monitor gene expression in real time
using fluorescent protein reporters.

Cell-cell communication under stress.
Bacteriologists often use concepts borrowed
from game theory to explain complex cell-
cell communication between different bacte-
rial species®. For instance, results presented
by Lee et al.** indicate that bacterial com-
munities can collectively adapt to antibiotic
treatments when the burden of a toxic clean-
up is placed on the shoulders of a few ‘altruis-
tic’ individuals for the benefit of the many.

An analogous situation may be present
in a tumour collective: as discussed above,
stromal cells often shape their metabolism
to sustain the proliferation of neighbouring
cancer cells. This altruistic behaviour by
stromal cells may be better understood in
terms of the costs and benefits associated
with the actions of each cell type. Other sim-
ilar, communal behaviours, such as strong
interdependence on the production and
digestion of metabolites, are also observed
in cancer tissues®. Furthermore, Hickson
et al.* have also proposed that tumour cells
may show behaviours similar to quorum-
sensing, a bacterial regulatory mechanism in
which individual bacteria probe their neigh-
bours in order to decide whether or not to
express certain genes®.

The interactions between cells in a
tumour may also be interpreted using game
theory concepts (including ideas such as
cooperation, cheating and altruism®), and
such concepts are often used when inter-
preting the similar cell-cell interactions

that are observed in bacterial communities.
Researchers may benefit by considering the
richness of bacterial communication systems
to formulate new hypotheses concerning the
behaviour of a cancer cell by viewing cancer
tissues as strongly interacting communities
rather than as groups of independent,
single-celled organisms.

Bacterial systems as predictive tumour
models. Although it would be naive to
believe that bacteria can replace mice, which
share many oncogenes and tumour sup-
pressor genes with humans®, as a model
organism for cancer development, the rela-
tive simplicity of a bacterial genome may be
a considerable advantage when studying the
multicellular dynamics of cancer evolution.
By associating known oncogenic pathways
in human cancer with similar regulatory
pathways in a bacterium, researchers may
be able to use bacteria to simulate the stress
response of cancer cells.

For instance, the transcription factor
RNA polymerase o factor (RpoS) is a bact-
erial analogue of the transcription factor
p53 and is a fundamental cell cycle regulator
that prevents replication under stressful
conditions®. Bacteria that evolve under
prolonged starvation stress may develop
a growth advantage under stationary phase
(GASP) mutation affecting rpoS*. Keymer
et al.** have shown that although GASP cells
outcompete wild-type individuals in homo-
geneous and well-stirred environments
(E. coli growing inside a test tube), coexist-
ence is possible in unstirred, structured
micro-habitats™. This parallels the expan-
sion of TP53 (which encodes p53)-deficient
cells within a healthy tissue. Cancer cells
also have an altered stress response regula-
tory system but they do not necessarily out-
compete surrounding cells. Rather, different
cell types coexist to sustain high levels of
proliferation.

At a more applied level, work by the
Palsson group” has pioneered the use of
reconstructed metabolic pathways in bact-
erial systems such as E. coli to identify, in
combination with in silico approaches, new
genes and functions involved in a given
genetic network. The methods have already
been applied to human cells, where research-
ers have demonstrated the feasibility of cre-
ating multicellular metabolic model systems
for the study of metabolic pathways in brain
tissues’. Applying such techniques to cancer
tissues under stress may help to further the
understanding of the fundamental processes
behind adaptation of tumour cells to
chemotherapeutic treatments.
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Model limitations and concluding remarks
Although there are many similarities
between bacterial communities and tumour
cell populations in their ability to evade
death caused by exposure to drugs, undoubt-
edly differences also exist. One aspect is the
greater diversity in the cellular components
that exist in a malignant tissue compared to
a bacterial community. The concerted inter-
actions among endothelial cells, immune
cells, fibroblasts and epithelial cells are all
necessary for the formation of a malignancy
and the development of drug resistance or
tolerance. Although bacterial cells have spe-
cialized functions within a bacterial commu-
nity, the diversity of cellular components is
not as great as in tumours. A second aspect
may involve the difference in the complex-
ity of the two genomes. The mammalian
genome has evolved fine-tuned layers of
epigenetic controls that do not necessar-
ily exist in the regulation of bacterial gene
expression.

In conclusion, the goal of this Perspective
is to broaden the scope of cancer research
to include the use of bacterial populations
as biological model systems for adaptation
and evolution. The evolutionary strategies
used by bacteria and tumours are incredibly
similar, and we hypothesize that significant
insight into the evolutionary dynamics of
cancer populations would be gained by
an informed comparison between the two
systems through a multi-scale analysis. The
evolution of drug resistance within cancer
tissues, an important problem that has direct
implications for clinical outcome, may more
easily be modelled and studied in rapidly
evolving bacteria under stress.
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