
Over the past 2 years or so, one of the most common phrases 

seen in the pages of this journal has been that “most cancer 

patients die from their disease as a result of metastasis”. 

The invasion of crucial organs, such as liver and lung, by 

metastatic cells is difficult to treat, despite the accessibility of drugs to 

these lesions. By contrast, the invasion of cells into the parenchyma of the 

brain represents a sanctuary site: one where the levels of drugs remain low, 

making the cancer cells largely untouchable by chemical means.

Currently, all treatments for brain metastases are essentially palliative 

and, as Patricia S. Steeg and colleagues discuss on page 352, this fact 

limits some of the survival gains made possible in recent years through 

the use of targeted agents. Initial results from animal models and some 

clinical data indicate that prevention of brain metastases might be a more 

effective route rather than attempting to treat established metastases 

within the brain. However, prevention would undoubtedly require the 

ability to identify patients who are most at risk of developing brain 

metastasis but our knowledge of how and why metastatic cells invade the 

brain remains limited. In the meantime, Steeg and colleagues argue, we 

need to limit the debilitating side effects of palliative treatments, such as 

whole-brain radiotherapy.

The biology of metastatic cells remains an intense area of research 

and some evidence has linked metastasis with a stem cell phenotype. The 

existence of cancer stem cells is still controversial in solid tumours, and 

some researchers have started to turn their attention back to finding the 

tumour cell of origin. Both of these aspects are covered in a poster on  

‘The emerging biology of cancer stem cells’, which is freely available 

thanks to sponsorship from Abcam.
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The presence or absence of different 
types of immune cells is known to 
influence outcome for cancer patients, 
but we are still some way from under-
standing the complex interaction 
between immune cell subsets and how 
they affect tumour growth and regres-
sion. A paper published in Cancer 
Discovery shows that the response of 
patients with breast cancer to specific 
chemotherapies is influenced by the 
subsets of leukocytes that are present 
in the tumour.

Building on data showing that 
tumour-associated macrophages 
(TAMs) correlate with a poor 
prognosis in several tumour types, 
that TAMs are recruited through 
the secretion of colony stimulating 
factor 1 (CSF1) and interleukin-34 
(IL-34), and that, in the absence of 
CD8+ cytotoxic T cells, CD4+ T helper 
cells increase the pro-tumour activity 
of CD68+ TAMs, Lisa Coussens and 
colleagues examined the density of 
the CD8+, CD4+ and CD68+ leukocyte 
infiltrates in breast cancer tissue 
microarrays. A fully automated  
algorithm generated high and low 

staining information for each leu-
kocyte subset of 179 chemotherapy-
naive primary tumour samples 
that were subject to immunohisto-
chemisty. High levels of CD4+ T cells 
and low levels of CD8+ T cells cor-
related with reduced overall survival 
in these patients, and levels of CD8+ 
T cells were inversely correlated with 
the CD68+ infiltrate. This cohort of 
samples was further used to establish 
immunohistochemical expression 
thresholds to identify tumours 
with CD68high–CD4high–CD8low versus 
CD68low–CD4low–CD8high leukocyte 
subsets. Use of these thresholds on 
667 chemotherapy-naive breast can-
cer samples with outcome data indi-
cated that CD68high–CD4high–CD8low 
expression was an independent pre-
dictor of reduced overall survival and 
relapse-free survival, and was also an 
independent predictor of relapse-free 
survival in patients with lymph node 
metastases at diagnosis.

Coussens and colleagues also 
found that the treatment of human 
breast cancers with chemotherapy 
increased the numbers of TAMs in 
the tumour, but had no effect on the 
presence of CD8+ T cells. Moreover, 
using various mouse models of 
breast cancer, they established that 
expression of CSF1 and IL-34 by 
mouse mammary epithelial cells 
was induced by chemotherapy and 
resulted in macrophage recruit-
ment. Inhibition of CSF1 activity 
in vivo using a CSF1 antibody or a 
tyrosine kinase inhibitor, PLX3397, 
which targets the CSF1 receptor 
and KIT, reduced TAM numbers. 
Importantly, the treatment of mice 

with polyoma middle T-induced 
mammary tumours with paclitaxel 
combined with either the CSF1 
antibody or PLX3397 improved 
survival compared with mice treated 
with each drug as a monotherapy. 
Treatment with paclitaxel and 
PLX3397 reduced the development 
of late-stage tumours and pulmonary 
metastases.

The reduction in the levels of 
TAMs within the primary tumours 
increased the numbers of active cyto-
toxic T cells, and in vitro data indi-
cated that TAMs repress CD8+ T cell 
proliferation. In addition, deletion of 
CD8+ T cells from mouse mammary 
tumours prevented the chemosensi-
tizing effect of PLX3397 combined 
with paclitaxel, indicating that the 
effect of this drug combination partly 
stems from enabling the activation of 
CD8+ cytotoxic T cells owing to the 
reduced numbers of TAMs.

Examination of fine-needle 
aspirates taken from 311 patients 
with newly diagnosed breast cancer 
prior to treatment with neoadjuvant 
chemotherapy followed by surgery 
showed that patients with a high ratio 
of CD68 mRNA expression to CD8 
mRNA expression had a significantly 
lower rate of pathological complete 
responses than patients with low 
CD68 and high CD8 mRNA expres-
sion. Taken together, these findings 
indicate that the drugs that prevent 
the recruitment of macrophages 
should be investigated further and 
that the ability to identify women 
with immune profiles that are likely 
to benefit from such treatment is 
imperative.

Nicola McCarthy

ORIGINAL RESEARCH PAPER DeNardo, D. G. 
et al. Leukocyte complexity predicts breast 
cancer survival and functionally regulates 
response to chemotherapy. Cancer Discovery 
3 Apr 2011 (doi:10.1158/2159-8290.CD-ITI11-0)
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Identifying the acquired somatic 
mutations in a tumour is a powerful 
approach for elucidating the molecu-
lar mechanisms of cancer progres-
sion. A study recently published in 
Nature describes the full genome 
sequencing analysis of multiple 
myeloma, a cancer of mature B lym-
phoid cells. In addition to confirming 
the involvement of genes that had 
previously been associated with 
multiple myeloma development, this 
study uncovered novel mutations and 
potential new therapeutic targets.

Multiple myeloma is thought to 
result from the activation of MYC, 
FGFR3, KRAS, NRAS and the 
nuclear factor-κB pathway (NF-κB 
pathway) and is characterized by 
chromosomal abnormalities, includ-
ing translocations and trisomies. To 
better define the mechanism of trans-
formation a team led by Todd Golub 
completed whole-genome sequenc-
ing (WGS) of 23 patient samples and 
whole-exome sequencing (WES) of 
16 patient samples and compared 
each tumour to its corresponding 
normal counterpart. They identified 
2.9 tumour-specific point mutations 
per million bases, including an aver-
age of 35 amino acid-altering point 
mutations and 21 chromosomal  
rearrangements per sample.

The authors next examined the 
incidence of protein-altering muta-
tions and identified ten genes that 

showed significant mutation rates, 
including several that were already 
implicated in multiple myeloma. Six 
genes were identified that were not 
previously known to be involved in 
cancer. Two of these genes, DIS3 and 
FAM46C, are thought to be involved 
in protein homeostasis, and the 
authors further revealed that 16 of 
38 (42%) of the patients exhibited 
mutations in genes the products of 
which facilitate RNA processing, 
protein translation or the unfolded 
protein response, processes that 
have not previously been linked to 
multiple myeloma.

Interferon regulatory factor 4 
(IRF4), a transcription factor that 
is involved in plasma cell differen-
tiation, and its target PRDM1 also 
contained biologically significant 
mutations, as did BRAF. Gene set 
analyses identified point mutations 
and structural rearrangements in 
11 NF-κB pathway genes, thereby 
supporting previous evidence 
for NF-κB signalling in multiple 
myeloma progression. Interestingly, 
genes involved in histone modifica-
tion and blood clot formation were 
also implicated.

By studying 38 cancer genomes, 
the authors have revealed the 
complexity of pathway deregulation 
that facilitates multiple myeloma 
progression. The investigation pro-
vides an unprecedented level of detail 

that would not have been possible 
through single genome analysis, and 
has catalysed the discovery of many 
novel mutations and therapeutic 
targets that warrant further inves-
tigation and may be applicable to 
other cancers.

Mhairi Skinner, Consulting Editor,  
NCI–Nature Pathway Interaction Database

ORIGINAL RESEARCH PAPER Chapman, M. A. 
et al. Initial genome sequencing and analysis of 
multiple myeloma. Nature 471, 467–472 (2011)
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Multiple myeloma in the spotlight

this study 
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Genomic analyses of tumour 
samples can provide insight into 
tumour progression but they are 
complicated to interpret as such 
samples are genetically heterogene-
ous and can be comprised of various 
cell types. So, Michael Wigler and 
colleagues used single nucleus 
sequencing (SNS) of cells from two 
human breast cancers to investigate 
tumour progression.

SNS involves the isolation of 
nuclei by flow cytometry and then 
amplification of the DNA for mas-
sively parallel sequencing: these 
data are then used to ascertain 
copy number alterations (CNAs). 
Having validated the sensitivity 
and reproducibility of SNS using 
various control cells, Navin and 
colleagues analysed a genetically 
heterogeneous, high-grade, triple-
negative ductal carcinoma. The 
tumour was split into 12 sectors to 
preserve its anatomy and then cells 
were sorted from six sectors. They 
found four main distributions of 
ploidy (hypodiploid, diploid and two 
subtetraploid fractions) and they 
selected 100 nuclei for SNS. The 
diploid fraction showed few genetic 
alterations although ~65% had small 
deletions in T cell receptor loci or 
immunoglobulin variable regions, 
indicating that these cells were 
infiltrating immune cells within the 
tumour, which was consistent with 
histological analysis. Next, they 
used integer copy number profiles 
to produce a neighbour-joining tree 
and found three clonal tumour sub-
populations from the hypodiploid 
and the two subtetraploid fractions. 
Cells within each tumour subpopula-
tion shared CNAs and so probably 

represent a clonal expansion as the 
tumour developed. Furthermore, 
there were similarities in CNAs 
between each subpopulation but 
each had developed unique attributes 
(for example, one subpopulation had 
KRAS amplification). This indicates 
that these subpopulations are related 
to each other and therefore probably 
represent divergent populations as 
the tumour has developed.

The authors next investigated a 
genetically homogeneous high-grade, 
triple-negative ductal carcinoma 
and its liver metastasis. The tumours 
were split into six sectors and flow 
cytometry analysis showed that 
there was a diploid and an aneuploid 
fraction at about equal proportions, 
which was consistent with histological 
analysis. Analyses of the SNS data 
revealed limited divergence within 
the aneuploid subpopulation, indi-
cating that in this case the primary 
tumour formed from a single clonal 

expansion and that one of these cells 
seeded the metastasis, which did not 
subsequently diverge much more. 

Interestingly, the diploid fraction 
from each of the primary tumours 
contained numerous pseudodiploid 
cells that were identified by SNS. 
These had diverse chromosome 
gains and losses that were unique 
to each cell and that were not found 
in cells of the other subpopulations. 
These cells were not found in the 
metastasis, and the authors speculate 
that the pseudodiploid cells arise 
from a genomically unstable diploid 
subpopulation of tumour cells.

The authors propose that these 
two breast cancers evolved through 
“punctuated clonal evolution”, 
whereby a clonal population with a 
substantial growth advantage sud-
denly emerges from a genomically 
unstable precursor. Whether this is 
generally applicable to other cancers 
requires further investigation.

Gemma K. Alderton

ORIGINAL RESEARCH PAPER Navin, N. et al. 
Tumour evolution inferred by single-cell 
sequencing. Nature 13 Mar 2011 (doi:10.1038/
nature09807)
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NRAS, KRAS and HRAS are often 
deregulated in cancer; however, 
increased RAS activity does not 
guarantee tumour formation, as 
other pathways, such as cell death or 
senescence, limit the effects of onco-
genic RAS. Three recent papers have 
indicated that autophagy is induced 
by oncogenic RAS and both limits 
and enables cellular survival.

Human ovarian surface epi-
thelial (HOSE) cells expressing an 
inducible HRASV12 gene undergo 
cell cycle arrest and show reduced 
colony formation in vitro, so Seamus 
Martin and colleagues investigated 
the nature of this withdrawal from 
the cell cycle. They found that after 
approximately 1 week of HRASV12 
expression most of the cells under-
went non-apoptotic cell death and 
that prior to this they appeared 
highly vacuolated — a characteristic 
of autophagy. Indeed, HRASV12-
expressing cells also had increased 
levels of beclin 1, and knockdown 
of beclin 1 and other autophagy-
associated genes inhibited HRASV12-
induced cell death. Cells expressing 
HRASV12 also had increased expres-
sion of the BH3-only protein NOXA, 
which was induced as a result of 
increased ERK activity downstream 
of HRASV12. Further experiments 
showed that induction of NOXA 
displaces beclin 1 from its interac-
tion with the BCL-2 family member 
MCL1 and is associated with the 
degradation of this pro-survival pro-
tein. Thus, in the absence of other 
cooperating mutations, oncogenic 
activation of HRAS can induce 
autophagic cell death. But what hap-
pens when cooperating mutations 
are present, such as in established 
tumours in vivo?

Eileen White and colleagues 
looked at the role of autophagy 
in models of aggressive cancers 
that express either HRASV12 or 
KRASV12. Expression of either form 
of RAS in immortalized baby mouse 
kidney (iBMK) cells increased rates of 
basal autophagy, even in the presence 
of nutrients. Moreover, the tumori-
genicity of these cells in nude mice 
was substantially impaired by reduced 
expression of the essential autophagy 
genes Atg5 and Atg7. Increased levels 
of autophagy were also evident in a 
number of human cancer cell lines 
with mutations in RAS family mem-
bers, and suppression of autophagy 
by RNA interference induced cell 
death in some of these cell lines. The 
reasons for reduced viability in the 
absence of autophagy seemed to stem 
from a shortage of metabolites exclu-
sively produced by the tricarboxylic 
acid cycle in mitochondria, impair-
ment of mitochondrial respiration 
and accumulation of damaged mito-
chondria. In short, RAS expression 
under starvation conditions or during 
tumour growth amplifies energy 
depletion, and autophagy is required 
to balance this.

The clinical importance of 
these findings was underlined by 
Alec Kimmelman and colleagues, 
who examined autophagy in 
pancreatic ductal adenocarcinoma 
(PDAC), which often harbour 
mutated KRAS. Having established 
that PDAC cell lines have high basal 
levels of autophagy, these authors 
examined 25 biopsy samples of 
pancreatic intraepithelial neoplasia 
(PanIN; a pre-cancerous lesion) and 
80 PDAC biopsy samples. Normal 
pancreatic epithelium and low-grade 
PanIN1 and PanIN2 did not have 

increased levels of autophagy, but the 
PanIN3 samples and PDAC samples 
did, as did lymph node metastases. 
Inhibition of autophagy using chlo-
roquine or RNA interference against 
autophagy genes substantially reduced 
the proliferation of PDAC cell lines. 
These authors also found evidence 
for reduced mitochondrial respira-
tion when autophagy was inhibited, 
and they proposed that autophagy is 
required to maintain ATP production. 
Mice with PDAC xenografts or ortho-
topic pancreatic tumours responded 
to treatment with chloroquine, and 
this drug significantly increased sur-
vival in genetically engineered mice 
with KRAS-driven PDAC.

All three papers indicate that 
oncogenic activation of RAS 
increases autophagy. In cells in vitro 
with no other oncogenic mutations, 
this can result in cell death. However, 
in tumour cells, RAS-driven 
autophagy becomes essential to 
ensure energy balance, making inhi-
bition of autophagy in established 
tumours a therapeutic target.

Nicola McCarthy

ORIGINAL RESEARCH PAPERS Guo, J. Y. et al. 
Activated Ras requires autophagy to maintain 
oxidative metabolism and tumorigenesis. Genes 
Dev. 11 Feb 2011 (doi:10.1101/gad.2016311) | 
Yang, S. et al. Pancreatic cancers require 
autophagy for tumour growth. Genes Dev. 15 Mar 
2011 (doi:10.1101/gad.2016111) | Elgendy, M., 
Sheridan, C., Brumatti, G. and Martin, S. J. 
Oncogenic Rax-induced expression of Noxa and 
Beclin 1 promotes autophagic cell death and 
limits clonogenic survival. Mol. Cell 23 Feb 2011 
(doi:10.1016/j.molcel.2011.02.009)
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Multiple observations suggest 
that host tissues possess intrinsic 
tumour-suppressive activity that can 
eliminate premalignant cells (a type 
of cell competition). However, the 
mechanisms by which this occurs 
are unknown. Igaki and colleagues 
now show that Jun N-terminal kinase 
(JNK)-mediated engulfment of pre-
malignant cells, by their surrounding 
wild-type neighbours, may be one 
such mechanism.

In Drosophila melanogaster 
imaginal epithelia, clones of cells 
in which the tumour suppressor 
genes scribble (scrib) or discs large 
(dlg) are mutated are outcompeted 
by surrounding wild-type cells and 
undergo JNK-dependent cell death. 
Using D. melanogaster eye-antennal 
discs, Ohsawa et al. analysed wild-
type cells juxtaposed to scrib- or 
dlg-mutant clones to study the mech-
anisms of this tumour-suppressive 
activity. They found evidence of 
activated JNK signalling not only in 
mutant clones, but also in the wild-
type neighbours. However, unlike 
JNK activation in mutant clones, 
JNK activation in surrounding 
wild-type cells was non-apoptotic. 
Intriguingly, blocking JNK signal-
ling in the surrounding cells, by 
RNA interference or expression of 
a dominant-negative mutant of the 
Jun kinase Basket (BSKDN), sup-
pressed elimination of scrib-mutant 
clones. The authors hypothesized 
that the cell surface tumour necrosis 
factor ligand Eiger, which was previ-
ously shown to activate JNK within 
scrib- and dlg-mutant clones, could 
also be upstream of JNK activation 
in wild-type neighbours. Indeed, 
overexpression of eiger in sur-
rounding wild-type cells enhanced 
elimination of scrib-mutant clones. 
Together, these results indicate that 

Eiger–JNK signalling in normal  
cells promotes the elimination of 
neighbouring premalignant cells.

Next, Ohsawa et al. sought to 
identify effectors downstream of 
Eiger–JNK signalling. Guided by a 
candidate screen for proteins that 
regulate the actin cytoskeleton, a 
known outcome of JNK signalling, the 
authors found that PDGF- and VEGF-
receptor related (PVR) is upregulated 
in both mutant clones and the sur-
rounding wild-type cells, in a pattern 
similar to JNK activation. Knockdown 
of pvr in surrounding wild-type cells 
suppressed the elimination of scrib 
clones. Moreover, pvr knockdown in 
surrounding cells that overexpressed 
eiger prevented their ability to outcom-
pete scrib clones, thereby placing PVR 
downstream of Eiger–JNK signalling.

How does Eiger–JNK–PVR 
signalling in wild-type cells lead 
to the elimination of premalignant 
neighbours? Live imaging of imagi-
nal discs revealed that scrib-mutant 
cells are engulfed by their wild-type 
neighbours. Overexpression of eiger 

or pvr in surrounding wild-type 
cells enhanced the engulfment of 
scrib-mutant clones, whereas this 
was reduced in eiger-mutant discs. 
Finally, the authors showed that 
knockdown of engulfment and cell 
mobility (elmo) in surrounding wild-
type cells suppressed the elimination 
of scrib-mutant clones, thereby 
implicating the ELMO–myoblast 
city (MBC) pathway, which mediates 
cytoskeletal rearrangement during 
phagocytosis, in this phenomenon.

These results show that activation 
of Eiger–JNK–PVR signalling in 
surrounding wild-type cells promotes 
ELMO–MBC-mediated engulfment 
of premalignant neighbours. It will 
be interesting to determine whether 
JNK-mediated cell engulfment is an 
evolutionarily conserved form of  
cell competition that eliminates  
premalignant cells from epithelia.

Sophie Atkinson

ORIGINAL RESEARCH PAPER Ohsawa, S. et al. 
Elimination of oncogenic neighbours by JNK-
mediated engulfment in Drosophila. Dev. Cell 20, 
315–328 (2011)
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Trastuzumab (Herceptin; 
Genentech) is a therapeutic mono‑
clonal antibody targeting ERBB2 
(also known as HER2), a receptor 
tyrosine kinase (RTK) that is over‑
expressed in ~30% of breast cancers. 
Various molecular mechanisms 
of de novo and acquired resistance 
are major limitations of the clinical 
efficacy of this and other anticancer 
therapies. Such resistance may 
underlie the problem that, although 
initially effective at controlling 
disease, trastuzumab offers only 
a minor overall survival benefit 
to patients. However, a new study 
shows that the SRC oncoprotein may 
represent a universal signalling node, 
the targeting of which can overcome 
multiple mechanisms of trastuzumab 
resistance.

Dihua Yu and colleagues analysed 
trastuzumab resistance in various 
ERBB2‑overexpressing breast cancer 
cell lines and, as expected, resistance 
mechanisms were heterogeneous. 
After long‑term exposure to trastu‑
zumab, different cell lines acquired a 
range of RTK signalling alterations, 
including downregulation of ERBB2 
and hyperactivation of epidermal 
growth factor receptor (EGFR), 
insulin‑like growth factor 1 receptor 
(IGF1R) or ERBB3. Additionally, 
loss of PTEN function, as occurs in 
a subset of ERBB2‑overexpressing 
breast cancers (and the cell line 
MDA‑MB‑468), resulted in de novo 
trastuzumab resistance.

Despite the heterogeneity of these 
resistance mechanisms, a comparison 
of signalling between sensitive and 
resistant cell line pairs revealed that 
hyperactivation of SRC (as shown 
by SRC Tyr416 phosphorylation) 
in resistant cells was surprisingly 
universal. Interestingly, the authors 
demonstrated that the Tyr416 
phosphate of activated SRC is a direct 
substrate for the PTEN phosphatase, 
explaining how loss of PTEN can 
result in SRC activation.

Confirming the central role of 
SRC in trastuzumab resistance, 
ectopic expression of a constitutively 
active SRC mutant was sufficient 
for the induction of trastuzumab 
resistance, both in cell lines and in 
xenografted tumours. Further analy‑
ses indicated that SRC signalling 
was in a positive feedback loop with 
RTKs such as EGFR, thus bypassing 
the requirement for ERBB2 signal‑
ling. Highlighting the clinical rele‑
vance of these studies, a retrospective 
analysis of patient responses revealed 
that tumours displaying high levels 
of Tyr416‑phosphorylated SRC had 
poorer responses to trastuzumab.

Can these findings be harnessed 
to overcome trastuzumab resistance? 
Knockdown or chemical inhibition of 
SRC successfully resensitized resistant 
cells and xenografts to trastuzumab 
treatment, producing an apoptotic 
response. Crucially, this resensitiza‑
tion was independent of the upstream 
resistance mechanism.

It will be interesting to determine 
whether the activation of SRC can 
also mediate resistance to small‑ 
molecule inhibitors of ERBB2 (such as, 
lapatinib (Tyverb; GlaxoSmithKline)), 
or to inhibitors of other RTKs. Finally, 
it remains to be seen whether the 
combined targeting of ERBB2 and 
SRC is well‑tolerated and effective in 
patients with ERBB2‑overexpressing 
breast cancer.

Darren J. Burgess

ORIGINAL RESEARCH PAPER Zhang, S. et al. 
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resistance pathways. Nature Med. 13 Mar 2011 
(doi:10.1038/nm.2309)
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The many adventures of MYC con-
tinue this month with a new publica-
tion by Laura Soucek, Gerard Evan 
and colleagues, which indicates that 
blocking the activity of endogenous 
LMYC, NMYC and MYC (collec-
tively referred to as Myc) suppresses 
tumour development by eliciting 
effects both on tumour cells and on 
the tumour microenvironment.

Having previously shown that 
the systemic expression of the 
dominant inhibitory Myc dimeriza-
tion domain mutant, Omomyc, 
inhibits the development of tumours 
in a KRASG12D-dependent mouse 
model of lung cancer, Evan and col-
leagues wanted to address whether 

the effects of Myc inhibition are 
exercised via the tumour cells or the 
surrounding cells that constitute 
the tumour microenvironment, and 
whether targeting endogenous Myc 
might be applicable beyond tumours 
that are induced by KRAS. Thus, 
they crossed TRE-Omomyc;CMVrtTA 
mice with Rip1Tag2 mice, which 
progress through pancreatic hyper-
plasia and dysplasia to overt pancre-
atic β-cell tumours because of the 
expression of SV40 large T antigen 
in the β-islet cells of the pancreas. 
Omomyc is under the control of the 
tetracycline-responsive promoter 
element, allowing its expression to 
be turned on and off by the pres-
ence of doxycycline. Addition of 
doxycycline to the animals’ drinking 
water at 7 weeks of age followed by 
sacrifice at 14 weeks of age showed 
that expression of Omomyc sup-
pressed the development of the islet 
tumours that were abundant in mice 
not given doxycycline. Expression of 
Omomyc had a similar effect on the 
more advanced dysplastic tumours 
and carcinomas that are present in 
11-week-old mice. Importantly, the 
rare individual islet tumour that did 
not respond to Omomyc had lost 
expression of this transgene and no 
other mechanisms of resistance were 
evident. So, inhibition of endog-
enous Myc induces the regression 
of tumours that are driven by the 
expression of the SV40 T antigen, 
but how?

The dysplastic lesions are highly 
angiogenic and it seems that expres-
sion of Omomyc initially induces 
apoptosis in the endothelial cells 
of these lesions, followed by the 
tumour cells. No interaction between 
the angiogenic factor, vascular 
endothelial growth factor (VEGF), 
and its receptor, VEGFR2, could be 
found in the lesions in which Myc 
was inhibited, and further analyses 
indicated that this was primarily 
because the release of VEGF from the 
extracellular matrix by matrix metal-
loproteinases was reduced owing to 
the absence of macrophages and neu-
trophils that are normally recruited 
to these lesions. All of these findings 
point to the plausible conclusion that 
the therapeutic effect of Omomyc is 
primarily in the tumour microen-
vironment. However, expression of 
Omomyc exclusively in the pancre-
atic β-tumour cells induced the same 
collapse of the tumour microenviron-
ment, indicating that Myc expression 
in the tumour cells is required to 
maintain the tumour microenviron-
ment and it is this interaction that 
Omomyc interferes with.

So, targeting Myc remains a 
viable proposition in principle. In 
practice, it is not yet clear precisely 
which functions of MYC need to be 
blocked to induce tumour regression 
and whether a Myc-targeted drug 
will need to inhibit all three MYC 
proteins, as Omomyc does, in order 
to avoid the evolution of resistance.

Nicola McCarthy

ORIGINAL RESEARCH PAPER Sodir, N. M. et al. 
Endogenous Myc maintains the tumour 
microenvironment. Genes & Dev. 8 Apr 2011 
(doi:10.1101/gad.2038411)
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More than 90% of human cancers are of 
epithelial origin1. Elaborating the factors that 
promote the normal architecture and func-
tion of epithelia, and the mechanisms through 
which these are perturbed, is therefore fun-
damental for understanding the genesis of 
most human cancers. The formation, matu-
ration and homeostasis of epithelia require 
carefully choreographed programmes of cell 
proliferation, adhesion, polarity, migration 
and differentiation2. Vital for the unity of cells 
in epithelial sheets are adhesion junctions, 
such as adherens junctions and desmosomes. 
These structures not only facilitate intercellu-
lar adhesion to ensure tissue integrity but also 
serve as crucial regulators of processes such as 
epithelial morphogenesis, differentiation and 
wound healing3,4. Moreover, dysfunction of 
either junctional complex is associated with 
specific epithelial diseases. However, until 
recently, only adherens junctions had been 
linked to the suppression of cancer develop-
ment. In this Progress article, we discuss 
the newly appreciated role of desmosomal 
adhesion complexes in tumour suppression, 
highlighting recent mouse genetic studies and 
addressing how the p53 and p63 pathways 
might intersect with desmosome-mediated 
adhesion in this context.

Adherens junctions and cancer
Adherens junctions are key intercellular 
adhesion complexes5. Three main protein 

families constitute traditional adherens 
junction complexes: transmembrane cad-
herins, armadillo proteins and cytoskel-
etal adaptors (FIG. 1). Classical cadherins, 
including the family prototype E-cadherin 
(encoded by CDH1), mediate cell–cell 
interactions in a calcium-dependent, 
homophilic manner through their extra-
cellular domains6–9. The cytoplasmic tails of 
cadherins bind members of the armadillo 
protein family, such as β-catenin (encoded 
by CTNNB1) and p120 catenin (encoded by 
CTNND1)9–11. Cadherins communicate with 
the actin cytoskeleton through contacts  
with β-catenin, which can interact with 
actin-binding proteins such as α-catenin  
(encoded by CTNNA genes)12–16. When not 
bound to cadherins, β-catenin can translo-
cate to the nucleus to promote WNT signal-
ling, by binding to LEF/TCF transcription 
factors and regulating the transcription of 
LEF/TCF-dependent target genes17–19.

Although constitutive and tissue-specific 
ablation of adherens junction protein-
encoding genes in mice has underscored the 
importance of adherens junctions in epithe-
lial tissue function and homeostasis, it is the 
dynamic regulation of such structures that 
promotes tissue plasticity and reorganiza-
tion during processes such as developmental 
epithelial to mesenchymal transition (EMT), 
wound healing, and cancer progression and 
metastasis20. Indeed, it is well established 

that E-cadherin-based cell–cell adhesion is 
lost during the progression of many types 
of human cancers as they acquire invasive 
and metastatic potential. Importantly, down-
regulation of both E-cadherin and p120 
catenin in human tumours is commonly 
associated with a poor clinical outcome21–25. 
The importance of adherens junction dys-
function in promoting cancer progression 
has been definitively demonstrated using  
mouse genetic models. For example, in the 
Rip1Tag2-transgenic mouse model, in  
which SV40 large T antigen expression  
in pancreatic β-cells causes neuroendocrine 
pancreatic tumours, the maintenance of 
E-cadherin expression causes tumours to 
stall at the adenoma stage. By contrast, the 
forced disruption of adherens junction-
mediated adhesion through the expression 
of dominant-negative E-cadherin drives the 
transition of adenomas to carcinomas, which 
is accompanied by tumour invasion and 
metastasis26. Similarly, Cdh1 deletion in the 
mammary epithelium of mice that are prone 
to breast cancer — because of the loss of the 
tumour suppressor Trp53 — is associated 
with accelerated tumour development and 
increased invasion and metastasis27. In addi-
tion, conditional inactivation of Ctnnd1 in 
mouse salivary gland or skin drives tumori-
genesis28,29, and ablation of Ctnna1 in mouse 
skin induces squamous cell carcinoma 
development30. Collectively, the data com-
piled from in vitro cell culture experiments, 
human tumour analysis and mouse model 
studies support an unambiguous function 
for adherens junction-mediated adhesion in 
tumour suppression.

Desmosomes fortify cell adhesion
Although adherens junctions are fundamen-
tal both for intercellular adhesion in epithelia 
and for enabling the dynamic rearrangements 
of epithelia, desmosomes have traditionally 
been viewed as static protein complexes that 
reinforce adhesion between epithelial cells31. 
The strong intercellular adhesion that is pro-
vided by desmosomes is particularly impor-
tant for conferring strength to tissues that 
must resist large amounts of mechanical 
stress. Especially prominent in the skin 
and heart, desmosomes connect cell–cell 
contact sites at the plasma membrane to 

Desmosomes: new perpetrators  
in tumour suppression
Rachel L. Dusek and Laura D. Attardi

Abstract | Adherens junctions, which are intercellular adhesive complexes that are 
crucial for maintaining epithelial homeostasis, are downregulated in many cancers 
to promote tumour progression. However, the role of desmosomes — adhesion 
complexes that are related to adherens junctions — in carcinogenesis has 
remained elusive. Recent studies using mouse genetic approaches have uncovered 
a role for desmosomes in tumour suppression, demonstrating that desmosome 
downregulation occurs before that of adherens junctions to drive tumour 
development and early invasion, suggesting a two-step model of adhesion 
dysfunction in cancer progression.
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the intermediate filament cytoskeleton to 
promote tissue integrity and homeostasis4,32. 
Compromised desmosome function can 
result in various human diseases, symptoms 
of which typically include epidermal fragil-
ity and blistering, thickened skin of the palm 
or soles (palmoplantar keratoderma) and/or 
cardiomyopathy33.

Like adherens junctions, desmosomes 
comprise three main protein families: cadher-
ins, armadillo proteins and plakins, which are 
arranged in a similar manner to that of adher-
ens junction complexes (FIG. 1). However,  
the precise molecular composition of 
desmosomes can be variable and can depend 

on the tissue-specific or differentiation- 
specific expression of particular isoforms of 
the constituent proteins4. The two types of 
desmosomal cadherins — the desmogleins 
(DSG1–4) and the desmocollins (DSC1–3) 
— mediate adhesion between apposing cells 
through interactions of their ectodomains34–40. 
Intracellularly, desmosomal cadherins bind to 
the armadillo proteins junction plakoglobin 
(JUP)41–44 and plakophilins (PKP1–3)45–47, 
which help to bridge the cadherins to 
the intermediate filament cytoskeleton. 
Additionally, JUP is highly homologous to 
β-catenin and can substitute for β-catenin in 
adherens junctions, as well as localize to the 

nucleus where it can regulate the transcrip-
tion of LEF/TCF-target genes48–52. PKPs also 
exhibit dual localization at the desmosome 
and in the nucleus, where their ability to affect 
gene expression is implicated but incom-
pletely understood46,47,53. The most important 
plakin family member is desmoplakin (DSP; 
also known as DP), which interacts with 
JUP and intermediate filaments, providing 
the final link in the chain from the plasma 
membrane to the cytoskeleton54–57. Another 
key desmosomal protein, which was identi-
fied by its dramatic loss-of-function blis-
tering pheno type in the epidermis and in 
other stratified epithelia of knockout mice, 
is p53 apoptosis effector related to PMP-22 
(PERP)58. PERP is a tetraspan membrane pro-
tein that is transcriptionally activated by the 
p53 tumour suppressor during DNA damage-
induced apoptosis, and by the related tran-
scription factor p63 during the development 
of stratified epithelia58,59. Although PERP has 
been unequivocally localized to desmosomes 
in stratified epithelia and found to be crucial 
for proper desmosome assembly, its interact-
ing partners within the desmosome remain 
elusive. Importantly, PERP provides a key link 
between the p53 family of transcriptional reg-
ulators and cell–cell adhesion. Further sup-
port for this connection is the documented 
activation of various cell–cell adhesion 
components by p63 in mammary epithelial 
cells60. Thus, as a target of both p53, which is 
inactivated in at least 50% of all human can-
cers, and p63, which is an important tumour 
suppressor in specific contexts61, PERP is a 
potentially crucial mediator of tumour sup-
pression downstream of these transcription 
factors (FIG. 2).

Genetic loss-of-function studies in 
mice have reinforced the importance of 
desmosomes for normal tissue function. 
For example, constitutive deletion of Dsc3, 
Dsg2 or Dsp causes early embryonic lethality 
probably owing to defective adhesion in 
processes essential before, at or after implan-
tation, respectively62–64. By contrast, Jup–/– 
animals typically die later in embryogenesis 
primarily owing to severe heart abnormali-
ties65,66, and Perp–/– mice die perinatally with 
profound epithelial blistering58. Mice with 
constitutive knockout of Dsc1 or Dsg3 or 
with conditional deletion of Dsp or Dsc3 in 
the skin survive, but exhibit epidermal integ-
rity defects67–70. Supporting a pivotal role for 
desmosomes in tissue function are human 
diseases in which desmosome components 
are inactivated by mutation, targeted by 
autoantibodies or proteolysed by bacterial 
toxins. These diseases are characterized by 
phenotypes such as severe abnormalities  

Figure 1 | Desmosome deficiency can promote cancer in multiple ways. Stable adherens junc-
tions and desmosomes facilitate adhesion between epithelial cells. The best-characterized compo-
nents are shown; the position of p53 apoptosis effector related to PMP-22 (PERP) in the desmosome 
is speculative. Several mechanisms through which disrupted desmosomes could promote cancer are 
indicated. Junction plakoglobin (JUP) is the desmosome component with the best-characterized effect 
on the phenotypic changes that occur in cancer cells. At high levels, JUP can compete with β-catenin 
for inclusion in adherens junctions and/or for interaction with the adenomatous polyposis coli (APC)-
mediated degradation machinery, which regulates cellular β-catenin levels (not shown). Both scenarios 
result in increased nuclear β-catenin, which can stimulate the transcription of LEF/TCF -dependent 
target genes, promoting oncogenic effects (part a). JUP itself can also shuttle between adhesion junc-
tions at the plasma membrane and the nucleus, where it can increase expression of LEF/TCF target 
genes independently of β-catenin (part b). Additionally, plakophilins (PKPs) can also shuttle between 
the desmosome and the nucleus, and PKP2 has been demonstrated to interact with β-catenin and to 
enhance LEF/TCF-mediated transactivation (part b). JUP and PKPs may also have dedicated LEF/TCF-
independent target genes (part c). PKPs may also function in the cytoplasm to stimulate translational 
initiation (part d). Other uncharacterized molecular mechanisms of cancer promotion might also exist 
(part e). DSC, desmocollin; DSG, desmoglein; E-cad, E-cadherin; NRCAM, neuronal cell adhesion  
molecule; p120, p120 cadherin.
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a bof the skin, the ectodermal appendages  
and/or the heart and provide evidence for a 
crucial function for desmosome-mediated 
adhesion in vivo71. Interestingly, although 
inactivation of adherens junction components 
can cause tissue degeneration or can instigate 
cancer development and metastasis, com-
promised desmosome function is typically 
thought to only result in degenerative dis-
eases, such as palmoplantar keratoderma and 
ectodermal dysplasia, and has not been clearly 
associated with cancer predisposition31.

Desmosomes and cancer
Direct genetic loss-of-function studies query-
ing the role of desmosomes in cancer have 
been impeded by the aforementioned lethality 
that is typically associated with the constitu-
tive deletion of desmosome genes in mice. 
In addition, data correlating the expression 
of particular desmosome components in 
human tumours with tumour progression are 
contradictory and confusing, with upregu-
lation, downregulation or maintenance of 
desmosome components observed. For 
example, the expression of some desmosome 
proteins, including DSG2, DSG3 and PKP3, 
is increased compared with normal tissue in 
certain cancers of the skin, head and neck, 
prostate and lung, and this increased expres-
sion is associated with enhanced tumour pro-
gression and/or reduced patient survival72–76. 
By contrast, the loss or reduction of one or 
more desmosome components, including 
DSG1–3, DSC2, DSC3, JUP, PKP1–3 and 
DSP, is observed on the development and/or 
the progression of various human epithe-
lial cancers, including skin, head and neck, 
gastric, colorectal, bladder, breast, prostate, 
cervical and endometrial cancers, often corre-
lating with advanced tumour grade, increased 
metastasis and/or poor prognosis76–95. Finally, 
in other instances, no obvious changes in 
the levels of desmosomal proteins have been 
noted during cancer progression75,77,80,96. 
Attempts to clarify the role of desmosomal 
adhesion in cancer by modulating the expres-
sion of desmosome components in cultured 
cells have produced confounding results. In 
some cases, overexpression of desmosome 
components in cultured cells promotes prolif-
eration, inhibits apoptosis and increases inva-
sion, characteristics that are advantageous to 
tumour cells74,97,98. Moreover, ectopic expres-
sion of DSG2 in the upper layers of mouse 
skin induces tumour development99. By 
contrast, other experiments have shown that 
overexpression of desmosome components 
in cell lines suppresses tumour-promoting 
behaviour, such as invasion and anchorage-
independent growth93,100. Consistent with 

a potential role for desmosomes in tumour 
suppression, overexpression of JUP in 
SV40-transformed fibroblasts or bladder can-
cer cells, and overexpression of desmosomal 
cadherins in squamous cell carcinoma (SCC) 
cells, suppresses tumour formation and/or 
invasion in mouse xenograft assays101–103. 
Additionally, knockdown of PKP3 in colon 
cancer cells promotes anchorage-independent 
growth and tumour growth in immunocom-
promised mice104. Adding to the uncertainty 
regarding the role of desmosomes in cancer 
is the observation that although potentially 
oncogenic mutations that occur in or near 
putative JUP phosphorylation sites have been 
noted in prostate and gastric cancers91,105, 
mutations in desmosome components seem 
to be rather uncommon.

Overall, the fact that some experiments 
support a tumour-suppressive role for 
desmosomes in cancer and others provide 
evidence for an oncogenic function could 
reflect real context-dependent differences in 
the contribution of desmosomes to cancer. 
Alternatively, the disparate findings could 
result from limitations in these surrogate 
models for carcinogenesis — such as, the arti-
ficial conditions under which cultured cells 
are grown, the analysis of transformed  
cells with numerous genetic alterations 
and the failure to recapitulate normal tis-
sue architecture or a functional immune 
system in mouse xenograft tumour models. 
Therefore, to definitively unveil the role of 
desmosomes in cancer, it is imperative to  
use physiologically relevant in vivo genetic 
cancer models to accurately mimic the  
complexities of human cancer.

An unequivocal approach to establishing 
the contribution of desmosomes to cancer 
is the use of mouse models with intact 
immune systems in which cancers develop 
in the appropriate tissue microenvironment 
as a result of defined genetic lesions. Two 
recent studies have used this approach, con-
sequently providing direct causal evidence 
linking desmosome deficiency to cancer 
development. The first study sought to  
pinpoint proteins that are crucial for 
restricting tumour invasion in the Rip1Tag2 
model of pancreatic islet cell tumorigenesis, 
which proceeds from non-invasive to 
focally invasive and to broadly invasive 
carcinomas106. Gene expression analysis of 
non-invasive and broadly invasive pancre-
atic lesions derived from these mice showed 
that the expression of genes encoding vari-
ous desmosomal components, including 
Dsp, Dsg2, Dsc2 and Pkp2, was significantly 
reduced in highly invasive tumours com-
pared with non-invasive ones, suggesting 

that desmosome downregulation may 
contribute to malignant progression106. To 
test the importance of the downmodula-
tion of desmosome genes, conditional Dsp-
knockout mice were analysed. Although 
conditional deletion of Dsp in the pancreatic 
β-cells did not detrimentally affect the sur-
vival of the mice or tumour growth, loss of 
Dsp did enhance local invasion of tumours, 
without affecting broad invasion or metas-
tasis. Interestingly, expression of E-cadherin 
was maintained in the locally invasive Dsp-
deficient tumours, highlighting the inde-
pendent nature of the desmosomes and the 
adherens junctions in this context, despite 

Figure 2 | The p53–p63 pathway regulates 
homeostasis in epithelial tissues. This figure 
represents some of the ways in which p53 and 
p63 family members can regulate epithelial 
homeostasis. a | During the development and 
maintenance of epithelial tissues, p63 can directly 
or indirectly regulate the expression of various 
classes of genes, including genes that encode 
cell–cell adhesion proteins, such as p53 apoptosis 
effector related to PMP-22 (PERP). These proteins 
can then assemble into the intercellular adhesive 
complexes adherens junctions and desmosomes, 
which promote adhesion between adjacent epi-
thelial cells. Adhesion between cells within a tis-
sue contributes to its integrity, organization and 
function. b | Cellular stressors such as DNA dam-
age or oncogene expression activate p53. As a 
sensor of stress, p53 induces the expression of 
genes that are involved in apoptosis, including 
PERP and NOXA. PERP and NOXA, and other pro-
teins, contribute to the apoptotic programme, 
triggering the death of cells the survival of  
which would be detrimental to a tissue. Both  
cell–cell adhesion and apoptosis are important 
cellular mechanisms that contribute to tumour 
suppression.
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the fact that these two junctions are thought 
to regulate each other’s stability68,107. These 
results demonstrate that loss of desmosome 
function is an important step towards malig-
nant conversion by facilitating local invasion 
and, therefore, that desmosome-mediated 
adhesion is a key impediment to tumour 
progression. Moreover, in conjunction with 
previous experiments in the Rip1Tag2  
mouse model, these findings suggest a two-
step model for cancer progression, in which 
desmosomal downregulation causes local 
invasion in an EMT-independent manner, 
and subsequent loss of adherens junctions 
promotes full cancer progression26 (FIG. 3).

To address the role of desmosomes in 
a model of human skin cancer, mice with 
conditional deletion of Perp in the epider-
mis were exposed to chronic ultraviolet B 
(UVB) radiation to induce SCCs108. Perp 
loss in the skin reduced the latency of 
tumour development and increased the 
multiplicity of tumours compared with 
UVB-treated wild-type controls, indicating 
that Perp deficiency promotes tumour initi-
ation. Moreover, tumours that developed in 
the Perp-deficient mice were typically less 
differentiated than those in control mice, 
suggesting that Perp loss also facilitates 
tumour progression. Three mechanisms 
were proposed to explain the propensity of 
Perp-deficient mice to develop skin cancer. 
First, as Perp-deficient keratinocytes had 
an impaired apoptotic response to UVB 
radiation, the inappropriate survival of 
damaged cells in Perp-deficient skin follow-
ing exposure to mutagenic stimuli probably 
contributed to tumorigenesis. Indeed, the 
enhanced cell survival that is observed in 
UVB-treated keratinocytes, which can lack 
functional p53, is associated with increased 
carcinogenesis109. Second, Perp deficiency 
also compromised desmosome-mediated 
intercellular adhesion. Although Perp loss 
partially impaired desmosome function in 
the skin, desmosome component expression 
was completely lost on the development  
of Perp-deficient SCCs. Intriguingly, although 
Perp-deficient tumours showed a clear 
downregulation of desmosomal components, 
adherens junction components were main-
tained, suggesting that PERP and desmosome 
loss promote cancer by a specific mechanism 
rather than by a general change in differentia-
tion status, such as EMT. The downregula-
tion of desmosomes with the retention of 
adherens junctions was also observed in 
SCCs that formed with a longer latency in 
wild-type mice, indicating that although 
Perp depletion facilitates desmosome disas-
sembly, it also occurs in a wild-type context. 

Moreover, on examining samples from 
different stages of human SCC develop-
ment, PERP-deficient, E-cadherin-positive 
tumours were found to constitute a major 
group, suggesting that this is an important 
stage in human skin cancer development. 
Thus, as in the Rip1Tag2 model, reduced 
expression of desmosome proteins could 
be an early driver of tumour progression, 
and subsequent loss of adherens junctions 
could promote later stages, including wide-
spread invasion and metastasis. Finally, 
gene expression profiling of the epidermis 
on Perp ablation revealed the induction 
of genes that are involved in inflamma-
tory responses. Moreover, Perp deficiency, 
in conjunction with chronic UVB treat-
ment, led to the recruitment of inflamma-
tory cells, especially mast cells. Given the 
known role for inflammation in promoting 
cancer, this inflammatory signature and 
consequent infiltration of immune cells 
provides a clear basis for how Perp loss can 
enhance tumorigenesis at the cellular level. 
Together, these data demonstrate that Perp 
deficiency promotes cancer development 
and progression by multiple mechanisms, 
clearly supporting the idea that desmo-
somes can function as tumour suppres-
sors (FIG. 3). Furthermore, the phenotypes 
induced by Perp loss may also contribute  
to carcinogenesis in cases of p53 or p63  
inactivation (FIG. 2).

How desmosome loss promotes cancer
Various models have been proposed to 
provide a molecular explanation for how 
desmosome downregulation could promote 
cancer. The most extensively studied model 
suggests that desmosome dysfunction can 
provoke the release of specific desmosomal 
constituents that can display oncogenic 
activity, such as JUP. Most notably, JUP 
manifests β-catenin-like signalling activ-
ity, as originally shown by its ability to 
induce axis duplication in Xenopus laevis 
embryos110. Interestingly, the similar capac-
ity of plasma membrane-anchored JUP 
to induce axis duplication, among other 
studies, suggested that the effects of JUP on 
WNT–β-catenin signalling were indirect and 
probably attributable to the ability of JUP to 
promote β-catenin nuclear localization and 
transcriptional activity111–114. Indeed, JUP 
can replace β-catenin in adherens junctions, 
freeing β-catenin to stimulate the transcrip-
tion of WNT target genes (FIG. 1a), including 
oncogenic targets such as CCND1 (encod-
ing cyclin D1) and neuronal cell adhesion 
molecule (NRCAM)52,115–119. In addition to 
these indirect effects on gene regulation 

via β-catenin, JUP can itself transit to the 
nucleus on release from junctions, directly 
activating oncogenic β-catenin–LEF/TCF 
target genes or potentially stimulating the 
expression of uncharacterized JUP-specific 
targets to promote proliferation or trans-
formation51 (FIG. 1b,c). This concept was 
originally derived from the observation that 
JUP can activate β-catenin-responsive target 
genes in Ctnnb1-null cells or tissues52,120–122. 
Adding to the complexity, however, is evi-
dence from model organisms demonstrating 
that JUP can antagonize WNT–β-catenin 
signalling. For example, cardiac-specific 
deletion of Dsp in mice results in the nuclear 
accumulation of JUP and the suppression 
of WNT–β-catenin signalling123, and the 
ablation of Jup in murine hearts or zebrafish 
embryos induces β-catenin transcriptional 
activity124,125. Although JUP-mediated inhi-
bition of WNT–β-catenin signalling may 
be important in certain physiological set-
tings, its relevance to cancer is unclear and 
requires further investigation.

The redistribution of PKPs from desmo-
somes, where they promote adhesion and 
differentiation, to the nucleus may also 
contribute to carcinogenesis. The nuclear 
localization of PKPs in certain settings sug-
gests that they could modulate gene expres-
sion, and, indeed, PKP2 can interact with 
β-catenin and can potentiate endogenous 
β-catenin–TCF transcriptional activity46,126,127 
(FIG. 1b). Whether PKPs regulate transcription 
in a β-catenin–LEF/TCF-independent man-
ner, however, remains to be determined 
(FIG. 1c). In addition, PKP1 and PKP3 can 
localize to cytoplasmic particles where they 
can interact with translation-initiation fac-
tors to stimulate translation128,129 (FIG. 1d). 
This observation implies an oncogenic 
function for cytoplasmic PKPs, a concept 
that is supported by the observed redis-
tribution of PKPs from the plasma mem-
brane to the cytoplasm during tumour 
development75,130.

In addition to releasing components with 
oncogenic potential, desmosome dysfunc-
tion could also promote carcinogenesis 
through other means. One such mecha-
nism is by activating signalling pathways 
that impinge on cancer development. For 
example, activation of p38MAPK is trig-
gered by autoantibody targeting of DSG3 in 
the blistering disease Pemphigus vulgaris131 
(FIG. 1e), and activation of ERK1, ERK2 and 
AKT signalling is induced by DSP knock-
down in human keratinocytes132. Whatever 
the exact molecular alterations that occur 
with desmosome impairment, such changes 
could induce pro-tumorigenic cellular 
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phenotypes that are associated with desmo-
some loss, including increased prolifera-
tion, augmented survival and enhanced 
inflammation. Moreover, the simple loss 
of the exceptional adhesive strength that is 
imparted by desmosomes to tissues may also 
contribute to cancer progression in some 
contexts by relieving a barrier to invasion 
and metastasis, perhaps in conjunction with 
adherens junction loss133,134.

Conclusions and future study
Although our understanding of the role 
of desmosomes in cancer is still evolving, 
genetic loss-of-function studies in vivo 
in physiological mouse models of cancer 
have revealed a causal relationship between 
the loss of specific desmosome proteins 
and the development of certain cancers. 
Additional studies are certainly necessary 
to understand the complete complexities of 
this relationship, but the conclusions so far 
support the majority of the human cancer 
expression data and functional studies in 
cultured cells, suggesting that desmosomes 
normally function as tumour-suppressive 
complexes and that loss of desmosome pro-
teins and desmosome-mediated adhesion is 
associated with cancer development and/or 
progression.

Considerable evidence supports a 
tumour-suppressive function for desmo-
somes but this may not be the case in all 
circumstances, as desmosome proteins have 
been linked to oncogenic effects in human 
cancer and experimental systems. These data 

suggest that altered expression of desmo-
some proteins might promote cancer devel-
opment in certain contexts. Differences in 
how desmosomes influence carcinogenesis 
could relate to differences in their com-
position, as well as to the expression level, 
subcellular localization and tissue-specific 
or differentiation-specific functions of their 
constituent proteins. Future investigation will 
further clarify the contribution of various 
desmosomal components to the development 
of diverse cancer types.

Interestingly, although impaired desmo-
some function is associated with various 
autoimmune, genetic and infectious human 
cutaneous diseases, as well as cardiomyo-
pathy syndromes71, to our knowledge 
no clear cancer predisposition has been 
observed in individuals with these syn-
dromes. The lack of such reports might 
reflect the rarity of these diseases in the gen-
eral population or the often-reduced lifespan 
of these patients, which is perhaps not suf-
ficient for revealing a propensity to cancer 
development. Alternatively, it is possible that 
the influence of desmosome dysfunction on 
cancer may be relevant only in particular 
contexts, such as when a specific desmosome 
component is targeted or in the background 
of particular oncogenic mutations. Future 
studies that assess the cancer predispositon 
in this population, as well as studies using 
patient-derived cells or tissues could help 
to clarify the role of impaired desmosome 
function in cancer and could have  
implications for cancer treatment.

The fact that recent genetic loss-of- 
function studies describe tumours that 
exhibit loss of desmosomes while retaining 
adherens junctions106,108 has considerable 
clinical implications. As loss of E-cadherin is 
a common but late event in epithelial cancer 
progression, identifying markers such as 
PERP or DSP that may be downregulated 
earlier could improve the diagnosis, staging 
and prognostication of cancers, and could 
also inform therapeutic decisions (FIG. 3). 
For example, as PERP loss seems to promote 
tumour progression, tumours with a PERP-
deficient status might warrant more aggres-
sive treatment approaches. Indeed, gene 
expression profiling identified PERP as one 
component of a gene signature the down-
regulation of which predicts poor response 
to treatment in oesophageal cancers135. 
Additionally, reduced expression of DSP in 
oropharyngeal cancer was associated with 
poorly differentiated tumours that metasta-
sized within a follow-up period of 3 years90. 
Ultimately, broadening our understanding 
of desmosomes and tumorigenesis, as well as 
context-specific distinctions in their relation-
ship, will enhance our ability to diagnose, 
stage, prognosticate and treat human cancer.
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Figure 3 | Desmosome downregulation is one in a series of steps 
occurring during cancer development. Two recent studies using 
mouse cancer models in which desmosome components were ablated 
have demonstrated key contributions of desmosome deficiency to epithe-
lial cancer development and progression. Mutations in proto-oncogenes 
or tumour suppressors drive the development of nascent tumours in epi-
thelia. In this context, desmosome deficiency, occurring before adherens 
junction loss, promotes several cellular phenotypes that can contribute 
to cancer progression: decreased desmosome-mediated intercellular 
adhesion, increased cell survival and inflammatory cell recruitment in 
ultraviolet B (UVB)-induced squamous cell carcinomas in p53 apoptosis 

effector related to PMP-22 (Perp)-deficient mice and increased local inva-
sion in desmoplakin (Dsp)-deficient Rip1Tag2-driven pancreatic neuroen-
docrine tumours. Subsequent dissolution of adherens junctions in tumours 
is associated with impaired adherens junction-mediated adhesion, 
enhanced global invasion and increased distant metastasis, which are 
features of full-blown malignancy. As desmosome downmodulation pre-
cedes that of adherens junctions, and as early diagnosis and treatment is 
key to achieving the optimal clinical outcome, establishing the status of 
desmosome and adherens junction constituents in tumours could poten-
tially augment the current tools that are used in the staging, prognostica-
tion or treatment of cancers.
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Es ware möglich, die gesamte Geschichte der 
Biochemie … an Otto Warburgs werk aufzuzeigen. 
(It would be possible to illustrate the entire history 
of biochemistry … with the work of Otto Warburg.) 
(Adolf F. J. Butenandt, 1970)1

Otto Warburg (FIG. 1) was one of the first true interdisci-
plinary scientists. Warburg, who spent his entire career 
in Germany, pioneered work on respiration and photo-
synthesis during the early twentieth century. During 
the 1910s, it was thought that the energy-yielding 
reactions necessary for the growth of cancer cells 
were lipolysis and/or proteolysis2. However, Warburg 
focused on glycolysis and showed that all of the cancer 
cells he investigated exhibit a reversed Pasteur effect 
(the inhibition of fermentation by O2). In other words, 
cancer cells produce lactic acid from glucose even 
under non-hypoxic conditions3, an observation that 
has come to be known as the Warburg effect4 (which 
is not to be confused with the other Warburg effect: 
the inhibition of photosynthetic CO2 fixation by O2 
(REF. 5)). With few exceptions, Warburg’s findings were 
published in German-language journals, and during 
the latter part of the twentieth century, with the post-
Second World War relocation of scientific primacy to 
English-language institutions and the blossoming of 
the field of molecular biology, Warburg’s contribu-
tions became largely disregarded. The discovery in 
recent decades of a connection between oncogenes and 
metabolic processes has led to a renaissance of interest 

in Warburg’s work today6, although his findings and 
conclusions are often misinterpreted. The semantics 
of Warburg’s report that “the respiration of all cancer 
cells is damaged”7 continues to be debated, because the 
experiments by Warburg and his co-workers, and those 
of contemporary investigators, indicate that such a  
conclusion is erroneous.

In this Review, we describe the historical context 
of Warburg’s investigations of lactic acid production 
by cancer cells and explore the impact of his work 
on our current conceptual framework of cancer cell 
metabolism.

Warburg’s life
The details of Warburg’s life and personality have 
been gleaned from biographies written by Krebs8,9, 
Werner1,10, Höxtermann and Sucker11 and Koepcke12. 
Otto Heinrich Warburg was born 8 October 1883 in 
Freiburg im Breisgau. His father, Emil Warburg, was 
one of the most eminent physicists of his time13 and 
was revered by young Otto. As was common among 
professors’ families, the Warburgs resided at Emil’s 
institute, first at the University of Freiburg and later 
in Berlin, to allow him to concentrate on research. 
Thus Otto was raised in an academic environment 
— Otto’s sister Lotte claimed that “Papa weiss nicht 
einmal, wo Mamas Schlafzimmer ist!” (“Papa doesn’t 
even know where Mama’s bedroom is!”)12. Warburg’s 
life and his academic achievements are summarized 
in the TIMELINE.
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Respiration
The metabolic process by 
which energy is produced in 
the presence of O2 through the 
oxidation of organic 
compounds (typically sugars) 
to CO2 and H2O by glycolysis, 
the citric acid cycle and 
oxidative phosphorylation.

Otto Warburg’s contributions to 
current concepts of cancer metabolism
Willem H. Koppenol*, Patricia L. Bounds* and Chi V. Dang‡

Abstract | Otto Warburg pioneered quantitative investigations of cancer cell metabolism, as 
well as photosynthesis and respiration. Warburg and co-workers showed in the 1920s that, 
under aerobic conditions, tumour tissues metabolize approximately tenfold more glucose to 
lactate in a given time than normal tissues, a phenomenon known as the Warburg effect. 
However, this increase in aerobic glycolysis in cancer cells is often erroneously thought to 
occur instead of mitochondrial respiration and has been misinterpreted as evidence for 
damage to respiration instead of damage to the regulation of glycolysis. In fact, many 
cancers exhibit the Warburg effect while retaining mitochondrial respiration. We re-examine 
Warburg’s observations in relation to the current concepts of cancer metabolism as being 
intimately linked to alterations of mitochondrial DNA, oncogenes and tumour suppressors, 
and thus readily exploitable for cancer therapy.
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Glycolysis
A metabolic pathway that 
occurs in the cell cytoplasm 
and involves a sequence of ten 
enzymatic reactions. These 
reactions convert glucose to 
pyruvate and produce the 
high-energy compounds ATP 
and NADH.

Pasteur effect
Pasteur’s observation that 
yeast cells consume less sugar 
when grown in the presence of 
O2 than when grown in the 
absence of it.

Fermentation
The metabolic process by 
which energy is produced in 
the absence of O2 through the 
oxidation of organic 
compounds, typically sugars, 
to simpler organic compounds, 
such as pyruvate. Pyruvate is 
further processed to ethanol 
by alcoholic fermentation  
or lactic acid by lactate 
fermentation; see ‘glycolysis’.

Warburg effect
A term used to describe two 
unrelated observations in plant 
physiology and oncology, both 
from the work of Otto Warburg. 
In oncology, the Warburg effect 
refers to the high rate of 
glycolysis and lactate 
fermentation in the cytosol 
exhibited by most cancer cells, 
relative to the comparatively 
low rate of glycolysis and 
oxidation of pyruvate in 
mitochondria exhibited by 
most normal cells. In plant 
physiology, the Warburg effect 
is the inhibition of 
photosynthetic CO2 fixation by 
high concentrations of O2.

An equally important influence in Otto’s life was 
his Doktorvater (doctoral advisor) at the University 
of Berlin, Prof. H. Emil Fischer, who was awarded 
the Nobel Prize in Chemistry in 1902 for his work on 
sugar and purine syntheses. Warburg began his stud-
ies in chemistry at the University of Freiburg, and had 
transferred in 1903 to the University of Berlin when his 
father was invited to join the faculty there. Fischer ruled 
his institute dictatorially, demanding from his subordi-
nates honour, respect, reliability, frankness, self-respon-
sibility and self-discipline. In 1906, Warburg completed 
his chemistry Ph.D. dissertation, which was entitled 
“Über Derivative des Glycocolls, Alanins und Leucins. 
Über die 1-Brompropionsäure und das 1-Alanylglycin” 
(“On derivatives of glycine, analine and leucine. On 
1-bromopropionic acid and alanylglycine”). As a stu-
dent Otto had already set for himself the lofty goal of 
curing cancer8, so he began to study medicine at the 
University of Berlin in 1905, and he concluded his stud-
ies in medicine at the University of Heidelberg under 
Prof. von Krehl in 1911. He completed a Habilitation 
in physiology at the University of Heidelberg in 1913 
and joined the Department of Physiology of the Kaiser 
Wilhelm Institute (KWI, which later became the Max 
Planck Institute) for Biology in Berlin-Dahlem as an 
independent researcher working on the embryology of 
sea urchins. He was appointed head of the department 
in 1914.

Otto Warburg credited his professional success 
partly to his military experience8,10. At the outbreak 
of the First World War, Warburg volunteered for mili-
tary service, and joined the 2nd Regiment Ulanen  
(3rd Squadron), an elite cavalry unit, first serving as 
physician and later as aide-de-camp at the headquar-
ters of the 202nd Infantry Division. He served in France 
and at the Eastern Front in present-day Estonia and 
Lithuania; he was wounded in 1917, possibly during the 
battle for Riga, and was awarded the Iron Cross First 
Class. Near the end of the war, Warburg’s mother con-
tacted Albert Einstein, a family friend, and requested 
that he use his influence to convince her son to fulfil 

his patriotic duty doing research rather than serving at 
the front. Einstein complied8 and Warburg agreed and 
sought release from active service, which was approved 
in the summer of 1918.

Warburg resumed his scientific activities at the 
KWI and was concurrently appointed Professor at  
the Friedrich Wilhelm University in Berlin. Although 
funding was limited under the Weimar Republic, the full 
funding of Warburg’s one-sentence research proposal 
speaks to his reputation as an accomplished scientist 
during the 1920s (FIG. 2). With major support from the 
Rockefeller Foundation, he established the KWI for Cell 
Physiology in Berlin-Dahlem in 1931, the same year in 
which he was awarded the Nobel Prize in Physiology 
or Medicine for his discovery of the respiratory enzyme 
cytochrome c oxidase.

Although the Warburgs were descended from the 
Jewish Warburg financiers of Altona, near Hamburg, 
Otto Warburg’s mother was not Jewish, and Emil 
Warburg had long before converted to Protestantism. 
After Hitler came to power in 1933, the Nazi’s repres-
sive policies negatively affected Otto and his staff.  
In 1941, he was briefly removed as director of his depart-
ment, only to be reinstated shortly thereafter. In 1942, he 
was appointed to a national committee entrusted with 
fighting cancer, a disease that Hitler morbidly feared.  
It is plausible that Otto was protected at the highest 
level because he worked on cancer. It is also clear that 
Otto chose not to flee Nazi Germany, having sniped 
to his sister, Lotte, “Ich war vor Hitler da” (“I was here 
before Hitler”)12. Warburg remained under Nazi scrutiny 
throughout the period, and it is a wonder that Warburg 
— given his Jewish ancestry, open distain for Hitler’s 
regime, and probable homosexuality10 — was allowed 
to continue working at all during the Nazi period. 
After the laboratories sustained damage from Allied air 
raids10, the institute was evacuated to Liebenburg in the 
country side north of Berlin, where in 1945 the occupy-
ing Russian Army appropriated the laboratory equip-
ment8. Although the headquarters of the German armed 
forces classified Warburg’s institute as crucial for the war 
effort, Warburg later refuted that he had ever performed  
war-related research1.

After the war, the buildings that housed the KWI for 
Cell Physiology in Berlin-Dahlem were commandeered 
as headquarters of the American Army, and Warburg 
had no research facilities until 1950 when the refurbished 
institute reopened. Warburg worked there until his death 
in 1970 at the age of 87. During his later years, Warburg, 
a non-smoker, adopted a personal cancer-preventive life-
style that resonates today, consisting of moderate exercise 
combined with a diet of fresh, home-grown vegetables. 
He never married, but was accompanied faithfully by his 
long-standing companion Jakob Heiss.

Like his father and Doktorvater before him, 
Warburg resided in his institute, working 6-day weeks 
on problems of cell physiology, particularly pertaining 
to metabolism, cancer and photosynthesis. He often 
opened his laboratory to academic guests, among 
them such scientific giants as Otto F. Meyerhof,  
Hans A. Krebs and Axel H. T. Theorell, but declined 

 At a glance

• Otto Warburg was a pioneering biochemistry researcher who made substantial 
contributions to our early understanding of cancer metabolism. Warburg was awarded 
the Nobel Prize in Physiology or Medicine in 1931 for his discovery of cytochrome c 
oxidase, not for his work on cancer and the formulation of the Warburg hypothesis.

• The Warburg effect is the reverse of the Pasteur effect (the inhibition of fermentation 
by O

2
) exhibited by cancer cells; alteration of the Pasteur effect in cancer is linked to 

prolyl hydroxylases and hypoxia-inducible factor (HIF).

• Tumour suppressors and oncogenes converge on HIF to reverse the Pasteur effect and 
thereby induce the Warburg effect.

• Cancer cells carry out aerobic glycolysis and respiration concurrently.

• Tumour suppressors and oncogenes exert direct effects on metabolism: p53 
promotes the pentose phosphate pathway and oxidative phosphorylation; MYC 
induces glycolysis and glutamine metabolism.

• Mutations in metabolic enzymes, specifically isocitrate dehydrogenase 1 (IDH1) and 
IDH2 and other citric acid cycle enzymes, are causally linked to familial and 
spontaneous cancers.
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Habilitation
A quasi-independent 
postdoctoral appointment that 
is required for further 
academic advancement in 
German-speaking countries.

Citric acid cycle
A cyclic series of eight 
enzymatic reactions that occur 
in the mitochondrial matrix 
and that convert acetyl CoA 
derived from carbohydrates, 
fatty acids and amino acids to 
CO2 and H2O; also known as 
the tricarboxylic acid (TCA) 
cycle or Krebs cycle.

to attach his name to every publication emanating 
from his institute. He was vigorous and arrogant in his 
opposition to scientists who questioned his findings, 
even indulging in unscientific emotional attacks within 
scientific reports1, and he was criticized by Krebs for 
his tendency towards polemics9. Warburg preferred 
to employ instrument makers to whom he taught bio-
chemistry and from whom he tolerated no argument. 
He enjoyed working with his hands and was a firm 
believer in quantitative methods. He continually sought 
means to improve quantification in biological research: 
he invented the use of thin tissue slices for physiol-
ogy research14, improved manometric techniques11 to 
measure changes in pressure accompanying cell and 
tissue processes14,15, and is credited as the inventor of 
the single-beam spectrophotometer11. These contribu-
tions were pivotal to his research on metabolism and 
cancer physiology, which are described in a collection 
of his early works15. These publications were ground-
breaking because Warburg used quantitative physical–
chemical approaches to investigate the rapid growth 
of cancer cells.

Formulation of the ‘Warburg hypothesis’
Warburg studied and conducted research during a 
golden age of biochemical discovery (TIMELINE). He 
could trace his scientific lineage to Adolf von Baeyer 
(who won the Nobel Prize in Chemistry in 1905), and 
was thus part of a scientific ‘family’ that includes a dozen 
Nobel laureates1,16.

In his earlier embryological investigations of sea 
urchin eggs, Warburg had observed a rapid increase in 
O2 uptake and subsequent rapid cell division upon fer-
tilization17, and he postulated that cancer tissues might 
also take up more O2 than normal tissue. To address this 
hypothesis, Warburg used his improved manometric 
technique14,18 (FIG. 3) to measure O2 consumption in thin 
tissue slices metabolizing glucose:

C6H12O6 + 6O2 → 6CO2 + 6H2O (1)

The Warburg manometer was also used to measure CO2 
emission, which is equivalent to lactic acid production, 
from bicarbonate-containing buffers:

CH3 CHOHCOOH + HCO3
– → 

CH3CHOHCOO– + H2O + CO2

 (2)

Warburg and co-workers discovered that Flexner–
Jobling rat liver carcinoma does not take up more O2 
than normal liver tissue, but that, even in the presence 
of O2, such tissue produces lactic acid. This indicates 
the processing of glucose by lactic acid fermentation, 
bypassing the entry of pyruvate into the citric acid cycle 
(respiration)18. As already mentioned, normal tissue was 
known to exhibit the Pasteur effect — that is, to stop 
producing lactic acid in the presence of O2. Human car-
cinomas (from throat, intestine, skin, penis and nose) 
also demonstrated lactic acid production19,20.

Seigo Minami, an academic guest at the KWI for 
Biology, reported that although the respiration of 
Flexner–Jobling rat liver carcinoma tissue slices is 20% 
less than that of normal tissue, which could be attributed 
to the presence of necrotic cells, approximately tenfold 
more glucose was metabolized than could be accounted 
for by respiration. Minami confirmed Warburg’s mano-
metric lactic acid analysis by chemical means19, and 
Warburg subsequently determined that the amount 
of lactic acid produced by cancer cells is two orders of  
magnitude higher than that produced by normal tissue20.

With these methods, Warburg and co-workers 
determined how O2 affects glycolysis and defined the 
Meyerhof quotient as the molar ratio of the O2 con-
sumed to the difference in lactic acid production under 
anaerobic conditions compared with aerobic condi-
tions — that is, a measure of the amount of O2 required 
to convert one lactic acid molecule to glucose20. From 
experiments with thin tumour tissue slices (FIG. 3), they 
determined a Meyerhof quotient of 1.3, which was 
equivalent to that determined previously for normal 
tissues. As such, they concluded that respiration in 
cancer tissue is normal but inadequate to prevent the 
formation of lactic acid. It should be noted that, in  
the experiments performed in the presence of O2, glucose 
was present in excess at all times, and the thickness of the 
tissue slices was limited to <400 μm (FIG. 3) to exclude the 
possibility that lactic acid was produced because cells 
became anaerobic. It has since been demonstrated that 
O2 consumption in model multicellular spheroids of 
Chinese hamster fibroblasts is dependent on spheroid  
diameter, with fourfold reduction of O2 uptake across 
the diameter range 200–400 μm21. More recent studies of 
multilayer human choroidal melanoma cells as models 
of tumour tissues that support Warburg’s calculations 
pertaining to tissue slices14 show that O2 consump-
tion decreases as a function of layer thickness but that  
thicknesses ≤400 μm are not anoxic22.

Decades later, in 1952, Warburg and Hiepler23 
reported that, per mg of cells, Ehrlich ascites tumour 
cells from mice produce more lactic acid in normoxic 
and hypoxic conditions than the thin Flexner–Jobling 
rat tumour slices (FIG. 3). Chance and co-workers showed 

Figure 1 | Otto Warburg. Otto Heinrich Warburg in his laboratory of the Kaiser Wilhelm 
Institute for Biology in Berlin-Dahlem, 1931. Image is reproduced, with permission, from 
the German Federal Archives: image 102-12525, photographer unknown.
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Aerobic glycolysis
The enzymatic transformation 
of glucose to pyruvate in the 
presence of O2; see ‘glycolysis’.

that rates of respiration for ascites cells were comparable 
to those of muscle and yeast cells24,25, thus the enhanced 
production of lactic acid was not at the cost of respira-
tion. Weinhouse26 also reported that cancer cells exhibit 
normal rates of respiration and described Warburg’s 
contentions as hypothesis based on “essentially fallacious 
reasoning”, but his account was dismissed by Warburg7 
and Burk and Schade27.

The lactic acid levels of mouse carcinoma and rat sar-
coma tumours in vivo were reported by Cori and Cori28 
in 1925 to be very much lower than the levels observed in 
the in vitro experiments of Warburg and co-workers29,30. 
Cori and Cori31 further showed that the blood drawn from 
a vein exiting a Rous sarcoma tumour implanted on one 
wing of a chicken contained significantly less glucose and 
more lactic acid than blood passing through the tissues of 
the corresponding normal wing, and they concluded that, 
in vivo, the excess lactic acid production in tumours is 
washed out by the blood flow through the tissue. In similar 
experiments on rats, Warburg and co-workers29,30 reported 
arterial and venous plasma levels of glucose and lactic acid 
in healthy organs compared with those in Jensen’s sarco-
mas transplanted into the stomach; the glucose content of 
the veins from control organs was 2–18% less than that 
of the arteries, compared with a 47–70% drop across 
the tumours. Arterial versus venous levels of lactic acid  
from tumours indicate that, on average, 66% of the glu-
cose consumed is converted to lactic acid, whereas healthy 
organs produced no net lactic acid. Because cancer cells 
‘recycle’ lactic acid under aerobic conditions32, the lactic 
acid levels recorded in the in vivo experiments may be 
lower than the actual levels produced by tumours29,30. 
The glucose and O2 concentration gradient across  
tissue decrees that the metabolism of tumour cells closer to 
the arterial blood is more like that of in vitro tissue slices, 
whereas the metabolism of cells deeper in the tumour is 
limited by diffusion. Thus, the in vitro experiments better 
reflect the in vivo conditions of cells close to the meta-
bolic supply side of glucose and O2. Warburg attempted to 
address the influence of glucose and O2 supply to tumour 
cells in vivo29,30, and concluded that it is difficult to inhibit 
the growth of tumours in living animals through the 
manipulation of metabolic substrates.

Warburg and co-workers had expected that the O2 
consumption of rapidly dividing cancer cells would 
be greater than that of normal differentiated tissue, as 
occurs in embryonic cells. The Meyerhof quotients of 
approximately 1–2 for thin slices of both normal and 
cancerous tissues20 indicate that O2 consumption (that 
is, respiration) by cancer tissues is the same as that of 
normal cells. Warburg believed respiration to be funda-
mentally more complex than glycolysis and, therefore, 
more vulnerable to injury:

The origin of cancer lies in the anaerobic metabolic 
component of normal growing cells, which is 
more resistant to damage than is the respiratory 
component. Damage to the organism favours this 
anaerobic component and, therefore, engenders 
cancer.33

Crabtree34 concurred in 1929: “Warburg postulates 
a disturbance of respiration as being the fundamental 
cause of the development of aerobic glycolysis.” Warburg 
reasoned that, since the increased production of lactic 
acid by cancer cells is not nullified by higher O2 con-
sumption, respiration must be damaged33. Today, we 
understand that the Meyerhof quotient, as defined by 
Warburg, erroneously links respiration too intrinsi-
cally to lactate production; further, Warburg’s reasoning 
about respiration — that higher rates of respiration could 
reduce the production of lactic acid35 — is incorrect. 
Sonveaux et al.32 recently showed that normoxic cancer 
cells metabolize lactic acid but anaerobic cells do not. 
This finding may explain Warburg’s observation that 
oxygenated tumour cells appear to produce less lactic 
acid (FIG. 3).

Is respiration “damaged”?
The observations that cancer cells simultaneously oxi-
dize and ferment glucose has engendered confusion over 
the role of respiration in the Warburg effect, particularly 
as Warburg misinterpreted his own early observations 
and promoted the erroneous idea that damaged respira-
tion is the sine qua non that causes increased glucose fer-
mentation in cancers. The in vitro findings of Warburg 

Timeline | Significant events in Warburg’s life and relevant discoveries in cancer cell metabolism biochemistry

1860 1865 1869 1877 1883 1895 1901 1903 1905 1906 1911 1912 1914 1918 1922 1929

Pasteur 
discovers 
fermentation

Otto Warburg is 
born in Freiburg 
(8 October)

Meischer 
discovers DNA 
in cell nuclei

Warburg begins 
studying chemistry 
in Freiburg

Warburg begins 
studying medicine 
in Berlin

Warburg  becomes 
Doctor of Medicine

Warburg 
volunteers for 
military service

Warburg is appointed 
Assoc. Prof. of 
Physiology in Berlin

Mendel publishes 
theory of genetics

Bernard observes 
conversion of 
glucose to lactic acid

Warburg  family 
relocates to Berlin

Warburg  
completes his 
Ph.D. dissertation

Warburg tranfers to 
Berlin and joins 
Emil Fischer’s group

Warburg begins 
Habilitation in 
physiology

Warburg is 
wounded and 
resumes research

ATP is 
discovered

Compiled from information in REFS 1, 9–11. Red boxes refer to events in Warburg’s life; black boxes refer to milestones in cancer metabolism research.
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Oxidative phosphorylation
(OXPHOS). A metabolic 
process that occurs in 
mitochondria. It produces 
energy in the form of ATP from 
ADP and inorganic phosphate, 
and is driven by a proton 
gradient generated by the 
reactions of the citric acid cycle.

and co-workers20 show that, in the time required for 
cancer tissue under normoxic conditions to completely 
metabolize one molecule of glucose to yield 36 molecules 
of ATP, ten more glucose molecules (FIG. 3) are converted 
to 20 molecules of lactic acid to yield, at one ATP per lac-
tic acid, an additional 20 molecules of ATP. Under anoxic 
conditions, cancer cells convert 13 glucose molecules to 
26 lactic acid and 26 ATP; thus, in the time it takes a nor-
mal cell to produce 36 ATP from one glucose, the aerobic 
cancer cell produces 56 ATP from 11 glucose, whereas 
the anoxic cancer cell generates 26 ATP from 13 glu-
cose36. When Warburg and co-workers determined lactic 
acid levels, they found that the tumour removes 70 mg 
glucose and releases 46 mg of lactic acid per 100 ml of 
blood29,30, which, by our reckoning, corresponds to 10% 
more ATP produced by cancer cells than by normal cells. 
Recent in vitro data on glucose uptake and lactic acid 
release by human glioblastoma LN18 cells show a similar 
13% increase in ATP production37.

In 1956, Warburg reiterated “the respiration of all 
cancer cells is damaged”7, even though findings from 
his own laboratory18 and those of others24,26 indicated 
otherwise. In the second collection of his work pub-
lished in 1962 (REF. 35), Warburg attempted to clarify and 
modulate his classifications of cancer cells as well as to 
justify the conclusions he had drawn from his own work, 
admitting that the description based on insufficient 
respiration had led to “unfruchtbaren Kontroversen” 
(“fruitless controversy”). Today, we understand that the 
relative increase in glycolysis exhibited by cancer cells 
under aerobic conditions was mistakenly interpreted as 
evidence for damage to respiration instead of damage to 
the regulation of glycolysis.

Mitochondrial defects and the Warburg effect
Over the past two decades, the discoveries of oncogenes 
and tumour suppressor genes have created a paradigm 
in which cell-autonomous genetic alterations were per-
ceived as the sole driving force for neoplastic transfor-
mation38,39 and oncogenic alterations of cell metabolism 
were considered as epiphenomena. However, with the 
discoveries of oncogenic mutations in mitochondrial 
metabolic enzymes, such as fumarate hydratase (FH), 

succinate dehydrogenase (SDH) and isocitrate dehydro-
genase 2 (IDH2), it is now untenable to deny the role of 
metabolism in tumorigenesis40,41.

Warburg reasoned that respiration must be damaged 
in cancers because high levels of O2 are unable to sup-
press the production of lactic acid by cancer cells42. So, 
are mitochondrial defects sufficient and necessary for 
tumorigenesis? Although the observations of Chance 
and Weinhouse24–26 negated Warburg’s contention of 
mitochondrial defects in cancers, many studies over 
the past several decades have documented oncogenic 
nuclear and mitochondrial DNA mutations in proteins 
involved in respiration.

The metabolic profiles of chromaffin tissues, from 
which paragangliomas and phaeochromocytomas arise, 
must somehow be amenable to tumorigenesis by muta-
tions in these tumour suppressor oxidative phosphorylation 
(OXPHOS) proteins. Mutations linked to hereditary 
paragangliomas and phaeochromocytomas in nuclear 
genes that affect mitochondrial respiration have been 
found in all four subunits (SDHA, SDHB, SDHC and 
SDHD) of the SDH complex41. Mutations in SDH5, 
which is involved in the assembly of SDHD into the 
complex, were also recently documented in hereditary 
paragangliomas43 — rare tumours that are not associated 
clinically with more commonly occurring cancers. This 
suggests that these germline mutations are insufficient 
to promote commonly occurring epithelial cancers. 
Intriguingly, mutations of FH, which is involved in the 
citric acid cycle downstream of SDH, result in familial 
leiomyoma, renal cell carcinoma (RCC) and uterine 
fibroids. Mutations of SDH and FH promote increased 
levels of succinate and fumarate, which inhibit prolyl 
hydroxylases that are responsible for the O2-dependent 
modification of hypoxia inducible factor 1α (HIF1α) 
and its degradation. Therefore, even in the presence of 
normal levels of O2, these mutations are thought to con-
stitutively increase production of HIF1α to levels that 
trigger tumorigenesis44. In this regard, prolyl hydroxy-
lases (particularly PHD2) confer the Pasteur effect by 
mediating the degradation of HIF1α in the presence 
of O2 (REFS 45,46). Specifically, HIF1, a heterodimer 
comprising HIF1α and HIF1β (also known as ARNT), 

Timeline | Significant events in Warburg’s life and relevant discoveries in cancer cell metabolism biochemistry

1931 1937 1940 1943 1944 1945 1950 1953 1961 1963 1965 1970 1984 1989

Warburg establishes the 
Kaiser Wilhelm Institute 
(KWI) for Cell Physiology 
in Berlin-Dahlem

Glycolysis 
pathway is 
formulated

Krebs discovers 
the citric acid cycle

The KWI is 
evacuated to 
Liebenberg

DNA 
established 
as genetic 
material

The KWI 
reopens in 
Berlin-Dahlem

Jacob and Monod 
propose the 
operon model of 
gene control

Watson and 
Crick deduce 
the double helix 
structure of DNA

Genetic 
code 
elucidated

First tumour 
suppressor gene 
described

The KWI in Berlin-Dahlem 
is occupied by the 
American army

The KWI for Cell 
Physiology becomes a 
Max Planck Institute

Warburg receives 
‘Honoured Citizen’ 
of Berlin award

First 
oncogene 
identified

Warburg dies 
at 87 in Berlin 
(1 August)

Glycolytic enzymes 
identified as targets 
of oncogene products

Warburg  is awarded the Nobel 
Prize in Physiology or Medicine
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Heteroplasmy
The situation in which the many 
hundreds of mitochondria 
within a single eukaryotic cell 
are a mixture of those that 
contain mutant mitochondrial 
DNA (mtDNA) and normal 
mtDNA. Heteroplasmy has a 
role in the severity of 
mitochondrial diseases.

Homoplasmy
The situation in which a 
mutation in mitochondrial DNA 
is present in all of the 
mitochondria within a single 
eukaryotic cell.

activates genes that are involved in glycolysis, such as 
lactate dehydrogenase A (LDHA), the product of which 
contributes to a crucial component of the Warburg effect: 
the conversion of pyruvate to lactate47,48. Circumstances 
that increase the levels of HIF1 in non-hypoxic condi-
tions would thus inhibit the Pasteur effect and induce the 
Warburg effect in cancer cells.

In addition to the familial cancer syndromes asso-
ciated with OXPHOS mutations, somatic mutations of 
IDH1 (which is cytosolic) and IDH2 (which is mito-
chondrial) have been found in 80% of low-grade gliomas 
and 30% of karyotypically normal acute myelogenous 
leukaemias40,49,50. Mutations affecting the catalytic sites 
of IDH1 and IDH2 are thought to be functionally equiv-
alent and were initially thought to cause loss of func-
tion that led to diminished conversion of isocitrate to 
α-ketoglutarate, a metabolic intermediate that is required 
for the degradation of HIF1α or HIF2α (also known as 
EPAS1)51. However, the stabilization of HIF1α by mutant 
IDH1 or IDH2 has not been independently confirmed. 
Mutant IDH1 and IDH2 exhibit a neo-enzymatic activ-
ity: they convert α-ketoglutarate to 2-hydroxyglutarate 
(2-HG)52, which in turn alters the homeostasis of 
α-ketoglutarate and reduces its availability as a substrate 
for the enzymes that methylate DNA and histones. Thus, 
tumorigenesis is enhanced through the modification of 
the epigenome53,54.

Although it appears that OXPHOS mutations con-
tribute to tumorigenesis through a simple disruption of 
glucose metabolism through the alteration of metabolic 
homeostasis — which in turn affects processes such 
as HIF1 stabilization and epigenetic regulation — the 
mechanism is far more complex than this. It is notable, 
however, that mutations in OXPHOS genes affect a lim-
ited range of cancer types. As such, to fully appreciate 

this range of cancer gene mutations, we need to better 
understand the normal genomic and metabolic profiles 
of the cancer cells of origin.

Somatic mutations in mitochondrial DNA (mtDNA) 
are found in many human cancers. However, a recent 
study of mtDNA heteroplasmy demonstrated differ-
ences between cancer tissues and normal tissues in het-
eroplasmic mutations in mtDNA: of the heteroplasmic 
mutations that frequently arise in normal tissues during 
embryogenesis, only 33% are in the protein-coding or 
RNA-coding regions, whereas 85% of heteroplasmic 
mutations are in these regions in cancer cells55. These 
observations suggest that endogenous mutagenic events 
occur normally and that somatic mutations of mtDNA 
in cancers are enriched, perhaps because they confer 
selective advantage for survival and growth.

Although the prevalence of mtDNA mutations 
suggests a functional advantage to cancer cells, these 
mtDNA alterations might be simple bystander muta-
tions. Do mtDNA mutations provide a survival and 
growth advantage to cancer cells? A compelling study 
by Wallace and co-workers56 documented that 11% of 
prostate cancers harbour a mitochondrially encoded 
cytochrome c oxidase 1 (COX1; also known as MT-COI) 
mtDNA mutation, whereas <2% of non-cancer con-
trols and 7.8% of the general population have a COX1 
mutation. Through the use of cybrid transfer, which 
generates cell fusions with heterologous nuclei and 
mitochondria, they documented that the mtDNA 
ATP6-T8993G mutation in PC3 prostate cancer cells 
confers a sevenfold increase in the size of the xenograft 
tumours, which produce levels of oxyradicals that are 
elevated relative to wild-type (ATP6-T8993T) cybrids. 
Similarly, a mitochondrially encoded NADH dehydro-
genase 2 (MT-ND2) mutation found in head and neck 
cancers has been reported to enhance the tumorigenicity 
of HeLa cells57, which also produce elevated levels of 
oxyradicals and lactic acid.

Intriguingly, the extent of mtDNA heteroplasmy ver-
sus homoplasmy appears to affect oxyradical formation 
and tumorigenicity. At heteroplasmic levels, a mutation 
in MT-ND5 is associated with increased generation of 
oxyradicals and tumorigenicity, whereas homoplasmic 
MT-ND5 mutations appear to exhibit decreased oxyradical 
formation and tumorigenicity58. Thus, a dosage effect of 
mtDNA mutations may determine the extent of redox 
stress and tumorigenicity. Furthermore, an MT-ND6 
mutation introduced by cybrid technology into a mouse 
tumour cell line is associated with overproduction of 
oxyradicals and tumour cell metastasis; pretreatment 
of the tumours with oxyradical scavengers suppressed 
metastasis, suggesting that alterations of redox balance 
by mtDNA mutations correlate with tumorigenicity and 
metastasis potential59. These observations might lead us 
to conclude that normal ambient levels of oxyradicals 
can cause mtDNA mutations, which in turn could inter-
fere with efficient respiration, lead to increased levels of 
oxyradicals that would contribute to genomic instability 
and provide a selective advantage to the cancer cells to 
progress, apparently independently of a direct effect on 
glucose metabolism.

Figure 2 | Grant proposal. Facsimile of a research proposal submitted by Otto Warburg 
to the Notgemeinschaft der Deutschen Wissenschaft (Emergency Association of German 
Science), probably in 1921. The application, which consisted of a single sentence,  
“I require 10,000 marks”, was funded in full. This is a reconstruction based on a detailed 
description from H. Krebs1.
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Anaerobic glycolysis
The enzymatic transformation 
of glucose to pyruvate in the 
absence of O2; see ‘glycolysis’.

Deregulated glycolysis and the Warburg effect
The Warburg effect (aerobic glycolysis) could arise from 
mtDNA mutations and defective respiration; however, as 
discussed, aerobic glycolysis can occur concurrently with 
mitochondrial respiration. Hence, if the Warburg effect is 
evident in cancers with ongoing respiration, what are the 
mechanisms underlying enhanced conversion of glucose 
to lactic acid even in the presence of adequate O2?

All major tumour suppressors and oncogenes have 
intimate connections with metabolic pathways60–64 

(FIG. 4). Some of the earliest evidence for links between 
oncogenes and aerobic glycolysis is the stimulation of 
glucose uptake by activated RAS and the ability of SRC 
to phosphorylate a number of glycolytic enzymes in 
fibroblasts65,66. SRC was later implicated in the activation 
of HIF1α, which induces glycolysis, but this link appears 
to be dependent on cell type67,68. The first documented 
direct mechanistic link between an activated oncogene 

and altered glucose metabolism was the transcriptional 
activation of LDHA by the oncogenic transcription factor 
MYC (FIG. 5a), which later proved to activate most gly-
colytic enzyme genes as well as glucose transporters69–71. 
Pyruvate kinase M2 (PKM2), which converts phospho-
enolpyruvate to pyruvate, favours aerobic glycolysis in 
cellular transformation compared with PKM1, which 
is encoded by alternative splicing of the PK mRNA72,73. 
MYC induces the splicing factors that produce PKM2, 
further underscoring the role of MYC in aerobic glyco-
lysis74. MYC and HIF1 share many target glycolytic 
enzyme genes; however, whereas the normal role of 
HIF1 is to induce anaerobic glycolysis, MYC can stimulate 
aerobic glycolysis, as shown when it is overexpressed 
in vivo in transgenic cardiomyocytes70,75.

The AKT oncogenes, which are frequently acti-
vated downstream of PI3K, enhance glycolysis through  
activation of hexokinase 2 and phosphofructokinase 1 

Figure 3 | The reaction vessel for tissue slices developed by Otto Warburg and representative data. a | The 
reaction vessel used by Warburg and co-workers14 to measure O

2
 uptake or lactic acid production consisted of a 

chambered trough in which a tissue slice (S), cut with a razor blade, was mounted on a glass needle (N, fixed to the bottom 
of the main chamber) and submerged in 0.5 ml Ringer solution. The vessel was closed with a paraffin-coated ground glass 
joint (H) attached to tubing that connects to a Barcroft manometer. The solid glass bulb (G) served as a handle to facilitate 
fitting the glass joint, and additions to the reaction trough were made through port T (sealed with a glass stopper during 
measurements). For measurements of O

2
 uptake (which registered as pressure decreases over time), 0.1 ml of 5% 

potassium hydroxide solution was added to chamber E to absorb CO
2
. Lactic acid production was measured as pressure 

increases due to CO
2
 emission from the Ringer solution, which, for these experiments, contained 24 mM NaHCO

3
 (REF. 14). 

O
2
 uptake and/or CO

2
 release were measured at 37.5 °C for 0.5–1 hour. Warburg18 calculated that, to avoid anaerobiosis in 

the centre, the tissue thickness must be smaller than √8c
o
DA−1, where c

o
 is pO

2
, D is the diffusion coefficient of O

2
 

(1.4 × 10−5 cm3 O
2
 per cm2 tissue at 38 °C129) and A is the O

2
 consumption of the tissue; this corresponds to a tissue sample 

0.2–0.4 mm in thickness and 2–5 mg in weight. b | Results obtained using the apparatus in a from experiments with 
Flexner–Jobling rat carcinoma tissue at 37.5 °C, 0.2% glucose20, at pH 7.41 (not 7.66 as indicated130), in which the respiration 
(per mg of dried tissue) was 7.2 mm3 O

2
 per hour (0.28 μmol per hour). The volume of CO

2
 driven out of the Ringer solution 

by lactic acid during respiration in the presence of O
2
 was 25 mm3 per hour (0.93 μmol per hour), and in the presence of N

2
 

the volume was 31 mm3 per hour (1.22 μmol per hour) (values in parentheses calculated for this Review). The uptake of 
0.28 μmol O

2
 per hour implies that 0.047 μmol glucose is oxidized to H

2
O and CO

2
 (see equation 1 (respiration)). The CO

2
 

produced during the aerobic and anaerobic experiments corresponds to 0.93 μmol and 1.22 μmol lactic acid (see equation 
2 (glycolysis)), respectively, or 0.46 and 0.61 μmol glucose, respectively. Thus, in tumour cells in the presence of O

2
, ten 

times more glucose is used for glycolysis than for respiration. Image is reproduced, with permission, from REF. 15 © (1926) 
Springer Science+Business Media.
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(PFK1; also known as PFKM) and PFK2 (also known 
as PFKFB3) and recruitment of glucose transporters to 
the cell surface37,76,77 (FIG. 5a). Although AKT functions 
independently of HIF1 to induce aerobic glycolysis78,79, 
it can also increase the activity of HIF1, further 
enhancing induction of glycolysis80. Ectopic expression 
of AKT or MYC induces aerobic glycolysis in FL5.12 
pre-B cells but, unlike MYC, AKT does not increase 
mitochondrial function81. Intriguingly, aerobic gly-
colysis in early passage human breast cancer cells is 
associated with elevated HIF1 or MYC but not acti-
vated AKT82. Hence, it is likely that the cellular context 
and the range of cancer-specific mutations are impor-
tant for the metabolic manifestations of activated  
oncogenes such as AKT.

Activated RAS was initially linked to increased cel-
lular glucose transport, but recent studies indicate that 
the role of RAS in cancer metabolism is more complex. 
It was recently reported that depriving colon carci-
noma cells of glucose increases the mutation rate of 
RAS, which, thus activated, facilitates glucose import 
through induction of GLUT1 (also known as SLC2A1), 
an important glucose transporter83. In a multistep, 
multigene transformation of human breast epithelial 
cells, it was documented that the initial transforma-
tion of normal epithelial cells by viral oncogenes and 
telo merase reverse transcriptase is associated with 

increased mitochondrial function; with activated KRAS 
as the final reaction step in this model, the transformed 
cells exhibit the Warburg effect through high conver-
sion of glucose to lactate84. It is notable that activated 
RAS has been proposed to induce MYC activity and 
enhance non-hypoxic levels of HIF1, although the pre-
cise mechanisms remain to be established85,86. Hence, 
RAS could mediate its effects on metabolism through 
HIF1 or MYC (FIG. 5a).

Because HIF1 appears at the crossroads of multiple 
oncogenes that can stabilize HIF1 under non-hypoxic 
conditions, it is not surprising that HIF1 also has a piv-
otal role in the manifestations of tumour suppressors 
(FIG. 5a). For example, the von Hippel-Lindau (VHL) 
tumour suppressor protein, which normally mediates 
proteasomal degradation of HIF1α, is lost in RCCs, 
which results in elevated non-hypoxic expression of 
HIF1α and HIF2α87. In RCCs, MYC appears to col-
laborate with activated HIF2α to confer tumori genicity, 
whereas HIF1α appears to be expressed in RCCs only 
when HIF2α is expressed, suggesting a potential tumour 
suppressive function of HIF1. Other tumour suppres-
sor genes and proteins have also been implicated as 
modulators of HIF1α, and thereby might contribute to 
the Warburg effect; for example, HIF1-mediated gene 
expression is facilitated by loss of the PTEN tumour sup-
pressor gene88. The association of the tumour suppressor 

Figure 4 | The regulation of metabolism in cancer. Oncoproteins and tumour suppressors (shown in red) are intimately 
linked to metabolic pathways through transcriptional or post-transcriptional regulation of metabolic enzymes; arrows in 
bold depict the conversion of wild-type to mutant (Δ) tumour suppressors or mutant activated oncogenes, presumably by 
mutational oxidative DNA damage. ASCT2, ASC-like Na+-dependent neutral amino acid transporter 2 (also known as ATB(0) 
and SLC1A5); FH, fumarate hydratase; GLS, glutaminase; GS, glutamine synthetase; GLUT, glucose transporter; GSH, 
glutathione; HIF1, hypoxia-inducible factor 1; HK2, hexokinase 2; IDH, isocitrate dehydrogenase; LDHA, lactate 
dehydrogenase A; NF-κB, nuclear factor-κB; OXPHOS, oxidative phosphorylation; PDK1, pyruvate dehydrogenase kinase 
isoform 1; PGAM2, phosphoglycerate mutase 2; PGC1β, peroxisome proliferator-activated receptor-γ, co-activator 1β; 
PKM2, pyruvate kinase M2; SDH, succinate dehydrogenase; TIGAR, tumour protein 53-induced glycolysis and apoptosis 
regulator; VHL, von Hippel-Lindau tumour suppressor.
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protein p53 with HIF1α inhibits HIF1-stimulated 
transcription89; however, controversies regarding the 
link between HIF1α and p53 have not been resolved90. 
Mutations in SDH and FH also stabilize HIF1α in familial 
syndromes associated with leiomyoma, paragangli-
oma and phaeochromocytoma91. Hence, constitutively 

stabilized HIFs contribute to the Warburg effect and 
tumorigenesis downstream of bona fide oncogenes  
and tumour suppressors.

Although the p53 tumour suppressor has been 
regarded as the ‘guardian of the genome’, its function 
extends to regulation of cell metabolism92,93 through 

Figure 5 | The effects on glucose and glutamine metabolism. a | The effects of oncoproteins and tumour 
suppressors (shown in red) on glucose metabolism: MYC, hypoxia-inducible factor 1 (HIF1) and p53 affect gene 
expression, whereas AKT alters glycolytic proteins post-translationally. b | Effects of oncoproteins and tumour 
suppressors on glutamine metabolism. MYC and Rho-GTPase stimulate glutaminase (GLS), whereas p53 stimulates 
GLS2 expression; mutant (Δ) β-catenin stimulates glutamine synthetase (GS). ASCT2, ASC-like Na+-dependent neutral 
amino acid transporter 2 (also known as ATB(0) and SLC1A5); FH, fumarate hydratase; GLUT, glucose transporter;  
GSH, glutathione; HK2, hexokinase 2; IDH, isocitrate dehydrogenase; LDHA, lactate dehydrogenase A;  
NF-κB, nuclear factor-κB; OXPHOS, oxidative phosphorylation; PDK1, pyruvate dehydrogenase kinase isoform 1;  
PGAM2, phosphoglycerate mutase 2; PGC1β, peroxisome proliferator-activated receptor-γ, co-activator 1β;  
PKM2, pyruvate kinase M2; SDH, succinate dehydrogenase; TIGAR, tumour protein 53-induced glycolysis and 
apoptosis regulator; VHL, von Hippel-Lindau tumour suppressor.
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transcriptional regulation, whereby wild-type p53 stim-
ulates mitochondrial respiration and suppresses glyco-
lysis (FIG. 5a). Activation of SCO2 (which regulates the 
cytochrome c oxidase complex) by p53 increases the effi-
ciency of mitochondrial respiration94. Conversely, p53 
suppression of phosphoglycerate mutase 2 (PGAM2)  
and activation of tumour protein 53-induced glycolysis and 
apoptosis regulator (TIGAR), which has 2,6-fructose 
bisphosphatase activity and depletes PFK1 of a potent 
positive allosteric ligand, suppresses glycolysis and 
favours increased NADPH production by the pen-
tose phosphate pathway91,95. Hence, loss of p53 func-
tion induces aerobic glycolysis, presumably through 
increased PGAM and PFK activities.

Cancer metabolism unanticipated by Warburg
Although oncogenic alteration of metabolism generally 
involves the Warburg effect, the enhanced flux of glucose 
to lactate is insufficient to promote cell replication61. Cells 
are largely comprised of protein and ribonucleic acid, 
and so are too complex to be supported by a simple glu-
cose carbon skeleton; hence, other metabolic pathways 
must also be stimulated to provide the building blocks 
for cell replication. Although previously implicated in 
the literature96–98, the contribution of glutamine to ana-
bolic carbons and building blocks of a growing cell has 
been rediscovered and only recently fully appreciated. In 
fact, citric acid cycle intermediates in proliferating cells 
are hybrid molecules of glucose and glutamine carbons, 
with glutamine entering the citric acid cycle through 
conversion to glutamate by glutaminase (GLS) and then 
to α-ketoglutarate by either glutamate dehydrogenase 
or aminotransferases99. Furthermore, proliferating cells 
generate waste and toxic by-products, the removal of 
which is necessary for cancer cells to maintain redox 
homeostasis and continue replicating effectively84.

MYC has been documented to induce genes involved 
in mitochondrial biogenesis and glutamine metabolism70, 
specifically those for expression of glutamine transporters 
and GLS, resulting in increased flux of glutamine carbons 
through the citric acid cycle100,101 (FIG. 5b). Thus, over-
expression of MYC in cancer cells renders them sensitive 
to glutamine withdrawal102. The ability of MYC to induce 
both aerobic glycolysis and glutamine oxidation provides 
cancer cells with ATP, carbon skeletons and nitrogen 
for nucleic acid synthesis, and hence with the ability to 
accumulate biomass. Activated Rho-GTPase-mediated 
transformation is dependent on increased GLS activ-
ity, which appears to be modulated by activated nuclear 
factor-κB (NF-κB); chemical inhibition of GLS dimin-
ishes transformation by both Rho-GTPase and MYC, 
showing that key metabolic nodal points can be affected 
by different oncogenes103 (FIG. 5b). Activated RAS was 
also recently shown to rely on mitochondrial func-
tion for cellular transformation, particularly through 
increased glutamine metabolism, which suggests that 
the multifaceted roles of oncogenes in metabolism are 
context dependent104.

The mutant β-catenin (CTNNB1) oncogene increases 
glutamine synthetase (GS) expression in liver cancers105 
(FIG. 5b); GS produces glutamine from glutamate and 

ammonia, hence its expression renders cancer cells 
independent of extracellular glutamine, although GS 
appears to be decreased overall in hepatocellular carci-
noma (HCC), whereas GLS is elevated106,107. The HCC 
subtype with GS expression portends a more favour-
able clinical outcome108. These collective observa-
tions suggest that GS expression in some liver cancers 
reflects the expression of GS that is required in normal 
liver cells for ammonia detoxification and glutamine 
production109.

GLS2 is transactivated by p53 and is normally expressed 
in the liver110–112 (FIG. 5b). By contrast, GLS is ubiquitously 
inducible. The increased conversion of glutamine to gluta-
mate by GLS2 is thought to increase the production of glu-
tathione, which in turn attenuates metabolic by-products 
such as hydrogen peroxide. Hence, beyond the Warburg 
effect, p53 plays a key part in redox homeostasis through 
stimulation of NADPH synthesis by the pentose phos-
phate pathway and stimulation of glutathione synthesis 
through increased GLS2 expression.

Other alterations favouring oncogenesis include 
receptor tyrosine kinase activation, such as ERBB2 
(also known as HER2) amplification in breast cancer; 
ERBB2 can suppress apoptosis resulting from cell 
detachment from other cells or the substratum 
(anoikis) in mammary spheroid cultures, in which cen-
tral mammary epithelial cells that are detached from 
surrounding cells have diminished glucose uptake and 
undergo apoptosis113. It was observed that anoikis is 
associated with increased oxidative stress that inhibits 
fatty acid oxidation, resulting in a bioenergetic death 
that can be rescued by expression of ERBB2, which 
stimulates glucose uptake, NADPH production by the 
pentose phosphate pathway and fatty acid oxidation, 
and this consequently diminishes oxidative stress. The 
role of fatty acids as bioenergetic substrates for cancer 
is not well understood and deserves more attention.

Perspectives
Although normal cells experience the enhanced aerobic 
glycolysis of the Warburg effect114,115, there is one dis-
tinct metabolic difference between normal and cancer 
cells that renders cancer cells ‘addicted’ to the Warburg 
effect. Normal cells, by virtue of multiple feedback and 
feedforward regulatory loops, undergo quiescence when 
deprived of nutrients even in the presence of growth 
factors. By contrast, oncogenic stimulation of cell 
growth and proliferation induces both biomass accu-
mulation (such as increased ribosome biogenesis and 
lipogenesis) and nutrient uptake. When bioenergetic 
demand is balanced by anabolic supply, cancer cells 
grow and proliferate. However, oncogenic deregulation 
of biomass accumulation for cell proliferation creates an 
increased, sustained bioenergetic demand that addicts 
cancer cells to an adequate anabolic supply. In this 
regard, the Warburg effect, in addition to contributing 
to enhanced lactic acid production, serves to provide 
anabolic carbons for fatty acid synthesis60. For exam-
ple, MYC-induced ribosome biogenesis and biomass 
accumulation sensitizes MYC-transformed cells to bio-
energetic cell death triggered by glucose or glutamine 
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deprivation, much like yeast mutants that have constitu-
tively deregulated ribosome biogenesis102,116,117. This piv-
otal conceptual framework of bioenergetic supply and 
demand suggests that cancer cells are addicted to the 
Warburg effect, and nutrient deprivation should trigger 
an autophagic response, which, if unsustainable, would 
result in cancer cell death118. Hence, targeting metabo-
lism for cancer therapy holds promise for new classes 
of anti-neoplastic drugs119,120.

The microenvironmental niches in which cancer cells 
live are heterogeneous because of ineffective tumour 
vascularization121; as such, the genomic and metabolic 
networks of cancer cells are disrupted not only by cell-
autonomous genetic mutations but also by hypoxia122. 
Indeed, it was demonstrated recently that hypoxic 
tumour cells extrude lactate, which is subsequently recy-
cled to pyruvate for use in mitochondrial OXPHOS by 
respiring stromal or tumour cells32,121,123,124.

The concepts for cancer cell metabolism framed by 
Warburg 90 years ago have undergone substantial revi-
sion. Taken together, the progress made in the twenty-

first century towards understanding the Warburg 
effect reveals that genetic alterations of oncogenes 
and tumour suppressors tend to increase the conver-
sion of glucose to lactate, but glucose is insufficient 
for cancer cell growth and proliferation. Furthermore, 
accelerated cancer cell metabolism also produces more 
waste, such as lactate, superoxide and hydrogen per-
oxide, for extrusion or neutralization125,126. However, 
the addiction of cancer cells to the Warburg effect 
for biomass accumulation can be exploited by thera-
peutic approaches that uncouple bioenergetic supply 
from demand or inhibit elimination of metabolic waste 
products. The Warburg effect itself involves high lev-
els of aerobic glycolysis catalysed by pivotal enzymes 
that are therapeutically accessible to small drug-like 
inhibitors that could be aimed at primary and meta-
static tumours and monitored in patients by means of 
metabolic imaging. As such, we are poised to witness 
the clinical benefits of Warburg’s contributions in the 
next 5 to 10 years, almost 100 years after his initial 
observations103,127,128.
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A role for NOTCH1 in human cancer was originally 
suggested owing to a chromosomal translocation that 
was found in a patient with T cell acute lympho blastic 
leukaemia (T-ALL)1. Although this translocation is 
rare in patients with T-ALL, it was later discovered that 
most T-ALL cases harbour activating mutations in the 
NOTCH1 locus2 (BOX 1). These mutations generally result 
in ligand-independent proteolytic cleavage of NOTCH1 
(REF. 3) and increased stability of the active Notch intra-
cellular domain (NICD), the net result being the consti-
tutive activation of the Notch pathway and the neoplastic 
transformation of T cells.

Although a causative role for Notch signalling is 
well established in T-ALL, a uniform model for the 
role of Notch signalling in tumorigenesis remains 
elusive. Despite the wealth of data suggesting a role 
for Notch in solid tumours, there is little evidence to 
support a causative role for Notch in the initiation of 
tumorigenesis in human solid cancers. Indeed, unlike  
in T-ALL, there is little evidence for genetic alterations in 
Notch genes in solid tumours. But in many solid 
tumours, including cancers of the breast, colon, pan-
creas, prostate and central nervous system, Notch sig-
nalling seems to be crucial (TABLE 1; see Supplementary  
information S1 (table)). Interestingly, Notch signalling 
also seems to have a contradictory tumour suppressor 
role in mouse keratinocytes, pancreatic and hepatocel-
lular carcinoma, and small-cell lung cancer (reviewed 
in REF. 4). Taken together, these observations indicate 
that Notch is exerting its effects in solid tumours owing 
to the aberrant activation of the pathway. Moreover, 

the cellular interpretation and outcome of this aberrant 
Notch activity is highly dependent on contextual cues 
such as interactions with the tumour microenvironment 
and crosstalk with other signalling pathways.

What accounts for the lack of observed mutations in 
Notch genes in solid tumours? Insight can be derived 
from the T-ALL paradigm. During early T cell devel-
opment, mutations in NOTCH1 that result in constitu-
tive activation can provide a cell survival advantage by 
bypassing the usual requirement for cell-to-cell engage-
ment and so activating Notch signalling in order to evade 
negative selection. This provides a basis for the hypoth-
esis that a cell in an epithelium cannot escape cell-to-cell 
contact, and so a wealth of opportunity exists for ligand- 
dependent activation of Notch signalling, making activating 
mutations of Notch genes less important. Therefore, in 
solid tumours the issue could be less one of ‘constitu-
tive’ activation and more one of ‘inappropriate’ activa-
tion of Notch. Moreover, evidence that has been derived 
from studies of pancreatic cancer suggests that Notch 
signalling during the initial stages of tumorigenesis can 
prevent tumour formation, in contrast to later stages 
of tumour development, in which Notch activation is 
required5,6. This suggests the importance of the temporal 
and spatial context of Notch activity. Inappropriate 
activation of Notch signalling in tumorigenesis can be 
initiated in different ways, such as through the loss of  
a negative regulator or the deregulated expression  
of the Notch receptor and ligands, as has been reported 
in several solid tumours, including prostate tumours7, 
pancreatic tumours8, glioblastoma9 and breast tumours10.  
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Negative selection
The intrathymic elimination of 
CD4+CD8+ thymocytes that 
express T cell receptors with 
high affinity for self antigens.

Notch signalling in solid tumours:  
a little bit of everything but not  
all the time
Prathibha Ranganathan, Kelly L. Weaver and Anthony J. Capobianco

Abstract | The discovery of Notch in Drosophila melanogaster nearly a century ago opened 
the door to an ever-widening understanding of cellular processes that are controlled or 
influenced by Notch signalling. As would be expected with such a pleiotropic pathway, the 
deregulation of Notch signalling leads to several pathological conditions, including cancer.  
A role for Notch is well established in haematological malignancies, and more recent studies 
have provided evidence for the importance of Notch activity in solid tumours. As it is thought 
to act as an oncogene in some cancers but as a tumour suppressor in others, the role of Notch 
in solid tumours seems to be highly context dependent.
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Type I transmembrane 
receptors
Proteins that span the plasma 
membrane once, with the 
carboxy-terminal end extending 
into the cytoplasm.

In the following sections, we discuss how the inappro-
priate activation of Notch facilitates malignant transfor-
mation and the progression of solid tumours, and how 
active Notch signalling can render cancer cells resistant 
to drug and radiation therapy.

Notch signalling
The mammalian Notch receptor family consists of four 
type I transmembrane receptors (termed NOTCH1–4), all 
of which have been implicated in human cancer. Notch 
proteins are synthesized as precursor forms that are 
cleaved by furin-like convertase (S1 cleavage) to generate 
the mature receptor, which is composed of two subunits. 
One of these subunits consists of the major portion of 
the extracellular domain (ECD), and the other subunit 
is composed of the remainder of the ECD, the trans-
membrane domain and the intracellular domain (ICD). 
These two subunits are held together by non-covalent 
interactions. The ECDs of Notch proteins are comprised 
of epidermal growth factor (EGF)-like repeats that have 
a role in ligand–receptor interactions. Carboxy-terminal 
to the EGF-like repeats are three cysteine-rich LIN12 
and Notch repeats (LNRs), which prevent ligand- 
independent signalling, and a C-terminal hydrophobic 
region that mediates the interaction between the ECDs 
and the transmembrane domains. The NICD, which is 
composed of conserved protein domains, such as the 
ankyrin repeats and the PEST domain, is the active 
form of the protein and mediates Notch signalling 
(reviewed in REFS 11,12) (FIG. 1).

Although not completely understood, a scheme for 
Notch signalling has been generally accepted (reviewed 
in REF. 13). Notch signalling is initiated by the engage-
ment of a Notch ligand to a Notch receptor, which is 
mediated by cell-to-cell contact. There are five known 
Notch ligands in mammals, jagged 1 (JAG1), JAG2, 
Delta-like 1 (DLL1), DLL3 and DLL4, which are col-
lectively referred to as DSL proteins. Like the Notch 

receptors, the DSL proteins are type I transmembrane 
proteins. On binding to the Notch receptor, the ligand 
induces a conformational change, exposing the S2 cleav-
age site in the ECD to the metalloproteinase tumour 
necrosis factor-α-converting enzyme (TACE; also 
known as ADAM17). Following S2 cleavage, Notch 
undergoes a third cleavage (S3 cleavage) that is medi-
ated by the presenilin–γ-secretase complex, which is 
composed of presenilin 1 (PSEN1), PSEN2, nicastrin 
(NCSTN), presenilin enhancer 2 (PEN2) and anterior 
pharynx-defective 1 (APH1). The S3 cleavage results 
in the release of the active NICD from the plasma 
membrane and its subsequent translocation into the 
nucleus14. It is the S3 cleavage that is targeted by  
the class of compounds known as γ-secretase inhibitors 
(GSIs). Therefore, treatment with GSIs blocks the ter-
minal cleavage and release from the plasma membrane, 
preventing Notch signalling. Once in the nucleus, Notch 
concomitantly mediates the conversion of the CBF1–
Su(H)–LAG1 (CSL) repressor complex into a transcrip-
tional activation complex and the recruitment of the 
co-activator protein mastermind-like 1 (MAML1)15. 
Notch signalling is thought to exert its pleiotropic 
effects by initiating a transcriptional cascade that 
involves both the activation and the repression of target 
genes, including transcriptional regulation by epigenetic 
mechanisms (BOX 2). Although the details of such a tran-
scriptional cascade are not completely realized, several 
well-characterized target genes have been described. 
Among these genes are the basic-helix–loop–helix 
(bHLH) transcriptional repressors hairy enhancer of 
split (HES) family, the hairy-related transcription fac-
tor (HRT; also known as HEY) family, Notch receptors, 
Notch ligands, cyclin D1 (CCND1) and MYC. Notch 
transcriptional activity is terminated by phosphoryla-
tion of Notch on the C-terminal PEST domain, which 
targets it for ubiquitylation by ubiquitin ligases, such 
as FBXW7 (also known as SEL10), and subsequent 
degradation by the proteasome (reviewed in REF. 16) 
(FIG. 2a). In addition, Notch signalling can be regulated 
by post-translational modifications on Notch or DSL 
proteins. Some of these factors are also deregulated in 
cancer (BOX 3).

Although the primary role for the DSL ligands is to 
initiate Notch signalling by triggering the proteolytic 
cascade of Notch receptors and the release of the active 
NICD, Notch ligands can also have distinct Notch-
independent functions. Evidence suggests that DSL 
proteins can also undergo proteolytic cleavage, leading 
to the initiation of signalling events in the ligand-
expressing cell17–21 (FIG. 2b). The observation that ectopic 
expression of JAG1 can transform rat kidney epithelial 
(RKE) cells independently of Notch signalling, as well as 
the requirement for an intact PDZ-ligand motif in JAG1, 
prompted the hypothesis that the Notch–DSL pathway is 
in fact bidirectional22. In addition, it has been observed 
that Notch ligands undergo processing that is similar 
to Notch processing — and which uses the same pro-
teolytic machinery — and results in the release of the 
ICD17,18. The jagged ICD (JICD) has been shown to acti-
vate AP1-mediated transcription, which is antagonized 

 At a glance

•	A	causative	role	for	Notch	signalling	is	well	established	in	T	cell	acute	lymphoblastic	
leukaemias	(T-ALLs),	which	have	activating	mutations	in	the	Notch	genes	resulting	in	
a	constitutively	active	pathway.	By	contrast,	solid	tumours,	which	have	ample	
opportunity	to	activate	the	pathway,	exhibit	inappropriate	activation	by	multiple	
mechanisms,	such	as	overexpression	of	ligand	or	loss	of	negative	regulators	of	
the pathway.

•	The	role	of	Notch	signalling	in	solid	tumours	is	highly	dependent	on	the	spatial	and	
temporal	context	of	Notch	activation,	as	well	as	the	status	of	other	signalling	
pathways	in	the cells.

•	Notch	signalling	has	opposing	roles	in	tumorigenesis	depending	on	the	cell	type.	
Opposite	interactions	of	the	Notch	pathway	have	been	documented	with	the	WNT	
and	p53	pathways.	Although	synergy	with	WNT	and	antagonism	of	the	p53	pathway	
directs	the	oncogenic	role	of	Notch,	the	opposite	is	seen	in	the	tumour	
suppressor context.

•	Notch	signalling	has	a	major	role	in	the	maintenance	and	progression	of	tumours	by	
promoting	epithelial	to	mesenchymal	transition	(EMT)	and	angiogenesis.	It	also	
confers	resistance	to	radiation	and	chemotherapeutic agents.

•	The	knowledge	of	the	extensive	crosstalk	of	the	Notch	pathway	with	other	pathways	
such	as	the	epidermal	growth	factor	receptor	(EGFR)	pathway	could	prove	useful	in	
developing	combinatorial	cancer	therapies.
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by the NICD17. In many cultured cells, the ICD of the 
Delta-like ligand can induce growth arrest and senes-
cence through the induction of p21 expression, and 
this can be overcome by the NICD. Thus, independ-
ent effects of the Delta ICD (DICD) also seem likely23 

(FIG. 2b). Although Notch-independent DSL signalling 
events have been reported, the physiological relevance 
of such signalling and its role in tumorigenesis remain 
to be determined.

Role of Notch in tumorigenesis
Oncogene or tumour suppressor gene? The initial evi-
dence for the oncogenic role of Notch proteins in the 
transformation of epithelial cells came from mouse 
mammary tumour virus (MMTV)-mediated inser-
tional mutagenesis studies24,25. Retroviral activation of 
Int3 (now known as Notch4) by MMTV led to mam-
mary tumorigenesis in infected mice. Furthermore, 
NOTCH4 was able to transform immortalized mam-
mary epithelial cells in culture and drove mammary 
tumorigenesis in transgenic mice25,26. Similarly, it was 
shown that NOTCH1 and NOTCH2 could transform 
primary rodent epithelial cells in cooperation with 
adenoviral E1A27. More recent studies using models of 
T-ALL have demonstrated that Notch drives tumori-
genesis mostly by promoting cell cycle progression and 
inhibiting apoptosis (reviewed in REF. 28). Consistent 
with our understanding of Notch signalling, these effects 
are thought to be the result of the transcriptional regula-
tion of key components of the cell cycle and the tumour 
surveillance machinery. In contrast to these oncogenic 
activities, studies also suggest that Notch signalling has 
a tumour suppressor function in some cell types. This  
tumour suppressor activity is generally thought to be a 
result of crosstalk with other signalling pathways that 
govern decreased cell proliferation, increased apop-
tosis or the promotion of cellular differentiation. The 
following sections outline the various oncogenic and 
tumour suppressor roles of Notch in solid tumours  
(FIG. 3; see Supplementary information S1 (table)).

Cell cycle regulation. The first evidence that Notch 
signalling directly influences the cell cycle came from 
transformation studies on E1A immortalized RKE 
cells27,29. In these studies, Notch directly induced 
CCND1 expression and cyclin-dependent kinase 2 

(CDK2) activity. Further studies on mammary tum-
origenesis supported this work by showing that Notch 
promotes transformation by inducing CCND1 expres-
sion30. Increased levels of JAG1, which commonly occur 
in breast cancers, also promote cell cycle progression 
by inducing CCND1 through Notch signalling31. 
Interestingly, Notch overexpression failed to induce 
T-ALL in mice that were homozygous-null for Ccnd3, 
which is also a target of Notch32. Although this suggests 
an obligatory role for D-type cyclins in Notch-mediated 
transformation, Ccnd3 probably has a broader role in 
tumorigenesis. MYC, a potent driver of cell cycle entry, 
is a direct transcriptional target of Notch and contrib-
utes to cell cycle progression in T-ALL33,34, as well as in 
Notch-induced mouse mammary tumours35. NOTCH1 
and MYC probably control two transcriptional pro-
grammes that together regulate the growth of primary 
T-ALL cells35,36. Although the major mechanism by 
which Notch promotes cell cycle progression is through 
the induction of CCND1 and MYC, the inhibition of 
cyclin-dependent kinase inhibitors (CDKIs) also has 
an important role. Notch mediates the transcriptional 
repression of the CDKIs p27 and p57 through HES1 
in different cell types37–39. In T-ALL, Notch directs the 
transcription of the E3 ubiquitin ligase S phase kinase-
associated protein 2 (SKP2), which leads to decreased 
p27 protein levels and increased cell proliferation40.

Notch signalling can cooperate with other oncogenic 
signalling pathways. In breast epithelial cells, coopera-
tion between Notch and RAS has been shown to exert 
proliferative effects and cause malignant transforma-
tion41; however, the exact nature of this cooperation is 
not clear. In astrocytic gliomas, Notch signalling has an 
oncogenic effect owing to crosstalk with the EGF recep-
tor (EGFR) pathways and the subsequent activation of 
the PI3K–AKT pathway, KRAS, CCND1 and matrix 
metalloproteinase 9 (MMP9)42. Interaction between 
Notch and the JAK–signal transducer and activator 
of transcription (STAT) pathway also leads to a pro-
liferative response, which may initiate tumour growth.  
In developmental systems such as D. melanogaster, cross-
talk between Notch signalling and the JAK–STAT path-
way is responsible for maintaining the balance between 
intestinal stem cell self-renewal and differentiation43, and 
this mechanism may also be at work in malignant cells.

By contrast, the activation of EGFR signalling has 
been associated with the loss of Notch expression. 
Inhibition of γ-secretase can result in increased EGFR 
signalling and the subsequent proliferation of cells44. 
Active Notch signalling, coupled with the inhibition of 
multiple pathways that are mainly downstream of recep-
tor tyrosine kinases (RTKs)45–48, can decrease tumour cell 
proliferation45–49. In prostate cancer cells, which often 
have low levels of the tumour suppressor PTEN, ectopic 
activation of Notch inhibits proliferation concomitantly 
with an increase in the levels of PTEN, suggesting that 
PTEN is under the control of Notch50,51. However, it is 
not yet known how Notch regulates the expression of 
PTEN to inhibit tumour formation while also induc-
ing epithelial to mesenchymal transition (EMT) and 
cellular invasion52. In human and mouse epithelial cell 

 Box 1 | Genetic alterations that affect the activity of Notch

The	first	genetic	alteration	that	identified	a	role	for	Notch	in	T	cell	acute	lymphoblastic	
leukaemia	(T-ALL)	was	the	chromosomal	translocation	t(7;9)(q34;q34.3),	which	results	
in	the	constitutive	expression	of	the	intracellular	domain	of	NOTCH1,	leading	to	cell	
proliferation	and	the	formation	of	lymphoma1.	Another	translocation	affecting	Notch	
signalling	is	t(11;19)(q21;p13),	which	results	in	the	formation	of	a	fusion	gene	between	
mucoepidermoid	carcinoma	translocated	1	(MECT1)	and	mastermind-like	2	(MAML2),	
which	are	located	at	chromosomes	19p13	and	11q21,	respectively.	The	MECT1–MAML2	
fusion	protein	can	activate	Notch	target	genes	independently	of	ligand	stimulation150	
and	can	also	activate	cyclic	AMP	(cAMP)-responsive	genes	independently	of	any	
external	stimulus151.	This	chromosomal	abnormality	is	seen	in	mucoepidermoid	cancer	
in	the	salivary	gland150,	bronchopulmonary	mucoepidermoid	carcinoma151,	cervical	
mucoepidermoid	carcinoma152	and	clear	cell	hidradenoma	of	the	skin153.
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lines, Notch activity, together with transforming growth 
factor-β (TGFβ) signalling, can cause cell cycle arrest. 
TGFβ signalling leads to an induction in the expression 
levels of p21 and JAG1. The increased levels of JAG1 
activate Notch signalling, which sustains the levels of 
p21, resulting in cell cycle arrest53 (FIG. 3). However, the 
opposite relationship between Notch and TGFβ signal-
ling has been observed in breast and cervical cancer cells. 
Breast cancer cells that express the NOTCH4 ICD are 
resistant to TGFβ-mediated growth arrest, but treating 
these cells with GSIs can resensitize them54. In cervical 
cancer cells, NOTCH1 signalling confers resistance to 
the growth inhibitory effects of TGFβ55. These opposing 
actions of Notch and TGFβ crosstalk seem to be both cell 
type specific and Notch paralogue dependent.

It is likely that a complex combination of factors 
determines the pro-tumorigenic or antitumorigenic 
effects of Notch crosstalk, including multiple interac-
tions with the tumour microenvironment. For exam-
ple, Notch signalling has a tumour suppressor effect 
in skin epithelial cells. Loss of Notch1 in epidermal 
keratinocytes impairs skin barrier integrity and cre-
ates a wound-like niche that promotes tumorigenesis 
in a non-cell autonomous manner. Using a chimeric 
mouse model, it was demonstrated that in such a 
tumour-promoting microenvironment, expression of 
NOTCH1 in keratinocytes was insufficient to suppress 
this tumour-promoting effect, emphasizing the impor-
tance of crosstalk between this barrier-defective epider-
mis and its stroma56. It has also been demonstrated that 
loss of Notch signalling in the skin leads to improper 
epidermal differentiation and a defective skin barrier, 
resulting in inflammation and lymphoproliferative and 
myeloproliferative disorders57,58. This emphasizes that 
Notch signalling in the microenvironment can have a 
tumour suppressive effect.

Inhibition of apoptosis. Inhibition of apoptosis is an 
essential step in tumorigenesis. One of the key mecha-
nisms by which Notch inhibits apoptosis is through the 
negative regulation of p53 and PTEN. Contrary to  
the positive regulation of PTEN by Notch in prostate 
cancer cells, the inhibition of Notch by GSIs in T-ALL 
cells increases PTEN expression. This is probably due 
to the decreased expression of HES1, which is a negative 
regulator of PTEN59. Decreased PTEN activity results in 
the activation of PI3K–AKT signalling through mTOR, 
which leads to the phosphorylation of MDM2 and 
culminates in the inhibition of p53 (REF. 60). In breast  
epithelial cells, the expression of active Notch results in 
the activation of the PI3K–AKT pathway by an autocrine 
loop, and so prevents apoptosis61. However, the activa-
tion of PI3K–AKT pathway is not accompanied by the 
downregulation of PTEN, suggesting that the repression 
of PTEN by Notch (via HES1) is highly context depend-
ent61,62. Ectopic expression of NOTCH1 can also inhibit 
p53 activity by blocking its nuclear translocation or by 
preventing the serine phosphorylation that is necessary 
for p53 activation63. In T-ALL, Notch seems to disrupt 
the ARF–MDM2–p53 tumour surveillance pathway 
through the repression of ARF expression64, which 
results in decreased apoptosis. A similar mechanism in 
solid tumours has not yet been described.

By contrast, evidence suggests that Notch signalling 
can induce apoptosis by increasing p53 activity in some 
cell types (reviewed in REF. 49). In human keratinocyte 
tumours, studies have shown that NOTCH1 expres-
sion is under the direct transcriptional control of p53  
(REF. 45). In hepatocellular carcinoma, ectopic expres-
sion of NOTCH1 increases the sensitivity of cancer 
cells to p53-mediated apoptosis by reducing proteaso-
mal degradation of p53 by the AKT–MDM2 pathway. 
This in turn induces the expression of death receptor 5  

Table 1 | Multiple roles of Notch signalling in solid tumours*

Tumour type Oncogenic Tumour 
suppressor

Tumour 
progression

Tumour 
maintenance

Drug resistance

Breast • • • • •
Colorectal • • •
Prostate • •
Liver • • •
Pancreatic • • •
Glioblastoma • • • •
Cervical • • •
Oral SCC • •
Skin •
Head and neck •
Medulloblastoma • •
Melanoma • •
Lung • • •
SCC, squamous cell carcinoma. *An expanded version of this table with descriptions and a full reference list is provided as 
Supplementary information S1 (table) (see Further information). Ticks indicate that a role for Notch has been observed in the 
corresponding tumour, whereas blank cells indicate that a role for Notch has not been observed in the tumour.
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(DR5; also known as TNFRSF10B), resulting in cell 
death and the inhibition of tumour formation46. It is pos-
sible that p53 is activated merely as a cellular response to 
Notch-induced proliferation, which is analogous to the 
effect of other oncogenes such as mutant RAS or E1A.

There are also examples from studies on cervical can-
cer and Ewing’s sarcoma in which Notch activates p53 
(reviewed in REF. 49). In some human papilloma virus 
(HPV)-positive cervical cancer cell lines (such as HeLa), 
ectopic expression of the NICD results in the downregula-
tion of HPV E6 and E7 transcription by decreasing AP1 
activity, leading to the activation of p53, the inhibition of RB 
hyperphosphorylation and growth arrest47,48. Conversely, 
Notch inhibits apoptosis in cervical cancer cells through 
the activation of nuclear factor-κB (NF-κB)65,66. Studies in 
human and mouse T-ALL, and in other cell types, have 
shown that Notch induces the transcription of NF-κB 
pathway components, which may operate as a feedfor-
ward activation of NF-κB activity. A physical interaction 
between the NICD and the inhibitor of NF-κB kinase 
(IKK) complex has also been described, resulting in the 
activation of NF-κB (reviewed in REF. 67).

Reprogramming of differentiation. A balance between 
the proliferation of undifferentiated cells and their dif-
ferentiation into mature cell types is key to maintaining 
tissue homeostasis. Under normal conditions, the pro-
grammes that govern differentiation and proliferation 
are tightly regulated by many ‘cues’ in the cellular milieu. 
Signalling pathways, such as those triggered by growth 
factors, Notch, WNT and Hedgehog (HH), act together 
to coordinately regulate these events. Inappropriate acti-
vation of any of these pathways can result in deregulated 
proliferation and differentiation programmes that lead to 
tumorigenesis. Crosstalk between Notch signalling and 
WNT signalling has been shown to initiate tumorigenesis 
mainly by disrupting the balance between progenitor cell 
proliferation and differentiation, thus maintaining cells 
in an undifferentiated state68. The WNT pathway can 
be activated in a number of ways, including through the 
constitutive activation of β-catenin owing to mutations 
in adenomatous polyposis coli (APC) or AXIN69–72; the 
silencing of genes that express inhibitory WNT ligands73,74;  
the overexpression of WNT receptor or ligands75–78; and the 
activating mutations in low-density lipoprotein receptor-
related protein 5 (LRP5)79. For example, Apc-mutant mice 
develop multiple intestinal tumours owing to the consti-
tutive activation of β-catenin. Blocking Notch signalling 
in these mice by GSI treatment results in the differen-
tiation of the proliferative cells into more differentiated 
goblet cells, suggesting that Notch signalling might have 
a role in inhibiting differentiation and therefore may play 
a part in β-catenin-driven tumorigenesis80. Several lines 
of evidence suggest that Notch and WNT interact geneti-
cally, and there are direct physical associations between 
components of each pathway81–84. For example, β-catenin 
has been shown to directly bind the NICD, resulting in 
an increased transcriptional output of target genes84. In 
addition, MAML1 has been reported to function as a co-
activator for β-catenin-dependent transcription85, rais-
ing the possibility that signalling pathways can converge 
through common components.

In the skin, however, Notch suppresses tumorigen-
esis by blocking WNT signalling, thereby driving cells 
towards a more differentiated phenotype. In keratino-
cytes, WNT–β-catenin signalling has been associated 
with malignancies and with the maintenance of multi-
potent stem cell populations, so it is possible that the 
inhibition of the WNT pathway is sufficient to drive these 
cells towards a more differentiated phenotype. NOTCH1 
activation in keratinocytes results in the repression of 
β-catenin signalling. Deletion of Notch1 in the mouse 
epidermis results in inappropriate activation of β-catenin, 
and the formation of skin tumours86. Notch can also 
downregulate the expression of the WNT ligands Wnt3 
and Wnt4 through HES1 and p21 (REF. 87), providing 
further mechanisms through which Notch can suppress 
tumorigenesis by inhibiting the WNT pathway. Although 
assiduously investigated, the mechanism of crosstalk 
between these two pathways and their interactions 
in tumorigenesis remain unclear (FIG. 3).

Other pathways may also crosstalk with Notch to 
block differentiation and to drive tumorigenesis. In 
pancreatic adenocarcinoma, interaction between Notch 

Figure 1 | Structural organization and proteolytic processing of the Notch 
receptor. Notch proteins are synthesized as precursor forms that are cleaved by furin-like 
convertase (S1 cleavage) to generate the mature receptor, which is composed of two 
subunits that are held together by non-covalent interactions. The extracellular domain 
(ECD) of the Notch protein is comprised of epidermal growth factor (EGF)-like repeats, 
three cysteine-rich LIN12 and Notch repeats (LNRs), followed by a carboxy-terminal 
hydrophobic region. The Notch intracellular domain (NICD) is composed of conserved 
protein domains: namely, the RBP-Jκ-associated module (RAM) domain, ankyrin (ANK) 
repeats, nuclear localization signals (NLSs) and the PEST domain. The general domain 
organization of the Notch proteins, with the details of NOTCH1, is shown. However, there 
are differences observed among the four receptors (reviewed in REF. 14). On binding to 
the Notch receptor, the ligand induces a conformational change, exposing the S2 
cleavage site in the ECD to the metalloproteinase tumour necrosis factor-α-converting 
enzyme (TACE; also known as ADAM17). Following S2 cleavage, Notch undergoes a third 
cleavage (S3) that is mediated by the presenilin–γ-secretase complex, which is composed 
of presenilin 1 (PSEN1), PSEN2, nicastrin (NCSTN), presenilin enhancer 2 (PEN2) and 
anterior pharynx-defective 1 (APH1). The S3 cleavage results in the release of the active 
NICD from the plasma membrane and the subsequent translocation into the nucleus. ICD, 
intracellular domain; OPA, polyglutamine repeat-containing region; TM, transmembrane.
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Exocrine pancreas
The portion of the pancreas 
that secretes digestive 
enzymes that are then passed 
on to the small intestine.

and RAS–MAPK signalling has been implicated in the 
initiation of tumours. NOTCH1 is induced by KRAS 
signalling, and this results in dedifferentiation or in the 
inhibition of differentiation in the exocrine pancreas, 
leading to the formation of pancreatic intraepithelial 
neoplasia (PanIN)88,89. These lesions accumulate fur-
ther genetic alterations and form aggressive pancreatic 
ductal adenocarcinoma (PDAC)88,89. Interestingly, it has 
been hypothesized that under physiological conditions 
Notch can act as a negative regulator of RAS signalling 
and can induce the differentiation of several pancreatic 
cell types90, thereby creating a context in which Notch 
functions as a tumour suppressor. This is supported by 
a recent study that demonstrated that Notch can func-
tion as a tumour suppressor in pancreatic cancers, in 
which deleting Notch1 in the context of activated KRAS 
resulted in enhanced tumour formation in mouse mod-
els5. These studies underscore the hypothesis that the 
outcome of Notch signalling in tumorigenesis mostly 
depends on the temporal and spatial context in a 
given tissue.

Notch in tumour progression
As well as influencing tumour initiation, Notch is also 
important for aspects of tumour progression, including 
angiogenesis, EMT-driven metastatic growth and the 
maintenance of cancer stem cells.

Regulation of angiogenesis. Notch receptors and 
ligands are widely expressed in the vasculature, sug-
gesting the importance of the Notch signalling path-
way in angiogenesis. During normal angiogenesis, 
vascular endothelial growth factor (VEGF) drives the 
budding of new vessels by increasing the number of 
DLL4-expressing tip cells that bud out of a pre-existing 

vessel91. Although these endothelial cells are non- 
proliferative, they are followed by several motile, pro-
liferative endothelial tube cells, which express Notch 
and form the lumen of the new vessel. DLL4 on the tip 
cells signals through Notch on the adjacent tube cells 
to decrease VEGF-induced sprouting and branching 
by downregulating VEGF receptor 2 (VEGFR2)92,93. In 

this manner, DLL4 inhibits angiogenesis by a negative 
feedback loop with VEGF (FIG. 4).

In the hypoxic tumour environment, tumour cells 
secrete large amounts of VEGF, which results in the 
expression of comparatively higher levels of DLL4 
by endothelial cells in the stroma94,95. Subsequently 
blocking VEGF activity in such tumours resulted in 
decreased DLL4 expression in tumour endothelial 
cells96,97. The close relationship between VEGF and 
DLL4 expression led to the examination of the effect of 
blocking DLL4-mediated Notch signalling on adjacent 
endothelial cells, which resulted in a substantial reduc-
tion in tumour growth. Surprisingly, this was associated 
with an increase in vessel formation98, possibly because 
DLL4 is the factor responsible for the downregulation of 
VEGF-induced angiogenesis. This vasculature was non-
functional, suggesting that DLL4–Notch is responsible 
for some specialized functions in the vessels that form 
in response to VEGF, such as the development of the 
vessel lumen98. These results suggest that in the future 
it could be useful to combine VEGF inhibitors and 
Notch signalling inhibitors in anti-angiogenic therapy 
(reviewed in REF. 96).

DLL4 and JAG1 have distinct roles during angio-
genesis, and they maintain a balance between 
endothelial cell sprouting and the formation of new 
vessels. Spatiotemporal regulation of Notch activation 
during this process is brought about by Fringe pro-
teins99. This family of N-acetylglucosaminidyl trans-
ferases (comprised of lunatic fringe (LFNG), radical 
fringe (RFNG) and manic fringe (MFNG)) modulates 
the activity of Notch proteins through the glycosylation 
of the EGF-like repeats. Studies from D. melanogaster 
indicate that the Fringe proteins inhibit Serrate 
(D.  melanogaster jagged homologue)-dependent 
Notch activation and potentiate Delta-dependent Notch 
activation100 (FIG. 2a). This mechanism might also oper-
ate in other Notch-controlled biological processes, 
such as cancer progression and tumour angiogenesis.

Endothelial cell migration is an essential step in 
the production of new blood vessels. Studies in devel-
opmental systems demonstrate that the TGFβ and 
bone morphogenetic protein (BMP) pathways inter-
act with the Notch pathway through SMADs, leading 
to alterations in endothelial cell migration. Although 
there is little evidence for an interaction between 
Notch and TGFβ in tumour angiogenesis, studies in 
developmental model systems suggest that a mecha-
nism through which Notch may promote tumour 
growth is the repression of TGFβ-induced inhibition 
of endothelial cell growth101. In addition, some BMP 
family members can induce the expression of Hey1 
(also known as Herp2) synergistically with Notch. 
HEY1 then negatively regulates the activity of ID1,  

 Box 2 | Notch and epigenetic regulation in Drosophila melanogaster

Epigenetic	regulation	of	cancer	has	gained	considerable	importance	over	the	past	few	
years.	The	reversibility	of	these	changes,	unlike	genetic	alterations,	makes	them	
promising	targets	for	therapy.	Epigenetic	silencing	of	the	Notch	locus	by	histone	
methylation	from	Polycomb	group	(PcG)	proteins	is	a	mechanism	through	which	the	
activity	of	Notch	is	kept	under	check	in	the	Drosophila melanogaster	eye154.	Although	
evidence	is	very	limited,	there	are	also	indications	of	epigenetic	silencing	that	is	
mediated	by	Notch	at	its	target	loci.	Using	the	D. melanogaster	eye	as	a	model	system,	
Ferres-Marco	et al.155	showed	that	Notch	activation	cooperates	with	the	overexpression	
of	the	Polycomb	epigenetic	silencers	Pipsqueak	and	Lola	in	tumorigenesis.	Collectively,	
these	events	result	in	the	silencing	of	genes	such	as	Retinoblastoma-family	protein	(Rbf),	
resulting	in	the	formation	of	metastatic	tumours.	This	began	to	unravel	the	crosstalk	
between	the	Notch	pathway	and	the	epigenetic	pathways	in	growth	control	and	
tumorigenesis.	However,	whether	Notch	activation	can	directly	modulate	the	
expression	and	activity	of	these	epigenetic	silencers	is	yet	to	be	established.
Providing	an	additional	link	between	Notch	signalling	and	epigenetic	regulation,	the	

repression	of	Notch	target	genes	during	D. melanogaster	development	is	caused	by	
modulating	the	chromatin	structure,	probably	through	histone	chaperones.	ASF1	is	a	
histone	chaperone	that	has	been	found	to	bind	and	inactivate	Notch	target	loci	by	
interacting	with	Su(H)/H	(the	D. melanogaster	homologue	of	the	mammalian	CSL	
complex)	and	removing	H3K4me3	(REF. 156).	It	is	unclear	whether	ASF1	can	target	all	
loci	that	contain	binding	sites	for	Su(H)/H157	or	whether	it	may	be	a	target	of	Notch	
signalling,	thus	resulting	in	negative	feedback	regulation.	Identification	of	a	similar	
mechanism	in	cancer	would	greatly	aid	the	development	of	a	strategy	to	disrupt	Notch	
activity	at	the	transcriptional	level.
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a promoter of endothelial cell migration102. This results 
in the inhibition of endothelial cell migration and func-
tions as a crucial switch downstream of the Notch and  
BMP pathways102.

EMT. The growth of solid tumours is highly depend-
ent on their interaction with the microenvironment, 
which provides a favourable milieu for their growth and 
progression. These tumour–microenvironment interac-
tions have an important role in regulating EMT (FIG. 4). 
The phenomenon of EMT occurs when epithelial cells 
undergo several morphological changes and take on a 
mesenchymal phenotype, including decreased adhe-
sion, increased production of extracellular matrix com-
ponents, increased migration, increased resistance to 
apoptosis and invasiveness. EMT is a prerequisite for the 

tumour cells to cross the basement membrane, enter into 
circulation and result in distant metastases (reviewed in 
REF. 103) (FIG. 4).

Recent studies have suggested that Notch can drive 
EMT by upregulating the expression of two target genes, 
SNAIL (also known as SNAI1) and SLUG (also known  
as SNAI2), which are transcriptional repressors of CDH1, 
the gene encoding E-cadherin. In breast cancer, JAG1 
activation of Notch signalling induces EMT through 
the upregulation of SLUG104. A study of 154 prostate 
tumour samples showed an association between high 
expression of JAG1 and increases in metastases and 
tumour recurrence7. This study also suggested that 
the pro-metastatic activity of JAG1 is mediated by the 
induction of EMT through the AKT signalling path-
way7. Notch might also synergize with hypoxia-inducible  

Figure 2 | Signal transduction from Notch receptors and ligands. a | Signal transduction from Notch receptors is 
shown. Notch signalling is activated by interaction between the ligand-expressing cell and the Notch-expressing cell, 
followed by proteolytic cleavage that releases the Notch intracellular domain (NICD) (FIG. 1). Before activation of Notch 
signalling, CBF1–Su(H)–LAG1 (CSL) is bound to DNA along with co-repressors (CoRs) such as MSX2-interacting protein 
(SPEN; also known as MINT and SHARP). On activation of Notch, the NICD recruits the co-activator (CoA), mastermind-like 
1 (MAML1) and others, and thus converts the CSL-repressor complex into a transcriptional activator complex and drives the 
transcription of target genes. The signal is terminated by phosphorylation (P) of the PEST domain of the NICD, followed by 
ubiquitylation (Ub) by FBXW7 (also known as SEL10) and proteasomal degradation. Note that when the extracellular 
domain of Notch is glycosylated by Fringe proteins, the binding between Notch and Delta-like (DLL) is favoured and jagged 
(JAG) can no longer bind to and activate Notch. Deltex 1 (DTX1) inhibits Notch activity by preventing the recruitment of 
CoAs. It could also mediate CSL-independent effects of Notch. NUMB promotes ubiquitylation of the membrane-bound 
NOTCH1 and targets the NICD for proteasomal degradation. b | Signal transduction from Notch ligands is shown. 
Proteolytic cleavage releases the intracellular domain (ICD) of the Notch ligands. The PDZ ligand (PDZL) domain interacts 
with PDZ proteins, resulting in a signalling cascade. The ICD can also enter the nucleus and regulate transcription, possibly 
through interactions with AP1 or the SMAD proteins. This transcriptional regulation may be antagonized by the NICD. 
Dashed arrows indicate poorly understood mechanisms. CCND1, cyclin D1; CDK8, cyclin-dependent kinase 8; DICD, 
Delta ICD; EGF, epidermal growth factor; HES1, hairy enhancer of split 1; JICD, jagged ICD.
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factor 1α (HIF1A) and HIF2A to induce EMT and 
therefore increase metastasis. Blocking either HIF or the 
Notch co-activator MAML1 in breast, colon or cervical 
cancer cells reduced the invasion and metastatic abil-
ity of these cells105,106. Furthermore, crosstalk between 
Notch and TGFβ is important for the initiation of EMT, 
as Notch signalling is required to sustain TGFβ-induced 
HEY1 expression107.

Although research suggests that EMT is a prerequi-
site for metastases, recent evidence indicates that EMT 
that is mediated by Notch or any other factors can give 
rise to a stem cell-like phenotype, including increased 
resistance to apoptosis and anoikis108.

Cancer stem cells. Cancer stem cells (CSCs; also known 
as tumour-initiating cells) were first described as a 
multipotent subpopulation of acute myeloid leukae-
mia cells109 that can self-renew symmetrically or that 
can divide asymmetrically to produce daughter cells 
that continue to proliferate and so sustain tumour 
growth110,111. Recent studies have also identified CSCs 
in many solid tumours112–120. These cells have mostly 
been isolated on the basis of the expression of various 
cell surface markers, the relevance of which remains 
controversial. CSCs have been proposed to be resist-
ant to radiation and chemotherapy, possibly owing to 
their elevated DNA damage response, their low pro-
liferation rate121 or their increased expression of ABC 
transporters121–123.

Notch regulates the self-renewal properties and 
differentiation states of various cell types, including 
stem cells. Interaction between HIF1A and Notch has 

been shown to have a role in maintaining neuronal 
precursors in an undifferentiated state, and aberrant 
functioning of these cells can result in the formation 
of medulloblastomas124. Inhibition of Notch signalling 
or HIF1A in these cells results in their differentiation, 
suggesting a role for HIF1A-induced Notch signalling 
in maintaining stem cell characteristics124,125. Aberrant 
activation of Notch signalling by a DSL peptide has 
been shown to increase the self-renewal capacity of 
normal mammary stem cells, leading to a tenfold 
increase in mammosphere formation126. Breast CSC 
populations show an upregulation of Notch gene 
expression, and blocking Notch activity using a GSI 
or a neutralizing antibody to NOTCH4 reduced the 
mammosphere-forming ability of these cells in cul-
ture127,128. Likewise, brain tumour stem cells have also 
been shown to overexpress NOTCH1, and overexpres-
sion of NOTCH1 in human glioma cell lines increased 
the formation of neurospheres129. It is thought that 
Notch signalling in these neurospheres enhances 
their self-renewal capacity while inhibiting their dif-
ferentiation into glial and neural progenitor cells130–132. 
Blocking the Notch signalling pathway with a GSI 
decreased the growth of neurospheres in vitro and 
the growth of tumour xenografts in vivo. This study 
also suggested that blocking Notch activity results in 
the decreased phosphorylation of AKT and STAT3, 
leading to decreased CSC proliferation and increased 
apoptosis133.

A considerable body of evidence has implicated 
Notch signalling in many processes that are linked 
to the progression and maintenance of the tumour 

 Box 3 | Notch regulators and tumorigenesis

Several	processes,	including	proteolysis,	glycosylation,	ubiquitylation	and	phosphorylation,	control	Notch	
activation.	Aberrant	activation	of	the	Notch	pathway	can	be	caused	by	the	overexpression	of	ligands	or	factors	that	
activate	the	receptor	or	by	the	loss	of	negative	regulators.	Some	of	these	are	deregulated	in	cancers,	resulting	in	
aberrant	Notch	signalling.
Although	ubiquitylation	of	proteins	is	generally	associated	with	degradation,	it	also	has	a	role	in	signal	transduction	by	

facilitating	receptor	activation	and	endocytosis,	as	is	seen	in	ligand-dependent	Notch	signalling.	For	example,	the	
ubiquitin	ligase	skeletrophin	(also	known	as	MIB2),	which	ubiquitylates	jagged	2	(JAG2),	is	overexpressed	in	multiple	
myeloma,	facilitating	the	cleavage	of	NOTCH1	and	activating	Notch-mediated	transcription	in	stromal	cells158.	In	
melanoma,	however,	the	expression	of	skeletrophin	is	lost,	through	loss	of	heterozygosity	(LOH),	promoter	methylation		
or	downregulation	by	SNAIL	(also	known	as	SNAI1),	thus	contributing	to	tumour	suppression159.
FBXW7	(also	known	as	SEL10)	is	the	substrate-recognition	subunit	of	an	E3	ubiquitin	ligase	complex	that	degrades	

Notch	proteins160	(FIG. 2a).	FBXW7	is	thought	to	be	a	tumour	suppressor	because	it	is	deregulated,	lost	or	mutated	in	
several	cancers,	including	colorectal	cancer,	cholangiocarcinomas	and	endometrial	cancers161,162.	Mutations	at	hot	spots	
such	as	Arg465	and	Arg479	result	in	the	abrogation	of	substrate	recognition	and	the	inappropriate	stabilization	of	
several	oncoproteins,	including	Notch161.	FBXW7	function	is	also	compromised	by	the	latency-associated	nuclear	
antigen	(LANA)	of	the	Kaposi’s	sarcoma	virus,	which	binds	to	the	carboxyl	terminus	of	FBXW7,	preventing	its	association	
with	the	Notch	intracellular	domain	(NICD).	As	a	result,	NICD	is	stabilized	and	has	increased	activity,	leading	to	the	
proliferation	of	the	virus-infected	cells163.
NUMB	and	NUMB-like	proteins	function	as	signalling	inhibitors	for	Notch	by	targeting	the	membrane-bound	Notch	for	

degradation	following	activation164.	Loss	of	NUMB	has	been	associated	with	breast	carcinogenesis,	and	possibly	results	in	
the	stabilization	and	hyperactivation	of	Notch165.	In	addition,	NUMB	binds	to	p53	and	MDM2	to	prevent	ubiquitylation	of	
p53.	Thus,	loss	of	NUMB	in	a	large	proportion	of	breast	cancers	can	result	in	increased	Notch	activity	and	loss	of	p53	and	
an	aggressive	tumour	phenotype	with	poor	prognosis166.
Another	important,	but	not	well	understood,	regulator	of	Notch	signalling	is	Deltex.	This	was	originally	identified	as	a	

positive	regulator	of	Notch	signalling	in	Drosophila melanogaster167.	The	human	homologue	DTX1	(also	known	as	deltex	
1)	was	subsequently	identified168.	Although	Deltex	has	been	demonstrated	to	inhibit	Notch	activity	by	preventing	the	
recruitment	of	co-activators	to	the	CBF1–Su(H)–LAG1	(CSL)–Notch–MAML	complex169,	it	could	function	as	a	positive	
regulator	of	Notch	signalling	independently	of	CSL	in	some	cell	types170	(FIG. 2a).
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phenotype. Clearly, in several distinct tumour types, 
abrogation of Notch signalling affects these processes 
and tumour growth. However, what remains unre-
solved is the relationship between these processes as 
mediated by Notch in any given tumour. For exam-
ple, is the control of EMT by Notch in breast cancer 
linked to its role in promoting self-renewal of the CSCs 
and metastases? In other words, does Notch signal-
ling alone direct these cell processes in a tumour or is 
the outcome of Notch signalling dependent on other  
crosstalk signals (FIG. 4)?

Notch and drug resistance
A major survival advantage that cancer cells can acquire 
is resistance to chemotherapeutic agents. This occurs 
mainly by activating survival pathways or by inhibit-
ing apoptotic pathways, and Notch signalling is a major 
regulator of these survival pathways, through mecha-
nisms that may be similar to its role in tumorigenesis 
(FIG. 3). For example, treatment of colorectal cancer 
with oxaliplatin activates the Notch pathway and pro-
survival pathways, such as PI3K–AKT. Moreover, 
blocking Notch activation using GSIs sensitizes cells 

Figure 3 | Oncogenic and tumour suppressive interactions of Notch. Cleavage of the Notch intracellular domain 
(NICD) initiates a signalling cascade that interacts with other oncogenic and tumour suppressive pathways at multiple 
points. Jagged 1 (JAG1) is transcriptionally induced by the transforming growth factor-β (TGFβ) pathway (part a), which in 
turn activates Notch in an adjacent cell. Both TGFβ and Notch signalling lead to the induction of the cyclin-dependent 
kinase inhibitor p21, resulting in cell cycle arrest. HEY1 is another target of both pathways and is a mediator of the 
epithelial to mesenchymal transition (EMT). Notch signalling downregulates the expression of PTEN via the induction of 
hairy enhancer of split 1 (HES1) (part b), leading to the activation of the pro-survival PI3K–AKT pathway (part c). Binding 
of the NICD to a dishevelled protein (DVL) inhibits both the Notch and WNT pathways (part d). Phosphorylation (P) of 
Notch by glycogen synthase kinase 3β (GSK3B) inhibits Notch-mediated transcription (part e). Notch signalling inhibits 
the WNT ligands through the induction of HES1, thereby inhibiting the tumorigenic effects of WNT signalling (part f).  
By contrast, JAG1 is a transcriptional target of WNT, leading to WNT-mediated activation of Notch signalling (part g). 
Notch activates receptor tyrosine kinase (RTK) pathways by inducing the expression of the RTKs epidermal growth 
factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR) (part h), leading to activation of cell 
proliferation genes, as well as positive feedback to Notch signalling. The interactions depicted in this figure are from a 
variety of systems. The specific interactions among the pathways are highly context dependent. APC, adenomatous 
polyposis coli; CoA, co-activator; Co-SMAD, common mediator SMAD; CSL, CBF1–Su(H)–LAG1; FZ, frizzled;  
GAB, GRB2-associated-binding protein; MAML, mastermind-like; NF-κB, nuclear factor-κB; R-SMAD, 
receptor-regulated SMAD; Ub, ubiquitylation. Dashed arrow indicates a poorly understood mechanism.
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to chemotherapeutic drugs134. In pancreatic cancer, the 
expression of nuclear NOTCH3 along with phospho- 
STAT3 and phospho-AKT is associated with an aggressive 
tumour phenotype135. Inhibiting the Notch pathway also 
sensitizes otherwise taxane-resistant colon cancer cells 
to mitotic arrest both in vitro and in vivo, suggesting 
that combining taxanes with a GSI could be a useful 
therapeutic strategy136.

One mechanism for Notch-induced drug resistance 
that is evident in pancreatic tumour cell lines is the 
induction of the transcriptional repressor HES1, which 
downregulates PTEN in certain cell types137. Inhibition 
of the PI3K survival pathway with wortmannin or 
LY294002 results in reduced levels of the NICD in pros-
tate cancer cells. This leads to loss of Notch-mediated 
p53 downregulation and thus sensitization to chemo-
therapeutic agents138. This is further supported by data 
showing that ectopic expression of NOTCH1 does not 
confer chemoresistance in cells treated with PI3K inhib-
itors63. Similar effects were observed by blocking mTOR 
(a kinase acting downstream of PI3K) with rapamycin, 
which prevents the inhibition of p53-mediated tran-
scription by Notch, thus sensitizing the cells to drug 
treatment63.

Notch-induced chemoresistance can also result 
from antagonism between Notch and EGFR, as 
observed in trastuzumab (Herceptin; Genentech)-
resistant ERBB2-positive breast cancer. In these 
tumours, Notch signalling is inactive and the tumours 
are not sensitive to GSI treatment. However, treatment 
with trastuzumab or a dual-specificity RTK inhibitor 
that targets EGFR and ERBB2 induced the upregu-
lation of Notch activity. Treatment with a combina-
tion of trastuzumab and a GSI induced apoptosis in  
these cells139.

In oestrogen receptor (ER)-positive breast cancer 
cells, treatment with tamoxifen inhibits the response 
to oestrogen, but turns the Notch pathway on, leading 
to the activation of survival pathways. Notch interacts 
with ERα at the chromatin level and regulates a sub-
set of ER-dependent genes. This crosstalk is probably 
dependent on the recruitment of IKKα to the chroma-
tin by Notch, suggesting that IKKα could be a novel 
therapeutic target to specifically inhibit ER–Notch 
crosstalk140. Interestingly, an important role has been 
attributed to Notch in the maintenance of ER-negative 
tumours. These tumours show an increased expression 
of survivin, increased cell proliferation and reduced 

Figure 4 | Notch-regulated tumour–microenvironment interactions in tumour maintenance and progression.  
a | Notch signalling in angiogenesis is shown. The tumour secretes vascular endothelial growth factor (VEGF), 
inducing sprouting and branching of new vessels from existing blood vessels. Endothelial tip cells also increase their 
expression of Delta-like 4 (DLL4; purple) in response to VEGF. DLL4 then signals through Notch on adjacent 
endothelial tube cells to downregulate the expression of VEGF receptor 2 (VEGFR2) (not shown), leading to the 
inhibition of angiogenesis. b | Notch signalling in tumour self-renewal and metastasis is shown. The tumour receives 
cues from the stroma, including epithelial to mesenchymal transition (EMT)-inducing factors, such as transforming 
growth factor-β (TGFβ), in response to which the tumour cells acquire invasive (green invasive cells) or stem-like 
(purple cells) properties. Some of these cells may acquire both properties (purple invasive cells) (possibly owing to 
activated Notch signalling) and be able to metastasize and establish secondary tumours. Dashed arrows indicate 
poorly understood mechanisms.
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apoptosis141,142. ER-negative tumours show reduced 
tumour growth when treated with a GSI, indicating 
a role for Notch pathway in the maintenance of these 
tumours142.

A recent study by Wang et al.143 has implicated the 
Notch pathway in the radioresistance of CSCs. This 
study demonstrated that inhibiting the Notch path-
way with GSIs resulted in a reduction of AKT activity 
and made the glioma stem cells more radiosensitive143. 
Furthermore, combining GSIs with temozolomide 
(Temodar; Schering-Plough) treatment blocked the pro-
gression of brain tumours in 50% of the treated mice, 
which was probably due to blocking Notch in the CSCs 
and thus sensitizing them to drug treatment144.

Taken together, these studies suggest that the acti-
vation of the Notch pathway can make tumour cells 
resistant to chemotherapy or radiation. A deeper under-
standing of the crosstalk between Notch and other 
signalling pathways will facilitate the design of novel 
therapeutic regimens that could sensitize tumour cells 
to chemotherapeutic agents and radiation.

Conclusions and future directions
In this Review we have discussed the evidence for a 
role of aberrant Notch signalling in solid tumours.  
As the title alludes to, we have found that Notch 
signalling in solid tumours seems to act in almost 
every tumorigenic process. Notch activity has been 
associated with the initiation and progression of neo-
plastic disease, and has been implicated in the main-
tenance of the neoplastic phenotype and resistance 
to therapeutic agents. Surprisingly though, there is 
little evidence to demonstrate that Notch signalling 
is constitutively activated through Notch gene muta-
tions in these cancers. In fact, it seems to be likely that 
the hyperactivation of Notch receptors in tumours is 
through normal ligand-mediated events and/or loss 
of negative regulators and, therefore, remains sen-
sitive to GSIs (BOX 3). In fact, there are at least four 
GSI compounds being evaluated for efficacy in the 
treatment of various tumours in nearly 20 ongoing 
clinical trials, which include trials in T-ALL, breast 
cancer, pancreatic cancer, glioblastoma and melanoma 
(see ClinicalTrials.gov; see Further information). 
Furthermore, several novel biological agents (such as, 
antibodies and decoys) are being developed to inhibit 
Notch signalling145–147. However, evidence also sup-
ports a context-dependent role for Notch as a tumour 
suppressor. Several lines of evidence that have been 
derived from mouse models suggest that the loss of 
Notch1 can promote tumorigenesis. Although Notch 
itself does not fit the classical definition of a tumour 
suppressor, the loss of Notch activity can provide the 
proper environment to promote tumorigenesis in cer-
tain contexts. For example, it is possible that the loss 
of Notch activity could result in a change in cell fate to 
a cell type with greater proliferative capacity that may 
then be more prone to transformation.

What accounts for these pleiotropic effects that 
are governed by Notch signalling? Can we pre-
dict the outcome of Notch signalling in any given 

tumour? Perhaps Notch signalling in tumorigenesis 
represents a new paradigm in oncogenic signalling 
pathways. Unlike the ‘classical’ oncogenes such as 
RAS isoforms or BRAF, in which mutation renders 
activity constitutive in all cells, the Notch pathway 
seems to be inappropriately activated depending on 
cellular context. Moreover, not all Notch signalling 
is equal. Evidence suggests that the four Notch pro-
teins have distinct activities and outcomes, although 
it is thought that the mechanistic details of action are 
similar. In fact, there is currently no clarity regarding 
specificity in Notch signalling with respect to each 
Notch protein. To compound this problem, recent evi-
dence has suggested that distinct populations within 
a tumour can express distinct Notch paralogues. For 
example, in breast carcinoma the CSC population dis-
played NOTCH4 expression and activity, whereas the 
more differentiated cancer cells expressed NOTCH1 
(REF. 148). Blocking NOTCH4 but not NOTCH1 by 
small interfering RNA negatively affects the CSCs148. 
Furthermore, evidence exists indicating that 
NOTCH2 can have a role in the progression of pan-
creatic carcinoma but that NOTCH1 cannot149. In 
fact, NOTCH1 may even have an opposing tumour 
suppressor function in pancreatic carcinoma5. If all 
four Notch proteins function in a mechanistically 
similar manner, how can these different activities be 
explained? Although much work will have to be done 
to answer these questions, it is intriguing to speculate 
that the different activities among the Notch proteins 
are primarily mediated by events on chromatin in the 
regulation of transcription. If we consider that  
the Notch–CSL–MAML1 core complex represents the 
initial scaffold on which a transcriptional regulatory 
complex is built, one can imagine that this is where 
the specificity lies. Certainly, we can hypothesize that, 
considering the milieu of transcriptional regulatory 
proteins, distinct Notch complexes can recruit or 
interact with a variety of factors that modulate the 
transcription of Notch target genes. Considering 
this concept, it becomes more evident how pathway  
crosstalk can influence Notch signalling outcome.

This then presents a problem in that many contex-
tual cues via pathway crosstalk might determine the 
outcome of a cancer treatment that is based on the inhi-
bition of Notch signalling. Thus, the barrier to effective 
combinatorial treatment regimens will be the elucida-
tion of the relevant signalling networks that interface 
with Notch. Despite the wealth of studies investigating 
aspects of Notch signalling, the research field is still 
lacking the emergence of universal themes that would 
provide information about how Notch affects so many 
neoplasms and whether the inhibition of Notch signal-
ling would prove to be a ‘magic bullet’ in cancer care. 
However, what we have discovered is that Notch is not 
the whole story, but merely the preface to a ‘Tolstoy-
esque’ epic. Research in the coming years should aim 
to decipher the complex crosstalk networks that are 
governed by Notch and that influence Notch signalling. 
Only then will we be able to effectively target the Notch 
pathway in cancer.
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Brain metastases — parenchymal metastases and lepto
meningeal metastases (BOX 1) — most commonly arise 
from cancers of the lung, breast and skin (melanoma), 
but also occur at a reduced frequency in patients with 
diverse cancer types. The incidence of brain metastases 
is highest in patients with lung tumours. Approximately 
10–25% of patients with lung cancer have brain metas-
tases at diagnosis and another 40–50% develop them 
during the course of their disease, with an even greater 
incidence at autopsy1. Brain metastases conferred an 
inferior overall survival to patients with non-small-cell 
lung cancer (NSCLC), particularly to those who had 
a limited number of systemic (liver, bone and other 
organs) metastases2.

For cancers of the breast, brain metastases occur 
after the diagnosis of systemic metastases. In patients 
with metastatic disease whose tumours fall into two 
categories — tumours with amplification of receptor 
tyrosine kinase ERBB2 (ERBB2+; also known as HER2+) 
or triple-negative (oestrogen receptor (ER) and pro-
gesterone receptor (PR)-negative and normal levels 
of expression of ERBB2) tumours — the incidence of 
brain metastases can exceed one-third of patients. The 
incidence of brain metastases is lower in patients with 
ER-positive (ER+) metastatic tumours3–5. Worryingly, 
brain metastases are increasingly a first site of progres-
sion after treatment for metastatic disease in patients 
with ERBB2+ breast cancer, and this threatens to limit 
the survival gains made in systemic therapy 6. For 
patients with triple-negative metastatic breast cancer, 
brain and systemic metastases often occur simulta-
neously7. Autopsy and imaging studies indicate that 

an additional 15–30% of patients with metastatic 
breast cancer also have brain metastases that were not 
diagnosed8,9.

For patients with melanoma, 50–75% have brain 
metastases at autopsy and two-thirds of these patients 
will have had symptoms and been diagnosed with brain 
metastases before death10. The prognosis of patients 
with melanoma who have brain metastases is poor, with 
a median survival of 2.8–4.0 months after diagnosis. 
Approximately 20–55% of patients with malignant 
melanoma die as a result of their brain metastases10.

Brain metastases are often indicated by symptoms, 
such as seizures, loss of motor and sensory function, 
cranial neuropathies and cognitive decline, and are con-
firmed by imaging — lesions of several millimetres in 
size are routinely radiographically detectable. Brain 
metastases are expected to become more prevalent and 
to clinically manifest in other cancer types as systemic 
therapy improves, resulting in longer patient survival 
and the control of metastases in other organs.

Current treatments for brain metastases are palliative 
and centre on surgery and radiation therapy. Surgery is a 
viable option for patients with only one lesion or a small 
number of lesions located in accessible regions of the 
brain and often provides rapid relief of symptoms. Two 
types of radiation therapy (BOX 2) are commonly used for 
patients: stereotactic radiosurgery (SRS) or whole-brain 
radiotherapy (WBRT). Both the presence of brain metas-
tases and their treatments cause physical and cognitive 
morbidities, and improvements in patient survival are 
still measured in weeks or months. With this in mind, 
this Review discusses our current understanding of the 
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Parenchymal metastases
Secondary tumour growth in 
the essential and distinctive 
tissue of the brain.

Leptomeningeal metastases
Secondary tumour growth in 
the linings of the brain.

Cranial neuropathies
Abnormal function (either 
sensory or motor) of one of the 
12 cranial nerves.

Stereotactic radiosurgery
Radiation therapy in which 
multiple convergent beams of 
high energy Xrays, γrays or 
protons are delivered to a 
discrete lesion in the brain.

Brain metastases as preventive and 
therapeutic targets
Patricia S. Steeg*, Kevin A. Camphausen‡ and Quentin R. Smith§

Abstract | The incidence of metastasis to the brain is apparently rising in cancer patients and 
threatens to limit the gains that have been made by new systemic treatments. The brain is 
considered a ‘sanctuary site’ as the blood–tumour barrier limits the ability of drugs to enter 
and kill tumour cells. Translational research examining metastasis to the brain needs to be 
multi-disciplinary, marrying advanced chemistry, blood–brain barrier pharmacokinetics, 
neurocognitive testing and radiation biology with metastasis biology, to develop and 
implement new clinical trial designs. Advances in the chemoprevention of brain metastases, 
the validation of tumour radiation sensitizers and the amelioration of cognitive deficits 
caused by whole-brain radiation therapy are discussed.
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Astrocytes
Brain cells that form a physical 
and metabolic support system 
for nerves while releasing 
communicative transmitters. 
When activated, astrocytes 
produce glial fibrillary acid 
protein intermediate filaments 
and shield neurons from 
damage.

biology of established brain metastases and whether 
recent advances in understanding the colonization of 
the brain by metastatic cells will enable the develop-
ment of drugs that can limit the development of brain 
metastases. In addition, we consider the need to evaluate 
new drugs on the basis of whether they can treat estab-
lished brain metastases or prevent them from occurring 
or recurring. Finally, we consider ways of improving the 
current standard of care (WBRT or SRS) for patients 
with brain metastases.

How do tumour cells colonize the brain?
The colonization of the brain by metastatic cancer cells 
starts with a tumour cell extravasating into the brain 
and eventually leads to a detectable clinical metastasis 
(FIG. 1). This process has been deciphered using model 
systems. In general, tumour cell lines have been injected 
into the general circulation (intracardiac or intrave-
nous injection) or directly upstream of the brain (intra-
carotid injection). The resulting brain metastases are 
then harvested, expanded in culture and subjected to 
multiple rounds of re-injection and harvesting. Using 
this approach, tumour cells with a tropism for growth 
in the brain have been derived. Experimental models 
of brain metastasis have been reported for lung11–13 and 
breast14–20 cancers, melanoma13,21–24 and other cancer 
types25–27. Spontaneous mouse models of brain metas-
tasis that emanate from a primary tumour have been 
less frequently reported20,28. The relevance of certain 
models to aspects of the development of human brain 
metastases, such as rates of proliferation or apoptosis, 
the neuroinflammatory response29 and drug resistance11, 

have been reported. These models probably represent 
examples of the heterogeneity of human brain metastatic 
progression; additional models covering poorly under-
stood facets of brain metastasis, such as chemothera-
peutic resistance, cognitive dysfunction and radiation 
resistance, are still needed.

Interactions between tumour cells and the brain micro-
environment. In 1889 Paget described metastasis as 
an interaction between a tumour cell (the ‘seed’) and 
a congenial microenvironment (the ‘soil’)30. At least 
three microenvironments have been implicated in brain 
metastatic colonization: the perivascular niche, the brain 
parenchyma and the cerebrospinal fluid (CSF) or the 
leptomeningeal niche (BOX 1). Early after injection, breast 
and melanoma brain-tropic cell lines intimately associ-
ate with the outside surface of a blood vessel. Tumour 
cells elongate their shape along the vessels, adhere to 
the vascular basement membrane via β1 integrins, and 
proliferate and invade while on top of the vascular base-
ment membrane20. Similar results were reported for a 
brain-tropic Lewis lung carcinoma line early after carotid 
injection, which was followed by a brain parenchymal 
growth pattern12.

The second metastatic niche, the brain parenchyma, 
is altered by neuroinflammation29,31. Histological 
analysis of resected human brain metastases revealed 
tumour cells interdigitated with activated microglia and  
astrocytes29,32,33. These data indicate that metastases 
might form from the convergence of small micro-
metastases that are encased in the brain parenchyma. 
Indeed, activation of astrocytes and microglia is widely 
evident around experimental brain metastases29,33,34. 
Both in vitro and ex vivo studies support a functional 
interaction of cancer cells and the neural microenvi-
ronment. For example, when tumour cells embedded 
in matrix were cultured next to a brain slice, microglia 
accumulated at the point of contact, associated with 
the tumour cells and facilitated their invasion into the 
slice35. Astrocytes can enable the growth of brain-
tropic tumour cell lines in co-culture experiments29,33.  
Seike et al.33 have proposed a ‘vicious cycle’ in which 
tumour cell factors, such as macrophage inhibitory 
factor, interleukin-8 (IL-8) and plasminogen activator 
inhibitor 1, activate astrocytes that, in turn, produce 
proliferative factors for the tumour cells, including IL-6, 
IL-1β and tumour necrosis factor33.

Complex vascular changes are evident during 
parenchymal colonization. Although the brain has a 
rich supply of blood vessels, vessel density is lower in 
experimental metastases than in normal brain, but ves-
sels are dilated and tortuous in the metastases15,20. It also 
seems that metastasis-specific patterns exist, as human 
melanoma and lung brain metastases have a lower 
vessel density than brain metastases from breast can-
cers36. Co-option of the existing vasculature has been 
reported20,21, and the role of neo-angiogenesis during 
colonization of the parenchyma has been debated25,37,38. 
The role of anti-angiogenic therapy, through the inhibi-
tion of the vascular endothelial growth factor (VEGF) 
receptor (VEGFR) has been reported in preclinical 

 At a glance

•	Brain	metastases	are	most	common	in	patients	with	lung	cancers,	breast	cancers	or	
melanoma.

•	Treatment	includes	surgery	and	radiation	therapy.	Whole-brain	radiation	therapy	
(WBRT)	has	been	shown	to	prevent	lung	cancer	brain	metastases,	but	causes	
cognitive decline.

•	In	animal	models	of	brain	metastasis,	tumour	cells	crawl	outside	the	blood	vessels	and	
interact	with	an	inflamed	neural	microenvironment	to	colonize	the brain.

•	Alterations	in	the	expression	of	several	genes,	including	ERBB2, ST6GALNAC5, TCF, 
transforming	growth	factor-β	(TGFB), vascular	endothelial	growth	factor	(VEGF), 
Serpine1 and Timp1,	have	modulated	brain	metastasis.

•	Chemotherapeutic	efficacy	for	brain	metastases	remains	disappointing.

•	In	experimental	models,	brain	metastases	opened	the	blood–brain	barrier	(BBB)	
several-fold	over	the	normal	brain,	but	only	10%	of	lesions	exhibited	sufficient	drug	
permeability	to	mount	an	apoptotic	response	to	chemotherapy.

•	BBB-permeable	drugs	are	needed	to	improve	chemotherapeutic	efficacy.

•	Prevention	of	brain	metastasis	formation	in	mice	has	been	observed	in	response	to	
lapatinib,	vorinostat,	pazopanib,	signal	transducer	and	activator	of	transcription	3	
(STAT3)	inhibitors	and	VEGF	receptor	(VEGFR)	inhibitors.

•	New	trial	designs	could	test	drugs	for	the	prevention	of	brain	metastases.	Secondary	
prevention	trials	would	determine	the	time	to	the	development	of	a	new	brain	
metastasis	in	patients	with	either	one	or	several	existing lesions.

•	Radiosensitizers	may	improve	the	efficacy	of	radiation	therapy	while	sparing	
normal tissue.

•	Inhibition	of	the	neuroinflammatory	response	is	hypothesized	to	protect	the	brain	
from	WBRT-induced	cognitive decline.
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Iron oxide particles
In magnetic resonance 
imaging, these supramagnetic 
particles generate a region 
emitting no radiofrequency 
signal, known as a signal void.

models and the results have been mixed. Using the 
Mel57-VEGF-A melanoma cell line, brain metastases 
became undetectable by magnetic resonance imaging 
(MRI) owing to permeability changes, but small non-
angiogenic lesions persisted, showing evidence of 
vessel co-option21. In a prostatic cancer model, brain 
metastases demonstrated a reduced central vascular 
bed but retained a rim of increased blood volume25. 
These findings probably reflect the fact that the func-
tions of VEGF and angiogenesis seem to be complex in 
brain metastasis. For example, the overexpression of a 
splice variant of VEGFA, VEGF-A165, in a melanoma 
cell line accelerated the invasive growth of brain metas-
tases37. Central necrosis, dilation of blood vessels and 
vascular permeability were also evident, but sprouting 
angiogenesis was absent.

Non-progressive colonization: dormancy. Dormant 
tumour cells have been described in the brain. Using 
double-contrast MRI (DC-MRI) of 231-BR breast can-
cer cells expressing enhanced green fluorescent protein 
(EGFP) and loaded with micron-sized iron oxide particles, 
the fate of single metastatic cells was serially imaged 
in the mouse brain. Proliferation of the tumour cells 
divides the iron oxide particles between daughter  
cells, resulting in an undetectable concentration and ena-
bling the detection of the fluorescent EGFP lesion. For 
every overt fluorescent green brain metastasis formed, 
three cells remained dormant39, providing a considerable 
pool of tumour cells to potentially awaken and lead to 
further relapses.

Molecular pathways mediating brain metastasis. 
The best evidence for gene expression changes dur-
ing metastasis to the brain comes from a comparison 
of tissue blocks containing the primary tumour with 
a surgically resected brain metastasis from the same 
patient. Using these rare resources, differences were 
reported in the expression of stem cell markers40, 
receptor tyrosine kinases40–43, hormone receptors44,  

cyclooxygenase 2 (REF. 43), proteins involved in apop-
tosis43 and DNA repair enzymes45,46. The methylation 
of genes such as secretoglobulin family member 3A, 
member 1 (SCGB3A1; also known as HIN1) and 
retinoic acid receptor-β (RARB) was increased in 
metastases from the brain, as well as lung and bone47. 
In addition, DNA sequencing of a matched primary 
tumour and brain metastasis from a patient with 
basal-like breast cancer indicated that the metastasis 
and the tumour shared many mutations and that the 
metastasis probably developed from a few cells in  
the primary tumour; brain metastasis-specific DNA 
copy number alterations and mutations were also 
identified48. Among unmatched samples of primary 
tumours and brain metastases, reduced expression of 
the NM23, KISS1, KAI1, BRMS1 and MKK4 metastasis 
suppressor genes49, the BCL2 anti-apoptotic gene50 and 
the Notch-target transcription factor HES1 (REF. 51) was 
reported. Conversely, high expression of hexokinase 2 
(HK2)52 and phosphorylated signal transducer and acti-
vator of transcription 3 (STAT3)53 were seen in brain 
metastases. All of these trends represent potential leads 
for the functional modulation of brain metastatic poten-
tial. To reveal additional pathways that are involved 
in metastasis to the brain, gene expression changes 
between experimental brain-tropic and parental tumour 
cell lines have been identified. Only a few pathways have 
been functionally confirmed in brain metastasis assays 
to date using gene overexpression or underexpression 
in brain-tropic cell lines. Many of these genes have pre-
viously been implicated in metastasis to other organs, 
suggesting that brain colonization results from both 
general and site-specific metastatic pathways.

Overexpression of ERBB2 in the 231-BR breast 
cancer cell line had no effect on the number of micro-
metastases per brain section, but increased the number 
of large metastases (comparable to a 5 mm lesion in a 
single dimension in a human brain) by 2.5–3-fold54. 
Thus, ERBB2 overexpression had no effect on the initial 
stages of tumour cell arrival or growth, but promoted the 
final steps of metastatic colonization in the brain. In lung 
cancer, overexpression of the receptor tyrosine kinase 
MET and its ligand hepatocyte growth factor (HGF) in 
NCI-H460 tumour cells promoted widespread metastasis, 
including to the brain55.

In lung cancer, activation of the WNT pathway has 
been linked to bone and brain metastasis. Binding of 
WNT ligands to their receptor stabilizes β-catenin 
(encoded by CTNNB1), which binds to the transcrip-
tion factors of the lymphoid enhancer-binding factor 
(LEF) transcription factor (TCF) family. A TCF-related 
gene signature predicted lung cancer metastasis-free 
survival but not breast cancer metastasis-free survival. 
Expression of dominant-negative TCFs inhibited the 
brain and systemic metastasis of lung cancer cell lines, 
and was mediated by alterations in LEF1 and homeobox 
protein HOXB9 (REF. 56).

A potential site-specific brain metastatic pathway 
involves an α-2,6-sialyltransferase ST6GALNAC5 (also 
known as α-N-acetylgalactosaminide). ST6GALNAC5 
was identified by its overexpression in brain, but not in 

 Box 1 | Leptomeningeal metastases

Also	known	as	carcinomatous	meningitis,	leptomeningeal	metastases	develop	in	the	
microenvionment	containing	the	cerebrospinal	fluid	(CSF)	and	the	linings	of	the	brain.	
This	environment	is	not	static;	with	metastasis	it	may	be	altered	by	immune	cell	
infiltration,	increased	protein	concentrations	and	reduced	glucose	concentrations130.	
When	cultured	with	leptomeningeal	tissues,	metastatic	melanoma	and	lung	cancer	
cells	invade	into	and	degrade	the	leptomeninges,	in	contrast	to	glioma	cells	that	sit	on	
top	of	the	tissue131.	Thus,	leptomeningeal	metastases	are	distinct	from	primary	brain	
tumours.	In	patients,	spread	to	the	leptomeninges	can	be	accomplished	by	several	
routes,	including	the	blood,	direct	extension	from	the	brain,	the	venous	plexus	and	
nerves,	perineural	and	perivascular	lymphatics,	and	the	choroid	plexus.	Clinically,	
leptomeningeal	metastases	confer	a	dismal	prognosis.	Leptomeningeal	metastases	
simultaneously	occur	with	parenchymal	brain	metastases	in	more	than	50%	of	patients	
with	melanoma	or	lung	cancer.	They	can	develop	from	primary	lung	cancer	over	a	
median	of	1 year,	but	require	more	than	3 years	to	develop	in	patients	with	breast	
cancer	and	melanoma132.	Haematological	malignancies	also	develop	leptomeningeal	
metastases133.	Intrathecal	(delivered	to	the	CSF)	chemotherapy	produced	responses	in	
patients	with	leptomeningeal	metastasis,	but	patient	survival	remained	poor130.	Several	
of	the	experimental	brain	metastasis	model	systems	produce	leptomeningeal	lesions,	
offering	hope	that	new	pathways	and	therapeutics	will	be	discovered.
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Temozolomide
A brainpermeable 
chemotherapeutic with 
alkylating activity.

Partial response
At least a 30% decrease in the 
sum of diameters of target 
lesions, taking as reference the 
baseline sum diameters.

Stable disease
Neither sufficient shrinkage to 
qualify for partial response nor 
sufficient increase to qualify for 
progressive disease, taking as 
reference the smallest sum 
diameters while on study.

bone- or lung-tropic breast cancer cell lines — lectin 
staining for ST6GALNAC5 was observed in 50% of 
brain metastases compared with 18% of lung metas-
tases. Sialyltransferases are thought to affect cell–cell 
interactions through the sialylation of gangliosides and 
glycoproteins. Knock down of ST6GALNAC5 reduced 
tumour cell line migration across artificial blood–brain 
barriers (BBBs) in vitro and brain metastasis in animal 
models17.

Cytokines and their signalling pathways participate 
in metastatic colonization in the brain. Transforming 
growth factor-β (TGFβ) is a cytokine that has been 
widely reported to inhibit the initiation of tumori-
genesis but to also stimulate tumour progression and 
metastasis. Murine B16 melanoma cells produced 
exclusively leptomeningeal metastases; overexpres-
sion of TGFβ2 induced parenchymal micro metastases 
but had no effect on the leptomeningeal lesions23. 
The STAT signalling pathway, which is downstream 
of many cytokines, was activated in brain metas-
tases. Transfection of STAT3 into A375 brain-tropic 
melanoma cells increased the incidence of brain 
metastases, as well as their blood vessel density, and 
decreased the survival of the injected animals53. STAT3 
promotion of melanoma brain metastasis is linked to 
decreased expression of the suppressor of cytokine 
signalling 1 (SOCS1), which is a negative regulator of 
cytokine signal transduction24.

Potential microenvironmental contributions to brain 
metastasis include the expression of proteases within 
the parenchyma and by the invading tumour cells. 
Transgenic overexpression of plasminogen activator 
inhibitor 1 (Serpine1) and tissue inhibitor of metallopro-
teinase 1 (Timp1) in mouse brains reduced the incidence 
of brain metastasis26,27. Similarly, microRNA-1258 inhib-
ited tumour cell heparanase expression and decreased 
experimental brain metastasis57.

Future investigations will no doubt identify other 
pathways that are essential for the colonization of the 
brain by metastatic cells.

Why chemotherapy usually fails
Poor chemotherapeutic permeability and efficacy. The 
clinical data on the responsiveness of brain metastases to 
standard chemotherapy and molecularly targeted drugs 
are unambiguously disappointing, with only a handful of 
clinical responses to most standard cytotoxic drugs58–64. 
Some clinical responses to temozolomide have been 
reported in patients with melanoma brain metastases65. 
Capecitabine (Xeloda; Roche), a nucleotide-based 
chemo therapeutic, has produced responses alone and in 
combination with other drugs in patients with breast can-
cer brain metastases66,67. Disappointing results were also 
reported when chemotherapy was added to WBRT68.

Epidermal growth factor receptor (EGFR) inhibi-
tors produced clinical responses in 10–30% of patients 
with brain metastases from NSCLC69,70. However, the 
concentration of erlotinib (Tarceva; Genentech) in the 
CSF was 6% of plasma levels71. Concerns have also been 
raised about a high rate of brain metastases following 
a systemic response to EGFR inhibitors. For example, 
43% of patients with a partial response to gefitinib (Iressa; 
AstraZeneca) developed brain metastases after a mean 
follow-up of 27 months72.

For patients with ERBB2+ breast cancer, the human-
ized monoclonal antibody trastuzumab (Herceptin; 
Genentech) is the standard of care combined with 
chemotherapy. Considerable clinical data have accu-
mulated on the incidence of brain metastases and the 
outcome of these patients. In one study, 50% of patients 
with breast cancer who had systemic metastatic ERBB2+ 
disease were responding to chemotherapy or had stable 
systemic disease when brain metastases were diagnosed, 
and 50% of patients died of progressive brain metas-
tases6. A meta analysis of trials of trastuzumab in the 
adjuvant setting showed an increased relative risk of 
brain metastasis of 1.57 (REF. 73), indicating that treat-
ment with this drug ahead of the diagnosis of distant 
metastatic disease seems unlikely to be able to prevent 
the development of brain metastases. Trastuzumab effi-
cacy in the brain is probably diminished by poor pene-
tration. The ratio of trastuzumab levels in the CSF and 
serum was 1/420 when tested at baseline, and rose to 
1/49–1/76 post-radiation treatment: these levels are still 
considered sanctuary site levels74. Lapatinib (Tykerb; 
GlaxoSmithKline) was approved in combination 
with capecitabine in patients with ERBB2+ metastatic 
breast cancer who have progressed on trastuzumab 
and chemotherapy. Lapatinib shows restricted but 
improved brain uptake compared with that of trastu-
zumab, reaching levels of up to one-quarter of those in 
plasma75. In a Phase II trial, the shrinkage of ERBB2+ 
brain metastases was minimal with lapatinib or lapat-
inib and capecitabine (6% and 20% partial response 
rates, respectively), with additional patients experienc-
ing stable disease64. The fact that brain metastases are 
less frequent in patients with ER+ breast cancer might 
reflect the fact that tamoxifen, a selective ER modifier, 
can cross the BBB76.

A recombinant humanized monoclonal antibody 
against VEGF, bevacizumab (Avastin; Genentech/Roche), 
was administered to patients with NSCLC brain 

 Box 2 | Radiation therapy for brain metastases

Whole-brain	radiation	therapy	(WBRT)	consists	of	a	series	of	treatments	(fractions)	of	
low-dose	(2–3	Gy)	radiation	delivered	to	the	entire	brain,	for	patients	with	either	one	or	
multiple	metastases.	WBRT	was	initially	validated in	trials	that	demonstrated	an	
improvement	in	patient	survival	from	1–2 months	with	supportive	care	versus	
4–6 months	when	treated	with	radiotherapy134,135.	WBRT	has	been	tested	in	several	
clinical	scenarios.	No	significant	difference	in	overall	patient	survival	was	observed	
between	WBRT	versus	WBRT plus stereotactic	radiosurgery	(SRS)136.	Addition	of	WBRT	
after	surgery	decreased	relapses	at	the	surgical	site137.
WBRT	also	has	a	role	in	preventing	brain	metastases	(prophylactic	cranial	irradiation	

(PCI)).	In	patients	with	small-cell	lung	cancer	(SCLC),	PCI	reduced	brain	metastases	by	
73%,	increased	survival	from	5.4	to	6.7 months,	and	caused	no	decrease	in	cognitive	
function	or	emotional	behaviour138.	A	review	of	randomized	trials	in	patients	with	
non-small-cell	lung	cancer	(NSCLC)	showed	a	reduction	in	the	incidence	of	brain	
metastases,	without	any	survival	benefit139.
SRS	is	an	alternative	to	surgery	in	which	multiple	convergent	beams	of	high	energy	

X-rays,	γ-rays	or	protons	are	delivered	to	a	discrete	mass.	Thus,	SRS	irradiates	a		
brain	metastasis	but	does	not	treat	the	remaining	brain.	SRS	can	be	used	to	treat	
single	or	multiple	lesions,	including	deep-seated	surgically	inaccessible	lesions140,141.	
In	retrospective	analyses,	SRS	has	an	equivalent	outcome	to	surgery140,141.
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Disease progression
At least a 20% increase in the 
sum of diameters of target 
lesions, taking as reference the 
smallest sum on study (this 
includes the baseline sum). In 
addition to the relative 
increase of 20%, the sum must 
also demonstrate an absolute 
increase of at least 5 mm.

Facilitated diffusion
The spontaneous passage of 
molecules or ions across a 
biological membrane passing 
through specific 
transmembrane integral 
proteins.

metastases. Among 106 evaluable patients, two Grade 5 
pulmonary haemorrhages were reported, 24.5% of parti-
cipants discontinued the study owing to an adverse event 
and 34.9% discontinued owing to disease progression77. 
Inhibitors of VEGFR (and other receptor tyrosine 
kinases) have been tested in patients with brain metas-
tases from renal cancer. In the US Food and Drug 
Administration expanded access programme, 4% of the 
patients treated with sorafenib (Nexavar; Bayer) showed 
a clinical response in the brain78.

The blood–tumour barrier (BTB). Although metastatic 
disease is generally considered incurable, responses in the 
brain seem to be even lower than those at systemic sites. 
At least two theories may explain the disappointing chem-
otherapy clinical data. First, metastatic tumour cells in the 
brain are more resistant to chemotherapy than systemic 
metastases. Resistance may result from their late devel-
opment after multiple rounds of prior chemotherapies, 
and could reflect accumulated mutations. Second, the 
remnants of the BBB prohibit adequate amounts of chem-
otherapy from reaching the metastases. The BBB consists 
of the brain vasculature and the surrounding architec-
ture, which severely limits the access of many molecules 
to the brain (FIG. 2a). The endothelial cells of the BBB 
express a plethora of active transporters. Together, these 
transporters act as efflux pumps to send substances out 
of endothelial cells and back into the circulation, away 
from the brain parenchyma. Under normal conditions, 
the molecules that most readily pass from blood into the 
brain are small and lipophillic and are not recognized 
by the active efflux pumps79. These compounds diffuse 
across the multiple cell membranes of the BBB into the 
brain parenchyma. Other necessary substances, such 
as glucose, amino acids, vitamins, nucleic acid precur-
sors and some hormones, are moved into the brain by  
facilitated diffusion80. Most standard chemotherapeutics 
have been shown to be substrates of one or more of the 
active efflux transporters81,82 (TABLE 1).

The brain metastasis research field has debated the 
extent to which metastasis disrupts the BBB, forming a 
BTB. Imaging studies showing a greater uptake of con-
trast agents in brain metastases compared with surround-
ing brain tissue have suggested that the barrier is open, 
whereas chemotherapeutic efficacy data suggest that, if 
the barrier is open, it is not open enough to permit suf-
ficient drug accumulation. It is also not clear whether 
the pharmacokinetics of drug uptake into primary 
brain tumours are identical to those of brain metastases. 
Recent pharmacokinetic studies of two experimental 
brain metastasis models revealed that, although most 
metastases have some increased permeability compared 
with normal brain, heterogeneous uptake levels can 
occur (FIG. 2b) and only 10% had sufficient permeability 
to show a cytotoxic response to chemotherapy15. Median 
drug levels in experimental brain metastases remained a 
log lower than those achieved in systemic metastases. In 
agreement with these data, neither paclitaxel nor doxoru-
bicin significantly decreased experimental brain metasta-
sis in a mouse model of breast cancer. These data strongly 
support the conclusion that brain-permeable drugs are 
needed if chemotherapy is to have a prominent role in the 
prevention or treatment of brain metastases15.

Drug efflux pumps markedly contribute to the 
observed lack of brain permeability (TABLE 1). Using 
knockout mice for Abcb1 and Abcg2, uptake of axitinib, 
dasatinib (Sprycel; Bristol-Myers Squibb), erlotinib, gefit-
inib, imatinib (Glivec; Novartis), lapatinib, sorafenib, 
sunitinib (Sutent; Pfizer) and tandutinib in the normal 
brain was substantially increased, with Abcb1 having a 
dominant role for most agents except sorafenib. Elacridar, 
an inhibitor of both pumps, was almost as efficacious in 
increasing brain sorafenib concentration as the double 
transporter Abcb1;Abcg2 knockout, whereas it was less 
potent at increasing the concentrations of gefitinib in 
the brain83,84. Roles of other BBB and BTB efflux pumps 
remain incompletely characterized and may contribute to 
inadequate drug permeation of brain metastases.

Figure 1 | Steps in the development of brain metastases in an animal model. Brain metastatic cancer cells traverse 
the vascular system and use the outside of vessels as a site of adhesion and migration13,20. Later, the tumour cells use the 
inflamed brain microenvironment as a niche. Tumour cells interact with activated microglia (macrophage-like cells, shown 
in yellow) and astrocytes (shown in orange), which provide support for neuronal function. As the metastasis expands, 
neuronal damage ensues. The brain microenvironment also contains damaged axons, oedema (white halo) and vascular 
changes (such as the disruption of the blood–brain barrier, indicated by dashed black lines). Both vessel co-option and 
angiogenesis have been reported in brain metastasis. Dormant solitary tumour cells can also reside in the brain39, 
constituting a potential source for the development of additional metastases.
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The rate of uptake of a dextran marker compared with 
a chemotherapeutic drug in experimental brain metas-
tases was closely correlated15, suggesting that the overall 
architecture of the BTB contributes to altered permeability 
along with drug-specific transporters. Using immuno-
fluorescence, the vasculature of permeable experimental 
brain metastases was surrounded by greater numbers of 
pericytes, as shown by desmin staining, whereas a drug 
transporter protein, P-glycoprotein (ABCB1) was compa-
rably expressed in permeable and nonpermeable lesions15. 
The correlation of increased pericyte coverage and perme-
ability was unexpected, as pericytes contribute to the BBB-
protective function85,86. However, under hypoxic conditions 
pericytes can collaborate with astrocytes to exacerbate 
BBB disruption87. Another role for astrocytes in chemo-
therapeutic permeability was also suggested by the adhe-
sion of astrocytes to tumour cells in vitro, thus protecting 
them from chemotherapeutic compounds by altering gap  
junctions and so resulting in calcium sequestration34.

Validation of brain-permeable compounds
It is expected that continued mechanistic insight into the 
brain metastatic process will identify additional druggable 
targets. Multiple new approaches to prevent and treat 
brain metastases are now underway (TABLE 2). For drug-
related approaches, preclinical data using brain-tropic 
model systems have addressed three general questions. 
First, can brain metastasis-permeable drugs be identi-
fied? Increasingly, the pharmaceutical industry is now 
considering brain permeability when choosing a lead 
compound. In general, brain permeability is optimal in  
a compound with a low molecular mass (<450 Da), mod-
erate lipophilicity (calculated logP<5), a limited number 

of hydrogen bond donors (less than three) and acceptors 
(less than seven), neutral or basic pKa (7.5–10.5) and lim-
ited polar surface area (<60–79 Å)79. Second, do brain- 
permeable drugs have efficacy as a treatment for estab-
lished brain metastases, as assessed in ongoing clinical 
trials, or in the prevention of the colonization of the 
brain by metastatic cells? Third, can brain-permeable 
drugs synergize with radiation therapy?

Vorinostat (Zolinza; Merck) is a histone deacetylase 
inhibitor and has been approved for the treatment of 
recurrent cutaneous T cell lymphoma. It modulates 
gene expression by altering histone-dependent chro-
matin conformation, and also affects the acetylation 
of other proteins. When injected into mice with breast 
cancer brain metastases, vorinostat crossed the normal 
BBB and exhibited heterogeneous twofold to three-
fold greater uptake in metastases relative to normal 
brain (FIG. 2c). Administration of vorinostat on day 3 
of a 25-day experiment reduced the formation of large 
metastases by 62%, and micrometastases by 28%, which 
is consistent with its brain permeability. The efficacy 
of vorinostat sequentially decreased to insignificant 
levels as the delay lengthened for administration; if the 
drug was started on day 14, when micrometastases and 
occasional large metastases had formed, it had no sig-
nificant inhibitory effect88. These data highlight a dis-
connection between the prevention and the treatment 
of a brain metastasis (discussed below). Another issue is 
the advancement of a drug into trials for treating brain 
metastases when its clinical history in the systemic meta-
static setting is mixed. Vorinostat showed disappointing 
clinical activity against metastatic breast cancer89, and in 
patients with advanced lung cancer few responses were 

Figure 2 | The blood–brain barrier (BBB) and its role in drug uptake. a | The BBB protects the normal brain by 
permitting access to only select substances. Endothelial cells are surrounded by pericytes, a basement membrane and the 
feet of astrocytes, all of which function as a barrier. Endothelial cells in the normal brain are tightly connected by continuous 
tight junctions and express multiple efflux pumps to push unwanted substances back into the bloodstream107. b | The results 
in mice harbouring brain metastases that were given an intravenous injection of radiolabelled drug (paclitaxel or 
doxorubicin) are illustrated. Drug uptake into normal brain and brain metastases was quantified by autoradiography of 
tissue sections. Although most brain metastases accumulated a higher concentration of the drug than cells in the normal 
brain, heterogeneous levels of drug uptake were observed and the highest concentration was only observed in ~10% of the 
lesions15. c | Vorinostat, a histone deacetylase inhibitor, was administered to mice with brain metastases (as described in  
part b). Drug uptake throughout the brain is evident, as well as heterogeneous increased uptake in metastases.
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Epothilones
A new class of 
microtubuleactive drugs.

observed using vorinostat as monotherapy. However, 
vorinostat synergized with carboplatinum and pacli-
taxel to increase response rates, with a trend towards 
improved progression-free survival90.

We observed an additional activity of vorinostat as 
an inducer of DNA damage. Vorinostat induced DNA 
double-strand breaks in brain-tropic breast cancer cells 
in vitro and in vivo, with reduced expression of the DNA 
repair protein RAD52 (REF. 88), suggesting a potential syn-
ergy with radiation. Mouse survival was increased using 
the combination of vorinostat and 5 Gy radiation follow-
ing intracerebral implantation of brain-tropic breast can-
cer cells91. The combination of vorinostat and radiation 
has progressed to a Phase II trial (clinical trial number: 
NCT00838929; see ClinicalTrials.gov (see Further 
information)).

Lapatinib, an ERBB2 and EGFR kinase inhibitor, pre-
vented the formation of metastases by brain-tropic breast 
cancer cells that were transfected with ERBB2 by 53% 
(REF. 92). Like vorinostat, lapatinib administration began 
soon after tumour cell injection and continued through-
out the experiment. Phospho-ERBB2 staining of brain 
metastases was significantly reduced in lapatinib-treated 

animals, confirming that the drug hit its target in vivo. 
JNJ-28871063, another ERBB2 kinase inhibitor, has 
been reported to accumulate in the brain at higher levels 
than in plasma and to improve the survival of mice with 
intracranially implanted tumour cells93.

A brain-permeable STAT3 inhibitor, WP1066, 
was tested in mice with intracerebrally inoculated 
melanoma metastases. The overall survival of these 
mice increased from 15 days to over 78 days. The drug 
affected the interaction of the tumour cells with the 
brain micro environment, reducing tumour cell pro-
duction of TGFβ, VEGF and other chemokines. It also 
inhibited the proliferation of regulatory T (Treg) cells and 
increased cytotoxic T cell responses94. The effect of the 
compound on the inhibition of STAT3 activation in  
the tumour has not been reported.

Sagipilone is a BBB-permeable epothilone with a 
long half-life in the brain. It inhibited the intracerebral 
growth of MDA-MB-435 cancer cells approximately five-
fold in contrast to the nonsignificant effect of paclitaxel. 
Sagipilone also significantly inhibited the intracerebral 
growth of Lu7187/7,466 NSCLC cells compared with the 
nonsignificant effects of temozolomide95.

Table 1 | Heterogeneity of drug efflux pumps for chemotherapeutic and molecular therapeutic agents

Drug class Drug P-glycoprotein 
(ABCB1) 

BCRP 
(ABCG2)

MRP1–7 
(ABCC1–10) 

OAT OCT and 
OCTN

OATP ENT or 
CNT 

Other 

Vinca alkyloids Vinblastine, vincristine and 
vinorelbine

++* – + 7‡ 

Anthracyclines Doxorubicin ++ + + 1, 2, 6 and 7 + OCT6 + RALBP1

Daunorubicin ++ + + 1, 6 and 7 + RALBP1

Epidophyllotoxins Etoposide ++ + + 1, 2, 3 and 6 

Taxanes Paclitaxel and docetaxel ++ – + 2 and 7 + 2 + 1B3

Tyrosine kinase 
Inhibitors 

Axitinib, dasatinib, lapatinib, 
sunitinib and tandutinib

++ + 

Erlotinib ++ + + 7 + 1 and 3 + 1B3 

Gefitinib ++ + + 1 and 3 

Imatinib ++ + + 7 + 1 and 3 

Sorafenib + ++ 

Camptothecins Topotecan ++ + + 4 + 3

Irinotecan (SN-38) ++ + + 1, 2 and 4 + 1B1

Thiopurines 6-mercaptopurine + + 4 and 5 + 3 

6-thioguanine + 4 and 5 + 3 

Nucleic acid 
precursors 

5-fluorourcil + 5 and 8 + 3

Gemcitabine + 4 and 5 + ENT1 
and 
ENT2, 
and 
CNT2

Other Melphalan + LAT1 

Cisplatin + 2, 5 and 6 + 1 and 2 

Methotexate + + + 1, 2, 3 and 5 + 3 + 1B1

BCRP, breast cancer resistance protein; CNT, concentrative nucleoside transporter; ENT, equilibrative nucleoside transporter; LAT1, large neutral amino acids 
transporter, small subunit 1; MRP1–7, multidrug resistance-associated protein 1–7; OAT, organic anion transporter 3 (also known as SLC22A8); OATP, organic anion 
transporting polypeptide; OCT, organic cation transporter; OCTN, organic cation/carnitine transporter; RALBP1, RAL binding protein 1.*+ to ++ indicates the degree 
to which a drug is subject to efflux transport. – indicates that the drug is not transported. ‡Numerals indicate the transporter isoform at the blood–brain barrier.
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Pazopanib (Armala; GlaxoSmithKline), an inhibitor 
of VEGFR1–3, α-type platelet-derived growth factor 
(PDGFRA), PDGFRB and KIT, has anti-angiogenic 
activity and is approved for the treatment of renal can-
cer. Recent experiments indicate that pazopanib also 
inhibits the serine/threonine protein kinase activity of 
BRAF, particularly wild-type BRAF that is activated 
by ERBB2 overexpression16. Pazopanib prevented the 
development of brain metastases in ERBB2‑transfected 
231-BR breast cancer cells by 73% and the size of brain-
tropic ERBB2-transfected MCF-7 breast cancer brain 
metastases by twofold16. Interestingly, immunohisto-
chemistry indicated that the phosphorylation levels of 
ERK and MEK were reduced in the pazopanib-treated 
brain metastases, suggesting that the inhibition of BRAF 
signalling was a contributing factor, but vascular density 
was unchanged.

Could brain-tropic viruses have a role in the treat-
ment of brain metastases? Vesicular stomatitus virus 
attacked an intracranially implanted mouse mammary 
tumour, as well as a primary glioma, with the port of 
entry being a disrupted BTB96. Reovirus type 3 is a 
naturally occurring replication-competent virus that 
usurps the RAS signalling pathway of tumour cells with 
cytotoxic effects. In vivo, reovirus inoculation into intra-
cerebrally implanted breast tumour metastases reduced 
their size and extended survival. Side effects included a 
mild local inflammation and mild hydrocephalus97.

Successful chemotherapy for brain metastasis
Most clinical trials for brain metastases enrol patients 
with diagnosed brain lesions and either test an experi-
mental therapeutic in patients who have progressed 
after WBRT treatment, or test the therapeutic in com-
bination with WBRT. Trial end points include shrink-
age or stabilization of the metastases and compatibility 
with systemic therapy. Little effect on patient survival 
has been achieved. Measurements of cognition are 
only infrequently attempted and even fewer trials use 
a comprehensive battery of tests to establish cognitive 
side effects. Often, patients with brain metastasis are 
enrolled into a single trial and are not enrolled on the 
basis of tumour type, despite the fact that clinical and 
molecular features separate these diseases. The emerg-
ing pharmacokinetic data suggest two avenues for future 
chemotherapeutic development: first, the identification 

of BBB-permeable drugs with preventive or cytotoxic 
activity; and second, methods to increase BBB perme-
ability to permit brain penetration of less permeable but 
effective therapeutics.

Is the prevention of brain metastases a better drug tar-
get? Although arguments rage that preclinical models 
fail to predict clinical trial results, the data for brain 
metastases are currently compatible. Simply, the shrink-
age of established lesions with standard cytotoxic drugs 
or molecularly targeted drugs has not been achieved pre-
clinically, or clinically in most cases. The lack of a ther-
apeutic benefit makes intuitive sense when considering 
the at-best partial brain permeability of most drugs, the 
partial permeability of the BTB, the fact that many 
molecular therapeutics are cytostatic not cytotoxic, the 
number of tumour cells in a several-millimetre lesion 
that must be killed to achieve a clinical response and 
the increased hydrostatic interstitial fluid pressure from 
oedema that can limit drug uptake. The most profound 
preclinical observation that has been reported, however, 
is that prevention of the outgrowth of brain metastases is 
partially achievable. In a prevention scenario, a brain-
permeable drug could potentially reach and control the 
outgrowth of a more limited number of micrometa-
static tumour cells. This hypothesis is supported by the 
time course data for vorinostat (as discussed above)88. 
Almost all of the preclinical compounds that have been 
reported to date were tested in a prevention setting. 
Limited clinical trial data also support the hypothesis 
that prevention of brain metastases is more achievable 
than shrinkage of an established lesion — a retrospec-
tive analysis of the clinical trial data from sorafenib in 
patients with renal cancer brain metastases78 revealed 
a 75% prevention of brain metastasis development98 
(compared with a 4% clinical response rate on estab-
lished metastases78, as discussed above). Lapatinib 
exhibited low response rates in trials enrolling patients 
with breast cancer who had established brain metas-
tases that expressed ERBB2. However, although direct 
comparisons cannot be made, long-term follow-up 
from the metastatic breast cancer (MBC) trial of lapat-
inib plus capecitabine versus capecitabine alone indi-
cated a significant reduction in the brain as the first site 
of relapse99, which is a preventive effect. A retrospec-
tive review of patients with advanced NSCLC who were 
initially treated with gefitinib showed a 25% incidence 
of development of brain metastases over a median of 
42 months, which is considered low by historical esti-
mates and is superior to traditional response rates for 
established lesions100.

For many primary prevention trials, brain metastases 
are quantified only when they are the first site of recur-
rence and later brain events are ignored, allowing conclu-
sions to be drawn on the basis of partial data. Moreover, 
such trials are expensive and require years of patient 
follow-up. This underlines the need to identify patients 
at the highest risk of developing brain metastases for 
enrolment. Several methods for identifying patients who 
are most likely to develop brain metastases have been 
reported, including a WNT gene pathway signature56 and 

Table 2 | New approaches to prevent or treat brain metastases

Approach Examples

BBB-permeable and effective 
therapeutics

Vorinostat, lapatinib, pazopanib, 
JNJ-2887-1063, WP1066 and epothilones

Brain-tropic viruses Vesicular stomatitus virus

Increase the permeability of the BBB Angiopep 2, phosphodiesterase 5 inhibitors, 
radiation and BBB disruption 

Radiation sensitization of tumour cells Multiple kinase inhibitors, vorinostat and 
DNA damage response inhibitors

Protection of normal brain from 
WBRT-induced neurocognitive deficits

Fenofibrate, pioglitazone and ACE 
inhibitors

ACE, angiotensin-converting enzyme; BBB, blood–brain barrier; WBRT, whole-brain radiotherapy.
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Nomogram
A form of line chart showing 
scales for the variables 
involved in a particular formula 
so that corresponding values 
for each variable lie in a 
straight line intersecting all the 
scales.

Performance status
A measure of a patient’s 
wellbeing defined as the 
amount of normal activity that 
the patient can maintain.

a three-protein immunohistochemical signal101 in lung 
cancer and a clinical nomogram for breast cancer102, but 
none is in common use.

Secondary prevention trials represent an as yet 
untried method for examining the efficacy of drugs at 
preventing brain metastases. This trial design would 
enrol patients who have been diagnosed with and treated 
(excluding WBRT) for brain metastases who are there-
fore at a high risk of developing further brain metastases. 
Patients would receive systemic therapy and would be 
randomized to placebo or an investigational agent. The 
relevant end point would be time to the development of a 
new brain metastasis rather than shrinkage of the existing 
lesion. Other end points would include compatibility with 
systemic treatment, patient survival and cognitive func-
tion. A graded prognostic assessment for patients with 
breast cancer brain metastases separated patients into 
groups with survival ranging from 4.2  months to 
32.3 months103. The 32.3-month group, defined on 
the basis of performance status, ERBB2 and hormone 
receptor expression, and number of brain metastases, 
could enable the selection of longer term survivors who 
would be ideal candidates for secondary prevention tri-
als. It remains to be determined whether drugs passing 
through the BBB will cause greater cognitive losses.

Bypassing the BBB. Several interesting preclinical leads 
have emerged that can push non-brain-permeable 
drugs past the BBB. Some use the existing structure 
of the BBB, such as angiopep 2, a 19-amino acid pep-
tide that binds the low-density lipoprotein receptor-
related protein (LRP) receptors at the BBB, resulting 
in facilitated transport across the BBB104. Initial work 
with angiopep 2-conjugated paclitaxel demonstrated 
>50-fold enhanced delivery across the BBB104, and this 
agent has entered clinical trials. The role of pathologi-
cal signalling in the BBB compartment is also under 
investigation. Phosphodiesterase 5 inhibitors, such as 
vardenafil (Levitra; Bayer), alter the endocytic pathway 
of endothelial cells. In vivo, vardenafil increased tras-
tuzumab uptake in intracranially implanted ERBB2+ 
breast tumour cells by twofold105. Radiation is the best 
studied BBB permeabilizer, although it has not yet been 
studied in a brain metastasis model106. Multiple pathways 
may mediate the radiation permeabilization of the BBB, 
including endothelial cell loss, reduced P-glycoprotein 
expression, VEGF production by activated astrocytes 
and binding of leukocytes to the damaged endothelia. 
Finally, BBB disruption is achieved by intracarotid infu-
sion of a hyperosmotic agent to reversibly shrink brain 
endothelial cells and open their tight junctions; this 
strategy has been used most successfully for primary 
central nervous system lymphoma107.

Improving radiotherapy for brain metastases
Radiation therapy is the most commonly used procedure 
for the treatment of brain metastases. Overall goals for 
future research include optimizing the efficacy of radia-
tion therapy against metastatic tumour cells compared 
with normal brain cells, and preventing the cognitive 
losses that a proportion of patients suffer.

Radiosensitizers. Radiosensitizers are chemicals or 
biological agents that increase the lethal effects of radia-
tion on the tumour without causing additional damage 
to normal tissue. Multiple drugs have been tested for 
radiation sensitization, including pyrimidine analogues, 
hypoxic cell sensitizers, traditional chemotherapeutic 
agents, kinase inhibitors and anti-angiogenic agents108,109. 
Overall, these studies have produced mixed results — 
some have shown a slight survival benefit but most have 
not shown a difference in survival — and have not been 
strong enough to bring any of these agents into rou-
tine clinical care. Multiple molecular therapeutics have 
been preclinically tested in vitro and in vivo on a variety 
of cancer cell types for the sensitization of radiation 
with promising results, including inhibitors of MAPK, 
poly(ADP ribose) polymerase (PARP), and serine/
threonine protein kinases PLK1, CHK1 and CHK2  

(REFS 110–113) (FIG. 3). Although it is hoped that these 
newer molecular therapeutics may be a long-awaited 
clinical advance in radiosensitization, it is also important 
to question why promising preclinical data on radiosen-
sitizers have so far failed to translate to the clinic. One 
possible clue emanates from a gene expression analysis of 
a glioblastoma cell line grown in vitro, as a subcutaneous 
tumour or intracranially. Gene expression after radia-
tion therapy was dramatically different between these 
situations, confirming the importance of the appropriate 
microenvironment114. Testing of potential radiosensitizers 
in more relevant brain metastatic models is needed.

Radioprotectors for WBRT. A proportion of patients 
receiving WBRT suffer from progressive, permanent cog-
nitive impairment. A recent clinical trial demonstrated a 
reduction in cognitive function in patients with NSCLC 
who were treated with WBRT, as assessed by a specific 
memory test115. The deleterious effects of WBRT on cog-
nition have limited its use, particularly in cancer patients 
who have stable systemic disease and an expected pro-
longed survival period. However, WBRT-induced cogni-
tive decline is difficult to measure as it involves patient 
function at baseline (already deteriorated by the contri-
butions of brain metastases and ‘chemobrain’ from sys-
temic therapy), the adequacy of testing methods and the 
variety of drugs administered to patients.

A growing body of evidence suggests that chronic 
oxidative stress and inflammation have a role in cog-
nitive decline116. Irradiating the adult rodent brain 
leads to neuroinflammation, increased oxidative 
stress117,118, activation of microglia119–121, and a chronic, 
progressive loss of both hippocampal-dependent and  
non-hippocampal-dependent cognitive function. A stem 
cell population in the vicinity of the hippocampus could 
be responsible for producing mature neurons, and, fol-
lowing radiation injury, the inflammatory process may 
alter the neurogenic fate of these stem cells to a more 
gliogenic fate, thereby also causing memory deficits122. 
The cognitive effects of WBRT have been modelled in 
non-cancer-bearing animals. Adult rats were treated 
with WBRT, and cognitive function was quantified over 
the next year using a battery of tests, including regular 
and water mazes, as well as novel object recognition tests. 
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Relative cognitive function was 73 ±6% at 12 weeks post-
WBRT and decreased to 45 ±4% and 14 ±4% at 26 and 
52 weeks post-WBRT, respectively, which is indicative of 
late, chronic and progressive cognitive impairment123.

Anti-inflammatory-based interventions have been 
hypothesized to prevent or ameliorate radiation-induced 
cognitive impairment. In non-tumour-bearing animals, 
the administration of pioglitazone (Actos; Takeda)  
(a peroxisome proliferator-activated receptor-γ (PPARγ) 
agonist that is prescribed for diabetes124), fenofibrate 
(Lipantil; Abbott Laboratories) (a PPARα agonist that is 
prescribed for hypercholesterolaemia and hypertrigly-
ceridaemia125) or the angiotensin type 1 receptor (AGTR1) 
antagonist (AT1RA) L-158809 (an angiotensin-converting 
enzyme (ACE) inhibitor that is typically used to treat 

hypertension) significantly ameliorated WBRT-induced 
cognitive impairment126–128. These and similar studies 
suggest the intriguing hypothesis that some of the cog-
nitive impairment that is associated with WBRT can be 
prevented using radioprotectors. Other potential radio-
protectors tested in non-cancer brain diseases include 
melanocortins, erythropoietin, statins and antibiotics of 
the tetracycline and fluoroquinolone classes129. Studies in 
brain metastatic models are awaited in order to demon-
strate the preservation of cognition, as well as the effects of 
the drug on metastatic colonization. Most animal models 
have been developed to produce brain lesions quickly, and 
this field will require new models permitting time for cog-
nitive dysfunction to appear. Radiation-protection clinical 
trials would enrol newly diagnosed patients with brain 
metastasis who had an expected survival long enough to 
permit the development of cognitive sequelae; patients 
would be randomized to a protracted course of placebo 
or the investigational agent combined with WBRT. End 
points would be a decline in performance based on 
regularly administered cognitive tests, as well as quality 
of life, radiographic changes in brain lesions and patient 
survival.

Conclusions
Brain metastases cause physical and cognitive morbidi-
ties and limit the survival of cancer patients, particularly 
those with advanced melanoma, lung cancer and breast 
cancer. As chemotherapy improves for other cancer 
types, the incidence of brain metastases is likely to rise as 
a sanctuary site. WBRT has efficacy as a brain metastasis-
preventive therapy. New leads into the radioprotection of 
the normal brain to prevent cognitive loss from WBRT, 
and radiosensitization of tumour kill by SRS, may bring 
radiation therapy into safer, more effective use. Drug 
development can attack the problem of brain metastasis 
by identifying mechanistic molecular pathways, validat-
ing brain-permeable inhibitors and clinically testing 
them in combination with systemic therapy and/or radia-
tion. The currently available preclinical data suggest that 
chemotherapeutic drugs may be most effective in the pre-
vention of brain metastases rather than the shrinkage of 
established lesions, which will require new trial designs. 
Comprehensive evaluations of patient cognition and 
quality of life will be essential to meaningfully progress.

Figure 3 | Pathways mediating radiation sensitization. Within irradiated tumour 
cells the most lethal DNA damage is that which results in DNA double-strand breaks 
(DNA DSBs). Unrepaired DNA DSBs lead to cell cycle arrest, which if prolonged can 
lead to cell death. Numerous putative radiation sensitizers affect multiple aspects of 
this cascade, including DNA repair enzymes, cell cycle checkpoints and cellular 
proliferation. The inhibition of targets within the tumour stroma can also sensitize 
tumour cells to radiation142. For example, the inhibition of growth factor receptors  
on blood vessels can increase radiation sensitivity in tumour cells. BUDR, 
bromodeoxyuridine; HDAC, histone deacetylase; IUDR, 5-iodo-2’deoxyuridine;  
TK, tyrosine kinase; UCN-01, 7-hydroxystaurosporine.
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Calpain was first described as a calcium-activated protei-
nase in 1964 (REF. 1), with further genetic and functional 
characterization of the calpains as a well-conserved family 
of intracellular cysteine proteinases occurring over sub-
sequent years2–4. There are currently 14 known human 
calpain isoform genes, which are defined by the presence 
of a protease domain that is similar to that found in micro 
(μ)-calpain, which is one of the two most extensively studied 
isoforms, the other being milli (m)-calpain (reviewed in 
REFS 2–4) (FIG. 1). Although many of the precise physio-
logical functions of the calpain isoforms and mechanisms 
controlling proteolytic activity remain to be fully eluci-
dated, experimental studies have demonstrated clear roles 
for calpains in a number of important cellular processes, 
including cell motility and apoptosis. Genetic association 
studies and functional analyses of calpain activity in clinical 
samples have further implicated calpain activity in disease 
pathology, including cancer, neurotoxicity and limb-
girdle muscular dystrophy type 2A (LGMD2A) (BOX 1). 
Research into calpain biology has proved challenging to 
modern molecular and chemical methods owing to the 
complexities of the multiple regulatory mechanisms, 
the many isoforms and the broad substrate specificity 
that calpains have that does not conform to a consensus  
substrate-binding site or a cleavage site. Thus, calpains 
have an extensive influence on cell biology, and new dis-
coveries are adding to our understanding of the physio-
logical consequences of calpain activity in biology and 
disease. This Review summarizes current knowledge of 
the calpains in relation to the mechanisms that govern 
cancer progression and how these may affect cancer ther-
apy. A prospective view of how calpain activity could be 
optimally exploited for therapeutic benefit is provided.

Calpain structure and regulation. The archetypical 
members of the calpain family, μ-calpain and m-calpain, 
which were named on the basis of the concentration  
of calcium ions required for their activity in vitro, require 
calcium and a neutral pH for proteolytic activity5–13. 
Both μ-calpain and m-calpain are heterodimers con-
sisting of a catalytic (80 kDa) subunit and a regulatory 
subunit (28 kDa). The catalytic subunits differ between 
μ-calpain and m-calpain and are formed by calpain 1 
(encoded by CAPN1) and calpain 2 (encoded by CAPN2), 
respectively. The regulatory subunit is common to both 
isoforms and is encoded by CAPNS1 (REFS 14–18). The 
catalytic and regulatory subunits have four (DI to DIV) 
and two (DV and DVI) domains, respectively. DI is 
autolysed when calpains are activated by calcium, but 
this does not seem to be a prerequisite for activation. 
DII, the conserved protease domain, is divided into the 
subdomains IIa and IIb, which, on binding calcium, form 
a signal domain (II) that contains the catalytic cleft19–22. 
DIII contains characteristic C2 domains and is involved 
in structural changes during calcium binding21,22. The 
carboxy-terminal domains DIV (catalytic subunit) and 
DVI (regulatory subunit) contain five EF hands, not all 
of which are involved in binding calcium, as the fifth 
EF hand aids dimerization of the subunits23–25. DVI at 
the amino-terminal of the regulatory subunit contains 
a string of glycine residues that may enable interaction 
with the plasma membrane and are autolysed during 
calpain activation11.

Although the protease domain (DII) is similar 
between calpains, divergence exists between other 
domains within isoforms and as a consequence not all 
calpains are calcium-dependent or require the regulatory 
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C2 domain
A structural domain that is 
involved in membrane 
targeting. The C2‑like domain 
of calpain has superficial 
similarity to the C2 domain of 
other enzymes.

EF hand
A structural domain 
responsible for calcium 
binding, found in 
calcium‑binding proteins.

The calpain system and cancer
Sarah J. Storr*, Neil O. Carragher‡, Margaret C. Frame‡, Tim Parr§ and  
Stewart G. Martin*

Abstract | The calpains are a conserved family of cysteine proteinases that catalyse the 
controlled proteolysis of many specific substrates. Calpain activity is implicated in several 
fundamental physiological processes, including cytoskeletal remodelling, cellular signalling, 
apoptosis and cell survival. Calpain expression is altered during tumorigenesis, and the 
proteolysis of numerous substrates, such as inhibitors of nuclear factor-κB (IκB), focal 
adhesion proteins (including, focal adhesion kinase and talin) and proto-oncogenes (for 
example, MYC), has been implicated in tumour pathogenesis. Recent evidence indicates that 
the increased expression of certain family members might influence the response to cancer 
therapies, providing justification for the development of novel calpain inhibitors.
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L domain
Contains the XL region and is 
found at the N‑terminal of 
calpastatin. Not much is known 
about the functions of this 
domain; however, many 
splicing events occur in this 
region.

subunit (reviewed in REF. 3). Within the calpain fam-
ily there are isoforms that are ubiquitously expressed, 
such as μ-calpain and m-calpain, and isoforms that are 
expressed in a tissue-specific manner, such as calpain 9, 
which is found in the digestive tract3. Although Capn1- 
knockout mice show no phenotype26, Capn2- and  
Capns1-knockout mice are embryonic lethal27,28, indicating 
the essential role of calpains in embryogenesis.

There are several mechanisms that can promote cal-
pain activation by reducing the calcium requirements; 
these include autolysis of the DI domain29,30 and inter-
action with membrane phospholipids5–13. Several phos-
pholipids enhance m-calpain autolysis at the plasma 
membrane, including, phosphatidylinositol (PI; also 
known as PtdIns), phosphatidylinositol-4-monophosphate 
(PIP; also known as PtdInsP) and phosphatidylinositol- 
4,5-bisphosphate (PIP2; also known as PtdIns(4,5)P2)10–13. 
There are also initial reports of a calpain-activator pro-
tein that is specific for μ-calpain31–34. Both μ-calpain and 
m-calpain can be phosphorylated by protein kinase Cι 
(PKCι), and this phosphorylation has been associated 
with increased cell migration and invasion of lung cancer 
cells35. ERK directly phosphorylates m-calpain on a spe-
cific serine residue, influencing cell adhesion and motil-
ity, and this might decrease the calcium concentration 
that is required for m-calpain activation36. In addition, 
protein kinase A (PKA) reduces m-calpain activity37,38 by 
blocking PIP2 binding in the C2 domain of calpain39,40. 
Recent observations indicate that PIP2 acts as a cofactor 
for m-calpain and that phosphorylation by ERK or PKA 
alters the cellular distribution of the enzyme to modulate 
activity39. Localization of m-calpain at the plasma mem-
brane, through PIP2 anchorage, is important for the acti-
vation of the protease39,40. Furthermore, m-calpain can 
co-localize in calveolae to promote compartmentalized 
signalling41,42, and studies have shown that μ-calpain can 
be found in the intermembrane mitochondrial space43–45. 
Owing to the array of proteolytic substrates, and their 
influence on cellular processes, the localization and 
distribution of calpain is expected to modulate cellular  
outcome following calpain activation.

Regulation by calpastatin. Calpastatin is the ubiqui-
tously expressed endogenous inhibitor of μ-calpain and 
m-calpain. It consists of an N-terminal L domain that 
contains an N-terminal XL region, and four repetitive 
inhibitory domains (I–IV) (reviewed in REF. 46) (FIG. 2). 
The intrinsically unstructured nature of calpastatin 
allows it to reversibly inhibit up to four calpain het-
erodimers. The inhibitory action of calpastatin requires 
calcium-induced structural changes in calpain to allow 
the A, B and C regions within each inhibitory domain of 
calpastatin to bind, and region B blocks the active site  
of calpain21,22,47,48. Calpastatin is released from intracellu-
lar storage aggregates into the cytosol following calcium 
influx to allow interaction with calpain49.

A single gene (CAST) encodes calpastatin and it has 
multiple promoters that generate distinct isoforms with 
N-terminal variation50–55 (FIG. 2). Type I and type II cal-
pastatin both contain the L domain but have differing 
N-terminal sequences generated from tandem promoters 
that are associated with exons 1xa and 1xb. Type III cal-
pastatin is the product of a promoter that is associated 
with the untranslated exon 1u and results in a protein 
in which the XL region is absent from the L domain. 
Type IV calpastatin is a testis-specific isoform that is 
generated from a promoter between exons 14 and 15 
and so lacks the L domain and the inhibitory domain I. 
These promoters can be differentially regulated in a 
tissue-specific manner and in response to agonists56,57. 
In addition to the use of alternative promoters, calpasta-
tin transcripts are alternatively spliced in the L domain, 
and this allows numerous calpastatin polypeptides to be 
generated from one gene50,58–62. The cellular consequence 
of multiple calpastatin splice variants has not been fully 
elucidated; however, the absence of exon 6 has been 
shown to promote the formation of intracellular storage 
aggregates61. A small region of the calpastatin L domain 
can partially reprime L-type calcium channels following 
voltage-gated activation63. At a post-translational level 
calpastatin is phosphorylated, particularly by PKA in 
the L domain, which affects inhibitory specificity and 
efficiency, as well as cellular location64–68.

The calpains are an influential family of cysteine pro-
teases that are involved in the controlled proteolysis of 
many substrates. Although many calpain proteolytic sub-
strates have been identified, the full proteolytic signature 
of this proteinase, including binding to substrates that 
might be influenced by environmental stimuli and cel-
lular context, remains to be elucidated. Furthermore, the 
cellular location of calpain seems to have an important 
role in its activation, and presumably the proteolysis of 
target substrates; information that is often not addressed 
in in vitro studies. The contribution of calpain to impor-
tant processes during tumorigenesis, such as cellular 
migration, apoptosis and survival, are discussed below.

Calpain and cancer
Aberrant expression of calpain has been implicated 
in tumorigenesis. Increased expression of μ-calpain is 
observed in schwannomas and meningiomas69, and 
increased expression of CAPN1 mRNA in renal cell 
carcinoma70 and increased expression of m-calpain in 

 At a glance

•	The	calpains	are	a	family	of	cysteine	proteases	that	catalyse	the	controlled	
proteolysis	of	a	large	number	of	specific	substrates.

•	Although	the	calpain	family	consists	of	more	than	ten	members,	μ‑calpain	and	
m‑calpain	are	the	most	commonly	described	and	are	ubiquitously	expressed.

•	Calpastatin	is	the	endogenous	inhibitor	of	μ‑calpain	and	m‑calpain	and	it	has	
multiple	isoforms	and	splice	variants.

•	Calpain	is	linked	to	cancer	and	a	number	of	other	disease	states,	including	limb‑girdle	
muscular	dystrophy	type 2A	(LGMD2A)	and	neurodegeneration.

•	Calpain	activity	is	linked	to	cellular	migration	through	the	proteolysis	of	focal	
adhesion	proteins,	such	as	focal	adhesion	kinase	and talin.

•	Calpain	is	linked	to	cell	survival	through	the	cleavage	of	inhibitors	of	nuclear	
factor‑kB	(IkB).

•	Calpain	is	linked	to	apoptosis	through	cleavage	of	BCL‑2	family	members,	caspases	
and	apoptosis‑inducing factor.

•	Expression	of	calpain	and	calpastatin	has	been	linked	to	tumour	progression	and	
response	to	therapies.

R E V I E W S

NATURE REVIEWS | CANCER  VOLUME 11 | MAY 2011 | 365

© 2011 Macmillan Publishers Limited. All rights reserved



Nature Reviews | Cancer

µ-calpain

DI

DV

DIIa

Protease

DIIb DIII

C2-like

DIV

EF hands

CAPN1

CAPNS1
DVI

EF hands

Classical EF domain calpains Atypical non-EF domain calpains

I II III IV II C2III

I II II III IV

CAPN1, 2, 8,
9* and 11–14

CAPN5 
and 6

II IIICAPN7

II III IIICAPN10*

IISOLH

CAPN3* NS IS IS

Zn fingers

colorectal adenocarcinomas has also been observed71. 
However, calpain expression is not altered in basal 
and squamous carcinomas of the skin72, and discord-
ant results have been presented for prostate cancer73,74. 
Similarly, decreased expression of calpastatin has been 
observed in endometrial cancer75.

Further calpain family members are implicated in 
cancer biology, including increased expression of cal-
pain 6 in uterine sarcomas and carcinosarcomas76, as 
well as in uterine cervical neoplasia77; decreased expres-
sion of calpain 3 variants in melanoma78; and decreased 
expression of CAPN9 in gastric cancer79. Alterations in 
CAPN10 have been linked to laryngeal80, colorectal81 
and pancreatic cancer82. Numerous other calpain sub-
strates are important in cancer progression, includ-
ing 8-oxoguanine-DNA glycosylase (OGG1)83 and  
hypoxia-inducible factor 1α (HIF1α)84.

The cellular consequences of calpain activity have 
been described in an array of in vitro models and are 
discussed below.

The calpain system and cellular migration
The migration of tumour cells from their primary sites 
of origin, which contributes to local tumour invasion 
and peripheral metastasis, has a major effect on tumour 
progression, patient prognosis and therapeutic treat-
ment options. Studies of cell migration carried out on 
two-dimensional (2D) substrates demonstrate that 

persistent motility or chemotaxis of most cell types is 
regulated by the spatial and temporal coordination of 
cell–substrate adhesion, actin and myosin-mediated 
contraction and cell–substrate detachment (reviewed in 
REF. 85). Initial research implicated calpain in the regu-
lation of integrin-mediated cell adhesion through the 
finding that m-calpain localized to integrin-associated 
focal adhesion structures and directly cleaved the focal 
adhesion protein talin86 (FIG. 3). This was subsequently 
shown to be influenced by MAP3K1 (also known as 
MEKK1) through the downstream activation of calpain87. 
Importantly, cell-permeable calpain inhibitors stabilized 
peripheral focal adhesions and decreased the rate of mem-
brane detachment at the rear of cells migrating across a 
2D substrate88. Studies that used a combination of gene 
ablation, pharmacological inhibition and RNA interfer-
ence (RNAi) to suppress calpain activity further impli-
cated m-calpain in regulating focal adhesion turnover 
and cell migration in a variety of tumour-derived and 
oncogene-transformed cell models in 2D in vitro cul-
ture73,89–92. Examination of calpain-resistant mutant forms 
of focal adhesion substrates confirmed a role for calpain-
mediated proteolytic cleavage of focal adhesion kinase 
(FAK) and talin in the dynamic turnover of focal adhe-
sion structures; however, no difference in the migration 
of cells that express mutant substrates compared with 
their wild-type counterparts was observed93,94. These 
studies suggest that calpain-mediated cleavage of individ-
ual focal adhesion substrates is not sufficient to influence 
cell motility. Calpain can cleave numerous other sub-
strates to promote cellular motility, such as paxillin95–98, 
fodrin99,100, ezrin100–103, vinculin98,104 and α-actinin105,106. 
Interestingly, calpain-mediated cleavage of paxillin 
has recently been implicated in negative regulation of 
focal adhesion dynamics and reduced cellular migra-
tion107. The role of calpain in focal adhesion turnover 
has been reviewed in-depth elsewhere108,109. Several stud-
ies highlight alternative pro-migratory mechanisms for 
calpain, such as regulation of membrane protrusion at 
the leading edge of migrating cells, as characterized by 
the influence of calpain perturbations on lamellipodial 
extension and filopodia stabilization97,110, and through 
increased migrational velocity111. Calpain regulation of 
membrane protrusions seems to be dependent on the 
proteolytic cleavage of proteins that modify the actin 
cytoskeleton, such as cortactin112.

Recent developments in live cell imaging techniques 
have revealed new insights into how tumour cells 
invade through more physiological three-dimensional 
(3D) environments. These studies highlight the exist-
ence of distinct modes of tumour invasion, includ-
ing those referred to as collective, mesenchymal and 
amoeboid mechanisms113–116. Mesenchymal modes of 
3D tumour invasion have been shown to be dependent 
on β1-integrin-mediated adhesion and matrix metal-
loproteinase (MMP)-mediated matrix remodelling 
events, whereas tumour cells invading by an amoeboid 
mechanism are less dependent on adhesion and MMP 
activity and more dependent on actin and myosin-
mediated force generation and deformation of the cell 
body113,115. The amoeboid mode of 3D tumour invasion 

Figure 1 | Schematic structure of μ‑calpain heterodimer and calpain family 
members. CAPN1 (the large 80 kDa catalytic subunit of calpain 1) contains domains DIIa 
and DIIb (protease domains), as well as DIII and DIV (EF hand domains; shown by the 
purple ovals). CAPNS1 (the small 28 kDa regulatory subunit) contains domains DV and 
DVI. CAPNS1 associates with CAPN1 to form a heterodimer; an additional small subunit, 
CAPNS2, has also been described (not shown). The C2-like domain of the calpains has 
superficial similarity to the C2 domains of other enzymes, and influences 
calcium-induced activation of calpain. The enzymatic catalytic triad residues (orange 
ovals) of the calpains are located within the protease domain. Calpain family members 
are shown in terms of classical EF hand-containing motifs and atypical non-EF 
hand-containing isoforms. NS, IS1 and IS2 are regions found in calpain 3, which is 
expressed in skeletal muscle. Most of the other calpains are ubiquitously expressed, 
except for CAPN8 (stomach), CAPN9 (digestive tract), CAPN11 (testis), CAPN12 (hair 
follicles), CAPN6 (placenta) and SOLH (brain). * indicates that multiple isoforms have 
been described. C6orf103 (CAPN7L; also known as CAPN16), a calpain 7-like protein, has 
also been identified but is not shown. SOLH, small optic lobes, Drosophila homologue of 
(also known as CAPN15).
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is less dependent on calpain-mediated regulation of focal 
adhesions117, which is consistent with reduced integrin 
dependency. Pharmacological interventions that induce 
a phenotypic switch from amoeboid to mesenchymal 
invasion sensitize the tumour cells to calpain inhibitor- 
mediated suppression of invasion118. Furthermore, 
calpain may have additional functions within the con-
text of 3D invasion; for example, calpain-mediated 
cleavage of protein tyrosine phosphatase 1B (PTP1B) 
is associated with SRC kinase-mediated formation of 

invadapodia structures119. Several studies also suggest 
that calpain activity acts upstream of membrane-type 
MMP1 (MT1-MMP1; also known as MMP14), MMP2 
and urokinase plasminogen-type activators (uPAs), thus 
contributing to extracellular matrix remodelling and 
invasion90. Studies determining the aberrant expression 
of CAPN1 mRNA in cancer have linked increased expres-
sion to lymph node metastasis and histological type in 
renal cancer70.

There are several mechanisms by which calpain 
influences tumour cell migration and invasion that are 
dependent on the coordinated proteolytic cleavage of mul-
tiple substrates that regulate cellular adhesions and actin 
dynamics. The role of calpain activity in cellular migration 
is clear, and both in vitro and in vivo evidence highlight its 
importance during tumorigenesis. Furthermore, evidence 
that calpain modulation is a necessary component of cell 
migration is arguably more established than its role in 
apoptosis and survival in cancer biology.

The calpain system, cell death and survival
Apoptosis is the process of programmed cell death that 
is initiated by receptor activation (extrinsic) or is mito-
chondria mediated (intrinsic). Calpain activity can pro-
mote apoptosis in a number of disease states, such as 
neurodegenerative disorders (reviewed in REFS 120–122), 
however, the reverse is true of calpain 3 in LGMD2A123. 
The functions of calpain in the perturbed apoptotic 
pathways of cancer are paradoxical, and the biological 
outcome of calpain activity is dependent on cellular con-
text, including the type of apoptotic stimuli, expression 
and cellular localization of the protein124.

Pro-survival. Calpain activity has been implicated in the 
pro-survival activities of both the tumour-suppressor 
protein p53 and nuclear factor-κB (NF-кB) (FIG. 4). 
Accumulating evidence indicates that calpain is able 
to cleave wild-type p53, regulating protein stability to 
prevent p53-dependent apoptosis125–128. Growth arrest-
specific protein 2 (GAS2), a protein which is cleaved 
during apoptosis to allow rearrangement of the actin 
cytoskeleton, can physically associate with calpain to pre-
vent p53 cleavage resulting in enhanced p53 stability129. 
These observations are in contrast to those observed in 
neuronal cells, in which calpain promotes the activation 
of p53 and neuronal cell death130. In addition, calpain 
can promote survival through activation of NF-кB by 
cleavage of its inhibitor IкBα. Calpain-mediated IкBα 
cleavage can occur in response to tumour necrosis factor 
(TNF)131, and activation of the epidermal growth fac-
tor receptor (EGFR) family member ERBB2 in breast 
cancer132. In another mechanism, μ-calpain can regulate 
receptor activator of NF-кB ligand (RANKL)-supported 
osteoclastogenesis by activating NF-кB133. Proteolysis of 
IкBα has been reported to be m-calpain131, μ-calpain134 
or calpain 3-mediated135, and can be disrupted by  
overexpression of calpastatin136.

Calpain is responsible for the proteolysis of vari-
ous substrates that can sensitize cells to apoptosis, such  
as the transcription factor MYC137,138. MYC can suppress 
the expression of calpastatin to increase calpain activity. 

 Box 1 | Calpain in disease

Perturbed	calpain	activity	or	genetic	mutations	in	various	calpain	family	members	can	
cause	or	accelerate	several	disease	processes	other	than	cancer	(reviewed	in	REF. 187).	
Altered	expression	of	calpain	is	observed	in	numerous	pathological	conditions,	
including	increased	expression	in	neuronal	injury	and	neurodegeneration	(reviewed	in	
REF. 120),	cataract	formation	(reviewed	in	REF. 188),	multiple	sclerosis189	and	
myocardial	infarction190.	Genetic	mutations	in	the	gene	encoding	calpain	3	can	cause	
the	progressive	skeletal	muscle	disorder	limb‑girdle	muscular	dystrophy	type 2A	
(LGMD2A)123,	whereas	type 2	diabetes	is	associated	with	polymorphisms	in	the	gene	for	
calpain	10	(REF. 191).	Genetic	variants	of	calpain	5	are	associated	with	altered	
cholesterol	levels,	regulation	of	diastolic	blood	pressure192	and	polycystic	ovary	
syndrome193,	and	decreased	levels	of	calpain	5	are	observed	in	endometriosis194.	
Furthermore,	calpain	has	been	implicated	in	F508del	cystic	fibrosis	transmembrane	
conductance	regulator	(CFTR)	models	of	apoptosis	following	endoplasmic	reticulum	
stress195.	The	role	of	aberrant	calpain	expression	and	activity	in	numerous	disease	
states	underpins	the	important	functions	of	the	proteinase	and	its	regulation.

Figure 2 | Schematic structure of calpastatin. The generic cDNA that encodes 
calpastatin is shown in terms of the protein L domain (which contains the XL region that 
is encoded at the amino terminus) and the inhibitory domains I–IV (which each contain 
the subdomains A-C). The 5′ (L domain) and 3′ exons of the calpastatin gene are shown 
on the genomic DNA (gDNA). The exons that are incorporated into transcripts through 
the initiation of transcription from putative promoters immediately 5′ to exons 1xa, 1xb 
and 1u are indicated. Shown below the gDNA are the 5′ ends of the resulting transcripts 
that result in multiple protein types, along with predominant variants for each type that 
arise from differential splicing.
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In experiments using Rat-1 fibroblasts with Myc-targeted 
disruption, inhibition of calpain in MYC-positive cells 
promotes anoikis (detachment-induced apoptosis), and 
calpastatin knockdown in Myc-negative cells promotes 
tumorigenicity139. Calpain activity can also affect the 
cell cycle, through mechanisms that include cleavage 
of cyclin E to a more active low-molecular-mass form 
in breast cancer140, progression through the G1 stage 
of the cell cycle in v-src-transformed cells91, and altered 
cellular location of m-calpain during mitosis141. How  
calpain affects G1 stage cell cycle progression remains to be 
elucidated; however, during v-src transformation calpain 
activity promotes hyperphosphorylation of RB and alters 
the levels of cyclins A and D, as well as cyclin-dependent 
kinase 2 (CDK2)91. Calpain can cleave the CDK inhibi-
tor p27 in a MAPK-dependent process; the cleavage of 
p27 is involved in G1/S transition142. In addition, calpain 
can interfere with the interaction between protein phos-
phatase 2A (PP2A) and AKT to prevent forkhead box O 
(FOXO)-mediated cell death143. Interestingly, PP2A can 
also negatively regulate calpain during cell migration89.

Pro-apoptosis. Several studies have shown that calpains 
cooperate with the caspase cysteine protease machinery 
in the induction of apoptosis (FIG. 4). However, there is 
confounding evidence relating to calpain-mediated acti-
vation of caspases in cancer, and when this occurs during 
the apoptotic process. Evidence indicates that caspase 7, 
caspase 9, caspase 10 and caspase 12 are all subject to 
calpain-mediated cleavage. Caspase 10 and caspase 7 
are both activated by calpain cleavage, whereas caspase 9 
is inactivated144,145. Interestingly, calpain cleavage of cas-
pase 7 results in two products that are more active than 
caspase 3-cleaved caspase 7 (REF. 144). During endoplas-
mic reticulum stress calpain can activate caspase 12, 

resulting in apoptosis146,147. Intriguingly, caspase 8 can 
disrupt calpastatin-mediated inhibition of m-calpain by 
restricting their interaction and can promote tumour cell 
migration148. Calpain can facilitate apoptosis through 
the cleavage of various members of the apoptosis regu-
lating BCL-2 family; including promoting apoptosis 
through BAX and BID-mediated cytochrome c release, 
and cleavage of BCL-2 to allow BAX translocation into 
the mitochondria149–152. Cleavage of BAX by calpain 
results in a potent 18 kDa fragment that promotes 
the release of cytochrome c independently of BCL-2 
(REFS 150,153,154).

Calpain is able to activate several other substrates 
that are involved in promoting apoptosis, such as CDK5 
(REF. 155), APAF1 (REF. 156), JNK146, JUN, FOS157,158 and 
cain (also known as cabin 1)159, and calpain can cleave its 
inhibitor calpastatin160 in cellular models. During apop-
tosis, calpastatin can also be cleaved by caspases160,161. 
In Cast-knockout mice, loss of this inhibitor in brain 
tissue seems to augment apoptotic responses without 
caspase 3 activation162. Furthermore, mitochondrial-
located calpain is implicated in caspase-independent 
apoptosis — calpain cleavage of apoptosis-inducing 
factor (AIF) allows the mitochondrial release of AIF 
through BID-induced pores163,164. Interestingly, the 
DNA repair enzyme poly(ADP-ribose) polymerase 1 
(PARP1) and mitochondrial-located calpain might be 
subject to some degree of signalling crosstalk, through 
which activation of PARP1 following DNA damage 
results in the deregulation of mitochondrial calcium 
homeostasis and subsequent calpain activation to  
promote AIF processing165.

The role of calpain in apoptosis and survival path-
ways remains discordant. Much of the work has been 
done in models of neuronal cell death, and the influence 
of calpain activation in models of cancer, with impaired 
apoptotic pathways, remains to be fully elucidated. The 
cellular location of calpain activation might have an 
important role in determining substrate specificity and 
cellular outcome, especially in terms of calpain located in 
the mitochondria, and activation of calpain in spatially 
restricted subcellular domains must be considered. The 
development and application of effective fluorescent 
biosensors of proteolytic activity to in vitro and in vivo 
cancer models will enable more detailed temporal 
and spatial characterization of calpain activity during 
tumorigenesis.

The calpain system and autophagy
Damaged proteins and organelles are degraded by the 
process of autophagy during which autophagosomes 
fuse with lysosomes to maintain cellular homeo stasis. 
Although the importance of autophagy in cancer is 
still unclear, it is implicated in tumour cell survival 
in which defective apoptotic pathways prevail and it 
is also implicated in tumour suppression (reviewed 
in REFS  166,167). Calpain-mediated cleavage of 
autophagy-related 5 (ATG5) provides a link between 
autophagy and apoptosis. ATG5 is involved in the for-
mation of autophagosomes that encapsulate proteins 
and organelles for lysosomal degradation. Cleavage of 

Figure 3 | Calpain and migration. Pharmacological and molecular intervention studies 
that target calpain activity suggest a role for multiple calpain substrates, and thus several 
distinct calpain-mediated signalling mechanisms, in the regulation of cell migration and 
invasion. Calpain-mediated migration and invasion mechanisms include focal adhesion 
turnover (involving integrins and focal adhesion kinase (FAK)), enhanced membrane- 
type matrix metalloproteinase 1 (MT-MMP1; also known as MMP14), urokinase 
plasminogen-type activators (uPAs) and matrix metalloproteinase 2 (MMP2) expression 
and activity. Calpains are also involved in protein tyrosine phosphatase 1B (PTP1B)–SRC-
mediated invadapodia formation and cortactin-mediated actin reorganization, as well as 
laemellipodia and pseudopod stabilization at the leading edge. It is likely that no single 
calpain-mediated proteolytic event promotes cell migration in isolation but rather that 
several events coordinate the calpain-mediated proteolysis of other substrates and other 
distinct signal transduction pathways to promote cell motility.
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168. In addition, calpain cleavage 
of the α-subunit of heterotrimeric G proteins results 

in their constitutive activation, leading to impaired 
autophagy owing to the subsequent increase in intra-
cellular cyclic AMP levels, which negatively regulates 
autophagy169. Paradoxically, studies have shown that 
mouse fibroblast cells that are deficient in calpain 

Figure 4 | Calpain and apoptosis. Proposed schematic roles for calpain in pro-survival and apoptosis pathways in various 
cell types and disease states. a | In survival pathways calpain is implicated in p53 stability and activation of nuclear factor-κB 
(NF-κB) through the degradation of inhibitors of NF-κB (IκB), but it is also implicated in the modulation of forkhead box O 
(FOXO) transcription factor activity through protein phosphatase 2A (PP2A) and it functions directly on cell cycle 
progression through proteins such as cyclin E. During endoplasmic reticulum (ER) stress calpain is implicated in caspase 12 
cleavage, resulting in apoptosis. b | Extrinsic and intrinsic apoptotic pathways can be influenced by calpain activity.  
Calpain is implicated at numerous steps during the apoptotic process, including cleavage and activation of caspase 10 and  
caspase 7, although calpain cleavage of some caspase family members can result in inactivation. Calpain is also able to 
cleave a number of BCL-2 family members, including BAX, to promote apoptosis. AIF, apoptosis-inducing factor; Cyt c, 
cytochrome c; IKK, IκB kinase; PIP

2
, phosphatidylinositol-4,5-bisphosphate; PIP

3
, phosphatidylinositol-3,4,5-trisphosphate.
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expression undergo apoptosis rather than autophagy 
in response to stimuli such as serum deprivation, cera-
mide and etoposde170. Furthermore, small molecule 
inhibition of calpain in fibrosarcoma L929 cells results 
in increased oridonin-induced apoptosis and reduced 
autophagy171.

The importance of calpain activity in the process 
of autophagy provides an interesting indication of the 
scope of the cellular functions of this cysteine proteinase. 
However, the volume of research in this area is limited 
and the influence that calpain exerts on autophagy 
requires further clarification in multiple cell models.

Therapeutic intervention and calpain inhibition
Several functional and disease association studies impli-
cate calpain inhibition as a potential anticancer inter-
vention strategy targeting tumour cell survival172,173, 
invasion70,73 and chemotherapy resistance174,175. 
Moreover, calpain inhibition affects receptor signalling 
in several tumour types, including ERBB2-expressing 
breast cancer cells132,176 and prostate cancer in which the 
cleavage of androgen receptor by clapain enables andro-
gen-independent signalling177–179. In addition, μ-calpain 
expression is associated with a worse response to trastu-
zumab therapy in patients with ERBB2-positive breast 
cancer180. However, evidence suggests that apoptosis 
that is induced by cisplatin (cis-platinum (II) diammine 
dichloride) is mediated by calpain in various cancer cell 
models151,164,181,182.

Over the past three decades various peptide analogues 
and non-peptide calpain inhibitors derived from both 
natural sources and chemical synthesis have been evalu-
ated in various models118,183. Peptidomimetic inhibitors 
are generally directed against the active site of calpain 
(FIG. 5) and can be subclassified into peptidyl epoxides, 
peptidyl aldehydes and peptidyl ketoamide classes118. As 
a consequence of targeting the highly conserved catalytic 
site of calpain, such peptidyl inhibitors display limited 
selectivity for calpains over the broader family of cysteine 
proteases. Most of the peptidyl calpain inhibitors stud-
ied to date are members of the peptide aldehydes or are 
derivatives of the aldehyde class. Owing to the highly 
reactive nature of peptide aldehydes, compounds of 
this class are frequently unstable, rapidly metabolized 
and prone to nonspecific reactions that may have del-
eterious off-target effects. Therefore, such inhibitors 
are poor tools for understanding calpain activity in vivo 
and are unattractive candidates for clinical develop-
ment. Structure activity relationship (SAR) studies have 
enhanced the potency and bioavailability of peptidyl 
inhibitors but have not refined their selectivity183. More 
recently, Abbott Pharmaceuticals have disclosed novel 
carboxamide compounds with nanomolar potency 
against calpain 1 and high selectivity over cathepsins 
(patent reference number: WO 2010094755) (FIG. 5). 
A unique class of non-peptide α-mercaptoacrylates 
that do not target the active site of calpain but rather 
interact with the regulatory calcium-binding domain, 
demonstrate high selectivity for calpains and high-
light the potential for developing allosteric calpain 
inhibitors184,185 (FIG. 5). Allosteric inhibitors targeting the  
calcium-binding regulatory domains IV and VI would 
be presumed to be ineffective against atypical calpains. In 
addition, quinazolinecarboxamides186 (FIG. 5) also display 
high selectivity for calpains over cathepsin, presumably 
by also interacting with a yet to be identified allosteric 
site183. The structural basis and mechanism of calpain 
inhibition by its highly specific endogenous inhibitor 
calpastatin provides a template for the development of 
novel calpain intervention strategies that target the active 
site cleft and/or the non-catalytic domains21,22.

Current drug discovery programmes have the poten-
tial to provide highly specific inhibitors of calpain activ-
ity, with greater potency and stability than the current 
generation of inhibitors. The specific inhibition of cal-
pain activity imparts an exciting opportunity for further 
in vitro studies and future clinical development.

Future directions
The calpain system is important in cancer biology, 
particularly during cytoskeleton remodelling, cellular 
migration and invasion, and its role in modulating the 
invasive potential of cancer cells is clearly established. Its 
role in pro-survival, apoptosis and autophagy pathways 
is less clear and somewhat paradoxical in cancer biology, 
and it seems to be dependent on the cellular context and 
stress stimuli. In view of the discordant role for calpain 
in survival and apoptosis it is interesting to hypothesize 
that calpain may function to promote tumorigenesis 
when abnormal apoptotic pathways prevail. The role 

Figure 5 | Chemical structures selected from distinct classes of calpain inhibitors. 
SJA6017, ALLN, AK275 ketoamide and carboxamide target the catalytic domain of 
calpain. PD150606 and quinazolinecarboxamide are allosteric inhibitors of calpain.
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of calpain activity in tumour progression is more estab-
lished: in vitro evidence demonstrates that increased pro-
tease activity results in cellular migration and invasion, 
and translational studies indicate that calpain expression 
is associated with indicators of aggressive disease.

Current knowledge of the important role of calpain in 
cancer biology suggests that therapeutic modulation of 
calpain activity may be of clinical relevance. A thorough 
examination of calpastatin regulation, along with spe-
cific isoform function and localization, will improve our 
understanding of calpain biology. The exploitation of 
more innovative chemistry and biological intervention 
strategies is necessary to provide more effective experi-
mental tools for dissecting the biological functions of 
calpain family members within complex cellular or 
in vivo systems. Specific targeting of calpains using such 
novel intervention strategies will also address the chal-
lenge of developing effective protease inhibitors with 
the requisite selectivity and pharmacological properties 
to permit a drug development programme. In addition, 

understanding the physiological consequences of inhib-
iting the proteolytic cleavage of multiple calpain sub-
strates is important. The development of specific and 
efficient calpain inhibitors remains a considerable 
challenge.

The identification and functional characterization of 
calpain proteolytic signatures in model systems using 
the latest proteomic technologies may enable the detec-
tion of both desirable and undesirable calpain substrates. 
This might facilitate the targeting of calpain interven-
tions to appropriate diseases or patient subgroups and 
assist the design of more precise targeting strategies 
that are directed against specific calpain substrate 
cleavage events.

In conclusion, calpain is an enigmatic proteinase that 
functions in many cellular pathways through controlled 
proteolysis of various substrates. In cancer, the activity 
of calpain is altered to facilitate tumorigenesis, and the 
modulation of enzymatic activity may be an important 
therapeutic strategy.
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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? FIGURE 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-
bilities1 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 therapies2–4. This 
approach, however, has had limited success 
over the past decades5 because cells within  
the tumour inexorably become resistant to the 
chemotherapeutic drugs6.

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 (FIG. 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. 1c). 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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Abstract | Cancer cells rapidly evolve drug resistance through somatic evolution 
and, in order to continue growth in the metastatic phase, violate the organism-wide 
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a lower concentration of a cytocidal agent. 
This is achieved through swimming by 
bacterial cells and through metastasis by 
tumour cells7,8. 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 cells9–11. One 

of the most intriguing methods of evading 
death in both cell populations depends on 
a probabilistic phenotypic switching mecha-
nism12–13. 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-
nities12 and has recently been described as a 
mechanism whereby tumour cells can escape 
death caused by exposure to drugs13.

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 resistance14–17. 
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-
tion18, 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 cancer19 and bacteria20. This mutator 
phenotype can be selected for21 and has been 
shown to increase the rate of adaptation of 
an organism to stress22.

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

Figure 1 | An alternative view of cancer development. a | The traditional view of cancer is 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. c | 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.

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
Actions or behaviours that are beneficial to other individuals.

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.

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 whole23,24. 
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 population15. 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 system25,26 (see BOX 1 
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 response27. 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 mutagenesis28.

Conversely, the traditional interpretation 
of evolvability and why it appears so often in 
cancer tissues — where it is usually referred 
to as genetic instability29 — 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 retromutagenesis30. We propose 

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 development31; 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 matrix32 
(FIG. 2a). Although bacterial cells trigger 

the expression of fermentative pathways 
in the absence of oxygen33, this metabolic 
pathway creates endogenous oxidative 
stress within the exopolymer matrix, which 
in turn increases the mutation rate of 
the cells34.

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 decomposition34. 
Downregulation of KatA gives cells mutation 
rates up to 100-fold higher than in non-com-
munal, free-swimming cells34. 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 
antibiotics35,36. As a result, cells in biofilms 

 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 system74,75. 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 
polymerases76,77. 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 
infections78.

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 repair79 and mutations in BRCA2 decrease genomic stability80. 
Homologous recombination in bacteria is carried out by the DNA recombination protein RecA,  
a RAD51 analogue81.

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 genes82. 
Mutations in TP53 are found in a large fraction of cancer lesions83 and are often associated 
with sustained proliferation despite DNA damage or external stress82. Similarly, the RNA 
polymerase σ factor (RpoS) regulates entry into the stationary phase (G0) of the bacterial cell 
cycle and promotes expression of DNA repair genes68. 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 stress69.
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are able to develop resistance to multiple 
antimicrobial agents much more rapidly37 
and, by maintaining only a small fraction of 
the population in a hypermutative state, do 
not accumulate detrimental and fatal muta-
tions in the rest of the clonal population38.

Similarly, cancer is not just a collection 
of cells replicating and evolving uncontrol-
lably; it is an ecosystem39,40. Cells surround-
ing a tumour (such as fibroblasts, immune 
cells and endothelial cells) are part of a 
tumour tissue and co-evolve with cancer 

cells (FIG. 2b). For instance, stromal cells 
such as fibroblasts associated with cancer-
ous tissues increase extracellular matrix 
(ECM) production41. Similarly to bacterial 
biofilms, the increased matrix deposition 
not only reduces the effectiveness of chemo-
therapeutic drugs to penetrate a tumour42–44 
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 lactate45.

Tumour cells, however, are able to sur-
vive stressful environments through strong 
mutual interactions with stromal cells46: 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 carcinoma47. 
Koukourakis et 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 cells47. 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 vessels47.

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.

 Box 2 | Bacterial cell communities

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.

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 matrix84. 
The biofilm developmental programme usually starts with the collective 
production of a dense, chemically inert exopolymer matrix by the cells as 
a response to external stress (such as changes in pH and osmolarity, 
starvation, and shear forces)85. 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 cells85. Because 
diffusion of metabolites and chemicals is greatly limited inside the 
matrix32, the microenvironment created by the biofilm is highly 
heterogeneous and physiologically stressful86. 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 edge33,86. 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 
infections87,88. As bacteria assemble together, cell death and cell lysis 
contribute to the formation of cavities inside the biofilm31. The presence 
of such cavities in Pseudomonas aeruginosa biofilms allows cells to regain 
a free-swimming state and move to a different habitat89, not unlike a 
metastatic expansion from a primary human tumour.
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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 adaptation48,49 — 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 (FIG. 3b) limits cell–
cell interactions but still allows circulating 
tumour cells to be exchanged between 
tumours50. 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 devices51–53, long-term experi-
ments studying the evolution of cancer cells 
under conditions of stress remain challeng-
ing. Conversely, bacterial cultures inside 
microfluidics devices54–56 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 FIG. 3c 
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 ecologies57, 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.58) 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 monoclonal59.

Analogously, a recent study by Conibear 
et al.60 has demonstrated the context-
dependent emergence and clonal expansion 
of mutations in P. aeruginosa when grown 
as a biofilm. A green fluorescent protein 
(GFP) 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 

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.  

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.
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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 species61. For instance, results presented 
by Lee et al.62 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 cells47. 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 tissues63. Furthermore, Hickson 
et al.64 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 genes65.

The interactions between cells in a 
tumour may also be interpreted using game 
theory concepts (including ideas such as 
cooperation, cheating and altruism66), 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 humans67, 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 σ factor (RpoS) is a bact-
erial analogue of the transcription factor 
p53 and is a fundamental cell cycle regulator 
that prevents replication under stressful 
conditions68. Bacteria that evolve under 
prolonged starvation stress may develop 
a growth advantage under stationary phase 
(GASP) mutation affecting rpoS69. Keymer 
et al.69 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-habitats70. 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 group71 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 
tissues72. 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.

Figure 4 | Evolutionary aspects of biofilm development as a model of drug resistance in 
tumours. a,b | An interpretation of the work by Conibear et al.60 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. c | 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.
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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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L I N K  TO  O R I G I N A L  A RT I C L E
L I N K  TO  A U T H O R  R E P LY

We read with great interest the Review by 
Leemans and colleagues (The molecular 
biology of head and neck cancer. Nature 
Rev. Cancer 11, 9–22 (2011))1 in which the 
authors extensively describe the genetic 
alterations that cause changes in signalling 
pathways in head and neck cancer, and in 
which they discuss the recent insights into 
the distinction between tumours of the head 
and neck that have a human papillomavirus 
(HPV)-associated aetiology and those that 
do not. It is our opinion that special atten-
tion should be given to the tongue, because 
it is the most common site for oral cancer in 
terms of epidemiology2, and because its inci-
dence is rising compared with other head 
and neck sites (especially in the 20–44-year 
age group). In addition, the tongue is the 
only oral site with tumours of different aeti-
ologies, that is, both HPV-associated in the 
posterior third (base tongue carcinoma) and 
non-HPV-associated in the anterior two-
thirds (oral or mobile tongue carcinoma)2. 
Mobile tongue carcinoma is associated with 
poorer survival and a lower rate of local 
tumour control than other sites of head and 
neck cancer3, and the survival rate (~50%) 
has remained almost unchanged in the past 
four decades2.

In addition to the genetic changes in the 
epithelium, the tumour microenvironment 
in mobile tongue cancer has a decisive 
role in the poor prognosis of the affected 
individuals, probably because of site-specific 
properties that represent molecular crosstalk 
between cancer cells and the tumour micro-
environment3,4. The tumour microenviron-
ment is comprised of a complex network of 
extracellular matrix components and cells, 
including cancer-associated fibroblasts 
(CAFs)5. CAFs that have a myofibroblastic 
phenotype were shown to be associated with 
mobile tongue carcinogenesis in both a rat 
model6 and in human patients7. In patients 
with mobile tongue carcinoma, recurrence 
and disease-specific survival are strongly 

associated with an increased frequency of 
CAFs8,9. Furthermore, the tumour microen-
vironment of both metastatic regional lymph 
nodes and matched primary tongue tumours 
host CAFs, suggesting that CAFs not only 
promote tumour invasion but also facilitate 
metastasis10.

These clinicopathological findings are 
supported at the molecular level by invasion 
assays that use an organotypic model of 
myoma (obtained from routine surgical speci-
mens of human uterus leiomyomas), which 
approximates in vitro the natural tumour 
microenvironment in both the variety of the 
cellular components (such as, endothelial 
cells, smooth muscle cells, lymphocytes, 
macrophages, fibroblasts and myofibroblasts) 
and the presence of various extracellular 
matrix proteins and glycoproteins (such as 
collagen types I, II and III, and laminins)11. 
Human HSC-3 tongue cancer cells cultured 
in the myoma model showed increased 
invasiveness and enhanced collagen degrada-
tion compared with the traditional collagen 
organotypic culture11. Recently, Webber 
and colleagues used a panel of five different 
cancer cell lines and showed that cancer cells 
transmit information to stromal fibroblasts 
using exosomes that possess membranous 
transforming growth factor-β (TGFβ), which 
induces transdifferentiation of stromal 
fibroblasts into myofibroblasts or CAFs12. In 
addition, cancer cells can also recruit resident 
and bone marrow-derived mesenchymal 
stem cells (precursors of CAFs)13. Collectively, 
it becomes evident that the development, 
progression and spread of mobile tongue 
cancer, similar to breast, gastric, colon and 
hepatocellular carcinomas, not only depends 
on the genetic characteristics of the tumour 
cells, but also on the molecular interactions 
with its microenvironment4.

Current anticancer modalities usually 
target only the malignant cells of the tongue. 
Targeting both the tumour cells and the 
tumour microenvironment, however, seems 

to hold new hope for the patients, and 
several preclinical studies14 and Phase I–III 
clinical trials on this line of research are 
already underway. This includes agents that 
interfere with CAF differentiation (such as 
sibrotozumab), cytokine inhibitors (such as 
bryostatin-5) and others4,15.
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L I N K  TO  O R I G I N A L  A RT I C L E
L I N K  TO  I N I T I A L  C O R R E S P O N D E N C E

Tumour–microenvironment interaction is 
an interesting new field in cancer research. 
However, it is not specific to head and neck 
cancer and is still in its infancy. Therefore, 
it was not the focus of our Review on the 
molecular biology of head and neck cancer 
(The molecular biology of head and neck 
cancer. Nature Rev. Cancer 11, 9–22 (2011))1.

We refrained from listing the different 
sub-sites within the head and neck sites. 
Vered et al. (The role of the tumour micro-
environment in the biology of head and neck 
cancer: lessons from mobile tongue cancer. 
Nature Rev. Cancer 31 Mar 2011 (doi:10.1038/
nrc2982-c1)2 suggest that base-of-tongue 
tumours should be considered oral cavity 
carcinomas. We adhere to the internationally 
agreed-upon standard that the base-of-tongue 
is a sub-site of the oropharynx3. The presence 
of tonsillar tissue4 and the relative prevalence 
of human papillomavirus (HPV)-infected 
tumours5 support this. To prevent confusion 
it is important that the research field complies 
with generally accepted conventions.
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	Abstract | Adherens junctions, which are intercellular adhesive complexes that are crucial for maintaining epithelial homeostasis, are downregulated in many cancers to promote tumour progression. However, the role of desmosomes — adhesion complexes that are related to adherens junctions — in carcinogenesis has remained elusive. Recent studies using mouse genetic approaches have uncovered a role for desmosomes in tumour suppression, demonstrating that desmosome downregulation occurs before that of adherens junctions to drive tumour development and early invasion, suggesting a two-step model of adhesion dysfunction in cancer progression.
	Adherens junctions and cancer
	Desmosomes fortify cell adhesion
	Figure 1 | Desmosome deficiency can promote cancer in multiple ways. Stable adherens junctions and desmosomes facilitate adhesion between epithelial cells. The best-characterized components are shown; the position of p53 apoptosis effector related to PMP‑22 (PERP) in the desmosome is speculative. Several mechanisms through which disrupted desmosomes could promote cancer are indicated. Junction plakoglobin (JUP) is the desmosome component with the best-characterized effect on the phenotypic changes that occur in cancer cells. At high levels, JUP can compete with β‑catenin for inclusion in adherens junctions and/or for interaction with the adenomatous polyposis coli (APC)-mediated degradation machinery, which regulates cellular β‑catenin levels (not shown). Both scenarios result in increased nuclear β‑catenin, which can stimulate the transcription of LEF/TCF -dependent target genes, promoting oncogenic effects (part a). JUP itself can also shuttle between adhesion junctions at the plasma membrane and the nucleus, where it can increase expression of LEF/TCF target genes independently of β‑catenin (part b). Additionally, plakophilins (PKPs) can also shuttle between the desmosome and the nucleus, and PKP2 has been demonstrated to interact with β‑catenin and to enhance LEF/TCF-mediated transactivation (part b). JUP and PKPs may also have dedicated LEF/TCF-independent target genes (part c). PKPs may also function in the cytoplasm to stimulate translational initiation (part d). Other uncharacterized molecular mechanisms of cancer promotion might also exist (part e). DSC, desmocollin; DSG, desmoglein; E-cad, E-cadherin; NRCAM, neuronal cell adhesion molecule; p120, p120 cadherin.
	Desmosomes and cancer
	Figure 2 | The p53–p63 pathway regulates homeostasis in epithelial tissues. This figure represents some of the ways in which p53 and p63 family members can regulate epithelial homeostasis. a | During the development and maintenance of epithelial tissues, p63 can directly or indirectly regulate the expression of various classes of genes, including genes that encode cell–cell adhesion proteins, such as p53 apoptosis effector related to PMP‑22 (PERP). These proteins can then assemble into the intercellular adhesive complexes adherens junctions and desmosomes, which promote adhesion between adjacent epithelial cells. Adhesion between cells within a tissue contributes to its integrity, organization and function. b | Cellular stressors such as DNA damage or oncogene expression activate p53. As a sensor of stress, p53 induces the expression of genes that are involved in apoptosis, including PERP and NOXA. PERP and NOXA, and other proteins, contribute to the apoptotic programme, triggering the death of cells the survival of which would be detrimental to a tissue. Both cell–cell adhesion and apoptosis are important cellular mechanisms that contribute to tumour suppression.
	How desmosome loss promotes cancer
	Conclusions and future study
	Figure 3 | Desmosome downregulation is one in a series of steps occurring during cancer development. Two recent studies using mouse cancer models in which desmosome components were ablated have demonstrated key contributions of desmosome deficiency to epithelial cancer development and progression. Mutations in proto-oncogenes or tumour suppressors drive the development of nascent tumours in epithelia. In this context, desmosome deficiency, occurring before adherens junction loss, promotes several cellular phenotypes that can contribute to cancer progression: decreased desmosome-mediated intercellular adhesion, increased cell survival and inflammatory cell recruitment in ultraviolet B (UVB)-induced squamous cell carcinomas in p53 apoptosis effector related to PMP‑22 (Perp)-deficient mice and increased local invasion in desmoplakin (Dsp)-deficient Rip1Tag2‑driven pancreatic neuroendocrine tumours. Subsequent dissolution of adherens junctions in tumours is associated with impaired adherens junction-mediated adhesion, enhanced global invasion and increased distant metastasis, which are features of full-blown malignancy. As desmosome downmodulation precedes that of adherens junctions, and as early diagnosis and treatment is key to achieving the optimal clinical outcome, establishing the status of desmosome and adherens junction constituents in tumours could potentially augment the current tools that are used in the staging, prognostication or treatment of cancers.
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	Warburg’s life
	Abstract | Otto Warburg pioneered quantitative investigations of cancer cell metabolism, as well as photosynthesis and respiration. Warburg and co-workers showed in the 1920s that, under aerobic conditions, tumour tissues metabolize approximately tenfold more glucose to lactate in a given time than normal tissues, a phenomenon known as the Warburg effect. However, this increase in aerobic glycolysis in cancer cells is often erroneously thought to occur instead of mitochondrial respiration and has been misinterpreted as evidence for damage to respiration instead of damage to the regulation of glycolysis. In fact, many cancers exhibit the Warburg effect while retaining mitochondrial respiration. We re-examine Warburg’s observations in relation to the current concepts of cancer metabolism as being intimately linked to alterations of mitochondrial DNA, oncogenes and tumour suppressors, and thus readily exploitable for cancer therapy.
	At a glance
	Figure 1 | Otto Warburg. Otto Heinrich Warburg in his laboratory of the Kaiser Wilhelm Institute for Biology in Berlin-Dahlem, 1931. Image is reproduced, with permission, from the German Federal Archives: image 102‑12525, photographer unknown.
	Formulation of the ‘Warburg hypothesis’
	Is respiration “damaged”?
	Mitochondrial defects and the Warburg effect
	Figure 2 | Grant proposal. Facsimile of a research proposal submitted by Otto Warburg to the Notgemeinschaft der Deutschen Wissenschaft (Emergency Association of German Science), probably in 1921. The application, which consisted of a single sentence, “I require 10,000 marks”, was funded in full. This is a reconstruction based on a detailed description from H. Krebs1.
	Deregulated glycolysis and the Warburg effect
	Figure 3 | The reaction vessel for tissue slices developed by Otto Warburg and representative data. a | The reaction vessel used by Warburg and co-workers14 to measure O2 uptake or lactic acid production consisted of a chambered trough in which a tissue slice (S), cut with a razor blade, was mounted on a glass needle (N, fixed to the bottom of the main chamber) and submerged in 0.5 ml Ringer solution. The vessel was closed with a paraffin-coated ground glass joint (H) attached to tubing that connects to a Barcroft manometer. The solid glass bulb (G) served as a handle to facilitate fitting the glass joint, and additions to the reaction trough were made through port T (sealed with a glass stopper during measurements). For measurements of O2 uptake (which registered as pressure decreases over time), 0.1 ml of 5% potassium hydroxide solution was added to chamber E to absorb CO2. Lactic acid production was measured as pressure increases due to CO2 emission from the Ringer solution, which, for these experiments, contained 24 mM NaHCO3 (Ref. 14). O2 uptake and/or CO2 release were measured at 37.5 °C for 0.5–1 hour. Warburg18 calculated that, to avoid anaerobiosis in the centre, the tissue thickness must be smaller than √8coDA−1, where co is pO2, D is the diffusion coefficient of O2 (1.4 × 10−5 cm3 O2 per cm2 tissue at 38 °C129) and A is the O2 consumption of the tissue; this corresponds to a tissue sample 0.2–0.4 mm in thickness and 2–5 mg in weight. b | Results obtained using the apparatus in a from experiments with Flexner–Jobling rat carcinoma tissue at 37.5 °C, 0.2% glucose20, at pH 7.41 (not 7.66 as indicated130), in which the respiration (per mg of dried tissue) was 7.2 mm3 O2 per hour (0.28 μmol per hour). The volume of CO2 driven out of the Ringer solution by lactic acid during respiration in the presence of O2 was 25 mm3 per hour (0.93 μmol per hour), and in the presence of N2 the volume was 31 mm3 per hour (1.22 μmol per hour) (values in parentheses calculated for this Review). The uptake of 0.28 μmol O2 per hour implies that 0.047 μmol glucose is oxidized to H2O and CO2 (see equation 1 (respiration)). The CO2 produced during the aerobic and anaerobic experiments corresponds to 0.93 μmol and 1.22 μmol lactic acid (see equation 2 (glycolysis)), respectively, or 0.46 and 0.61 μmol glucose, respectively. Thus, in tumour cells in the presence of O2, ten times more glucose is used for glycolysis than for respiration. Image is reproduced, with permission, from REF. 15 © (1926) Springer Science+Business Media.
	Figure 4 | The regulation of metabolism in cancer. Oncoproteins and tumour suppressors (shown in red) are intimately linked to metabolic pathways through transcriptional or post-transcriptional regulation of metabolic enzymes; arrows in bold depict the conversion of wild-type to mutant (Δ) tumour suppressors or mutant activated oncogenes, presumably by mutational oxidative DNA damage. ASCT2, ASC-like Na+-dependent neutral amino acid transporter 2 (also known as ATB(0) and SLC1A5); FH, fumarate hydratase; GLS, glutaminase; GS, glutamine synthetase; GLUT, glucose transporter; GSH, glutathione; HIF1, hypoxia-inducible factor 1; HK2, hexokinase 2; IDH, isocitrate dehydrogenase; LDHA, lactate dehydrogenase A; NF‑κB, nuclear factor-κB; OXPHOS, oxidative phosphorylation; PDK1, pyruvate dehydrogenase kinase isoform 1; PGAM2, phosphoglycerate mutase 2; PGC1β, peroxisome proliferator-activated receptor‑γ, co-activator 1β; PKM2, pyruvate kinase M2; SDH, succinate dehydrogenase; TIGAR, tumour protein 53‑induced glycolysis and apoptosis regulator; VHL, von Hippel-Lindau tumour suppressor.
	Figure 5 | The effects on glucose and glutamine metabolism. a | The effects of oncoproteins and tumour suppressors (shown in red) on glucose metabolism: MYC, hypoxia-inducible factor 1 (HIF1) and p53 affect gene expression, whereas AKT alters glycolytic proteins post-translationally. b | Effects of oncoproteins and tumour suppressors on glutamine metabolism. MYC and Rho-GTPase stimulate glutaminase (GLS), whereas p53 stimulates GLS2 expression; mutant (Δ) β‑catenin stimulates glutamine synthetase (GS). ASCT2, ASC-like Na+-dependent neutral amino acid transporter 2 (also known as ATB(0) and SLC1A5); FH, fumarate hydratase; GLUT, glucose transporter; GSH, glutathione; HK2, hexokinase 2; IDH, isocitrate dehydrogenase; LDHA, lactate dehydrogenase A; NF‑κB, nuclear factor-κB; OXPHOS, oxidative phosphorylation; PDK1, pyruvate dehydrogenase kinase isoform 1; PGAM2, phosphoglycerate mutase 2; PGC1β, peroxisome proliferator-activated receptor‑γ, co-activator 1β; PKM2, pyruvate kinase M2; SDH, succinate dehydrogenase; TIGAR, tumour protein 53‑induced glycolysis and apoptosis regulator; VHL, von Hippel-Lindau tumour suppressor.
	Cancer metabolism unanticipated by Warburg
	Perspectives
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	Abstract | The discovery of Notch in Drosophila melanogaster nearly a century ago opened the door to an ever-widening understanding of cellular processes that are controlled or influenced by Notch signalling. As would be expected with such a pleiotropic pathway, the deregulation of Notch signalling leads to several pathological conditions, including cancer. A role for Notch is well established in haematological malignancies, and more recent studies have provided evidence for the importance of Notch activity in solid tumours. As it is thought to act as an oncogene in some cancers but as a tumour suppressor in others, the role of Notch in solid tumours seems to be highly context dependent.
	Notch signalling
	At a glance
	Box 1 | Genetic alterations that affect the activity of Notch
	Role of Notch in tumorigenesis
	Table 1 | Multiple roles of Notch signalling in solid tumours*
	Figure 1 | Structural organization and proteolytic processing of the Notch receptor. Notch proteins are synthesized as precursor forms that are cleaved by furin-like convertase (S1 cleavage) to generate the mature receptor, which is composed of two subunits that are held together by non-covalent interactions. The extracellular domain (ECD) of the Notch protein is comprised of epidermal growth factor (EGF)-like repeats, three cysteine-rich LIN12 and Notch repeats (LNRs), followed by a carboxy-terminal hydrophobic region. The Notch intracellular domain (NICD) is composed of conserved protein domains: namely, the RBP‑Jκ-associated module (RAM) domain, ankyrin (ANK) repeats, nuclear localization signals (NLSs) and the PEST domain. The general domain organization of the Notch proteins, with the details of NOTCH1, is shown. However, there are differences observed among the four receptors (reviewed in Ref. 14). On binding to the Notch receptor, the ligand induces a conformational change, exposing the S2 cleavage site in the ECD to the metalloproteinase tumour necrosis factor‑α-converting enzyme (TACE; also known as ADAM17). Following S2 cleavage, Notch undergoes a third cleavage (S3) that is mediated by the presenilin–γ-secretase complex, which is composed of presenilin 1 (PSEN1), PSEN2, nicastrin (NCSTN), presenilin enhancer 2 (PEN2) and anterior pharynx-defective 1 (APH1). The S3 cleavage results in the release of the active NICD from the plasma membrane and the subsequent translocation into the nucleus. ICD, intracellular domain; OPA, polyglutamine repeat-containing region; TM, transmembrane.
	Notch in tumour progression
	Box 2 | Notch and epigenetic regulation in Drosophila melanogaster
	Figure 2 | Signal transduction from Notch receptors and ligands. a | Signal transduction from Notch receptors is shown. Notch signalling is activated by interaction between the ligand-expressing cell and the Notch-expressing cell, followed by proteolytic cleavage that releases the Notch intracellular domain (NICD) (FIG. 1). Before activation of Notch signalling, CBF1–Su(H)–LAG1 (CSL) is bound to DNA along with co-repressors (CoRs) such as MSX2‑interacting protein (SPEN; also known as MINT and SHARP). On activation of Notch, the NICD recruits the co-activator (CoA), mastermind-like 1 (MAML1) and others, and thus converts the CSL-repressor complex into a transcriptional activator complex and drives the transcription of target genes. The signal is terminated by phosphorylation (P) of the PEST domain of the NICD, followed by ubiquitylation (Ub) by FBXW7 (also known as SEL10) and proteasomal degradation. Note that when the extracellular domain of Notch is glycosylated by Fringe proteins, the binding between Notch and Delta-like (DLL) is favoured and jagged (JAG) can no longer bind to and activate Notch. Deltex 1 (DTX1) inhibits Notch activity by preventing the recruitment of CoAs. It could also mediate CSL-independent effects of Notch. NUMB promotes ubiquitylation of the membrane-bound NOTCH1 and targets the NICD for proteasomal degradation. b | Signal transduction from Notch ligands is shown. Proteolytic cleavage releases the intracellular domain (ICD) of the Notch ligands. The PDZ ligand (PDZL) domain interacts with PDZ proteins, resulting in a signalling cascade. The ICD can also enter the nucleus and regulate transcription, possibly through interactions with AP1 or the SMAD proteins. This transcriptional regulation may be antagonized by the NICD. Dashed arrows indicate poorly understood mechanisms. CCND1, cyclin D1; CDK8, cyclin-dependent kinase 8; DICD, Delta ICD; EGF, epidermal growth factor; HES1, hairy enhancer of split 1; JICD, jagged ICD.
	Box 3 | Notch regulators and tumorigenesis
	Notch and drug resistance
	Figure 3 | Oncogenic and tumour suppressive interactions of Notch. Cleavage of the Notch intracellular domain (NICD) initiates a signalling cascade that interacts with other oncogenic and tumour suppressive pathways at multiple points. Jagged 1 (JAG1) is transcriptionally induced by the transforming growth factor-β (TGFβ) pathway (part a), which in turn activates Notch in an adjacent cell. Both TGFβ and Notch signalling lead to the induction of the cyclin-dependent kinase inhibitor p21, resulting in cell cycle arrest. HEY1 is another target of both pathways and is a mediator of the epithelial to mesenchymal transition (EMT). Notch signalling downregulates the expression of PTEN via the induction of hairy enhancer of split 1 (HES1) (part b), leading to the activation of the pro-survival PI3K–AKT pathway (part c). Binding of the NICD to a dishevelled protein (DVL) inhibits both the Notch and WNT pathways (part d). Phosphorylation (P) of Notch by glycogen synthase kinase 3β (GSK3B) inhibits Notch-mediated transcription (part e). Notch signalling inhibits the WNT ligands through the induction of HES1, thereby inhibiting the tumorigenic effects of WNT signalling (part f). By contrast, JAG1 is a transcriptional target of WNT, leading to WNT-mediated activation of Notch signalling (part g). Notch activates receptor tyrosine kinase (RTK) pathways by inducing the expression of the RTKs epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR) (part h), leading to activation of cell proliferation genes, as well as positive feedback to Notch signalling. The interactions depicted in this figure are from a variety of systems. The specific interactions among the pathways are highly context dependent. APC, adenomatous polyposis coli; CoA, co-activator; Co-SMAD, common mediator SMAD; CSL, CBF1–Su(H)–LAG1; FZ, frizzled; GAB, GRB2‑associated-binding protein; MAML, mastermind-like; NF-κB, nuclear factor-κB; R‑SMAD, receptor-regulated SMAD; Ub, ubiquitylation. Dashed arrow indicates a poorly understood mechanism.
	Figure 4 | Notch-regulated tumour–microenvironment interactions in tumour maintenance and progression. a | Notch signalling in angiogenesis is shown. The tumour secretes vascular endothelial growth factor (VEGF), inducing sprouting and branching of new vessels from existing blood vessels. Endothelial tip cells also increase their expression of Delta-like 4 (DLL4; purple) in response to VEGF. DLL4 then signals through Notch on adjacent endothelial tube cells to downregulate the expression of VEGF receptor 2 (VEGFR2) (not shown), leading to the inhibition of angiogenesis. b | Notch signalling in tumour self-renewal and metastasis is shown. The tumour receives cues from the stroma, including epithelial to mesenchymal transition (EMT)-inducing factors, such as transforming growth factor-β (TGFβ), in response to which the tumour cells acquire invasive (green invasive cells) or stem-like (purple cells) properties. Some of these cells may acquire both properties (purple invasive cells) (possibly owing to activated Notch signalling) and be able to metastasize and establish secondary tumours. Dashed arrows indicate poorly understood mechanisms.
	Conclusions and future directions
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	Abstract | The incidence of metastasis to the brain is apparently rising in cancer patients and threatens to limit the gains that have been made by new systemic treatments. The brain is considered a ‘sanctuary site’ as the blood–tumour barrier limits the ability of drugs to enter and kill tumour cells. Translational research examining metastasis to the brain needs to be multi-disciplinary, marrying advanced chemistry, blood–brain barrier pharmacokinetics, neurocognitive testing and radiation biology with metastasis biology, to develop and implement new clinical trial designs. Advances in the chemoprevention of brain metastases, the validation of tumour radiation sensitizers and the amelioration of cognitive deficits caused by whole-brain radiation therapy are discussed.
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	Figure 1 | Steps in the development of brain metastases in an animal model. Brain metastatic cancer cells traverse the vascular system and use the outside of vessels as a site of adhesion and migration13,20. Later, the tumour cells use the inflamed brain microenvironment as a niche. Tumour cells interact with activated microglia (macrophage-like cells, shown in yellow) and astrocytes (shown in orange), which provide support for neuronal function. As the metastasis expands, neuronal damage ensues. The brain microenvironment also contains damaged axons, oedema (white halo) and vascular changes (such as the disruption of the blood–brain barrier, indicated by dashed black lines). Both vessel co-option and angiogenesis have been reported in brain metastasis. Dormant solitary tumour cells can also reside in the brain39, constituting a potential source for the development of additional metastases.
	Validation of brain-permeable compounds
	Figure 2 | The blood–brain barrier (BBB) and its role in drug uptake. a | The BBB protects the normal brain by permitting access to only select substances. Endothelial cells are surrounded by pericytes, a basement membrane and the feet of astrocytes, all of which function as a barrier. Endothelial cells in the normal brain are tightly connected by continuous tight junctions and express multiple efflux pumps to push unwanted substances back into the bloodstream107. b | The results in mice harbouring brain metastases that were given an intravenous injection of radiolabelled drug (paclitaxel or doxorubicin) are illustrated. Drug uptake into normal brain and brain metastases was quantified by autoradiography of tissue sections. Although most brain metastases accumulated a higher concentration of the drug than cells in the normal brain, heterogeneous levels of drug uptake were observed and the highest concentration was only observed in ~10% of the lesions15. c | Vorinostat, a histone deacetylase inhibitor, was administered to mice with brain metastases (as described in part b). Drug uptake throughout the brain is evident, as well as heterogeneous increased uptake in metastases.
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	Figure 3 | Pathways mediating radiation sensitization. Within irradiated tumour cells the most lethal DNA damage is that which results in DNA double-strand breaks (DNA DSBs). Unrepaired DNA DSBs lead to cell cycle arrest, which if prolonged can lead to cell death. Numerous putative radiation sensitizers affect multiple aspects of this cascade, including DNA repair enzymes, cell cycle checkpoints and cellular proliferation. The inhibition of targets within the tumour stroma can also sensitize tumour cells to radiation142. For example, the inhibition of growth factor receptors on blood vessels can increase radiation sensitivity in tumour cells. BUDR, bromodeoxyuridine; HDAC, histone deacetylase; IUDR, 5‑iodo‑2’deoxyuridine; TK, tyrosine kinase; UCN‑01, 7‑hydroxystaurosporine.
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	Abstract | The calpains are a conserved family of cysteine proteinases that catalyse the controlled proteolysis of many specific substrates. Calpain activity is implicated in several fundamental physiological processes, including cytoskeletal remodelling, cellular signalling, apoptosis and cell survival. Calpain expression is altered during tumorigenesis, and the proteolysis of numerous substrates, such as inhibitors of nuclear factor-κB (IκB), focal adhesion proteins (including, focal adhesion kinase and talin) and proto-oncogenes (for example, MYC), has been implicated in tumour pathogenesis. Recent evidence indicates that the increased expression of certain family members might influence the response to cancer therapies, providing justification for the development of novel calpain inhibitors.
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	Figure 1 | Schematic structure of μ‑calpain heterodimer and calpain family members. CAPN1 (the large 80 kDa catalytic subunit of calpain 1) contains domains DIIa and DIIb (protease domains), as well as DIII and DIV (EF hand domains; shown by the purple ovals). CAPNS1 (the small 28 kDa regulatory subunit) contains domains DV and DVI. CAPNS1 associates with CAPN1 to form a heterodimer; an additional small subunit, CAPNS2, has also been described (not shown). The C2‑like domain of the calpains has superficial similarity to the C2 domains of other enzymes, and influences calcium-induced activation of calpain. The enzymatic catalytic triad residues (orange ovals) of the calpains are located within the protease domain. Calpain family members are shown in terms of classical EF hand-containing motifs and atypical non-EF hand-containing isoforms. NS, IS1 and IS2 are regions found in calpain 3, which is expressed in skeletal muscle. Most of the other calpains are ubiquitously expressed, except for CAPN8 (stomach), CAPN9 (digestive tract), CAPN11 (testis), CAPN12 (hair follicles), CAPN6 (placenta) and SOLH (brain). * indicates that multiple isoforms have been described. C6orf103 (CAPN7L; also known as CAPN16), a calpain 7‑like protein, has also been identified but is not shown. SOLH, small optic lobes, Drosophila homologue of (also known as CAPN15).
	The calpain system and cellular migration
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	Box 1 | Calpain in disease
	Figure 2 | Schematic structure of calpastatin. The generic cDNA that encodes calpastatin is shown in terms of the protein L domain (which contains the XL region that is encoded at the amino terminus) and the inhibitory domains I–IV (which each contain the subdomains A‑C). The 5′ (L domain) and 3′ exons of the calpastatin gene are shown on the genomic DNA (gDNA). The exons that are incorporated into transcripts through the initiation of transcription from putative promoters immediately 5′ to exons 1xa, 1xb and 1u are indicated. Shown below the gDNA are the 5′ ends of the resulting transcripts that result in multiple protein types, along with predominant variants for each type that arise from differential splicing.
	Figure 3 | Calpain and migration. Pharmacological and molecular intervention studies that target calpain activity suggest a role for multiple calpain substrates, and thus several distinct calpain-mediated signalling mechanisms, in the regulation of cell migration and invasion. Calpain-mediated migration and invasion mechanisms include focal adhesion turnover (involving integrins and focal adhesion kinase (FAK)), enhanced membrane-type matrix metalloproteinase 1 (MT‑MMP1; also known as MMP14), urokinase plasminogen-type activators (uPAs) and matrix metalloproteinase 2 (MMP2) expression and activity. Calpains are also involved in protein tyrosine phosphatase 1B (PTP1B)–SRC-mediated invadapodia formation and cortactin-mediated actin reorganization, as well as laemellipodia and pseudopod stabilization at the leading edge. It is likely that no single calpain-mediated proteolytic event promotes cell migration in isolation but rather that several events coordinate the calpain-mediated proteolysis of other substrates and other distinct signal transduction pathways to promote cell motility.
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	Figure 4 | Calpain and apoptosis. Proposed schematic roles for calpain in pro-survival and apoptosis pathways in various cell types and disease states. a | In survival pathways calpain is implicated in p53 stability and activation of nuclear factor-κB (NF-κB) through the degradation of inhibitors of NF‑κB (IκB), but it is also implicated in the modulation of forkhead box O (FOXO) transcription factor activity through protein phosphatase 2A (PP2A) and it functions directly on cell cycle progression through proteins such as cyclin E. During endoplasmic reticulum (ER) stress calpain is implicated in caspase 12 cleavage, resulting in apoptosis. b | Extrinsic and intrinsic apoptotic pathways can be influenced by calpain activity. Calpain is implicated at numerous steps during the apoptotic process, including cleavage and activation of caspase 10 and caspase 7, although calpain cleavage of some caspase family members can result in inactivation. Calpain is also able to cleave a number of BCL‑2 family members, including BAX, to promote apoptosis. AIF, apoptosis-inducing factor; Cyt c, cytochrome c; IKK, IκB kinase; PIP2, phosphatidylinositol‑4,5‑bisphosphate; PIP3, phosphatidylinositol‑3,4,5‑trisphosphate.
	Figure 5 | Chemical structures selected from distinct classes of calpain inhibitors. SJA6017, ALLN, AK275 ketoamide and carboxamide target the catalytic domain of calpain. PD150606 and quinazolinecarboxamide are allosteric inhibitors of calpain.
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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.
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	Figure 1 | An alternative view of cancer development. a | The traditional view of cancer is 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. c | 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.
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	Figure 2 | Changes in microenvironments. a | A community of bacteria can form biofilms by attaching 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 diffusion 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.
	Studying the evolution of drug resistance
	Figure 4 | Evolutionary aspects of biofilm development as a model of drug resistance in tumours. a,b | An interpretation of the work by Conibear et al.60 studying mutagenesis in biofilm communities 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 substrate. 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. c | Biofilm experiments could mimic population dynamics occurring during tumorigenesis and during the development of drug resistance after therapy. In both situations, mutations (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.
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