
N E W S  A N D  V I E W S

1156 VOLUME 11 | NUMBER 11 | NOVEMBER 2005  NATURE MEDICINE

infected with contemporary H1N1 virus did 
not lose weight. The mouse lung produced 
39,000-fold more 1918 virus than contempo-
rary H1N1 human virus and human lung cells 
released 50 times more 1918 particles than 
contemporary H1N1 virus. The 1918 influenza 
virus caused deep lung pathology: necrotizing 
bronchiolitis, severe alveolitis, severe alveolar 
edema and infiltration of inflammatory cells.

The mixing of different genes between 1918 
virus and contemporary H1N1 virus showed 
that although there are individual roles for the 
three genes encoding polymerases and major 
roles for hemagglutinin and neuraminidase in 
pathogenesis, the severe 1918 virus pathoge-
nicity is the result of its constellation of genes 
and is clearly greater than the contribution of 
its separate genes.

Perhaps the most unexpected finding was 
that to get the virus to grow efficiently in tissue 
culture, a trypsin-like protease did not have 
to be added to the medium. That is surprising 
because the 1918 hemagglutinin lacks a cleav-
age site containing many basic residues and the 
1918 neuraminidase contains the carbohydrate 
site thought to block binding of plasminogen. 
Nonetheless, multiple rounds of 1918 virus 
growth is dependent on the presence of 1918 
neuraminidase, and when a hybrid virus con-
taining a 1918 neuraminidase and a contem-
porary hemagglutinin was made, it also grew 
without addition of exogenous trypsin. A 
novel pathogenicity mechanism now remains 
to be unraveled.

Some researchers had predicted that the 
1918 influenza virus would not be more patho-
genic than other human influenza viruses—
and that its massive human toll in 1918 was 
the result of secondary bacterial infections 
and an absence of antibiotics, along with stress 
from World War I. The death of mice by 1918 
virus makes that scenario less likely.

Many questions remain to be answered. 
Did the 1918 virus transfer from an unknown 
avian species or have all avian viruses evolved 
since 1918 to explain the sequence differ-
ences between current avian viruses and 1918 
virus—or was there an intermediate host such 
as a pig? The molecular archaeology of influ-
enza virus genomes is just beginning. Stepwise 
mutagenesis studies of the differences between 
the sequences of 1918 virus and contempo-
rary H1N1 viruses and inoculation of these 
viruses into mice should yield information on 
the gene and specific sequences responsible 
for the increased pathogenicity. Furthermore, 
analysis of RNA abundance in infected cells 
may help address whether 1918 virus poly-
merase replicates faster than other influenza 
virus polymerases.

How will studying the 1918 virus help us 

fight contemporary flu viruses and provide 
insight into prevention, treatment and sur-
veillance?

For combating influenza virus pandemics 
we will still depend on vaccination as the pri-
mary means of protection. The existing vaccine 
protects mice from 1918 influenza virus infec-
tion12  and in the United States, a trial vaccine 
to H5N1 ‘bird flu’ has been shown to be immu-
nogenic in humans. Development of the H5N1 
vaccine for general populations will depend on 
political and economic considerations.

The 1918 influenza virus is sensitive to 
several antiviral drugs, but the current H5N1 
strain has shown signs of resistance to some 
drugs, including amantadine and in one recent 
isolate, the neuraminidase inhibitor oseltami-
vir (Tamiflu)14. Clearly, it would be useful to 
have other antiviral drugs such as inhibitors of 
the influenza virus polymerase to combat an 
influenza virus pandemic. Studies of the gene 
sequences of influenza virus, including 1918 
and H5N1 viruses, are not particularly helpful 
for drug discovery.

The 1918 sequence, on the other hand, is 
likely to be most useful in the arena of virus 
strain surveillance. Central to such efforts 
will be tracking the changes needed to gen-
erate a pandemic virus in humans. But we 
still don’t know what those changes are. That 
understanding will be aided by a comparison 
of emerging virus sequences with 1918 virus 
sequences, and by the large-scale sequencing 
of influenza virus genes13.

Such information should be useful in map-
ping the evolutionary progress of the genes of 

H5N1 ‘bird flu’ in case they accumulate muta-
tions that enable human-to-human transmis-
sion, possibly causing a pandemic of unknown 
but possibly devastating consequences.

Future experiments should enable an under-
standing of why the unique sequence differ-
ences—only about 40 in the genes encoding 
the polymerase subunits of the 1918 virus—
enable it to replicate faster and to a higher 
titer, and to cause such severe inflammation 
in the lungs. These studies will require exten-
sive examination of the interplay between 
hemagglutinin and neuraminidase, and the 
cytokines released from cells of the respiratory 
tract. Recreating the 1918 influenza virus now 
makes it possible to investigate in detail how a 
relatively few nucleotide changes can convert a 
virus from a mild threat into a major killer.

1. Taubenberger, J.K. et al. Nature 437, 889–893 
(2005).

2. Tumpey, T.N. et al. Science 310, 77–80 (2005).
3. Taubenberger, J.K. et al. Science 275, 1793–1796 

(1997).
4. Basler, C.F. et al. Proc. Natl. Acad. Sci. USA 98, 2746–

2751 (2001).
5. Reid, A.H. et al. Nat. Rev. Microbiol. 2, 909–914 

(2004).
6. Lamb, R.A. & Takeda, M. Nat. Med. 7, 1286–1288 

(2001).
7. Lamb, R.A. & Krug, R.M. in Fields Virology 4th edn (eds 

Knipe, D.M. & Howley, P.M.) 1487–1531 (Lippincott, 
Williams and Wilkins, Philadelphia, 2001).

8. Stevens, J. et al. Science 303, 1866–1870 (2004).
9. Gamblin, S.J. et al. Science 303, 1838–1842 (2004).
10. Tumpey, T.M. et al. Proc. Natl. Acad. Sci. USA 101, 

3166–3171 (2004).
11. Kobasa, D. et al. Nature 431, 703–707 (2004).
12. Tumpey, T.M. et al. Proc. Natl. Acad. Sci. USA 99, 

13849–13854 (2002).
13. Ghedin, E. et al. Nature advance online publication 5 

October 2005 (doi:10.1038/nature04239).
14. Mai Li, Q. et al. Nature 437, 1108 (2005).

Cancer: the matrix is now in control
Paolo M Comoglio & Livio Trusolino

The extracellular matrix is traditionally regarded as a facilitator of tumor 
progression, providing an environment in which cells can grow and 
metastasize. Three new studies take the matrix out of this context and 
suggest that the microenvironment can not only subsidize, but also initiate, 
the oncogenic conversion of epithelial cells.
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The extracellular matrix (ECM) is a complex 
molecular milieu that provides cells with the 
tensile scaffold necessary for appropriate 

assembly into three-dimensional macroscopic 
structures. In addition, the ECM behaves as 
a reservoir of soluble and insoluble signal-
ing molecules that integrate positional cues 
and translate them into fundamental cellular 
fates, including growth, differentiation, sur-
vival and movement1. This orchestration of 
topographical and biochemical parameters is 
disrupted in cancer development. The classic 
view is this: in the chaotic context of incipient 
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tumors, cancer cells overcome the prolifera-
tive and architectural constraints imposed by 
the matrix that surrounds them and become 
competent to multiply and survive, even in 
the absence of permissive interactions with 
the ECM2.

Underlying this notion is the concept 
that tumorigenesis is mainly a cell-autono-
mous process, in which progressive genetic 
derangement renders cells independent of 
the external context. If this is true, the tumor 
microenvironment would simply have an 
ancillary role: because of its ability to act as a 
storage compartment for growth-regulatory 
and antiapoptotic molecules, as well as a 
mechanical platform for cell attachment and 
movement, the cancerous ECM would foster 
some of the inherent malignant properties of 
transformed cells, and thus facilitate neoplas-
tic progression.

Now, a series of studies question the idea 
that the ECM has a subsidiary function in 
cancer development and provide compelling 
evidence that the tumor microenvironment 
can have an active role in the initial steps of 
epithelial tumorigenesis3–5. The take-home 
message of these reports is that molecular 
or physical modifications of the extracel-
lular milieu that are commonly observed in 
tumors can convert normal epithelial cells 
into malignant elements through activation 
of oncogenic signaling pathways (Fig. 1).

Metalloproteinase, the mangler
Matrix metalloproteinases (MMPs) are 
extracellular proteolytic enzymes that are 
frequently found at abnormally high levels 
in tumors6. Because of their ability to degrade 
structural components of the ECM and there-
fore to make openings for efficient cellular 
migration, MMPs were originally thought to 
mediate infiltration of cancer cells in the sur-
rounding tissues and their penetration into 
the bloodstream. Later, it was shown that 
MMPs are involved in more than just cancer 
invasion: for example, MMPs can promote 
cell proliferation by releasing cell-bound 
inactive precursor forms of growth factors 
and antagonize apoptosis by activating sur-
vival factors and demolishing death-inducing 
molecules7.

This ability of MMPs to foster cell accre-
tion and limit cell attrition suggests that 
they may be also involved in cancer initia-
tion. Indeed, ectopic expression of MMP-3 
(also known as stromelysin-1) in normal 
mammary epithelial cells results in the 
acquisition of a transformed, fibroblast-like 
phenotype in vitro—the so-called epithe-
lial-mesenchymal transition (EMT). What’s 
more, targeted expression of MMP-3 in the 

mammary glands of transgenic mice fosters 
premalignant lesions and, eventually, leads to 
overt mammary carcinomas8.

Radisky et al. provide a detailed mecha-
nistic insight into the oncogenic activity 
of MMP-3 (ref. 3; Fig. 1). They found that 
induction of EMT by MMP-3 required the 
transcriptional upregulation and catalytic 
activity of Rac1b, an alternatively spliced 
isoform of Rac1, a small GTPase mainly 
involved in the reorganization of the actin 
cytoskeleton. Treatment of cells with MMP-3
or overexpression of Rac1b increased the 
production of reactive oxygen species 
(ROS). Transfection of catabolic enzymes 
for ROS identified mitochondrial superox-
ide as the specific ROS responsible for the 
EMT induced by MMP-3. MMP-3 stimula-
tion, Rac1b overexpression and elevation of 
ROS levels by H2O2 all enhanced the expres-
sion of Snail, a transcriptional repressor of 
E-cadherin, an epithelial junctional adhesion 
molecule—explaining the loss of the epithe-
lial phenotype observed after MMP-3 treat-
ment. Finally, exposure to MMP-3 resulted 
in genomic instability, a well-known conse-
quence of the genotoxic effects of ROS. This 
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Figure 1  The tumor microenvironment can drive the onset of cancer. MMP-3–mediated transcriptional 
upregulation of Rac1b leads to enhanced production of reactive oxygen species (ROS). The result is 
genomic instability and increased expression of the Snail transcription factor. Snail downmodulates
E-cadherin, thereby disrupting cell-cell contacts and fostering acquisition of a less differentiated, 
more aggressive mesenchymal phenotype. Transgenic expression of the transmembrane protease 
matriptase in the epidermis results in development of squamous cell carcinomas, which show elevated 
activation of the PI3K-Akt signaling pathway. Increased matrix stiffness (fibrosis) leads to integrin 
clustering—which can induce cell contractility and depolarization through activation of Rho and can 
support growth factor–dependent proliferation through activation of ERK.
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instability could be inhibited in cell culture 
by ROS-quenching agents or by culturing the 
cells under reduced oxygen tension.

It has already been shown that the mam-
mary tumors arising in MMP-3–expressing 
transgenic mice manifest stereotyped pat-
terns of genomic changes8. This observa-
tion suggests that MMP-3 might be directly 
responsible for the accumulation of muta-
tions in the target cells, but does not exclude 
the possibility that, during the evolutionary 
trajectory of cancer development, MMP-3 
could produce a stromal environment sup-
porting the survival of cellular clones bearing 
selected mutations. The breakthrough of the 
study by Radisky et al. is that a microenvi-
ronmental enzyme can directly impair the 
genetic integrity of normal cells. The finding 
that MMPs are able to activate intracellular 
mediators that are notorious inducers of 
genomic damage allows the categorization, 
without being too imprudent, of MMPs as 
true mutagens. The results also pave the way 
for an overall reevaluation of the potential 
oncogenic activity of other microenviron-
mental components, namely, inflammatory 
cytokines and coagulation products.
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Mastering matriptase
Similar to MMPs, matriptase, a transmem-
brane serine protease, is commonly overex-
pressed in epithelial tumors9. Elevated levels 
of matriptase correlate with the grade of 
malignancy and predict a poor prognosis in 
human cancers, but a formal in vivo demon-
stration that matriptase is causally involved 
in tumor development was still lacking.

Now, List et al. have generated transgenic 
mice with increased expression of matrip-
tase in the epidermis4. They found that even 
a modest increase of matriptase activity was 
sufficient for the induction of spontane-
ous squamous cell carcinomas and strongly 
potentiated chemical skin carcinogenesis, 
possibly through activation of the tumor-
promoting PI3K-Akt pathway (Fig. 1); in 
contrast, double-transgenic mice coexpress-
ing matriptase and its cognate inhibitor 
hepatocyte growth factor activator inhibitor 1
(HAI-1) did not develop spontaneous skin 
cancers and did not show increased suscep-
tibility to chemical carcinogenesis.

Again, the major finding of this study is 
that a tumor-associated proteolytic enzyme 
is causally involved in cancer initiation. The 
challenge now is to identify the molecular 
mechanisms underlying the tumorigenic 
activity of matriptase. An indirect role can 

be easily envisaged: indeed, matriptase is an 
efficient activator of hepatocyte growth fac-
tor (HGF)10, a mesenchymal cytokine that 
stimulates proliferation, migration and sur-
vival of epithelial cells and whose deregulated 
activity has a crucial role in cancer onset and 
progression11.

Interestingly, transgenic expression of HGF 
in the epidermis increases the incidence of 
spontaneous and UV-induced squamous cell 
carcinomas12, suggesting a linear molecular 
flowchart along which augmented mat-
riptase activity would lead to enhanced 
production of mature HGF, which in turn 
might stimulate keratinocyte transforma-
tion. Demonstration of a direct oncogenic 
role for matriptase awaits development of 
purified and cell-based systems in which to 
test whether and how matriptase can affect 
cellular behavior in the absence of coexisting 
environmental biases.

Tumor tension
The different molecular composition of the 
tumor microenvironment compared with the 
stromal compartment of normal organs not 
only influences the activity of some extracel-
lular proteases, but also regulates stiffness of 
the ECM and, therefore, the overall rigid-
ity of the neoplastic mass; in particular, the 

Anchors aweigh
Normal cells will commit suicide if they lose strong 
attachments to neighboring cells or extracellular matrix. 
Cancer cells overcome this checkpoint and grow in an 
anchorage-independent manner. A recent study shows that
the p600 protein may connect external cellular signals and
the decision to die (Proc. Natl. Acad. Sci. USA 102, 15093–
15098).

Yoshihiro Nakatani et al. found that p600 was expressed 
throughout the cell, overlapping with cytoskeletal proteins 
in the cytoplasm and nucleus (shown here: p600 in green, 
microtubules in red, and actin in blue). Loss of p600 
resulted in reduced membrane ruffling and cellular adhesion
and increased cell death, suggesting the involvement of 
p600 in survival pathways possibly related to membrane 
attachments.

p600 may have additional functions in the nucleus, where it 
interacted with the tumor suppressor protein retinoblastoma. 
Other recent studies have shown that p600 binds the human 
papilloma virus protein E7—which also interacts with 
retinoblastoma and triggers its degradation. Knockdown
of p600 diminishes anchorage-independent growth in
human papilloma virus–infected cells, suggesting that
p600 may have a vital role in antitumor defense
(Proc. Natl. Acad. Sci. USA 102, 11486–11491;
11492–11497).

Allison Alcivar

tumor stroma is much more fibrotic, that is, 
much stiffer, than normal connective tissues 
as a result of a massive deposition of colla-
gen fibers. It has long been known that the 
physical properties of the ECM can affect 
cellular responses. Variations in the compli-
ance of the ECM are interpreted by surface 
receptors called integrins, which connect to 
the cytoskeleton and translate the external 
mechanical information into modification 
of cell contractility, mainly by controlling 
the activity of Rho GTPases13.

The role of integrins as mechanotransduc-
ers has been extensively investigated at the 
morphological and biochemical levels, but 
little data are available on how their ability 
to transduce tensional forces can affect bio-
logical parameters such as differentiation and 
neoplastic transformation.

Paszek et al. now report that increasing 
matrix rigidity results in integrin clustering, 
which in turn enhances activation of Rho, 
with consequent modification of cytoskeletal 
tension5 (Fig. 1). They showed that this effect 
was sufficient to induce some phenotypic 
traits of neoplastic transformation: when 
cultured on rigid substrates, normal mam-
mary epithelial cells disrupted cell-cell con-
tacts, underwent depolarization, produced 
a higher number of well-organized focal 
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movement, contains relatively high levels of 
the neurotransmitter dopamine. In fact, it 
acquires its black color from neuromelanin, 
a pigment thought to be formed from the 
oxidation of dopamine.

In this issue, LaVoie et al. put forward the 
idea that nigral neurons are vulnerable to 
death because dopamine also inhibits par-
kin, a protein that protects neurons against 
cellular stress2.

Parkin is encoded by PARK2, one of three 
genes3 associated with early-onset recessive 
neurodegenerative diseases that have promi-
nent loss of substantia nigra neurons. The 

term ‘parkinsonism’ is preferred for these 
inherited conditions because their relation-
ship to sporadic Parkinson disease is unclear, 
as the detailed neuropathology is unknown 
or highly variable. Genes involved in early-
onset parkinsonism do provide clues as to 
why dopaminergic neurons specifically die, 
because cell loss is a consistent and proven 
feature of mutations in these genes.

Parkin has been referred to as a “multipur-
pose neuroprotective agent” 4. Experimentally 
elevated levels of parkin protein protects 
neurons from toxicity induced by inhibi-
tion of protein folding or degradation5,6, 

Neurons inflict self-harm
Mark R Cookson

In several neurodegenerative disorders, including Parkinson disease, specific neurons are vulnerable to 
death whereas others are spared. It now appears that the neurotransmitter dopamine may damage parkin, a 
neuroprotective protein, in susceptible neurons and contribute to their demise (pages 1214–1221).

A puzzling aspect of adult-onset neurode-
generative diseases is that the pathological 
process is not evenhanded. In Parkinson dis-
ease, specific groups of neurons are progres-
sively lost, including those in the substantia 
nigra1. The substantia nigra, a region in the 
midbrain that is crucial for the initiation of 
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adhesions and responded more efficiently to 
epidermal growth factor–dependent prolif-
erative signals through enhanced ERK activa-
tion. All these features could be recapitulated 
by expression of a constitutively active form 
of Rho, even in the absence of a stiff matrix. 
The authors also found that mammary carci-
noma cells spontaneously displayed elevated 
levels of Rho activity; accordingly, inhibition 
of Rho or blockade of its downstream effec-
tors in these transformed cells reestablished 
cell polarity, restored cell-cell contacts and 
reduced ERK activation.

The significance of this study is twofold. 
First, this is a clear demonstration that 
derailment of the mechanical properties of 
the ECM has consequences not only for the 
shape, but also for the proliferative activity 
of normal cells, indicating that alterations of 
stromal compliance could prelude oncogenic 
conversion.

Second, the observation that carcinoma cells 
show high levels of active Rho suggests that 
intrinsic variations of tensional homeostasis 
could mimic, and thence bypass, the mechani-
cal consensus provided by the external envi-
ronment. If this were true, one could explain 
at least partially the reason why malignant cells 
can grow and survive in the absence of anchor-
age. Within this context, it will be interesting 
to see whether manipulation of integrin clus-
tering and Rho activity in transformed cells 
growing in suspension will modify their viabil-
ity and malignant properties.

Taking control
These three studies put forward the unorth-
odox notion that faulty signals from the 
extracellular milieu can promote cancer ini-
tiation, even in the context of a normal cel-
lular compartment. The question now is: what 
is the prime mover that induces irreversible 
changes in the environment, and thus triggers 
the cascade of events that ultimately leads to 
oncogenic conversion? One possibility is that 
conditions of stromal-reactive damage, such 
as chronic inflammation, fibrosis, vascular and 
blood-clotting pathologies, or repeated trau-
mas, might be risk factors for cancer onset14. 
This has been clearly shown for some tumors, 
but it must not be taken as a general rule.

Alternatively, the tumor microenvironment 
could sense subliminal, precancerous modi-
fications of the cells and reply to this insult 
with the generation of additional signals 
that unleash the cells’ genetic predisposition 
to transformation and drive the progression 
toward overt malignancy.

As an example of this scenario, activation of 
the oncogene encoding MET in epithelial cells 
leads to enhanced production of some effec-
tors of the blood-clotting cascade15; in turn, 
accumulation of coagulation products of epi-
thelial origin in the stroma could promote the 
deposition of a fibrin-rich provisional matrix, 
thereby creating a fertile ground for growth-
promoting cytokines and proangiogenic mol-
ecules. These molecules could foster the onset 
and expansion of tumors.

There is no doubt that cancer development 
entails an evolutionary process in which 
the fittest elements are selected for further 
expansion. But in the ecological conflict 
that takes place within the tumor mass, the 
environment does not threaten endangered 
species; on the contrary, it prevents their 
extinction, favors their reproduction and 
assures their supremacy. Fortunately enough, 
given the current availability of pharmaco-
logical inhibitors for MMPs, matriptase and 
integrins, we have at our disposal a versa-
tile armamentarium for reestablishing a less 
competitive habitat.
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