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then determined the directions of individual
magnetic moments using a technique known
as magnetic force microscopy. Statistical analy-
sis of these directions confirmed that a spin-ice
state, characterized by a preponderance of
the two in, two out configuration, had indeed
been created.

Conventional spin ice lends itself well to
experimentation. Its disordered spin arrange-
ments have been imaged by neutron scatter-
ing, and applying magnetic fields to it has
revealed disordered phases that respond to
neutron scattering and bulk measurements
as if they consisted of stacks of independent
chains or sheets — so as if they have only one
or two dimensions, rather than three. Phase
transitions that, like the liquid-liquid or
liquid-gas transitions in more complex matter,
involve no change in structural symmetry
have also been observed’. In such ‘symmetry-
sustaining’ transitions, what is ordered
remains ordered, and what is disordered
remains disordered.

But experiments on conventional spin ice
raise interesting questions. First, what is the true
origin of the two in, two out rule? The dipolar
interaction between magnetic moments is
long-range, so any explanation that considers
only near neighbours must be incomplete. This
question has largely been answered: remark-
ably, the standard model of spin ice predicts that
the two in, two out rule emerges from the
many-bodied dipolar interaction of some 10*
magnetic moments”®. Second, is there a ‘true’
ordered ground state (Fig. 1d)? The question is
also pertinent to normal ice’, as such a mini-
mume-energy state is required by the third law
of thermodynamics, which states that entropy
approaches zero as temperature tends to
absolute zero. An ordered ground state is also
predicted by the standard model of spin ice, but
is not observed experimentally. Finally, what
microscopic factors drive phase transitions in
an applied magnetic field? This question, too,
remains essentially open.

Artificial spin ice could, in principle, help to
supply further insight into these problems. It
could, for example, be engineered to have
different, controllable interactions and then be
subjected to temperature changes or magnetic
tields to mimic the behaviour of conventional
spin ice. Direct imaging with magnetic force
microscopy could be used to identify and
understand individual defects in the spin-ice
state. Such defects (Fig. 1c) cannot be imaged by
neutron scattering on conventional spin ice, but
might be crucial in determining its properties.

Bringing spin ice to room temperature
could also inspire technological applications.
In magnetic-memory media, information is
encoded into the magnetic moments of ferro-
magnetic grains. The drive to increase the
density of memory bits in such media will
mean smaller, more strongly magnetized
elements that are more closely spaced"’. This
trend will amplify the dipolar interaction and
its consequences''. Experiments with spin ice,
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however, show how to create a dense array of
magnetic elements, which, although they
interact, retain many states in which informa-
tion could potentially be encoded.

This is for the future. As a replica of conven-
tional spin ice, artificial spin ice is not perfect:
the two in, two out configuration is main-
tained only approximately, and the system
should actually prefer an alternative, ordered
state'” (Fig. 1d). Its failure to find this state
might reflect the inefficiency of the energy-
minimization protocol involving magnetic
field cycling. Despite its limitations, however,
Schiffer and colleagues’ invention' does em-
phasize the potential of designed magnetic
arrays, not only as model systems for the study
of disorder, but also as the basis of technologi-
cal applications. ]
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CANCER BIOLOGY

Signatures guide drug choice

Julian Downward

Cancer drugs are increasingly designed to target specific cell-signalling
pathways. When, and in what combination, these drugs should be used
might be judged by analysing the gene expression signature of the tumour.

Current approaches to the design of drugs
against cancer assume that almost all tumours
escape normal growth regulation by usurping
a few of the dozen or so key cell-signalling
pathways. However, pathways can be activated
at different points, so it is not always easy
to tell which signalling mechanism has
been activated by looking for mutations in
known cancer-associated genes (oncogenes, or
tumour-suppressor genes). If the gene at the
top of a signalling cascade is unaffected, for
instance, one cannot assume that the pathway
is notinvolved, as a factor further downstream
might have been activated. It can thus be hard
to predict the best treatment for a particular
tumour. Two papers in this issue"* address this
problem in different ways, and provide a
potential strategy for choosing the most effec-
tive combination of therapies based on the
gene expression signature of a tumour.
Tumour cells seem to rely heavily on the
continued activation of one or two pathways
— a phenomenon termed oncogene addiction
— whereas normal cells use a broader range of
signals’. This, combined with the damage
accrued through the reckless lifestyle of the
cancer cell, provides an Achilles’ heel that
might be exploited therapeutically by targeting
pathways activated by oncogenes such as RAS,
SRC and MYC. The RAS pathway (Fig. 1), for
example, can be activated in many different
ways in tumours, including mutation of the
RAS oncogene itself (seen in 40% of lung
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cancers) and of the BRAF oncogene, the next
factor in the pathway (mutated in some 60% of
melanomas)*. Thus, looking for evidence of
an initiating mutation can make it hard to
identify all tumours in which this pathway
has been activated.

Equally, looking for a single downstream
indicator of pathway activation, such as phos-
phorylation of the enzyme ERK (one of the
final steps in the RAS pathway), can also be
problematic. Negative feedback loops, such
as the induction of phosphate-removing
enzymes that target ERK, can attenuate the
steady-state phosphorylation of ERK. In addi-
tion, branching of the pathway can mean
that other targets might be more important in
certain circumstances (Fig. 1).

One step in the RAS pathway that is being
targeted by candidate drugs is MEK, an
enzyme that is directly activated by BRAFE, and
that is thought to be responsible for much of
the downstream signalling from RAS (Fig. 1).
To see whether MEK inhibitors could be use-
ful for treating all tumours with aberrant RAS
signalling, Solit et al. (page 358)" tested human
tumour cell lines carrying mutations in BRAF
or RAS for sensitivity to these drugs. Cells
bearing an activating BRAF mutation were
extremely sensitive to MEK inhibitors, both
in vitro and when transplanted into immuno-
deficient mice. By contrast, cells with an acti-
vating RAS mutation showed much lower and
more variable sensitivity to these inhibitors.



NATURE|Vol 439(19 January 2006

NEWS & VIEWS

Growth
factors O

Other effectors
e.g. PI3-kinase

Cl-1040
PD0325901

Figure 1| Oncogene activation, transcription
signatures and drug sensitivity. Growth factors
activate RAS through receptor tyrosine kinases,
leading to stimulation of the BRAF, MEK and
ERK cascade, but also of other pathways,
including that involving phosphatidylinositol
(PI) 3-kinase. Activation of the RAS pathway

in tumours can occur through mutation or
overexpression of the components shown in
green. Bild et al.” define unique gene expression
signatures for five oncogenic pathways, including
that for RAS. These can be used to assess the level
of activity of each pathway in a cancer cell and the
sensitivity to drugs targeting those pathways (red).
Solit et al.' show that activating mutations (*)

in BRAF make the cells sensitive to inhibitors

of MEK, whereas those in RAS do not,
presumably because it can signal through

an alternative pathway.

The fact that the mutational status of BRAF
predicts sensitivity to inhibition of MEK sug-
gests that all oncogenic signalling from BRAF
is mediated through the activity of its direct
target MEK. However, signalling from RAS
bifurcates to several downstream targets in
addition to BRAF and MEK, including key
pathways such as that involving phos-
phatidylinositol 3-kinase. Thus, inhibition of
MEK may not be sufficient to inhibit cell pro-
liferation triggered by these pathways, at least
in some situations’. The clear implication is
that the MEK inhibitors being developed as
potential drugs® should be tested on tumours
bearing activating BRAF mutations, such as
melanomas, and not on tumours with activat-
ing RAS mutations, such as pancreatic and
lung carcinomas. Indeed, the mutational

status of BRAF should be used to stratify
patients in any such trials.

What, then, of situations in which pathway
activation might not be caused by a single
oncogenic mutation? Bild et al. (page 353)°
used microarrays to analyse the gene expres-
sion profiles of human mammary epithelial
cells in which five key oncogenic pathways had
been activated — by mutational activation of
the MYC, RAS, SRC or 3-catenin proteins, or
by loss of the Rb tumour-suppressor gene. In
each case, the authors defined a signature of a
hundred or so genes whose expression corre-
lated with activation of the specific pathway.

Similar individual signatures have been
characterized before’™"’, but here Bild et al.
used them simultaneously to analyse the acti-
vation state of each of the pathways in a range
of human and mouse tumours. The signatures
successfully predicted the activating mutation
in several mouse models of cancer and in
human lung cancers bearing RAS mutations.
In addition, predictions of the degree of de-
regulation of each pathway could be used as a
basis for categorizing tumours into clusters
that showed marked correlations with clinical
outcome. For example, in lung cancer, deregu-
lation of MYC, RAS, SRC and B-catenin
together correlated with particularly poor
patient survival.

The signatures for RAS and SRC pathway
activation accurately predicted the in vitro sen-
sitivity of a broad range of human tumour cell
lines to drugs targeting the mutationally acti-
vated versions of these proteins. However, the
RAS signature did not correlate with the levels
of activated RAS protein in the cell, presum-
ably because the same signature of gene

expression can be achieved by activation of
upstream or downstream components of the
pathway. One might conclude that analysis of
gene expression signatures is a more reliable
predictor of pathway activation across differ-
ent tumour types than analysing the mutation
state or expression level of a given oncogene.
This would be particularly true for complex
branching pathways such as the RAS one.

So from a single microarray (which can
analyse the expression levels of all the genes
involved at once) it should be possible to deter-
mine the extent to which different signalling
pathways are activated and what combination
of pathway-specific drugs might, where avail-
able, be most effective. In favourable cases,
such as those in which BRAF is mutated, the
state of a single oncogene may be sufficient to
predict response to a single drug, although this
will probably be the exception rather than the
rule. The foundations may have been laid for
the development of truly rational combination
therapies for multigene cancers. [ ]
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ATMOSPHERIC CHEMISTRY

Biogenic bromine

Ross J. Salawitch

Among other effects, bromine released by biological processes in the
oceans apparently reduces ozone levels in the troposphere. This source
may be a link between atmospheric composition and climate change.

Bromine compounds from organic halogens
(halons) used in fire extinguishers and from
methyl bromide, which has anthropogenic
and natural sources, cause about half of the
chemical loss that results in the Antarctic
‘ozone hol€’ in the stratosphere. Low levels of
ozone in the atmosphere’s lowermost layer, the
troposphere, during the polar spring result
from bromine released from melting sea ice
and ‘frost flowers. But it is also becoming
evident that bromine produced by natural
processes in the ocean can influence the
composition of both the troposphere and the
stratosphere. Much research is being devoted
to understanding the sources and sinks of
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these organic bromine compounds, and their
effects in the atmosphere.

Yang et al.', for example, writing in the Jour-
nal of Geophysical Research, present simula-
tions of how the troposphere is affected by the
inorganic bromine molecules that are released
when biogenic organic bromine decomposes.
They calculate that levels of tropospheric
ozone are reduced by 5-30%, depending on
location and season, relative to a simulation
that does not take bromine into account. Two
mechanisms are involved. One is the direct
catalytic loss of ozone in a reaction involving
bromine monoxide (BrO). The other is
reduced production of ozone; this is caused
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