
to meet those targets in the next decade. 
A comparison of existing estimates of 2100 

warming outcomes provides good reason to be 
cautious about countries’ long-term climate 
pledges. Our median estimates of 2100 warm-
ing under current policies (around 2.6 °C, with 
a range of 2 °C to 3.7 °C)6–14 and short-term 
NDC commitments for 2030 (around 2.4 °C, 
with a range of 1.8 °C to 3.4 °C)6,8,9,11–13 are still 
far above the 2 °C target. Climate-system 
uncertainties make it difficult to fully rule 
out warming of 4 °C or more this century if 
emissions are not reduced6.

It is crucial to recognize that current 
policies and commitments are not neces-
sarily the upper limit on future emissions. 
There are reasons to expect climate-policy 
ambitions to increase over time16. But as 
current events show, it would be a mistake to 
rule out a future characterized by resurgent 
nationalism that strains global cooperation 
and leads to increasing reliance on domestic 
fossil-fuel resources and a corresponding rise 
in emissions17.

Moreover, there is no guarantee that 
countries will meet their 2030 NDC com-
mitments. An estimate published last year 
suggested that the G20 group of the 20 larg-
est economies are currently projected to 
fall short of achieving their original NDCs 
by 1.1 billion tonnes of CO2 per year in 2030 
(ref. 6). And although a world warmed to 2.4 °C 
or even 2.6 °C above pre-industrial values in 
2100 is vastly preferable to one warmed by 
4 °C or 5 °C degrees, it might still result in 
catastrophic impacts for some human and 
natural systems18.

Unfortunately, it is also increasingly clear 
that the Paris agreement target of 1.5 °C is 
slipping out of reach6. Global temperatures 
have already increased by around 1.2 °C since 
the late 1800s19, and as Meinhausen et al.1 point 
out, meeting current net-zero pledges would 
result in only a 6–10% chance of staying below 
1.5 °C this century.

Taken together, the array of studies using 
different modelling approaches can limit the 
probable range of warming trajectories over 
the remainder of the twenty-first century, pro-
viding a clearer view of our climate future. This 
is helpful for shaping practical responses to 
climate impacts. Although substantial uncer-
tainties remain, improved understanding of 
more- and less-probable climate futures helps 
policymakers and groups planning adaptation 
strategies to prepare for the coming changes. It 
can also allow us to determine how much net-
zero pledges need to be strengthened in the 
future to compensate for an increasingly prob-
able overshoot of the 1.5 °C target this century. 
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Tumour biology

Cell position matters for 
tumour-driving mutations
Jean-Christophe Marine & María S. Soengas

Skin cells called melanocytes are not equally affected by the 
same genetic changes. Their ability to form tumours has now 
been linked to gene-expression programs that are selectively 
activated according to a cell’s anatomical position. See p.354

The identification of the cell-of-origin that 
gives rise to a tumour is being pursued as a 
strategy to improve early cancer diagnosis 
and to develop preventive therapies. Charac-
teristic features of initiating cells have a major 
role in determining whether a cell becomes 
malignant, but other factors contribute. For 
example, the characteristics of skin cancers 
(melanomas) that arise in hair-bearing skin 
tissue (cutaneous melanomas) are distinct 
from those of acral melanomas, which arise 
in the nails, soles of the feet and the palms. 
On page 354, Weiss et al.1 identify a transcrip-
tional program found at acral sites that primes 
pigment-producing cells called melanocytes 
to form tumours if they undergo specific 
genomic alterations. These data point to 
cells’ positional identities — described  by the 
authors as the transcriptional program unique 
to particular anatomical sites — as being a key 
determinant of the ability of melanocytes to 
give rise to different subtypes of melanoma. 

Melanomas are perhaps one of the most 
puzzling examples of how apparently simi-
lar tumour-initiating cells can, depending on 
their anatomical location, give rise to different 
tumour subtypes2. Melanocytes can potentially 

form tumours at any site at which they reside, 
including cutaneous or acral sites, in the pig-
mented tissues of the eye and on the internal 
surfaces (mucosal sites) lining the respiratory, 
gastrointestinal and genito urinary tracts. 

However, the patterns of genetic alterations 
associated with these melanomas are not the 
same. Cutaneous melanomas have a high 
number of single-nucleotide (point) muta-
tions (exemplified by alterations in genes such 
as BRAF), but melanomas at mucosal and acral 
sites are instead dominated by large genomic 
rearrangements, such as amplifications and 
deletions3,4. Most eye melanomas have a  low 
number of mutations and harbour specific 
mutations5 in genes such as GNAQ. Finding 
specific genomic characteristics of a type of 
tumour provides biomarkers for early cancer 
identification and aids the design of anticancer 
treatments. In particular, therapeutic target-
ing of BRAFV600 mutations has revolutionized 
the treatment of cutaneous melanomas6. 

By contrast, the prognosis for people with 
other sorts of melanoma has not improved 
substantially over the past two decades. This is 
a notable problem for acral melanoma, which 
mainly affects individuals of Hispanic, African 
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or Asian descent7. One of the main limitations 
regarding gene discovery and therapeutic test-
ing for acral melanoma is the lack of animal 
models that recapitulate key features of this 
disease8.

Weiss and colleagues addressed the pressing 
question of whether and how the anatomical 
location of melanocytes affects the specific 
genetic alterations that these cells must 
acquire to become malignant. The authors 
generated an in  vivo model of acral-like  
melanoma in zebrafish (Danio rerio), which 
they compared with other zebrafish models 
of cutaneous melanoma. This approach pro-
vides evidence that the microenvironments 
in acral and cutaneous melanomas favour 
different transcriptional programs, which 
ultimately confer different vulnerabilities to 
cancer-promoting alterations (Fig. 1).

The authors examined DNA-sequencing 
data for selected clinically relevant genes, and  
studied the RNA-expression profiles of 
tumours in people with acral or cutaneous 
melanoma. This pinpointed CRKL and GAB2 
as the top genes recurrently amplified (hav-
ing higher-than-normal gene copies) in acral, 
but not in cutaneous, melanoma. The encoded 
proteins CRKL and GAB2 are adaptor proteins, 
meaning that they link protein-binding part-
ners together, in this case, various receptor 
tyrosine kinases. These receptor tyrosine 
kinases boost two downstream signalling path-
ways (the MAPK and PI3K pathways), which are 
hyperactivated in essentially all melanomas9.

Weiss et al. engineered zebrafish to express 
CRKL and GAB2 specifically in melano-
cytes. The authors also manipulated these 
melanocytes so that they expressed the TERT 
protein and lacked expression of NF1 protein, 
two characteristics that are often a hallmark of 
human acral melanomas4. Remarkably, in these 
engineered zebrafish, a larger proportion of 
melanomas arose in the fins than in the rest of 
the body, compared with a zebrafish model of 
cutaneous melanoma (driven by BRAFV600E in 
animals lacking the gene p53). 

This observation is intriguing because 
fins share developmental and evolutionary 
characteristics with the limbs of tetrapods 
(four-limbed vertebrates, including humans), 
meaning that fins are similar to hands and feet10. 
Of the four genes manipulated in the model, 
CRKL was the only one that could drive cancer 
formation by itself, without the presence of 
any of the other modified genes. The authors 
conclude that fin melanocytes are particularly 
vulnerable to CRKL-induced tumour forma-
tion, and designate this as a newly identified 
acrally driven cancer-promoting alteration.

Weiss et al. examined gene-expression 
data of melanocytes from the fish model 
with higher-than-normal levels of CRKL. 
Comparing melanocytes from the body 
with those from the fins revealed that the 
anatomical positions of these cells affected 

their transcriptional profiles. Limb-specific 
HOX-family genes, most notably HOX13, were 
particularly highly expressed in fin melano-
cytes (whereas a different HOX profile, of 
HOXB5, HOXB6, HOXB7, HOXB8 and HOXB9 
was found in body melanocytes). The authors 
conclude that the susceptibility of melano-
cytes to CRKL’s influence is due to intrinsic dif-
ferences in their gene-expression programs, 
and that these programs — or positional iden-
tities — depend on a cell’s anatomical location. 

That a gene-expression program linked to 

a particular anatomical site is a key determi-
nant of the potential of specific cancer-pro-
moting genes is a new finding. Nevertheless, 
the role of other microenvironmental factors 
should be considered — for example, whether 
inflammatory processes that are conducive 

to melanoma formation in mouse models8,11 

affect fin melanocytes in a manner distinct 
from how they affect body melanocytes. 
Addressing processes related to trauma might 
be relevant for understanding acral mela-
noma: between 13% and 25% of people with 
acral melanoma reported having an injury, 
such as puncture wounds, friction blisters or 
bruises, before tumour formation12. 

A key remaining question is whether posi-
tional identity is exerted in a uniform manner 
at a given anatomical site, or whether func-
tional hierarchies or stage-dependent states 
exist that contribute to further distinguish 
acral from cutaneous, mucosal and eye mela-
nomas. In this context, it is important to note 
that melanocyte-cell lineages include cells 
at various stages of development, such as 
stem cells and differentiated cells, and these 
might respond to positional cues in a distinct 
manner11,13. Cross-species comparisons would 
be informative because, for example, differ-
entiated melanocytes were identified as the 
cell-of-origin of BRAF-driven melanomas in 
mice13, but not in zebrafish14.

The extent to which the CRKL-associated 
gene-expression program of fins might reflect 
specific acral sites in humans (for example, 

Figure 1 | How subtypes of melanoma tumour arise.  Weiss et al.1 used zebrafish (Danio rerio) to investigate 
why melanocyte cells give rise to either cutaneous melanomas (those found in human hair-bearing skin) or 
acral melanomas (which occur in regions such as the palm of the hand or sole of the foot). Comparison of 
zebrafish models of these types of cancer reveals that the different melanomas required specific changes (red 
stars) driven by distinct genetic mutations. Moreover, tumour formation also required a background of gene 
expression that differed depending on the cell’s anatomical location, and these pre-existing transcriptional 
profiles were mediated by the expression of particular HOX proteins. In cutaneous melanoma, tumours arose 
in the fish’s body and depended on a signalling pathway mediated by receptor tyrosine kinase proteins and a 
mutant version (BRAFV600E) of the kinase protein BRAF. These tumours also required gene expression driven 
by various HOX-family proteins, including HOXB5, HOXB6, HOXB7, HOXB8 and HOXB9 (HOXB5–HOXB9). By 
contrast, acral melanomas arose in zebrafish fins (a location comparable to limb sites such as palms or soles) 
and depended on the abnormal activation of a signalling pathway mediated by the receptor protein IGFR 
(a selection of the protein components of this pathway are shown). This pathway was boosted by a higher-
than-normal level of the protein CRKL, which is driven by genomic changes associated with acral melanoma. 
Components of this signalling pathway are produced by the HOX-family HOX13 proteins. These different 
modes of tumour formation point to different therapeutic interventions for exploration.
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“This concept might help 
to explain why some cells 
remain normal despite 
harbouring cancer-
promoting mutations.”
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nails or palms) deserves attention. Weiss and 
colleagues compared the RNA profiles of 
human acral and cutaneous melanoma, and 
found that pathways enriched in acral tumours 
are related to limb development. Further sup-
porting their findings, Weiss and colleagues 
found that gene expression of HOXA13, 
HOXB13 and HOXD13 was elevated in a series 
of human acral melanomas. Furthermore, the 
authors identified many genes in the signalling 
pathway containing the proteins IGF and insu-
lin as potential direct targets of regulation by 
the HOX13 family of transcription factors in 
mouse limb-bud tissue. The extent to which 
CRKL alterations favour or synergize with 
other reported alterations (genetic or epi-
genetic changes) in people who have acral 
melanoma15 warrants further investigation.

Given their zebrafish data, Weiss et  al. 
hypothesized that CRKL was amplifying the 
HOX13–IGF cell-signalling axis to promote 
acral melanoma. To investigate this possibility, 
they turned to human melanoma cells grown 
in vitro. Using comprehensive protein analy-
ses, the authors provide evidence that CRKL 
amplification in acral melanoma acts together 
with the HOX13 and IGF positional-identity 
program, through the binding of proteins to 
members of the PI3K family of proteins. Weiss 
and colleagues then returned to the zebrafish 
tumours and found that CRKL-expressing fin 
melanomas expressed components indicative 
of PI3K–IGF signalling (such as activated IGF1R 
protein), thus demonstrating an evolutionarily 
conserved role for CRKL as an amplifier of IGF 
signalling. Consistent with the authors’ model, 
genetic ablation of HOX13 and IGF or pharma-
cological inhibition of the IGF–PI3K pathway 
in the zebrafish CRKL model decreased mel-
anoma formation in fins.

In conclusion, this study provides an in vivo 
model of acral melanoma, and indicates that 
the anatomical position of melanocytes has 
a key role in determining whether genetic 
alterations will subsequently drive tumour 
formation. In particular, the data implicate 
a CRKL-associated signalling pathway as a 
possible therapeutic target for acral, but not 
cutaneous, melanomas. As such, the concept 
that cancer-promoting genes might be con-
nected to location-specific gene-expression 
programs in a tumour’s cell-of-origin has 
wide-ranging implications, from basic bio-
logical insights to clinical work. Finally, if 
further validated, this concept might help to 
explain why some cells remain normal despite 
harbouring cancer-promoting mutations16, 
and, conversely, why the ability of a particu-
lar mutation to promote cancer might differ 
between body sites17.
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The ability of bacteria to transfer genes 
between different microorganisms, a process 
called horizontal gene transfer, is an attribute 
that underlies the evolutionary success and 
remarkable genetic adaptability of bacteria. 
On page 323, Jaskólska et al.1 unveil a previously 
unknown mechanism that bacteria can use to 
degrade invading DNA that is transferred in the 
form of circular molecules called plasmids. 
This discovery offers clues in the search for 
treatments to combat antibiotic resistance. 

Horizontal gene transfer can be achieved by 

several mechanisms, and it relies on genetic 
vectors. Viruses (called bacteriophages 
or phages, which infect bacteria) are one 
example of such a vector; plasmids are 
another. Phages are an obvious threat to 
bacteria because the infection cycle results 
in bacterial death. Bacteria have therefore 
evolved many types of anti-phage defence, 
and these systems can be found in the 
genomes of most, if not all, bacterial species. 
Enzyme-mediated anti-phage defences, 
termed restriction-modification systems, 
were discovered in the 1950s. By the 2000s, 

other sequence-specific defences (termed 
CRISPR–Cas) were found. In the past few 
years, dozens of previously unknown defence 
systems have also been uncovered2. 

Plasmids pose a different challenge. At worst, 
they are parasitic genetic elements. But they 
often provide gene cargoes that offer their 
hosts beneficial properties in given environ-
ments. These adaptive characteristics might 
include antibiotic resistance or the useful abil-
ity to break down certain molecules. Given the 
benefits plasmids can confer on bacteria, even 
if harbouring plasmids incurs a metabolic cost, 
plasmids or their bacterial hosts might develop 
ways to facilitate coexistence by minimizing 
the plasmid burden on the host cell3.  

Anti-plasmid defences are less studied than 
anti-phage systems. Certain CRISPR–Cas 
systems have hallmarks of anti-plasmid target-
ing. For example, some ‘type IV’ CRISPR–Cas 
systems are specialized to function against 
plasmids, and these defences are themselves 
frequently carried on plasmids4. This suggests 
that they have a role in competition-medi-
ated control of colonization by other types of 
plasmid, rather than offering an anti-plasmid 
defence for the host. Microbial proteins called 
Argonautes can restrict plasmid propagation 
by a DNA-interference mechanism, but the 
distribution of these proteins among bacterial 
species is limited5. 

The bacterium-mediated disease cholera 
has resulted in seven pandemics, the seventh 
of which is still under way. It has been known 
since the 1970s that the strain of Vibrio cholerae 

Microbiology

Bacterial defence systems 
degrade plasmid invaders
Didier Mazel

Plasmids — circular DNA molecules — are found in many 
bacteria, and carry genes that can give the host microorganism 
new features. The mystery of how a cholera-causing bacterium 
eliminates plasmids has now been solved. See p.323

“One could imagine 
harnessing such systems  
to ‘cure’ bacteria of 
antibiotic-resistance 
plasmids.”
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