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After more than 30 years of intense 
study, the major intercellular signal-
ling systems that orchestrate embry-

onic development and tissue maintenance are 
reasonably well understood. Although there 
are many crucial details yet to be worked out, 
there is a tendency among researchers in the 
field to think that the major players in these 
signalling pathways — and the ways in which 
they interact — are known. On page 564, 
Szenker-Ravi et al.1 remind us that this is not 
necessarily the case. 

WNT proteins are signalling molecules 
whose activity controls many processes, from 
tissue organization and body-axis formation 

during embryonic development to maintenance 
and regulation of stem cells in adult tissue. 
WNTs signal through several distinct intracel-
lular pathways, but these pathways share an ini-
tial step: WNT molecules outside the cell bind 
to and activate receptors of the Frizzled family 
that span the cell membrane. Frizzled receptors 
must be present in the membrane for intracel-
lular WNT-pathway activation.

In vertebrates, an auxiliary regulatory 
process is involved in controlling the accu-
mulation of Frizzled receptors, and hence in 
determining WNT signalling levels. The sys-
tem involves three groups of proteins2,3: an 
LGR (LGR4, 5 or 6), an extracellular R-spon-
din (RSPO1, 2, 3 or 4), and an E3 ubiquitin 
ligase enzyme (ZNRF3 or RNF43). In the 

absence of RSPOs, the ubiquitin ligase tags 
Frizzled receptors with ubiquitin molecules, 
which mark the receptors for degradation. 
This results in low membrane concentrations 
of Frizzled, so WNT signalling is attenuated4–6 
(Fig. 1a). Conversely, when RSPOs are present, 
they bind to LGRs2,3, and the resulting complex 
binds the ubiquitin ligase and prevents it from 
tagging Frizzled. The receptors accumulate, 
and WNT signalling can occur4–6 (Fig. 1b).

This mechanism has a crucial role in 
regulating WNT signalling in stem-cell com-
partments characterized by LGR expression, 
for instance in the intestine7 and hair follicles8. 
Because WNT signalling has been extensively 
studied in these contexts, the LGR–RSPO–
ligase complex has become part of the standard 
picture of how WNT activity is regulated. 

Szenker-Ravi and colleagues’ study began 
with a genetic analysis of five families affected 
by either tetra-amelia syndrome, which is char-
acterized by the lack of all four limbs and by lung 
abnormalities, or by a previously undescribed 
syndrome involving severe limb malformations. 
The authors found that these two syndromes 
are caused by five mutations in the RSPO2 gene 
that disrupt different protein domains. Using in 
vitro assays, the researchers demonstrated that 
the mutations prevent RSPO2 from binding to 
LGR or RNF43, and so inhibit WNT signalling. 

So far, Szenker-Ravi and co-workers’ data 
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Rethinking WNT 
signalling
The identification of genetic mutations that can hinder the development of 
human limbs has led to the discovery of an unanticipated mode of regulation for 
the WNT signalling pathway during limb development. See Letter p.564

Figure 1 | Updated model of WNT-signalling regulation.  WNT signalling, 
which is triggered when WNT proteins bind to Frizzled receptors that span 
the cell membrane, is conventionally thought to be regulated by interactions 
between three groups of proteins: R-spondins (RSPO1 to 4), LGRs (LGR4 
to 6) and ubiquitin ligase enzymes (ZNRF3 or RNF43). a, In the absence of 
RSPOs, LGR and ZNRF3 or RNF43 do not interact, and the ubiquitin ligase 
catalyses a reaction that marks Frizzled receptors for degradation. WNTs 

cannot bind the degraded Frizzled, and WNT signalling is hampered. b, 
When present, RSPO binds LGRs and ubiquitin ligase, preventing enzyme 
activity. This allows Frizzled receptors to accumulate and so increases WNT 
signalling. c, Szenker-Ravi et al.1 report that, in the developing limb and lung, 
RSPO can bind ubiquitin ligase without LGRs. They propose that another, 
unidentified, protein enables this interaction, which leads to increased WNT 
signalling through an unknown mechanism.

which are bright enough to detect on Earth.
Intriguingly, the effects observed in the 

black-widow pulsar are similar to distortions 
seen in pulses from at least one source of fast 
radio bursts9. Plasma lensing might there-
fore be responsible for boosting the bright-
ness of fast radio bursts, as has previously 
been hypothesized and modelled10. However, 
the story is not complete: the environment 
around a source of fast radio bursts is probably 
quite different from, and possibly even more 
extreme than, that of the black-widow pulsar. 
It perhaps has more in common with the 
environment around the young Crab pulsar 
or at the centre of our Galaxy11.

Main et al. have detected plasma lensing in 

a pulsar that has been studied for more than 
30 years, using a telescope that has been oper-
ating since the early 1960s. Why the sudden 
insight? As computing and data-recording 
power has grown, so has the ability to use 
venerable radio telescopes to scrutinize pulsars 
on shorter timescales and over a wider range 
of radio frequencies. This suggests that the 
future is bright for using pulsars to illuminate 
the invisible Universe. ■
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R I C H A R D  M C E L R E A T H

Most organisms are brainless but 
thriving. Brains are expensive to 
produce and maintain, and in the 

human lineage they have grown so large as to 
incur a substantial metabolic burden as the 
brain develops1. A human brain stops grow-
ing by the age of ten, long before the body 
reaches physical maturity, and this costly and 
fast process of brain growth has been proposed 
to cause a delay in body growth1. Brain growth 
is not given priority in this way in other apes, 
and the human pattern is puzzling because 
it keeps our bodies smaller, more vulnerable 
and less productive for longer. The answer to 
this riddle must lie in how the human brain 
helped our ancestors to survive and reproduce. 
On page 554, González-Forero and Gardner2 
investigate the role of different factors as pos-
sible drivers of our unusually large brains, 
and determine how well these factors might 
account for the pattern of changes in brain and 
body size that occur as humans develop.

Proposals for how large brains evolved in 
humans include ecological, social and cultural 
hypotheses. The ecological-intelligence hypoth-
esis suggests that environmental challenges, 

such as finding food, are paramount in driving 
brain-size evolution3. The social-intelligence 
hypothesis suggests instead that the competitive 
and cooperative challenges of living with other 
members of the same species are the key factor4. 
The cultural-intelligence hypothesis combines 
these two ideas, suggesting that the social learn-
ing of ecologically relevant skills explains the 
extreme brain investment of our lineage5.

Until now, testing these hypotheses has 
relied mainly on comparative studies that 
correlate data on brain characteristics such as 
size (as an approximation of intelligence) with 
features such as cognition, ecology and group 
living. These regression approaches, which 
seek to identify variables that are associated 
with brain size, have been valuable for refining 
theories and the data measurements needed. 

However, such regression studies can 
generate conflicting and confusing results. 
Changes to brain and body growth can have 
a reciprocal effect on each other for various 
reasons, such as metabolic constraints and 
energy-production needs, so such interactions 
between the brain and the body are complex 
and nonlinear. This makes the results of 
regression studies hard to interpret, because 
they cannot be connected directly to a relevant 
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Sizing up human  
brain evolution
An innovative computational analysis of factors that might have influenced 
human brain evolution suggests that ecological, rather than social, factors had a 
key role in the evolution of large, rapidly developing brains. See Letter p.554.

fit nicely with the known roles of RSPOs, 
LGRs and ubiquitin ligases. And, like peo-
ple carrying RSPO2 mutations, mice lacking 
Rspo2 have limb abnormalities9. The authors 
expected that the loss of LGR activity would 
have the same effect. But they got a surprise 
when they analysed mice lacking the Lgr4, 
5 and 6 genes — the triple-mutant embryos 
did not have limb or lung abnormalities. This 
suggests that, in some tissues, RSPO2 (and 
perhaps other RSPOs) can act independently 
of LGRs, potentiating WNT signalling in the 
absence of its usual binding partner. 

To test this idea directly, the group next 
investigated whether cells isolated from LGR 
triple-mutant embryos are capable of RSPO-
mediated WNT signalling. They found no 
evidence of WNT signalling when these cells 
were exposed to Rspo1 or Rspo4, but WNT 
activity was detected in the presence of Rspo2 
or Rspo3. Thus, RSPO2 and RSPO3 seem to be 
able to induce WNT signalling independently 
of LGRs. However, these RSPOs still seem to 
act through their normal ubiquitin ligase tar-
gets, because Szenker-Ravi et al. found that 
modulation of ZNRF3 alters WNT signalling 
in triple-mutant cells. Consistent with this pic-
ture, the authors showed that deletion of rspo2 
in the frog Xenopus laevis led to missing limbs, 
whereas deletion of the znrf3 and rnf43 genes 
led to extra limbs.

This study demonstrates that the accepted 
model of WNT-receptor modulation does not 
hold in the case of limb and lung development. 
Szenker-Ravi et al. hypothesize that a sepa-
rate, unidentified receptor is necessary for this 
LGR-independent WNT signalling (Fig. 1c). 
Notably, a study published earlier this year10 
identified one potential candidate. That work 
showed that RSPO2 and RSPO3 can bind to 
ZNRF3 or RNF43 in conjunction with hepa-
rin sulfate proteoglycan (HSPG) molecules in 
lieu of LGRs, to enable WNT signalling in vitro. 
Future work will be required to test whether 
HSPGs play this part in the context of lung and 
limb development. In addition, it remains to 
be determined whether the HSPG–RSPO–
ZNRF3 complex promotes WNT signalling by 
preventing ZNRF3 activity, or whether another 
mechanism is at work. Either way, it will be 
important to determine the extent of any func-
tional similarities between LGR- and HSPG-
based complexes, and to uncover whether there 
is any pattern to the use of LGR or HSPG as a 
cofactor in a particular tissue.

Szenker-Ravi and colleagues’ work also 
points to ways to broaden our understand-
ing of processes that require WNT signalling, 
such as limb development. For example, anal-
ysis of the early stages of limb development in 
frog embryos lacking znrf3 and rnf43 could 
reveal why these mutations lead to extra limbs. 
Do ZNRF3 and RNF43 act as ‘master regula-
tors’ of limb numbers, as the authors propose? 
Consistent with this idea, WNT activity has 
a role in initiating the formation of the limb 
bud11 (which eventually gives rise to the limb). 

Alternatively, rather than being master regula-
tors, these proteins might mediate limb num-
bers indirectly. For example, extra limbs might 
arise as a secondary consequence of expansion 
of the pool of limb progenitor cells, or they 
might arise because of changes in the for-
mation of a signalling centre at the tip of the 
limb bud that directs limb outgrowth — both 
WNT-dependent processes12,13.

Finally, it will be interesting to evaluate LGR-
independent, RSPO-mediated WNT signalling 
in cancer. Chromosomal abnormalities that 
lead to activation of RSPO2 or RSPO3 have 
been shown to drive WNT-dependent colon 
tumours14. Szenker-Ravi and colleagues’ dem-
onstration that these two RSPOs can modulate 
WNT activity independent of LGR adds a twist 
to these findings, and should prompt scientists 
to look for cancer-causing mutations in RSPO2 
or RSPO3 in cells outside LGR-expressing cell 
compartments. ■
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