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There are two problems with current thoughts about signalling. One, very clearly laid 
down in a very thorough (but conventional) review about Wnt (ref), which suggests that 
signalling pathways act in parallel or in sequence, and never considers interactions, which 
are very important. The second one, implicit in the first one, is that all signalling 
pathways have the same function: to add information to the activities of gene regulatory 
networks (GRNs). If one pays attention to the mutant phenotypes, opens the mind and 
thinks, other ideas emerge and the laying down of the proneural clusters of the 
Drosophila wing disc, provide a very good example of what I mean and one which might 
be useful to your interests.  
 
The general argument 
1. As you know the proneural clusters (PNC) emerge during L3 and each has a particular 
history, genetic history. This is why one can find specific cis acting regulatory regions of 
ac and sc associated with each cluster, and why one can disrupt specific clusters by 
tinkering with particular transcription factors and signalling pathways. You know this 
well. However, there are two signalling pathways which affect ALL clusters, 
independently of their history and their origin. The effects are opposite. One of them is 
Notch (and this is very well documented, though the point I am making has never been 
made before) and the other is Wnt (Juan Pablo and I published some of this in a 
Development paper many years ago, which also has important information I might bring 
to bear later on).  
 
2. In both instances, the initiation of the proneural cluster is not affected but then, in the 
absence of Notch, all cells in the cluster develop as SOPs and in the case of Wnt, none or 
very few of them do. Gain of function mutations have the opposite but complementary 
effect: Notch gof results in none of the cells developing as SOPs. Wnt gof has an 
interesting effects, in some clusters it induces a few extra SOPs but in most of them, has 
little effect. By our own observation and extrapolation from other systems, it delatys 
lateral inhibition (much of this has been summarized in the noise review in Nature Rev 
Genet).  
 
Summary: an interpretation of 1 and 2 is that the interactions between GRNs and 
signalling systems that generate the PNCs, what they do is to generate a probabilistic 
map, they endow cells with a given probability to become an SOP and then, the 
interactions between Wnt and Notch, or to be more clear, the relative amount of Wnt and 
Notch signalling, alters that probability and implements the fate. Wnt is, very likely, the 



real effector of this operation. This is very clearly seen in the wing margin, where the 
SOPs for the chemosensory receptors and later for the mechanosensory ones, emerge in 
the cells that are nearest to the source of Wg. In the other clusters Wingless expression 
exerts an impressive bias. The microchaetae are also very impressively aligned with 
regard to the Wingless pupal notal stripes. One reason why the gof might not yield more 
SOPs is that the ectopic expression cannot override the bias that already exists. 
 
SO: there is, if you wish, a prepattern which is a probabilistic map (the equivalence 
group) and then Wingless biases those probabilities. But Wingless is working against 
Notch and over the prepattern. I hope that this is clear. In fact (and I do not want to get 
too deep into what follows now, but might illustrate the point)  the little deltas that appear 
in all vein in the N/+ flies, are in my view an effect of this, that lowering Notch 
signallingh creates an overwhelming effect of Wnt on the veins, and this is why ALL tips 
get a little delta. This is Wingless getting one over Notch, modulating lateral inhibition, 
when Notch is low. Interestingly, overexpression of Wingless of activated Armadillo 
leads to extra veins, an effect that is exacerbated in low Notch signalling (you can see 
some pictures of this in an old Dev Biol. Paper of ours, when I was beginning to think 
about these interactions (Brennan et al. (1999). Wingless modulates the effects of 
dominant negative notch molecules in the developing wing of Drosophila. Dev. Biol. 216, 
210-229), it is a bit tedious, particularly from today’s perspective, but the pictures are 
clear. I do not think that in the wild type, in Drosophila, Wingless has anything to do with 
the vein, though the cross veins, particularly the 4/5 one, have a dependence on Wg, but 
what we see in these experiments is the ability of Wingless to do what it does, when it 
shows up, regardless of what is there.  I hope that this is helpful. I have loads of wings 
showing the effects of Wg in veins. Sensilla is something we have not looked in detail, 
but looking at veins it is impossible not to see them and yes, ectopic gain and loss of 
function of Wingless can affect the sensilla. 
 
I hope that these, together with the PP slides, will give you an idea of my train of thought. 
In a way there is a lot of data out there in the same direction but people prefer to see the 
effects (and I shall come back to this later). One of my favourite examples, and one that 
should bother some people, is what happens during somitogenesis, as this really mirrors 
much that I have seen in Drosophila and illustrate the point. Here loss of function of 
Wnt3a (and I believe also of beta catenin) has little effect on segmentation, though levels 
of gene expression are really reduced and the embryos have to be overdeveloped to see 
the patterns. Curiously, gain of function of beta catenin has little effect, again, as 
expected. 
 
Then why does Wnt show a phenotype or/and when does it have a phenotype, 
sometimes? 
 
3. Let is begin with the first one: why does Wnt show a phenotype? I am not going to 
write an essay on the pitfalls of genetics to analyze developmental events, will leave this 
for some other time. And I very much would like to write one! However, will point out 
here something about the analysis of Wnt phenotypes which has such an essay around it. 
You can see much of what I say in the last of the slides. 



 
I believe (and could easily marshall evidence to support it) that Wnt signaling (and by 
inference Notch signaling, though this does not concern us here) is required in almost any 
cell fate decision in development. Because cells and tissues have to talk with and to each 
other, it is likely that defects in one event will lead to defects in others by proxi. So, let us 
assume the easy case of a linear series of events in which a cell A becomes B which 
becomes C and then D and then E: A>B>C>D>E and let us assume that much as we have 
suggested above, each of these steps is mediated by the activity of a GRN and that Wnt is 
necessary for that decision to be optimal and, what is more (see the Nature Rev Genetics 
article) stable. It might then be that in the absence of Wnt A to B might happen, but not 
very efficiently, given enough time (and we are assuming that there are no other inputs 
into the system than what we have here), B will happen but it will not be great as a 
starting point. What this means is that if you look at the A>B transition in the absence of 
Wnt, you might not see very much unless you look very carefully. The transition B to C, 
begins with problems and, in the absence of Wnt it will compound the fact that B is not 
great with the requirement for Wnt and C, now, might show a phenotype more obvious 
than B. Applying the same rule down the line, it is not difficult to see that if one measures 
the phenotype of Wnt through E i.e. total loss of function, one will see a phenotype. What 
this comes to mean is  the small effects get amplified in the absence of Wnt, that if Wnt 
plays the role I am suggesting, its loss of function will magnify mistakes and 
inefficiencies.  
 
One prediction that this makes is that if one had a ts/conditionsl allele, elimination of Wnt 
signaling from say C>D>E might have no effect on E, or very little. Which could be 
paradoxical, but in the context which I have mentioned, should not be. Also, really, if the 
outcome of the activity of the GRN is to provide an accurate fate map, the role of Wnt 
might be small. Wnt will work better with very stochastic equivalence groups (see 
above). 
 
This makes clear what happens during somitogenesis and also, the observation Juan 
Pablo and I made many years ago (recently rediscovered by a postdoc of JP Vincent 
without giving us any credit) that removal of Wg from the L2 onwards has no effect on 
the growth and, neurogenesis aside) the patterning of the wing.  
 
4. The second question is important, though its answer is partially imprinted in the last 
section. There are two situations in which Wnt will have an obvious phenotype. One, 
when the phenotype is measured at the end of a large chain of events, each step of which 
requires Wnt. But also, and most significantly, when the GRNs input is low or weak. 
Thus loss of function of Wnt, and sometimes dosage effects, will have a strong 
synergistic effect with other mutations some of which are weak. 
 
This has been exemplified very clearly in somitogenesis (and we have similar results in 
other systems). As I have pointed out above, gain and loss of Wnt signaling has little if 
any effect on segmentation. On the other hand, loss of FGF signaling does show a 
segmentation phenotype. However, now, expressing activated beta-catenin, rescues 
segmentation i.,e. if the process is imprecise, Wnt signaling comes to the rescue and 



makes the process work efficiently. 
 
As I have said a number of times, is like the best playerf of your favourite team. The 
reason why is great is because he can change the performance of the team (GRN). If the 
team is working well and there is not much at stake, he can rest but when the team needs 
him, he can turn things around and make the team play. 
 
5. Wnt and Waddington 
In 1957, C Waddington presented a very thorough view of development in the fashion of 
a pebble rolling down hills and valleys, which represented cell fates and possibilities. 
This metaphore was used in the 1970s to present cell fate as attractors in dynamical 
systems and the recent work of Sui Huang has develop these notions in the context of  
modern GRNs. 
 
There is little question that the inspired image of Waddington is a good reflection of the 
process of cell fate assignments. It incorporates the binary element and allows for an 
interpretation of a certain degree of stochsticit in the choice. These hills and valleys can 
be understood in terms of potentials which, perhaps, are associated with potential from 
GRNs. In any event, this allows a one dimensional representation in which one can 
picture the transitions between states as transitions in the activity of GRNs. One 
regulatory network leads to another. Furthermore, in the nature of GRNs, once a 
regulatory network is active (GRNa), the regulated GRN (GRNb) will be buzzing with 
activity. However, it is likely and clear that it will not be fully active. It is possible that 
there are energetic barriers between these and that these would have to be overcome. I 
would like to suggest that signalling plays a central role in this transitions and that Wnt 
signalling in particular, plays a special role.  
 
I would like to surmise that the well known signalling pathways fall into two clases. One 
class, which contributes to the transition by their transcriptional effectors contributing to 
the definition of the elements of the GRNb. In this class I would include BMPs and 
related members, Hh family and RA. A second class of signalling molecules determines 
whether GRNb is implemented at the single cell level. The central element of this module 
is Wnt signalling but we believe that Notch signalling is also an element, intimately 
related to Wnt. Ras signalling needs to be placed but its close connection to Wnt and 
Notch and recent observation on its role during ES cell differentiation, lead me to place it 
in the second class. 
 
This provides a digital and an analogue component, It also would explain why 
sometimes, some signalling pathways, like Hh, would appear to do the Wnt job and yet 
do something else, which is to select genes.  
 
The mechanism would be, as stated before, signalling to chromatin. 
 
6. Wnt and the creation of patterns in evolution  
There is little question that mutation and shuffling of cis regulatory elements has played a 
very important role in the generation of different cell types and pattern. However, if what 



I am saying here (and have moving towards for a number of years) is true, it provides an 
interesting and flexible substrate for the generation, in particular, of pattern, The GRNs 
provide a probabilistic ground, which might be common to many species (and perhaps 
above), but within this probabilistic fabric the pattern emerges because of the interplay of 
the two signaling inputs that I have suggested above and, in particular, Wnt as this is the 
system that ultimately, determines the stable patterns. 
 
Thus, on a common (how to call it?) set of equivalence groups, the positioning of Wnt 
signaling would lead to different patterns by imposing different biases and generate 
different patterns. The wing of Drosophila is an interesting case. There is little doubt that 
the wing pouch is a proneural equivalence group. The insistence of people on the idea 
that Wingless induces ectopic SOPs forgets the fact that it does this in the distal wing and  
not so easily in the proximal wing and, in the notum. Here only very high levels, or 
playing with Notch, will do it. In many ways there are also interesting analogies between 
the tip of the leg and the wing pouch (just think about the position of the wing 
primordium in the L1, which is similar to the tip of the leg disc). So, within this large 
proneural equivalence group (where neurogenesis has a high threshold and instead 
growth is implemented), it is the pattern of Wingless which decides where you put the 
SOPs. In the wt it is in the wing margin, you can the position ectopic expression of 
Wingless and elicit new patterns of bristled. In the notum, playing with Wingless is is 
easy to duplicate SOPs from a proneural cluster, more difficult to eliocit de novo 
neurogenesis outside the PNC. With the microchaetae it is easier because there is a 
biggter dependence on Wingless. 
 
In summary, variations in the intensity and the pattern of Wnt signaling can generate 
different patterns by acting on an equivalence groups without altering the cis regulatory 
regions of the genes that make the pattern. 
 
The figures: 

1. Summary of Modolell’s work, which you know well and which highlight the 
position specific combinatorials that create specific clusters. 

2. A view of how one generates the pattern of PNCs by iteration of integration of 
suites of transcription factors (T) and signalling molecules (S). 

3. A reminder of the phenotypes of Notch and Wg mutants in the PNCs. 
4. In a PNC, cells are in a noisy state (see the Nat Rev Genet) and they measure the 

levels of Notch and Wg signalling and will adopt the fate depending on the Wg 
signal 

5. L3 wing disc, SOPs (cut) in green, Wingless expression in red 
6. The summary of the idea that GRNs generate noisy patterns that then are resolved 

by Wntch. 
7. Summary of why and how Wnt mutants will or will not produce phenotype. The 

input/output relationship of every step  is 100% in the wild type (and not shown) 
but in the mutants in the absence of Wingless these change and are the basis of the 
phenotypes. 

8. My interpretation of the Waddington landscape. Notice that there are three 
elements to every transition, which as in the Waddington idea is depicted as 



valleys and hills. The first one is the GRNs themselves, which determine the paths 
through the landscape. The second is the Signalling pathways which add to the 
selectivity of GRNs and then Wntch, which determines the probability with which 
the activity of GRNs + signalling (RA, Hh, BMP) is implemented on a cell to cell 
basis.  
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Wnt and Notch signalling as central elements in binary  cell fate decisions
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