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OVERVIEW

The main area of interest of our Group is to identify therapeutic 
strategies against KRAS mutant lung and pancreatic tumours. 
For almost 4 decades, KRAS oncoproteins were thought to be 
undruggable targets. However, selective KRAS inhibitors, at 
least against one of the KRAS oncogenic isoforms, KRASG12C, 
have been recently approved by the FDA. Yet patients develop 
drug resistance rather quickly indicating that successful 
treatment of KRAS mutant tumours will require combination 
with inhibitors of KRAS signalling pathways, such as the MAP 
kinase and the PI3 kinase pathways. Unfortunately, all 
inhibitors tested thus far in the clinic have failed due to 
excessive toxicities. A potential exception is RAF1. Ablation 
of this kinase induced significant levels of tumour regression 
with limited toxicities in experimental models. Ironically, the 
tumour-inducing effect of RAF1 is not mediated by its kinase 
activity. Hence, pharmacological targeting of RAF1 will require 
the use of strategies capable of degrading the protein. To 
identify such compounds, we have determined the tertiary 
structure of the full RAF1 protein using Cryo-Electron 
Microscopy (Cryo-EM) technologies. These results have 
identified structural vulnerabilities that will make it possible 
to design selective RAF1 degraders.

“The tertiary structure of RAF1, 
bound to the Hsp90 and Cdc37 
chaperones, has revealed structural 
vulnerabilities that will make it 
possible to generate 
pharmacologically active RAF1 
degraders capable of inhibiting 
KRAS mutant lung tumours.”
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RESEARCH HIGHLIGHTS

KSR induces RAS-independent MAPK pathway 
activation and modulates the efficacy of KRAS inhibitors

KSR1/2 have long been considered scaffolding proteins 
required for optimal MAPK pathway signalling. However, 
recent evidence suggests that they play a more complex role 
within this pathway. We have demonstrated that ectopic 
expression of KSR1 or KSR2 is sufficient to activate the MAPK 
pathway and to induce cell proliferation in the absence of RAS 
proteins. In contrast, ectopic expression of KSR proteins is 
not sufficient to induce cell proliferation in the absence of 
either RAF or MEK proteins, indicating that they act upstream 
of RAF. Indeed, KSR1 requires dimerization with at least 1 
member of the RAF family to stimulate proliferation, an event 
that results in the translocation of the heterodimerized RAF 
protein to the cell membrane. Mutations in the conserved 
DFG motif of KSR1 that affect ATP binding impair induction 
of cell proliferation. We have also shown that increased 
expression levels of KSR1 decrease the responsiveness to the 
KRASG12C inhibitor sotorasib in human cancer cell lines. These 
results suggest that high KSR1 or KSR2 expression levels in 
tumours could render strategies aimed at inhibiting RAS 
largely ineffective. Indeed, we further show that KRASG12C 
inhibitors are less effective when KSR1 expression levels are 
elevated. In conclusion, our data should raise awareness that 
KSR1 or KSR2 expression levels are direct modulators of the 
effectiveness of RAS inhibition.

Structure of the RAF1 kinase bound to the HSP90 and 
CDC37 chaperones: identification of selective RAF1 
degrons

We have described the structure of the full-length RAF1 protein 
in complex with HSP90 and CDC37 obtained by Cryo-Electron 
Microscopy (FIGURE 1A and B). The reconstruction reveals 
a RAF1 kinase with an unfolded N-lobe separated from its 
C-lobe. The hydrophobic core of the N-lobe is trapped in the 
HSP90 dimer, while CDC37 wraps around the chaperone and 
interacts with the N- and C-lobes of the kinase. The structure 
indicates how CDC37 can discriminate between the different 
members of the RAF family. Our structural analysis also reveals 
that the folded RAF1 assembles with 14-3-3 dimers, suggesting 
that after folding follows a similar activation as B-RAF. Finally, 
disruption of the interaction between CDC37 and the DFG 
segment of RAF1 unveils potential vulnerabilities to attempt 
the pharmacological degradation of RAF1 for therapeutic 
purposes (FIGURE 1C).

Despite the well-conserved sequence amongst members of 
the RAF family, they contain substantial functional differences. 

Whereas RAF1 and A-RAF are client proteins of the HSP90-
CDC37 chaperone system, B-RAF is not. Therefore, the HSP90-
CDC37 chaperone system adds an extra regulatory layer to 
this kinase family. The structure of the complex highlights 
the key interactions of the HSP90 chaperone and its 
cochaperone CDC37 with RAF1. Moreover, our combined 
biochemical and functional analysis of the interacting regions 
indicates that CDC37 can recognise segments of RAF1 that 
are different from their counterparts in B-RAF.

We propose a model in which RAF1 would be unstable until 
it becomes associated with CDC37, followed by binding to 
HSP90. The HSP90-CDC37 chaperone system couples the 
folding of the client protein with ATP hydrolysis cycles 
(FIGURE 1B). RAF1 is phosphorylated in residues S259 and 
S621, thereby, once the HSP90-CDC37 renders this protein 
folded, the complex is disrupted and RAF1 associates with 
14-3-3 in a manner similar to B-RAF. We speculate that the 
interaction of RAF1 with the HSP90-CDC37 system could 
control the dynamics of RAF1 heterodimers formed with the 
14-3-3 proteins, thus influencing the levels of homo or 
heterodimers of this signalling module, and thereby controlling 
cellular proliferation.

Our mutagenesis analysis of the interface between CDC37 
and RAF1 highlights the importance of this association for 
RAF1 stability. Indeed, we observed a reduction in the levels 
of RAF1 when the mutant isoforms were co-expressed with 
HSP90 and CDC37 (FIGURE 1D and E). These observations 
raise the possibility that the interface between RAF1 and 
CDC37 may represent a vulnerable spot, which could be 
targeted to induce the degradation of RAF1, reproducing the 
therapeutic results obtained in experimental models of Kras/
Trp53-induced lung tumours upon ablation of RAF1 
expression. s
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FIGURE 1 Cryo-EM structure of the 
RAF1-HSP90-CDC37 (RHC) complex. 
(A) Cryo-EM maps of the RAF1-HSP90-
CDC37 complex at 3.67 Å global 
resolution. Blue and cyan for each 
monomer of the HSP90 dimer, yellow 
for CDC37 and green for RAF1. (B) 
Overview of the RAF1-HSP90-CDC37 
assembly in complex with ATP. (C) 
Detailed view of the main interacting 

region between CDC37 and RAF1. (D) 
Levels of wild type and mutant RAF1 
proteins co-expressed with HSP90 
and CDC37. The levels of each protein 
were quantified by mass spectrometry, 
using RAF1 common peptides for all the 
mutants. (E) Mean levels of RAF1 bound 
to strep-tagged wild type and mutant 
CDC37 I23E proteins.
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