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Abstract 

The Ser/Thr kinase RAF, particularly BRAF isoform is a dominant target of oncogenic mutations and many 
mutations have been identified in various cancers. However, how these mutations except V600E evade 
the regulatory machinery of RAF protein and hence trigger its oncogenicity remains unclear. 
Methods: In this study, we used mutagenesis, peptide affinity assay, immunoprecipitation, immunoblot, 
and complementary split luciferase assay as well as mouse xenograft tumour model to investigate how the 
function of RAF is cooperatively regulated by Cdc37/Hsp90 chaperones and 14-3-3 scaffolds and how this 
regulatory machinery is evaded by prevalent non-V600 mutations. 
Results: We found that Cdc37/Hsp90 chaperones engaged with mature BRAF proteins promoted 
together with 14-3-3 scaffolds a switch of BRAF proteins from active open dimers into inactive close 
monomers. Most non-V600 mutations were enriched on or around the Cdc37/Hsp90-binding segments 
of BRAF, which impair association of CDc37/Hsp90 chaperones with BRAF and hence trap BRAF in active 
open conformation favouring dimerization. These BRAF mutants with high dimer propensity sustained a 
prolonged ERK signaling, and were effectively targeted by RAF dimer breaker plx8394 in vitro and in vivo. 
In contrast, CRAF and ARAF existed as immature monomers highly packaged with Cdc37/Hsp90 
chaperones, which will be released upon dimerization driven by RAS-GTP binding with their N-terminus 
as well as 14-3-3 scaffold association with their C-terminus. Mature CRAF and ARAF dimers also 
sustained a prolonged ERK signaling as non-V600 BRAF mutants by virtue of absence of the C-terminal 
Cdc37/Hsp90-binding segment.  
Conclusions: Cdc37/Hsp90 chaperones and 14-3-3 scaffolds cooperatively facilitate the switch of RAF 
proteins from open active dimers to close inactive monomers. Non-V600 mutations disrupt this 
regulatory machinery, and trap RAF in dimers, which could be targeted by RAF dimer breakers. 
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Introduction 
 The RAF Ser/Thr kinase is a core component of 

RAS/RAF/MEK/ERK signaling cascade, which plays 
a central role in cell biology [1-3]. Human RAF 
includes three isoforms, CRAF (or RAF1), BRAF and 
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ARAF, among which BRAF is a dominant isoform 
with oncogenic mutations likely by virtue of its high 
basal activity [4]. Recent genomic sequencings have 
identified over 300 BRAF mutations in various 
cancers. Although a single point mutation, V600E 
accounts for over 90% cases, there are a significant 
number of non-V600E mutations in cancers. To target 
V600E, three type 1.5 RAF inhibitors (Vemurafenib, 
Dabrafenib, and Ecorafenib) that bind to an 
αC-helix-out conformation and one type 2 RAF dimer 
disruptor (Tovorafenib) that engages with a DFG-out 
conformation have been developed and applied to 
clinical cancer treatment [5,6]. However, there’s no 
drugs available for targeting non-V600 mutations. 
Understanding the functional modes of non-V600 
mutations and developing precise therapeutics for 
these mutations will significantly improve anti-RAF 
cancer therapy. 

The regulation of RAF family kinases is 
complicated, which involves in complex molecular 
interactions as well as phosphorylation and 
dephosphorylation [7-9]. The polypeptide of RAF 
family kinases consists of a RAS-binding domain 
(RBD) at N-terminus that mediates its interaction with 
RAS-GTP and a putative kinase domain at C-terminus 
that catalyzes the substrate phosphorylation. Like 
other kinases, Cdc37/Hsp90 chaperones facilitate 
proper folding of nascent RAF peptides and also 
regulates their activity afterwards though underlying 
molecular mechanism remains ambiguous [10-14]. 
Hsp90 inhibitor engagement dissociates Hsp90 from 
RAF and induces a rapid degradation of RAF [15,16]. 
Although biochemical and structural studies have 
shown that Cdc37/Hsp90 chaperones recognize both 
unfold structures [12,14] and the GXFG (or GXYG) 
motif in Glycine-rich loop of protein kinases [17] that 
is conserved cross all RAF isoforms, RAF isoforms 
have quite differential affinity with this chaperone 
complex [18], suggesting that there is an 
isoform-specific regulation for RAF-Cdc37/Hsp90 
interaction.  

The activity of RAF proteins that packed with 
Cdc37/Hsp90 chaperones is further fine-tuned by 
14-3-3 scaffolds [19-22]. All RAF isoforms contain two 
14-3-3 binding motifs (RSXpSXP): one in Ser/Thr-rich 
region between RBD and kinase domain, and the 
other in C-terminal tail following kinase domain. In 
quiescent status, one 14-3-3 dimer associates with two 
14-3-3-binding motifs of one BRAF molecule and thus 
stabilizes its inactive close monomeric conformation 
[23,24]. Upon stimulation, this intramolecular 
association of BRAF with a 14-3-3 dimer will be 
converted into an intermolecular association with one 
14-3-3 dimer binding to C-terminal motifs of two 
BRAF molecules, which promotes side-to-side BRAF 

dimerization and subsequent transactivation [25,26]. 
Active open BRAF dimer will then be returned back to 
inactive close monomeric status through 
ERK-mediated negative feedback phosphorylation as 
well as reverse 14-3-3 association [27]. However, how 
BRAF cycles between inactive close monomeric status 
and active open dimeric status with aid of 14-3-3 
scaffolds remains elusive so far. Moreover, whether 
Cdc37/Hsp90 chaperones that associate with BRAF 
affect BRAF/14-3-3 interaction or reversely is also 
unclear. As for CRAF and ARAF, there is even less 
information about how their activity is regulated 
coordinately by 14-3-3 scaffolds and Cdc37/Hsp90 
chaperones. 

Oncogenic mutations of RAF alter its 
conformation and evade its physiological regulations. 
As for BRAF mutations, the highly prevalent V600E 
mutation traps BRAF in an active conformation 
through forming a salt bridge between Lys507 and 
Glu600 in kinase domain [28]. However, functional 
modes for most non-V600 mutations remain 
understudied though they have been classified as 
three groups according to their deferent catalytic 
activities [29]. In this study, we investigated how the 
function of RAF proteins, particularly BRAF is 
fine-tuned by Cdc37/Hsp90 chaperones and 14-3-3 
scaffolds and how oncogenic non-V600 mutations 
evade this regulatory mechanism and hence trigger 
the oncogenicity of BRAF. 

Results 
The C-terminal tail regulates the stability and 
activity of BRAF but not CRAF and ARAF 

Previous studies have shown that the C-terminal 
tail of RAF family kinases is essential for their 
function, which mediates 14-3-3 association as well as 
asymmetric activation [19-22,25,30,31]. To further 
understand underlying molecular basis, here we 
deleted C-terminal tail of BRAF as well as its 
oncogenic mutant, V600E and examined their 
functional alteration in signal transduction. 
Surprisingly, we found that BRAF and V600E mutant 
with C-terminal tail truncation were hardly expressed 
in 293T transfectants in contrast to their prototypes 
(Figure 1A), which resulted in nearly 4-fold less 
expression (Figure S1A). However, deleting 
C-terminal tail of either CRAF or ARAF did not 
significantly impair their expression in 293T 
transfectants (Figure 1B and Figure S1B), suggesting 
that the C-terminal tail differentially regulates the 
stability of RAF isoforms. We next determined 
whether the activity of BRAF and V600E is also 
altered as their stability upon truncation of C-terminal 
tail, and found that their mutants without C-terminal 
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tail triggered a much stronger ERK signaling when 
expressed in 293T cells at a comparable level (Figure 
1C and Figure S1C). Together, these data suggested 
that the C-terminal tail plays an important role in 
controlling the stability and activity of BRAF. 

C-terminal tail regulates the stability and 
activity of BRAF likely via 14-3-3 scaffolds and 
Cdc37/Hsp90 chaperones 

To understand how the C-terminal tail deletion 
destabilizes BRAF and enhances its activity, we 
aligned the C-terminal tail sequence of BRAF, CRAF 
and ARAF, and found that besides the 14-3-3 binding 
motif (RSXpSXP) that is conserved across all RAF 
isoforms, BRAF contained a potential Cdc37/Hsp90 
binding segment (GXYG and PXXP) that is 
overlapped with the aromatic cluster and absent in 
CRAF and ARAF (Figure 1D) [17,32-34]. Hence, we 
deleted these two fragments of BRAF respectively and 
measured the stability and activity of two mutants. 
We found that deleting 14-3-3 binding motif (ΔCT1, 
Δ721PKIHRSASEP730) but not Cdc37/Hsp90 binding 
segment (ΔCT2, Δ751PKTPIQAGGYGAFPVH766) 
severely impaired expression of BRAF (Figure 1E), 
while deleting Cdc37/Hsp90 binding segment 

significantly elevated activity of BRAF (Figure 1F and 
Figure S1D). To validate this finding, we next 
expressed these deletion mutants of BRAF with an 
IRES (Internal Ribosome Entry Site)-GFP cassette 
(Figure 1G), which enables us to exclude the potential 
artifact arising from transfection and transcription by 
using GFP as an internal control. With this expression 
system, we confirmed that indeed the 14-3-3 binding 
motif but not Cdc37/Hsp90 binding segment in 
C-terminal tail played the major role in controlling the 
stability of BRAF as well as V600E and β3-αC 
loop-deletion (Δ486NVTAP490) mutants [35-37] (Figure 
1H). Since previous studies suggested that 
constitutively active BRAF mutants were less stable 
than their wild-type counterpart [15,16], we further 
investigated whether the catalytic activity of BRAF 
played a role in the stability of BRAF regulated by its 
C-terminal tail. We thus mutated the catalytic lysine 
in the VAIK motif of BRAF(V600E) [38], and found 
that it did not significantly alter the stability of 
BRAF(V600E) with truncation of C-terminal tail 
(Figure S1E). Overall, our data clearly demonstrated 
that the 14-3-3 binding motif and the Cdc37/Hsp90 
binding segment in the C-terminal tail of BRAF 
regulates its stability and activity respectively. 

 

 
Figure 1. The C-terminal tail of BRAF but not CRAF or ARAF regulates its stability and activity. (A) Deleting the C-terminal tail of BRAF or its congenic mutant 
V600E inhibited protein expression. (B) Deleting the C-terminal tail of CRAF or ARAF did not significantly change their expression. Plasmids with indicated amounts were 
transfected into 293T cells, and the expression of encoded proteins in 293T transfectants was measured by immunoblots 24 hours after transfections (A and B). (C) BRAF and 
its oncogenic mutant V600E showed higher activity upon C-terminal tail truncation. Plasmids encoded BRAF, BRAF(V600E), or their truncatants of C-terminal tail were 
transfected into 293T cells to achieve comparable expression level, and their activities in 293T transfectants were measured by anti-phospho-ERK1/2 immunoblots 24 hours after 
transfections. (D) Besides a 14-3-3 binding motif (RSXSXP), a potential Cdc37/Hsp90-binding segment (GXYGAF, PXXP) was identified in the C-terminal tail of BRAF but not 
CRAF or ARAF by sequence alignment. (E) Deleting 14-3-3 binding motif but not Cdc37/Hsp90-binding segment in C-terminal tail significantly impaired BRAF expression. 
Plasmids encoding BRAF or its mutants were transfected into 293T cells, and protein expression was measured as in (A and B). (F) Deleting Cdc37/Hsp90-binding segment in 
C-terminal tail significantly elevated the activity of BRAF and BRAF(V600E). Plasmids encoded BRAF, BRAF(V600E), or their truncatants of C-terminal Cdc37/Hsp90-binding 
segment were transfected into 293T cells to achieve comparable expression level, and their activity in 293T transfectants was measured by anti-phospho-ERK1/2 immunoblots 
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as in (C). (G-H) Validating the roles of C-terminal 14-3-3 binding motif and Cdc37/Hsp90-binding segment for controlling stability of BRAF and its oncogenic mutants. A diagram 
of BRAF-IRES-GFP expression system for detecting stability of BRAF and its mutants was illustrated in (G). BRAF, V600E, and ∆NVTAP [35-37] encoded by BRAF-IRES-GFP 
cassette were expressed in 293T cells as in (A), and their expression was measured by immunoblots with GFP as an internal control (H). All images are representative of at least 
three independent experiments. 

 

BRAF contains multiple Cdc37/Hsp90 binding 
segments that are highly mutated in human 
cancers 

Cdc37/Hsp90 chaperones play a crucial role in 
the regulation of protein kinase function, which 
involves in kinase folding, maturation, and activity 
modulation [39]. Recent studies suggested that the 
Cdc37/Hsp90 complex sensed both specific 
sequences (such as GAF and GXF(Y)G) and 
unfold/dynamic conformations of kinase clients 
[12,17,40]. Here we scanned the whole protein 
sequence of BRAF for potential Cdc37/Hsp90 binding 
segments and found that there were three segments 
locating around 466GSFG469 (Gly-rich loop), 593GDFG596 
(DFG motif), and 758GGYGAF763 (C-terminal tail) 
respectively. Surprisingly, we found that all these 
Cdc37/Hsp90 binding segments were frequently 
mutated in cancer genomes and most prominent 
non-V600 mutations occurred on or around these 
segments (Figure 2A and Figure S2A). Moreover, all 
these mutations except G469R significantly impaired 
the Cdc37 association in a peptide affinity assay 
though their wild-type counterparts themselves had 
differential Cdc37 affinity with 466GSFG469 > 
593GDFG596 > 758GGYGAF763 (Figure 2B). To validate 
this finding, we also purified three representative 
mutants from 293T cell transfectants, and found that 
they had a slightly less Cdc37/Hsp90 association 
(Figure S2B). These data suggested that partially 
disrupting Cdc37/Hsp90 chaperone association 
potentially triggered the oncogenicity of BRAF. 
However, when expressed in 293T cells, these BRAF 
mutants exhibited quite different activities with either 
up- or down-regulation (Figure 2C and Figure S2C). 
Since both constitutively active and kinase-impaired 
RAF mutants could be oncogenic only if they have 
elevated dimer affinity [37,41-45], we next determined 
whether these Cdc37/Hsp90-related mutants had 
altered dimer affinity by using co-immunopreci-
pitation assay. Indeed, we found that all 
representative mutations in three Cdc37/Hsp90 
binding segments remarkably enhanced BRAF dimer 
affinity (Figure 2D), suggesting that disrupting 
Cdc37/Hsp90 association really promotes BRAF 
dimerization. This conclusion was further 
strengthened by our finding that a temporary 
treatment with Hsp90 inhibitor improved BRAF 
dimerization when expressed in 293T cells (Figure S3).  

BRAF mutants with altered 
Cdc37/Hsp90-binding segment sustain a 
prolonged ERK signaling  

Physiological ERK signaling is tightly regulated 
by negative feedback loops, which restrict its 
amplification and duration, and cancer mutations that 
enhance RAF dimerization have been shown to 
sustain an extended ERK signaling [46]. Given the 
elevated dimer affinity of representative BRAF 
mutants with altered Cdc37/Hsp90 binding segment, 
we examined their property for transmitting ERK 
signaling. To reach this goal, we reconstituted 
BRAF-deficient fibroblasts with either wild-type 
BRAF or its mutants via retroviral transduction and 
sorted out the population with equal but also 
relatively low expression (Figure 2E). We then found 
that the EGF-triggered ERK signaling had a much 
slower decay in fibroblasts with representative BRAF 
mutants than that with wild-type counterpart (Figure 
2F-G), which is consistent with a previous report [46]. 
Collectively, our data demonstrated that mutations on 
Cdc37/Hsp90 binding segments of BRAF altered its 
property for transmitting RAS signaling, which is 
related to the enhanced dimerization of BRAF. 

BRAF mutants with altered Cdc37/Hsp90- 
binding segment can be targeted by type 2 
RAF dimer breaker plx8394 but not type 1.5 
RAF inhibitor plx4720 in vitro and in vivo 

The enhanced dimerization of RAF is also one of 
major causes that lead to drug resistance in targeted 
cancer therapy with the clinical RAF inhibitors [47]. 
We thus determined whether these BRAF mutants 
with altered Cdc37/Hsp90-binding segment were 
sensitive to plx4720, an experimental version of 
clinical type 1.5 RAF inhibitor Vemurafenib, or type 2 
RAF dimer breaker plx8394. When expressed in 293T 
cells, these mutants triggered a strong ERK signaling 
that is much more sensitive to plx8394 than plx4720 
(Figure 3A and Figure S4A), suggesting that a 
DFG-out conformation leads to a stronger catalytic 
inhibition of BRAF mutants than an αC-helix-out 
conformation, particularly for BRAF mutants with 
elevated dimer affinity. As for the partial inhibition of 
F595L mutant by plx8394, it might arise from altered 
drug association since the phenol ring of Phe595 
directly involves in drug engagement [48]. 
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Figure 2. Prominent non-V600 mutations alter the Cdc37/Hsp90-binding segments of BRAF, which promote BRAF dimerization and enable BRAF to 
sustain a prolonged ERK signaling. (A) Most prominent non-V600 mutations in cancer genomes occured on/around Cdc37/Hsp90 binding segments of BRAF. This data was 
extracted from the COSMIC database. (B) Mutations on Cdc37/Hsp90 binding segments impaired association of Cdc37 with BRAF. The peptide affinity assay was carried out as 
described in Methods and Materials. (C and D) BRAF mutants with altered Cdc37/Hsp90-binding segments had different kinase activity but constantly elevated dimer affinity. 
BRAF mutants were expressed in 293T cells, and their activity was measured by anti-phospho-ERK1/2 immunoblot as above (C). HA-tagged BRAF and its mutants were 
expressed alone or co-expressed with FLAG-tagged counterparts in 293T cells, and their homodimerization was measured by anti-FLAG immunoprecipitation combined with 
anti-HA and anti-FLAG immunoblots as described before [37,50,66] (D). (E-G) BRAF mutants with altered Cdc37/Hsp90-binding segments sustained a prolonged ERK signaling 
induced by EGF. To reconstitution of BRAF-/- fibroblasts with wild-type or BRAF mutants, BRAF-/- fibroblasts were infected by retroviruses encoding BRAF or mutants with 
IRES-GFP cassette, and the GFPlow populations for individual infections were sorted out by flow cytometry. The expression of BRAF or its mutants in these sorted stable cell lines 
was measured by immunoblot (E). Then stable cell lines in (E) were stimulated with EGF as indicated time, and their ERK activity was measured by anti-phospho-ERK1/2 
immunoblot (F) as well as quantified by using Image J (G). All images are representative of at least three independent experiments. 

 
In order to further confirm the effectiveness of 

plx8394 to target BRAF mutants with altered 
Cdc37/Hsp90-binding segment in vivo, we next 
constructed fibroblastoma mouse models by 
subcutaneously injecting immortalized fibroblasts 
that were reconstituted with wild-type BRAF or its 
mutants (V600E, G469A, F595L, and A762V) into 
NOD-SCID mice respectively. These BRAF mutants 
induced effectively fibroblastomas in vivo in contrast 
to their wild-type counterpart (Figure 3B), suggesting 
that all of them are really cancer drivers. Using these 
models, we demonstrated that all fibroblastomas 
except that induced by V600E exhibited a strong 
resistance to plx4720 albeit sensitivity to plx8394 with 

different extents (Figure 3C-D), suggesting that 
indeed RAF dimer breakers associating with a 
DFG-out conformation may serve as a therapeutic 
option for treating cancer patients harboring these 
BRAF mutations. To validate this finding, we carried 
out pathological analysis of these fibroblastomas 
treated with or without drugs. We found that plx8394 
inhibited the expression of Ki67, a tumor proliferation 
marker, and down-regulated the level of 
phospho-ERK1/2 significantly in all fibroblastomas 
while plx4720 had a comparable effect only in 
V600E-induced fibroblastomas (Figure 3E-F and 
Figure S4B-C), which supports our opinion. 
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Figure 3. BRAF mutants with altered Cdc37/Hsp90-binding segments are resistant to type 1.5 RAF inhibitor plx4720 but not to RAF dimer breaker 
plx8394 in vitro and in vivo. (A) The activity of BRAF mutants with altered Cdc37/Hsp90-binding segments was inhibited by RAF dimer breaker plx8394 but not type 1.5 RAF 
inhibitor plx4720. The 293T transfectants that express different BRAF mutants were treated with RAF inhibitors with indicated concentrations for 90 min, and then lysed for 
measuring ERK activity by anti-phopho-ERK1/2 immunoblot. (B-F) BRAF mutants with altered Cdc37/Hsp90 binding segments induced fibroblastomas in vivo, which can be 
inhibited by RAF dimer breaker plx8394 but not type 1.5 RAF inhibitor plx4720. The immortalized BRAF-/- fibroblasts were reconstituted with BRAF or its mutants respectively 
and subcutaneously injected into NOD/SCID mice that were administered orally with PBS, plx4720 or plx8394 respectively. The tumor volume was tracked twice a week, and 
tumors were harvested at experimental endpoint for immunohistological analysis. The tumor images and weights at experimental endpoint were shown in (B) and (C), while the 
tumor growth curves with different treatments in (D). The immunohistological stainings of Ki67 and phospo-ERK1/2 in tumor sections were shown in (E) and (F) respectively. 
Scale=50 µm. All images are representative of at least five mice per group and three independent experiments. 
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14-3-3 scaffolds regulate association of 
Cdc37/Hsp90 chaperones with BRAF, CRAF 
and ARAF 

Since Cdc37/Hsp90 chaperone is essential for 
kinase folding and maturation, and deleting 
C-terminal 14-3-3 binding motif destabilizes BRAF, 
we thought that there might be an interplay between 
Cdc37/Hsp90 chaperone and 14-4-3 scaffold, which 
affects the folding/maturation of BRAF. To testify this 
speculation, we detected association of Cdc37/Hsp90 
chaperones with BRAF upon deleting C-terminal 
14-3-3 binding motif (ΔCT1). Indeed, we found that 
BRAF(ΔCT1) bound much more Cdc37/Hsp90 
chaperones than its wild-type counterpart (Figure 4A, 
lane 3), suggesting that 14-3-3 association with BRAF 
is required for its maturation. In contrast, 
BRAF(ΔCT2) had a similar or slightly less association 
with Cdc37/Hsp90 chaperones as its wild-type 
counterpart (Figure 4A, lane 4), showing that 
C-terminal Cdc37/Hsp90 association itself is 
dispensable for BRAF maturation. In addition, 
deleting C-terminal 14-3-3 binding motif completely 
abolished 14-3-3 association with BRAF even if 
N-terminal 14-3-3 binding motif maintains intact 
(Figure 4A, lane 3), suggesting that 14-3-3 scaffolds 
bind to C-terminal motif first and then to N-terminal 
motif. This finding illustrated a previous observation 
that a phospho-peptide derived from the C-terminal 
14-3-3-binding motif has a much stronger potency to 
deplete 14-3-3 proteins from RAF complexes than that 
generated from the N-terminal 14-3-3-binding motif 
[22].  

To further understand the role of 14-3-3 in the 
maturation of BRAF, we mutated or deleted 
N-terminal 14-3-3 binding motif of BRAF, and found 
that it did not significantly alter Cdc37/Hsp90 
association with BRAF as well as overall 14-3-3 
association with BRAF (Figure 4B, lane 3-4). In 
contrast, abolishing C-terminal 14-3-3 association 
(S729A or ΔCT1) or dimerization (R509H/P622A) led 
to much heavier loading of Cdc37/Hsp90 chaperones 
and a complete loss of 14-3-3 association with BRAF 
even if the N-terminal 14-3-3 binding motif(s) 
remained phosphorylated (Figure 4B, lane 5-7). To 
confirm this finding, we replaced the 14-3-3 binding 
motif(s) with an engineering 14-3-3-binding segment 
R18(HCVPRDLSWLDLEANMCL) in BRAF(ΔCT1) or 
monomeric BRAF(R509H/P622A) [37,49,50], and 
determined whether it altered association of 
Cdc37/Hsp90 chaperones as well as 14-3-3 scaffolds 
with these BRAF mutants. When these BRAF mutants 
were expressed in 293T cells, we found that replacing 
the N-terminal 14-3-3 binding motif of BRAF(ΔCT1) 
with R18 segment dramatically enhanced 14-3-3 

association and reduced Cdc37/Hsp90 loading. 
However, although replacing 14-3-3 binding motifs of 
monomeric BRAF(R509H/P622A) with R18 segments 
significantly improved its 14-3-3 association, it did not 
alter its Cdc37/Hsp90 loading (Figure 4C), suggesting 
that in the process of BRAF maturation, 
Cdc37/Hsp90-packed BRAF proteins need to form 
dimer first and then 14-3-3 scaffold incorporation 
promotes release of Cdc37/Hsp90 chaperones from 
mature BRAF proteins. 

We next investigated whether 14-3-3 scaffolds 
regulate the association of Cdc37/Hsp90 chaperones 
with CRAF and ARAF. In contrast to BRAF, CRAF 
and ARAF had much weaker association with 14-3-3 
scaffolds albeit much heavier loading of 
Cdc37/Hsp90 chaperones when expressed in 293T 
cells (Figure 4D), which further supports our opinion 
that 14-3-3 association with mature RAF complex 
triggers release of Cdc37/Hsp90 chaperones. 
Furthermore, deleting C-terminal tail of CRAF and 
ARAF or disrupting their dimerization by mutations 
did not further enhance Cdc37/Hsp90 loading on 
CRAF and ARAF as that on BRAF (Figure S5A-B), 
suggesting that CRAF and ARAF stay in an immature 
monomeric status. This finding is consistent with 
previous observations that CRAF and ARAF have 
much lower dimer affinity and exist mainly as 
monomers in quiescent cells [28,30,37]. As that for 
BRAF(ΔCT1), if we replaced C-terminal 14-3-3 
binding motif of CRAF and ARAF with R18 segment, 
these two RAF isoforms showed a stronger 
association with 14-3-3 albeit a little less 
Cdc37/Hsp90 loading (Figure 4E, lane 4 and 6). 
Interestingly, if we converted non-canonical AAE 
motif of ARAF into an APE motif for facilitating 
ARAF dimerization [37], we found that R18 segment 
further enhanced 14-3-3 binding and reduced 
Cdc37/Hsp90 loading on ARAF (Figure 4E, lane 7), 
which further support that RAF dimerization is 
critical for 14-3-3 binding and subsequent release of 
Cdc37/Hsp90 chaperones.  

Cdc37/Hsp90 chaperones and 14-3-3 scaffolds 
cooperatively turn active dimeric BRAF 
complex into inactive monomeric status upon 
maturation 

Our data indicated that 14-3-3 scaffold binds to 
C-terminal tail of BRAF and promotes release of 
Cdc37/Hsp90 chaperones from mature BRAF 
complex. However, a significant amount of 
Cdc37/Hsp90 chaperones still associated with mature 
BRAF. We speculated that these retained 
Cdc37/Hsp90 chaperones might facilitate a switch of 
active dimeric BRAF into inactive monomeric 
counterpart with a rearrangement of 14-3-3 
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association. If this is true, disrupting Cdc37/Hsp90 or 
N-terminal 14-3-3 associations with mature BRAF 
would block this transition and trap BRAF in an active 
dimeric status. To justify this notion, we fused a split 
luciferase to both N-terminus and C-terminus of 
BRAF or its mutants (N-luc-BRAF-C-luc), which is 
used as a luciferase reporter to detect a close versus 
open conformation of BRAF and its mutants (Figure 
5A) [50,51]. When expressed in 293T cells, we found 
that wild-type BRAF reporter generated a high 
luciferase signal (Figure 5B), suggesting that 
wild-type BRAF exists as a close monomer in 
quiescent cells as reported before [29,51]. In contrast, 
the luciferase reporter of monomeric BRAF 
mutant(R509H/P622A) generated a much lower 
luciferase signal in 293T cells, suggesting that 
immature monomeric BRAF packing with 
Cdc37/Hsp90 chaperones has an extended/open 
conformation. Previous studies have suggested that 
the close conformation of wild-type BRAF is 
stabilized by a 14-3-3 dimer that binds to both 
N-terminus and C-terminus of a same BRAF 
molecule, and disrupting 14-3-3 association with 
N-terminus of BRAF will turn BRAF into an open 
conformation. Indeed, S365A mutation on N-terminal 
14-3-3 binding motif of BRAF significantly reduced 
the luciferase signal of N-luc-BRAF-C-luc reporter, 
indicating that intramolecular association of BRAF 
with 14-3-3 dimer is critical for maintaining its close 
conformation. Using this luciferase reporter approach, 
we further examined whether Cd37/Hsp90 
chaperones regulate transition of mature BRAF from 
active open conformation to inactive close 
conformation. We found that mutations on 
Cdc37/Hsp90-binding segments (G469A, F595L, or 
A762V) significantly reduced the luciferase signal of 
N-luc-BRAF-C-luc reporter, suggesting that 
disrupting Cdc37/Hsp90 association with mature 
BRAF traps it in an open conformation, which is 
consistent with a previous report [51]. Since both 
intramolecular 14-3-3 association and Cdc37/Hsp90 
engagement with mature BRAF facilitate its transition 
from active open conformation into inactive close 
conformation, we next determined whether 
disrupting both types of interactions had additive 
effects for triggering BRAF activity as well as its 
dimerization. As shown in Figure 5C-D and Figure S6, 
double mutations that simultaneously disrupt both 
intramolecular 14-3-3 binding and Cdc37/Hsp90 
engagement stimulated the activity of BRAF and 
improved its homodimerization much more potent 
than single mutations when expressed in 293T cells, 
suggesting that 14-3-3 scaffolds and Cdc37/Hsp90 
chaperones cooperatively trap mature BRAF in an 
inactive close monomeric conformation. 

The regulatory machinery that comprises 
Cdc37/Hsp90 chaperones and 14-3-3 scaffolds 
controls the maturation and activity of not 
only BRAF but also CRAF and ARAF 

Although previous studies had shown that all 
RAF proteins existed as monomers in quiescent cells 
[28], here we found that CRAF and ARAF had much 
tighter Cdc37/Hsp90 association and less 14-3-3 
binding in contrast to BRAF, suggesting that unlike 
BRAF, nascent CRAF and ARAF proteins are 
immature. To understand molecular mechanism(s) 
underlying this phenomenon, we firstly replaced their 
C-terminal tails with that of BRAF, and found that it 
did not significantly alter their association with 
Cdc37/Hsp90 chaperones and 14-3-3 scaffolds (Figure 
6A, lane 1-3). Since N-terminus of CRAF had been 
shown to fold back and dock on its kinase domain, 
and hence inhibit its activity [52], we further deleted 
N-terminus(aa1-245) of CRAF with replaced 
C-terminal tail, and found that it dramatically 
reduced Cdc37/Hsp90 loading and simultaneously 
enhanced 14-3-3 association, which was diminished 
by a double mutation(R401H/P514A) that disrupt 
dimerization (Figure 6A, lane 4-6). This finding 
suggested that maturation of nascent CRAF protein 
requires a release of N-terminus from kinase domain 
as well as Cdc37/Hsp90 chaperones and 14-3-3 
association with its C-terminal tail. As for ARAF, only 
ARAF(∆aa1-202/BCT/A475P) mutant had much less 
Cdc37/Hsp90 loading and enhanced 14-3-3 
association that comparable to mature CRAF mutant 
(∆aa1-245/BCT) (Figure 6A, lane 7-13), suggesting 
that besides removing inhibitory N-terminus and 
replacing C-terminal tail, a canonical APE motif that 
improves dimerization is also required for its 
maturation. These potential conformations of CRAF, 
ARAF and their mutants associating with 
Cdc37/Hsp90 chaperones and 14-3-3 scaffolds were 
illustrated in Figure 6B. 

We next probed conformational switches of 
CRAF and ARAF during their maturation by using 
complementary split luciferase assay. As shown in 
Figure 6C-E, full-length CRAF and ARAF produced a 
strong luciferase signal when fused with N-luc and 
C-luc respectively, suggesting that they stay in a close 
monomeric status in which N-terminus docks on 
C-terminal kinase domain. In contrast to full-length 
counterpart, N-terminal truncatant, CRAF(∆aa1-245) 
generated much less luciferase signal when fused 
with N-luc and C-luc, suggesting that immature 
C-terminal kinase domains of CRAF exists as an open 
monomer. However, this weak luciferase signal was 
significantly elevated when its C-terminal tail was 
replaced with that of BRAF, suggesting that mature 
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C-terminal kinase domain of CRAF with an 
alternative tail exists as a close monomer like BRAF. 
These also occurred to ARAF, in which the luciferase 
signal of N-luc-ARAF (∆aa1-202/BCT)-C-luc was 
further enhanced by introducing a canonical APE 

motif (A475P), suggesting that ARAF(∆aa1-245), 
ARAF (∆aa1-245/BCT), and ARAF (∆aa1-245/BCT/ 
A475P) have a conformation of open monomer, 
partially open monomer, and close monomer 
respectively.  

 

 
Figure 4. 14-3-3 scaffold proteins play a critical role in maturation of RAF proteins that facilitated by Cdc37/Hsp90 chaperones. (A-C) Association of 14-3-3 
scaffolds with BRAF proteins triggered a release of Cdc37/Hsp90 chaperones that bound to mature BRAF proteins. Deleting C-terminal 14-3-3 binding motif but not 
Cdc37/Hsp90-binding segment impaired release of Cdc37/Hsp90 chaperones from BRAF proteins (A). Mutating C-terminal but not N-terminal 14-3-3 binding motif or disrupting 
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dimerization of BRAF inhibited release of Cdc37/Hsp90 chaperones from BRAF proteins (B). Replacing N-terminal 14-3-3 binding motif with R18 segment promoted release of 
Cdc37/Hsp90 chaperones from BRAF proteins without C-terminal 14-3-3 binding motif but not from monomeric BRAF mutants (C). FLAG-tagged BRAF or its mutants were 
expressed respectively in 293T cells, and then immunoprecipitated by using anti-FLAG beads. Endogenous Cdc37, Hsp90, and 14-3-3 proteins in immunoprecipitants were 
detected by immunoblots. (D and E) CRAF and ARAF had much higher loading of Cdc37/Hsp90 chaperones but less association with 14-3-3 scaffolds, which can be reversed by 
replacing C-terminal 14-3-3 binding motif with R18 segment as together with canonical APE motif. Experiments were carried out as in (A-C) with plasmids encoding FLAG-tagged 
CRAF, ARAF, or their mutants. All images are representative of at least three independent experiments. 

 
Figure 5. BRAF cycles between active dimers and inactive monomers, which is fine-tuned by Cdc37/Hsp90 chaperones and 14-3-3 scaffolds. (A and B) 
Mutations on N-terminal 14-3-3 binding motif or on Cdc37/Hsp90 binding segments impaired transition of active open conformation to inactive close conformation of mature 
BRAF. A diagram showed how to use complimentary split luciferase reporter to detect open versus close conformations of BRAF and its mutants (A). Monomeric BRAF mutant 
(R509H/P662A), N-terminal 14-3-3 binding motif mutant (S365A), and Cdc37/Hsp90-binding segment mutants (G469A, F595L, or A762V) were trapped in an open conformation 
by different extents (B). N-luc and C-luc were fused to two ends of BRAF and their mutants. Then fusion proteins were expressed respectively in 293T cells, and their luciferase 
signals were measured as described in Materials and Methods (n=4, *p<0.05, ***p<0.001, ****p<0.0001). (C and D) Mutating N-terminal 14-3-3 binding motif and 
Cdc37/Hsp90-binding segments had an additive effect to trap BRAF in active dimers. BRAF mutants were expressed in 293T cells, and their activity was measured by 
anti-phospho-ERK1/2 immunoblot (C). HA-tagged BRAF and its mutants were expressed alone or co-expressed with FLAG-tagged counterparts in 293T cells, and their 
homodimerization was detected by anti-FLAG immunoprecipitation combined with anti-HA and anti-FLAG immunoblots as described before [37,50,66] (D). All images are 
representative of at least three independent experiments. 

 
To further validate that deleting inhibitory 

N-terminus and replacing C-terminal tail as well as a 
canonic APE motif for ARAF will turn CRAF and 
ARAF into mature close monomers like BRAF, we 
mutated Cdc37/Hsp90-binding segments in CRAF 
and ARAF (G361A and F487L on CRAF and G322A 
and F448L on ARAF, which are identical to G469A 
and F595L of BRAF), and determined whether it 
activated mature close CRAF and ARAF monomers as 
it does in BRAF. Indeed, these mutations except F487L 
of CRAF triggered the activity of CRAF (∆aa1-245/ 
BCT) and ARAF (∆aa1-245/BCT/A475P) respectively 
(Figure 6E-F). 

CRAF but not BRAF sustains a prolonged ERK 
signaling driven by EGF 

As shown in Figure 2, BRAF has three 
Cdc37/Hsp90-binding segments whose mutations 
promote BRAF dimerization and enable BRAF to 

sustain a prolonged ERK signaling. As for CRAF and 
ARAF, the Cdc37/Hsp90 binding segment in 
C-terminal tail is absent, and hence we next 
determined whether these two RAF isoforms were 
able to sustain a prolonged ERK signaling as those 
BRAF mutants. To do this, we firstly knocked down 
ARAF in BRAF- or CRAF-deficient fibroblasts, or 
CRAF in BRAF-deficient fibroblasts, or BRAF in 
CRAF-deficient fibroblasts, in order to obtain 
fibroblast cell lines that express a single RAF isoform. 
Although failed to produce any cell lines expressing 
only ARAF, we successfully generated cell lines 
expressing only BRAF or only CRAF (Figure 7A) with 
lentiviral shRNA transduction. We found that 
EGF-induced ERK signaling has much longer 
duration in cell lines expressing only CRAF than in 
those expressing only BRAF (Figure 7B-C), suggesting 
that CRAF really sustains a prolonged ERK signaling.  
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Figure 6. The maturation and activity of CRAF and ARAF proteins is regulated cooperatively by Cdc37/Hsp90 chaperones and 14-3-3 scaffolds via a 
manner similar to that of BRAF. (A and B) Replacing C-terminal tail of CRAF with that of BRAF together with N-terminal truncation improved its maturation, while it still 
required a canonic APE motif alteration for ARAF maturation. FLAG-tagged CRAF, ARAF, or their mutants were expressed respectively in 293T cells, and immunoprecipitated 
by using anti-FLAG affinity beads. Endogenous Hsp90, Cdc37, and 14-3-3 proteins in immunoprecipitants were detected by immunoblots as above (A). A diagram to illustrate the 
potential conformations of CRAF, ARAF and their mutants associating with Cdc37/Hsp90 chaperones and 14-3-3 scaffolds (B). CRAF, CRAF/BCT, and CRAF(∆NT) had 
immature conformations with heavier Cdc37/Hsp90 loading, while CRAF(∆NT/BCT) formed a mature conformation with less Cdc37/Hsp90 association. A double mutation 
(R401H/P514A) that disrupts dimerization prevented CRAF(∆NT/BCT) from achieving a mature conformation. As for ARAF, this was more complicated since ARAF has a 
non-canonic APE motif that is identical to the P514A mutation of CRAF. To achieve a mature conformation, ARAF needed N-terminal deletion, C-terminal replacing and APE 
motif switching. (C-E) CRAF and ARAF had an immature close monomeric conformation without 14-3-3 association, which can be switched into a mature close monomeric 
conformation with intramolecular 14-3-3 association through replacing C-terminal tail with that of BRAF and N-terminal truncation (as well as APE motif alteration for ARAF). 
To probe conformations of CRAF, ARAF and their mutants by complimentary split luciferase assays, N-luc and C-luc were fused to two ends of CRAF, ARAF, and their mutants, 
which were expressed in 293T cells. Then luciferase assays were carried out as in Figure 5B (n=4, *p<0.05, ****p<0.0001) (C and D). The potential conformations of CRAF, ARAF 
and their mutants were shown in (E). (F-G) Mutating Cdc37/Hsp90-binding segments of mature CRAF or ARAF mutants triggered their kinase activity. CRAF, ARAF and their 
mutants were expressed in 293T cells and their activity was measured by anti-phospho-ERK1/2 immunoblots. All images are representative of at least three independent 
experiments. 

 

A model for RAF maturation and cycling 
between active dimers and inactive monomers 

In this study, we have investigated how 

Cdc37/Hsp90 chaperone and 14-3-3 scaffold proteins 
cooperatively regulate the stability and activity of 
RAF proteins. According to our data, we speculate 
that RAF proteins likely follow a life cycle as shown in 
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Figure 7D: (1) For BRAF, nascent BRAF proteins 
initially associate with Cdc37/Hsp90 chaperones and 
fold into open monomers with their facilitation; then 
these monomeric BRAF proteins form open 
side-to-side dimers and recruit 14-3-3 scaffolds to 
their C-terminal tails, which stabilizes BRAF 
dimerization and triggers a release of Cdc37/Hsp90 
chaperones that bound to unfold/dynamic structures 
of BRAF proteins; next Cdc37/Hsp90 chaperones that 
bound to specific segments of BRAF proteins switch 
BRAF proteins from open dimers into close 
monomers companying with a rearrangement of 
14-3-3 binding modes from intermolecular to 
intramolecular associations. However, close BRAF 
monomers with intramolecular 14-3-3 association can 
be converted into open dimers with intermolecular 
14-3-3 association upon stimulation. (2) For CRAF or 
ARAF, nascent RAF proteins fold into close 
monomers with facilitation from Cdc37/Hsp90 
chaperones, in which their N-terminus fold back to 

dock on their kinase domain and hence prevent their 
side-to-side dimerization as well as subsequent 
maturation. Upon stimulation, active RAS-GTPs bind 
to their N-terminus and unfold their close 
conformation, which facilitates their dimerization as 
well as intermolecular 14-3-3 binding and 
Cdc37/Hsp90 release. In contrast to BRAF dimers, 
CRAF or ARAF dimers will be harder to switch into 
close monomers with intramolecular 14-3-3 
association since they do not have a 
Cdc37/Hsp90-binding segment in their C-terminal 
tails, and hence sustain a prolonged ERK signaling 
upon activation. It should be noted that among three 
RAF isoforms, ARAF has a non-canonic AAE motif 
that reduces significantly ARAF dimer affinity [37], 
which makes its regulation more complicated. 
Additionally, immature RAF proteins, if not packed 
by Cdc37/Hsp90 chaperones, will be targeted by 
ubiquitin system for degradation. 

 

 
Figure 7. RAF isoforms have different properties for transmitting ERK signaling downstream of RTK and RAS. (A-C) In contrast to BRAF, CRAF sustained a 
prolonged ERK signaling upon EGF stimulation. The fibroblast cell lines that express only BRAF or CRAF were constructed by knocking down ARAF with lentiviral shRNAs in 
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BRAF-/- or CRAF-/- fibroblasts, and expression of RAF isoforms was examined by immunoblots (A). EGF-induced phospho-ERK1/2 signaling in fibroblast cell lines from (A) was 
measured by immunoblot (B). Cells were stimulated with 100ng/ul EGF for indicated time and lysed for immunoblot. The ERK activity in (B) was quantified by using Image J (C). 
(D) A model for life cycles of RAF proteins. The nascent BRAF proteins are packed with Cdc37/Hsp90 chaperones, which facilitates BRAF folding into open monomers. Then 
these BRAF monomers dimerize and recruite 14-3-3 scaffolds to their C-terminus, which triggers a release of Cdc37/Hsp90 chaperones that recognize unfold/dynamic structures 
on BRAF proteins. However, some Cdc37/Hsp90 chaperones that recognize specific sequences (segments) of BRAF will be retained in BRAF complex and facilitate conversion 
of active open BRAF dimers into inactive close BRAF monomers with an arrangement of 14-3-3 binding modes. Upon stimulation, these inactive close BRAF monomers with 
intramolecular 14-3-3 association will be opened to re-dimerize with intermolecular 14-3-3 association, and eventually returned back to inactive close monomeric status with 
signaling decay. In contrast to BRAF, nascent CRAF proteins fold into close monomers with facilitation of CDc37/Hsp90 chaperones, in which their N-terminus dock on kinase 
domain and prevent CRAF dimerization as well as subsequent maturation. Hence CRAF proteins exist as immature close monomers in quiescent cells. Upon stimulation, active 
RAS proteins bind to N-terminus of CRAF proteins, which opens the close confirmation of CRAF proteins and promotes CRAF dimerization as well as C-terminal 14-3-3 
association and Cd37/Hsp90 release. Since Cdc37/Hsp90 binding segment in C-terminal tail of CRAF is absent, active open CRAF dimers will be switched into inactive close 
monomers much more slowly than that for BRAF, which enables CRAF proteins to sustain a prolonged ERK signaling. As for ARAF, this regulatory process will be more 
complicate since it has a non-canonic APE motif that impairs dimerization. In addition, all RAF proteins with improper folding will be targeted by ubiquitin system for degradation 
if not packed by Cdc37/Hsp90 chaperones, which is not shown in this diagram. All images are representative of at least three independent experiments. 

 

Discussion 
The RAF family kinases have a well-defined role 

in cancer biology, and targeting RAF for treating 
cancers has achieved promising outcomes in clinical 
practice. However, there are still significant issues 
that need to be resolved in order to achieve a 
long-standing therapeutic efficacy as well as a wider 
coverage of cancers [53,54]. This requires us to have 
better understanding of molecular mechanisms that 
regulate RAF function and how oncogenic mutations 
evade RAF regulatory machineries. In this study, we 
investigated how Cdc37/Hsp90 chaperone together 
with 14-3-3 scaffold regulates the maturation and 
activity of RAF kinases and how non-V600 mutations 
disrupt this regulation, which would have important 
implications for designing precise therapeutics 
against cancers harboring such mutations. 
Furthermore, since up-regulation of BRAF(V600E) as 
well as other RAF paralogs have been shown as one of 
the major causes that lead to RAFi resistance [55], our 
study would facilitate development of approaches for 
destabilizing RAF proteins and hence resolving this 
intractable problem.  

Although all RAF isoforms have very similar 
molecular structures, our study indicates that their 
function is differentially regulated by Cdc37/Hsp90 
chaperones and 14-3-3 scaffolds, which may arise 
from their different folding as well as dimer affinity. 
Specifically, nascent BRAF protein has an open 
conformation and high dimer affinity so that it can be 
eventually assembled into a mature close monomer 
through dimerization, 14-3-3 incorporation, 
Cdc37/Hsp90 release, and 14-3-3 rearrangement. In 
contrast, nascent CRAF and ARAF proteins have a 
close conformation in which their N-terminus fold 
back to block dimerization via C-terminal kinase 
domain, and also relatively low dimer affinity, which 
impairs their maturation and trap them in an 
immature close monomeric status. The maturation of 
CRAF and ARAF requires a facilitation of active RAS 
that binds to their N-terminus and open their close 
conformation for dimerization as well as subsequent 
14-3-3 incorporation and Cdc37/Hsp90 release. 

Therefore, although all RAF isoforms exist as 
monomers in quiescent cells, BRAF stays in a mature 
status with less Cdc37/Hsp90 loading and more 
14-3-3 association, whereas CRAF and ARAF are 
trapped in an immature status with higher 
Cdc37/Hsp90 loading and less 14-3-3 association. 
This may illustrate why BRAF is more stable than 
CRAF and ARAF and why BRAF is a dominant target 
of oncogenic mutations rather than CRAF and ARAF. 
In addition, absence of Cdc37/Hsp90-binding 
segment in C-terminal tail slows down active dimeric 
CRAF switching into inactive close monomers, and 
hence results in an oncogenic prolonged ERK 
signaling, suggesting that CRAF is more suitable than 
BRAF for sustaining oncogenic RAS mutation-driven 
tumorigenesis. Together with previous findings that 
RAF dimerization is critical for its activation, 
substrate phosphorylation and inhibitor resistance 
[33,41,56-60], here our study has shown once again 
that RAF dimerization is a determinant factor for its 
maturation. 

Previous studies have shown that Cdc37/Hsp90 
chaperone recognizes specific sequences (motifs) or 
unfold/dynamic structures on RAF proteins 
[12,14,17,40]. Although we did not obtain direct 
evidence in this study, we speculate that these two 
types of associations of Cdc37/Hsp90 with RAF play 
different roles in regulating RAF function. Cdc37/ 
Hsp90 chaperones engaged with unfold/dynamic 
structures on RAF proteins will be released upon 
14-3-3 association, while those binding to specific 
sequences on RAF will always associate with RAF 
proteins and facilitate conversion of open dimeric 
RAF complex into close monomeric RAF complex. 
Most oncogenic non-V600 BRAF mutations occur 
on/around Cdc37/Hsp90-binding segments, which 
may disrupt sequence-dependent Cdc37/Hsp90 
association and hence impair dimer-to-monomer 
switch of RAF proteins. Our data from both peptide 
affinity assay and co-immunoprecipitation assay 
support this notion. Furthermore, a recent study 
revealed an inverse correlation between Cdc37/ 
Hsp90 chaperone affinity and homodimerization 
propensity for oncogenic BRAF β3-αCdel mutants [61], 
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which is consistent with our opinion. However, why 
some mutants are constitutively active, but others 
have impaired kinase activity since all of them are 
trapped in dimeric status? This may arise from 
different roles of individual Cdc37/Hsp90-binding 
segments in the catalytic process of RAF proteins. The 
first Cdc37/Hsp90-binding segment localizes in 
Glycine-rich loop that involves in ATP binding. A 
bulky residue on this loop (i.e. G466V/E/R, G469E) 
may impair ATP loading and hence inhibit kinase 
activity, which will be examined in our future study. 
The second Cdc37/Hsp90-binding segment is DFG 
motif of RAF proteins that participates in 
ATP-binding (D594) and assembly of R-spine (F595 
and G596), a typical hydrophobic architecture of 
active kinases [38,62]. Mutations in DFG motif may 
disrupt ATP-binding or assembly of active 
conformation, and hence kill the catalytic activity of 
RAF proteins. As for F595L mutation in DFG motif, 
although a substitution of Phe with Leu slightly 
weakens R-spine, it significantly promotes BRAF 
dimerization through disrupting Cdc37/Hsp90 
association, and hence elevates its kinase activity with 
net effect. However, a similar mutation F487L does 
not activate a mature close monomer of CRAF, 
CRAF(∆aa1-245/BCT), probably by virtue of its 
weaker R-spine. Additionally, a L597R mutation in 
this segment has been recently reported to disrupt 
Cdc37 association and improve dimerization [63]. 
Overall, BRAF mutants with altered 
Cdc37/Hsp90-binding segments might directly or 
indirectly activate downstream signaling, both of 
which depend on their elevated dimer affinity. 

With the reference to structures of 
RAF-Cdc37/Hsp90 and RAF-14-3-3 complexes 
[12-14,24], here we have revealed a framework for 
RAF maturation and its cycling between dimeric and 
monomeric status that regulated cooperatively by 
Cdc37/Hsp90 chaperones and 14-3-3 scaffolds. 
However, there are several important questions that 
remain resolved. Firstly, how does 14-3-3 engagement 
with dimeric RAF complex trigger a release of 
Cdc37/Hsp90 chaperones that sense unfold/dynamic 
structures on RAF? Secondly, how does Cdc37/Hsp90 
chaperones that sense specific sequences of RAF 
facilitate a dimer-to-monomer switch of BRAF 
complex as well as 14-3-3 scaffold rearrangement? 
Thirdly, although our study has suggested that CRAF 
and ARAF have quite different life cycles in contrast 
BRAF, how their function is precisely regulated by 
Cdc37/Hsp90 chaperones and 14-3-3 scaffolds under 
physiological conditions, and how does its disruption 
cause diseases? Addressing these questions will not 
only improve our understanding of RAF regulatory 
mechanism, but also accelerate anti-RAF therapeutic 

development. 

Methods and Materials 
Antibodies and other biological reagents 

Antibodies used in this study include: 
anti-phospho-ERK1/2 (#4370), anti-phospho-CRAF 
(Ser259) (#9421), anti-CRAF (#9422), anti-Cdc37 
(#4793), and anti-14-3-3 (#8312) anti-ARAF (#4432) 
(Cell Signaling Technology); anti-HA (MAB6875, 
Novus Biologicals), anti-FLAG (F3165, Sigma- 
Aldrich); anti-β-actin (#66009, Proteintech); anti- 
Hsp90 (#A0365, ABclonal); anti-ERK1/2 (sc-514302) 
and anti-BRAF (sc-5284) (Santa Cruz Biotechnology); 
anti-phospho-CRAF (Ser621) (44504G, Invitrogen); 
anti-Ki67 (ab16667, Abcam); and HRP-labeled 
secondary antibodies (#31460, #31430, Invitrogen). 
plx4720 (T2473) and plx8394 (T3579) were purchased 
from TargetMol Inc., while recombinant EGF from 
Bio-Rad Laboratories (#PHP030A). All other 
biochemicals were obtained from sigma-tau 
(RRID:SCR_000488). 

Wild-type, BRAF-/- and CRAF-/- fibroblasts were 
gifts from Professor Manuela Baccarini at University 
of Vienna, Austria [64,65]. 293T cell lines were 
purchased from ATCC. 

Plasmids encoding BRAF, CRAF, ARAF, and 
their mutants as well as Cdc37 were constructed by 
using Gibson assembly. Lentiviral shRNA vectors for 
knocking down ARAF were constructed in previous 
study [66]. pCDNA3.1(+) vector (Invitrogen) was 
used for transient expression; and pMSCV retroviral 
vectors (Clontech) for stable expression. 

Cell culture, transfection, and transduction 
All cell lines were maintained in DMEM 

medium with 10% FBS (Hyclone). Cell transfections 
were carried out by using the lipofectamine 2000 
transfection reagent (Invitrogen). To reconstitute 
BRAF-/- or CRAF-/- fibroblasts, viruses encoding 
BRAF, CRAF, or their mutants were prepared and 
applied to infect cells according to our previous 
studies [37,66]. GFP+ infected cells that express the 
equal level of RAF proteins were sorted out by flow 
cytometer for subsequent experiments since both RAF 
and GFP were generated from a RAF-IRES-GFP 
cassette in retroviral vectors. 

Peptide synthesis and Cdc37 affinity assay 
The peptides that represent for different Cdc37 

binding sites of BRAF or oncogenic mutants were 
synthesized on a cellulose-balanine-membrane as 
spots (JPT, Berlin, Germany). The membrane was 
rinsed with methanol, washed with TBS-T and 
blocked for 2 hours using 5% BSA. The saturated 
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membrane was incubated with whole cell lysates 
prepared from 293T transfectants of Cdc37 for 
overnight in cold room. After washing gently with 
PBS-T, the membrane was incubated in cold room 
with anti-Cdc37 antibody for 4~6 hours and then with 
HRP-conjugated secondary antibody for 2 hours. 
Cdc37 proteins associated with peptide spots on the 
washed membrane were visualized using the ECL 
system (Bio-Rad) and quantified using the software 
ImageJ, RRID:SCR_003070. 

Immunoprecipitation and western blotting 
Immunoprecipitations were performed as 

described previously [37,44,50,66]. Briefly, 293T 
transfectants were lysed on ice with RIPA buffer (50 
mM Tris, 150 mM NaCl, 1 mM EDTA, pH7.2) 
containing 0.2% NP-40 and inhibitors for proteases, 
kinases and phosphatases, and used to prepare 
whole-cell lysates. Then whole-cell lysates were 
mixed with anti-FLAG beads (A2220) (Sigma), rotated 
in cold room for 120 min, and quickly washed three 
times with RIPA buffer. The immunoprecipitants 
were mixed with 2X SDS sample buffer, and run on 
SDS-PAGE after boiling at 85 oC for 2 min. Proteins on 
SDS-PAGE were transferred onto nitrocellulose 
membrane and the immunoblottings were carried out 
as described before [44,45]. It should be noted that if 
used only for immunoblotting, whole-cell lysates 
could be prepared with RIPA buffer containing 1% 
NP-40, otherwise RIPA buffer with 0.2% NP-40 
should be used since high-concentration NP-40 
dissociated RAF complexes in whole cell lysates. 

Complementary split luciferase reporter assay 
293T transfectants that express N-luc-BRAF- 

C-luc, N-luc-CRAF-C-luc, N-luc-ARAF-C-luc proteins 
or their mutants respectively were plated in 24-well 
Krystal black image plates at a seeding density of 
2x105 cells per well. Twenty-four hours later, 
d-luciferin (0.2 mg/ml) was added to the culture, and 
the incubation was allowed for 30 min before the 
luciferase signals were measured by using Promega 
GloMax-Multi Detection System. 

Animal studies 
For xenograft experiments, female NOD/SCID 

mice (6~8 weeks) were subcutaneously injected with 
5x106 cells per mice in 1:1 matrigel (Corning). Tumor 
volumes were monitored by calipers twice a week and 
calculated using the formula: volume= (width)2 x 
length/2. plx4720 and plx8394 was administered 
orally (200 mg/kg) twice a day when tumors reached 
an average volume of 50-60 mm3. At the experiment 
endpoint, mice were euthanized, and tumors were 
harvested for ex vivo analysis and subsequent 

histology. All operations were approved by the 
Animal Ethics Committee of NCCS. 

Immunohistochemistry staining 
Tumors were fixed in 10% buffered formalin 

overnight and embedded according to standard 
procedures. Tumor sections were cut to 5 µm 
thickness, mounted on glass slides, and air-dried at 
room temperature. After antigen retrieval, tumor 
sections were stained with antibodies and then with 
hematoxylin. Images of tumor sections were taken 
with a bright light microscope at X10. 

Statistical analysis 
All statistical analysis in this study was 

performed using GraphPad Prism, RRID:SCR_002798 
(GraphPad Software, CA, USA). Statistical 
significance was determined by two-tailed Student’s 
t-test in animal studies and error bars represent s.d. to 
show variance between samples in each group, or by 
one-sample t-test in other experiments and error bars 
represent s.d. to show variance between independent 
experiments. 

Supplementary Material  
Supplementary figures. 
https://www.thno.org/v15p2035s1.pdf  

Acknowledgements 
We thank the laboratories of Dr. Patrick Casey, 

Dr. Kanaga Sabapathy, Dr. David M. Virshup, and Dr. 
Shang Li at the Cancer and Stem Cell Program, 
Duke-NUS Medical School for their help in 
experimental technologies, and Dr. Di Wu for 
preparing some experimental materials. We also 
thank Dr. Andrey Shaw at Genentech Inc., and Dr. 
Susan Taylor at University of California San Diego for 
their assistances. This study is supported by NMRC 
grants from Ministry of Health Singapore 
(OFIRG18nov-0078, COVID19TUG21-0046, 
OFIRG21nov-0091, OFIRG23jan-0079, OFIRG20nov- 
0018), Duke-NUS Khoo Bridge Funding Award 
(Duke-NUS-KBrFA/2020/012 & KBrFA/2021/047), 
Asia Fund Cancer Research (AFCR2017/2019-JH), 
SHF Research Grant (AM/TP011/2018) and National 
Cancer Centre Singapore Research Fund 
(NCCSCF-R-YR2021-APR-PG-3). The authors declare 
no competing interests. 

Author contributions 

X.Y.W. and J.H. designed the study; X.Y.W., 
J.J.Y., J.J.C., Y.F.L., R.F., N.T.C.B., Y.Y.M., Y.T.L., 
K.B.J., J.Y.H., J.M.Y., G.Z., Q.L., and J.H. carried out 
biochemical experiments, constructed mouse 



Theranostics 2025, Vol. 15, Issue 5 
 

 
https://www.thno.org 

2050 

xenografts, and performed immunohistology 
analysis; J.M.Y., G.Z., Q.L., Y.S.Y., P.L., M.W., N.F., 
and J.H. supervised all experiments and interpreted 
experimental data; J.H. wrote the manuscript; and all 
authors commented and approved the manuscript.  

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Wellbrock C, Karasarides M, Marais R. The RAF proteins take centre stage. 

Nat Rev Mol Cell Biol. 2004; 5: 875-85. 
2. Lavoie H, Therrien M. Regulation of RAF protein kinases in ERK signalling. 

Nat Rev Mol Cell Biol. 2015; 16: 281-98. 
3. Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen-activated protein 

kinase cascade for the treatment of cancer. Oncogene. 2007; 26: 3291-310. 
4. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al. Mutations of 

the BRAF gene in human cancer. Nature. 2002; 417: 949-54. 
5. Degirmenci U, Wang M, Hu J. Targeting aberrant RAS/RAF/MEK/ERK 

signaling for cancer therapy. Cells. 2020; 9: 198. 
6. Kilburn LB, Khuong-Quang DA, Hansford JR, Landi D, van der Lugt J, Leary 

SES, et al. The type II RAF inhibitor tovorafenib in relapsed/refractory 
pediatric low-grade glioma: the phase 2 FIREFLY-1 trial. Nat Med. 2024; 30: 
207-17. 

7. Kolch W. Meaningful relationships: the regulation of the Ras/Raf/MEK/ERK 
pathway by protein interactions. Biochem J. 2000; 351 Pt 2: 289-305. 

8. Cseh B, Doma E, Baccarini M. "RAF" neighborhood: protein-protein 
interaction in the Raf/Mek/Erk pathway. FEBS Lett. 2014; 588: 2398-406. 

9. Yuan J, Ng WH, Tian Z, Yap J, Baccarini M, Chen Z, et al. Activating mutations 
in MEK1 enhance homodimerization and promote tumorigenesis. Sci Signal. 
2018; 11: eaar6795. 

10. Keramisanou D, Aboalroub A, Zhang Z, Liu W, Marshall D, Diviney A, et al. 
Molecular mechanism of protein kinase recognition and sorting by the Hsp90 
kinome-specific cochaperone Cdc37. Mol Cell. 2016; 62: 260-71. 

11. Grammatikakis N, Lin JH, Grammatikakis A, Tsichlis PN, Cochran BH. 
P50(cdc37) acting in concert with Hsp90 is required for Raf-1 function. Mol 
Cell Biol. 1999; 19: 1661-72. 

12. García-Alonso S, Mesa P, Ovejero LP, Aizpurua G, Lechuga CG, Zarzuela E, et 
al. Structure of the RAF1-HSP90-CDC37 complex reveals the basis of RAF1 
regulation. Mol Cell. 2022; 82: 3438-3452.e8. 

13. Oberoi J, Guiu XA, Outwin EA, Schellenberger P, Roumeliotis TI, Choudhary 
JS, et al. HSP90-CDC37-PP5 forms a structural platform for kinase 
dephosphorylation. Nat Commun. 2022; 13: 7343. 

14. Finci LI, Chakrabarti M, Gulten G, Finney J, Grose C, Fox T, et al. Structural 
dynamics of RAF1-HSP90-CDC37 and HSP90 complexes reveal asymmetric 
client interactions and key structural elements. Commun Biol. 2024; 7: 260. 

15. da Rocha Dias S, Friedlos F, Light Y, Springer C, Workman P, Marais R. 
Activated B-RAF is an Hsp90 client protein that is targeted by the anticancer 
drug 17-allylamino-17-demethoxygeldanamycin. Cancer Res. 2005; 65: 
10686-91. 

16. Grbovic OM, Basso AD, Sawai A, Ye Q, Friedlander P, Solit D, et al. V600E 
B-Raf requires the Hsp90 chaperone for stability and is degraded in response 
to Hsp90 inhibitors. Proc Natl Acad Sci U S A. 2006; 103: 57-62. 

17. Terasawa K, Yoshimatsu K, Iemura S, Natsume T, Tanaka K, Minami Y. Cdc37 
interacts with the glycine-rich loop of Hsp90 client kinases. Mol Cell Biol. 2006; 
26: 3378-89. 

18. Taipale M, Krykbaeva I, Koeva M, Kayatekin C, Westover KD, Karras GI, et al. 
Quantitative analysis of HSP90-client interactions reveals principles of 
substrate recognition. Cell. 2012; 150: 987-1001. 

19. Muslin AJ, Tanner JW, Allen PM, Shaw AS. Interaction of 14-3-3 with 
signaling proteins is mediated by the recognition of phosphoserine. Cell. 1996; 
84: 889-97. 

20. Tzivion G, Luo Z, Avruch J. A dimeric 14-3-3 protein is an essential cofactor 
for Raf kinase activity. Nature. 1998; 394: 88-92. 

21. Thorson JA, Yu LW, Hsu AL, Shih NY, Graves PR, Tanner JW, et al. 14-3-3 
proteins are required for maintenance of Raf-1 phosphorylation and kinase 
activity. Mol Cell Biol. 1998; 18: 5229-38. 

22. Fischer A, Baljuls A, Reinders J, Nekhoroshkova E, Sibilski C, Metz R, et al. 
Regulation of RAF activity by 14-3-3 proteins: RAF kinases associate 
functionally with both homo- and heterodimeric forms of 14-3-3 proteins. J 
Biol Chem. 2009; 284: 3183-94. 

23. Park E, Rawson S, Li K, Kim BW, Ficarro SB, Pino GG, et al. Architecture of 
autoinhibited and active BRAF–MEK1–14-3-3 complexes. Nature. 2019; 575: 
545-50.  

24. Martinez Fiesco JA, Durrant DE, Morrison DK, Zhang P. Structural insights 
into the BRAF monomer-to-dimer transition mediated by RAS binding. Nat 
Commun. 2022; 13: 486 

25. Kondo Y, Ognjenović J, Banerjee S, Karandur D, Merk A, Kulhanek K, et al. 
Cryo-EM structure of a dimeric B-Raf:14-3-3 complex reveals asymmetry in 
the active sites of B-Raf kinases. Science. 2019; 366: 109-15. 

26. Liau NPD, Wendorff TJ, Quinn JG, Steffek M, Phung W, Liu P, et al. Negative 
regulation of RAF kinase activity by ATP is overcome by 14-3-3-induced 
dimerization. Nat Struct Mol Biol. 2020; 27: 134-41. 

27. Ritt DA, Monson DM, Specht SI, Morrison DK. Impact of feedback 
phosphorylation and Raf heterodimerization on normal and mutant B-Raf 
signaling. Mol Cell Biol. 2010; 30: 806-19. 

28. Haling JR, Sudhamsu J, Yen I, Sideris S, Sandoval W, Phung W, et al. Structure 
of the BRAF-MEK complex reveals a kinase activity independent role for 
BRAF in MAPK signaling. Cancer Cell. 2014; 26: 402-13. 

29. Dankner M, Rose AAN, Rajkumar S, Siegel PM, Watson IR. Classifying BRAF 
alterations in cancer: new rational therapeutic strategies for actionable 
mutations. Oncogene. 2018; 37: 3183-99. 

30. Yuan J, Ng WH, Yap J, Chia B, Huang X, Wang M, et al. The AMPK inhibitor 
overcomes the paradoxical effect of RAF inhibitors through blocking 
phospho–Ser-621 in the C terminus of CRAF. J Biol Chem. 2018; 293: 14276-84. 

31. Yu A, Nguyen DH, Nguyen TJ, Wang Z. A novel phosphorylation site 
involved in dissociating RAF kinase from the scaffolding protein 14-3-3 and 
disrupting RAF dimerization. J Biol Chem. 2023; 299: 105188. 

32. Kannan N, Haste N, Taylor SS, Neuwald AF. The hallmark of AGC kinase 
functional divergence is its C-terminal tail, a cis-acting regulatory module. 
Proc Natl Acad Sci U S A. 2007; 104: 1272-7. 

33. Gould CM, Kannan N, Taylor SS, Newton AC. The chaperones Hsp90 and 
Cdc37 mediate the maturation and stabilization of protein kinase C through a 
conserved PXXP motif in the C-terminal tail. J Biol Chem. 2009; 284: 4921-35. 

34. Townley RA, Stacy KS, Cheraghi F, de la Cova CC. The Raf/LIN-45 
C-terminal distal tail segment negatively regulates signaling in 
Caenorhabditis elegans. Genetics. 2024; 228: iyae152. 

35. Chen SH, Zhang Y, Van Horn RD, Yin T, Buchanan S, Yadav V, et al. 
Oncogenic BRAF deletions that function as homodimers and are sensitive to 
inhibition by RAF dimer inhibitor LY3009120. Cancer Discov. 2016; 6: 300-15. 

36. Foster SA, Whalen DM, Özen A, Wongchenko MJ, Yin J, Yen I, et al. Activation 
mechanism of oncogenic deletion mutations in BRAF, EGFR, and HER2. 
Cancer Cell. 2016; 29: 477-93. 

37. Yuan J, Ng WH, Lam PYP, Wang Y, Xia H, Yap J, et al. The dimer-dependent 
catalytic activity of RAF family kinases is revealed through characterizing 
their oncogenic mutants. Oncogene. 2018; 37: 5719-34. 

38. Taylor SS, Kornev AP. Protein kinases: evolution of dynamic regulatory 
proteins. Trends Biochem Sci. 2011; 36: 65-77. 

39. Biebl MM, Buchner J. Structure, function, and regulation of the Hsp90 
machinery. Cold Spring Harb Perspect Biol. 2019; 11: a034017. 

40. Keramisanou D, Vasantha Kumar MV, Boose N, Abzalimov RR, Gelis I. 
Assembly mechanism of early Hsp90-Cdc37-kinase complexes. Sci Adv. 2022; 
8: eabm9294. 

41. Hu J, Stites EC, Yu H, Germino EA, Meharena HS, Stork PJS, et al. Allosteric 
activation of functionally asymmetric RAF kinase dimers. Cell. 2013; 154: 
1036-46. 

42. Wan PT, Garnett MJ, Roe SM, Lee S, Niculescu-Duvaz D, Good VM, et al. 
Mechanism of activation of the RAF-ERK signaling pathway by oncogenic 
mutations of B-RAF. Cell. 2004; 116: 855-67. 

43. Garnett MJ, Rana S, Paterson H, Barford D, Marais R. Wild-type and mutant 
B-RAF activate C-RAF through distinct mechanisms involving 
heterodimerization. Mol Cell. 2005; 20: 963-9. 

44. Hu J, Yu H, Kornev AP, Zhao J, Filbert EL, Taylor SS, et al. Mutation that 
blocks ATP binding creates a pseudokinase stabilizing the scaffolding function 
of kinase suppressor of Ras, CRAF and BRAF. Proc Natl Acad Sci U S A. 2011, 
108: 6067-72. 

45. Hu J, Ahuja LG, Meharena HS, Kannan N, Kornev AP, Taylor SS, et al. Kinase 
regulation by hydrophobic spine assembly in cancer. Mol Cell Biol. 2015; 35: 
264-76. 

46. Bugaj LJ, Sabnis AJ, Mitchell A, Garbarino JE, Toettcher JE, Bivona TG, et al. 
Cancer mutations and targeted drugs can disrupt dynamic signal encoding by 
the Ras-Erk pathway. Science. 2018; 361: eaao3048. 

47. Degirmenci U, Yap J, Sim YRM, Qin S, Hu J. Drug resistance in targeted cancer 
therapies with RAF inhibitors. Cancer Drug Resist. 2021; 4: 665-83. 

48. Zhang C, Spevak W, Zhang Y, Burton EA, Ma Y, Habets G, et al. RAF 
inhibitors that evade paradoxical MAPK pathway activation. Nature. 2015; 
526: 583-6. 

49. Wang B, Yang H, Liu YC, Jelinek T, Zhang L, Ruoslahti E, et al. Isolation of 
high-affinity peptide antagonists of 14-3-3 proteins by phage display. 
Biochemistry. 1999; 38: 12499-504. 

50. Yap J, Yuan J, Tee ZH, Huang X, Ng WH, Hu J. Characterize disease-related 
mutants of RAF family kinases by using a set of practical and feasible 
methods. J Vis Exp. 2019; (149): e59795. 

51. Röck R, Mayrhofer JE, Torres-Quesada O, Enzler F, Raffeiner A, Raffeiner P, et 
al. BRAF inhibitors promote intermediate BRAF(V600E) conformations and 
binary interactions with activated RAS. Sci Adv. 2019; 5:eaav8463 

52. Chong H, Guan KL. Regulation of Raf through phosphorylation and N 
terminus-C terminus interaction. J Biol Chem. 2003; 278: 36269-76. 

53. Holderfield M, Deuker MM, McCormick F, McMahon M. Targeting RAF 
kinases for cancer therapy: BRAF-mutated melanoma and beyond. Nat Rev 
Cancer. 2014; 14: 455–67. 



Theranostics 2025, Vol. 15, Issue 5 
 

 
https://www.thno.org 

2051 

54. Samatar AA, Poulikakos PI. Targeting RAS-ERK signalling in cancer: promises 
and challenges. Nat Rev Drug Discov. 2014; 13: 928-42. 

55. Shi H, Moriceau G, Kong X, Lee MK, Lee H, Koya RC, et al. Melanoma 
whole-exome sequencing identifies (V600E)B-RAF amplification-mediated 
acquired B-RAF inhibitor resistance. Nat Commun. 2012; 3: 724. 

56. Rajakulendran T, Sahmi M, Lefrançois M, Sicheri F, Therrien M. A 
dimerization-dependent mechanism drives RAF catalytic activation. Nature. 
2009; 461: 542-5. 

57. Heidorn SJ, Milagre C, Whittaker S, Nourry A, Niculescu-Duvas I, Dhomen N, 
et al. Kinase-dead BRAF and oncogenic RAS cooperate to drive tumor 
progression through CRAF. Cell. 2010; 140: 209-21. 

58. Hatzivassiliou G, Song K, Yen I, Brandhuber BJ, Anderson DJ, Alvarado R, et 
al. RAF inhibitors prime wild-type RAF to activate the MAPK pathway and 
enhance growth. Nature. 2010; 464: 431-5. 

59. Poulikakos PI, Zhang C, Bollag G, Shokat KM, Rosen N. RAF inhibitors 
transactivate RAF dimers and ERK signalling in cells with wild-type BRAF. 
Nature. 2010; 464: 427-30. 

60. Poulikakos PI, Persaud Y, Janakiraman M, Kong X, Ng C, Moriceau G, et al. 
RAF inhibitor resistance is mediated by dimerization of aberrantly spliced 
BRAF(V600E). Nature. 2011; 480: 387-90. 

61. Lauinger M, Christen D, Klar RFU, Roubaty C, Heilig CE, Stumpe M, et al. 
BRAFΔβ3-αC in-frame deletion mutants differ in their dimerization 
propensity, HSP90 dependence, and druggability. Sci Adv. 2023; 9: eade7486. 

62. Kornev AP, Taylor SS, Ten Eyck LF. A helix scaffold for the assembly of active 
protein kinases. Proc Natl Acad Sci U S A. 2008; 105: 14377-82. 

63. Bjorklund DM, Morgan RML, Oberoi J, Day KLIM, Galliou PA, Prodromou C. 
Recognition of BRAF by CDC37 and re-evaluation of the activation 
mechanism for the class 2 BRAF-L597R mutant. Biomolecules. 2022; 12: 905. 

64. Galabova-Kovacs G, Matzen D, Piazzolla D, Meissl K, Plyushch T, Chen AP, et 
al. Essential role of B-Raf in ERK activation during extraembryonic 
development. Proc Natl Acad Sci U S A. 2006; 103: 1325-30. 

65. Jesenberger V, Procyk KJ, Rüth J, Schreiber M, Theussl HC, Wagner EF, et al. 
Protective role of Raf-1 in Salmonella-induced macrophage apoptosis. J Exp 
Med. 2001; 193: 353-64. 

66. Yap J, Deepak RNVK, Tian Z, Ng WH, Goh KC, Foo A, et al. The stability of 
R-spine defines RAF inhibitor resistance: A comprehensive analysis of 
oncogenic BRAF mutants with in-frame insertion of αC-β4 loop. Sci Adv. 2021; 
7: eabg0390. 

 


