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I he Raf family of protein kinases are

key signaling intermediates, acting
as a central link between the membrane-
bound Ras GTPases and the downstream
kinases MEK and ERK. Raf kinase reg-
ulation is well-known for its complexity
but only recently has it been realized that
many of the mechanisms involved in Raf
regulation also modulate Raf dimeriza-
tion, now acknowledged to be a required
step for Raf signaling in multiple cellular
contexts. Recent studies have shown that
Raf dimerization is necessary for normal
Ras-dependent Raf kinase activation and
contributes to the pathogenic function
of disease-associated mutant Raf pro-
teins with all but high intrinsic kinase
activity. Raf dimerization has also been
found to alter therapeutic responses and
disease progression in patients treated
with ATDP-competitive Raf inhibitors
as well as certain other kinase-targeted
drugs. This demonstration of clinical
significance has stimulated the recent
development of biosensor assays that can
monitor inhibitor-induced Raf dimeriza-
tion as well as studies demonstrating the
therapeutic potential of blocking Raf
dimerization.

Raf Kinase Regulation:
A Brief Review

The Raf family kinases are impor-
tant signaling molecules, best known for
their role in Ras pathway signal trans-
duction. In mammalian cells, there are
3 Raf proteins, A-Raf, B-Raf, and C-Raf
(also known as Raf-1).! Each member of
this family can bind activated Ras and
function as the initiating enzyme in the

Small GTPases

3-tiered ERK kinase cascade, comprised
of the Raf, MEK, and ERK kinases. Elu-
cidating the mechanisms that regulate
Raf activity, however, has been a daunt-
ing task that has challenged investigators
for yearsdue largely to the complexity of
the process (reviewed in ref. 2). In their
inactive state, all Raf proteins are found
in the cytoplasm, with the N-terminal
regulatory domain acting as an autoin-
hibitor of the C-terminal kinase domain.
14-3-3 dimers bind to phosphorylation
sites present in both the N- and C-termi-
nal regions and stabilize the autoinhibited
state. Under normal signaling conditions,
Ras activation recruits the Raf proteins
to the plasma membrane, which induces
the release of 14-3-3 from the N-terminal
binding site and facilitates the dephos-
phorylation of inhibitory sites as well as
the phosphorylation of activating sites
within the kinase domain. Following
catalytic activation, Raf signaling is sub-
sequently attenuated by ERK-mediated
feeback phosphorylation, which disrupts
the Ras/Raf interaction and releases Raf
from the plasma membrane?* Strik-
ingly, it is now known that many of the
molecular mechanisms involved in Raf
regulation directly impact Raf dimer
formation, a key aspect of Raf activation
and function. Here, we will give a histori-
cal perspective of Raf dimerization and
highlight recent studies demonstrating
the importance of Raf dimerization in
normal and disease-associated Ras/Raf/
MEK/ERK signaling. In addition, we
will discuss the unexpected consequences
of Raf dimerization induced by kinase-
targeted drugs as well as the therapeutic
potential of Raf dimerization inhibitors.
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Figure 1. Effect of dimer interface R > H mutation and Raf inhibitor treatment on Raf dimerization. (A and B) Serum-starved Hela cells expressing Flag-
tagged WT-R > H-, E > K, R > H/E > K-C-Raf proteins were treated or not with EGF for 5 min prior to lysis. Inmunoprecipitated Flag-C-Raf was probed for
the binding of endogenous B-Raf (A and B) and for the phosphorylation of S338 (A). The kinase activity of purified Flag-C-Raf proteins was determined in
immune complex kinase assays using recombinant MEK as a substrate (A). **P-labeled MEK was analyzed by SDS-PAGE and autoradiography. (C) Cycling
Hela cells expressing the indicated Flag or Pyo-tagged Raf proteins were treated with PLX4720 or SB590885 for 1 h prior to lysis. Immunoprecipitated
Flag-Raf proteins were probed for the binding of Pyo-Raf.

Raf Dimerization:
A Historical Perspective

The first indication that dimerization
might contribute to Raf regulation came
in 1996, when forced homo-dimerization
of C-Raf using artifical dimerization con-
structs and chemical agents was shown to
increase C-Raf enzymatic activity.»® How-
ever, without evidence that the Raf pro-
teins could dimerize under physiological
conditions, the significance of these find-
ings were unclear. It was not until 2001
that Weber and colleagues’” published the
first report that activated Ras could induce
complex formation between wild-type
(WT) B-Raf and C-Raf proteins. Fur-
ther investigation on Raf/Raf interactions
appeared to stall until a paper from the
laboratories of Drs Richard Marais and
David Barford reported the first crystal
structure of the B-Raf kinase domain and
presented the characterization of various
oncogenic B-Raf mutants.® As with the
Ras family GTPases, mutant Raf proteins
can function as drivers of human disease
states. Germline mutations in both B-Raf’
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and C-Raf are associated with a group of
related-developmental disorders known
Rasopathies,’
somatic mutations primarily in B-Raf are

collectively as whereas
found in a variety of cancers, with ~60% of
malignant melanomas containing B-Raf
mutations.”” Analysis of the oncogenic
B-Raf mutants revealed that some muta-
tions, including the most prevalent V60OE
mutation, caused a dramatic increase in
the intrinsic kinase activity of B-Raf]
whereas other mutations had an interme-
diate activating effect, and surprisingly, a
group of mutations even reduced B-Raf’s
kinase activity to a level below that of the
wild-type protein.® These kinase-impaired
B-Raf mutants were further shown to be
dependent on endogenous C-Raf for their
transforming abilities. Following this
report, studies from various groups used
biochemical approaches to further char-
acterize the Raf/Raf interactions, focus-
ing almost exclusively on B-Raf/C-Raf
binding. The kinase-impaired oncogenic
B-Raf proteins were found to interact con-
stitutively with C-Raf in a Ras-indepen-
dent manner.!! This interaction occurred
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in the cytoplasm and required that the
C-terminal 14-3-3 binding site was intact.
Although growth factor-induced B-Raf/
C-Raf complex formation also required
14-3-3 binding to the Raf C-terminal
sites, this interaction occurred at the
plasma membrane and was dependent on
Ras activation.*'? In addition, ERK-medi-
ated feedback phosphorylation on the
Rafs was found to disrupt the B-Raf/C-
Raf complex.>* Despite all the data ana-
lyzing the requirements and dynamics of
the B-Raf/C-Raf interaction, however, it
was still unclear whether these interac-
tions reflected direct dimerization of the
Rafs, given that binding of the dimeric
14-3-3 proteins was required. Moreover,
many questions remained regarding the
extent to which these interactions affected
Raf kinase activity and function.

The realization that Raf proteins do
directly contact one another finally came
in 2009 when the B-Raf crystal struc-
ture was re-evaluated by the laboratories
of Drs Marc Therrien and Frank Sicheri.
Through their work, residues conserved
in all Raf proteins as well as the closely
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related KSR family were identified that
were critical for direct side-to-side dimer
formation.” Shortly thereafter, Raf dimer-
ization was implicated to be a critical
aspect of Raf regulation through a series
of studies examining the effects of treating
melanoma cells with ATP-competitive Raf
inhibitors."*'® Given that the high activity
V600E mutation is observed in > 95% of
malignant melanomas containing B-Raf
mutations,” numerous ATP-competitive
Raf inhibitors have been developed, some
with high specificity toward V600E-B-
Raf. These inhibitors were found to sup-
press ERK signaling in melanoma lines
containing V600OE-B-Raf; however, they
paradoxically increased ERK signaling
and promoted the dimerization of wild-
type B-Raf and C-Raf in lines express-
ing Ras mutants.'"'® Moreover, even in
patients possessing V60OE-B-Raf muta-
Raf inhibitor
promote the development of secondary

tions, treatment could
cancers in cells that harbored activating
Ras mutations.” Thus, these surprising
side effects of Raf inhibitor therapy dem-
onstrated the urgent need to fully under-
stand the role that dimerization plays in
Raf activation and function.

Revisiting Raf Dimerization
in Growth Factor Signaling

To address some of the outstanding
questions regarding Raf dimerization,
our laboratory embarked on a project
to examine Raf dimerization in normal
Ras-dependent signaling and mutant Raf
signaling.”” In particular, we wanted to
determine whether all Raf family mem-
bers can dimerize under physiological
whether Raf heterodimer-
ization or homodimerization was most

conditions,

critical, and whether dimerization was
an absolute requirement for Raf kinase
activation. In studies analyzing the het-
erodimerization of the endogenous Raf
proteins, we found that growth factor
treatment primarily induced B-Raf/C-Raf
heterodimerization, with only low levels
of B-Raf/A-Raf binding and little to no
C-Raf/A-Raf binding observed. A basal
level of B-Raf homodimerization was also
detected that increased approximately
2-fold following growth factor treatment.
However, C-Raf homodimerization was
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Figure 2. Binding of Dimer Interface DI1 peptide to KSR1 and disease-associated Raf mutants. Cos
cells stably expressing Pyo-KSR1 or the indicated Flag-tagged B-Raf or C-Raf mutant proteins via
lentivirus infection were transfected to express either GFP or GFP-DI1. Pyo-KSR1, Flag-G464V-B-Raf,
or Flag-P261S-C-Raf proteins were immunoprecipitated and probed for the presence of GFP-DI1.

only observed following growth factor
treatment and at low levels. Protein deple-
tion experiments further revealed that the
growth factor-induced activation of C-Raf
was highly dependent on the presence
of B-Raf, whereas B-Raf activation was
only partially dependent on C-Raf, con-
sistent with the observation that growth
factor treatment induced both heterodi-
merization with C-Raf as well as B-Raf
homodimerization. Interestingly, A-Raf,
which exhibited the lowest dimerization
potential, was only weakly activated by
growth factor treatment, and its depletion
had no significant effect on the activation
of either B-Raf or C-Raf in response to
growth factor treatment.

To verify that Raf dimerization is an
activating mechanism, our laboratory
next turned to the structure of the Raf
dimer interface and utilized a mutation
in a conserved arginine residue that had
been shown to disrupt Raf dimerization
(R509H-B-Raf and R401H-C-Raf*?). We
found that the incorporation of the R >
H mutation into either C-Raf or B-Raf
abolished Raf heterodimerization as well
as homodimerization, and blocked the
growth factor-induced activation of these
kinases"” (Fig. 1A). This mutation did
not affect the ability of the Rafs to inter-
act with other binding partners such as
Ras, 14-3-3, Hsp90, or MEK. Moreover,
the R > H mutation did not prevent the
growth factor-induced phosphorylation
of C-Raf on the negative charge regula-
tory region S338 site, which is considered
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to be a prerequisite for C-Raf activation
(Fig. 1A). In contrast, another substitu-
tion in the dimer interface (a glutamic
acid to lysine substitution, E586K-B-Raf;
E478K-C-Raf?®) enhanced all Raf dimer-
ization states, coincident with increased
Raf kinase activity.” It should be noted
that of the Raf dimer interface mutations,
the effect of the R > H substitution was
dominant over the effect of the E > K sub-
stitution, in that growth factor-induced
B-Raf/C-Raf heterodimerization was dis-
rupted for C-Raf proteins containing both
the R > H and E > K mutations (Fig. 1B).
Thus, the use of the dimer interface muta-
tions confirmed the importance of Raf
dimerization in normal Ras-dependent
Raf kinase activation.

Revisiting Raf Dimerization
in Human Disease States

To address the issue of Raf dimeriza-
tion in disease-associated mutant Raf sig-
naling, we incorporated the same dimer
interface mutations into a panel of mutant
B-Raf and C-Raf proteins possessing vari-
ous intrinsic kinase activities.”” As had
been observed for the WT Raf proteins,
the R > H substitution disrupted Raf
dimerization, whereas the E > K muta-
tion increased dimerization for all the Raf
mutants tested, regardless of their activity.
In focus formation assays, Raf dimeriza-
tion had little effect on the transform-
ing function of B-Raf mutants with high
kinase activity, such as V600E-B-Raf;
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Figure 3. Raf dimerization in cell signaling. (A) In normal Ras-dependent growth factor signaling, Raf dimerization is required for Raf kinase activation
and signaling to MEK (left). (B) In disease-associated states, Raf dimerization is required for upregulated MEK/ERK signaling induced by (1) disease-asso-
ciated mutant Raf proteins with intermediate and impaired kinase activity, (2) mutationally-activated receptor tyrosine kinases (RTK) and RasGTPases,
(3) self-homodimerizing V600E-B-Raf splice variants that mediate Raf inhibitor resistance, and (4) treatment with ATP-competitive Raf inhibitors in the
presence of activated Ras. Yellow stars indicate oncogenic mutations and white star indicates a Rasopathy mutation.

however, the ability to dimerize pro-
foundly affected the function of disease-
associated Raf proteins with intermediate
or impaired kinase activity, in that the E >
K mutation caused increased transforma-
tion, whereas the R > H mutation inhib-
ited transformation. Similar results were
also reported by Roring et al.?’ in studies
utilizing the R > H mutation to examine
MEK and ERK activation induced by
mutant B-Raf proteins.

Recent studies from other laboratories
have also found that Raf dimerization
contributes to the function of intermedi-
ate and kinase-impaired Raf mutants. In
work by Wu et al., increased heterodi-
merization with B-Raf was found to be
the common pathogenic mechanism
for Rasopathy/Noonan Syndrome (NS)
C-Raf mutants.”’ More specifically, Wu
and coworkers found that NS C-Raf
mutants with impaired (D486N) or inter-
mediate (L613V) kinase activities dis-
played increased heterodimerization with
B-Raf. With the use of the R > H muta-
tion as well as Raf depletion experiments,
they went on to show that the upregula-
tion in MEK/ERK signaling induced by
these NS C-Raf mutants was dependent
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upon the interaction with B-Raf. In a
second study, L597V-B-Raf, an interme-
diate activity B-Raf mutant detected in
both cancer and Rasopathies, was found
to dimerize with C-Raf and to promote
C-Raf kinase activation.?> Moreover, Raf
inhibitor treatment further upregulated
MEK/ERK signaling in cells expressing
this mutant and the upregulation corre-
lated with increased heterodimerization
between L597V-B-Raf and C-Raf.
Interestingly, B-Raf mutants exhibiting
enhanced self-homodimerization poten-
tial have also been observed in human
cancer. In low-grade pediatric astrocyto-
mas, several oncogenic KIAA1549-BRAF
gene fusions have been identified that gen-
erate proteins consisting of the N-terminal
region of KIAA1549 fused to the B-Raf
kinase domain.?® These fusion proteins
constitutively homodimerize with them-
selves to upregulate MEK/ERK signaling
and are subject to the paradoxical acti-
vating effect of Raf inhibitor treatment.
Splice variants of V60OE-B-Raf that con-
tain deletions removing the Ras binding
domain also constitutively self-homodi-
merize.** These splice variants were iden-
tified in melanoma patients and cell lines

Small GTPases

that had developed acquired resistance to
the Raf inhibitor vemurafenib, and self-
dimerization of these VG600E variants
was found to be required for vemurafenib
resistance as the R > H mutation in their
dimer interface restored drug sensitivity.
Of note, several other mechanisms of Raf
inhibitor resistance in melanomas express-
ing V60OE-B-Raf also have the conse-
quence of promoting the dimerization of
wild-type Raf proteins in drug-treated
cells.”

Further work from the laboratories of
Drs. Therrien and Sicheri has recently
provided key insight regarding how the
ATP-competitive Raf inhibitors pro-
mote Raf dimerization.?® Protein kinase
domains consist of N- and C-lobes, and
due to their dynamic nature, there is a
significant degree of flexibility between
the N- and C-lobes as well as within the
N-lobe itself. The side-to-side dimer inter-
face spans both the N- and C-lobes, and
by binding the ATP pocket, Lavoie and
that the inhibitors
stabilize the closed conformation of the

coworkers®® found
kinase domain, thus generating a static

dimer interface surface that is conducive
for dimerization. These investigators went
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on to engineer Raf dimerization biosen-
sors to examine dimerization induced by a
panel of ATP-competitive Raf inhibitors.
They found that all of the Raf inhibi-
tors tested strongly induced B-Raf/C-Raf
the
els of homodimerization or binding to
A-Raf or the closely related KSR proteins
varied with the inhibitor used. In co-
immunoprecipitation assays, our labora-

heterodimerization; however, lev-

tory has observed similar results in that 2
Raf inhibitors (PLX4720 and SB590885)
strongly induced B-Raf/C-Raf heterodi-
merization and to a lesser extent promoted
B-Raf and C-Raf homodimerization
(Fig. 1C). Using the biosensor assay to
screen a drug library, Lavoie et al.” fur-
ther found that certain ATP-competi-
tive inhibitors for BCR-ABL, p38, and
VEGEFR also promote Raf dimerization.
In addition, these inhibitors induced the
paradoxical activation of ERK, indicat-
ing the clinical importance of screening
kinase-targeted drugs for their potential
to promote Raf dimerization.

Blocking Raf Dimerization
Has Therapeutic Potential

The paradoxical activating effect of the
ATP-competitive inhibitors has demon-
strated the need to find alternative ways
for inhibiting Raf signaling. Because our
studies showed the importance of dimer-
ization in Ras-dependent Raf activation as
well as signaling from all but the high cat-
alytic activity Raf mutants, our laboratory
set out to determine whether a peptide
mimetic of the Raf dimer interface could
disrupt Raf dimerization. From these
studies, we identified an 18 amino acid
peptide, denoted as DI1, that was able to
bind wild-type C-Raf and B-Raf and pre-
vent growth factor-induced Raf dimeriza-
tion and Raf-mediated MEK activation.”
In addition, the DI1 peptide was able to
bind disease-associated Raf proteins as
well as the closely related KSR1 protein
(Fig. 2). Importantly, when adminis-
tered to non-small cell lung carcinoma
lines, the DI1 peptide specifically blocked
Raf signaling and increased cell death in
lines expressing either activated K-Ras or
impaired activity B-Raf proteins, both of
which require Raf dimerization for upreg-
ulated ERK signaling. Thus, this work
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provided the first proof-of-principle that
blocking Raf dimerization is a valid thera-
peutic approach to inhibit Raf signaling.

Conclusions

Without question Raf dimerization
plays an important role in Raf biology,
being required for Ras-dependent Raf
activation and for the pathological func-
tion of various disease-associated Raf
mutants (Fig. 3). Moreover, Raf dimeriza-
tion can alter the effectiveness of certain
drug therapies, and its impact must be
taken into consideration as more kinase-
targeted inhibitors enter the clinic for
cancer therapy. Given the importance of
Ras/Raf/MEK/ERK signaling in human
disease, the continued development of Raf
inhibitors that do not promote Raf dimer-
ization as well as the search for drugs that
actively disrupt dimerization will be the
challenge of the future.
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