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Despite decades of extensive drug discovery efforts, there are currently no targeted therapies
approved to treat KRAS mutant cancers. In this review, we highlight the challenges and
opportunities in targeting KRAS mutant tumors through inhibition of mitogen-activated
protein kinase (MAPK) signaling with conformation-specific kinase inhibitors. Through struc-
tural analysis and mechanistic studies with BRAF and mitogen-activated protein kinase (MEK)
inhibitors, we describe how kinase-dependent and -independent functions of MAPK signal-
ing components regulate KRAS-driven tumorigenesis and how these insights can be used to
treat RAS mutant cancers with small molecule kinase inhibitors.

MECHANISM OF NORMAL RAS/MAPK
SIGNALING

RAS, KRAS, and NRAS comprise a highly
Hconserved family of small GTPases that
relay signals from upstream growth factor recep-
tors to downstream effector pathways, including
mitogen-activated protein kinase (MAPK), phos-
phoinositide 3-kinase (PI3K), and RAL guanine
nucleotide dissociation stimulator (RAL-GDS).
Ligand stimulation results in activation of the
guanine nucleotide exchange factor son of
sevenless (SOS) and facilitates exchange of the
inactive guanosine diphosphate (GDP)-bound
state of RAS to an active guanosine triphosphate
(GTP)-bound state (Fig. 1A). This switch be-
tween inactive and active states involves struc-
tural rearrangement of the Switch I (SW1) and
Switch IT (SW2) regions in RAS, enabling RAS

to adopt a conformation that interacts with the
RAS-binding domain (RBD) of its downstream
effectors (Fig. 1B) (Erijman and Shifman 2016).
In the context of MAPK signaling, GTP-bound
RAS recruits rapidly accelerated fibrosarcoma
(RAF) family members (ARAF, BRAF, CRAF)
from the cytosol to the plasma membrane
through a direct and high affinity interaction
with the RAF RBD (Fig. 1B). Structurally, the
RBD has a ubiquitin-like fold and interacts with
RAS by forming an extended B sheet in the
vicinity of the switch regions (Nassar et al.
1995). This binding mode is common to most
RAS-effector interactions.

More recent studies have suggested that
RAS dimerizes via a region distal to the SW1
and SW2 regions (the a4-05 region) (Fig. 1C).
These dimers form at the membrane and may
also be required for proper signaling activity,
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Figure 1. RAS/mitogen-activated protein kinase (MAPK) pathway signaling and protein-protein interactions.
(A) Pathway signaling showing normal, RAS mutant, and BRAF V600E mutant signaling. (B) Structure of the
Ras-like small GTPase RaplA (white) with Switch I (yellow) and Switch II (magenta) bound to the RAS-binding
domain (RBD) domain (green) of CRAF (Protein Data Bank [PDB] code 1C1Y). (C) Cartoon of two proposed
RAS dimers proposed by Muratcioglu et al. (2015) formed either by the B2 strand from Switch I, which forms a
dimer analogous to the Ras—-RBD interactions, or by mediated a3/04.

including RAF dimerization and activation (Lin
et al. 2014; Spencer-Smith et al. 2017). Indeed,
it has been proposed that upon GTP binding,
the a4—a5 regions of RAS are positioned in close
proximity and may promote RAF dimerization
and activation. Lending support to this model is
the fact that NS1, a monobody that selectively

recognizes the o4-05 region of RAS, prevents
RAS dimerization and RAF activation (Spencer-
Smith et al. 2017). Dimerization of RAF family
members has been shown to induce kinase ac-
tivity likely through a conformational change
releasing the negative regulatory region (NRR)
within the amino-terminal regions of RAF (We-
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ber et al. 2001; Udell et al. 2011) and exposing
the carboxy-terminal kinase domains. This re-
sults in phosphorylation and activation of RAF
through an asymmetric allosteric mechanism
(Garnett et al. 2005; Rajakulendran et al. 2009;
Hu et al. 2013) that triggers mitogen-activated
protein kinase (MEK) and extracellular signal-
related kinase (ERK) phosphorylation.

Under physiological conditions, the dura-
tion and amplitude of MAPK signaling is regu-
lated through a network of negative feedback
loops mediated by ERK. ERK suppresses path-
way signaling either directly through phosphor-
ylation of upstream components such as SOS or
CRAF or transcriptionally through the regula-
tion of expression of MAPK phosphatases
(dual-specificity phosphatase [DUSP] family
members) and Sprouty family of proteins (Fig.
1A) (Dougherty et al. 2005; Owens and Keyse
2007; Pratilas et al. 2009). These negative feed-
back loops enable the pathway output to be tight-
ly controlled under basal and stressed conditions.
Pathway signaling is also tightly regulated by a
variety of additional mechanisms, including
phosphorylation and interaction with 14-3-3
proteins (both of which have been described ex-
tensively in previous reviews) as well as interac-
tion with the scaffolding protein kinase suppres-
sor of (activated) RAS ([KSR], see more below;
Freeman et al. 2013; Lavoie and Therrien 2015).

RAF FAMILY DOMAIN ARCHITECTURE
AND MECHANISM OF ASYMMETRIC
ALLOSTERIC ACTIVATION

The protein domains of ARAF, BRAF, and
CRAF are highly conserved, with each contain-
ing three conserved regions: CR1, CR2, and CR3
(Fig. 2A). CR1 contains the RBD and cysteine-
rich domains (CRDs). CR2 contains a stretch of
serine/threonine residues implicated in activa-
tion of RAF. Hence, both CR1 and CR2 together
are commonly referred to as the NRR. CR3 is
composed of the kinase domain and is held
inactive via its interaction with the amino-
terminal regulatory region (Lavoie and Therrien
2015). Interaction with RAS-GTP relieves
the self-regulatory interaction between the
NRR and kinase domains, such that RAF can
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dimerize with a second protomer and potentiate
downstream signaling through the MEK-ERK
pathway.

Although the molecular details of the inter-
action between the NRR and the RAF kinase
domain are yet to be determined, the structure
of the RAF kinase domain has been studied in
detail both to better understand the mechanism
of normal and oncogenic kinase activation as
well as to support structure-based drug design
of pathway-specific inhibitors. Structures of
BRAF and CRAF kinase domains show a typical
bi-lobed architecture of kinases with an adeno-
sine triphosphate (ATP) (or inhibitor)-binding
site at the interface between the amino (N-lobes)
and carboxy-terminal lobes (C-lobes) (Wan et al.
2004; Hatzivassiliou et al. 2010). Key features in-
clude the activation loop (A-loop), the a:C-helix,
the catalytic salt bridge between K*** and E**!
(in BRAF), the DFG motif, and the hinge region
between the N- and C-lobes. All of these features
contribute to the normal catalytic role of kinases
and most are affected by the transition between
the active and inactive conformation of RAF. On
activation of RAF, the A-loop forms an extended
platform for substrate binding while the o.C-he-
lix moves “in” toward the active site leading the
formation of the catalytic K***~E>*! salt bridge
while the DFG motif is positioned such that the
hydrophobic phenylalanine contributes to the
hydrophobic core (Fig. 2B).

Immediately before the kinase domain is a
short stretch of amino acids termed the amino-
terminal acidic region (NtA; residues ***SSDD**
in BRAF). This region is constitutively phosphor-
ylated in BRAF in addition to possessing two
negatively charged residues (Lavoie and Therrien
2015). In CRAF, the sequence (3*8sSYY>*) lacks
the negatively charged residues and is only
phosphorylated on recruitment to the plasma
membrane. Phosphorylation of these residues
in CRAF has been shown to enhance dimeriza-
tion and RAF kinase activity (Hu et al. 2013).
This amino acid sequence difference may ac-
count for the increased intrinsic activity of
BRAF relative to CRAF (Emuss et al. 2005).
The phosphorylated residues in the NtA are typ-
ically disordered in structures of BRAF, indicat-
ing that the mechanism of activation may rely on
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Figure 2. Domain organization and structure of RAF family members. (A) Domain organization of ARAF, BRAF,
CRAF, and kinase suppressor of (activated) RAS (KSR) with features of interest labeled. (B) Model of BRAF
kinase domain (based on chain B form PDB code 4MNE) with adenosine triphosphate (ATP) docked in and
V600E mutation modeled. Regions of interest are labeled and colored green. (C) Comparison of BRAF-mitogen-
activated protein kinase (MEK) heterotetramer (left, in green and orange, respectively; PDB code IMNE) and the
KSR-MEK heterotetramer (right, in blue and orange, respectively; PDB code 2Y4I).

destabilizing the repressive effects of the NRR.
When they are resolved, they reside close to
R509 and have been suggested to help form
the proper dimerization interface. On release
of the NRR region by interaction with RAS,
the kinase domains dimerize stabilizing the ac-
tive conformation of BRAF.

BRAF and CRAF dimers can exist as homo-
dimers (Farrar et al. 1996; Luo et al. 1996) and
heterodimers (Mizutani et al. 2001), with heter-
odimers contributing to the majority of kinase
activity within the cell (Rushworth et al. 2006).
Recent work has shown that RAF activity is al-
losterically regulated via the side-to-side dimer
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configuration that positions the aC-helix in a
catalytically active orientation (Rajakulendran
et al. 2009). Removal of the regulatory amino
terminus results in a constitutively active kinase,
as does the induction of RAF dimerization
through mutation of an interface residue (Raja-
kulendran et al. 2009). Furthermore, kinase-
dead BRAF can activate CRAF in trans (Wan
et al. 2004; Rushworth et al. 2006; Heidorn
et al. 2010). A similar transactivation mecha-
nism of CRAF by BRAF has been reported
with certain ATP-competitive BRAF inhibitors
(Hatzivassiliou et al. 2010; Heidorn et al. 2010;
Poulikakos et al. 2010).

Further arguing for an asymmetric dimer
state, the distant RAF family member KSR can
also activate RAF activity. KSR was originally
identified through RAS synthetic lethal genetic
screens in Drosophila melanogaster and Caeno-
rhabditis elegans (Kornfeld et al. 1995; Sun-
daram and Han 1995; Therrien et al. 1995).
In these studies, KSR was shown to function
downstream from RAS regulating RAS/MAPK
signaling through direct interactions with RAF,
MEK, and ERK family members. Interestingly,
the KSR proteins are most closely related to
the RAF kinase family, with the carboxy-termi-
nal region of KSR containing a pseudokinase
domain, a region similar to canonical kinase
domains yet lacking a critical catalytic lysine
residue (Fig. 2A). Hence, KSR lacks kinase ac-
tivity but has been shown to regulate RAF activ-
ity through a dimerization-dependent mecha-
nism involving its pseudokinase domain (Roy
et al. 2002; Rajakulendran et al. 2009; Hu et al.
2011). Given its role as a scaffolding protein,
KSR expression levels have been shown to mod-
ulate the duration and amplitude of MAPK
signaling (Therrien et al. 1996). Moderate levels
of KSR expression enhance MAPK signaling,
whereas high levels of KSR expression appear
to function in a dominant negative manner by
dampening pathway signaling likely through a
sequestering mechanism (Kortum and Lewis
2004). Biochemical and structural studies have
shown that KSR can dimerize with RAF and
MEK proteins through its pseudokinase domain
(Rajakulendran et al. 2009; Brennan et al.
2011). Dimerization of KSR with BRAF through
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a side-to-side dimer interface has been shown
to enhance RAF kinase activity (Brennan et al.
2011).

MECHANISM OF ONCOGENIC RAS/MAPK
SIGNALING

Oncogenic mutations in BRAF and KRAS cir-
cumvent the highly regulated activation process
through a variety of mechanisms. The precise
mechanism of MAPK pathway activation is de-
pendent on the specific underlying genetic mu-
tation. For example, the activating BRAF-V600E
mutation or BRAF-B3-aC deletion, which is
found in nearly 70% of melanomas and a small
subset of pancreatic adenocarcinomas, respec-
tively, predisposes BRAF to an active oC-helix-
“in” conformation that is independent of RAS
activation and BRAF dimerization for activity
(Wan et al. 2004; Poulikakos et al. 2011; Foster
et al. 2016b). In contrast, noncanonical BRAF
mutations are not necessarily highly activating
and, in some cases, abrogate kinase activity
completely (i.e., BRAF-D594V). In this context,
the mutant BRAF requires dimerization with
CRAF for MAPK activity (Wan et al. 2004;
Yao et al. 2015). Interestingly, noncanonical
BRAF mutations are enriched in lung cancers
(~5%-7% of lung adenocarcinomas) and are
mutually exclusive with KRAS mutations, sug-
gesting that there may be a tissue-specific pref-
erence for this alteration (Foster et al. 2016a).
Similar to the mechanism of noncanonical
BRAF mutations, activating KRAS mutations
drive. MAPK signaling through CRAF and
BRAF dimerization and CRAF activation (Gar-
nett et al. 2005; Dumaz et al. 2006; Rushworth
et al. 2006). Mutations within the KRAS family
member represent the second most frequent al-
teration in cancer, found in 20% of all patients,
and 90% of pancreatic, 43% of colorectal, and
32% of lung adenocarcinomas (Cerami et al.
2012; Gao et al. 2013) with mutations typically
occurring at codons 12, 13, or 61. These muta-
tions result in reduced intrinsic and GTPase-
activating protein (GAP)-mediated GTPase ac-
tivity, rendering KRAS in a constitutively active,
GTP-bound form. Activated RAS can then sig-
nal to its downstream effector pathways driving
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cell growth, proliferation, and survival in the
absence of external signaling cues.

More recently, it has been reported that in
the context of KRAS mutant tumors, BRAF is
in a preassembled, inactive complex with MEK
(Fig. 1A) (Haling et al. 2014). MEK phosphor-
ylation results in rapid dissociation of the com-
plex and kinetic studies with epidermal growth
factor (EGF) stimulation (in wild-type cells)
show that the complex can be reformed on ac-
cumulation of inactive MEK. Intriguingly, a co-
crystal structure of the active, heterotetrameric
complex of BRAF with MEK has been deter-
mined in the presence of a MEK inhibitor
G-573 and ATP (Haling et al. 2014). In this
structure, BRAF side-to-side dimers reside at
the heart of the tetrameric complex, with
BRAF adopting an active conformation and
mediating a face-to-face interaction with MEK
(Fig. 2C). Small molecule inhibitors of RAF or
MEK can perturb this complex depending on
their binding mode. Interestingly, unlike the
KSR-MEK complex previously reported, the
BRAF-MEK complex is high in affinity and ap-
pears to favor BRAF in its active conformation.
Furthermore, structural studies show that the
BRAF-MEK and KSR-MEK interfaces are large-
ly overlapping such that MEK and KSR cannot
interact with the BRAF kinase domain simulta-
neously (Haling et al. 2014). This suggests that
KSR is more likely to function as a scaffolding
protein that may transactivate RAF family
members through an allosteric, side-to-side
dimerization mechanism rather than through
recruitment of MEK as a substrate for RAF.

These mechanistic insights into BRAF and
KRAS mutant tumors underscore the fact that
BRAF has both catalytic and noncatalytic func-
tions in regulating MAPK signaling. In the con-
text of KRAS mutant tumors, BRAF resides in
the cytosol in a dormant complex with MEK
and additional signaling cues are required to
form a transient, active heterotetrameric com-
plex with CRAF that results in MEK phosphor-
ylation. In contrast, BRAF-V600E and BRAF
deletions activate BRAF in the absence of dime-
rization (Fig. 1). Finally, noncanonical BRAF
mutations (including kinase-dead oncogenic
mutations) constitutively dimerize with CRAF

and allosterically activate CRAF through a side-
to-side dimerization mechanism. Taken togeth-
er, regulation of RAF dimerization is the rate-
limiting step in pathway activity and oncogenic
mutations in BRAF either abrogate the require-
ment for dimerization for kinase activity or
result in constitutive dimers independent of
KRAS as in the case of the noncanonical
BRAF mutations. In KRAS mutant tumors,
additional studies need to be conducted to un-
derstand how the preassembled MEK-BRAF
complex is primed for activity.

TARGETING THE MAPK PATHWAY TO
TREAT RAS MUTANT TUMORS

Several lines of evidence support the notion
that targeting the MAPK effector pathway may
be beneficial for KRAS mutant patients. First,
CRAF but not BRAF has been shown to be re-
quired for KRAS driven signaling (Dumaz et al.
2006) as well as for the initiation of KRAS driven
lung tumorigenesis in a genetically engineered
KRAS driven lung cancer mouse model (Blasco
et al. 2011; Karreth et al. 2011). In this KRAS
genetically engineered mouse model, depletion
of CRAF and not BRAF increased survival and
decreased tumor incidence. Second, of the effec-
tor pathways downstream from RAS, KRAS
and BRAF mutations appear to be mutually ex-
clusive of one another, suggesting redundant
functions. In contrast, mutations in other effec-
tor pathways such as PI3K can co-occur signifi-
cantly with KRAS mutations (as exemplified in
colorectal cancer [CRC]), suggesting nonover-
lapping functions. Third, a recent genome-wide
clustered regularly interspaced short palindromic
repeat (CRISPR) dropout screen (Wang et al.
2017) of 14 acute myeloid leukemia (AML) cell
lines with a subset of KRAS mutant and KRAS
wild-type lines identified CRAF as a top KRAS
synthetic lethal hit and not an essential gene, again
suggesting that of the effector pathways down-
stream from KRAS, the MAPK pathway, namely,
the RAF family members, remain critical for
KRAS-driven tumorigenesis. Thus, of the down-
stream effector pathways, the MAPK pathway
continues to be the most compelling therapeutic
target in the context of RAS mutant cancers.
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USING MAPK INHIBITORS IN BRAF AND
RAS MUTANT CANCERS

Significant efforts have been undertaken to find
small molecule inhibitors to selectively target
the MAPK pathway in malignancies. BRAF
and MEK inhibitors have been approved to treat
BRAF mutant cancers with dozens of other
RAF, MEK, and ERK inhibitors either still in
preclinical research stage or early stage clinical
trials (Table 1). These drugs bind to a diverse
array of kinase conformational states and have
been shown to exhibit efficacy in mutation-spe-
cific contexts. Despite extensive clinical efforts,
the only approved MAPK therapies to-date
are the BRAF inhibitors vemurafenib and dab-
rafenib and the MEK inhibitors trametinib and
cobimetinib, all of which have been approved
only for BRAF V600E/K metastatic melanomas
(Kim et al. 2014).

CLASSES OF RAF INHIBITORS

RAF inhibitors can be grouped into several
classes based on their molecular mechanism of
action, all of which are ATP-competitive (Fig. 3).
Type I inhibitors such as GDC-0879, which
bind to a similar site as ATP, make interactions
with the hinge region and favor an active con-

Table 1. BRAF, MEK, and ERK inhibitors with their
binding modes defined with structures shown below

Binding  aC-helix “in”

Molecule Target mode or “out”
GDC-0879 BRAF  Typel “in”
Vemurafenib ~ BRAF  Type L5 “out”
Dabrafenib BRAF  Typel5 “out”
PLX-8394 BRAF  Typel5 “out”
Sorafenib BRAF  Typell “in”
AZ-628 BRAF Type II “in”
Trametinib MEK Class I “out”
Cobimetinib MEK Class I “out”
GDC-0623 MEK Class II “out”
G-573 MEK Class II “out”
CH5126766 MEK Class II “out”
GDC-099%4 ERK Type I “in”
SCH772984 ERK Type I “in”

MEK, Mitogen-activated protein kinase; ERK, extracellular
signal-related kinase.

Targeting the MAPK Pathway in RAS Mutant Cancers

formation of the A-loop, aC-helix, DFG motif
and permit formation of the K***-E>*" catalyt-
ic salt bridge (Hatzivassiliou et al. 2010). In
contrast, the DFG-“out” (also known as type
II) inhibitors such as sorafenib, AZ-628, and
LY3009120 bind to RAF such that the F within
the DFG motif is oriented toward solvent as
opposed to being buried in the hydrophobic
core of the protein (Wan et al. 2004; Peng
et al. 2015; Foster et al. 2016b). However, the
oC-helix remains in the “in” position with
formation of the catalytic salt bridge. Type L.5
inhibitors have an intermediate effect. They typ-
ically occupy both the ATP-binding site as well
as extend toward the aC-helix, perturbing its
conformation and forcing it into varying de-
grees of an “out” conformation in which the
catalytic salt bridge is disrupted.

All of these inhibitors prevent the ability
of RAF to phosphorylate MEK. However, the
differences in RAF conformation, affinity for
ATP, and interactions with partners results in
different cellular consequences. For instance,
all classes of RAF inhibitors preferentially inhib-
it BRAF-V600E in cells. This is attributed to
the fact that the V600E mutations result in a
~10-fold decrease in ATP Ky, (reduced affinity
for ATP), similar to what has been reported
for epidermal growth factor receptor (EGFR)
mutations, thereby sensitizing this specific mu-
tant oncoprotein to ATP-competitive inhibitors
(Hatzivassiliou et al. 2010). In contrast, type II
(but not type L.5) inhibitors are able to inhibit
tumors harboring noncanonical BRAF muta-
tions that are constitutively dimerized with
CRAF (Yao et al. 2015). In this context, BRAF-
CRAF dimerization conformationally restricts
the oC-helix from shifting to accommodate
the type 1.5 inhibitor-binding mode, and hence
RAF dimer inhibitors (which are typically type
II inhibitors) have been shown to be effective
toward RAF dimers (Foster et al. 2016b; Karou-
lia et al. 2016). In yet another context, BRAF-f33-
oC deletions are resistant to type 1.5 inhibitors
because the oC-helix is conformationally re-
stricted from moving as a result of the deletion
in the B3-aCloop (Foster et al. 2016b). However,
because the conformation caused by these dele-
tions is similar to conformation induced by di-
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Figure 3. BRAF inhibitor-binding modes. (A) Cartoon images of BRAF wild-type and p3-o.C deletion mutants
bound to type I, type 1.5, and type II inhibitors, including the effect on a.C-helix and the catalytic salt bridge. (B)
Cartoon representations of BRAF bound to type I (left), type 1.5 (center), and type II inhibitors (right), including

the effect on the oC-helix and the catalytic salt bridge.

merization (shift of the o.C-helix “in”), this class
of mutation is sensitive to type II inhibitors.
Interestingly, whereas both the BRAF-V600E
and BRAF-B3-aC deletions do not require
dimerization for activity, they have distinct re-
quirements for inhibition. In the case of BRAF-
V600E, a type L5 inhibitor can inhibit its
activity effectively because the C-helix remains
conformationally flexible and able to “shift” on
inhibitor binding; however, deletion of the B3-
oC loop restricts the C-helix from this same
movement with type 1.5 inhibitors (Fig. 3).
The approved BRAF inhibitors vemurafenib
and dabrafenib are both type L5 inhibitors,
although the extent of the interaction with the
0C-helix results in differences in their activity
(Joseph etal. 2010; Zhang et al. 2015; Foster et al.
2016b). Vemurafenib was derived from a frag-

ment-based drug discovery approach and, along
with the B-cell lymphoma 2 (Bcl-2) inhibitor
venetoclax, are examples of this approach lead-
ing to approved therapeutics (Erlanson et al.
2016). In particular, the fragment lead for ve-
murafinib was found in a high-concentration
biochemical assay-based screen of a 20,000 li-
brary of small (150-300 Da) scaffold-like com-
pounds. Extensive structure-based drug design
was used in the process of discovering vemura-
fenib. A highly engineered version of BRAF with
improved expression, purification, and crystalli-
zation properties was developed to support this
effort (Bollag et al. 2012).

Most type I and type L5 inhibitors, includ-
ing the clinically approved drugs, have been
shown preclinically to induce paradoxical acti-
vation of MAPK signaling in RAS mutant cells
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or cells with elevated RTK signaling (Hatzivas-
siliou et al. 2010; Poulikakos et al. 2010). In some
contexts, these inhibitors have been shown to
increase cellular proliferation both in vitro and
in vivo (Hatzivassiliou et al. 2010). Paradoxical
activation is believed to be the consequence of
drug-induced dimerization of the drug-bound
BRAF protomer with a second RAF protomer
(i.e., CRAF), which results in increased CRAF
kinase activity (which is RAS-GTP dependent)
and downstream signaling through MEK and
ERK. At high concentrations of the drugs, both
protomers of the dimer (i.e., BRAF and CRAF)
are occupied and the paradoxical activation is
inhibited. It has been hypothesized that the sig-
nificant incidence of cutaneous squamous cell
carcinoma and Kkeratoacanthomas (~20% of
patients) observed clinically with BRAF-V600E
melanoma patients treated with BRAF inhibi-
tors is attributed to paradoxical activation (An-
forth et al. 2012a,b; Su et al. 2012). In support
of this, these paradox-induced skin tumors
show a high incidence of HRAS mutations, con-
sistent with the preclinical observations demon-
strating enhanced growth of RAS mutant tu-
mors on treatment with vemurafenib (Anforth
et al. 2012a; Callahan et al. 2012; Oberholzer
et al. 2012). These clinical findings have raised
concerns that secondary RAS-driven tumors
may be accelerated by this class of drugs.

Two main approaches have been explored to
address the deleterious effects of paradoxical ac-
tivation. Type L5 binders have been discovered
that induce even greater effects on the confor-
mation of the aC-helix such that BRAF/CRAF
dimerization can be more effectively inhibited
(Zhang et al. 2015). This class of compounds,
also called “paradox busters,” still effectively in-
hibits BRAF-V600E tumors but do not induce
paradoxical activation. The best characterized
paradox buster PLX-8394 has been shown to
block BRAF-V600E activity without inducing
paradoxical activation in RAS mutant tumors
(Zhang et al. 2015). Although the structural ba-
sis of this compared with other type 1.5 inhibi-
tors is not clear, structural studies suggest that
these sulfonamide-containing type 1.5 inhibi-
tors may interact with Leu505 within the C-he-
lix, which may result in greater dynamics in this

Targeting the MAPK Pathway in RAS Mutant Cancers

region, thus disfavoring the dimeric structure.
Unfortunately, despite the lack of paradoxical
activation, paradox busters still show no efficacy
in KRAS mutant tumors as they are not able to
bind to preexisting RAF dimers. Alternatively,
type II pan-RAF inhibitors have been shown to
bind to BRAF/CRAF heterodimers and thereby
prevent induction of MAPK signaling while re-
maining effective at inhibiting BRAF-V600E-
dependent signaling. In this context, the type
IT inhibitors will still induce BRAF and CRAF
dimerization in RAS mutant tumors, but para-
doxical activation is not observed owing to
occupancy of both promoters simultaneously
(Nakamura et al. 2013; Peng et al. 2015).

Despite the significant progress that has
been made in developing inhibitors that selec-
tively target BRAF, several of which have been
clinically approved for treating BRAF-V600
mutant cancers, these approaches have resulted
in little success with KRAS mutant cancers.
Some hope may lie in recent reports of type II
RAF dimer inhibitors demonstrating efficacy
in KRAS mutant tumors; however, the dose
required for efficacy in KRAS mutant tumors
is significantly greater than that required for
efficacy in BRAF-V600E models, raising con-
cerns around the therapeutic utility of such an
approach as a single agent (Peng et al. 2015).
Several recent reports have also described the
combination of RAF inhibitors, with MEK in-
hibitors showing efficacy in RAS mutant tumors
(Lamba et al. 2014; Lito et al. 2014). In this
context, it has been shown that MEK inhibitors
disable the negative feedback loops upstream
of RAF, resulting in RAF kinase activation and
increased sensitivity to RAF kinase inhibition. It
remains to be seen whether the combination of
RAF and MEK inhibitors will be successful clin-
ically in KRAS mutant tumors.

CLASSES OF MEK INHIBITORS

In addition to approaches to targeting RAF
itself, MEK inhibitors have also been approved
for BRAF-V600E/K melanomas. Phosphoryla-
tion by BRAF at two sites in the MEK activation
loop (Ser218 and 222 in MEK1) correlates with
release of MEK from BRAF, MEK activation,
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and downstream signaling to ERK. MEK1 and
MEK?2 are unusual dual-specificity kinases that
phosphorylate ERK on both serine and tyrosine
residues within the ERK activation loop. Unlike
RAF, MEK does not possess extensive accessory
domains analogous to the RAF NRR. In con-
trast, MEK is primarily comprised of a kinase
domain with short flanking amino- and car-
boxy-terminal regions with sequences that mod-
ulate MEK activity by mechanisms, including
facilitating interactions with binding partners
and dictating subcellular localization (Fig. 4).
MEK interacts with RAF by forming a face-to-
face heterodimer leaving RAF free to dimerize
with another RAF protomer, such that dimeric
BRAF can bind two copies of MEK simultane-
ously (Haling et al. 2014). Unlike most kinases,
MEK binds ATP with high affinity, which makes
development of non-ATP competitive inhibi-
tors the more preferred approach for this kinase.
Accordingly, the majority of MEK inhibitors
developed to date, including the two clinically
approved inhibitors cobimetinib and trameti-
nib, both bind to MEK in the presence of ATP
within an allosteric binding pocket. The affinity
of these inhibitors is increased in the presence
of ATP, supporting a noncompetitive mecha-
nism of action (Fig. 3) (Ohren et al. 2004; Caunt
et al. 2015).

In contrast to the clinically approved BRAF
inhibitors, trametinib and cobimetinib do not
induce paradoxical activation. However, similar
to BRAF inhibitors, the mechanism of action
of these MEK inhibitors modulates their ability
to blunt MAPK signaling effectively in KRAS
mutant tumors. Class I MEK inhibitors such
as cobimetinib show efficacy in BRAF-V600E
tumors, but have limited efficacy in KRAS mu-
tant tumors (Hatzivassiliou et al. 2013). Studies
have shown that this class of MEK inhibitor
disables negative feedback in KRAS mutant tu-
mors and, over time, results in pathway reacti-
vation as observed with induction of phosphor-
ylated MEK and phosphorylated ERK. Multiple
studies have shown that this pathway reactiva-
tion is highly dependent on RAF kinase activa-
tion and the combination of RAF and MEK in-
hibition results in more robust efficacy in KRAS
mutant tumors (Hatzivassiliou et al. 2013; Lito

et al. 2014). In contrast, class II MEK inhibitors
such as G-573 have shown efficacy in KRAS
mutant tumors, demonstrating sustained inhi-
bition of the pathway, despite disabled negative
feedback (Hatzivassiliou et al. 2013; Lito et al.
2014). This activity has been attributed to the
dual role of this class as RAF-MEK inhibitors
through trapping and sequestering an inactive
RAF-MEK complex. Therefore, these MEK in-
hibitors do not induce phosphorylated MEK and
ERK over time and effectively inhibit MAPK
signaling pathways in KRAS mutant tumors.
These differences in behavior of class I and class
I inhibitors likely derive from subtle differences
of their interaction with the MEK A-loop (in
particular the strength of the hydrogen bond
to Ser212) (Hatzivassiliou et al. 2013). This
effectively alters the stability of the inactive
BRAF-MEK complex and contributes to the ex-
tent of MEK phosphorylation suppression.

ERK INHIBITORS

ERK inhibitors have also been investigated for
use in both BRAF-V600E and KRAS mutant
tumors. As ERK is the terminal kinase in the
pathway, it has numerous substrates, and inhi-
bition of its activity can have a broad down-
stream effect. As such, ERK has been targeted
for small molecule drug discovery for inhibitors
to work as single agents or in conjunction with
upstream kinase inhibitors. Like MEK, the
overall ERK structure is simpler than that of
RAF, suggesting less complicated regulation.
Unlike MEK, well-characterized ERK inhibitors
to date are ATP competitive and bind to o.C-“in”
conformation. This includes the ERK inhibitor
GDC-0994, which has been tested clinically
(Fig. 4) (Blake et al. 2016). More recently, a
novel binding mode with the ERK inhibitor
SCH772984 has been reported. High-resolution
crystal structures of SCH772984 bound to ERK1
and ERK2 reveal that the extended structure of
this inhibitor resulted in discrete interactions
with an induced binding pocket located between
the aC-helix and the phosphate-binding loop
(P-loop). This binding mode maintains the
DFG and catalytic salt bridge in an active con-
formation while modestly tilting the C-helix
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A Ser218 Ser222

2 QP
1 —| Kinase catalytic domain |- 393

C
Ser29 Thr185 Thr187
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1 —| Kinase catalytic domain |C-term } 360
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Figure 4. Domain organization and structure of mitogen-activated protein kinase (MEK) and extracellular signal-
related kinase (ERK). (A) Domain organization of MEK1. (B) Structure of the MEK kinase domain (PDB 159]).
Inset shows features of interest, including the adenosine triphosphate (ATP) site, allosteric inhibitor site, and the
aC-helix that adopts an “out” conformation, including disruption of the catalytic salt bridge. (C) Domain
structure of ERK. (D) Structure of ERK kinase bound to GDC-0994 (blue with additions to the canonical kinase
domain in red; PDB 5K4I). C-term, Carboxy terminal.
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and slightly distorting the P-loop. It remains
to be seen whether these differential binding
conformations result in differences in clinical
responses.

KSR INHIBITORS

In addition to catalytic components, the RAF
pathway is modulated by the pseudokinase KSR
(KSR1/2). KSR possesses an overall domain
structure analogous to that of BRAF but lacks
the critical catalytic lysine residues thereby ren-
dering it a pseudokinase. KSR has been de-
scribed as having a scaffolding function as it
can associate with many of the components of
the MAPK pathway to potentiate signaling
(Raabe and Rapp 2002). In particular, the kinase
domain of KSR can homodimerize and interact
with MEK (Brennan et al. 2011) or can hetero-
dimerize and hence activate BRAF (and CRAF)
(Rajakulendran et al. 2009). Although it is still
unclear whether residual KSR enzymatic activity
is essential for its biological function (Brennan
et al. 2011), the ability of KSR to activate the
pathway appears to depend in part on the
conformation of the pseudokinase domain,
suggesting that small molecules, which bind
to KSR in specific conformational states, might
be able to regulate its function. For instance,
blocking the KSR active site by the mutation
AS587F stabilizes interactions with RAF and
MEK, decreases pathway activity, and has
been shown to prevent RAS transformation
(Hu et al. 2011). This was originally ascribed
to a latent catalytic activity of KSR, but could
also be attributable to a sequestration of MEK
by a KSR/RAF heterodimer. More recently,
ATP-competitive inhibitors binding to KSR
have been described and cocrystal structures
reported (Dhawan et al. 2016). These com-
pounds, exemplified by APS-2-79, bind to the
KSR within the ATP-binding pocket and stabi-
lize an inactive conformation such that hetero-
dimerization with BRAF is blocked. Although
the kinase selectivity of these tool compounds is
not yet optimal and the target conformational
state not clearly defined, they serve as good
tool compounds to probe the effect of KSR con-
formation states and better understand how

KSR regulates MAPK signaling downstream
from KRAS.

CONCLUDING REMARKS

Identifying approaches to target RAS mutant
tumors remains a critical unmet need in cancer
therapy. As described in this review, there is
strong rationale to target the MAPK signaling
pathway downstream from KRAS; however, in-
hibition of any individual target in the pathway
has had little single activity in KRAS mutant
tumors to date. Some of this is dependent on
the nature of the inhibitor used as described for
the various classes of RAF and MEK inhibitors.
Depending on the genetic context, molecules
binding to the same target can either inhibit or
activate the pathway in a drug-induced, confor-
mation-specific manner. In other cases, efficacy
has been limited by dose-limiting toxicities in the
clinic. It remains to be seen whether combina-
tions of agents targeting the MAPK pathway will
show efficacy in RAS mutant tumors; many of
those trials are currently underway.

However, given the profound differences
in efficacy observed with subtle differences in
binding modes of various MAPK inhibitors,
the possibility exists that other classes of allo-
steric or conformation-specific inhibitors will
show efficacy in this context. Discovery of such
classes of inhibitors may require novel approach-
es such as phenotypic screens and novel frag-
ment screening approaches directly targeting
allosteric sites rather than the ATP-competitive
binding sites. Allosteric binding sites for other
kinases have been reported in the literature,
including for oncogenic kinases such as EGFR
and BCR-ABL (Zhang et al. 2010; Jia et al.
2016). Further, novel biological, biochemical,
and structural data characterizing scaffolding
proteins that regulate this pathway may provide
new directions for either single agent or combi-
nation therapies to treat KRAS mutant cancers.
Although much as been learned about the RAF
pathway and its regulation in recent years, much
remains to be discovered especially with regard
to the development of therapeutics with trans-
formative tolerability and durability targeting
MAPK pathway-driven cancers.
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