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he Ras, Raf, MEK and ERK proteins

form an essential signal transduc-
tion pathway that is aberrantly activated
in many human cancers. Kinase suppres-
sor of Ras (KSR) is a conserved positive
modulator of this pathway, and since its
discovery, there has been a concerted
effort to elucidate KSR function in both
normal and aberrant Ras/ERK signaling.
The KSR proteins possess a C-terminal
region that is closely related to the Raf
family kinase domain; however, mam-
malian KSR proteins lack a key catalytic
residue, suggesting a role as a pseudoki-
nase. Like many other pseudokinases,
KSR has scaffolding activities and inter-
acts with Raf, MEK and ERK to pro-
vide spatio-temporal regulation of ERK
activation. Recently, significant advances
have been made that further our under-
standing of how KSR proteins function
in normal and oncogenic signaling. The
newly solved KSR2/MEKI1 structure has
revealed important mechanistic details
for how KSR regulates MEK activation
and has raised questions regarding KSR
kinase activity. In addition, KSR expres-
sion levels have been found to alter the
effects of Raf inhibitors on oncogenic
Ras/ERK signaling. Specifically, KSR1
competes with C-Raf for inhibitor-
induced binding to B-Raf and in doing
so attenuates the paradoxical activating
effect of these drugs on ERK signaling.

The KSR Proteins:
A Brief Introduction

The Ras GTPase is a critical regulator

of many vital cellular processes includ-
ing cell proliferation, differentiation and
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survival. The activation and GTP-loading
of Ras is often initiated by ligand engage-
ment of receptor tyrosine kinases on the
cell surface, and an essential effector cas-
cade functioning downstream of Ras is
the ERK cascade, comprised of the Raf,
MEK and ERK protein kinases.! Once
activated, ERK phosphorylates a variety
of substrates throughout the cell that are
needed to bring about a specific cellular
response.” The Ras/ERK signal transduc-
tion pathway also contributes to human
disease, with various components of the
pathway mutated in numerous human
cancers and certain developmental dis-
orders, including Noonan’s and cardio-
facio-cutaneous syndromes.>*

Due to its fundamental role in cell
signaling, considerable effort has been
put forth in elucidating the molecular
mechanisms that regulate components
of the Ras/ERK pathway, in identifying
additional proteins that might modulate
the efficiency or level of signaling through
the pathway, and in developing therapeu-
tics to downregulate pathway signaling in
the case of human disease. In particular,
genetic studies conducted in the model
organisms Drosophila and C. elgans have
been extremely powerful at uncovering
numerous modulators of the Ras/ERK
pathway, one of which is Kinase suppres-
sor of Ras (KSR) .}

KSR is conserved from invertebrates to
mammals and acts to positively regulate
Ras/ERK signaling. The KSR proteins
are most closely related to the Raf kinase
family, and the C-terminal region of KSR
contains many features of a protein kinase
domain.® Since its discovery, however, the

question of whether KSR is a bona fide
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protein kinase or a pseudokinase has been a
topic of debate. Nearly 10% of all proteins
that contain a protein kinase domain have
been classified as “pseudokinases” because
they contain mutations in one or more res-
idues required for catalytic activity.” The
mammalian KSR proteins lack the con-
served arginine residue involved in phos-
phate transfer,® and as is typical of many
pseudokinases, demonstrate properties of
a protein scaffold.® Specifically, KSR asso-
ciates with the kinase components of the
ERK cascade, Raf, MEK and ERK and
translocates to the cell surface in response
to Ras activation. KSR interacts constitu-
tively with MEK and is known to play an
important role in co-localizing MEK with
Raf at the plasma membrane.’” Recently,
however, structure-function studies have
revealed that some pseudokinases, such as
STRADa and HER3, can serve as allo-
steric activators of their associated kinases
in addition to their roles as scaffolds.!®!
Moreover, some pseudokinases still pos-
sess low kinase activity despite their lack of
certain catalytic residues, and others, such
as WNKI, have adopted compensatory
mechanisms that enable them to be fully
active.'®! Thus, the mechanisms by which
pseudokinases regulate signaling are more
complex than originally envisioned. In the
case of the Ras/ERK pathway, elucidating
the full function of KSR has the added
complications that Raf activation under
normal conditions is intricate and poorly
understood and that the extent to which
KSR contributes to aberrant Ras/ERK sig-
naling is unknown.

Although not every question regarding
KSR function has been answered, signifi-
cant research advances have been reported
in 2011. These findings come from the
reported structure of the KSR2/MEK1
complex'? and studies investigating the
effect of Raf inhibitors on KSR1 function
in Ras/ERK signaling."® Here, the new
insights learned from the inhibitor and
structure studies will be discussed along
with their potential significance to Ras/
ERK signaling in human disease.

Insights from the KSR2/MEK
Crystal Structure

In 2011, a major advancement in KSR-
ology was made when the crystal structure
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of MEK1 in complex with the C-terminal
kinase domain of the mammalian KSR2
protein (KSR2-KD) was published by Prof.
David Barford’s group at the Institute of
Cancer Research UK. Not only does this
elegant work provide important informa-
tion regarding the structure of KSR, it also
reveals how KSR and MEK interact. First
and foremost, the structure shows that the
C-terminal region of KSR2 assumes the
conformation of a conventional protein
kinase, capable of binding ATP and Mg**.
In the KSR2/MEKI complex, the cata-
lytic sites of MEK1 and KSR2 face one
another, with binding mediated by their
respective activation segments and C-lobe
a-G-helices. KSR2-KD adopts an inactive
kinase conformation due to the position of
the a-C helix, and the activation segments
of both proteins are constrained, thus pre-
cluding Raf from phosphorylating and
activating MEK.

The structure studies also reveal that
the KSR2/MEK1 complexes can form
tetramers as a result of KSR’s ability to
homodimerize through conserved resi-
dues in what has been termed the “side-
by-side dimer interface”¥ The dimer
interface region is conserved in all KSR
and Raf family members and is critical
for dimerization of the Raf kinases as well
as for binding between the KSR and Raf
proteins, both of which occur in response
to growth signaling or Raf inhibitor treat-
ment.'*"* Although it has been known for
some time that KSR plays a key role in
delivering MEK to Raf at the cell surface,’
the intricacy of the interactions required
for Raf to MEK signal transmission were
not fully appreciated until the structures
of B-Raf and the KSR2/MEKI1 complex
were solved.!>1 Structural analysis of
the respective homodimer interface of
KSR2 and B-Raf indicates that forma-
tion of a KSR2/B-Raf heterodimer would
be accompanied by a shift in the KSR2
a-C helix to an active conformation,
resulting in the release of the MEK activa-
tion segment.'>” Interestingly, the B-Raf
molecule that induces the shift in KSR2
conformation interacts with the backside
of KSR2 and is not in a position to phos-
phorylate KSR2-bound MEK. Therefore,
phosphorylation of the MEK activation
segment must be accomplished by a sec-
ond Raf molecule in trans.
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Adding even more complexity to the
process is the issue of KSR catalytic activ-
ity. Given that the KSR2 structure did not
exclude the possibility that KSR proteins
are functional kinases, Brennan and col-
laborators'? re-addressed the issue of KSR
catalyticactivity using in vitro kinase assays
and a KSR2-KD mutant that utilizes an
ATP analog, thus allowing the investiga-
tors to distinguish KSR2-catalyzed activ-
ity from that of a contaminating kinase.
In these assays, weak phosphorylation of
MEKI1 was observed. When the phos-
phorylation sites were identified by mass
spectrometry, the residues phosphorylated
were not in the activation segment (5218
and $222), but were previously unidenti-
fied sites found in the MEK1 N-terminal
region (S18, S24, S72 and T23). The
stochiometry of KSR2-catalyzed phos-
phorylation was only 1.25%; however,
the kinase activity attributed to KSR2 did
increase when KSR2 was allowed to het-
erodimerize with B-Raf. Interestingly, a
study by Hu et al.>* has also indicted that
KSR1 demonstrates kinase activity toward
MEK, but the sites of MEK reported to be
phosphorylated differ from the sites iden-
tified by Brennan et al.”? Using immuno-
precipitated KSR1 proteins in complex
with inhibitor-treated C-Raf, Hu et al.
found that KSR1 can weakly phosphory-
late MEK on the activation segment S218
and S222 sites. However, because MEK
phosphorylation was only evaluted using
pS218/pS222 antibodies, it is possible
that the sites identified by Brennan et al.
might also be phosphorylated. Moreover,
the assays conducted by Hu et al. contain
C-Raf, which is a strong MEK pS218/
pS222 kinase, and although Raf inhibitors
were added to block C-Raf activity, weak
phosphorylation of the MEK activation
segment might reflect some residual C-Raf
activity. Clearly, further experimentation
is needed to assess the in vivo significance
of KSR-mediated MEK phosphorylation
and to determine whether KSR demon-
strates catalytic activity toward any other
substrate(s).

Insights from Raf Inhibitor Studies
Aberrant activation of the Ras/ERK path-

way is a hallmark of many cancers, and
there has been much interest in developing
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therapeutics that will inhibit pathway sig-
naling. Moreover, the observation that the
B-Raf kinase is highly mutated in a vari-
ety of human tumors'® has hastened the
discovery of numerous ATP-competitive
Raf kinase inhibitors."”*® Although these
inhibitors can block ERK activation by
inhibiting the activity of the most preva-
lent and highly active VG600E-B-Raf
mutant, they paradoxically activate ERK
by promoting dimerization of Raf fam-
ily members in the presence of oncogenic
or normally activated Ras.”?' Activation
of Ras, mediated by normal signaling
events or by mutation, induces dimeriza-
tion of the B-Raf and C-Raf kinases at the
plasma membrane, which in turn stimu-
lates Raf activity through a process that is
not fully understood.?* In Raf-inhibitor-
treated cells, binding of the drug appears
to stabilize the B-Raf/C-Raf dimers at the
membrane and in doing so enhances ERK
activation.'”?°

Raf dimerization is mediated by resi-
dues in the side-by-side dimer interface.
Given that the dimer interface is conserved
in the KSR proteins and that KSR inter-
acts with Rafin response to Ras activation
as well, it seemed plausible that Raf inhib-
itor treatment might also promote KSR/
Raf binding. Utilizing Raf inhibitors that
bind to either the active (Type I inhibi-
tors, SB590885, 1779450, PLX4720 and
GDCO0879) or inactive (Type II inhibi-
tors, Sorafenib) kinase conformations
of Raf, work from our laboratory found
that this was indeed the case. Treatment
with 1779450, SB590885, GDC0879
or Sorafenib induced robust binding of
KSR1 to endogenous B-Raf in cycling
mouse embryonic fibroblasts (MEFs),?
(for GDCO0879 effect see Fig. 1A).
Another inhibitor tested, PLX4720, trig-
gers a shift in the aC-helix of B-Raf that
does not occur with the other inhibitors,”
and PLX4720 was the only Raf inhibitor
that failed to promote the KSR1/B-Raf
interaction.”® All the mammalian KSR
proteins (KSR1, B-KSR1 and KSR2)
were capable of forming inhibitor-induced
complexes with B-Raf. Strikingly, how-
ever, drug treatment resulted in little to
no interaction with C-Raf even when
C-Raf was highly overexpressed, indi-
cating that the inhibitors primarily pro-
mote KSR/B-Raf binding. Preferential
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Figure 1. Raf inhibitor and growth factor treatment induces KSR1/B-Raf binding. (A) KSR1T com-
petes with C-Raf for inhibitor-induced binding to B-Raf. Cycling KSR” MEFs and those expressing
WT-KSR1 were treated with 10 uM GDC0879 for 1 h. KSR1 or endogenous C-Raf complexes were
isolated and examined for endogenous B-Raf. Lysates were analyzed for pERK and KSR levels. (B)
Serum-starved Hela cells were treated with EGF for 5 min. Endogenous KSR1 complexes were
isolated and examined for endogenous B-Raf or C-Raf binding.

binding between KSR1 and B-Raf does
not appear to be related to the affinity
of the inhibitors for B-Raf vs. C-Raf, in
that Sorafenib, which has higher binding
affinity for C-Raf, also promotes KSR/B-
Raf complex formation and not KSR/C-
Raf binding. Rather, this result seems to
be consistent with an intrinsic preference
for KSR to interact with B-Raf, which
is also observed in growth factor-treated
cells (Fig. 1B).

The Raf inhibitors are typically used in
the context of oncogenic signaling; there-
fore, to evaluate the functional relevance of
our findings, we next investigated whether
induced KSR/Raf
binding in cancer cell lines. In agreement
with our studies in MEFs, we found that
L779450 treatment induced robust bind-
ing between the endogenous KSR1 and
B-Raf proteins, but little to no associa-
tion of endogenous KSR1 and C-Raf in

representative non-small cell lung carci-

inhibitor treatment

noma and melanoma lines.”> PLX4720
treatment again failed to induce com-
plex formation between KSR1 and either
the B-Raf or C-Raf proteins.”® It should
be noted that in contrast to our findings
(reviewed in ref. 13 and Fig. 1A), Hu et
al.?* has reported that treatment with
PLX4720 as well as GDC0879 induces
KSR1/C-Raf binding; however, these
studies were conducted under non-physi-
ological conditions where both the C-Raf
and KSR1 proteins were overexpressed in
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293T cells. Co-overexpression of the KSR
and Raf proteins has been shown to pro-
mote interactions that do not occur under
endogenous conditions® and may account
for the different results.

Inhibitor-induced KSR1/B-Raf bind-
ing was observed in cancer lines that
contained activated Ras (A549, HMCB),
kinase-impaired G466A-B-Raf (Call2T)
or high activity V600E-B-Raf (A375),"
indicating that this interaction occurs
in a variety of mutational backgrounds.
Drug-induced binding of KSR1 to V600E
B-Raf was further substantiated using a
Flag-tagged VG600E-B-Raf protein and
provided the first indication that there
might be important differences between
inhibitor-induced binding of KSR1 and
B-Raf vs. that of C-Raf and B-Raf. From
previously published reports and our
own studies characterizing Raf inhibitor-
induced C-Raf/B-Raf dimerization, the
following was known."*"2! First, Raf
inhibitor treatment promotes binding of
C-Raf to WT B-Raf or impaired activity
B-Raf mutants, but not to the high activ-
ity V60OE-B-Raf. Second, drug-induced
binding is mediated by the side-by-side
dimer interface, and this region must be
intact in both Raf molecules. Third, the
drug must bind to the ATP pocket of at
least one Raf molecule within the dimer.
Fourth, inhibitor-mediated C-Raf/B-Raf
dimerization requires Ras binding and
occurs at the plasma membrane.
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Figure 2. KSR1 attenuates ERK activation in GDC0879, but not PLX4720-treated cells. A549 cells
expressing either the pLKO.1 vector or pLKO.1-KSR1 shRNA were treated as indicated for 1 hr.
Lysates were analyzed for pERK and tubulin levels. Depletion of KSR1 is also shown.

Given our finding that the activity level
of B-Raf had no effect on the drug-medi-
ated interaction with KSR1, we went on
to systematically compare the similarities
and differences between Raf inhibitor-
induced KSR/B-Raf and C-Raf/B-Raf
complex formation.”” Among the simi-
larities, we found that inhibitor-induced
KSR1/B-Raf binding is mediated by the
side-by-side dimer interface and could
be disrupted when a conserved arginine
residue was mutated to histidine in either
the KSR1 (R615H) or B-Raf (R509H)
interface region. Mutation of the B-Raf
gatekeeper site (T529M) also prevented
the drug-induced interaction with KSR1,
indicating that the inhibitor must bind
directly to B-Raf. Interestingly, drug
treatment promoted little KSR1/KSR2
or KSR1/KSR1 interaction and mutation
of the predicted gatekeeper site (T636M)
in KSR1 reduced but did not eliminate
B-Raf binding, suggesting that the Raf
inhibitors may bind only weakly to the
KSR proteins.

In sharp contrast to inhibitor-mediated
C-Raf/B-Raf dimerization, drug-induced
binding between KSR1 and B-Raf was
found to be Ras-independent and could
occur in the cytosol. More specifically,
we observed that mutation of the Ras-
binding region of B-Raf did not disrupt
inhibitor-induced KSR1 binding, that
KSR1 proteins unable to translocate to the
cell surface were still competent to interact
with B-Raf in drug-treated cells, and that
inhibitor-induced KSR/B-Raf complexes
were readily detectable in the cytoplasm
of fractionated cells. Of note, these find-
ings are also in contrast to growth factor

mediated-KSR1/B-Raf binding, which
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like growth factor- and inhibitor-induced
C-Raf/B-Raf dimerization occurs at the
membrane in a Ras-dependent manner.'>»

As a result of the above differences and
because both KSR and C-Raf interact
with B-Raf through the dimer interface,
KSR1 was found to compete with C-Raf
for inhibitor-induced binding to B-Raf.
Utilizing MEFs that lack all KSR pro-
teins (KSR’ MEFs) and those reconsti-
tuted with WT-KSR1, we found that the
presence of KSRI significantly reduced
complex formation between C-Raf and
B-Raf when cells were treated with any
drug capable of promoting the KSR1/B-
Raf interaction’® (for GDCO0879 effect
see Fig. 1A). WT-KSRI also blocked the
inhibitor-induced membrane association
of both B-Raf and C-Raf, and analysis
of KSR1 mutant proteins revealed a cor-
relation between the ability of a KSR1
mutant to bind B-Raf and the degree to
which inhibitor-induced B-Raf/C-Raf
binding was reduced. Most importantly,
we found that the presence of KSRI
attenuated the activating effects of the
inhibitors as measured by pERK levels.”?
The decrease in ERK activation correlated
with a decrease in inhibitor-induced Raf
kinase activity and was only observed
when cells were treated with drugs that
promote KSR1/B-Raf binding. In agree-
ment with previous reports that activation
of C-Raf by Raf dimerization is critical for
inhibitor-induced ERK activation,”?' the
presence of KSR1 severely reduced C-Raf
activity in drug-treated cells. Further
demonstrating the functional importance
of these findings, the attenuating effect of
KSR1 on inhibitor-induced ERK signal-

ing was also observed in oncogenic cell
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lines expressing activated Ras (HMCB
and A549). In this case, cells depleted of
KSR1 exhibited higher inhibitor-induced
pERK levels than were observed in control
cells possessing KSR1"? (GDCO0789 treat-
ment is shown in Fig. 2). This effect was
not observed when cells were treated with
PLX4720 (Fig. 2), which does not induce
KSR/B-Raf binding, and in agreement
with previous reports in references 19 and
20, was not observed in A375 cells where
the inhibitors effectively block V60OE-B-
Raf activity.”® Together, the findings from
our study indicate that KSR1 expression
may impact the therapeutic effect of select
Raf inhibitors. Thus, determining KSR1
protein levels will likely have important
implications for the use of these inhibitors
in cancer treatment.

Concluding Comments

The recent KSR structure and Raf inhibi-
tor studies have significantly expanded
our knowledge of KSR function. They
have further demonstrated the importance
of KSR’s scaffolding activity and have
shown that signal transmission from Raf
to MEK is a highly intricate process. In
light of these new insights, a revised model
for KSR function in MEK regulation is as
follows (Fig. 3). Under quiescent condi-
tions, C-Raf, B-Raf and the KSR/MEK
complex are all present in the cytosol.
KSR retains MEK in an inactive state by
binding the MEK activation segment and
preventing its access for phosphorylation.
In addition, transient and unstable bind-
ing interactions appear to occur between
the cytosolic KSR/MEK complex and
B-Raf. Upon growth factor treatment,
GTP-bound Ras recruits the Rafs to the
cell surface where B-Raf may first dimer-
ize with C-Raf and contribute to C-Raf
activation. The KSRI/MEK complex is
also recruited to the cell surface through
a mechanism that involves the atypi-
cal C1 domain of KSR1.?° At the mem-
brane, B-Raf then stably interacts with
the KSRI/MEK complex through the
dimer interface, inducing conformational
changes that expose the MEK activation
segment, which in turn is phosphorylated
in trans by activated C-Raf. In the case of
Raf inhibitor treatment, inhibitor binding
stabilizes the cytosolic KSR/MEK/B-Raf
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Figure 3. Model for KSR function. (A) In a quiescent cell, C-Raf, B-Raf, and the inactive KSR/MEK complex are localized in the cytosol, with transient
binding interactions occurring between B-Raf and the KSR/MEK complex. (B) Ras activation recruits the Rafs to the plasma membrane where B-Raf
participates in C-Raf activation. (C) The KSR/MEK complex also localizes to the membrane and interacts with B-Raf, inducing conformational changes
that expose the MEK activation segment for phosphorylation by C-Raf in trans. (D) Inhibitor-induced KSR1/B-Raf complexes can form in the cytosol,
thus antagonizing the formation of C-Raf/B-Raf dimers at the membrane.

complexes, thus sequestering B-Raf and
antagonizing its ability to interact with
C-Raf at the membrane and contribute to
C-Raf activation. Notably, even though
MEK is present in the cytosolic KSR/
MEK/B-Raf inhibitor complex, it cannot
be activated, given that B-Raf bound to
KSR through the dimer interface is steri-
cally unable to phosphorylate the MEK
activation segment.

Numerous gaps in our understand-
ing of KSR function have been filled;
however, there are still outstanding ques-
tions. In particular, the door is left open
as to whether kinase activity contributes
to KSR’s biological function. It is not
uncommon for pseudokinases to retain
some residual catalytic activity but deter-
mining the physiological relevance of that
activity awaits the identification and vali-
dation of physiological substrates. Even in
regard to KSR’s scaffolding activity, it is
unclear how dynamic the binding inter-
actions at the membrane are and whether
binding partners and binding affinities
may change as a result of other interac-
tions. Finally, KSR’s full contribution to
aberrant Ras/ERK signaling and whether
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targeting its scaffolding or kinase activity
will be of therapeutic value awaits further
investigation.
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