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Abstract

Introduction—Targeting downstream effectors required for oncogenic Ras signaling is a 

potential alternative or complement to the development of more direct approaches targeting Ras in 

the treatment of Ras-dependent cancers.

Areas covered—Here we review literature pertaining to the molecular scaffold Kinase 

Suppressor of Ras (KSR) and its role in promoting signals critical to tumor maintenance. We 

summarize the phenotypes in knockout models, describe the role of KSR in cancer, and outline the 

structure and function of the KSR1 and KSR2 proteins. We then focus on the most recent literature 

that describes the crystal structure of the kinase domain of KSR2 in complex with MEK1, KSR-

RAF dimerization particularly in response to RAF inhibition, and novel attempts to target KSR 

proteins directly.

Expert opinion—KSR is a downstream effector of Ras-mediated tumorigenesis that is 

dispensable for normal growth and development, making it a desirable target for the development 

of novel therapeutics with a high therapeutic index. Recent advances have revealed that KSR can 

be functionally inhibited using a small molecule that stabilizes KSR in an inactive conformation. 

The efficacy and potential for this novel approach to be used clinically in the treatment of Ras-

driven cancers is still being investigated.
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1. Introduction

Kinase Suppressor of Ras (KSR) proteins were identified more than 20 years ago in 

Drosophila (KSR) and Caenorhabditis elegans (KSR1 and KSR2) and shown to modulate 

Ras-mediated signaling [1–3]. It was immediately recognized that KSR had a more 

dominant regulatory effect on signaling from mutated Ras than wild type Ras. This result 
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was counterintuitive as the more robust signal of constitutively active Ras was predicted to 

be more difficult to repress [4]. In Drosophila, heterozygous mutations in KSR revert the 

phenotype of constitutively active Ras, RasG12V, which speaks to the ability of KSR to 

regulate mutated Ras signaling [3]. Several groups have shown that KSR acts downstream of 

Ras as a molecular scaffold for the Raf/MEK/ERK kinase cascade [5–19]. KSR plays a role 

in regulating several cellular mechanisms to promote cell proliferation and survival 

including participation in metabolic regulation, cell cycle reinitiation following DNA 

damage repair, and translational regulation of key mediators of a transformed phenotype 

such as Myc [15,20–25]. However, the mechanisms behind these effects are not yet fully 

elucidated.

2. Phenotypic analysis of KSR genetic inactivation

KSR proteins have been studied by genetic inactivation in several models. In Drosophila, 

there is only one KSR protein and homozygous inactivating or truncating mutations are 

lethal [3]. In contrast, in a genetic screen to identify modifiers of Ras signaling, it was 

discovered that heterozygous loss of ksr in Drosophila suppresses RasG12V signaling and 

prevented the roughening of the eye that is seen with increased Ras signaling [3]. In 

comparison, two KSR proteins are present (KSR1 and KSR2) in C. elegans as well as 

mammals and have both unique and overlapping functions [26]. In all cases, KSR proteins 

contribute positively to ERK phosphorylation and activation [1–3].

Apart from a few minor defects, ksr1-/- knockout mice are fertile and otherwise 

phenotypically and developmentally normal (Figure 1). Ksr1-/- mice have hair follicle 

defects similar to the phenotype of egfr-/- mice reinforcing the idea these proteins are within 

the same pathway [6,27,28]. As a result of reduced ERK signaling, ksr1-/- mice have a 

marginally impaired immunological response, particularly in regards to T-cell activation 

[6,16,29,30]. Most importantly, ksr1-/- mice are resistant to Ras-driven tumor formation [6]. 

This fact is demonstrated by the reduced mammary tumor burden in ksr1-/- mice with 

transgenic expression of polyomavirus Middle T-Antigen [6]. Induction of skin tumors with 

v-Ha-Ras was also completely lost in ksr1-/- mice [28]. These observations demonstrate that 

KSR modulates Ras signaling in vivo, but it is largely dispensable for normal cell survival. 

Yet the requirement for KSR1 in Ras-driven tumor formation makes it an attractive target for 

therapeutic intervention.

In contrast to the mild phenotype of ksr1-/- mice, ksr2-/- mice have reduced fertility and 

become spontaneously obese [31–34] (Figure 1). Although ksr2-/- mice have not been 

assessed for their resistance to tumor formation, there is in vitro evidence for a role of KSR2 

in promoting tumor formation. In ksr1-/- mouse embryo fibroblasts (MEFs), ectopic 

expression of KSR2 restored ERK1/2 activation and mutant Ras-dependent anchorage 

independent growth [35]. KSR2 is expressed in a mouse neuroendocrine cell line (Min-6) 

and mouse neuroblastoma/rat glioma hybrid cell line (NG108-15) and shRNA-mediated 

depletion caused reduced proliferation and anchorage-independent growth [35]. Consistent 

with observations in the knockout mice, RNAi studies of KSR2 in insulinoma cell lines 

showed defects in both ERK1/2 and AMPK activation leading to reduced metabolic activity. 
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Therefore, while the role of KSR2 in human cancers has not been defined, substantial 

evidence suggests a potential role for KSR2 in cancer [35,36].

3. The role of KSR in cancer

KSR1 has been extensively implicated in Ras-driven cancers [6,11,14,20,23–25,28,35,37–

39]. Consistent with its role as a molecular scaffold for the Raf/MEK/ERK cascade, KSR1 

interacts with each kinase in this cascade [13,14,40], and increasing levels of KSR1 enhance 

Ras signaling to a maximum point [14]. As predicted of a scaffold, exceeding the optimal 

cellular KSR1 concentration disrupts ERK signaling and inhibits Ras transformation by 

separating and sequestering the members of the kinase cascade from one another [14,39]. 

Comparing KSR1 expression in a panel of colon cancer cell lines to nontransformed human 

colon epithelial cell lines suggests that enhanced ERK signaling may be accomplished, at 

least in part, by upregulation of KSR1 in colorectal cancer [25]. Ksr1-/- mouse embryo 

fibroblasts are resistant to Ras-transformation, maintain contact inhibition, and fail to form 

colonies in soft agar [14]. In preclinical mechanistic studies, stable depletion of KSR1 using 

multiple shRNA sequences reduces the ability of colon cancer cells expressing mutant K-

Ras to grow in an in vitro soft agar assay as well as in an in vivo xenograft mouse model 

[25]. Finally, RNAi-mediated depletion of KSR1 robustly induces cell death in the Ras-

mutated colon cancer cell line HCT116 cells, but not in nontransformed human colon 

epithelial cells [25]. Taken together, these results support the conclusion that KSR1 is 

required for the complete oncogenic potential of Ras-driven cancer cells. These observations 

demonstrate that specific targeting of KSR1 could be selectively toxic to Ras-driven cancers 

with relatively little toxicity to the patient [28].

4. Structural analysis of KSR proteins

KSR is highly conserved from invertebrates to mammals. However, Drosophila express only 

one KSR protein, while C. elegans and mammals encode two members, KSR1 and KSR2 

[3,13]. KSR proteins are structurally related to Raf proteins; however, they have diverged to 

obtain significant structural and functional differences (Figure 2). KSR proteins are highly 

homologous, containing five conserved areas (CA1-CA5) [3]. The first conserved region on 

the N-terminus end is CA1. B-Raf binding to KSR1 depends on a 40 amino acid sequence 

within CA1 as well as MEK binding to the CA5 area of KSR1 [10,41,42]. Within the CA1 

domain, amino acids 25–170, termed CA1α, contain a coiled coil and sterile-α-motif 

(SAM), which promotes KSR1 membrane association that is essential for its positive effects 

on MAPK signaling [43]. The CA2 is a proline-rich region with an unknown function. CA3 

is a cysteine-rich atypical C1 motif that mediates the membrane localization of KSR by 

recruiting phospholipids and is largely homologous with the CR1 cysteine-rich region in Raf 

[44,45]. Studies on the cysteine-rich region of KSR, in contrast to C1 regions in Raf and 

PKCγ, have demonstrated that the KSR1 C1 domain is structurally unique, particularly 

within the ligand binding region, does not react to phorbol esters or ceramide, and does not 

directly interact with Ras [45]. CA4 is a serine/threonine rich region containing a FXFP 

motif that mediates interaction with ERK [10,46,47] and is similar to the CR2 region in Raf 

proteins. Interaction of KSR1 with ERK is not constitutive and requires Ras activation 

[48,49]. The CA5 domain in KSR proteins encodes a kinase domain highly homologous to 
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Raf family CR3 kinase domains [2,3]. CA5 contains a putative kinase domain; however, 

there are multiple mutations within this domain including an important lysine to arginine 

exchange in a lysine residue that is generally required for kinase activity (Table 1) [3,10]. 

Substantial effort has been exerted to clarify if KSR can or does phosphorylate any 

substrates within cells, and if so whether this activity contributes to the downstream effects 

of KSR (c.f., Section 8).

MEK1/2 bind to the CA5 region of KSR proteins and the interaction is constitutive in both 

quiescent and cells activated with growth factors [40,48,49]. Mutations within the CA5 

region that abrogate binding of KSR to MEK also reduce ERK signaling (Table 1) [1–

3,40,49]. However, due to the location of these mutations either within or near the ATP 

binding domain, they potentially also interfere with ATP binding or other KSR functions 

that may be independent of interaction with MEK (Table 1). Mutation C809Y within the C 

terminal tail of KSR1, and distal to the ATP binding domain, also disrupts MEK binding to 

KSR, yet allows for increased Ras-mediated ERK signaling (Table 1) [39]. These data 

suggest that the interaction between KSR and MEK is dispensable for Ras-induced ERK 

signaling and raises the possibility that this interaction reflects a negative regulatory role for 

KSR1 to control the timing and spatial location of MEK activation. The CA5 domain is also 

required for KSR to bind to Raf, but the mechanism is incompletely understood [41].

Another region has been identified in KSR2 between CA2 and CA3 that is required for 

interaction of KSR proteins with AMPK. Mutations in this and nearby regions reduced the 

binding of AMPK to KSR (Table 1) [33,36,42,50]. Tissue-specific splice variants have also 

been identified. B-KSR1 is a splice variant of murine KSR1 that is preferentially expressed 

in neural tissues that largely acts like KSR1 in regards to Raf/MEK/ERK interactions and 

signaling regulation, but specifically plays a role in cells within the central nervous system 

[49]. A truncated version of KSR2 (T-KSR2) was found in mouse testes, which may play a 

role in male fertility [51].

5. KSR proteins are molecular scaffolds of the Raf/MEK/ERK kinase 

cascade

Substantial evidence has demonstrated that KSR proteins act as molecular scaffolds for the 

Raf/MEK/ERK kinase cascade [5–19]. KSR promotes Raf phosphorylation of MEK 

[8,44,46] and is required for maximal Ras-mediated ERK phosphorylation and activation by 

MEK [3,6,13,14,20,46]. Prior to experiments that controlled the level of KSR1 expression, 

publications reported a conflicting role for KSR overexpression, suggesting that KSR1 could 

both promote and inhibit Ras signaling [1–3,14,38,44,46,48,52–54]. These data were 

consistent with the idea that KSR1 acts as a scaffold for the Raf/MEK/ERK kinase cascade 

as increasing this scaffold to an optimum level increases signaling; however, once the 

optimal level is exceeded, models predict that the scaffold will dilute and sequester the 

individual signaling components and disrupt signaling. This dose-dependent action of KSR1 

was demonstrated in ksr1-/- mouse embryo fibroblasts expressing various levels of a 

transgene KSR1 [14]. ERK signaling and proliferation, as well as KSR1 interaction with 

Raf, MEK, and ERK, all increased with increasing KSR1 expression until KSR1 was 
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approximately 14-fold higher than endogenous levels in wild type mouse embryo fibroblast 

cells. ERK signaling and cell proliferation then dramatically decreased, while the interaction 

of Raf, MEK and ERK with KSR1 plateaued when KSR1 was further increased to a level 

20-fold higher than endogenous levels [14]. When excessively high levels of KSR inhibit 

signaling of the MAPK cascade, these inhibitory effects can be abrogated by over-

expressing additional components of the MAPK pathway. This was elegantly demonstrated 

in Drosophila S2 cells where the over-expression of Raf and MEK in conjunction with KSR 

overexpression still demonstrates robust MEK phosphorylation by Raf even with levels of 

KSR that would normally interfere with MEK phosphorylation [13]. These characteristics 

are consistent with the defining features of scaffolding proteins [55,56]. Furthermore, the 

scaffolding activity is both temporally and spatial regulated and is dependent upon Ras 

activation status and KSR subcellular localization to the plasma membrane, allowing for 

additional levels of regulation of the Ras pathway.

In resting conditions, KSR1 is bound to MEK and an autocatalytic ubiquitin ligase, IMP, and 

is sequestered in the cytoplasm as a result of C-TAK1 phosphorylating KSR1 at S392, which 

promotes 14–3-3 binding [40,41,48,52,54,57,58] (Figure 3(a)). The crystal structure of 

KSR2 kinase domain bound to MEK demonstrated that these proteins interact at two 

primary locations: the activation segments within their kinase domains and the alpha G 

helixes on the C-terminal lobe of each protein [8], and mutations within the alpha G helix of 

MEK [41], or mutations that either disrupt the secondary structure of or are within the alpha 

G helix of KSR inhibits the binding of KSR to MEK (Table 1) [8]. Of note, when KSR is 

bound to MEK, the activation segments of both proteins are constrained. MEK cannot be 

phosphorylated and activated, and KSR is in an inactive conformation [8]. This inactive state 

may reflect KSR1:MEK heterodimers in the cytoplasm of quiescent cells. Upon Ras 

activation, Raf is phosphorylated, and PP2A dephosphorylates KSR1 at S392, such that 14–

3-3 no longer binds [59] (Figure 3(b)). IMP dissociates simultaneously from KSR1, interacts 

with GTP-bound Ras, autoubiquitinates, and is targeted to the proteasome for degradation 

[57] (Figure 3(b)). KSR1 is then free to move to the plasma membrane with MEK in tow 

[5,13,14] (Figure 3(c)). The localization of KSR1 to the plasma membrane is dependent 

upon its interaction with Caveolin-1 and is required for KSR1-mediated ERK activation and 

Ras-driven transformation [18]. Once KSR1 localizes to the plasma membrane, MEK is 

phosphorylated by activated Raf [5,13,14,44,63]. Based on the observation that KSR1 

bearing C809Y mutations fails to interact with MEK and promotes ERK activation better 

than WT KSR1, MEK is predicted to phosphorylate ERK when it is dissociated from KSR1 

(Table 1). Once phosphorylated by MEK, ERK interacts with KSR1, and this interaction is 

required for normal ERK signaling [39,41] (Figure 3(d)). The sustained and coordinated 

activation of ERK ultimately promotes the transformation, survival, and proliferation of Ras-

driven cancer cells [6,14,21,28]. The activation of ERK also controls a negative feedback 

loop, in which activated ERK when bound to KSR1 phosphorylates and inhibits both KSR1 

and B-Raf [41,64]. This phosphorylation by ERK causes KSR1 and B-Raf to dissociate from 

the plasma membrane and halts additional ERK activation.
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6. KSR proteins form heterodimers with Raf proteins to regulate MEK and 

ERK activation

Dimerization of Raf proteins is thought to be crucial for wild type Raf activation. This 

dimerization is not unique to Raf proteins within the MAPK pathway as both Ras and ERK 

have also been shown to form dimers [65–69]. The similarity between KSR and Raf proteins 

is specifically conserved within the region required for Raf dimerization and KSR has been 

shown to form heterodimers with Raf, particularly B-Raf [8,37,63]. This dimerization 

regulates an allosteric conformational change in KSR that allows for the phosphorylation of 

MEK [8]. Specifically, when KSR forms a dimer with a Raf protein (cis interaction), the 

conformational change in KSR facilitates the exposure of the activation site on MEK and 

allows for its phosphorylation. However, the dimerization of KSR and Raf orients the Raf 

protein such that the catalytic site of Raf is not in proximity to its phosphorylation target site 

on MEK [8]. Therefore, this phosphorylation must be completed by another Raf protein 

(trans interaction) [8]. More recently, it has been shown that KSR2 is also able to 

homodimerize through a side-to-side interface that is specifically dependent upon Arg718 

[8]. In a genetic screen, mutations at this site were previously shown to suppress Ras 

signaling, suggesting that dimerization of KSR proteins is required to promote Ras signaling 

[1-3]. This is consistent with results that mutations that inhibit the KSR-Raf 

heterodimerization decrease Raf activity (Table 1) [63]; however, the functional role of KSR 

homodimers is still incompletely understood.

7. The effects of Raf kinase inhibitors on KSR and Raf dimerization

Raf kinase inhibitors were developed in the hopes they would be able to suppress Ras 

signaling even in the presence of oncogenic, activating Ras or Raf mutations. Unfortunately, 

while these inhibitors were shown to strongly antagonize Raf activity in RafV600E mutant 

cells, paradoxical increases in Raf activity and downstream Ras signaling were often seen in 

cells with Ras or Raf mutations following treatment with Raf kinase inhibitors [70–72]. 

Several follow-up studies demonstrated that this effect was due to increased Raf 

dimerization and subsequent activation [70,72–74]. This led to several studies that revealed 

there are multiple classes of Raf mutations including highly activating mutations (e.g. 

V600E) that resulted in monomeric activated Raf as well as additional mutations that only 

weakly improved the catalytic activity of Raf or even decreased it, yet promoted dimer 

formation and the subsequent Raf activation [70,72]. These Raf mutants would then increase 

the activation of its binding partner, which could be a wild type or mutant Raf protein, to 

ultimately increase overall Raf activation and ERK signaling. Therefore, the Raf kinase 

inhibitors are only functional against highly activating Raf mutations, and can lead to an 

increase in Raf activity by increasing Raf dimer formation [72]. It is important to note, that 

Raf inhibitor binding also demonstrates inverse cooperativity as binding of the inhibitor to 

one Raf protein in a Raf protein dimer, decreases the affinity of the other protein to inhibitor 

binding [75,76]. The inhibitor, therefore, promotes increased dimer formation and 

subsequent Raf activation where one Raf protein is still catalytically active, which can 

increase overall Raf activity even in cells that have Raf mutations.
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Raf inhibitors also promote KSR1-B-Raf heterodimer formation [9]. In this manner, KSR1 

can compete with C-Raf for inhibitor-induced dimerization to B-Raf. The dimerization 

between C-Raf and B-Raf promotes ERK signaling; however, complex formation of KSR 

and B-Raf actually limits ERK activation [9], which suggests that KSR in cells being treated 

with Raf kinase inhibitors may actually limit paradoxical, rebound ERK activation in 

response to inhibitor-induced Raf dimerization and activation. While dimerization of B-Raf 

with KSR2 allosterically alters the orientation of KSR2 into a more catalytically active 

conformation, the overall effects of KSR expression reducing Raf inhibitor-induced ERK 

signaling suggests that the phenotypic effects of KSR in this scenario is not likely to be a 

result of its kinase activity [9].

8. Non-canonical functions of KSR proteins

Recent work has demonstrated additional functions for KSR that are either independent or 

downstream of its role as a scaffold for the Raf/MEK/ERK kinase cascade. Both KSR1 and 

KSR2 have been shown to promote tumorigenesis through positive regulation of AMPK 

[16,25,33,35]. While the role of AMPK in cancer is still controversial, multiple groups have 

shown that after transformation, AMPK can promote tumor cell survival by mediating an 

increase in the overall metabolic capacity allowing the cells to survive in stressful 

conditions. One mechanism by which this occurs is through the upregulation of PGC1β and 

its transcriptional partner ERRα [23,25]. An additional KSR-regulated mechanism 

promoting the expression of PGC1β has recently been described where KSR1 promotes 

ERK activation in colon cancer cells, which is required for increased MYC translation. 

MYC then acts as a transcription factor and increases PGC1β transcript levels [24]. KSR 

proteins also plays a role as an overall metabolic regulator in cells by regulating glucose 

metabolism [22] and adipogenesis [15]. The scaffold function of KSR1 promotes 

adipogenesis by coordinating the timing and intensity of ERK-dependent p90 RSK 

activation with the expression of its key adipogenic substrate C/EBPβ. Defective 

adipogenesis in vitro caused by loss of KSR1 can be rescued by adding back low levels of 

KSR1. Increasing KSR1 levels above the optimal level inhibits adipogenesis through 

sustained ERK signaling while inducing the phosphorylation and inhibition of the key 

adipogenic transcription factor PPARγ [15].

The presence of a kinase domain within the CA5 domain of KSR has led numerous groups 

to examine the potential of KSR to act as a kinase. Initial reports suggested KSR was a 

ceramide-activated kinase [74] even though amino acids critical for phosphotransferase 

activity, including the lysine involved in exchange of the gamma phosphate of ATP with a 

substrate are not conserved within the kinase domain of KSR proteins [3,26,49]. More 

recently, a crystal structure of the kinase domain of KSR2 and MEK1 with ATP bound 

within the catalytic site combined with in vitro assays and chemical genetics data suggest 

KSR2 has the potential to phosphorylate MEK [8]. However, the evidence supporting a role 

for KSR as a kinase has shown very low levels of substrate phosphorylation in vitro (low 

stoichiometry), has demonstrated phosphorylation on sites different than those required to 

activate MEK, has largely been based on experiments performed outside of cellular systems, 

and may be a consequence of co-precipitating kinases as many subsequent experiments have 

demonstrated KSR1 lacks catalytic activity [44,78]. This raises the question as to whether 
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any residual intrinsic kinase activity within KSR proteins has biological relevance. 

Expression of the isolated kinase domain of KSR inhibited ERK signaling and suppressed 

Ras-dependent Xenopus oocyte maturation, cellular transformation, and Drosophila eye 

development [46]. This supports the role of KSR proteins as molecular scaffolds, where the 

isolated expression of the CA5 domain, which could only bind and sequester MEK, but not 

regulate its cellular localization or coordinate interactions with Raf, would be expected to 

antagonize MAPK signaling [40,46,54]. In contrast, the conservation of the binding site 

residues for ATP within KSR and the prevalence of mutations within the ATP binding 

pocket in loss-of-function KSR mutants do suggest that ATP binding itself may play an 

important role in KSR activity (Table 1) [2,3,46]. Thus, KSR proteins have been considered 

pseudokinases.

KSR1 has been shown to travel through the nucleus when in complex with MEK [79]. The 

functional significance of this subcellular localization is unknown, but may facilitate activity 

of ERK toward nuclear substrates. Further investigation may provide additional 

understanding of the complex role KSR plays in modulating ERK signaling as well as other 

processes. These and additional undiscovered pathways could reveal novel approaches for 

targeting of KSR-dependent actions specific to tumor cell maintenance.

9. KSR as a target for therapy

Based on the role KSR1 plays in modulating signaling through the Raf/MEK/ERK kinase 

cascade and the fact that ksr1-/- mice are largely phenotypically normal, targeting KSR1 in 

Ras-driven cancers appears to be a reasonable approach to selectively target cancer cells 

without subjecting patients to the side effects that normally accompany chemotherapeutics. 

Supporting this strategy, RNAi approaches depleting cancer cells of KSR both within in 
vitro and in vivo models demonstrated a decrease in tumor growth [25]. Further, a 

continuous infusion of phosphorothioate antisense oligonucleotides that inhibited KSR1 

expression caused regression of established tumors and inhibited metastases without overt 

toxicity in Ras-driven PANC-1 pancreatic and A549 non-small cell lunch cancer xenografts 

in nude mice [80].

Recent studies have attempted to target KSR proteins directly for therapy. The small 

molecule APS-2–79 is able to bind and stabilize KSR in an inactive state, interfere with 

KSR:Raf heterodimerization, and inhibit oncogenic Ras signaling [37]. Based on the finding 

that mutations in KSR that suppress oncogenic Ras signaling largely mapped to a region 

adjacent to the ATP-binding pocket, it was hypothesized that a small molecule that bound 

KSR within the ATP-binding pocket could interfere with Ras signaling. APS-2–79 blocks 

heterodimerization with Raf and conformationally biases KSR towards an inactive state [37] 

similar to the conformation of the KSR2 kinase domain bound to MEK1 and ATP [8]. In this 

conformational state, MEK cannot be phosphorylated because the active segments of both 

MEK and KSR2 interact directly with additional stabilization provided by interactions 

between the alpha G helices on the C-terminal lobe of each protein [8]. The efficacy of 

APS-2–79 has been demonstrated with a simplified cell-based reconstitution system that 

monitored KSR-dependent MEK and ERK signaling. KSR enhanced MEK phosphorylation 

at Ser218/Ser222 by Raf in a dose-dependent manner. This increased phosphorylation was 
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inhibited by APS-2– 79, but not a similar small molecule that due to small modifications 

was no longer able to bind to KSR2. The effect of APS-2–79 was also lost when KSR was 

mutated within the active site (A690F) such that KSR can promote MEK phosphorylation 

even in the absence of ATP binding. APS-2–79 had no ability to affect MEK 

phosphorylation in the absence of KSR, suggesting that the effect of APS-2–79 on ERK 

signaling is dependent on KSR, and APS-2–79 does not inhibit MEK phosphorylation by 

interacting directly with Raf proteins even though Raf shares a high degree of homology 

with KSR1 and KSR2 [37]. Unfortunately, APS-2–79 was only modestly able to decrease 

cell viability in two Ras-mutated cancer cell lines (HCT116 and A549) and did not affect 

Raf-mutated cancer cells (A375 and SK-MEL-293) [37]. In contrast to APS-2–79, in 

HCT116 cells, transient siRNA-mediated depletion of KSR1 causes a reduced viability in 
vitro and stable shRNA-mediated depletion of KSR1 reduces tumor growth in vivo [25]. 

There are several reasons that may explain the discrepancy between APS-2–79 treatment and 

RNAi-induced protein loss. The ability of APS-2–79 to bind and directly inhibit KSR1 has 

not yet been demonstrated, and therefore it may not bind and inhibit KSR1 as well as it does 

KSR2, limiting its efficacy. The limited efficacy of APS-2–79 could also result from 

compensation by alternative MAPK pathway scaffolds. Several scaffolds have been shown 

to allow for increased Ras-mediated signaling such as IQ motif-containing GTPase 

activating protein 1 (IQGAP1), Sef, dystroglycan, β-arrestin, MEK partner 1 (MP1), and 

Paxillin [11,55,56,65,66,81]. However, this possibility is less likely as the RNAi-mediated 

depletion of KSR1 robustly disrupts Ras signaling even with potential compensation by 

other scaffolds. It is also possible that APS-2–79 only inhibits a subset of KSR-dependent 

signaling events and therefore is less effective than RNAi-mediated depletion of KSR1. 

However, APS-2–79 treatment shows substantial synergy in Ras-mutated cancer cells with 

MEK inhibitors, particularly trametinib. This observation suggests that robustly inhibiting 

Ras-mediated ERK signaling in conjunction with inhibition of non-canonical components of 

KSR1-dependent signaling is efficacious though the exact mechanism behind this synergy is 

not known [37]. Demonstrating the binding and inhibition of APS-2–79 on KSR1 and 

evaluating its ability to inhibit both canonical and non-canonical KSR1-dependent effects 

will be important moving forward.

10. Conclusions

Despite being identified more than 20 years ago, the functions of KSR proteins and the 

mechanisms by which they modulate Ras signaling and promote cancer cell survival are not 

fully understood. It is well established that KSR acts as a scaffold for the Raf/MEK/ERK 

kinase cascade and promotes phosphorylation and activation of Ras downstream effectors 

through protein:protein interactions and subcellular trafficking. However, understanding the 

dynamics of these interactions, the control of the subcellular localization of KSR, and the 

regulation of KSR expression in cells is vital because KSR has the potential to both promote 

or inhibit ERK signaling. This behavior is consistent with KSR acting as a scaffold protein 

and suggests that since KSR modulates Ras signaling in normal cells, KSR itself must be 

tightly regulated. These regulatory mechanisms, while likely still at play in cancer cells, are 

at least somewhat disrupted as evidenced by increased KSR1 protein expression. This 

increased expression in cancer and selective requirement for KSR1 for cancer cell survival, 
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but not normal cell survival, suggests that KSR1 would be a selective, efficacious therapeutic 

target in cancers of the pancreas, colon, and lung where Ras mutations are commonly 

required for tumor growth and survival.

Recent work has further characterized KSR proteins, and several new functional and 

physical interactions have been identified. The introduction of Raf inhibitors has expanded 

our understanding of KSR:B-Raf heterodimerization and the mechanisms behind Raf 

activation. The study completed by Brennan et al. presented the crystal structure of the 

kinase domain of KSR2 complexed with MEK1, which provides novel insights into this 

physical interaction. The recent publication by Dhawan et al. demonstrated the possibility of 

targeting KSR proteins with a small molecular inhibitor that stabilizes KSR in an inactive 

state to effectively limit Ras signaling. The limited efficacy of APS-2–79 as monotherapy 

against Ras-and Raf-mutated cancer cells is disappointing; however, more selective targeting 

of KSR1 may substantially improve its effectiveness and is still a viable therapeutic 

approach based on the promising signaling studies. Further elucidating the roles of KSR in 

both cancer and normal cells will allow for additional approaches to be employed for the 

development of additional KSR inhibitors that have the potential to transform the clinical 

treatment of Ras-driven cancers.

11. Expert opinion

The recognition that KSR modulates Ras signaling and acts as a scaffold for Raf/MEK/ERK 

kinase cascade has led to KSR being evaluated as a therapeutic target in Ras-driven cancers. 

Ksr1-/- mice are grossly normal, but resistant to Ras-driven tumori-genesis, and in vitro 
studies have demonstrated a selective requirement for KSR1 in Ras-mutated cancer cells 

making KSR1 an attractive target for therapeutic intervention in cancer. KSR is 

constitutively bound to MEK in an inactive conformation until Ras is activated. Upon Ras 

activation, KSR localizes to the plasma membrane and KSR and B-Raf form heterodimers 

that causes a conformational change and makes the active site on MEK available for 

phosphorylation. Recently, a small molecule inhibitor, APS-2–79, was identified that binds 

to KSR2 when it is in complex with MEK and locks it in an inactive conformation. This 

prevents KSR2:Raf dimerization and does not allow for the conformational change that must 

occur for MEK to be phosphorylated and activated when it is bound to KSR2.

The next big step for the current KSR inhibitor will be to prove its selectivity and efficacy. 

Since the APS-2–79 inhibitor fits within the ATP-binding region of the pseudokinase 

domain of KSR2, it is reasonable to assume there could be some nonspecific interactions 

with other kinases and ATP-binding proteins. As KSR2 has been primarily studied in obesity 

models, it will be important to evaluate the inhibitory effects of APS-2–79 specifically on 

KSR1. Perhaps most importantly, this small molecule inhibitor needs to prove its anticancer 

efficacy in both cellular and animal models, since the current work has largely focused 

specifically on MEK and ERK activation.

An insufficient understanding of the differences between KSR1 and KSR2 is a limitation of 

the current research. These proteins have substantially different expression profiles. KSR2 is 

largely expressed in the brain including within the pituitary. While KSR1 is also highly 
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expressed in the brain, it is also expressed at relatively low levels in most other tissues. The 

profound differences in the phenotype of ksr1-/- and ksr2-/- mice demonstrates that while 

there is likely significant overlap in their functions, KSR1 and KSR2 have unique and 

distinct physiological roles.

Developing an inhibitor that preferentially targets KSR1 more than KSR2 and other related 

proteins will be vitally important as selectivity will impact both its efficacy as a cancer 

therapeutic and its potential side effects. To identify and develop a specific, efficacious 

KSR1 inhibitor that lacks major side effects, additional work evaluating the shared and 

specific roles of KSR1 and KSR2 is necessary. This will include understanding the 

regulation behind the tissue specific expression of KSR2 and upregulation of KSR1 in 

cancer, as well as the profound effects on energy balance observed with disruption of KSR2, 

but not with loss of KSR1. It will also be important to examine the effects of KSR inhibition 

in a global context, particularly in light of the evidence that KSR expression antagonizes Raf 

kinase inhibitor-induced Raf dimerization and paradoxical activation. Future work will 

further clarify the relationship between these structurally similar proteins.

Targeting scaffolding proteins and interfering selectively with protein:protein interactions 

has proven significantly more difficult than targeting kinases and is one of the reasons that 

drugs directly targeting mutated Ras proteins are not yet clinically available. Many kinase 

inhibitors fit within a pocket in the protein. This allows for tight, specific binding of the 

small molecule that often competes with ATP, enzyme cofactors, substrates, or other proteins 

that interact with the kinase. Additional approaches could be employed to target KSR. 

Potential allosteric effects between the extended amino terminal regions and the carboxyl 

terminal kinase domain have not been exploited. The extensive regulation of KSR 

expression, protein:protein interactions, and subcellular localization also create additional 

opportunities for the inhibition of Ras-dependent and KSR-regulated signals. For example, 

impeding KSR1 localization to the plasma membrane could disrupt Ras-driven ERK 

activation. This might be achieved by stabilizing 14-3-3 binding or preventing the interaction 

between KSR1 and Caveolin-1, which has been previously shown to be required for KSR 

localization to the plasma membrane.

Specific targeting of KSR1 is likely to hold significant promise as a selective therapeutic in 

Ras-driven cancers. Approximately 30% of all human cancers possess activating Ras 

mutations. If KSR1 is critical for the transduction of signals from oncogenic Ras even in a 

fraction of these cancers, selective disruption of this molecular scaffold would represent a 

significant advancement in the treatment of cancer in many patients. A significant advantage 

of this approach is the possibility of treating the tumors without subjecting patients to the 

harsh side effects that are experienced with current therapies. This promising approach is 

likely to be explored extensively in the coming years following the sentinel paper by 

Dhawan et al. that demonstrates targeting and stabilizing KSR in an inactive state is a viable 

approach.
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highlights

• Though ksr1-/- mice are largely phenotypically normal, they have reduced 

ERK signaling and are resistant to Ras-driven tumorigenesis.

• Ksr2-/- mice serve as an obesity model due to their increased adiposity, 

associated insulin resistance, and the detection of ksr2 mutations in some 

obese humans.

• KSR proteins are highly conserved from invertebrates to mammals and are 

structurally related to Raf proteins.

• The canonical function of KSR is as a scaffold for the Raf/MEK/ERK kinase 

cascade.

• KSR requires Ras activation and plasma membrane localization for activity 

where it forms a heterodimer with Raf to promote MEK and ERK 

phosphorylation and activation.

• The small molecule APS-2-79 binds to the ATP-binding domain of KSR 

proteins stabilizing them in an inactive state complexed with MEK, 

interfering with KSR:Raf heterodimerization, and inhibiting downstream Ras 

signaling.
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Figure 1. KSR Knockout Mice
Ksr1-/- mice are largely developmentally and phenotypically normal, yet resistant to Ras-

driven transformation. Ksr2- mice have an abnormal metabolic profile and become obese.
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Figure 2. KSR Structure
KSR proteins are structurally similar to Raf proteins with the CA3, CA4, and CA5 regions 

in KSR sharing significant homology with the CR1, CR2, and CR3 regions in Raf 

respectively. CR1–3: Conserved Regions 1–3; RBD: Ras-binding domain; CRD: Cysteine-

rich domain; Ser/Thr-rich: Serine/Threonine-rich domain; CA1–5: Conserved Areas 1-5; 

CC-SAM: Coiled coil-sterile alpha motif domain; Pro-rich: Proline-rich domain
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Figure 3. KSR1 as a scaffold for the Raf/MEK/ERK kinase cascade
(a) When Ras is bound to GDP and inactive, KSR1 is constitutively bound to MEK1/2 and 

IMP and is phosphorylated (yellow circle) at S392 by C-TAK1 allowing for 14–3-3 binding 

and cytoplasmic sequestration. (b) Upon Ras activation, PP2A dephosphorylates KSR1 at 

S392 causing 14–3-3 and IMP to dissociate and IMP to autoubiquitinate and be degraded. 

(c) Through interaction with caveolin-1, KSR1 and MEK1/2 then move to the plasma 

membrane where Raf activates MEK1/2 by phosphorylation at S217/S221. (d) MEK1/2 then 

dissociates from KSR1 and activates ERK1/2 through phosphorylation at T202/Y204 and 

T185/Y187. Activated ERK1/2 then associates with KSR1, which allows ERK1/2 to 

phosphorylate KSR1 and Raf and initiate a negative feedback loop.

Neilsen et al. Page 20

Expert Opin Ther Targets. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Neilsen et al. Page 21

Table 1

KSR mutations and associated characteristics.

Mutation Effects Location Species References

W255X, R277 H Decrease constitutively 
active Ras-mediated 
signaling

CA3 C. elegans (Kornfeld et.al. 1995)

G549E, P696 L, Q733X Decrease constitutively 
active Ras-mediated 
signaling

CA5 C. elegans (Kornfeld et al. 1995)

G484E Decrease constitutively 
active Ras-mediated 
signaling

CA5, ATP-binding region C. elegans (Sundaram and Han 
1995)

R531 H Decrease constitutively 
active Ras-mediated 
signaling

CA5 C. elegans (Sundaram and Han 
1995)

G494E Decrease constitutively 
active Ras-mediated 
signaling

CA5 C. elegans (Sundaram and Han 
1995)

P630S, P630 L Decrease constitutively 
active Ras-mediated 
signaling

CA5 C. elegans (Kornfeld et al. 1995, 
Sundaram and Han 
1995)

Intron 12 Change Decrease constitutively 
active Ras-mediated 
signaling

CA5 C. elegans (Sundaram and Han 
1995)

G→A generating a stop codon following 
G678

C727Y Decrease constitutively 
active Ras-mediated 
signaling

CA5 C. elegans (Sundaram and Han 
1995)

A696 V Decrease constitutively 
active Ras-mediated 
signaling

CA5 Drosophila (Therrien et al. 1995)

A703 T Decrease constitutively 
active Ras-mediated 
signaling

CA5 Drosophila (Therrien et al. 1995)

S721 + 10bp in N727 → frameshift Decrease constitutively 
active Ras-mediated 
signaling

CA5 Drosophila (Therrien et al. 1995)

S548 + 4bp→ L50G, R51S Weak disruption of 
constitutively active 
Ras-mediated signaling

N-terminus Drosophila (Therrien et al. 1995)

C359S and C362S (CRM-KSR1) Prevented the enhanced 
RasV12-mediated 
signaling seen with the 
expression of exogenous 
WT KSR1, but did not 
disrupt RasV12-mediated 
maturation
Loss of KSR1 
membrane localization

CA3 Xenopus 
oocyte 
meiotic 
maturation 
assays using 
exogenous 
mouse KSR1

(Michaud et al. 1997)

CA3 domain (amino acids 319-390) Augments Ras signaling CA3-Only Mouse KSR1 (Michaud et al. 1997)

CRM CA3 domain Abolished augmented 
Ras signaling

CA3 Mouse KSR1 (Michaud et al. 1997)

Myristylated N-Terminus KSR1 (Myr-KSR) Constitutively localized 
to the plasma 
membraneAccelerates 
RasV12-induced 
maturation

N-terminus Xenopus 
oocyte 
meiotic 
maturation 
assays using 

(Michaud et al. 1997)
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Mutation Effects Location Species References

Expression of Myr-KSR 
alone was unable to 
promote oocyte 
maturation

exogenous 
mouse KSR1

CRM Myr-KSR Abolished the positive 
effect of Myr-KSR on 
Ras signaling

CA3, N-terminus Mouse KSR1 (Michaud et al. 1997)

R589 M, R589 L Inactivates kinase 
domain and blocks 
MEK binding

CA5, ATP-binding site Mouse KSR1 Yu et al. 1998, Voile 
et al. 1999)

G580 V and A587 T Decreased MEK:KSR 
association
Decreased ERK 
activation

CA5 Mouse (Yu et al. 1998)

S190, T256, T274, S297, S320, T411, S429, 
S434, S518

KSR phosphorylation 
sites confirmed with 
mutagenesis

N-Terminus to the CA5 
domain

Mouse (Voile et al. 1999)

C540 Suppressed ERK and 
MEK activation 
Interacts with 
MEK1Decreased Ras 
signaling (suppressed 
Xenopus oocyte 
maturation, cellular 
transformation, and 
Drosophila eye 
development)

Truncated C-terminus, 
kinase domain preserved

Mouse (Therrien et al. 1996, 
Joneson et al. 1998, 
Yu et al. 1998, Voile 
et al. 1999)

N539 No effect on the 
activation of ERK
Fails to interact with 
MEK1
Unable to bind B-Raf
Interacts with ERK2

Truncated N-terminus Mouse (Therrien et al. 1996, 
Joneson et al. 1998, 
Yu et al. 1998, Voile 
et al. 1999, McKay et 
al. 2009)

C809Y Lacks KSR:MEK 
interaction Unable to 
bind B-Raf Increased 
Ras signaling

CA5 MEK docking site Mouse (Yu et al. 1998, 
Stewart et al. 1999, 
Muller et al. 2000, 
Kortum et al. 2006, 
McKay et al. 2009)

FSFP/AAAP
DEF docking motif for activated
ERK (FxFP)
(AxAP-KSR1)

Lacks KSR:ERK 
interaction Decreased 
Ras signaling (decreased 
RasG12V-induced 
senescence associated β-
galactosidase activity)
Required for Ras-
induced senescence
Decreased proliferative 
rate with activated Ras
Increased binding to 
endogenous B-Raf

FXFP Motif ERK 
docking site CA4

Mouse (Jacobs et al. 1999, 
Fantz et al. 2001, 
Kortum et al. 2006, 
McKay et al. 2009)

S392A, S392A/S297A Defective 14-3-3 
binding
Enhanced growth-factor 
mediated binding to B-
Raf
Increased plasma 
membrane localization 
even without growth 
factor stimulation
Accelerates Ras-induced 
oocyte maturation
Unable to promote 
oocyte maturation 
without activated Ras
Promotes ERK 
activation and cell cycle 

CA3 Xenopus 
oocyte 
meiotic 
maturation 
assays using 
exogenous 
mouse KSR1

(Cacace et al. 1999, 
Muller et al. 2001, 
Razidlo et al. 2004, 
McKay et al. 2011)
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Mutation Effects Location Species References

progression following 
growth factor treatment

L360A/R363A (KR/AA) L360Q/R363G 
(KR/QG)

Abolished CK2 
bindingNo decrease in 
MEK, ERK, or 14-3-3 
binding
Decreased Ras-mediated 
MEK and ERK 
activation

CA3 Xenopus 
oocyte 
meiotic 
maturation 
assay

(Ritt et al. 2007)

S518A (CK2 phosphorylation site) No apparent effects on 
Ras signaling Biological 
effect is unknown

CA5 Mouse (Ritt et al. 2007)

L56G and R57S Disrupted binding of 
mammalian KSR1 to 
endogenous B-Raf.

CA1 Mouse (McKay et al. 2009)

T260A/T274A/S320A/S443A (FBm-KSR1) Increased/Prolonged 
plasma membrane 
localization

CA5 Mouse (Cacace et al. 1999, 
McKay et al. 2009)

ERK-dependent S/TP sites mutated to 
alanine

Increased association 
with B-Raf

Increased Ras signaling

Loss of CA3 Disrupt or reduce 
AMPK binding to KSR2

CA3 Mouse (Costanzo-Garvey et 
al. 2009, Dougherty 
et al. 2009, Pearce et 
al. 2013)

Frameshift mutations and nonsense 
mutation that disrupt the kinase domain

Region between CA2 and 
CA3

Human

E667 V, A373 T

Asp-529A Inhibition of caspase 
cleavage

CA5 Mouse (McKay and 
Morrison 2007)

DEVA mutant Reduced apoptotic 
signaling in response to 
tumor necrosis factor 
and cycloheximide 
treatment due to 
decreased caspase 
cleaved C-terminal KSR 
fragments

C-Terminus

DEVD site for caspase-
mediated cleavage

C-terminal KSR1 fragment (CTF-KSR1) Reduced ERK activation 
and enhanced apoptotic 
signaling

C-Terminus Mouse (McKay and 
Morrison 2007)

Result of caspase cleavage during apoptosis
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