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ABSTRACT: Cancer is one of the deadliest diseases worldwide, accounting for about 8 million deaths a year. For solid tumors, 
cancer patients die as a result of the metastatic spread of the tumor to the rest of the body. Therefore, there is a clinical need for 
understanding the molecular and cellular basis of metastasis, identifying patients whose tumors are more likely to metastasize, and 
developing effective therapies against metastatic progression. Over the years, Raf kinase inhibitory protein (RKIP) has emerged as 
a natural suppressor of the metastatic process, constituting a tool for studying metastasis and its clinical outcomes. Here, we review 
RKIP’s role as a metastasis suppressor and the signaling networks and genes regulated by RKIP in metastatic, triple-negative 
breast cancer. We also highlight the clinical implications and power of building gene signatures based on RKIP-regulated signaling 
modules in identifying cancer patients that are at higher risk for metastases. Finally, we highlight the potential of RKIP as a tool for 
developing new therapeutic strategies in cancer treatment.
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ABBREVIATIONS: BACH1: BTB and CNC homology 1, basic leucine zipper transcription factor 1; BMS: bone metastasis 
signature; CTGF: connective tissue growth factor; CXCR4: chemokine (C-X-C motif) receptor 4; EGF: epidermal growth factor; 
EMT: epithelial mesenchymal transition; ERK: extracellular signal-regulated kinase; HMGA2: high mobility group AT-hook 2; 
HOXA: homeobox A; IL-11: interleukin-11; KSR: kinase suppressor of Ras; MEF: mouse embryonic fibroblast; MEK: mitogen/
extracellular signal-regulated kinase; MMP1: matrix metalloproteinase 1; MYC: v-myc avian myelocytomatosis viral oncogene 
homolog; NEK1: NIMA-related kinase 1; NFκB: nuclear factor of kappa light polypeptide gene enhancer in B-cells; OPN: osteo-
pontin; PAK: p21-activated kinase; PKC: protein kinase C; RAF-1: V-Raf-1 murine leukemia viral oncogene homolog 1; RAS: rat 
sarcoma; RKIP: Raf kinase inhibitory protein; RPMS: RKIP pathway metastasis signature; RSF: random survival forest; SDC2: 
syndecan-2; TET1: tet methylcytosine dioxygenase 1; TNBC: triple negative breast cancer 

I. INTRODUCTION

Metastasis is the process by which tumor cells leave 
their primary site and spread to the rest of the body. 
In most cases, multiple organ dysfunction or failure 
due to the aggressive metastatic spread of the tumor is 
the cause of lethality in cancer patients.1 When cancer 
patients present with a late-stage metastatic tumor at the 
clinic, their prognosis is generally poor regardless of 
the type of cancer. Moreover, the metastatic phenotype 
correlates with resistance to treatment and recurrence, 
which can partially be attributed to tumor cells’ ability 
to escape and seed in new parts of the body. Metastasis 
is a dynamic process by which tumor cells continu-
ally move in and out of tissues that can even result in 
seeding of tumor cells back in their primary site long 
after the primary tumor has been removed.2 Developing 
therapies that block the metastatic process are, there-
fore, an urgent clinical need. Blocking metastasis, 
however, is challenging because it involves multiple 
steps, each of which is mediated by diverse signaling 

events within the tumor cell as well as its micro- 
environment.3 Reaching a comprehensive understand-
ing of how metastasis works and elucidating the key 
signaling mechanisms and cell types that mediate this 
process is essential for development of effective anti-
metastatic therapies. 

How do we study such a complex event? One effec-
tive way of investigating metastasis is by studying the 
natural inhibitors of this process—metastasis suppres-
sors. Metastasis suppressors are proteins that can block 
the spread of tumor cells without affecting the growth 
properties of the primary tumor.4 Metastasis involves a 
multitude of steps including migration, invasion through 
tissue, intravasation into blood or lymph vessels, extrav-
asation from circulatory vessels, and colonization at 
new tissue sites 5 Each step involves different cell-cell 
interactions and signaling pathways, rendering it dif-
ficult to sort out the mechanisms regulating metastasis. 
Metastasis suppressor proteins can interfere with differ-
ent stages of the metastatic process such as intravasation 
or colonization. Understanding the function of these 
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metastasis suppressors and the signaling events that 
they govern can yield important mechanistic insights 
into the complexity of the metastatic process. 

Raf kinase inhibitory protein (RKIP), a modulator 
of kinase activity and a cellular homeostasis factor, also 
functions as a metastasis suppressor in multiple solid 
tumor types such as prostate and breast cancer.6,7 We 
will focus here on kinase signaling events and down-
stream gene expression changes induced by RKIP to 
block metastasis of breast tumor cells. Building RKIP-
regulated signaling networks allows us not only to get 
a comprehensive view of the metastatic process at a 
cellular and molecular level, but also to generate path-
way-based gene signatures that can identify subgroups 
of patients with the most aggressive tumors that are 
more likely to metastasize. 

RKIP’s role as a metastasis suppressor was initially 
described in prostate cancers. Keller and colleagues 
demonstrated with their comparison of metastatic pros-
tate cancer cell lines to non-metastatic cell lines that 
expression levels of RKIP are a determinant factor for 
the metastatic phenotype.6 RKIP also acts as a metas-
tasis suppressor in breast cancers, particularly in triple 
negative breast cancers (TNBCs). RKIP expression is 
usually lost in these poor-prognosis tumors, correlating 
with the highly metastatic phenotype.8–11 In both in vitro 
and in vivo models of TNBC, the Rosner lab demon-
strated that RKIP blocks multiple steps of the metastatic 
process. In vitro, RKIP expression results in significant 
reduction in invasive potential of these cells without 
any effect on the growth properties.7 In xenograft mod-
els, RKIP blocks intravasation of tumor cells as well 
as later stages of metastasis such as extravasation and 
colonization. Understanding how RKIP blocks metas-
tasis in TNBCs is particularly important because there 
are currently no targeted therapies available for TNBC 
patients. This review will focus on signaling pathways 
and genes that mediate RKIP function in cancers, with a 
focus on TNBCs, and describe how these signaling net-
works can be used clinically to predict patient survival 
outcomes as well as to develop therapeutic strategies.

II. RKIP-REGULATED SIGNALING MODULES
A. Raf-MEK-ERK Module

RKIP is an inhibitor of Raf-stimulated MAP kinase 
(MAPK) signaling. A yeast two-hybrid assay that 
utilized the kinase domain of Raf-1 as bait originally 
identified RKIP as a Raf binding protein.12 High RKIP 
concentrations are able to interfere with MEK binding, 

preventing MEK activation.13 However, RKIP deple-
tion in cells revealed that RKIP blocks Raf-1 activation 
under physiological conditions. RKIP inhibits Raf-1 
subsequent to Raf-1 membrane translocation but prior 
to phosphorylation of downstream targets such as MEK 
and ERK.14 RKIP binding to subdomains I and II of the 
Raf-1 kinase domain blocks phosphorylation of residues 
Ser338 by PAK and Tyr340/341 by Src, both of which 
are required for activation of Raf-1 on growth factor 
stimulation.15 Enhanced Raf-1 activation in RKIP-
depleted cells enabled increased DNA synthesis and cell 
proliferation at lower EGF concentrations, effectively 
enhancing the sensitivity of the system to stimuli.14

Interestingly, RKIP-mediated inhibition of Raf 
activation is isoform specific. RKIP depletion studies 
show that RKIP inhibits the phosphorylation and acti-
vation of only Raf-1, and not B-Raf.14,16 Some residues 
targeted by RKIP are constitutively active in B-Raf, 
which may explain why RKIP does not inhibit B-Raf 
activation. Consistent with these findings, RKIP knock-
out has no effect on ERK stimulation in MEFs that 
are largely dependent on B-Raf signaling.17 However, 
when B-Raf expression or activity is compromised in 
MEFs, then subsequent RKIP depletion can rescue 
MAPK signaling through activation of Raf-1.17 RKIP 
may also regulate B-Raf signaling indirectly through 
Raf-1. Thus, in some cell types, Raf-1 and B-Raf form 
hetero-dimers to activate downstream MAPK signal-
ing, and the intensity of heterodimer-mediated signal is 
larger than that mediated by monomers of these MAPK 
activators individually.16,18 Finally, high overexpression 
could explain the observation that exogenous RKIP 
inhibits B-Raf activity in melanoma cells.19 Taken 
together, these studies suggest that RKIP regulation 
of B-Raf can vary with context and cell type. 

RKIP also plays a role in protein kinase C (PKC)-
induced Raf activation. The PKC family of serine/
threonine kinases is required for stimulation of MAP 
kinase signaling by growth factors.20 However, no 
direct mechanism has been identified since PKC phos-
phorylation of Raf-1 does not appear to be necessary for 
Raf-1 activation. An alternative mechanism involves 
functional inactivation of RKIP by PKC. Rosner and 
colleagues showed that PKC phosphorylates RKIP at 
serine residue 153 (S153) in neuronal cells, and this 
phosphorylation leads to dissociation of RKIP from 
Raf-1 and subsequent activation of MEK and ERK.21 
Similar findings were later reported for regulation of 
RKIP by PKC in cardiac myocytes.22 The role of S153 
phosphorylation in regulating RKIP inhibition of Raf/
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MAPK signaling has now been demonstrated in a vari-
ety of cell types.7,23

B. Regulation of Spindle Checkpoint and 
Cell Cycle by RKIP

Multiple members of the MAPK cascade have been 
implicated in cell cycle entry and exit. Raf-1 is a known 
regulator of mitotic cell cycle progression, and phos-
phorylation of S338 on Raf-1 by PAK was suggested 
to influence this progression in mammalian cells.24,25 
Activated ERK1/2 localizes with important structures 
of the cell cycle process such as kinetochores, spindle 
poles, and the midbody during different stages of cell 
cycle in a dynamic fashion.26,27 As discussed above, 
RKIP regulates phosphorylation of Raf-1 and the acti-
vation of downstream effectors MEK and ERK, raising 
the possibility that RKIP also influences cell cycle 
dynamics and mitotic progression. 

Rosner and colleagues demonstrated that RKIP 
can regulate the spindle checkpoint during cell cycle 
progression.28 RKIP depletion causes downregulation 
of aurora kinase B activity, overrides the mitotic spindle 
checkpoint, and pushes cells into rapid mitotic progres-
sion in the presence of spindle poisons. These functions 
are all mediated at least partially by activation of the 
Raf-1-MEK-ERK signaling, since inhibitors of these 
kinases can rescue the RKIP-depletion phenotype. All 
of these data are consistent with the observation that 
RKIP potentiates apoptosis and enhances cell cycle 
arrest when cells are treated with chemotherapeutic 
agents that target microtubules, such as Taxol.29 The 
cells that survive RKIP loss slowly accumulate chromo-
somal abnormalities, potentially introducing mutations 
and translocations into DNA that are more likely to 
lead to disease states than catastrophic mitotic events.

C. Identification of an RKIP Signaling 
Network that Regulates Metastasis

Since RKIP functions as a metastasis suppressor, elu-
cidating signaling events that are regulated by RKIP 
can reveal new therapeutic strategies that target media-
tors of tumor metastasis. To determine whether RKIP 
suppresses metastasis of triple negative breast cancer 
(TNBC) cells through inhibition of Raf/MEK/ERK 
signaling, Rosner and colleagues mapped out a signal-
ing pathway by which RKIP prevents invasion through 
the extracellular matrix, entry of tumor cells into the 
blood, and colonization at distant organ sites, The 

let-7/miR-98 family of microRNAs has been shown 
to suppress Ras and downregulate subsequent MAPK 
signaling, which is a function similar to that of RKIP.30

Both in vitro and in vivo work showed that RKIP-
mediated downregulation of invasion and metastasis 
indeed involves let-7 and HMGA2. Let-7 and HMGA2 
have been implicated in a variety of cancers.31–35 
HMGA2 is a chromatin remodeling factor that pro-
motes EMT and invasion by inducing transcription 
factors such as Snail, Slug, and Twist.7,36 These find-
ings unraveled a downstream mechanism through 
which RKIP inhibits invasion, but did not reveal how 
RKIP actually induced let-7 expression. To address 
this question, Rosner and colleagues demonstrated 
a role for LIN28, a let-7 regulator. RKIP downregu-
lates LIN28 by decreasing the occupancy of Myc at 
the LIN28 promoter region, which connects LIN28 
expression to the major RKIP-regulated signaling 
module Raf-MEK-ERK-Myc (Fig. 1). This work dem-
onstrated for the first time that let-7 can be regulated by 
a metastasis suppressor, RKIP, and showed that let-7 
is a new member of a larger group of microRNAs37,38 
that influence breast cancer metastasis. 

The RKIP-Myc-LIN28-let-7 signaling cascade was 
further expanded by Rosner and colleagues, who identi-
fied biologically and clinically relevant pro-metastatic 
factors that are downstream of let-7.39 To generate novel 
signaling networks, they developed an integrated exper-
imental and bioinformatics approach based on clinical 
gene expression data and cell line verification that 
enabled both hypothesis building and testing as well 
as clinical validation.40 Data from over 1200 patients 
with heterogeneous tumor subtypes were analyzed. The 
clinical significance of this and subsequent studies from 
the Rosner group lies in the use of large expression 
data sets from breast cancer patients for identification of 
novel signaling networks as well as independent cohorts 
of breast cancer patients for validation.

Let-7 expression cannot be directly interrogated in 
the majority of databases because it is a microRNA. 
Therefore, Rosner and colleagues rationalized that 
some of the predicted let-7 targets should also be 
regulated by RKIP. Comparing genes that are downreg-
ulated when RKIP is overexpressed to genes predicted 
to be let-7 targets should identify common genes that 
are potentially downstream players of the RKIP-let-7 
cascade. With this rationale, Yun et al. identified the 
BTB and CNC homology 1 (BACH1) gene as a novel 
target of let-7 that regulates metastasis of breast cancers 
along with HMGA2.39 A similar approach, based on 
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an inverse correlation between RKIP and a ~100 gene 
bone metastasis signature,41 identified additional down-
stream regulators of metastasis. Finally, in vitro and 
in vivo experiments demonstrated that the RKIP-let-7 
module regulates CXCR4, MMP1, and OPN via the 
identified let-7 targets HMGA2 and BACH1 (Fig. 1). 

Gene expression and microRNA expression 
arrays using TNBC cell lines further extended the 
RKIP signaling cascade to new microRNAs and 
extracellular matrix target genes that are involved 
in metastatic signaling. These analyses identified 
three additional downstream targets of RKIP and 
HMGA2: miR-200, lysine oxidase (LOX), and syn-
decan 2 (SDC2).42 miR-200 has been implicated 
in breast tumor cell initiation and the epithelial- 
mesenchymal transition that leads to cell invasion.32 

LOX is a known collagen and elastin cross-linker that 
helps invasion and metastasis.43 SDC2 is a transmem-
brane heparan sulfate proteoglycan that mediates cell 
adhesion, cell-matrix interactions, and signaling, but its 
function in breast cancer is not known.44 Experimental 
data demonstrated that RKIP regulates LOX and SDC2 
expression, and this regulation is mediated by inhibi-
tion of HMGA2. Reduction of HMGA2 expression 
by RKIP results in upregulation of miR-200, which in 
turn downregulates its direct target LOX. SDC2, on 
the other hand, was not a direct miR-200 target, but 
was still induced by HMGA2, suggesting that SDC2 
contributes to RKIP function independently of the 
HMGA2-miR-200 module (Fig. 1). Depletion of SDC2 
was shown to suppress breast cancer cell growth, inva-
sion, and metastasis both in vitro and in vivo. 

FIG. 1: Network summarizing RKIP regulation of metastatic cascades in breast cancer. This scheme highlights novel 
signaling pathways and potential drug targets. See text for further explanation of approaches and data supporting 
this scheme.
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Another target of HMGA2 is the epigenetic regu-
lator ten-eleven translocation 1 (TET1). TET proteins 
are known to initiate demethylation of DNA by con-
verting methylcytosine in hydroxymethylcytosine. 
Methylation of gene promoter regions are thought to 
suppress transcription of the gene, and demethylation 
enables transcriptional activation. HMGA2 deple-
tion in breast cancer cells results in suppression of 
miR29 and induction of the miR29 target, TET1 (data 
now shown).45 TET1, in turn, demethylates promot-
ers for the homeobox A (HOXA) genes and activates 
their transcription (Fig. 1). HOXA9 expression, in 
particular, dramatically increases after exogenous 
expression of TET1. TET1 also demethylates its own 
promoter as part of a positive feedback loop. TET1 
and HOXA9 expression suppress cancer cell invasion, 
tumor growth, intravasation, extravasation, and metas-
tasis of TNBC cells under in vitro as well as in vivo 
conditions. TET1, as a downstream mediator of RKIP 
signaling, represents a global epigenetic mechanism 
that can account in part for the role of RKIP as a master 
regulator of complex processes such as metastasis.

III. POTENTIAL CLINICAL APPLICATIONS OF 
RKIP SIGNALING PATHWAYS

A. Building RKIP Pathway-Based Gene 
Signatures for Analysis of Clinical Outcomes

One of the major difficulties in cancer treatment is 
identifying patients who will benefit from therapy. 
Organ-specific metastasis gene signatures based on the 
gene expression profiles of tumors have been devel-
oped in order to predict the likelihood that a patient’s 
primary tumor will metastasize to distant organs. A 
few of these signatures have been in clinical use, but 
they are primarily effective for patients that express 
the estrogen or HER2 receptors.46,47

Because the metastasis signaling networks regu-
lated by RKIP (Fig. 1) were identified using TNBCs, 
Rosner and colleagues generated new gene signatures 
based on these networks. Initially, they developed a 
seven-gene “RKIP pathway metastasis signature” 
(RPMS).39 In addition to the five key factors of the 
pathway (RKIP, HMGA2, MMP1, CXCR4, and 
OPN), it included two meta-genes, Let-7-TG (let-7 
target genes) and BACH1-TG. These meta-genes are 
derived using a weighted average of expression values 
for let-7 and BACH1 target genes, respectively, based 
on correlations with RKIP expression. Therefore, even 

though the gene signature is based on a network of 
seven genes, it actually measures expression of 117 
genes, most of which are averaged into let-7 and 
BACH1 meta-genes. The genes in this signature only 
stratify patients when they are utilized together and 
not analyzed individually, suggesting that the entire 
pathway is the critical predictor. This is confirmed by 
random survival forest (RSF) analysis of these genes, 
which showed that these genes cooperate in patient 
stratification, especially in low-RKIP tumors. Other 
gene signatures were also derived based on RKIP, 
HMGA2, LOX, and SDC2,42 and the HMGA2, TET1, 
HOXAA7, and HOXA9 networks.45 The general strat-
egy for developing pathway gene signatures in this 
manner has been described previously.40

In order to improve the RPMS gene signature and 
increase its ability to predict patient outcome specifi-
cally in TNBC patients, Lee and colleagues developed 
a BACH1-pathway metastasis signature (BPMS).48 
BPMS differs from previously generated metastasis 
gene signatures for a number of reasons including (i) 
the BACH1 meta-gene is defined based on experi-
mental data as opposed to bioinformatically predicted 
targets; (ii) the number and choice of genes are opti-
mized (30 genes total); (iii) the numerical cutoffs of 
high versus low expression for each gene are opti-
mized; and (iv) the BPMS is a single patient predictor. 
With these improvements, BPMS is able to predict 
patient outcome related to metastasis-free survival 
specifically in triple negative breast cancer patients.

B. Inhibition of RKIP to Regulate 
Metastatic Progression

Loss of RKIP in cancers enables activation of pro-
growth signals at subthreshold concentrations of 
growth factors, and increases the maximum effect that 
these factors have on cells.14 This sensitizes the tumors 
to extracellular stimuli and drives their progression, 
resulting in more aggressive and metastatic tumors. In 
addition, Rosner and colleagues recently identified an 
inverse relationship between the metastasis suppressor 
RKIP and the metastasis promoter BACH1 that can 
play a role in potentiating breast cancer progression.49 
They showed that BACH1 directly inhibits RKIP as 
well as its own (BACH1) transcription. In combination 
with the indirect inhibition of BACH1 by RKIP (Fig. 
1), this regulatory architecture enables single cells 
to generate a stable subpopulation of pro-metastatic 
cells without any genetic changes. Thus, stochastic 
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fluctuations in BACH1 expression can lead to RKIP 
suppression and the induction of BACH1-expressing 
pro-tumorigenic cells.

This study also found that histone deacetylase 
inhibitors (HDACs) or depletion of the polycomb 
repressor EZH2 differentially affect BACH1 and RKIP 
gene expression in a cell type-dependent manner—in 
some cases leading to a pro-metastatic phenotype. 
Together, these results demonstrate that a mutually 
inhibitory relationship between two regulators of 
metastasis like RKIP and BACH1 (or Snail) has the 
potential to promote metastatic progression in cancer, 
and suggest that using HDAC or EZH2 inhibitors for 
treatment of breast cancer may lead to mixed outcomes.

IV. CONCLUDING REMARKS

Metastasis is a complex multistep process that 
involves a multitude of cellular and molecular inter-
actions, and disentangling them can be challenging. 
Studying metastasis suppressors, as exemplified here 
using RKIP, is an effective strategy for identifying 
key signaling networks and mechanisms that mediate 
dissemination of tumor cells, as well as developing 
pathway-based gene signatures such as the BPMS that 
predicts metastatic risk in TNBC patients. As a guide 
to potential therapeutic strategies, it is now possible to 
determine whether other identified downstream targets 
or effectors of RKIP such as gene methylation are dif-
ferentially expressed among BPMS patients.

In addition to the Raf-1-MEK-ERK module, RKIP 
is a regulator of other signaling pathways within the 
cell. RKIP-mediated kinase regulation has been impli-
cated in G-protein coupled receptor (GPCR), NFκB, 
and GSK3β signaling pathways (reviewed in Ref. 50). 
RKIP has also been shown to play a role in the oxida-
tive stress response that can trigger activation of the 
p38 stress kinase in cells.51 Downstream of these path-
ways are genes that are involved in cellular growth and 
cell cycle progression (such as Cyclin D1 and Aurora B 
kinase), proliferation (such as NFκB targets), EMT and 
invasion (such as Snail, Slug, MMP1), and metastasis 
(such as CXCR4, OPN, BACH1). Finally, investiga-
tion of the RKIP metastasis suppressor network has 
revealed a number of other regulators of tumor progres-
sion and metastasis including let-7, LIN28, HMGA2, 
BACH1, MMP1, OPN, CXCR4, LOX, SDC2. TET1, 
and the HOXA genes (Fig. 1).7,39,42,45 Taken together, 
RKIP functions as an epigenetic regulator that alters 
many steps in metastasis from kinase activation and 

signaling to migration, invasion and homing to meta-
static sites.

Considering that RKIP regulates key factors that 
play a role in growth of tumor cells, it might seem 
contradictory that RKIP does not have much effect on 
the growth of the primary tumor. Such expectations 
stem from the assumption that signaling pathways are 
linear pathways, and that downstream effector func-
tions should be mimicked by all upstream regulators 
under experimental conditions. However, pathways 
regulated by RKIP are intertwined and subject to cross 
talk via both positive and negative feedback loops. It 
is quite possible that RKIP depletion causes changes 
in anti-proliferative or apoptotic factors that counter-
act the effect of pro-proliferative signals. Therefore, 
understanding the function of RKIP requires systemic 
identification of the extensive RKIP-regulated signal-
ing network. 

Since RKIP inhibits many kinases, as discussed 
in this special issue, the anti-metastatic function of 
RKIP is likely to be mediated by smaller changes in the 
activity of multiple pathways that all work in concert. 
Developing cancer treatments that target individual 
kinases using small molecule inhibitors have proven 
inefficient as tumors almost always develop resistance 
to the treatment. One example is the MEK inhibitor 
that can potentially be used for the treatment of breast 
and other cancers.52 Johnson and colleagues have dem-
onstrated that tumor cells overcome MEK inhibition by 
reprogramming their kinome and activating alternative 
pathways,53 and the reprogramming effect is stronger 
with higher doses of the inhibitors. This observation 
argues that high-dose single agent regimens can have 
the contradictory effect of facilitating the aggressive 
disease phenotype. Therefore, alternative therapeutic 
strategies need to be sought. Given our current under-
standing of RKIP function as a kinase modulator that 
blocks metastatic disease progression, more effective 
therapies can be developed by reactivating RKIP in 
tumor cells where its expression is suppressed, or by 
mimicking RKIP’s effect on the kinome of the tumor 
cells using combinations of multiple kinase inhibitors 
at much lower doses. 
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