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Abstract: Raf Kinase Inhibitory Protein (RKIP) is a highly conserved kinase inhibitor that functions
as a metastasis suppressor in a variety of cancers. Since RKIP can reprogram tumor cells to a
non-metastatic state by rewiring kinase networks, elucidating the mechanism by which RKIP acts
not only reveals molecular mechanisms that regulate metastasis, but also represents an opportunity
to target these signaling networks therapeutically. Although RKIP is often lost during metastatic
progression, the mechanism by which this occurs in tumor cells is complex and not well understood.
In this review, we summarize our current understanding of RKIP regulation in tumors and consider
experimental and computational strategies for recovering or mimicking its function by targeting
mediators of metastasis.
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1. Introduction

Metastasis suppressors are a group of physiological proteins that function to block metastatic
progression of tumors. Unlike tumor suppressors, metastasis suppressors do not affect initiation
and growth properties of the primary tumors, but rather inhibit the dissemination mechanisms of
tumor cells, such as invasion through tissue, intravasation/extravasation, and metastatic colonization.
Similar to tumor suppressors, inactivation of metastasis suppressors is a common step in a cancer’s
progression into a metastatic disease. This transition can take place by genetic loss of function through
deletions or mutations, by epigenetic silencing of the suppressors through DNA methylation and
histone modifications, by downregulation of transcriptional machinery controlling the suppressor
expression, or by increased rates of post-transcriptional degradation through proteasome and miRNAs.
Understanding the details of the regulation and function of metastasis suppressors can create
therapeutic opportunities to either restore or mimic the role of these proteins in metastatic cancers.
Furthermore, metastasis suppressors and their functional gene networks can be used as prognostic
and predictive markers in the clinic for metastatic progression and survival.

Raf kinase inhibitory protein (RKIP), also known as phosphatidylethanolamine binding protein 1
(PEBP1), is a highly conserved protein that is commonly lost or downregulated in cancers. Low RKIP
expression correlates very strongly with metastatic phenotype in the majority of cancers, including
prostate, breast, pancreatic, lung, cervical cancers and gliomas [1-3]. Due to this negative association
between RKIP and metastasis, RKIP has been implicated as a powerful predictive biomarker for
metastatic risk in patients, as well as a prognostic marker for metastasis-free and overall survival in
many solid tumors [1]. Experimentally, over-expressing RKIP blocks invasion in vitro and metastatic
progression in vivo [4,5] without affecting growth properties of the primary tumor. RKIP-related
gene signatures can be utilized to identify cancer patients at highest risk [6-10]. These clinical
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and experimental findings establish RKIP as a suppressor of invasion, intravasation, extravasation
and metastasis.

At the molecular level, RKIP functions as an inhibitor of kinase activity. It was originally identified
as a direct binding partner for Raf kinase [11], and multiple studies have since shown that RKIP
interferes with the activation of the Raf-Mek-Erk cascade [12]. Subsequently, it was revealed that it can
modulate other signaling pathways such as nuclear factor kappa-light-chain-enhancer of activated B
cells (NFxB)-related pathways [13]. RKIP itself can act as a substrate for kinases, and phosphorylation
of certain residues can alter RKIP’s binding properties. Most notably, phosphorylation of Ser153
residue by protein kinase C (PKC)switches RKIP’s binding from Raf to G-protein-coupled receptor
kinase 2 (GRK2) [14], resulting in activation of protein kinase A (PKA). The mechanism by which this
phospho-switch occurs involves a novel salt bridge theft that enables the promotion or disruption
of peptide interactions to provide specificity at protein interfaces [15,16]. This illustrates RKIP’s
potential role in sensing active signaling networks and modifying the cellular kinome through new
protein interactions.

RKIP downregulation or total loss is a common event in metastatic solid tumors. However,
the mechanism by which tumor cells lose or deactivate RKIP as they become more invasive and
metastatic remains elusive. Evidence based on TCGA databases for a variety of cancers suggests
that it is usually not a genetic or mutational event (Figure 1A) and only a few mutated residues
have been observed (Figure 1B), suggesting transcriptional or post-transcriptional mechanisms are
largely responsible for RKIP’s downregulation. Research within the last decade identified promoter
methylation and transcriptional inhibition to be one way of silencing RKIP. In addition, multiple
groups demonstrated post-transcriptional regulation of RKIP by microRNAs or degradation. Therefore,
inducing stable RKIP expression specifically is challenging.

RKIP’s ability to shift tumor cells into a non-metastatic phenotype by reprogramming kinase
networks presents a unique opportunity not only to understand molecular mechanisms of metastatic
progression, but also to counteract these mechanisms as a therapeutic strategy. In this review, we will
cover what is known about mechanisms of RKIP loss in metastatic solid tumors and discuss strategies
for recovering its function, with a particular focus on mimicking its downstream effects on metastatic
signaling and gene expression.
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Figure 1. Raf kinase inhibitory protein (RKIP) downregulation in cancers cannot be explained by
genetic deletions or mutations as it is rarely deleted or mutated in patient samples (A) Frequency of
genetic alterations (mutations, fusions, amplifications, and deep deletions) in PEBP1 (RKIP) genes
across multiple TCGA cancer types. (B) Residues on PEBP1 that have been found to be mutated in
multiple TCGA cancers. Mutation and sequencing data were accessed through the cBioPortal data base

(www.cbioportal.org) [17]. The graphs and figures were generated also on cBioPortal.
2. Mechanisms of RKIP Downregulation and Strategies for Recovering RKIP Expression

2.1. Epigenetic Silencing Through Promoter Methylation and Histone Modifications
Promoter methylation: Promoter methylation is a well-characterized mechanism for epigenetic
silencing by which gene transcription is halted through transcription factor inaccessibility,
without any genetic alterations. Several studies of tumors, including gastric adenocarcinomas [18,19],
esophageal squamous cell carcinomas [20,21], colorectal cancers [22,23], and breast cancers [24],
reported that methylation status of the RKIP promoter determined by MSP (methylation specific
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PCR) strongly correlated with low RKIP expression levels in various advanced stages of the tumors.
In gastric and esophageal cancers, carcinoma tissue showed significantly higher incidence rates of
hypermethylated RKIP promoters than the adjacent normal mucosal tissue [19,21]. In esophageal
cancers, methylated promoter status also correlated with poorly differentiated tumors, as well as lymph
node metastases [21]. In agreement with these findings, patients whose tumors had hypermethylated
RKIP showed worse overall survival rates compared to unmethylated RKIP cases in gastric cancers [19],
implicating RKIP as an independent prognostic marker for survival. In a breast cancer study, however,
methylation status of RKIP promoter did not predict survival independently [24], even though
it strongly correlated with RKIP mRNA downregulation, which by itself was indicative of poor
survival. This finding suggests other potential mechanisms for RKIP loss in advanced disease than
just promoter methylation.

Histone modifications: In the prostate cancer cell line DU145, the histone deacetylase (HDAC)
inhibitor trichostatin A (TSA) caused a potent increase in RKIP levels [25], raising the possibility
that histone deacetylation might play a role in RKIP silencing. Labbozetta et al. similarly reported
that, in the triple-negative breast cancer (TNBC) cell line SUM159, histone deacetylase inhibitors
induced RKIP mRNA expression in vitro, [26]. By contrast, Lee et al. did not observe induction
of RKP mRNA or protein expression by HDAC inhibitors in the triple-negative breast cancer
cell lines MDA-MB-231, 1833 (also known as BM1, a bone-tropic subtype of MDA-MB-231 cells),
and MDA-MB-436 cells. Rosner and colleagues further noted that BTB domain and CNC homolog 1
(BACH]1), a transcription factor which suppresses RKIP transcription, was induced by HDAC inhibitor
treatment [27], explaining the lack of RKIP induction by these inhibitors. They also found that the
histone methyltransferaseEZH2 (enhancer of zeste 2 polycomb repressive complex 2) interacted with
BACH1 in these TNBC cells to inhibit RKIP transcription. Similarly, Yeung and colleagues reported
that EZH?2 is a negative regulator of RKIP transcription in breast and prostate cancer cells through
interaction with Snail [28]. Taken together, these results suggest that epigenetic regulation of RKIP
expression by histone acetylation or methylation is a complex process involving multiple factors in a
cell- or tissue-dependent manner.

These clinical and experimental findings suggest the use of demethylating agents as a potential
strategy for inducing RKIP expression in metastasis cancers. Labbozzetta’s study showed decreased
RKIP promoter methylation and increased RKIP mRNA and protein levels in SUM159 cells treated with
various doses of the demethylating agent 5-Azacytidine (5-AzaC) [26]. Guo et al. demonstrated similar
results in the esophageal cell lines TE-1 and TE-13 [20]. However, Beach et al. showed that 5-AzaC
treatment did not induce RKIP expression in the prostate cancer cell line DU145, even though the
HDAC inhibitor trichostatin A (TSA) caused a potent increase in RKIP levels [25]. Poma and colleagues
observed that 5-AzaC induced RKIP mRNA expression in Hep3B cell line, but the protein levels were
not affected. Finally, Rosner and colleagues identified an RKIP-regulated signaling pathway involving
an HMGAZ2 (high mobility group AT-hook 2) - TET1 (ten-eleven translocation 1) - HOX (homeobox
gene) axis in the epigenetic regulation of breast cancer cells and showed that 5-AzaC treatment was
effective at inhibiting tumor cell invasion by targeting these genes [9]. These results illustrate the cancer
type or cell line specific role of RKIP promoter methylation as well as the importance of RKIP-regulated
processes that might also be subject to promoter (hydroxy)methylation.

2.2. Transcriptional Regulation of RKIP

The role of transcriptional silencing of RKIP in metastatic progression is not well understood.
The best characterized transcriptional regulator of RKIP is the epithelial-to-mesenchymal transition
(EMT) protein SNAIL. Beach et al. originally identified SNAIL as a direct transcriptional repressor
of RKIP in prostate cancer cell lines PC3 and DU145 [25] and demonstrated a negative correlation
between SNAIL and RKIP expression levels in publicly available prostate cancer patient data sets.
Bonavida and colleagues expanded on this finding by showing that, in prostate and melanoma cell
lines, SNAIL expression can be induced by NF«B and YY1 (Yin Yang 1 transcription factor) activity
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which results in RKIP downregulation [29]. Similarly, Das et al. reported that, in melanoma cell
lines, MDA-9 (melanoma differentiation associated gene 9), a PDZ-domain (the postsynaptic density
protein (PSD-95), discs-large tumor suppressor (Dlg), and tight junction protein-1 (ZO-1) containing
scaffold protein that promotes melanoma progression and metastasis, can silence RKIP transcription
by activating SNAIL expression through ERK1 and ERK2 (Mitogen-activated protein kinase 3 and 1,
respectively) and NFkB signaling [30].

BACH1 similarly inhibits RKIP transcription in TNBCs [10,27] and promotes TNBC
metastasis [10,31]. In contrast to Snail (SNAIT), BACHI expression is significantly inversely correlated
with RKIP expression in the TCGA breast cancer patient database, suggesting that BACH1 may be the
main negative regulator of RKIP in breast cancer (Figure 2). Like Snail, BACH1 positively correlates
with expression of EMT-associated genes such as vimentin and ZEB1/2 (Zinc Finger E-Box Binding
Homeobox 1/2), implying a role in the epithelial-mesenchymal transition (Figure 2) Interestingly,
both Snail and BACH1 negatively regulate their own promoters, indicative of a negative feedback
loop that limits expression of these two transcription factors. Furthermore, both Snail and BACH1
are downstream targets of RKIP as well as negative regulators of RKIP [27]. Lee et al. showed that
this relationship represents a potential bi-stable state that could be stochastically disrupted to switch
cells from an RKIP-expressing, non-metastatic mode to an RKIP-depleted, BACH1-expressing mode,
driving cells to metastasis through a nongenetic mechanism [27].
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Figure 2. Spearman correlations between PEBP1 (RKIP), BACH1 (BTB domain and CNC homolog
1) and the EMT genes CDH1 (E-cadherin), SNAI1 (Snail), SNAI2 (Slug), ZEB1 (Zinc Finger E-Box
Binding Homeobox 1), ZEB2 (Zinc Finger E-Box Binding Homeobox 2), TWIST1 (Twist Family BHLH
Transcription Factor 1), TWIST2 (Twist Family BHLH Transcription Factor 2), and VIM (vimentin) gene
expression in TCGA breast cancer cohort. Correlations are based on RNA-seq data, accessed through
cBioPortal database.

RKIP expression may also be regulated by other factors. In a non-tumorigenic immortalized
prostate cell line RWPE-1, Zhang et al. reported that androgen receptor can directly bind to the RKIP
promoter and activate RKIP transcription upon dihydrotestosterone treatment [32]. In addition,
another study showed that transcriptional regulators Sp1 (Specificity Protein 1), CREB (CAMP
Responsive Element Binding Protein), and p300 (E1A Binding Protein P300) can bind and positively
regulate RKIP expression in A375 melanoma and HeLa cells. [33]. Whether these particular
transcription factors are associated with metastatic disease in melanoma or ovarian cancer has not
been established.
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2.3. Post-Transcriptional Regulation of RKIP

As an alternative mechanism for RKIP silencing, several microRNAs have been identified in
recent years as inhibitors of RKIP expression in cancers. Li et al. demonstrated that miR-27a inhibits
RKIP mRNA levels in lung adenocarcinomas, resulting in cisplatin resistance [34]. In prostate cancers,
miR-543 [35] and miR-23a [36] have been shown to target RKIP. The same study demonstrated that the
tumor suppressor long non-coding RNA XIST asserts its suppressive function by inhibiting miR-23a
and keeping RKIP expression levels high in prostate cancers [36]. Another study identified RKIP as
a miR-23a target in acute myelogenous leukemia (AML) patients as well [37]. In breast cancer cell
lines, RKIP is targeted by miR-224, and inhibition of miR-224 mimics RKIP’s anti-invasive function
and RKIP-mediated gene transcription [38]. However, regulation of RKIP by microRNAs might be
cancer type specific, as Poma et al. reported that miR-224 does not inhibit RKIP in hepatocellular
carcinoma cell lines [39]. Despite the promise of microRNAs as therapeutic targets for activation of
RKIP, translating them into actionable drugs in the clinic has been technically challenging.

Protein degradation is the least explored mode of RKIP regulation. Kim et al. demonstrated
that, in hepatocellular carcinomas, the kinase inhibitor Sorafenib promoted RKIP degradation and
induced ERK activation as a drug resistance mechanism [40]. Moen et al. showed that H. pylori
preferentially phosphorylates RKIP at S153 to drive it to the nucleus and promote cell apoptosis
while simultaneously targeting unphosphorylated S153 RKIP for proteasome-mediated degradation in
gastric cancer cells [41]. Wen and colleagues showed that CDK5 (Cyclin Dependent Kinase 5)-mediated
phosphorylation of RKIP on T42 residue triggers recruitment of the chaperone molecule Hsc-70 and
subsequent autophagy-mediated degradation of RKIP in Parkinson disease [42]. RKIP silencing by
post-translational mechanisms is a largely unknown field that needs to be explored in different cell
or tissue types. Without identifying relevant mechanisms to target RKIP for degradation, it will be
difficult to take advantage of this regulatory mechanism therapeutically.

2.4. Chemical Induction of RKIP

Nitric oxide is an organic molecule that can induce RKIP expression [43,44]. Bonavida and
colleagues have shown that DETANONOate, a nitric oxide donor, functions as an inhibitor of NFkB
signaling and works to lift SNAIL-mediated transcriptional suppression on RKIP promoter [43].
This reverses EMT in prostate cell lines and xenograft models. DETANONOate-induced RKIP
expression also sensitizes resistant cancer cells to apoptotic agents such as TRAIL (TNF-related
apoptosis-inducing ligand) and CDDP (cisplatin).

In certain cases, chemo-/immuno-/radio-therapy can also induce RKIP expression, which is
important for the cytotoxic action of these therapeutic agents. Gemcitibine, an inhibitor of DNA
synthesis and cell cycle, induces RKIP expression and synergizes with Sorafenib (a small molecule
inhibitor targeting Vascular Endothelial Growth Factor Reeptor (VEGFR), Platelet-derived Growth
Factor Receptor (PDGFR), and Raf) in non-small cell lung cancer (NSCLC) [45] and in pancreatic
cancer [46] cell lines to block proliferation and increase apoptosis. The Epidermal Growth Factor
Receptor (EGFR) inhibitor Erlotinib also showed synergistic effect with Sorafenib and increased RKIP
expression in lung cancers [47]. INC (a topoisomerase I inhibitor) in prostate and breast cell lines [48],
anti-mitotic agents ENMD-1198 and MKC-1 in prostate cancer cell lines [49], have all been shown
to exert their effect through upregulation of RKIP. One study revealed that the bacterial antibiotic
Gemifloxacin can also block migration and invasion of breast cancer cell lines MDA-MB-231 and
MB-453 through RKIP protein induction [50]. Conversely, locostatin, a migration inhibitor, has been
reported to act through specific inhibition of RKIP association with Raf [51,52]. However, studies by
Shemon et al. showed that locostatin acts in a nonspecific manner independent of RKIP /Raf to inhibit
cell migration and cause cytoskeletal defects [53]. One caution in all of these studies is the high degree
of off-target effects of drugs.
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2.5. Regulation and Function of RKIP in Liquid Cancers

Clinical implications of RKIP expression in liquid cancers, reviewed in detail by Lamiman et al. [1],
is a field that requires more extensive investigation. Although the molecular networks regulated by
RKIP seem to be similar in liquid and solid tumors, the clinical outcome of RKIP expression can differ.
Consistent with its inhibition of the Raf-MEK-ERK cascade, RKIP-overexpression in hematopoietic
cells impaired the oncogenic activity of RAS (rat sarcoma) kinase in proliferation and soft agar
colonization assays. Similarly, RKIP expression is lost in 19 of 103 acute myeloid leukemia (AML)
patients, suggesting a potential role in AML progression for some individuals [54]. In a subtype of AML
called myeloid sarcoma, leukemia cells can leave the blood system and form tumors in solid tissue by
a process similar to extravasation and metastasis of solid cancers. Caraffini et al. demonstrated that
RKIP functions as a suppressor of this metastatic process [55]. Knocking down RKIP in AML cell lines
resulted in more cells infiltrating the tissue and forming tumors in a chorioallantoic membrane assay,
whereas RKIP over-expression showed the opposite effect. In a small group of AML patients, RKIP loss
was enriched in myeloid sarcoma cases, and occurred at both protein and mRNA levels. The authors
speculated that the loss of RKIP in these patients is probably through miR-23a, as they have previously
demonstrated negative regulation of RKIP expression by miR-23a in AML patients [37]. It should also
be noted that RKIP loss in AML patients correlates with mutations in RAS, arguing for a potential role
for mutant RAS in RKIP regulation [54].

Despite its inhibitory effect on extravasation and tissue infiltration in myeloid sarcoma, loss of
RKIP seems to be a marker for good prognosis in AML [54], contrary to solid tumors. Patients whose
cancer lacked RKIP expression showed longer relapse-free and overall survival rates upon standard
chemotherapy. This could be attributed, at least in part, to the differences in mutational, epigenetic
and microenvironmental landscape of blood cancers versus solid cancers. RKIP reprograms the
tumor microenvironment to inhibit metastasis (e.g., by blocking tumor-associated macrophage
recruitment [7]), which is vastly different in liquid tumors. Liquid cancers also tend to have mutations
in global epigenetic regulators such as DNMT (DNA methyl-transferases) and TET (Ten-Eleven
Translocation) genes (reviewed in [56]), which contribute to phenotypic output with or without
anti-cancer treatment. Interestingly, the same TET-HOX signaling pathway promotes AML [57] but
suppresses breast cancer [9], suggesting that the internal cell signaling environment differs significantly
between solid and liquid tumors. Alternatively, the fact that RKIP has different functions dependent
on its S153 phosphorylation state, may play a role in different cell-specific outcomes. For example,
in multiple myeloma, RKIP overexpression is common, but in half the cases RKIP is found in its p-5153
form [58], which confounds prognostic and predictive analyses. Thus, post-translational modifications
of the RKIP protein, such as phosphorylation of the S153 residue that activates both ERK and PKA
kinases, might also contribute to the differences in RKIP function as well as its prognostic efficacy.

In non-Hodgkin’s lymphoma B cells, Rituximab, an FDA-approved chimeric anti-human CD20
monoclonal antibody, sensitizes resistant tumor cells to drug treatment by inducing RKIP expression
leading to down-regulation of ERK phosphorylation and the anti-apoptotic gene Bcl-XL (B-cell
lymphoma-extra large) [59]. This is similar to RKIP’s chemo-sensitization role in prostate cancer
(previously discussed). Two other monoclonal antibodies targeting CD20, BM-ca and LFB-R603
showed the same results [60,61].

Taken together, these studies demonstrate that it is important to take into account specific
cell types when assessing the association of RKIP with clinical outcome. Particularly when
comparing liquid versus solid tumors, the impact of the different microenvironments as well as
the unique intracellular regulators on tumor cell gene expression and signaling could lead to different
mechanisms for regulating RKIP at multiple levels, including epigenetic/transcriptional, translational,
and post-translational.
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3. Identifying Downstream Networks to Mimic RKIP Function

Inhibiting mechanisms that suppress RKIP transcription is a viable strategy to reactivate RKIP
function in metastatic cancers. As discussed above, this method could revert the invasive phenotype
in certain cancers. However, the presence of post-transcriptional and post-translational mechanisms
to downregulate RKIP as well as the possibility of off-target effects may limit the success of these
approaches. An alternative approach is to elucidate downstream kinase and gene networks regulated
by RKIP and mimic its molecular and cellular function therapeutically. Since RKIP is an inhibitor of
kinases across metastatic cancers, identifying its kinase targets can reveal key signaling mechanisms of
invasion and metastasis that are targetable with small molecule inhibitors. Kinomic and transcriptomic
reprogramming by RKIP in cancers can be used as a guide to develop anti-metastatic therapies and
build gene signatures for precision medicine.

3.1. Kinase Targets

RKIP regulates the activity of multiple kinase pathways that are important for metastasis. As an
inhibitor of the Raf-Mek-Erk cascade, RKIP binds to Raf-1 and blocks activation of downstream
mitogen-activated protein kinases (MAPKs) [11,62,63]. RKIP was reported to inhibit NF«B signaling
by directly binding to NIK (NF«B inducing kinase) and TAK1 (transforming growth factor beta
(TGFB)-activated kinase 1) [13,64]. RKIP over-expression can also reduce SRC and FAK (focal adhesion
kinase) activation under certain conditions [29,48]. All of these signaling pathways play crucial roles
in cell motility /invasion and metastasis.

Pharmacological inhibition of these pathways can potentially mimic RKIP. Raf and Mek inhibitors
have been extensively studied for their anti-tumorigenic and anti-metastatic activities and are in clinical
trials for metastatic cancers [65]. Inhibition of NF«kB signaling pathway with IKK inhibitors [66] or by
NF«B inhibitors [67], for example, has an anti-metastatic effect on tumor progression. FAK inhibitors
can block metastasis in multiple cancers by inhibiting cell motility as well as remodeling the tumor
microenvironment and sensitizing tumors to cytotoxic treatments [68]. Inhibition of Src kinase yields
similar results in pre-clinical studies [69]. However, this therapeutic approach is complicated by the
fact that that tumors usually become resistant to kinase inhibitors by activating alternative feedback
mechanisms [70].

3.2. Mimicking Microenvironmental Effects of RKIP in Tumors

RKIP’s anti-metastatic function is at least partially mediated through its effect on the tumor
microenvironment. Rosner and colleagues demonstrated that RKIP over-expression in metastatic
TNBC mouse models robustly blocks recruitment of tumor-associated macrophages (TAMs) into the
tumors through a mechanism dependent upon the chemokine CCL5 (C-C motif chemokine ligand 5) [7].
TAMs are known to be critical components of metastatic progression in solid tumors, as macrophages
can enhance tumor cell invasion and intravasation, and promote tumor angiogenesis [71].

More broadly, using species-specific RNA sequencing in a xenograft TNBC mouse model,
Bainer et al. demonstrated that gene expression in metastatic breast tumors is widely correlated with
gene expression in local stroma of both mouse xenografts and human patients [6]. Moreover, changes in
stromal gene expression elicited by tumors that do or do not express RKIP is a better predictor of breast
cancer subtype and patient metastasis-free survival than tumor gene expression. These findings
show that understanding microenvironmental functions of RKIP can open new prognostic and
therapeutic avenues.

3.3. Computational Approaches to Build Actionable RKIP Gene Networks

Computational strategies are extremely useful in identifying critical signaling pathways and
targetable factors, especially when powered by patient-derived data. Using known biological
interactions (or experimentally-derived interactions) as filters is a powerful method while building



Cancers 2018, 10, 306 90of 13

networks because it reduces noise [72]. RKIP, as a selective metastasis suppressor, is a potent filter for
generating statistical correlations focused on the metastatic process.

To systemically identify downstream mediators of RKIP, Rosner and colleagues have employed
integrated approaches that combine statistical /computational analysis of breast cancer gene expression
data and experimentally-validated gene interactions. Dangi-Garimella et al. first experimentally
identified a pro-metastatic signaling cascade involving Myc/LIN28/let-7 as an RKIP target [4].
Then, Yun et al. used this RKIP/let-7 interaction as a computational filter to connect the RKIP signaling
cascade to previously-described bone metastasis signature genes [10,30]. Specifically, they used
statistical and machine learning approaches involving gene set analysis (GSA) and Random Forest
(RF) on a compilation of publicly-available microarray gene expression data from patient tumors.
With this method, they identified HGMA2 and BACH1 as likely mediators that connect RKIP signaling
to downstream bone metastasis genes MMP1 (matrix metalloproteinase 1), OPN (osteopontin),
and CXCR4 (chemokine C-X-C motif receptor 4). Yun et al. then validated down-regulation of
HMGA? and BACH1 by RKIP and let-7 experimentally in vitro and in vivo. Thus, these studies used
patient gene expression data to generate hypothetical signaling networks that were then validated
experimentally. The key biomarkers identified can also serve as therapeutic targets to mimic the
anti-metastatic action of RKIP.

Exploring and expanding RKIP-regulated gene networks using patient-derived expression data
also allow for developing predictive and prognostic gene signatures that have mechanistic relevance
to specific patient cohorts. After identifying RKIP-regulated signaling networks in tumors and their
microenvironment, the Rosner group generated several RKIP pathway-based gene signatures for
predicting metastasis-free survival of breast cancer patients [6-10]. The biomarkers used in these
gene signatures span a wide range of metastatic processes such as extracellular matrix remodeling,
epigenetic regulation, tumor-associated macrophage recruitment, and reprogramming of stromal gene
expression by tumors. While these signatures facilitate the identification of patients who would benefit
from RKIP-like regulation, the challenge has been to come up with therapeutic treatments that either
mimic or reactivate RKIP functionally in tumor cells.

With the completion of TCGA and ease of access to clinical sequencing data from multiple studies,
building clinically relevant hypothetical gene networks and signatures is becoming less challenging.
Gene signatures built on experimentally validated mechanistic gene-gene interactions can (1) help
identify/stratify patients for guided/personalized treatment, (2) be used as biomarkers for predicting
drug efficacy or sensitivity in patients, and (3) be combined with machine learning methods for drug
discovery or drug repurposing for a particular biological function. Conceptually, novel anti-metastatic
therapies can be discovered as long as the therapeutic approach being tested is able to target genes in
patients identified as high risk by RKIP-related gene signatures. In parallel, therapeutic treatments
that mimic RKIP’s anti-metastatic functions would be more effective in patients who are at high risk
for metastasis based on their RKIP pathway signature score.

4. Conclusions

In sum, RKIP is an important suppressor of metastasis that would be most effective if induced in
metastatic cells. However, even in the absence of RKIP protein, it is possible to leverage RKIP targets
and patient data to identify novel targets such as specific kinases that, if inhibited together, can mimic
the anti-metastatic properties of RKIP and make tumors more homogeneous and more susceptible to
conventional cytotoxic therapy.
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