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METHODS AND COMPOSITIONS FOR
TREATING CANCER

PRIORITY

[0001] This application claims the benefit of U.S. provi-
sional application Ser. No. 62/658,804, filed on Apr. 17,
2018, which is incorporated by reference herein in its
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under GM087630 and GM121735 awarded by the National
Institutes of Health. The government has certain rights in the
invention.

BACKGROUND OF THE INVENTION

Field of the Invention

[0003] This disclosure relates to compositions and meth-
ods for treating cancer, and triple-negative breast cancer in
particular.

[0004] Metastasis remains the deadliest aspect of cancer.
Despite advancements in treating early-stage cancers, the
therapeutic options for late-stage disease are limited. Recent
studies suggest that targeting metastatic mechanisms can
increase response to chemotherapy and improve survival
even in tumors with established metastatic burden. (Odabaei
et al., 2004; Steeg, 2016). Therefore, understanding molecu-
lar and cellular mechanisms that drive the spread of tumor
cells to distant organs is essential to deriving treatment
combinations that block metastatic cancer progression, par-
ticularly for cancers that lack effective targeted therapy, for
example, triple negative breast cancer (ER-, PR-, HER2low;
TNBC) (Al-Mahmood et al., 2018). Mimicking RKIP with
therapeutic agents is a promising treatment strategy. How-
ever, single drug therapies that target key genes such as Raf
in cancer have been largely unsuccessful (Karoulia et al.,
2017). Effective combination therapy based on RKIP action
is not possible at present since the RKIP regulatory network
is complex and not well-defined. To really exploit this
physiological anti-metastatic protein, it is important to iden-
tify the metastatic drivers targeted by RKIP in tumors. As
metastasis remains the deadliest aspect of cancer, effective
anti-metastatic therapies for cancer patients are needed.

SUMMARY OF THE INVENTION

[0005] This disclosure investigated the RKIP-regulated
kinome in TNBC tumors with the goal of discovering
essential metastatic signaling networks that can be targeted
using kinase inhibitor combinations. Kinases regulated by
RKIPin the MAPK network were identified and investigated
in TNBC cells and showed that partially inhibiting 4 discrete
nodes with a unique 4-drug MAPK inhibitor (4D-MAPKi)
combination was effective at suppressing tumor invasion
and metastasis as well as enhancing survival. RNA sequenc-
ing analysis of xenograft TNBCs expressing RKIP identified
genes that mediate cell motility/adhesion and are similarly
inhibited by the 4D-MAPKi. Finally, genes negatively regu-
lated by RKIP in preclinical models corresponded to genes
whose expression inversely correlates with RKIP expression
across breast and other cancer types in TCGA patient data
sets. These studies in this disclosure support the strategy of

Apr. 8,2021

partially inhibiting multiple nodes within a critical kinase
network to slow or prevent invasion and metastasis of cancer
and highlight the potential clinical relevance of this signal-
ing network. In particular, any combination of MAPK
inhibitors that can inhibit multiple MAPK axes (for
example, p38, INK, and ERK) simultaneously can be an
effective treatment in preventing invasion and metastasis of
cancet.

[0006] In a first aspect, the invention provides a compo-
sition, comprising a combination of drugs comprising at
least two or more inhibitors of the mitogen-activated protein
kinase (MAPK) pathway, wherein the at least two or more
inhibitors are selected from inhibitors of MEK1, MEK2,
p38MAPK, INK1, INK2, JNK3, MLK 1, MLK2, MLK3,
TAOK1, TAOK2, DLK, MAP2K4, MAP3K1, MAP3K2,
MAP3K3, MAP3K4, MAP3KS, MAP3K6, MAP3K7,
MAP3K8, MAP3K12, MAP3K 13, MAP3K14, MAP3K15,
MAP3K20, RAF1, BRAF, and ARAF. In some embodi-
ments, each of the at least two or more inhibitors is present
in a low-dose. In an embodiment of the composition, the at
least two or more inhibitors comprise (a) a MEK inhibitor,
(b) a p38MAPK inhibitor, (¢c) a JNK inhibitor, and (d) a
MLK inhibitor.

[0007] In certain embodiments of the first aspect, the
MEK inhibitor is selected from the group consisting of
trametinib (Mekinist™), cobimetinib (Cotellic™), binim-
etinib (MEK162, ARRY-162), selumetinib (AZD6244),
pimasertib (AS-703026), refametinib (RDEA119, Bay
86-9766), PD-325901, PD-035901, PD-184352 (CI-1040),
TAK-733, U0126-EtOH, and BI-847325. In an embodiment,
the MEK inhibitor is trametinib (Mekinist™), and the low-
dose of trametinib (Mekinist™) in the combination is about
0.005 mg, or about 0.01 mg, or about 0.05 mg, or about 0.1
mg, or about 0.2 mg, or about 0.3 mg, or about 0.4 mg, or
about 0.5 mg, or about 0.6 mg, or about 0.7 mg, or about 0.8
mg, or about 0.9 mg, or about 1.0 mg, or about 1.5 mg, or
about 2.0 mg, or about 5.0 mg, or about 10 mg, or about 20
mg, or about 30 mg, or about 40 mg, or about 50 mg, or
about 100 mg, or about 200 mg or more.

[0008] In certain embodiments of the first aspect, the
p38MAPK inhibitor is selected from the group consisting of
SB203580, doramapimod (BIRB 796), SB202190 (FHPI),
ralimetinib (LY2228820), VX-702, PH-797804, VX-745,
TAK-715, pamapimod (R-1503, Ro04402257), BMS-
582949, SB239063, losmapimod (GW856553X), skepi-
none-L, and pexmetinib (ARRY-614). In an embodiment,
the p38MAPK inhibitor is SB203580 (4-(4-Fluorophenyl)-
2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole),
and the low-dose of SB203580 in the combination is about
0.005 mg, or about 0.01 mg, or about 0.05 mg, or about 0.1
mg, or about 0.2 mg, or about 0.3 mg, or about 0.4 mg, or
about 0.5 mg, or about 0.6 mg, or about 0.7 mg, or about 0.8
mg, or about 0.9 mg, or about 1.0 mg, or about 1.5 mg, or
about 2.0 mg, or about 5.0 mg, or about 10 mg, or about 20
mg, or about 30 mg, or about 40 mg, or about 50 mg, or
about 100 mg, or about 200 mg or more.

[0009] In certain embodiments of the first aspect, the INK
inhibitor is selected from the group consisting of SP600125,
JNK-IN-8, tanzisertib (CC-930), CC-401, doramapimod
(BIRB 796), RWJ 67657, bentamapimod, BI-78D3, JNK
Inhibitor IX, and vacquinol-1. In an embodiment, the JNK
inhibitor is SP600125 (1,9-Pyrazoloanthrone, Anthrapyra-
zolone), and the low-dose of SP600125 in the combination
is about 0.005 mg, or about 0.01 mg, or about 0.05 mg, or
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about 0.1 mg, or about 0.2 mg, or about 0.3 mg, or about 0.4
mg, or about 0.5 mg, or about 0.6 mg, or about 0.7 mg, or
about 0.8 mg, or about 0.9 mg, or about 1.0 mg, or about 1.5
mg, or about 2.0 mg, or about 5.0 mg, or about 10 mg, or
about 20 mg, or about 30 mg, or about 40 mg, or about 50
mg, or about 100 mg, or about 200 mg or more.

[0010] In certain embodiments of the first aspect, the
MLK inhibitor is selected from the group consisting of
URMC-099, CEP-1347 (KT7515), CEP-5104, CEP-11004,
and CEP-6331. In an embodiment, wherein the MLK 1/2/3
inhibitor is URMC-099 (3-(1H-indol-5-y1)-5-[4-[(4-methy]-
1-piperazinyl)methyl|phenyl]-1H- pyrrolo[2,3-b]pyridine),
and the low-dose of URMC-099 in the combination is about
0.005 mg, or about 0.01 mg, or about 0.05 mg, or about 0.1
mg, or about 0.2 mg, or about 0.3 mg, or about 0.4 mg, or
about 0.5 mg, or about 0.6 mg, or about 0.7 mg, or about 0.8
mg, or about 0.9 mg, or about 1.0 mg, or about 1.5 mg, or
about 2.0 mg, or about 5.0 mg, or about 10 mg, or about 20
mg, or about 30 mg, or about 40 mg, or about 50 mg, or
about 100 mg, or about 200 mg or more.

[0011] In certain embodiments of the first aspect, the DLK
inhibitor is selected from the group consisting of URMC-
099, GNE-3511, and GDC-0134. In an embodiment, the
DLK inhibitor is URMC-099 (3-(1H-indol-5-y1)-5-[4-[(4-
methyl-1-piperazinyl)methyl|phenyl]-1H-pyrrolo[2,3-b]
pyridine), and the low-dose of URMC-099 in the combina-
tion is about 0.005 mg, or about 0.01 mg, or about 0.05 mg,
or about 0.1 mg, or about 0.2 mg, or about 0.3 mg, or about
0.4 mg, or about 0.5 mg, or about 0.6 mg, or about 0.7 mg,
or about 0.8 mg, or about 0.9 mg, or about 1.0 mg, or about
1.5 mg, or about 2.0 mg, or about 5.0 mg, or about 10 mg,
or about 20 mg, or about 30 mg, or about 40 mg, or about
50 mg, or about 100 mg, or about 200 mg or more.

[0012] In a second aspect, the invention provides a com-
position comprising (a) trametinib, (b) SB203580, (c)
SP600125, and (d) URMC-099. In certain embodiments of
the second aspect, the composition comprises, (a) about
0.005 mg to about 200 mg of trametinib, (b) about 0.005 mg
to about 200 mg SB203580, (¢) about 0.005 mg to about 200
mg SP600125, and (d) about 0.005 mg to about 200 mg
URMC-099.

[0013] In a third aspect, the invention provides a method
of treating a patient with cancer, comprising administering a
therapeutically effective amount of the any of the composi-
tions disclosed herein, wherein the administration of the
therapeutically effective amount of the composition prevents
invasion of the cancer.

[0014] In a fourth aspect, the invention provides a method
of treating a patient with cancer, comprising administering a
therapeutically effective amount of the any of the composi-
tions disclosed herein, wherein the administration of the
therapeutically effective amount of the composition prevents
metastasis of the cancer.

[0015] In a fifth aspect, the invention provides a method
for treating a patient with cancer, comprising

[0016]

[0017] (b) measuring the expression level of ROCK2,
DOCK4, ITGA1, APC, and RAPGEF?2 in the cancer
sample; and

[0018] (c) administering a therapeutically effective
amount of the composition of any of compositions
described herein to the patient when the expression
levels of ROCK2, DOCK4, ITGAl, APC, and

(a) obtaining a cancer sample from the patient;
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RAPGEF2 in the cancer sample are increased relative
to the expression levels of the same genes in a control
sample.
[0019] In certain embodiments of the fifth aspect, the
cancer sample comprises a biopsy of a primary cancer
tumor. In some embodiments, the primary cancer tumor is
breast, pancreatic, ovarian, lung, head and neck, or colorec-
tal.

[0020] In some embodiments of the third, fourth, and fifth
aspects, the method further comprises administering to the
patient one or more of a chemotherapy, a radiation therapy,
and an immunotherapy. In certain embodiments, the method
further comprises surgical removal of the primary cancer.
[0021] In some embodiments of the third, fourth, and fifth
aspects, the patient has a primary cancer with decreased
RKIP (PEBP1) expression compared to a control sample. In
certain embodiments, the patient has a primary cancer with
an increased expression of one or more of APC, DOCK4,
ADAMS, DAB2, DOCKI10, FLNA, FNI1, HDAC4,
MCAF1, RAPGEF2, and ROBO1 genes compared to a
control sample. In some embodiments, the patient has a
primary cancer with an increased expression of ROCK2,
DOCKA4, ITGA1, APC, and RAPGEF2 compared to a con-
trol sample.

[0022] In some embodiments of the third, fourth, and fifth
aspects, the patient has a primary cancer selected from the
group consisting of Acute Lymphoblastic Leukemia (ALL),
Acute Myeloid Leukemia (AML), Adrenocortical Carci-
noma, Kaposi Sarcoma (Soft Tissue Sarcoma), AIDS-Re-
lated Lymphoma, Primary CNS Lymphoma, Anal Cancer,
Appendix Cancer, Astrocytomas, Brain Cancer, Atypical
Teratoid/Rhabdoid Tumor, Basal Cell Carcinoma of the
Skin, Bile Duct Cancer, Bladder Cancer, Bone Cancer
(including Ewing Sarcoma and Osteosarcoma and Malig-
nant Fibrous Histiocytoma), Breast Cancer, Bronchial
Tumors, Burkitt Lymphoma, Non-Hodgkin Lymphoma,
Carcinoid Tumor (Gastrointestinal), Cardiac (Heart)
Tumors, Cervical Cancer, Cholangiocarcinoma, Chordoma,
Chronic Lymphocytic Leukemia (CLL), Chronic Myelog-
enous Leukemia (CML), Colorectal Cancer, Craniopharyn-
gioma, Cutaneous T-Cell Lymphoma, Ductal Carcinoma In
Situ (DCIS), Endometrial Cancer (Uterine Cancer), Esopha-
geal Cancer, Esthesioneuroblastoma (Head and Neck Can-
cer), Extragonadal Germ Cell Tumor, Eye Cancer, Intraocu-
lar Melanoma, Retinoblastoma, Fallopian Tube Cancer,
Gallbladder Cancer, Gastric (Stomach) Cancer, Gastrointes-
tinal Stromal Tumors (GIST), Germ Cell Tumors, Testicular
Cancer, Gestational Trophoblastic Disease, Hairy Cell Leu-
kemia, Hodgkin Lymphoma, Hypopharyngeal Cancer, Islet
Cell Tumors, Pancreatic Neuroendocrine Tumors, Kidney
(Renal Cell) Cancer, Langerhans Cell Histiocytosis, Laryn-
geal Cancer, Leukemia, Lip and Oral Cavity Cancer, Liver
Cancer, Lymphoma, Melanoma, Merkel Cell Carcinoma
(Skin Cancer), Mesothelioma, Multiple Myeloma/Plasma
Cell Neoplasms, Mycosis Fungoides, Myelodysplastic Syn-
dromes, Myelodysplastic/Myeloproliferative Neoplasms,
Nasal Cavity and Paranasal Sinus Cancer, Nasopharyngeal
Cancer, Neuroblastoma, Non-Small Cell Lung Cancer, Oral
Cancer, Oropharyngeal Cancer, Ovarian Cancer, Pancreatic
Cancer, Paraganglioma, Parathyroid Cancer, Penile Cancer,
Prostate Cancer, Rhabdomyosarcoma, Salivary Gland Can-
cer, Sarcoma, Uterine Sarcoma, Small Cell Lung Cancer,
Small Intestine Cancer, Sézary Syndrome, Throat Cancer,
Thymoma, Thyroid Cancer, Urethral Cancer, Vaginal Can-
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cer, Wilms Tumor, and metastatic forms thereof. In an
embodiment, the primary cancer is breast cancer, in particu-
lar, triple-negative breast cancer (TNBC).

[0023] These and other features and advantages of the
present invention will be more fully understood from the
following detailed description taken together with the
accompanying claims. It is noted that the scope of the claims
is defined by the recitations therein and not by the specific
discussion of features and advantages set forth in the present
description.

DESCRIPTION OF DRAWINGS

[0024] FIGS. 1A-1H: RKIP partially inhibits multiple
kinases within the extended MAPK network. (FIG. 1A)
Heatmap shows 30 kinases whose activity is significantly
regulated by RKIP in xenograft BM1 tumors that over-
express RKIP (n=6) or the empty vector control (n=5). 23
kinases were downregulated and 7 kinases were upregulated
by RKIP. (FIG. 1B) Kinome map highlights the changes in
kinomic activity as RKIP reprograms tumors into a non-
metastatic state. Shaded node indicates downregulation of
activity and shaded node indicated with arrows indicates
upregulation of activity for a particular kinase. (FIG. 1C)
Heatmap demonstrates the distribution of kinases targeted
by RKIP in an activity ranked listed of all 250 kinases.
Kinases with high level activity in the control tumors are at
the top, and the kinases with low activity are towards the
bottom. (FIG. 1D) Bar plot shows the average effect size of
changes in kinase activity induced by RKIP in the BM1
tumors included in the MIB analysis. (FIG. 1E) Gene set
enrichment analysis of the 23 downregulated kinases using
Metascape shows functional gene sets. Bar plot shows the
significance p-value for each gene set in the —logl0 scale.
Stress-induced mitogen activated protein kinase (MAPK)
related gene sets are indicated with an asterisk (*). (FIG. 1F)
Ingenuity® Pathway Analysis (IPA) shows the predicted
functional interactions between the downregulated (light
grey shaded triangles) and upregulated (grey shaded tri-
angles indicated with an asterisk (*)) MIB kinases. See the
prediction legend for the types of predictions. (FIG. 1G)
Protein-protein interaction network and community analysis
depicts the topology of the core stress MAPK network
regulated by RKIP. (FIG. 1H) Immunoblotting confirms
downregulation of the stress MAPKs by wild type RKIP and
the Raf-binding S153E mutant in the human BM1 TNBC
cell line in vitro. Quantification for each band is normalized
to the Tubulin signal in the same blot and depicted above the
corresponding blots. Representative of two independent
experiments. See also FIGS. 2A-2B.

[0025] FIGS. 2A-2B: RKIP targets stress MAPKs p38 and
JNK, which are important for TNBC cell migration and
invasion. (FIG. 2A) Immunoblotting confirms downregula-
tion of the stress MAPKs by the wild type RKIP and the
Raf-binding S153E mutant in the human MB436 cell line
and mouse LMB and M6C cell lines in vitro. Quantification
for each band is normalized to the Tubulin signal in the same
blot and depicted relative to the vector control on the
corresponding blots. (FIG. 2B) Chemotactic invasion assays
and wound healing migration assays in BM1 cells with the
indicated doses of the JNK inhibitor SP600125 and the p38
inhibitor SB203580 show that stress kinases JNK and p38
are necessary for BM1 migration and invasion. Data are
shown as mean+SEM of n=3 technical replicates per experi-
mental group. Statistical significance was tested with respect
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to the control (untreated) group using a two-tailed t-test.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

[0026] FIGS. 3A-3E: Inhibiting the stress MAPKs mimics
RKIP function. (FIG. 3A) Immunoblots demonstrate dose-
dependent partial downregulation of p-JNK, but not p-p38,
by MEK inhibition in anisomycin and serum-induced BM1
cells in vitro. See also FIG. 4A. (FIG. 3B) Dose response
curves show the quantification of p-ERK, p-JNK, and p-p38
signal upon treatment with the indicated doses of the MEK
inhibitor in four TNBC cell lines under anisomycin- or
serum-induced conditions. Each dot on the graph represents
the response of a cell line normalized to the signal in the
non-treated cells. Dashed bars represent the p-ERK, p-JNK,
and p-p38 signaling in the non-treated cells which is set to
an average of 1. See also FIG. 4B. (FIG. 3C) Chemotactic
invasion assay demonstrates a decrease in BM1 invasion
when TAO kinases are knocked down by siRNAs individu-
ally or all together. Data are shown as mean+SEM of n=3
technical replicates per experimental group. Representative
of two independent experiments. Statistical significance was
tested with respect to the control (non-targeting siRNA)
group using a two-tailed t-test. See also FIG. 4G for the
similar data in MB436 cells. (FIG. 3D) Chemotactic inva-
sion assay shows dose-dependent downregulation of BM1
invasion when treated with increasing doses of the MLK
inhibitor URMC-099. Data are shown as mean+SEM of n=3
technical replicates per experimental group. Representative
of two independent experiments. Statistical significance was
tested with respect to the control (0.1% DMSO treated)
group using a two-tailed t-test. See also FIGS. 4F and 4G for
similar data in MB436 cells. (FIG. 3E) Diagram summariz-
ing the regulation of the MAPK network by RKIP in BM1
cells in vitro. *p<0.05, **p<0.01, ***p<0.001, ****p<0.
0001.

[0027] FIGS. 4A-4G: RKIP overcomes the context-depen-
dent complexity of the extended MAPK network by target-
ing multiple nodes. (FIG. 4A) Immunoblots demonstrate the
context-dependent responses of p38 and JNK kinases to
MEK inhibition (MEKi) in TNBC cell lines MB436, LMB,
and M6C under anisomycin or serum induction. (FIG. 4B)
Immunoblots (top panel) show activity of TAOK1/2/3 in
syngeneic M6C tumors with exogenous RKIP expression.
Densitometry quantification (bottom panel) of phosphory-
lated TAOKSs demonstrates the inhibition of TAOK2, but not
TAOKI1 and TAOK3 by RKIP in n=8 RKIP tumors with
respect to n=7 control tumors. Data are shown as mean
+SEM. Statistical significance was tested using a two-tailed
t-test. (FIG. 4C) Immunoblots show the downregulation of
TAOK1/2/3 and MLK3 activity in BM1 and MB436 cells
expressing wild type RKIP or the S153E mutant. (FIG. 4D)
Immunoblots demonstrate the downregulation of p38 and
JNK stress kinase activity in vitro when TAO kinases were
knocked down in BM1 and MB436 cells by siRNAs against
TAOKI1, TAOK2, and TAOK3 individually or all together
(si-Combo) (si-NT, non-targeting siRNA). (FIG. 4E) Dose
response immunoblot shows MLK inhibition (MLKi) with
URMC-099 decreases JNK and p38 activity in anisomycin-
induced BM1 or MB436 cells in vitro. (FIG. 4F) Chemot-
actic invasion assay demonstrates a decrease in MB436
invasion when TAO kinases are knocked down by siRNAs
individually or all together. Data are shown as mean+SEM
of n=3 technical replicates per experimental group. Repre-
sentative of two independent experiments. Statistical sig-
nificance was tested with respect to the control (non-target-
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ing siRNA) group using a two-tailed t-test. (FIG. 4G)
Chemotactic invasion assay shows dose-dependent down-
regulation of MB436 invasion when treated with increasing
doses of the MLK inhibitor URMC-099. Data are shown as
mean+SEM of n=3 technical replicates per experimental
group. Representative of two independent experiments. Sta-
tistical significance was tested with respect to the control
(0.1% DMSO treated) group using a two-tailed t-test. *p<O0.
05, **p<0.01, ***p<0.001, ****p<0.0001.

[0028] FIGS. 5A-5D: Negative crosstalk between p38 and
JNK in TNBC cell lines is context-dependent. Related to
FIGS. 3A-3E. (FIG. 5A) Immunoblots show the differential
cross-talk between p38 and JNK signaling in serum-induced
BM1 cells (p38i=p38 inhibition; JNKi=JNK inhibition).
Representative of two independent experiments. (FIG. 5B)
Immunoblots show the differential cross-talk between p38
and JNK signaling in anisomycin-induced BM1 cells. Rep-
resentative of two independent experiments. (FIG. 5C)
Immunoblots demonstrate the negative feedback between
p38 and JNK signaling under serum conditions in MB436,
LMB, and M6C cells. (FIG. 5D) SB203580 induced JNK
activation, but not SP600125 induced p38 activation, is
mediated through the MLKs.

[0029] FIGS. 6A-6E: A four-drug combination targeting
the MAPK network mimics RKIP’s anti-invasive function in
vitro. (FIG. 6A) Diagram shows the small molecule inhibi-
tors used in the high-throughput invasion assays for poten-
tial drug combinations. (FIG. 6B) Chemotactic invasion
assay demonstrating the efficacy of the 4-drug combination
vs. the 2-drug combinations in blocking invasion over time
at 1x or 2xdoses. The insets show the 3D proliferation of the
cells under the same conditions as the invasion assay. Data
are plotted as mean+SEM of n=3 technical replicates per
experimental group. Statistical significance was determined
by a two-way ANOVA with Tukey’s multiple tests correc-
tion. The p-values are for the 72-hour time point compari-
sons. See also FIGS. 7A-C for the single drug dose response
experiments, 2-drug and 3-drug combinations tested in the
high throughput invasion assays. (FIG. 6C) Immunoblots
show that the 4-drug combination is more effective than the
dual combinations in inhibiting all three MAPKSs in aniso-
mycin-induced BM1 cells. The heatmap shows the densi-
tometry intensity for p-p38, p-JNK, and p-ERKs, normal-
ized the Tubulin signal for each blot and calibrated to the
control (DMSO treated) samples. Representative of two
independent experiments. See also FIG. 7D for the results in
MB436 and LMB cell lines. (FIG. 6D) 3D proliferation
assays (left panel) and chemotactic invasion assays (right
panel), for each cell line tested, showing that the 4-drug
combination inhibits invasion of MB436, LMB, and M6C
cells without inhibiting their growth. Data are plotted as
mean+SEM of n=3 technical replicates per experimental
group. Statistical significance was determined by a two-way
ANOVA test with Tukey’s multiple comparison correction
for the proliferation assays, and by a two-tailed student’s
t-test for the invasion assays. (FIG. 6E) Proliferation assay
confirming that the 4-drug MAPKi combination is not toxic
to the normal mammary epithelial 184A1 cells. Data are
plotted as mean+SEM of n=3 technical replicates per experi-
mental group. Statistical significance was determined by a
two-way ANOVA test with Tukey’s multiple comparison
correction. See also FIG. 7E for similar results in the
MCF10A cell line. For all plots: *p<0.05, **p<0.01,
**¥p<0.001, ****p<0.0001.

Apr. 8,2021

[0030] FIGS. 7A-7E: High-throughput invasion assays
reveal a four-drug MAPK inhibitor combination that phe-
nocopy RKIP in vitro. Related to FIGS. 6A-6E. (FIG. 7A)
Dose escalation experiments with the six inhibitors of the
MAPK network demonstrating the range of doses for each
inhibitor at which nuclear-labeled BM1 invasion is at least
partially reduced over 72 hours, but proliferation is unaf-
fected. Insets show 3D proliferation overtime (elapsed time
of 72 hours) of BM1 cells at the same doses over 72 hours.
(FIG. 7B) Dual combinations of MAPK inhibitors tested.
The two combinations that showed potential combinatorial
effect on BM1 invasion (MEKi+MLKi, p38i+JNKi) are
highlighted in the top panel box. (FIG. 7C) BM1 invasion
and proliferation when a third inhibitor is added to the dual
combinations reveal non-additive nature of MAPK inhibi-
tors used. (FIG. 7D) Immunoblots show that the 4-drug
combination is more effective than the dual combinations in
inhibiting all three MAPKSs in anisomycin-induced MB436
and LMB cells. The heatmap shows the densitometry inten-
sity for p-p38, p-JNK, and p-ERKSs, normalized the Tubulin
signal for each blot and calibrated to the control (DMSO
treated) samples. (FIG. 7E) Proliferation assay confirming
that the 4-drug MAPKi combination is not toxic to normal
mammary epithelial MCF10A cells. For all graphs, data are
plotted as mean+SEM of n=3 technical replicates per experi-
mental group. Statistical significance was determined by a
two-way ANOVA test with Tukey’s multiple comparison
correction. P-values are for the comparisons at 72 hours.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

[0031] FIGS. 8A-8F: MAPKi combination blocks meta-
static progression and primary tumor growth in vivo. (FIG.
8A) 4-drug MAPKi combination reduces metastatic tumor
burden in the lungs of LMB syngeneic mice. Top panel
depicts the experimental design and the treatment timeline.
H&E staining demonstrates the metastatic lesions in cross-
sections of the lungs in mice treated with 1x (undiluted,
n=10 biological replicates) MAPKi, 0.5x (diluted, n=8)
MAPK]{, or the control (vehicle, n=8). Bottom panel shows
the quantification of the metastatic lesions on the lung
surface. Data are shown as mean+SEM. Statistical signifi-
cance was determined by a one-way ANOVA test with
Dunnett’s correction for multiple testing. Exact p-values are
reported with respect to the control group. For the dose-
response experiments conducted to determine the doses to
be used in the 4-drug combination, see FIG. 9A. (FIG. 8B)
Effect of MAPKi treatment on the primary LMB tumor
growth. Data are plotted as mean+SEM of n=5 biological
replicates per experimental group. Statistical significance
was determined by a two-way ANOVA test. (FIG. 8C)
4-drug MAPKIi combination reduces metastatic tumor bur-
den in the lungs of LMB syngeneic mice even after 2 days
(2 doses over 48 hours, on day O and day 1) of treatment.
Data are shown as mean+SEM of n=10 control tumors and
n=8 MAPKi (1x) treated tumors. Statistical significance was
determined by unpaired two-tailed student’s t-test. (FIG.
8D) Bioluminescence images showing that 4-drug MAPKi
combination reduces metastatic tumor burden in the bones
of athymic nude mice inoculated with luciferase-expressing
BM1 cells. Top panel depicts the experimental design and
the treatment timeline. Bottom panel shows the quantifica-
tion of the metastatic lesions on the lung surface (total flux,
luminescence values were evaluated as total photon flux and
expressed as photons/sec (p/s)). Statistical significance was
determined by a one-way ANOVA test with Dunnett’s
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correction for multiple testing. (FIG. 8E) Kaplan-Meier
curve shows overall survival benefit after 3 weeks of
MAPKI treatment in xenograft mice injected with BM1 cells
via the intracardiac route. Statistical significance was deter-
mined by log-rank (Mantel-Cox) test. (FIG. 8F) Primary
BM1 tumor growth in athymic nude mice is inhibited in
mice treated with MAPKi combination for 4 weeks. Data are
plotted as mean+SEM of n=8 control tumors, n=8 MAPKi
(0.5x) treated tumors, and n=6 MAPKi (1x) treated tumors.
Statistical significance was determined by a two-way
ANOVA test with multiple comparisons at the end of the
4-week treatment period.

[0032] FIGS. 9A-9B: Effect of the individual MAPK
inhibitors on tumor growth and their toxicity in combina-
tion. Related to FIGS. 8A-8F. (FIG. 9A) Dose-response
experiments reveal that p38i, INKi, and MLKi do not affect
primary LMB tumor growth determined by final tumor
weight in a syngeneic model at 10 mg/kg/day or lower.
MEKi, on the other hand, decreases tumor growth in a
dose-dependent manner. Dashed lines indicate the doses
chosen to be used in the 4-drug combination in vivo.
Biological replicates are shown as mean+SEM. (FIG. 9B)
Comparison of mouse weights before and after MAPKi
treatment reveal no overall toxicity to the mice due to drug
treatment in syngeneic or xenograft models. Statistical sig-
nificance was tested with a paired t-test.

[0033] FIGS. 10A-10E: Both RKIP and the MAPKi com-
bination downregulate clinically-relevant motility and inva-
sion genes. (FIG. 10A) MA plot summarizes the RNA-seq
data highlighting the genes differentially regulated between
BM1 and BM1-RKIP tumors. Darker grey indicates (en-
circled) the genes that are expressed at significantly different
levels in n=5 RKIP tumors with respect to n=7 control
tumors. Genes that have negative log fold change are
downregulated (2824 genes), and the ones with the positive
log fold change are upregulated (2922). For principle com-
ponent analysis of the samples, see FIG. 11A. (FIG. 10B)
Diagram describes the bioinformatic strategy used to iden-
tify clinically-relevant putative RKIP target genes. Heatmap
shows FDR corrected p-values for the indicated gene sets in
the —-logl0 scale. Putative targets were filtered by (1) litera-
ture evidence for involvement in the metastatic phenotype
and (2) ENCODE chip-seq data for having binding sites for
ATF, JUN, and MYC transcription factors. 15 candidate
RKIP target genes upon this filtering are listed on the right.
For the gene set enrichment analysis of downregulated genes
in the BM1 tumor RNA-seq data, see FIG. 11B. (FIG. 10C)
Heatmap showing relative expression levels of the 15 puta-
tive RKIP target genes in the RNA-seq data from n=7
control tumors and n=5 RKIP tumors. Expression values are
scaled row-wise. (FIG. 10D) Genes from the heatmap in (C)
are plotted individually. Normalized counts for the indicated
genes are shown as mean+SEM. Significance was deter-
mined two-tailed t-test. (FIG. 10E) Expression of the RKIP
target genes in LMB syngeneic tumors treated with MAPKi
combination for 3 weeks or the vehicle. Data are plotted as
mean+SEM of n=5 control tumors, and n=5 MAPKi (1x)
treated tumors. Statistical significance is determined by
two-tailed t-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.
0001.

[0034] FIGS. 11A-11G: RKIP regulates cell motility and
adhesion genes in vivo and in vitro. Related to FIGS.
10A-10E. (FIG. 11A) Principle component analysis of n=7
BM1-control tumors and n=5 BM1-RKIP tumors used the
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RNA-seq analysis. (FIG. 11B) Gene set enrichment analysis
by Metascape of genes downregulated by RKIP in the
RNA-seq data. FDR corrected p-values are ranked in —log
(10) scale. (FIG. 11C) Summary table listing RKIP target
genes, their fold change in RKIP-expressing BM1 xenograft
tumors in the RNA-seq data (FC(log2)), their Pearson (P)
and Spearman (S) correlation coefficients with RKIP in
TCGA breast cancer dataset, and whether these genes have
binding sites for the transcription factors JUN, ATF, MYC,
and BACH]1 in the ENCODE database. (FIG. 11D) Tran-
scription factor binding according to ENCODE data around
the transcription start site for the individual motility/adhe-
sion target genes displayed on USCS Gene Browser. (FIG.
11E) Quantitative RT-PCR shows regulation of motility and
adhesion gene transcripts by RKIP (wild type or S153E
mutant) in BM1 cells under anisomycin-induced stress con-
ditions in vitro. Data are shown as mean+SEM of n=3
technical replicates. Statistical significance was determined
using one-way ANOVA with multiple testing. (FIG. 11F)
Quantitative RT-PCR shows regulation of motility and adhe-
sion gene transcripts by RKIP (wild type or S153E mutant)
in MB436 cells under anisomycin-induced stress conditions
in vitro. Data are shown as mean+SEM of n=3 technical
replicates. Statistical significance was determined using
one-way ANOVA with multiple testing. (FIG. 11G) Quan-
titative RT-PCR shows regulation of motility and adhesion
gene transcripts by the 4-drug MAPKi combination vs. the
dual combinations in BM1 cells under 3D anisomycin-
induced stress conditions in vitro. Data are shown as
mean+SEM of n=3 technical replicates. Statistical signifi-
cance was determined using one-way ANOVA with multiple
testing and reported with respect to the anisomycin-induced
untreated samples (black). *p<0.05, **p<0.01, ***p<0.001,
*E*E<(0.0001.

[0035] FIGS. 12A-12H: BACHI1, an RKIP target, medi-
ates stress-induced transcription of invasion genes. (FIG.
12A) mRNA expression shows that RKIP downregulates
BACHI transcription in BM1 tumors (RNA-seq results from
FIGS. 9A-B and 10A-10E replotted). Normalized read
counts for BACH]1 gene are plotted as mean+SEM of n=7
control tumors and n=5 RKIP tumors. Multiple testing
corrected p-value was calculated using a Wald test as a part
of'the DEseq2 R package. (FIG. 12B) Quantitative RT-PCR
shows downregulation of BACH1 gene transcript in LMB
syngeneic tumors treated with MAPKi combination for 3
weeks. Data are shown as mean+SEM of n=5 control tumors
and n=5 MAPKi (1x) treated tumors. The values are nor-
malized to the control group. Statistical significance is
determined by two-tailed t-test. *p<0.05, **p<0.01, ***p<0.
001, ****p<(0.0001. (FIG. 12C) Quantitative RT-PCR analy-
sis demonstrates that 4D-MAPKi combination blocks
BACH] induction under anisomycin-induced stress condi-
tions in BM1 cells. Data are shown as mean+SEM of n=3
technical replicates. Representative of three independent
experiments. Statistical significance was determined with
respect to the control samples, using ANOVA with multiple
testing. (FIG. 12D) In BM1 cells, BACHI expression can be
regulated by all three MAPKs. Bars with the pound symbol
(#) in the bar graphs indicate the doses used in 4D-MAPKi
for each inhibitor. Data are shown as mean+SEM of n=3
technical replicates. Statistical significance was determined
using one-way ANOVA with multiple testing. For the results
in MB436 and LMB cell lines, see FIGS. 13A-D. (FIG. 12E)
Immunoblots confirm the inhibition of BACHI1 protein
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expression by the MAPKi combination in human TNBC cell
lines. Representative of two independent experiments. (FIG.
12F) Heatmap shows the corrected p-values for the motility
and adhesion related gene sets enriched with genes nega-
tively regulated by RKIP, and positively correlated with
BACHLI. (FIG. 12G) Quantitative RT-PCR analysis of RKIP
target gene expression in BM1 shBACHI1 cells under ani-
somycin-induced stress. Data are shown as mean+SEM of
n=3 technical replicates. Statistical significance was deter-
mined with respect to the control samples, using ANOVA
with multiple testing. For the results in MB436 cells, see
FIG. 13G. (FIG. 12H) Chromatin immunoprecipitation
analysis indicates direct binding of BACHI1 transcription
factor on the indicated regions of the RKIP target genes.
Data are shown as mean+SEM of two independent experi-
ments (average of n=3 technical replicates per experiment
was plotted).

[0036] FIGS. 13A-13G: BACHI1 expression is regulated
by different MAPKSs in different TNBC cell lines. Related to
FIGS. 12A-12H. Quantitative RT-PCR analysis demon-
strates that the 4-drug MAPKi combination blocks BACH1
induction under anisomycin-induced stress conditions in
MB436 (FIG. 13A) and LMB (FIG. 13B) (representative of
two independent experiments). BACH1 expression is regu-
lated by p38 and JNK in MB436 (FIG. 13C) cells, but by
JNK and MEK in LMB (FIG. 13D) cell. Bars with the pound
symbol (#) in the bar graphs indicate the doses used in the
4-drug combination for each inhibitor. Data are shown as
mean+SEM of n=3 technical replicates. Statistical signifi-
cance was determined using one-way ANOVA with multiple
testing. (FIG. 13E) Diagrams summarize the regulation of
BACHI1 by MAPKSs in different TNBC cell lines. (FIG. 13F)
Immunoblot show the inhibition of BACHI1 protein expres-
sion by the MAPKi combination in LMB cells. (FIG. 13G)
Quantitative RT-PCR analysis of RKIP target gene expres-
sion in MB436 shBACHI1 cells under anisomycin-induced
stress. Data are shown as mean+SEM of n=3 technical
replicates. Statistical significance was determined with
respect to the control samples, using ANOVA with multiple
testing.

[0037] FIGS. 14A-14H: Regulation of the RKIP target
genes is a hallmark of metastatic suppression in multiple
cancers. (FIG. 14A) Heatmap displays distribution of RKIP
target gene expression based on TNBC status in the TCGA
breast cancer data set. TNBC status is determined as nega-
tive ITHC signal for ER, PR, and HER2 receptors in the
patient data. Each column represents a breast cancer sample
(n=1100). (FIG. 14B) Graphs show the genes that are
significantly enriched in the TNBC portion of the TCGA
breast cancer patient data set. z-transformed expression
value for the indicated genes are plotted as mean+SEM of
n=115 TNBC cases, and n=985 other cases. Statistical
significance was determined with a two-tailed t-test. (FIG.
14C) Heatmap shows expression of RKIP target genes in
individual breast cancer patients in the TCGA data set based
on RKIP-high (z-score>0.5) vs. RKIP-low (z-score<(.5)
status. (FIG. 14D) Gene signature consisting of 5 motility/
adhesion target genes (TG) predicts overall survival in
TCGA breast cancer data set in a univariate analysis. Sta-
tistical significance was determined by a log-rank test. (FIG.
14E) Gene sets enriched with genes negatively correlated
with RKIP across multiple TCGA cancer types. The heatmap
shows the corrected p-values in —log(10) scale. (FIG. 14F)
Heatmap summarizes the Spearman correlation coeflicient
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for motility and adhesion related genes in correlation with
RKIP in TCGA cancers. Correlation coefficients higher than
-0.3 was displayed as a black box. (FIG. 14G) Genes that
negatively correlate with the indicated metastasis suppres-
sors in the TCGA breast cancer data are enriched in motility
and adhesion related gene sets. The heatmap shows the
corrected p-values in —log(10) scale. (FIG. 14H) Diagram
summarizing the findings about RKIP-mediated metastasis
suppression in this disclosure.

[0038] FIGS. 15A-15B: 4D-MAPKI treatment prevents
macrophage infiltration. (FIG. 15A) Graph of inhibition of
macrophage infiltration in LMB tumors. Macrophage infil-
tration was quantified in n=5 untreated tumors, and n=5
4D-MAPKi treated tumors, and normalized to the average
infiltration in the control set. Data are shown as mean+SEM
and statistical significance was determined by a two-tailed
t-test. (FIG. 15B) Immunohistochemical analysis of macro-
phage infiltration within the primary LMB tumor tissues.
Tumors sections from FIG. 15A were stained for F4/80
macrophage marker.

DETAILED DESCRIPTION

[0039] Cancer metastasis is estimated to account for
approximately 90% of human cancer related deaths. For
example, metastatic progression of tumors is the major
cause of death in patients with triple negative breast cancer
(TNBC). However, since metastasis is a multi-step process,
unraveling its complexity is a major challenge. One effective
way of tackling this question is to study natural blockers of
the metastatic process, metastasis suppressors, and identify
the mechanisms by which they regulate metastasis. Raf
kinase inhibitory protein (RKIP), a protein that regulates
kinase activity, is a suppressor of TNBC metastasis.
Although RKIP inhibits the activity of key kinases such as
Raf-1, GRK2, and NIK/IKK in cultured cells, the kinase
targets of RKIP in tumors are not known. To address this
question, a mass spectrometry approach involving inhibitor-
conjugated beads was used to identity kinases that are
down-regulated by RKIP in human TNBC xenograft tumors.
The results identified a network of stress kinases targeted by
RKIP, including kinases that have not been previously
reported as RKIP targets. In order to unravel the effect of this
stress network on metastatic gene expression, genes that
correlate with RKIP expression in the cancer genome atlas
(TCGA) breast cancer patient data set were investigated.
Pro-metastatic genes such as APC and DOCK4 were iden-
tified as novel RKIP targets in in vitro and in vivo models of
TNBC. It was also demonstrated that these genes are down-
stream of the RKIP-stress network. By using a high-
throughput invasion assay, a low-dose, multi-drug cocktail
of small-molecule kinase inhibitors that mimic RKIP’s
anti-metastatic role in TNBCs was identified. Elucidating
RKIP function at a systems level reveals the interplay
between key metastatic signaling cascades, particularly in
relation to cell motility and invasion. These findings suggest
that the low-dose multi-drug combination that targets a
network of stress kinases is a viable anti-metastatic therapy
for cancer patients. In particular, combinations of MAPK
inhibitors that can inhibit multiple MAPK axes (for
example, p38, INK, and ERK) simultaneously can be an
effective treatment in preventing invasion and metastasis of
cancet.
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[0040] Al publications, patents, and patent applications
cited herein are hereby expressly incorporated by reference
in their entirety for all purposes.

[0041] Before describing the present invention in detail, a
number of terms will be defined. As used herein, the singular
forms “a,” “an,” and “the” include plural referents unless the
context clearly dictates otherwise.

[0042] It is noted that terms like “preferably,” “com-
monly,” and “typically” are not utilized herein to limit the
scope of the claimed invention or to imply that certain
features are critical, essential, or even important to the
structure or function of the claimed invention. Rather, these
terms are merely intended to highlight alternative or addi-
tional features that can or cannot be utilized in a particular
embodiment of the present invention.

[0043] For the purposes of describing and defining the
present invention it is noted that the term “substantially” as
used herein represents the inherent degree of uncertainty that
can be attributed to any quantitative comparison, value,
measurement, or other representation. The term “substan-
tially” is also used herein to represent the degree by which
a quantitative representation can vary from a stated refer-
ence without resulting in a change in the basic function of
the subject matter at issue.

[0044] As used herein, the terms “or” and “and/or” is
utilized to describe multiple components in combination or
exclusive of one another. For example, “x, y, and/or z” can
refer to “x” alone, “y” alone, “z” alone, “X, y, and z,” “(x and
y) or z,” “x or (y and z),” or “x or y or z.” It is also
contemplated that anything listed using the term “or” may
also be specifically excluded.

[0045] As used herein, the term “about” refers to+10% of
a given value.
[0046] The present disclosure is directed, in part, to a

novel approach for anti-metastatic therapies against cancer
utilizing a combination of at least two inhibitors of the
MAPK pathway. Additional aspects and embodiments of the
disclosure are presented below.

[0047] In a first aspect, the invention provides a compo-
sition, comprising combination of drugs comprising at least
two or more inhibitors of the mitogen-activated protein
kinase (MAPK) pathway, wherein the at least two or more
inhibitors are selected from inhibitors of: MEK1, MEK2,
p38MAPK, INK1, INK2, JNK3, MLK 1, MLK2, MLK3,
TAOK1, TAOK2, DLK, MAP2K4, MAP3K1, MAP3K2,
MAP3K3, MAP3K4, MAP3KS5, MAP3K6, MAP3K7,
MAP3K8, MAP3K12, MAP3K 13, MAP3K14, MAP3K15,
MAP3K20, RAF1, BRAF, and ARAF. In some embodi-
ments, each of the at least two or more inhibitors is present
in a low-dose. In an embodiment of the composition, the at
least two or more inhibitors comprise (a) a MEK inhibitor,
(b) a p38MAPK inhibitor, (¢c) a JNK inhibitor, and (d) a
MLK inhibitor.

[0048] As used herein, the term “low-dose” refers to a
dose which is pharmaceutically effective in inbiting metas-
tasis and/or invasion of cancer cells while not affecting
proliferation and/or growth rate of the cancer cells or normal
cells. A “low-dose” composition also results in the substan-
tial absence of toxic side effects, for example, in the sub-
stantial absence of grade 3 or higher of National Cancer
Institute (NCI) Common Toxicity Criteria (CTC) v2.0, April
1999, or in the substantial absence of grade 2 or higher, or
in the substantial absence of grade 1 or higher (also see
Common Terminology Criteria for Adverse Events (CT-
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CAE) v5.0, November 2017). In certain embodiments, a
“low-dose” of each of the at least two or more MAPK
inhibitors improves the efficacy of radiation therapy, che-
motherapy, and/or immunotherapy. In some embodiments,
due to the non-toxic nature of the low-dose composition
comprising the at least two or more inhibitors of the MAPK
pathway, the composition can be effective as a continuous
therapy.

[0049] In certain embodiments of the first aspect, the
MEK inhibitor is selected from the group consisting of
trametinib (Mekinist™), cobimetinib (Cotellic™), binim-
etinib (MEK162, ARRY-162), selumetinib (AZD6244),
pimasertib (AS-703026), refametinib (RDEA119, Bay
86-9766), PD-325901, PD-035901, PD-184352 (CI-1040),
TAK-733, U0126-EtOH, and BI-847325. In an embodiment,
the MEK inhibitor is trametinib (Mekinist™), and the low-
dose of trametinib (Mekinist™) in the combination is about
0.005 mg, or about 0.01 mg, or about 0.05 mg, or about 0.1
mg, or about 0.2 mg, or about 0.3 mg, or about 0.4 mg, or
about 0.5 mg, or about 0.6 mg, or about 0.7 mg, or about 0.8
mg, or about 0.9 mg, or about 1.0 mg, or about 1.5 mg, or
about 2.0 mg, or about 5.0 mg, or about 10 mg, or about 20
mg, or about 30 mg, or about 40 mg, or about 50 mg, or
about 100 mg, or about 200 mg or more.

[0050] In certain embodiments of the first aspect, the
p38MAPK inhibitor is selected from the group consisting of
SB203580, doramapimod (BIRB 796), SB202190 (FHPI),
ralimetinib (LY2228820), VX-702, PH-797804, VX-745,
TAK-715, pamapimod (R-1503, Ro04402257), BMS-
582949, SB239063, losmapimod (GW856553X), skepi-
none-L, and pexmetinib (ARRY-614). In an embodiment,
the p38MAPK inhibitor is SB203580 (4-(4-Fluorophenyl)-
2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole),
and the low-dose of SB203580 in the combination is about
0.005 mg, or about 0.01 mg, or about 0.05 mg, or about 0.1
mg, or about 0.2 mg, or about 0.3 mg, or about 0.4 mg, or
about 0.5 mg, or about 0.6 mg, or about 0.7 mg, or about 0.8
mg, or about 0.9 mg, or about 1.0 mg, or about 1.5 mg, or
about 2.0 mg, or about 5.0 mg, or about 10 mg, or about 20
mg, or about 30 mg, or about 40 mg, or about 50 mg, or
about 100 mg, or about 200 mg or more.

[0051] In certain embodiments of the first aspect, the INK
inhibitor is selected from the group consisting of SP600125,
JNK-IN-8, tanzisertib (CC-930), CC-401, doramapimod
(BIRB 796), RWJ 67657, bentamapimod, BI-78D3, JNK
Inhibitor IX, and vacquinol-1. In an embodiment, the INK
inhibitor is SP600125 (1,9-Pyrazoloanthrone, Anthrapyra-
zolone), and the low-dose of SP600125 in the combination
is about 0.005 mg, or about 0.01 mg, or about 0.05 mg, or
about 0.1 mg, or about 0.2 mg, or about 0.3 mg, or about 0.4
mg, or about 0.5 mg, or about 0.6 mg, or about 0.7 mg, or
about 0.8 mg, or about 0.9 mg, or about 1.0 mg, or about 1.5
mg, or about 2.0 mg, or about 5.0 mg, or about 10 mg, or
about 20 mg, or about 30 mg, or about 40 mg, or about 50
mg, or about 100 mg, or about 200 mg or more.

[0052] In certain embodiments of the first aspect, the
MLK inhibitor is selected from the group consisting of
URMC-099, CEP-1347 (KT7515), CEP-5104, CEP-11004,
and CEP-6331. In an embodiment, wherein the MLK 1/2/3
inhibitor is URMC-099 (3-(1H-indol-5-y1)-5-[4-[(4-methyl-
1-piperazinyl)methyl|phenyl]-1H- pyrrolo[2,3-b]pyridine),
and the low-dose of URMC-099 in the combination is about
0.005 mg, or about 0.01 mg, or about 0.05 mg, or about 0.1
mg, or about 0.2 mg, or about 0.3 mg, or about 0.4 mg, or
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about 0.5 mg, or about 0.6 mg, or about 0.7 mg, or about 0.8
mg, or about 0.9 mg, or about 1.0 mg, or about 1.5 mg, or
about 2.0 mg, or about 5.0 mg, or about 10 mg, or about 20
mg, or about 30 mg, or about 40 mg, or about 50 mg, or
about 100 mg, or about 200 mg or more.

[0053] In certain embodiments of the first aspect, wherein
the DLK inhibitor is selected from the group consisting of
URMC-099, GNE-3511, and GDC-0134. In an embodiment,
the DLK inhibitor is URMC-099 (3-(1H-indol-5-y1)-5-[4-
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[(4-methyl-1-piperazinyl)methyl]phenyl]-1H-pyrrolo[2,3-

blpyridine), and the low-dose of URMC-099 in the combi-
nation is about 0.005 mg, or about 0.01 mg, or about 0.05
mg, or about 0.1 mg, or about 0.2 mg, or about 0.3 mg, or
about 0.4 mg, or about 0.5 mg, or about 0.6 mg, or about 0.7
mg, or about 0.8 mg, or about 0.9 mg, or about 1.0 mg, or
about 1.5 mg, or about 2.0 mg, or about 5.0 mg, or about 10
mg, or about 20 mg, or about 30 mg, or about 40 mg, or
about 50 mg, or about 100 mg, or about 200 mg or more.

TABLE 1

List of potential targets.

Official Symbol

Official Full Name

(by HGNC) (by HGNC) Also known as Other
MAP2K1 mitogen-activated protein kinase CFC3; MEK1; MKK1; MAPKKI; Gene ID: 5604
kinase 1 PRKMK1
MAP2K2 mitogen-activated protein kinase CFC4; MEK2; MKK?2; MAPKK2; Gene ID: 5605
kinase 2 PRKMK2
MAPK1 mitogen-activated protein kinase 1 ERK; p38; p40; p41l; ERK2; ERT1; Gene ID: 5594
ERK-2; MAPK2; PRKM1;
PRKM?2; P42MAPK; p4lmapk;
p42-MAPK
MAPK14 mitogen-activated protein kinase RK; p38; CSBP; EXIP; Mxi2; Gene ID: 1432
14 CSBP1; CSBP2; CSPB1;
PRKM14; PRKM15; SAPK2A;
p38ALPHA
MAPK11 mitogen-activated protein kinase P38B; SAPK2; p38-2; PRKM11; Gene ID: 5600
11 SAPK2B; p38Beta; P38BETA2
MAPKR mitogen-activated protein kinase 8 INK; JNK1; PRKMS; SAPK1; Gene ID: 5599
INK-46; INK1A2; SAPKlc;
JNK21B1/2
MAPK9 mitogen-activated protein kinase 9 JNK2; SAPK; p54a; INK2A; Gene ID: 5601
JNK2B; PRKM9; INK-55;
SAPK1a; INK2BETA; p54aSAPK;
INK2ALPHA
MAPK10 mitogen-activated protein kinase JNK3; INK3A; PRKM10; Gene ID: 5602
10 SAPK1b; p493F12; p34bSAPK
MAP2K4 mitogen-activated protein kinase JNKK; MEK4; MKK4; SEK1; Gene ID: 6416
kinase 4 SKK1; INKK1; SERK1;
MAPKK4; PRKMK4; SAPKK1;
SAPKK-1
MAP3K1 mitogen-activated protein kinase MEKK; MEKK1; SRXY6; MEKK  Gene ID: 4214
kinase kinase 1 1; MAPKKK1
MAP3K2 mitogen-activated protein kinase MEKK?2; MEKK2B Gene ID: 10746
kinase kinase 2
MAP3K3 mitogen-activated protein kinase MEKK3; MAPKKK3 Gene ID: 4215
kinase kinase 3
MAP3K4 mitogen-activated protein kinase MTK1; MEKK4; MEKK 4; Gene ID: 4216
kinase kinase 4 MAPKKK4; PRO0412
MAP3KS mitogen-activated protein kinase =~ ASK1; MEKKS5; MAPKKKS Gene ID: 4217
kinase kinase 5
MAP3K6 mitogen-activated protein kinase =~ ASK2; MEKK6; MAPKKK6 Gene ID: 9064
kinase kinase 6
MAP3K7 mitogen-activated protein kinase CSCF; FMD2; TAK1; MEKK7; Gene ID: 6885
kinase kinase 7 TGFla
MAP3KS8 mitogen-activated protein kinase COT; EST; ESTF; TPL2; AURA2; Gene ID: 1326
kinase kinase 8 MEKKS; Tpl-2; ¢-COT
MAP3K9 mitogen-activated protein kinase =~ MLK1; MEKK9; PRKE1 Gene ID: 4293
kinase kinase 9
MAP3K10 mitogen-activated protein kinase MST; MLK2; MEKK10 Gene ID: 4294
kinase kinase 10
MAP3K11 mitogen-activated protein kinase MLK3; PTK1; SPRK; MLK-3; Gene ID: 4296
kinase kinase 11 MEKKI11
MAP3K12 mitogen-activated protein kinase DLK; MUK; ZPK; ZPKP1; Gene ID: 7786
kinase kinase 12 MEKK12
MAP3K13 mitogen-activated protein kinase LZK; MLK; MEKK13 Gene ID: 9175
kinase kinase 13
MAP3K14 mitogen-activated protein kinase HS; NIK; HSNIK; FTDCR1B Gene ID: 9020
kinase kinase 14
MAP3KI15 mitogen-activated protein kinase =~ ASK3; bA723P2.3 Gene ID: 389840
kinase kinase 15
TAOK1 TAO kinase 1 MAP3K16; PSK2; TAO1; KFC-B; Gene ID: 57551

MARKK; PSK-2; hKFC-B;
hTAOKI;
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TABLE 1-continued
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List of potential targets.

Official Symbol  Official Full Name

(by HGNC) (by HGNC) Also known as Other

TAOK2 TAO kinase 2 MAP3K17; PSK; PSK1; TAOI; Gene ID: 9344

TAO2; PSK1-BETA

RAF1 Raf-1 proto-oncogene, NS35; CRAF; Raf-1; ¢-Raf; Gene ID: 5894
serine/threonine kinase CMDINN

BRAF B-Raf proto-oncogene, NS7; B-raf; BRAF1; RAFB1; B- Gene ID: 673
serine/threonine kinase RAF1

ARAF A-Raf proto-oncogene, PKS2; A-RAF; ARAF1; RAFA1 Gene ID: 369
serine/threonine kinase

MAP3K20 mitogen-activated protein kinase ZAK; pk; AZK; MLT; MRK; Gene ID: 51776

kinase kinase 20

CNM6; MLK7; MLTK; SFMMP;

mlklak; MLTKbeta; MLTKalpha

Information in this table was obtained on the World Wide Web from: ncbinlm.nih.gov/gene

One of skill in the art would understand that the naming of a particular gene or target can vary (e.g., the same gene can have multiple
synonyms); as such, contemplated targets can include any such alternative names of a target as understood by one of skill in the art.

[0054] In a second aspect, the invention provides a com-
position comprising (a) trametinib, (b) SB203580, (c)
SP600125, and (d) URMC-099. In certain embodiments of
the second aspect, the composition comprises (a) about
0.005 mg to about 200 mg of trametinib, (b) about 0.005 mg
to about 200 mg SB203580, (¢) about 0.005 mg to about 200
mg SP600125, and (d) about 0.005 mg to about 200 mg is
URMC-099. In certain embodiments, the composition com-
prises about 10 mg/kg of the p38 inhibitor, about 10 mg/kg
of the JNK inhibitor, about 10 mg/kg of the MLK inhibitor,
and about 5 mg/kg of the MEK inhibitor. In some embodi-
ments, the administered dose for SB203580 is 10 mg/kg/day,
URMC-099 is 10 mg/kg/day, SP600125 is 10 mg/kg/day,
and Trametinib is 0.5 mg/kg/day.

[0055] In a third aspect, the invention provides a method
of treating a patient with cancer, comprising administering a
therapeutically effective amount of the any of the composi-
tions disclosed herein, wherein the administration of the
therapeutically effective amount of the composition prevents
invasion of the cancer.

[0056] In a fourth aspect, the invention provides a method
of treating a patient with cancer, comprising administering a
therapeutically effective amount of the any of the composi-
tions disclosed herein, wherein the administration of the
therapeutically effective amount of the composition prevents
metastasis of the cancer.

[0057] In a fifth aspect, the invention provides a method
for treating a patient with cancer, comprising:

[0058]

[0059] (b) measuring the expression level of ROCK2,
DOCK4, ITGA1, APC, and RAPGEF2 in the cancer
sample;

[0060] (c) administering a therapeutically effective
amount of the composition of any of compositions
described herein to the patient when the expression
levels of ROCK2, DOCK4, ITGAl, APC, and
RAPGEF2 in the cancer sample are increased relative
to the expression levels of the same genes in a control
sample.

[0061] As used herein, the terms “subject” or “patient”
refer to any single subject for which treatment is desired,
including humans, cattle, dogs, guinea pigs, rabbits, chick-
ens, and so on. Also intended to be included as a subject are
any subjects involved in clinical research trials not showing

(a) obtaining a cancer sample from the patient;

any clinical sign of disease, or subjects involved in epide-
miological studies, or subjects used as controls.

[0062] A sample may include, but is not limited to, tissue,
cells, or biological material derived from cells of a subject.
The sample may be a tumor, a cancer, or cancer cells. The
sample may be obtained using any method known to the art
that can provide a sample suitable for the analytical methods
described herein. In certain embodiments, the sample may
be obtained by non-invasive methods including but not
limited to: scraping of the skin or cervix, swabbing of the
cheek, saliva collection, urine collection, feces collection,
collection of menses, tears, or semen. In some embodiment,
the sample can be obtained by an invasive procedure includ-
ing but not limited to: biopsy, needle aspiration, excision, or
phlebotomy. The method of needle aspiration may further
include fine needle aspiration, core needle biopsy, vacuum
assisted biopsy, or large core biopsy. In some embodiments,
the sample may be obtained by a physician, nurse, or other
medical professional such as a medical technician, endocri-
nologist, cytologist, phlebotomist, radiologist, or a pulmo-
nologist.

[0063] In some embodiments of the fifth aspect, the
patient is predicted to have a decreased overall survival or
decreased chance of have metastatic-free survival when the
cancer cells from the patient are determined to have
increased expression levels of ROCK2, DOCK4, ITGAL,
APC, and RAPGEF2. The expression levels of ROCK2,
DOCKA4, ITGA1, APC, and RAPGEF2 can be compared to
reference expression levels using various methods. These
reference levels can be determined using expression levels
of a reference based on cancer samples from all cancer
patients. Alternatively, it can be based on an internal refer-
ence such as a gene that is expressed in all cells. In some
embodiments, the reference is a gene expressed in cancer
cells at a higher level than any biomarker. Any comparison
can be performed using the fold change or the absolute
difference between the expression levels to be compared.
[0064] In certain embodiments of the fifth aspect, the
cancer sample comprises a biopsy of a primary cancer
tumor. In some embodiments, the primary cancer tumor is
breast, pancreatic, ovarian, lung, head and neck, or colorec-
tal.

[0065] As used herein, the term “primary tumor” or “pri-
mary cancer” or “primary cancer tumor” can be used inter-
changeably and refer to the original, or first, tumor or cancer
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in the body of the patient. A primary tumor is a tumor
growing at the anatomical site where tumor progression
began and proceeded to yield a cancerous mass. Cancer cells
from a primary tumor may spread (i.e., metastasize) to other
parts of the body and form new, or secondary, tumors.
Secondary tumors are the same type of cancer as the primary
tumor.

[0066] As used herein, the term “metastasis” refers to the
spread of cancer cells from its original, primary site to
another, secondary part of the body. Metastasis attributes to
the most life-threatening aspect of cancer, accounting for
approximately 90% of human cancer related deaths. Metas-
tasis is a complex process and depends on detachment of
malignant cells from a primary tumor, invasion of the
extracellular matrix, penetration of the endothelial basement
membranes to enter the body cavity and vessels, and then,
after being transported by the blood, infiltration of target
organs. Finally, the growth of a new tumor at the target site
depends on angiogenesis. Tumor metastasis often occurs
even after the removal of the primary tumor because tumor
cells or components may remain and develop metastatic
potential. In certain embodiments, the term “metastasis” can
refer to “distant metastasis” which relates to a metastasis
which is remote from the primary tumor and the regional
lymph node system.

[0067] As used herein, cancer cell “invasion” refers to the
ability of cells to become motile and to navigate through the
extracellular matrix within a tissue or to infiltrate neighbor-
ing tissues. In cancer, cell invasion can lead to metastasis
(i.e., the development of tumors in secondary locations away
from the primary tumor). Cell invasion is required for cancer
cells to reach blood vessels, get into and out of circulation,
and eventually colonize in distant organs. Experimentally,
the ability of cancer cells to invade can be determined by
studying their ability to navigate through a thin layer of
extracellular matrix and make it to the other side of a porous
membrane. A number of cell invasion assays are commer-
cially available, these assays mimic the immediate surround-
ing of a cell, and can be used to determine cell invasion.
Such cell invasion assays can include, but are not limited to,
Boyden Chamber assay, chemotactic invasion assay, and
variations thereof.

[0068] Based on the disclosure herein, the person of
ordinary skill in the art can select an appropriate dosage for
the combination of drugs comprising the at least two or more
inhibitors. For example, in certain embodiments of the
methods as described herein, a MEK inhibitor can be
provided at a dosage in the range of about 0.005 mg to about
200 mg, for example, about 3 mg to about 50 mg, about 6
mg to about 50 mg, or about 10 mg to about 25 mg per
administration. However, in certain embodiments, no more
than about 250 mg, or no more than about 200 mg, no more
than about 100 mg, no more than about 75 mg, no more than
about 50 mg, no more than about 25 mg, no more than about
10 mg, no more than about 6 mg, or no more than about 3
mg of the MEK inhibitor is administered to a patient in any
24 hour period. For example, in certain embodiments of the
methods as described herein, a p38 MAPK inhibitor can be
provided at a dosage in the range of about 0.005 mg to about
200 mg, for example, about 3 mg to about 50 mg, about 6
mg to about 50 mg, or about 10 mg to about 25 mg per
administration. However, in certain embodiments, no more
than about 250 mg, or no more than about 200 mg, no more
than about 100 mg, no more than about 75 mg, no more than

Apr. 8,2021

about 50 mg, no more than about 25 mg, no more than about
10 mg, no more than about 6 mg, or no more than about 3
mg of the p38 MAPK inhibitor is administered to a patient
in any 24 hour period. For example, in certain embodiments
of the methods as described herein, a INK inhibitor can be
provided at a dosage in the range of about 0.005 mg to about
200 mg, for example, about 3 mg to about 50 mg, about 6
mg to about 50 mg, or about 10 mg to about 25 mg per
administration. However, in certain embodiments, no more
than about 250 mg, or no more than about 200 mg, no more
than about 100 mg, no more than about 75 mg, no more than
about 50 mg, no more than about 25 mg, no more than about
10 mg, no more than about 6 mg, or no more than about 3
mg of the JNK inhibitor is administered to a patient in any
24 hour period. For example, in certain embodiments of the
methods as described herein, a MLK inhibitor can be
provided at a dosage in the range of about 0.005 mg to about
200 mg, for example, about 3 mg to about 50 mg, about 6
mg to about 50 mg, or about 10 mg to about 25 mg per
administration. However, in certain embodiments, no more
than about 250 mg, or no more than about 200 mg, no more
than about 100 mg, no more than about 75 mg, no more than
about 50 mg, no more than about 25 mg, no more than about
10 mg, no more than about 6 mg, or no more than about 3
mg of the MLK inhibitor is administered to a patient in any
24 hour period. In certain embodiments, the composition
comprises about 10 mg/kg of the p38 inhibitor, about 10
mg/kg of the INK inhibitor, about 10 mg/kg of the MLK
inhibitor, and about 5 mg/kg of the MEK inhibitor. In some
embodiments, the concentration for SB203580 is 10 mg/kg/
day, URMC-099 is 10 mg/kg/day, SP600125 is 10 mg/kg/
day, and Trametinib is 0.5 mg/kg/day in the combination.
The timing of the administration and the amounts of each of
the two or more inhibitors can be selected based on disease
severity, amount of necrosis, tumor volume, patient weight,
age, or sex, and other considerations familiar to the person
of ordinary skill in the art.

[0069] As a general matter, suitable dosage amounts and
dosing regimens may be selected in accordance with a
variety of factors, including one or more particular cancers
being treated, the severity of the one or more cancers, the
genetic profile, age, health, sex, diet, and/or weight of the
subject, the route of administration alone or in combination
with pharmacological considerations including the activity,
efficacy, bioavailability, pharmacokinetic, and toxicological
profiles of the particular compound employed, whether a
drug delivery system is utilized and whether the drug is
administered as part of a drug combination. Therefore, the
dosing regimen to be employed may vary widely and may
necessarily deviate from the dosage regimens set forth
herein. In some embodiments, the composition comprising
the at least two or more inhibitors of the MAPK pathway can
be effective as a continuous therapy. For example, the
continuous therapy can be administered for a day, a week, a
month, a years, or multiples thereof.

[0070] Insome embodiments, the method of treatment can
be adjuvant therapy. Adjuvant therapy is any treatment given
after primary therapy to increase the chance of long-term
disease-free survival. Primary therapy is the main treatment
used to reduce or eliminate the cancer. Primary therapy can
typically include surgery (physical removal of the tumor,
and/or a small amount of normal tissue around the tumor).
During the surgery, one or more nearby lymph nodes can
also be removed to see if cancer cells have spread to the



US 2021/0100803 Al

lymphatic system. In certain embodiments, primary therapy
can also include radiation therapy, chemotherapy, immuno-
therapy, or combinations thereof. In certain embodiments,
the combination of at least two or more MAPK inhibitors is
administered as an adjuvant therapy for at least 3 days, 5
days, 7 days, 10 days, 14 days, 20 days, 21 days, 24 days,
28 days, or more and any derivable range therein, after
administration of a primary therapy.

[0071] In some embodiments, the method of treatment can
be neoadjuvant therapy. Neoadjuvant therapy is treatment
given before a primary therapy. A patient may receive
neoadjuvant therapy according to the compositions and
methods disclosed herein to prevent metastasis of a tumor,
and/or sensitize the tumor to a primary therapy (for example,
radiation therapy, chemotherapy, immunotherapy, or com-
binations thereof). In some embodiments, neoadjuvant
therapy is combined with radiation therapy, chemotherapy,
immunotherapy, or combinations thereof. In certain embodi-
ments, neoadjuvant therapy combined with radiation
therapy, chemotherapy, immunotherapy, or combinations
thereof can be used to prevent metastasis of a tumor and to
shrink the tumor before a surgery to remove the tumor. In
certain embodiments, the combination of at least two or
more MAPK inhibitors is administered as a neoadjuvant
therapy at least 3 days, 5 days, 7 days, 10 days, 14 days, 20
days, 21 days, 24 days, 28 days, or more and any derivable
range therein, before administration of a primary therapy.
[0072] In some embodiments, the methods of treatment
further comprise administering to the patient one or more of
a chemotherapy, a radiation therapy, and an immunotherapy.
In certain embodiments, the method further comprises sur-
gical removal of the primary cancer.

[0073] In certain embodiments, a chemotherapy can
include, for example, cisplatin (CDDP), carboplatin, procar-
bazine, mechlorethamine, cyclophosphamide, camptoth-
ecin, ifosfamide, melphalan, chlorambucil, busulfan, nitro-
surea, dactinomycin, daunorubicin, doxorubicin, bleomycin,
plicomycin, mitomycin, etoposide (VP16), tamoxifen, ral-
oxifene, estrogen receptor binding agents, taxol, gemcit-
abine, navelbine, farnesyl-protein transferase inhibitors,
transplatinum, 5S-fluorouracil, vincristin, vinblastin and
methotrexate, or any analog or derivative variant thereof.
[0074] In certain embodiments, a radiation therapy is used.
Radiation therapy (also known as radiotherapy) uses high
doses of radiation to kill cancer cells and shrink tumors.
Dosage ranges for X-rays can range from daily doses of 50
to 200 roentgens for prolonged periods of time (3 to 4
weeks), to single doses of 2000 to 6000 roentgens. Dosage
ranges for radioisotopes vary widely, and depend on the
half-life of the isotope, the strength and type of radiation
emitted, and the uptake by the neoplastic cells. Different
routes of administration of radiation therapy contemplated
herein are familiar to the person of ordinary skill in the art.
[0075] In some embodiments, immunotherapies can also
be used to treat the cancer. Immunotherapy typically refers
to the use of immune effector cells and/or molecules to target
and destroy cancer cells. An immune effector molecule may
be, for example, an antibody specific for some marker on the
surface of a tumor cell. The antibody alone may serve as an
effector of therapy or it may recruit other cells (e.g., immune
cells) to effect cancer cell killing The antibody also may be
conjugated to a drug and/or toxin (e.g., a chemotherapeutic,
a radionuclide, a ricin A chain, a cholera toxin, a pertussis
toxin, etc.) and serve merely as a targeting agent. Alterna-
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tively, the effector may be an immune effector cell, such as
a lymphocyte carrying a surface molecule that interacts,
either directly or indirectly, with a tumor cell target. Various
effector cells include cytotoxic T cells and NK cells.

[0076] In some embodiments, surgery can be used to treat
the cancer. Surgery can include resection of all or part of
cancerous tissue. Tumor resection refers to physical
removal, excision, and/or destruction of at least part of a
tumor. In addition to tumor resection, treatment by surgery
includes laser surgery, cryosurgery, electrosurgery, and
microscopically controlled surgery (Mohs’ surgery). It is
further contemplated that the treatment methods described
herein may be used in conjunction with removal of super-
ficial cancers, precancers, or incidental amounts of normal
tissue.

[0077] In some embodiments, the methods and composi-
tions are effective at treating all types of cancers including
solid cancerous tumors and hematological cancers. In cer-
tain non-limiting embodiments, the patient has a primary
cancer selected from the group consisting of Acute Lym-
phoblastic Leukemia (ALL), Acute Myeloid Leukemia
(AML), Adrenocortical Carcinoma, Kaposi Sarcoma (Soft
Tissue Sarcoma), AIDS-Related Lymphoma, Primary CNS
Lymphoma, Anal Cancer, Appendix Cancer, Astrocytomas,
Brain Cancer, Atypical Teratoid/Rhabdoid Tumor, Basal
Cell Carcinoma of the Skin, Bile Duct Cancer, Bladder
Cancer, Bone Cancer (including Ewing Sarcoma and Osteo-
sarcoma and Malignant Fibrous Histiocytoma), Breast Can-
cer, Bronchial Tumors, Burkitt Lymphoma, Non-Hodgkin
Lymphoma, Carcinoid Tumor (Gastrointestinal), Cardiac
(Heart) Tumors, Cervical Cancer, Cholangiocarcinoma,
Chordoma, Chronic Lymphocytic Leukemia (CLL), Chronic
Myelogenous Leukemia (CML), Colorectal Cancer, Cran-
iopharyngioma, Cutaneous T-Cell Lymphoma, Ductal Car-
cinoma In Situ (DCIS), Endometrial Cancer (Uterine Can-
cer), Esophageal Cancer, Esthesioneuroblastoma (Head and
Neck Cancer), Extragonadal Germ Cell Tumor, Eye Cancer,
Intraocular Melanoma, Retinoblastoma, Fallopian Tube
Cancer, Gallbladder Cancer, Gastric (Stomach) Cancer, Gas-
trointestinal Stromal Tumors (GIST), Germ Cell Tumors,
Testicular Cancer, Gestational Trophoblastic Disease, Hairy
Cell Leukemia, Hodgkin Lymphoma, Hypopharyngeal Can-
cer, Islet Cell Tumors, Pancreatic Neuroendocrine Tumors,
Kidney (Renal Cell) Cancer, Langerhans Cell Histiocytosis,
Laryngeal Cancer, Leukemia, Lip and Oral Cavity Cancer,
Liver Cancer, Lymphoma, Melanoma, Merkel Cell Carci-
noma (Skin Cancer), Mesothelioma, Multiple Myeloma/
Plasma Cell Neoplasms, Mycosis Fungoides, Myelodysplas-
tic Syndromes, Myelodysplastic/Myeloproliferative
Neoplasms, Nasal Cavity and Paranasal Sinus Cancer, Naso-
pharyngeal Cancer, Neuroblastoma, Non-Small Cell Lung
Cancer, Oral Cancer, Oropharyngeal Cancer, Ovarian Can-
cer, Pancreatic Cancer, Paraganglioma, Parathyroid Cancer,
Penile Cancer, Prostate Cancer, Rhabdomyosarcoma, Sali-
vary Gland Cancer, Sarcoma, Uterine Sarcoma, Small Cell
Lung Cancer, Small Intestine Cancer, Sézary Syndrome,
Throat Cancer, Thymoma, Thyroid Cancer, Urethral Cancer,
Vaginal Cancer, Wilms Tumor, and metastatic forms thereof.
In an embodiment, the cancer is breast cancer, in particular,
triple-negative breast cancer (TNBC).

[0078] In some embodiments of the methods of treatment
as disclosed herein, the patient has a cancer with decreased
RKIP (PEBP1) expression levels compared to a control. In
an embodiment, the patient has a cancer with decreased
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RKIP protein levels compared to a control. In certain
embodiments, the patient has a cancer with an increased
expression of one or more of APC, DOCK4, ADAMS,
DAB2, DOCKI10, FLNA, FNI1, HDAC4, MCAFI,
RAPGEF2, and ROBO1 genes when compared to expres-
sion levels of the same genes in a control sample. In some
embodiments, the patient has a cancer with an increased
expression of ROCK2, DOCK4, ITGAl, APC, and
RAPGEF2 when compared to expression levels of the same
genes in a control sample.

[0079] As used herein, the terms “control” or “normalized
sample” can be based on one or more cancer samples that are
not from the patient being tested. For example, TG-high
refers to expression levels above the median expression
level for all cancer samples. In certain embodiments, a
cancer cell or tumor may be determined to have a relative
increased or decreased level of expression by comparing the
expression levels of genes in the sample from the patient to
the median expression levels of these genes across all cancer
patients.

[0080] As used herein, the terms “increased expression,”
“overexpressed,” or “up-regulated” can be used interchange-
ably and refer to a gene or gene product that is transcribed
or translated at a detectably greater level, usually in a cancer
cell, in comparison to a non-cancer cell or a cancer cell that
is not associated with an increased risk of metastasis or
decreased overall patient survival. For example, for the
survival analyses, disclosed herein, “survival” and “sur-
vminer” R packages were used, and TCGA breast cancer
patients were separated into two groups: target-gene high
expressors (T'G-high) and target-gene low expressors (TG-
low) based on the expression of ROCK2, DOCK4, ITGAL1,
APC, and RAPGEF6. If a patient sample falls above the
median for all 5 genes, that patient is deemed TG-high. If a
patient sample falls below the median for all 5 genes, that
patient is deemed TG-low. Survival probability with respect
to time (in months) can be plotted in a Kaplan-Meier curve
and statistical significance can be determined using a
logrank test.

[0081] Increased expression can also include overexpres-
sion due to transcription, post transcriptional processing,
translation, post-translational processing, cellular localiza-
tion, and/or RNA and protein stability, as compared to a
non-cancer cell or a cancer cell that is not associated with an
increased risk of metastasis or decreased overall patient
survival. Overexpression can be detected using conventional
techniques for detecting mRNA (i.e., RT-PCR, PCR, hybrid-
ization, next generation sequencing, or combinations
thereof) or proteins (i.e., ELISA, immunohistochemical
techniques, mass spectroscopy, RIA, FACS, dot blot, West-
ern blot, or combinations thereof). Increased expression can
be an increase of 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, or more (or any range derivable therein) in
comparison to a normal cell or cancer cell that is not
associated with an increased risk of metastasis or decreased
overall patient survival. In some embodiments, increased
expression can be an increase that is 1.5-fold, 2-fold, 3-fold,
4-fold 5, 6, 7, 8, 9, 10, or 15-fold or more greater (or any
range derivable therein) in comparison to a non-cancer cell
or cancer cell that is not associated with an increased risk of
metastasis or decreased overall patient survival. The com-
parison may be a direct comparison where the expression
level of a control is measured at the same time as the test
sample or it may be a level of expression that is determined
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from a previously evaluated sample or an average of levels
of expression of previously evaluated sample(s). In certain
embodiments, a patient may be determined to have a rela-
tively increased or decreased level of expression by com-
paring the expression levels of genes in the cancer sample
taken from the patient to the median expression levels of
these genes across all cancer patients.

Pharmaceutical Compositions and Dosage Forms

[0082] As used herein the term “a therapeutically effec-
tive” amount refers to an amount of the combination of
drugs that may prevent or inhibit (i.e., slow to some extent
and particularly stop) cancer cell invasion or infiltration;
prevent or inhibit (i.e., slow to some extent and particularly
stop) cancer cell metastasis; and/or relieve to some extent
one or more of the symptoms associated with cancer. In
certain embodiments, the composition and methods
described herein have the potential to prevent recurrence
with continued treatment. In some embodiments, the thera-
peutically effective amount of the combination of drugs,
when combined with a radiation therapy, a chemotherapy, or
an immunotherapy (or combinations thereof), may prevent
cancer invasion or metastasis, prevent growth/proliferation
and/or kill existing cancer cells, and/or it may be cytostatic
and/or cytotoxic. For cancer therapy, efficacy in vivo can, for
example, be measured by assessing the duration of overall
patient survival, time to disease progression (TTP), the
response rates (RR), duration of response, and/or quality of
life.

[0083] The compositions as disclosed herein may further
contain other therapeutically valuable substances for differ-
ent applications, like solubilizers, stabilizers, tonicity
enhancing agents, buffers and/or preservatives. The phar-
maceutical compositions and dosage forms can include at
least two or more inhibitors of the MAPK pathway, or
pharmaceutically acceptable salts or derivatives thereof.

[0084] Depending on the dosing regimen, each adminis-
tration of a pharmaceutical composition including at least
two or more inhibitors of the MAPK pathway can be
performed, for example, by giving a patient a single unit
dose (e.g., pill, capsule, other oral dosage form) or injection,
multiple unit doses or injections, or continuously (e.g.,
intravenous or slow-release patch), or otherwise as disclosed
herein. For example, a pharmaceutical composition includ-
ing the at least two or more MAPK inhibitors can be
formulated for oral, transdermal, intraspinal, intrathecal,
inhalation, subcutaneous, intravenous, intramuscular, or
transmucosal administration, or for administration via
osmotic pump, microcapsule, implant, or suspension. It is
further contemplated that the at least two or more MAPK
inhibitors can be formulated for different routes of admin-
istration at the same time or within the same administration.
Precise amounts of the therapeutically effective composi-
tions also depend on the judgment of the practitioner and are
specific to each patient. Factors affecting the dose to be
administered to a patient in need thereof include the physical
and/or clinical state of the patient, the route of administra-
tion, the intended goal of treatment (e.g., alleviation of
symptoms versus cure) and the potency, stability, and tox-
icity of the particular therapeutic substance.

[0085] The invention will be further described in the

following examples, which do not limit the scope of the
invention described in the claims.
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EXAMPLES

[0086] The Examples that follow are illustrative of spe-
cific embodiments of the invention, and various uses thereof.
They are set forth for explanatory purposes only and are not
taken as limiting the invention.

[0087] Metastatic TNBC is a fatal disease with a 5-year
survival rate of only 24%. Raf Kinase Inhibitory Protein
(RKIP) is a member of the evolutionarily-conserved PEBP
family. RKIP is both a regulator and a target of kinases. In
cell culture, it modulates primarily the Raf-Mek-Erk cas-
cade, but has also been implicated in NFkB and GPCR
signaling pathways. RKIP regulates spindle checkpoint.
RKIP can potentiate chemosensitivity. RKIP expression is
lost or decreased in virtually all metastatic cancers. RKIP
inhibits metastasis experimentally and is associated with
metastasis clinically.

Methods

[0088] MIB-MS Method for isolating active kinases: Mul-
tiplexed Inhibitor Beads/Mass Spec (MIB-MS) method for
investigating kinome activity: Multiple kinase inhibitors
conjugated to beads; Pull-down active kinases; Identity via
mass spec. (BoM1 cells: Bone-tropic derivative of MDA-
MB-231 cell line).

[0089] Cell lines: MDA-MB-231 (MB231), MDA-MB-
436 (MB436), MCF10A, 184A1, and 293T cells were
received from American Type Culture Collection (ATCC®).
E0771-LMB (LMB) cells were received from Robin Ander-
son (Johnstone et al., 2015). M6C cells were received from
Jeffrey Green (Holzer et al., 2003). MDA-MB-231-BM1
(BM1) cells were obtained from Andy Minn, but they were
originally generated by Massague and colleagues (Kang et
al., 2003). BM1, MB436, LMB, and M6C cells were cul-
tured in DMEM media with 10% fetal bovine serum (FBS),
penicillin (50 U/ml), and streptomycin (50 ug/ml). MCF10A
and 184A1 cells were grown in DMEM/F-12 (50/50) with
10% FBS and penicillin-streptomycin. The cells were used
in experiments within 15 passages after their arrival in the
laboratory.

[0090] Small molecule inhibitors: For in vitro and in vivo
studies, JNK inhibitor SP600125, MEK inhibitor Trametinib
(GSK1120212), and MLK inhibitor URMC-099 were pur-
chased from APExBIO (Cat. Nos. A4604, A3018, and
B4877, respectively). p38 inhibitor SB203580 was pur-
chased from Selleckchem (Cat. No. 51076) for the in vitro
experiments. For in vivo studies, water soluble SB203580
hydrochloride was purchased from APExBIO (Cat. No.
B1285).

[0091] Signaling studies in vitro: In order to investigate
the changes in stress kinase signaling upon stress in the
presence of RKIP, or small molecule inhibitors of the
MAPKs, cells were plated at sub-confluence. Once they
reached roughly 70% confluence, they were starved over-
night (16-24 hours) in serum-free media, and then induced
with either anisomycin (Sigma-Aldrich, Cat. No. A9789) at
25 ng/ml or 100 ng/ml final concentration, or by 10% serum
for 30 minutes to activate MAPK pathways. In studies with
small molecule inhibitors of the MAPK pathway, all inhibi-
tors were re-suspended in DMSO and used at indicated
concentrations. The cells were pre-treated with the inhibitors
in serum-free media for 30 minutes after overnight starva-
tion, immediately before induction with anisomycin or
serum for 30 minutes. In this case, the inducing agent was
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directly added to the pre-treatment media that already had
the inhibitors, or the pre-treatment media was replaced by
fresh media containing the inducer and the inhibitors. This
was to ensure the inhibitors were present during induction of
the MAPK pathways. Upon induction for 30 minutes, the
cells were washed three time with cold PBS and immedi-
ately lysed in RIPA buffer for protein collection.

[0092] Protein isolation and western blots: Cultured cells
were washed with cold PBS and lysed in RIPA buffer with
protease inhibitors (Millipore Sigma, Cat. No. 539134) and
phosphatase inhibitors (GoldBio, Cat. No. GB-450). Tumor
samples were snap-frozen in liquid nitrogen, pulverized, and
lysed in RKIP buffer with protease and phosphatase inhibi-
tors. All samples were sonicated 3x10 seconds at 35% power
and centrifuged at max speed for 15 minutes at 4° C.
Supernatant was collected and the protein concentration
measured using the Bradford assay. All samples were boiled
in 6xLaemmli buffer immediately after protein concentra-
tion measurement.

[0093] For western blots, equal amounts of protein, rang-
ing from 10 pg to 50 pg, across all samples were used. Blots
were blocked for 1 hour at ambient temperature with either
Odyssey® Blocking Buffer (LI-COR Biosciences, Cat. No.
927-40010, diluted 1:1 with PBS) or with 5% FBS in TBS-T.
Then, blots were incubated with primary antibodies at 4° C.
overnight, and with secondary antibodies at ambient tem-
perature for 1 hour. Finally, blots were treated with ECL
reagent (Pierce ECL. Western Blotting Substrate, Thermo
Scientific, Cat. No. 32106) when HRP-conjugated second-
ary antibodies were used and developed under the Chemi-
luminescence channel of the LI-COR® Fc Imaging System.
Blots with fluorescent secondary antibodies were imaged
under 700 nm or 800 nm channels of LI-COR® Fc.

[0094] Primary antibodies used:
[0095] a. Phospho-RSK2 (Ser227) (Cell Signaling,
3556)
[0096] b. Phospho-ATF2 (Thr71) (Cell Signaling, 9221,

no longer available)

[0097] c. Phospho-SEK1/MKK4 (Ser257/Thr261) (Cell
Signaling, 9156)

[0098] d. Phospho-TAOK3 (Serl177)+Phospho TAOK2
(Ser181)+Phospho-TAOK1 (Ser181) (Abcam,
ab124841)

[0099] e. MLK3 (Cell Signaling, 2817)

[0100] f. Phopsho-p44/42 MAPK (ERK1/2)(Thr202/
Tyr204) (Cell Signaling, 9101)

[0101] g. Phospho-MSK1 (Thr581) (Cell Signaling,
9595)
[0102] h. Phospho-SAPK/INK (Thr183/Tyr185) (Cell

Signaling, 9251)

[0103] i. p44/42 MAPK (ERK1/2) (Cell Signaling,
9107)

[0104] j. SAPK/INK (Cell Signaling, 9252)

[0105] k. Phospho-p38 MAPK (Thr180/Tyr182) (Cell
Signaling, 4511)

[0106] 1. Phospho-AKT1 (S129) (Abcam, ab133458)

[0107] m. Phospho-MKK3 (Ser189)/MKK6 (Ser207)
(Cell Signaling, 12280)

[0108] n. Phospho-c-Jun (Ser73) (Cell Signaling, 3270)

[0109] o. Phospho-p70 S6 Kinase (Thr389) (Cell Sig-
naling, 9205)

[0110] p. MLK3 (Abcam, ab51068)

[0111] q. MLK3 (Santa Cruz, sc-166639)
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[0112] r. Phopsho-MLK3 (T277/5281) (Abcam,
ab191530)

[0113] s. DOCK4 (Santa Cruz, sc-100718)

[0114] t. Casein Kinase 2\textbeta (Santa Cruz,
sc-12739)

[0115] u. Casein Kinase 2\textalpha (Santa Cruz,
s¢-9030)

[0116] v. TAOKI (Abcam, ab197891)

[0117] w. TAOK1/PSK2 (Santa Cruz, sc-136094)

[0118] x. TAOK2 (Santa Cruz, sc-47447)

[0119] y. TAOK3 (Abcam, ab150388)

[0120] =z. alpha-Tubulin (Santa Cruz, sc-8035).

[0121] Secondary antibodies used:

[0122] a. Goat anti-Mouse IgG (LI-COR, IRDye®
800CW, 926-32210)
[0123] b. Goat anti-Mouse IgM (LI-COR, IRDye®
800CW, 926-32280)
[0124] c. Goat anti-Rabbit IgG (LI-COR, IRDye®
680RD, 926-68071)
[0125] d. Goat anti-Rabbit IgG, HRP conjugate (EMD
Millipore, AP187P)
[0126] e. Goat anti-Mouse IgM, HRP conjugate (Invit-
rogen, 31440)
[0127] {. Goat anti-Mouse IgG, HRP conjugate (Sigma
Aldrich, A4416).
[0128] Transient transfection: Prior to transfection, the
cells were plated in 6-well plates and grown to ~70%
confluence. siRNA vectors were used at a final concentration
of 50 nM per well of cells. The vectors were incubated with
10 ul of Lipofectamine 3000 (Invitrogen, Cat. No. L.3000-
015) in OPTI-MEM media (Gibco, Cat. No. 31985062) for
15-30 minutes. The DNA-lipid complex was then added
onto the cells in a drop-wise fashion. Cells were incubated
with the siRNAs for at least 24 hours before harvesting for
experimental use. All experiments were performed 24-72
hours post-transfection. All siRNA constructs were pur-
chased from Dharmacon: Individual siGENOME human
TAOK1 siRNA, Dharmacon, D-004846-02-0005); Indi-
vidual siGENOME human TAOK2 siRNA, Dharmacon,
D-004171-13-0005);  Individual siGENOME  human
TAOK3 siRNA, Dharmacon, D-004844-02-0005); and siG-
ENOME Non-Targeting siRNA Pool \#1, Dharmacon,
D-001206-13-05).
[0129] Stable Lenti-viral cell line generation: 293T cells
were plated in T-75 plates and were grown to ~70% con-
fluence prior to transfection. 1 hour prior to transfection, the
media was replaced with fresh media. Lentiviral vectors
were incubated with 3rd generation viral packaging vectors
(pCMV-VSV-G, pMDLg/pRRE, pRSV-Rev) and LT-1 (Mi-
rus, Cat. No. MIR-2305) in OPTI-MEM media for 30
minutes as described by the provider’s instructions. This
transfection mix was then added onto the 293T cells in a
drop-wise fashion. Virus-containing media was collected
24-48 hours after transfection. Cellular content and debris
were removed by centrifugation, and the supernatant was
filtered through 0.45 pm PES syringe (Millex, Cat. No.
SLHPO33RS) to remove any remaining cells in the media.
Polybrene was added to the media at the final concentration
of 8 ng/ml to facilitate viral transduction of the target cell
line. The target cell lines were transduced with the virus-
containing media for 24-48 hours. At the end of the trans-
duction period, cells were washed, trypsinized, and re-plated
for selection. Transduced cells were exposed to high con-
centration antibiotic selection (3 pg/ml puromycin) up to 2

14
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weeks (approximately 3 passages). All lentiviral procedures
were carried out following Biosafety Level 3 (BSL3) prac-
tices in BSL.2 tissue culture hoods according to institutional
biosafety rules.

[0130] Boyden Chamber Invasion Assay: Each Boyden
chamber membrane (Fisher Scientific, Cat. No. 353097) was
coated with a thin layer of BME (200 ul 0of 0.25 mg/ml stock,
or total of 50 ug of BME per membrane) and incubated at
37° C. for 1 hour. Cells were trypsinized and centrifuged at
500xg for 5 minutes followed by two rounds of PBS washes
to remove remaining serum-containing media. Then, the
cells were resuspended in serum-free media and diluted to
the desired concentration for plating onto the Boyden cham-
bers. Each Boyden chamber received 20,000-100,000 cells
in 300 ul serum-free media, depending on the cell line. 10%
serum was used as the chemoattractant for these assays. For
the experiments testing the effect of MAPK inhibitors on
invasion, the cells were resuspended in drug-containing
serum-free media immediately. After 16-24 hours, the mem-
branes were stained with Calcein AM (Fisher Scientific, Cat.
No. 354217) for 1 hour at 37° C. in the dark to stain for live
cells. Cells that are in the top chamber were removed from
the membrane with a wet cotton swab. Cells in the bottom
chamber were dissociated from the membrane by incubating
in cell dissociation buffer (Trevigen, Cultrex®, Cat. No.
3455-096-05) in a shaker at 37° C. for 1 hour. Calcein AM
signal was measured in Perkin Elmer Victor X3 plate reader
as a read-out of invaded cells.

[0131] High-throughput chemotactic invasion assays: For
testing anti-invasive drug combinations, IncuCyte® Clear-
View 96-Well Chemotaxis plates (Essen BioScience) were
used. 2000 cells per well were embedded in 2 mg/ml BME
and plated onto the chemotaxis plate following the manu-
facturer’s instructions. Media containing 2% FBS was used
in both top and bottom chambers to maintain cell viability
over 72 hours or more. 200 ng/ml human EGF (Bio-Techne,
236-EG-01M) was used as the chemotactic agent in the
bottom chamber, and the control wells only had the vehicle
for the chemotactic agent.

[0132] This assay is more accurate when nuclear-labeled
cells are used. Therefore, BM1-mKate2 (nuclear red) cells
were generated using IncuCyte® NucLight Red Lentivirus
Reagent (Essen BioScience, Cat. No. 4478) following the
manufacturer’s instructions. After transduction, cells with
the highest nuclear red signal intensity (top 25%) were
sorted by FACS.

[0133] The chemotaxis module in IncuCyte® can accu-
rately count the number of cell in the top chamber and the
bottom chamber of the ClearView plates separately. Invasive
capability of the cells in the presence of various small
molecule inhibitors was measured as the percentage of cells
that moved to the bottom chamber over the period of 72
hours. The formula used for this calculation is (number of
cells in the bottom chamber)/(number of cells in the bottom
chamber+number of cells in the top chamber)x100. The total
number of cells in the top and bottom chambers is used as
a readout of proliferation, which was important for deter-
mining drug combinations that blocked invasion without
affecting growth properties of the cells.

[0134] Proliferation Assays: For proliferation assays,
1,000-20,000 cells (depending on the cell line) were plated
in 96-well plates and quantified over 5 days in IncuCyte by
measuring confluence in Phase-Contrast images taken every
4 hours. For experiments testing the effect of MAPK inhibi-
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tors on proliferation, the cells were plated in 100 pl per well
and allowed to adhere overnight. Then, 100 pl growth media
containing 2xdrug was added directly on top of the initial
media.

[0135] 3D Cultures: For 3D proliferation experiments, we
used Cultrex® 3D Basement Membrane Matrix, Reduced
Growth Factor (Trevigen, Cat. No. 3445-005-01, Lot No
37353J16, Lot concentration: 15.51 mg/ml, referred to as
BME). For all experiments, the cells in growth media were
mixed with BME at a final concentration of 2 mg/ml. For 3D
proliferation assays, 100 pl of the cel/BME mixture was
dispensed into each well of a 96-well plate. Upon solidifi-
cation of BME, 100 pl of growth media was added on top of
the solidified gel. For experiments where the cells were
treated with inhibitors, the inhibitors were prepared in the
growth media at 2x of their desired final concentration and
added after the gel is solidified to assure 1xfinal concentra-
tion. The growth of the cells was monitored in IncuCyte®
Zoom or S3 models for the indicated duration of time.
[0136] Scratch Wound assays: Migration assays are con-
ducted using IncuCyte’s “Scratch wound” module. 20,000-
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30,000 cells were plated on IncuCyte® Imagel.ock Plates
(Essen BioScience, 4379). Once the cells reached 100%
confluence, the wells were scratched with IncuCyte®
WoundMaker (Essen BioScience, 4493) following the pro-
vider’s instructions, washed with PBS twice, and supplied
with fresh growth media. For experiments testing the effect
of MAPK inhibitors on cell migration, fresh growth media
containing the inhibitors at the desired final concentration
was added onto the cells after the PBS washes. Wound-
healing process was monitored over 72 hours in IncuCyte,
and wound density was measured over time as a readout of
cell migration.

[0137] RNA isolation and qRT-PCR: Cells were washed
with cold PBS twice and lysed in TRI Reagent (Zymo
Research, Cat. No. R2050-1-200). RNA was isolated using
Direct-zol™ RNA MiniPrep (Zymo Research, Cat. No.
R2052). 4 ug of total RNA from each sample was converted
to cDNA using High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Cat. No. 4368813). Primer pairs
used herein are listed in the Tables below.

TABLE 2

Human primers:

Hs_PEBPl Forward
Hs_PEBP1 Reverse
Hs_NFATC2 Forward
Hs_NFATC2 Reverse
Hs_ROCKL Forward

Hs_ROCK1l Reverse

Hs_ROCK2 Forward
Hs_ROCK2 Reverse
Hs_ADAM10 Forward
Hs_ADAM10 Reverse
Hs_ADAM17 Forward
Hs_ADAM17 Reverse
Hs_EPCl Forward
Hs_EPCl Reverse
Hs_PIKFYVE Forward
Hs_PIKFYVE Reverse
Hs_DOCK4 Forward
Hs_DOCK4 Reverse
Hs_DOCK5 Forward
Hs_DOCK5 Reverse
Hs_ARL13B Forward
Hs_ARL13B Reverse
Hs_DDR2 Forward

Hs_DDR2 Reverse

GCTCTACACCTTGGTCCTGACA (SEQ ID NO: 01)
AATCGGAGAGGACTGTGCCACT (SEQ ID NO: 02)
GATAGTGGGCAACACCARAGTCC (SEQ ID NO: 03)
TCTCGCCTTTCCGCAGCTCAAT (SEQ ID NO: 04)
GAAACAGTGTTCCATGCTAGACG (SEQ ID NO: 05
GCCGCTTATTTGATTCCTGCTCC (SEQ ID NO: 06)
TGCGGTCACAACTCCAAGCCTT (SEQ ID NO: 07)
CGTACAGGCAATGAAAGCCATCC (SEQ ID NO: 08
GAGGAGTGTACGTGTGCCAGTT (SEQ ID NO: 09)
GACCACTGAAGTGCCTACTCCA (SEQ ID NO: 10)
AACAGCGACTGCACGTTGAAGE (SEQ ID NO: 11)
CTGTGCAGTAGGACACGCCTTT (SEQ ID NO: 12)
CCAGACATGCAGTACCTCTACG (SEQ ID NO: 13)
GCTGTTTCTGCATGAGTGCCAG (SEQ ID NO: 14)
CTGAGTGATGCTGTGTGGTCAAC (SEQ ID NO: 15
CAAGGACTGACACAGGCACTAG (SEQ ID NO: 16)
GCATGTGGATGATTCCCTGCAG (SEQ ID NO: 17)
GGAGGTGATGTAACACGACAGG (SEQ ID NO: 18)
GCTTCTGAGCAACATCCTGGAG (SEQ ID NO: 19)
TCCTTCTCAGCAGCCGTTCCAT (SEQ ID NO: 20)
GAACCAGTGGTCTGGCTGAGTT (SEQ ID NO: 21)
GTTTCAGGTGGCAGCCATCACT (SEQ ID NO: 22)
AACGAGAGTGCCACCAATGGCT (SEQ ID NO: 23)
ACTCACTGGCTTCAGAGCGGAA (SEQ ID NO: 24)
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TABLE 2-continued
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Human primers:

Hs_ITGALl Forward CCGAAGAGGTACTTGTTGCAGC (SEQ ID NO: 25)
Hs_ITGAl Reverse GGCTTCCGTGAATGCCTCCTTT (SEQ ID NO: 26)
Hs_RAPGEF2 Forward CTCGGATCAGTATCTTGCCACAG (SEQ ID NO: 27)
Hs_RAPGEF2 Reverse AGGTTCCACTGACAGGCAATGC (SEQ ID NO: 28)
Hs_RAPGEF6 Forward AGACAGATGAGGAGAAGTTCCAG (SEQ ID NO: 29)
Hs_RAPGEF6 Reverse GACCTCATAGGCACTGGAGACA (SEQ ID NO: 30)
Hs_APC Forward AGGCTGCATGAGAGCACTTGTG (SEQ ID NO: 31)
Hs_APC Reverse CACACTTCCAACTTCTCGCAACG (SEQ ID NO: 32)
TABLE 3
Mouse primers:
Mm_PEBP1 Forward ACTCTACACCCTGGTCCTCACA (SEQ ID NO: 33)
Mm_PEBP1 Reverse TGAGAGGACAGTGCCACTGCTA (SEQ ID NO: 34)
Mm_NFATC2 Forward ACTTCACAGCGGAGTCCAAGGT (SEQ ID NO: 35)
Mm_NFATC2 Reverse GGATGTGCTTGTTCCGATACTCG (SEQ ID NO: 36)
Mm_ROCK1 Forward CACGCCTAACTGACAAGCACCA (SEQ ID NO: 37)
Mm_ROCK1l Reverse CAGGTCAACATCTAGCATGGAAC (SEQ ID NO: 38)
Mm_ROCK2 Forward GTGACCTCAAACAGTCTCAGCAG (SEQ ID NO: 39)
Mm_ROCK2 Reverse GACAACGCTTCTGAGTTTCCTGC (SEQ ID NO: 40)
Mm_ADAM10 Forward TGCACCTGTGCCAGCTCTGATG (SEQ ID NO: 41)
Mm_ADAM10 Reverse GATAGTCCGACCACTGAACTGC (SEQ ID NO: 42)
Mm_ADAM17 Forward TGTGAGCGGTGACCACGAGAAT (SEQ ID NO: 43)
Mm_ADAM17 Reverse TTCATCCACCCTGGAGTTGCCA (SEQ ID NO: 44)
Mm_EPCl Forward CTGCCAGGCTTCAGTGCTAAAG (SEQ ID NO: 45)
Mm_EPCl Reverse ACTGACAGCCTGCTTTCCTACG (SEQ ID NO: 46)
Mm_PIKFYVE Forward TCTTCTGCCCAGTCCAGCAATG (SEQ ID NO: 47)
Mm_PIKFYVE Reverse ACAGAACATGCTCGGACACTGG (SEQ ID NO: 48)
Mm_DOCK4 Forward GATAGGAGAGGTGGATGGCAAG (SEQ ID NO: 49)
Mm_DOCK4 Reverse CGCCTTGAGATGCAGATCGTAG (SEQ ID NO: 50)
Mm_DOCK5 Forward GAGCCGACAGTCTCCTCACATT (SEQ ID NO: 51)
Mm_DOCK5 Reverse CTGCCTGGTTTTGAAGGTGCTG (SEQ ID NO: 52)
Mm_ARL13B Forward ACCAGTGGTCTGGCTGAGATTG (SEQ ID NO: 53)
Mm_ARL13B Reverse CATCACTGTCCTTCTCCACGGT (SEQ ID NO: 54)
Mm_DDR2 Forward TCATCCTGTGGAGGCAGTTCTG (SEQ ID NO: 55)
Mm_DDR2 Reverse CTGTTCACTTGGTGATGAGGAGC (SEQ ID NO: 56)
Mm_ITGAl Forward GGCAGTGGCAAGACCATAAGGA (SEQ ID NO: 57)
Mm_ITGAl Reverse CATCTCTCCGTGGATAGACTGG (SEQ ID NO: 58)
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Mouse primers:

Mm_RAPGEF2 Forward GCCGAATGGCATCAGTCAACATG (SEQ ID NO:
Mm_RAPGEF2 Reverse CAACATCCAGCACTGTGGCGTT (SEQ ID NO:
Mm_RAPGEF6é Forward ACAGAGTGAGCCAGGTGCTTCA (SEQ ID NO:
Mm_RAPGEF6 Reverse CACTCACTTCCTCAGTTGGTCC (SEQ ID NO:
Mm_APC Forward GTGGACTGTGAGATGTATGGGC (SEQ ID NO:
Mm_APC Reverse CACAAGTGCTCTCATGCAGCCT (SEQ ID NO:

59)

60)

61)

62)

63)

64)

[0138] CHIP assays: BM1 cells were crosslinked with
10% formaldehyde for 10 minutes and quenched with 0.125
mM glycine for 3 minutes. Cells were then lysed for
sonication at 80% output for 4x10 seconds with a 10 second
pause in between each cycle. The lysate was pre-cleared
with IgG (Santa Cruz, sc-2028) for 1 hour at 4° C. and the
supernatant was precipitated with antibodies against
BACH1 (AF5776, R&D System), or IgG (normal mouse
IgG, Santa Cruz, sc-2025) overnight at 4° C. Primers for
ChIP quantitative RT-PCR are listed in Table 4 below.

TABLE 4

7
volume = z X width? x length

[0141] The mice were sacrificed when the tumors reached
approximately 1 cm’.

[0142] For metastasis assays, 1x10° luciferase-expressing
BM1 cells (BM1-luc) were injected into the left ventricle of
the heart to allow for systemic distribution of the bone-tropic

Human primers used for the CHIP assay quantitative RT-PCR

Hs_ROCKL Forward CAGCCTCACTCTCCCATTTT

Hs_ROCK1l Reverse TCCAGCCTTTCCTCTGCTAA

Hs_PIKFYVE Forward CTGGACTCCTTCTGCCTGAG (SEQ
Hs_PIKFYVE Reverse AAGACTCCGCCCTCTGTTTT (SEQ
Hs_DOCK4 (upstream) Forward ATTTGCCTGGAGTGGAAGTG (SEQ
Hs_DOCK4 (upstream) Reverse CTGTATCCAGGGGGATGATG (SEQ
Hs_DOCK4 (downstream) Forward TAAGCCCTAGCTCCTGGACA (SEQ
Hs_DOCK4 (downstream) Reverse AGGGGTCACAAACACTCCTG (SEQ

Hs_RAPGEF2 Forward

AAAAATGCCAAGAAGGGGTTA

CACTCATCTAGACAGACCCCTGA

(SEQ ID NO: 65)

(SEQ ID NO: 66)

ID NO: 67)
ID NO: 68)
ID NO: 69)
ID NO: 70)
ID NO: 71)
ID NO: 72)

(SEQ ID NO: 73)

Hs_RAPGEF2 Reverse
Hs_RAPGEF6 Forward CGCCACAGTTCATTCACACT

Hs_RAPGEF6 Reverse GCGAAGGGTTGTTTGCTAGA

(SEQ ID NO: 74)
(SEQ ID NO: 75)

(SEQ ID NO: 76)

[0139] Mouse Studies: Mice were procured and housed by
the Animal Resources Center and handled according to the
Institutional Animal Care and Use Committee at the Uni-
versity of Chicago. Athymic nude mice were purchased
from Harlan Sprague Dawley and C57BY° mice were pur-
chased from the Jackson Laboratories. C3-1-TAg-REAR
mice were received from Jeffrey Green and maintained
in-house.

[0140] For primary tumor growth experiments, 2x10°
BM1 cells, 5x10° LMB cells, or 1x10° M6C cells were
injected orthotopically near the mammary fat pad of athymic
nude, C57B1/6, or C3-1-TAg-REAR mice, respectively.
Tumor growth was monitored over time by caliper measure-
ments of the width and length of tumors. Tumor volumes
were calculated with the formula:

tumor cells. 5x10° LMB cells and 1x10° M6C cells were
injected into the tail vein. Mice were monitored for 3-6
weeks (depending on the model) for tumor development. At
the earliest sign of respiratory problems or paralysis of the
limbs, the experiment was ended, and the mice were euthan-
ized Tumor burden was measured at the end of the experi-
ment via Xenogen [VIS® 200 Imaging System (PerkinEl-
mer) for BM1-luc tumors. For LMB and M6C tumors, tumor
burden was measured by counting overt surface metastases
in the lungs after perfusion and formalin fixation, as well as
counting tumors in cross-sections of the lungs after H&E
staining (described below).

[0143] For the in vivo studies involving MAPK inhibitors
and the 4-drug MAPKi combination treatment, small mol-
ecule inhibitors were resuspended under sterile conditions.
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Since not all of the inhibitors were water-soluble, all inhibi-
tors were initially resuspended in DMSO at the volumes that
will result in less than 5% final DMSO concentration. p38
inhibitor SB203580 and MLK inhibitor URMC-099 were
further diluted to the desired concentration with 50% PEG-
400 (Sigma, Cat. No. 91893)+50% saline. JNK inhibitor
SP600125 and MEK inhibitor Trametinib were diluted in
corn oil (Sigma, Cat. No. C8267). For the 4-drug combina-
torial treatment, all inhibitors were dissolved in their own
solvent at 4xhigher concentration then the desired final
concentration. Then, SB203580 and URMC-099 were
mixed at a 1:1 ratio, reducing the concentration for each
drug down to 2x. Similarly, SP600125 and Trametinib were
mixed at a 1:1 ratio. These dual combination solutions were
then filtered through 0.22 um PES filter syringes to assure
sterility. Each mouse received 50 ul of each dual combina-
tion on the same day, resulting in a total of 100 pl of drug
mix (2 injections per mouse) with each drug at their desired
1xfinal concentration. Final concentration for SB203580,
URMC-099, SP600125, or Trametinib in the 4-drug MAPKi
combination was 10 mg/kg/day, 10 mg/kg/day, 10 mg/kg/
day, or 0.5 mg/kg/day, respectively. All injections were
intraperitoneal.

[0144] For the tumor growth experiments with the MAPK
inhibitors, tumors were allowed to reach the size 50-100
mm?® size before the MAPKi treatment began. Then, the
mice were treated with the respective MAPKi treatment (or
the control) for up to 3 weeks. Tumor size was monitored
twice a week with a caliper. For the metastasis assays, the
tumor cells were treated with the 4-drug MAPKi combina-
tion at the in vitro doses for 24 hours prior to injections to
allow for anti-metastatic reprogramming of the cells. Hom-
ing to metastatic tissues upon intracardiac or tail vein
injections can take up to 48 hours. To ensure that the
reprogrammed tumor cells do not revert back to their
untreated state in the circulation, we pre-treated the mice
with the MAPKi combination 2-6 hours before tumor cell
inoculation as well. After the inoculation, the mice were
treated with the inhibitors daily for up to 3 weeks until the
experimental endpoints discussed above were reached.

[0145] Histology: Tumor tissues were fixed in 10% for-
malin upon dissection for 72 hours and then transferred into
70% FEthanol for long-term storage. Mouse lungs were
perfused with PBS before formalin fixation step to allow for
tissue expansion and high-quality histological analysis.
Fixed tissues were embedded in paraffin and sliced into 5 um
sections prior to hematoxylin & eosin (H&E) staining All
tissue processing and staining for this body of work was
performed by the University of Chicago Human Tissue
Resource Center. For the detection of tissue morphology as
well as tumor populations within the lung, lung sections
were deparaffinized, immersed in hematoxylin, rinsed in
warm distilled water, and treated with eosin. Stained slides
were scanned at 10x on a Nikon Eclipse Ti2 Inverted
Microscope System.

[0146] MIB-MS analysis: Multiplexed inhibitor beads—
mass spectrometry analysis on BM1-VC and BM1-RKIP
tumors was conducted as previously described. (Duncan et
al., 2012). Tumors were grown in athymic nude mice as
described previously. Once the tumors reached the size of
~300 mm?> they were isolated, flash-frozen in liquid nitro-
gen, and shipped to the Johnson Laboratories in Chapel Hill.
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Preparation of the lysate for the MIB-MS analysis, and the
mass spectrometry were all performed as described by
Duncan et al., 2012.

[0147] RNA-seq: To compare the transcriptomes of meta-
static BM1-VC and non-metastatic BM1-RKIP tumors,
1x10° cells were injected orthotopically. Tumors were har-
vested when they reached approximately 200 mm® size
(about 3-weeks post inoculation), and then flash-frozen in
liquid nitrogen. Tumor samples were pulvarized immedi-
ately, and lysed in TRI Reagent® (Zymo Research, Cat. No.
R2050-1-200). RNA was extracted using the Direct-zol™
RNA MiniPrep Kit (Zymo Research, Cat. No. R2052)
following the manufacturer’s instructions under RN Ase-free
conditions. In order to prevent contamination of the RNA
samples by genomic DNA, the samples were treated with
DNAse-1 (Zymo Research, Cat. No. E1011-A) for 15 min-
utes at ambient temperature on the RNA extraction column.
Total RNA was eluted in RNAse/DNAse-free water (Zymo
Research, Cat. No. W1001-30) and submitted to the Uni-
versity of Chicago Genomics Facility for further analysis.

[0148] RNA quality assessment, library preparation, and
sequencing of the tumor RNA samples were all performed
by the Genomics Facility staff following the facility’s stan-
dardized protocols. Quality of the samples were assessed
using a Bioanalyzer, and the samples were determined to be
ot'high quality with an average RNA integrity number (RIN)
of'8.6. For the RNA-seq analysis there were 7 control tumors
and 5 RKIP-overexpressing tumors, so an individual oligo
dT selected was generated, mRNA directional library for
each tumor sample without any pooling scheme. All 12
samples were run on the same lane in HiSEQ4000 to
generate 50 base-pair long single-end reads.

[0149] Bioinformatic analysis of the RNA-seq results
were all carried out using the web-based bioinformatics
platform Galaxy (usegalaxy.org). Raw “*.fastq” files were
uploaded to the Galaxy servers via a file transfer protocol
(FTP) software. The reads were analyzed for GC content
using “FastQC” and trimmed to remove adaptor sequences
using “Trim Galore!”. The reads were mapped to the human
genome (hgl9) using RNA STAR. In all samples, 70-75% of
the reads were uniquely mapped. The resulting “*.bam” files
were used to count reads per gene with “featureCounts”.
Finally, read counts were normalized and analyzed for
differential expression between Control and RKIP-overex-
pressing samples using “DESeq2”. Principle component
analysis on the normalized read counts demonstrated two
distinct clusters of samples, separated by the RKIP status.

[0150] The Cancer Genome Atlas Program (TCGA) data
analysis: For the analysis of patient data, normalized RNA-
seq results were accessed through the cBioportal database
(Gao et al.,, 2013). For every TCGA cancer type, the provi-
sional data sets were used for analysis (tagged “TCGA,
Provisional” on cBioportal). Lists of genes that correlate
with RKIP and BACH1 were also downloaded directly from
cBioportal, as the data base already has these correlation
matrices generated for each TCGA cancer type. Oncotype
and expression heatmap plots were directly generated by
cBioportal. Prior to generation of these plots, z-score thresh-
old of 0.5 was arbitrarily chosen to classify patients into high
versus low expressors for a particular gene of interest. For
example, if a patient’s tumor sample has an RKIP expression
level that has a z-score higher than 0.5, then the sample was
deemed “RKIP-high”, and if the z-score was below -0.5, the
sample was deemed “RKIP-low”. If the z-score falls within
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-0.5 and 0.5, then the sample was considered as “Interme-
diate”, or “Other”. Both Pearson and Spearman correlations
were used in determining gene-gene correlations and a
coeflicient cut-off of 0.3 was chosen arbitrarily for both
correlation metrics.

[0151] The clinical metadata regarding the TCGA breast
cancer data set was downloaded from cBioportal. The clini-
cal information on breast cancer patients does not contain
TNBC status information. TNBC vs. Non-TNBC status was
assigned to breast cancer samples by considering immuno-
histochemistry-based assessment of ER, PR, and HER-2
expression. If the sample was negative for all three of these
parameters by IHC, the sample was deemed “TNBC”
(n=115). Otherwise, the sample was considered as “Non-
TNBC”. For the survival analysis, “survival” and “sur-
vminer” R packages were used. TCGA breast cancer patients
were separated into two groups: target-gene high expressors
(TG-high) and target-gene low expressors (TG-low) based
on the expression of 5 motility and adhesion genes (ROCK2,
DOCKA4, ITGA1, APC, and RAPGEF6). If a patient sample
falls above the median for all 5 genes, that patient was
deemed TG-high. If a patient sample falls below the median
for all 5 genes, that patient was deemed TG-low. Survival
probability with respect to time (in months) was plotted in
a Kaplan-Meier curve and statistical significance was deter-
mined using a logrank test.

[0152] GSEA and METASCAPE: Functional gene set
enrichment analysis of the differentially expressed genes in
the RNA-seq data as well as the genes that correlate with
RKIP and BACH1 was performed using the web-based
interface of the Metascape software (Tripathi et al., 2015).
For the identification of pathways and processes enriched in
the input gene lists, both “Gene Ontology” (GO) and “Kyoto
Encyclopedia of Genes and Genomes” (KEGG) categories
were considered. A minimum overlap of 5 genes and an
enrichment score of 1.5 were chosen as the enrichment
parameters. An adjusted p-value cut-off of 0.05 was chosen
as the significance threshold.

[0153] Tissue fixation and Immunohistochemistry: Tumor
tissues were fixed in 10% formalin upon dissection for 72
hours and then transferred into 70% Ethanol for long-term
storage. Fixed tissues were embedded in paraffin and sliced
into S-micron sections prior to immunohistochemical analy-
sis. All immunohistochemistry for this body of work was
performed by the University of Chicago Human Tissue
Resource Center staff. Briefly, tissue sections were stripped
of the paraffin through xylene treatment and rehydrated with
an ethanol-to-water gradient washes. Then the sections were
incubated in antigen retrieval buffer at 97° C. for 20 minutes
Immunohistochemical analysis of macrophage infiltration
within the primary tumor tissues was performed by using
primary antibodies against mouse macrophage marker
F4/80. Both primary and secondary antibody treatments
were carried out at room temperature in a humidity chamber.
After secondary antibody incubation, the slides were devel-
oped using Elite Kit (Vector Laboratories, Cat. No.
PK-6100). Finally slides were counterstained with hema-
toxylin and bluing reagent and mounted with a cover glass.
Stained slides were scanned at 10x on Nikon Eclipse Ti2
Inverted Microscope System. Macrophage infiltration of the
tumors was quantified on FIJI (Imagel) software using the
THC Image Analysis Toolbox plugin. For each tissue, five
randomly-selected fields were exposed to same quantication
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parameters and the average signal from all five fields was
used to compare macrophage infiltration between different
tumor tissues.

Example 1: RKIP Partially Inhibits Multiple
Kinases Within the Extended MAPK Network

[0154] MIB-MS analysis using beads bound to kinase
inhibitors (MIBs) followed by mass spectrometry to isolate
and quantity active kinases (Duncan et al., 2012) was used
to discover kinase networks targeted by RKIP in TNBC
tumors. Of the 250 active kinases that were present in both
control tumors and RKIP-expressing BM1 tumors from
mouse xenografts, RKIP significantly altered the activity of
30 (FIG. 1A). Consistent with its role as a kinase suppressor,
RKIP inhibited most of these kinases (23) including the
previously identified RKIP target ERK2 (Yeung et al.,
1999); the remaining 7 kinases were upregulated.

[0155] Three aspects of RKIP regulation stand out. First,
the kinases targeted by RKIP were distributed across mul-
tiple branches of the kinome tree (FIG. 1B). Second, these
kinases ranged from high activity to low activity kinases,
indicating that the degree of kinase activation does not
correlate with metastatic potential (FIG. 1C). Third, the
effect size of inhibition or activation of RKIP targets in
RKIP-overexpressing tumors was roughly 30% (FIG. 1D).
Thus, in contrast to common cancer therapeutic practice,
RKIP partially inhibited multiple kinases rather than fully
inhibiting one or two kinases. These findings suggest that
partially inhibiting a broad range of nodes within a kinase
network, including low-abundance/low-activity kinases,
might be an effective way of altering a tumor’s metastatic
state.

[0156] Functional analysis of the 23 downregulated
kinases using Metascape (Tripathi et al., 2015) showed
enrichment for stress kinase signaling (FIG. 1E). Ingenuity®
pathway analysis indicated that the majority of these kinases
are functionally related, and the stress MAP kinases (JNK,
p38) as well as ERK are at the core of the network (FIG. 1F).
Community analysis identified three main protein-protein
interaction subnetworks comprised of the extended MAPK
family including kinases upstream of p38 (TAOK2, MKK3,
MKKS6), upstream of INK (MLK1, MLK3, MKK4); and the
p70/p90 kinases downstream of the MAPKs (MSK1, RSK2,
and p70/85 S6K1) (FIG. 1G). These results indicate that the
three MAPKSs (JNK, p38 and ERK) as well as their upstream
regulators and downstream effectors comprise the core
RKIP-regulated network in TNBC cells.

[0157] The inhibition was validated by exogenously
expressed RKIP of stress-activated MAPKSs in anisomycin-
stimulated human (BM1, MDA-MB-436) or mouse (LMB,
M6C) TNBC cell lines Similar results were obtained with
S153E RKIP, a mutant that constitutively binds Rafl
(Dangi-Garimella et al., 2009; Skinner et al., 2017) (FIGS.
1H and 2A). The importance of stress MAPK signaling for
migration and invasion was confirmed using small molecule
inhibitors of p38 or INK (FIG. 2B). Overall, these data show
that RKIP reprograms TNBC cells from an invasive to
non-invasive state by inhibiting the activity of the MAPK
network and, in particular, the stress kinases.

Example 2: Inhibiting Stress MAPKs Mimics RKIP
Function

[0158] Targeting the Raf node in the MAPK network was
investigated. In a screen across four human and mouse
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TNBC cell lines, MEK inhibition by Trametinib partially
attenuated JNK phosphorylation under anisomycin induc-
tion, but p38 phosphorylation was not consistently inhibited
(FIGS. 3A, 3B, and 4A) Similarly, in serum-induced cells,
there was no significant change in p38 phosphorylation and
even attenuation of JNK phosphorylation was variable
(FIGS. 3A, 3B, and 4A). Given the variability in stress
MAPK signaling dependent upon treatment and cell-type,
these results indicate that MEK inhibition alone is not
sufficient to mimic RKIP signaling.

[0159] The MIB data from BM1 xenografts was re-ana-
lyzed in order to identify upstream regulators of the stress
kinases targeted by RKIP in tumors (see FIG. 1A). Three
members of the MAP3K family reported to activate both
p38 and JNK signaling were discovered: TAOK2, MLK1
and MLK3. (Chen et al., 1999; Dhillon et al., 2007).
RKIP-expressing tumors had lower TAOK2 autophospho-
rylation, an indicator of kinase activity (Zhou et al., 2004),
in M6C syngeneic tumor model, mirroring the findings from
the BM1 xenograft studies (FIG. 4B). In contrast to tumors,
RKIP reduced the activity of all three TAO kinases (TAOK1,
TAOK2, TAOK3) in anisomycin-induced human cell lines
(FIG. 4C). In both tumors and cell lines, autophosphorylated
TAOKI1 and TAOK3 were more abundant than TAOK2, and
caused more dramatic reduction in p38 levels than TAOK2,
when silenced by siRNA in vitro. (FIG. 4B and 4D).
Interestingly, depletion of TAOKs also partially downregu-
lated JNK activity (FIG. 4D), indicating that TAOKs pri-
marily regulate p38 but may also activate JNK in TNBC
cells.

[0160] In contrast to TAO kinases, MLK kinases have
been primarily characterized as MKK4 and JNK activators,
but have also been reported to activate p38 signaling (Gallo
and Johnson, 2002; Rattanasinchai and Gallo, 2016). Exog-
enous RKIP expression diminished MLK3 activation in
anisomycin-induced human cell lines in vitro (FIG. 4C),
consistent with the data from the BM1 xenograft tumors. In
the same cell lines, a decrease in both JNK and p38
activation was observed when treated with URMC-099, an
MLKS3 inhibitor that also targets MLLK1 (FIG. 4F). These
results confirm that MLK1,3 primarily activate JNK in
TNBC cells, but can also activate p38 dependent on the
stimulus and cell type.

[0161] To investigate the crosstalk between p38 and JNK,
small molecule inhibitors of p38 and JNK, SB203580 and
SP600125, respectively, were used. A negative crosstalk
between p38 and JNK was consistently observed in serum-
induced human and mouse TNBC cell lines. In all four cell
lines, inhibition of INK by SP600125 induced p38 activa-
tion, while p38 inhibition by SB302580 resulted in JNK
activation (FIG. 5A and 5C). Under anisomycin-induced
BM1 cells, however, p38 inhibition did not result in acti-
vated JNK signaling (FIG. 5B), highlighting the stimulus-
dependent nature of the MAPK crosstalk. In the case of
serum-induced BM1 cells, INK activation via p38 inhibitor
was mediated through MLK, whereas JNK inhibition of p38
was MLK-independent (FIG. 5D). Taken together, this
analysis suggests that the crosstalk between MAPKs is cell-
and stimulus-dependent, and that RKIP inhibits a combina-
tion of upstream and downstream kinases in the network to
most effectively and consistently downregulate signaling by
the stress MAPKSs.

[0162] Like the stress MAPKs, both TAOs and MLKs
regulate invasion of TNBC cells. siRNAs for TAOs 1-3
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impaired the invasive capability of human BM1 and MB436
cells (FIG. 3C and 4G). Similarly, MLK inhibition by
URMC-099 decreased invasion by these two cell lines.
(FIG. 3D and 4H). Together, these data suggest that RKIP
targets the upstream TAOKs and MLKs, thereby inhibiting
invasion by preventing activation of the stress MAPKs p38
and JNK in TNBC cells (see summary scheme in FIG. 3E).

Example 3: A Four-Drug Combination Targeting
the MAPK Network Mimics RKIP’s Anti-Invasive
Function in Vitro

[0163] In order to mimic the therapeutic action of RKIP,
combinations of 6 kinase inhibitors that target different
nodes in the MAPK signaling network were tested using
both growth and invasion assays. The goal was to mimic
RKIP action by finding a sub-therapeutic dose that sup-
pressed invasion, but not cell growth. In addition to the
MEK, INK, p38 and MLK inhibitors used above (FIG. 3),
CX-4945 (Silmitasertib) was also tested. Silmitasertib is an
inhibitor of Casein Kinase 2 (CK2) which is involved in p38
and ERK signaling (Isaeva and Mitev, 2011; Sayed et al.,
2000; Zhou et al., 2016), as well as SW-538, a more
broad-based inhibitor that blocks some kinases that act on
the MAPK network such as TAOK2, Rafl, INK1, HGK, and
GSK3b (Piala et al., 2016) (FIG. 6A).

[0164] A high-throughput chemotactic invasion assay of
nuclear-labeled BM1 cells (BM1-NucLight Red) was used
to monitor invasion of cancer cells as well as their growth in
3D through a basement membrane extract. For each drug,
except for CX-4945 and SW-538, there was a minimal dose
at which the proliferation rates were unaffected while the
invasive capabilities of the cells were at least partially
blocked (FIG. 7A, 1 uM for SB203580 and SP600125, 1-10
nM for Trametinib, and 10-50 nM for URMC-099). Doses of
CX-4945 and SW-538 (10 uM and above for each) that
blocked invasion were also growth-inhibitory, suggesting
that these drugs are unable to phenocopy selective RKIP
suppression of invasion and metastasis. The drugs were then
tested at these minimal dosages for their combinatorial effect
on invasion.

[0165] Out of all the dual combinations tested (FIG. 7B),
only two demonstrated a putative combinatorial effect on
invasion without a significant effect on proliferation: p38i (1
uM)+INKi (1 pM) and MEKi (1 nM)+MLKi (50 nM) (FIG.
7B). Addition of a third inhibitor to these dual combinations
did not improve the anti-invasive efficacy, demonstrating
that combined effect of multiple MAPK inhibitors is not
always additive (FIG. 7C). A four-drug combination con-
sisting of p38i, INKi, MEKi, and MLKi was more effective
than either of the dual combinations and was not toxic to
BM1 cells even when all the doses were doubled (FIG. 6B).
[0166] Signaling studies with the dual and 4-drug MAPK
combinations showed that the 4-drug MAPKi combination
(4D-MAPKI) was also more effective in blocking all three
axes of MAPK signaling across multiple cell lines (FIGS.
6C and 7D). In addition to BM1 cells, the 4D-MAPKi
inhibited invasion of human MB436 cells as well as mouse
LMB and M6C cell at concentrations that do not affect 3D
growth (FIG. 6D). Some cell lines were more sensitive to the
treatment than others. Notably, 4D-MAPKIi was not toxic to
normal mammary epithelial cell lines and did not affect
proliferation of non-transformed human 184A1 and
MCF10A cells (FIGS. 6E and 7E). These findings suggest
that 4D-MAPKi combination is an effective anti-invasive
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therapy that mimics RKIP inhibition of the MAPK family
network without toxicity towards healthy cells.

Example 4: The Four-Drug MAPKi Combination
Blocks Metastatic Progression and Primary Tumor
Growth in Vivo

[0167] It was determined whether 4D-MAPKi blocks
growth or metastasis of TNBC tumors in vivo. Using LMB
cells in a syngeneic model, dose-response studies were
performed with individual drugs to determine the highest
dose at which growth of the primary tumor is unaffected.
Inhibition of p38, INK, or MLK up to 10 mg/kg did not
affect growth of the orthotopic LMB tumors (FIG. 9A).
MEK inhibitor decreased tumor growth in a dose-dependent
manner, but had no significant effect at doses below 1 mg/kg.
Based on this analysis, a 4D-MAPKi combination of 10
mg/kg for p38i, INKi, MLKi, and 5 mg/kg for MEKi (1x)
was chosen for in vivo studies.

[0168] The undiluted (1x) and diluted (0.5x) 4D-MAPKi
suppressed metastatic lung colonization in the syngeneic
LMB tumors in a dose-dependent manner (FIG. 8A). At the
1xdose, the MAPKi combination also partially inhibited
primary LMB tumor growth (FIG. 8B). To determine the
stage of inhibitor action, mice were treated for only 2 days
upon inoculation. This treatment still caused significant
reduction in the overall metastatic burden, suggesting that
the inhibitor combination acts to block early extravasation
and tissue invasion steps of metastasis rather than coloni-
zation (FIG. 8C). Xenograft BM1 tumors were more sensi-
tive to the MAPKi treatment than LMB tumors, as even the
half dose (0.5x) potently inhibited bone metastasis of
luciferase-expressing BM1 cells. (FIG. 8D). Metastasis-
bearing mice treated with the MAPKi combination for
3-weeks showed improved survival even after the cessation
of the treatment (FIG. 8E) Similarly, the MAPKi combina-
tion potently inhibited primary BM1 tumor growth in a
dose-dependent manner, but the tumor growth resumed upon
treatment cessation (FIG. 8F). This suggests that the MAPKi
combination might be more effective as a continuous treat-
ment. No toxicity due to the 4-drug combination in either the
syngeneic or the xenograft models was observed, since the
mice retained the same body weight throughout the treat-
ment (FIG. 9B). These findings indicate that the MAPKi
combination can act as both tumor and metastasis suppressor
in TNBCs and has the potential to prevent recurrence with
continued treatment. These data indicate that targeting the
complete MAPK network at subthreshold doses for inhib-
iting tumor growth is an effective anti-metastatic and pro-
survival strategy.

Example 5: Both RKIP and the MAPKi
Combination Downregulate Clinically-Relevant
Motility and Adhesion Genes

[0169] Since both RKIP and 4D-MAPKIi block tumor cell
extravasation and metastatic colonization, it’s possible that
their common targets are required for metastatic progres-
sion. To identify downstream targets of RKIP, control or
RKIP-expressing human xenograft tumors were analyzed by
RNA sequencing. Principal component analysis revealed
two discrete tumor clusters dependent upon RKIP expres-
sion (FIG. 11A). RKIP downregulated roughly 2800 genes
some of which fall into functional categories related to cell
movement (cytoskeletal organization, cell-substrate adhe-
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sion, cell leading edge) and kinase-mediated signal trans-
duction (FIGS. 10A and 11B), consistent with a role for
RKIP as a kinase inhibitor that suppresses invasion and
metastasis.

[0170] To assess the clinical relevance of these genes, they
were compared to the set of genes whose expression is
inversely correlated to RKIP in the TCGA breast cancer
database (Pearson/Spearman cutoff=0.3). In both gene sets,
similar functional categories were identified (FIG. 10B). At
least 78 genes related to cell movement and kinase signaling
overlapped between the TCGA and RNAseq datasets. Inter-
est was in metastatic genes that are induced by the stress
MAPK network, and the focus was on genes that (1) have
been previously shown to promote metastatic pathways and
(2) have potential binding sites for MAPK-regulated tran-
scription factors as demonstrated by ENCODE (ENCODE
Project Consortium, 2012). Fifteen putative RKIP target
genes were identified (ROCK1, ROCK2, DOCK4, DOCKS,
RAPGEF2, RAPGEF6, NFATC2, DDR2, PIKFYVE, APC,
ITGA1, ARL13B, ADAM10, ADAMI17, and EPC1) that
met these criteria (FIG. 10B-D). These genes have been
implicated in metastasis and have binding sites for ATFs and
JUNS, two families of transcription factors activated by p38
and JNK, respectively, as well as MYC, a downstream
mediator of ERK signaling (FIGS. 11C and 11D).

[0171] A significant fraction of these motility/adhesion
genes were induced by anisomycin stress in human TNBC
cells in vitro, and RKIP or RKIP S153E expression blocked
their induction (FIGS. 11E and 11F). 4D-MAPKi similarly
inhibited expression of these genes under stress conditions
in both cells and syngeneic tumors (FIGS. 10E and 11G),
highlighting its ability to phenocopy RKIP. By contrast, the
2-drug combinations were ineffective (FIG. 11G). These
results reveal a mechanism whereby RKIP suppresses breast
cancer metastasis by inhibiting a MAPK signaling network
that transcriptionally activates metastatic genes.

Example 6: Regulation of Motility/Adhesion Genes
by RKIP Involves BACH1

[0172] The strong correlation between expression of these
metastatic genes raised the possibility that a common tran-
scription factor might be responsible. BACH1 was previ-
ously identified as a transcription factor whose protein levels
are induced by the Raf-Mek-Erk cascade and negatively
regulated by RKIP (Lee et al.,, 2014; Yun et al.,, 2011).
RNA-seq analysis of xenograft BM1 tumors now shows that
RKIP also downregulates BACH1 transcription (FIG. 12A)
Similarly, in syngeneic LMB tumors, the RKIP-mimicking
4D-MAPKi significantly reduced BACH1 expression. The
regulation of BACHI1 transcript by 4D-MAPKi was con-
firmed in anisomycin-induced human and mouse TNBC cell
lines (FIGS. 12C, 13A, and 13B). Dose-response studies
with individual MAPK inhibitors showed that BACHI1
expression can be regulated by different MAPKSs in each cell
line (FIGS. 12D, 13C, and 13D, summarized in FIG. 13E).
4D-MAPKIi also attenuated BACH1 protein expression in
human and mouse cell lines (FIGS. 12E and 13F). These
data suggest that both RKIP and 4D-MAPKi regulate tran-
scription of BACH1 as a common downstream mediator of
MAPK signaling

[0173] To identify RKIP target genes that might be tran-
scriptionally regulated by BACHI, genes that are inversely
correlated with RKIP (see FIG. 10B) and positively corre-
lated with BACH1 were sought out in the TCGA patient data
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base. Notably, motility/adhesion genes identified above as
RKIP targets were also co-expressed with BACH1 (FIG.
12F). Knocking down BACH1 expression with shRNAs in
human TNBC cells resulted in a decrease in the expression
levels of the RKIP target genes (FIGS. 12G and 13G),
confirming transcriptional regulation of these genes by
BACHI1. ENCODE data suggested the presence of BACH1
binding sites in the promoter regions of many of these genes
(FIG. 11C). CHIP analysis in BM1 cells confirmed that
BACHI specifically binds to the promoters of several genes
including ROCK1, DOCK4, PIKFYVE, and RAPGEF6
(FIG. 12H). Together, these findings establish BACHI, a
downstream mediator of the MAPK network, as a novel
transcriptional regulator of RKIP target genes.

Example 7: Regulation of the RKIP Target Genes
is a Hallmark of Metastatic Suppression in Multiple
Cancers

[0174] Previous studies have shown that BACHI is
enriched in TNBC patients (Lee et al., 2019), and the
RKIP/BACHI pathway gene signatures effectively stratify
patients for metastatic risk within the TNBC subgroup (Lee
et al., 2013). However, unlike BACH1, most of the RKIP
target genes identified in this disclosure were not specifically
enriched in the TNBC/basal subtype of breast cancer (FIG.
14A), except for ROCK2, DDR2, ADAMI17, and DOCKS5
(FIG. 14B). Remarkably, stratifying breast cancer patients
on the basis of high RKIP and low BACHI1 expression
reveals a striking inverse association of RKIP with motility/
adhesion genes in ~30% of individuals (FIG. 14C). These
data suggest that RKIP suppresses this metastatic gene set in
breast cancer patients in order to inhibit cell migration and
invasion.

[0175] A gene signature consisting of 5 (ROCK2,
DOCK4, ITGAI, APC, and RAPGEF6) of the motility/
adhesion genes predicts overall survival in TCGA breast
cancer patients (FIG. 14D). Kaplan-Meier analysis demon-
strates that high expressors (TG-high) have significantly
worse prognosis than low expressors (TG-low). This sug-
gests that this 5 gene signature can identify high risk patients
who might benefit from treatment with the RKIP-mimicking
4D-MAPKi.

[0176] These findings prompted investigation into RKIP’s
potential association with these metastatic genes in other
solid cancer types as well. Combined functional gene set
analysis of genes inversely correlated with RKIP across
TCGA cancers reveals the same adhesion/motility related
gene sets across multiple TCGA cancer types including
pancreatic, ovarian, lung, head and neck, and colorectal
(FIG. 14E). In particular, genes highlighted here such as
BACHI1, ROCK1, and DOCK4 are significantly inversely
correlated with RKIP in multiple cancer types (FIG. 14F),
suggesting that the RKIP-regulated MAPK network is not
limited to breast cancer. Of note, in cancers where no
correlation to these specific genes was observed, a strong
correlation to other members of the same gene families was
observed (FIG. 14F). Finally, it was determined that inhi-
bition of this motility gene set is associated with other
metastasis suppressors as well as RKIP. Thus, expression of
other experimentally validated metastasis suppressors
(BRMS1, ARGHDIA, NMEI1, and DRG1) (Zhao et al.,
2015) also negatively correlated with motility and adhesion
gene sets (FIG. 14G). Together, these clinical analyses
suggest that downregulation of cell-matrix interactions and
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cytoskeletal machinery is a hallmark of metastasis suppres-
sors, and provides a broad-based therapeutic strategy against
metastatic disease.

Discussion

[0177] This is the first kinome-level investigation to iden-
tify signaling networks targeted by the physiological metas-
tasis suppressor RKIP in vivo. RKIP’s inhibitory effect on
stress signaling is at least partially mediated through the
MAP3K kinases, TAOKs and MLK3. Targeting Raf-Mek-
Erk cascade alone is not enough to inhibit stress kinase
network in order to mimic RKIP. A combination of 4 kinase
inhibitors that target the stress-kinase network blocks TNBC
cells’ ability to invade without affecting their growth prop-
erties in vitro, pheno-copying RKIP. Multi-drug combo
(MDC) targeting the stress network abolishes orthotopic and
metastatic growth of TNBC in both xenograft and syngeneic
mouse models. MDC targets pro-invasive genes whose
expression is inversely correlated with RKIP in human
patients.

[0178] RKIP targets an extensive stress-kinase network
but only partially inhibits the kinases to block metastasis.
These results suggest that partially impairing kinases in this
network in cancer is a viable anti-metastatic strategy. These
results suggest that mimicking the metastasis suppressor
RKIP by the use of multiple inhibitors that hit multiple
targets in the stress kinase network is an effective anti-
metastatic strategy.

[0179] RKIP’s function was investigated at a systems
level to unravel signaling events essential for blocking
metastasis. RKIP is a specific metastasis suppressor that
reprograms kinase networks, interfering with a tumor cell’s
ability to invade through tissue and enter the circulation for
dissemination to secondary sites. This disclosure shows that
RKIP, in addition to its known role as an inhibitor of the
Raf-MEK-ERK signaling pathway, also targets the stress
MAP kinases p38 and INK in TNBC tumors in part through
inhibition of the upstream kinases TAO1-3 and MLK1,3.
The results highlight the importance of RKIP as well as the
MAPK network as drivers of tumor cell motility leading to
metastasis in both preclinical models and human cancer
patients and identify a drug cocktail that can mimic RKIP
regulation and has the potential to function as both a
metastasis suppressor and a tumor suppressor depending on
the context.

[0180] This disclosure also illustrates the utility of physi-
ological metastasis suppressors in developing effective
therapies against metastatic disease. The approach towards
elucidating the mechanisms of RKIP not only identified
novel signaling networks and target genes regulated by
RKIP, but also revealed new treatment modalities that are
different than current clinical practices. Namely, to mimic
RKIP, the efficacy of combination therapies that are com-
prised of more than 2 small molecule inhibitors, each used
at sub-therapeutic doses was investigated. The findings
demonstrate that, by targeting the MAPK network and
partially inhibiting three MAPK nodes (ERK, p38, and
INK), the metastatic phenotype can be reverted without
causing toxicity in vitro or in vivo.

[0181] This research supports the idea that stress signaling
is important for metastatic progression of cancers. In the
TNBC model systems, RKIP does not regulate EMT mark-
ers, nor it correlates with EMT genes in the TCGA breast
cancer patient data (Yesilkanal and Rosner, 2018), yet it



US 2021/0100803 Al

blocks metastatic progression by inhibiting stress kinase
signaling. This suggests that stress kinase signaling is impor-
tant in later stages of metastasis as well, and a good
therapeutic target for metastasis.

[0182] The results also significantly expand the knowl-
edge of how RKIP functions as a metastasis suppressor.
Using the MIB-MS method, this disclosure not only vali-
dated regulation of known RKIP targets such as ERK in
tumors, but also identified other kinases that are regulated by
RKIP independently of Raf signaling. In particular, stress
MAPKSs INK, MLKs, and TAOKs have never been impli-
cated as a part of the RKIP-network before. To our best
knowledge, there is only one report that implicates p38 as an
indirect RKIP target (Al-Mulla et al., 2011). This disclosure
shows that when RKIP is depleted, p38 kinase becomes
activated indirectly due to increased reactive oxygen species
(ROS) in tumor cells. This work has identified an alternative
route to p38 inhibition by RKIP which involves the upstream
MAP3Ks TAOKs and MLKs. Whether RKIP directly binds
to these MAP3Ks, or it has other binding partners that
indirectly regulate the stress MAPK network remains to be
explored.

[0183] The multi-drug combination disclosed herein tar-
geting MEK, p38, INK, and MLK is a novel combination. In
the clinic, resistance to MEK inhibitors are associated with
activation of PI3K and AKT pathways (Chen et al., 2017;
McNeill et al.,, 2017), and therefore, most combination
attempts have focused PI3K or AKT inhibitors along with
MEK inhibitors (McNeill et al., 2017; Meng et al., 2010).
Other approaches involve combining receptor tyrosine
kinase inhibitors, HDAC inhibitors, and inhibitors of tumor-
associated microenvironment (reviewed by (Smith and
Wellbrock, 2016). p38 and JNK inhibitors as single agents
yielded discouraging results in clinical trials (Messoussi et
al.,, 2014). Some studies now focus on combining p38
inhibitors with chemotherapeutic agents such as gemcitibine
and carboplatin (Cicenas et al., 2017) (e.g. clinical trial
NCT01663857) or with EGFR/HER2 inhibitors (Mora Vidal
et al., 2018). To date, very few JNK inhibitors made it to the
clinical trial level. An early MLK inhibitor CEP-1347 was
tested in Phase II-III clinical trials for Parkinson’s disease
and did not show efficacy, but now it is being considered as
anti-cancer treatment for targeting stem cells (Okada et al.,
2017). A more recent MLK inhibitor URMC-099 is still in
its pre-clinical phases. The approach of targeting these four
MAPKSs is unique because, and to the inventor’s knowledge,
no other disclosure is considering such combination. This
approach is not limited to the use of the four specific
inhibitors used in this disclosure (SB203580, SP600125,
Trametinib, and URMC-099). There can be other possible
combinations of various number of inhibitors that target the
RKIP-network. These findings would also justify develop-
ment of multi-target kinase inhibitors that inhibit all three
MAPKs p38, INK, and MEK/ERK.

[0184] This disclosure illustrates the utility of physiologi-
cal metastasis suppressors in developing effective therapies
against metastatic disease. This approach towards elucidat-
ing the mechanisms of RKIP not only identified novel
signaling networks and target genes regulated by RKIP, but
also revealed new treatment modalities that are different
than current clinical practices. Namely, to mimic RKIP, the
efficacy of combination therapies that are comprised of two
or more small molecule inhibitors were investigated, each
used at sub-therapeutic doses. These findings demonstrate
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that, by targeting the MAPK network and partially inhibiting
all three MAPK nodes (ERK, p38, and JNK), the metastatic
phenotype can be reverted without causing toxicity in vitro
or in vivo. This analysis of the RKIP-regulated kinome
suggests that an effective strategy to suppress metastasis
would be to use combinations of low dose inhibitors in order
to target multiple nodes within a kinase network.

[0185] Having described the invention in detail and by
reference to specific aspects and/or embodiments thereof, it
will be apparent that modifications and variations are pos-
sible without departing from the scope of the invention
defined in the appended claims. More specifically, although
some aspects of the present invention may be identified
herein as particularly advantageous, it is contemplated that
the present invention is not limited to these particular
aspects of the invention.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 76

<210> SEQ ID NO 1

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 1

getctacace ttggtcctga ca

<210> SEQ ID NO 2

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 2

aatcggagag gactgtgeca ct

<210> SEQ ID NO 3

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 3

gatagtgggce aacaccaaag tcc

<210> SEQ ID NO 4

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 4

tctegecttt cecgcagetca at

<210> SEQ ID NO 5

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 5

gaaacagtgt tccatgctag acg

<210> SEQ ID NO 6

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 6

gecgettatt tgattcctge tee

<210> SEQ ID NO 7

22

22

23

22

23

23
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-continued

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 7

tgcggtcaca actccaagece tt 22

<210> SEQ ID NO 8

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 8

cgtacaggca atgaaagcca tcc 23

<210> SEQ ID NO 9

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 9

gaggagtgta cgtgtgccag tt 22

<210> SEQ ID NO 10

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 10

gaccactgaa gtgcctacte ca 22

<210> SEQ ID NO 11

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 11

aacagcgact gcacgttgaa gg 22

<210> SEQ ID NO 12

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 12

ctgtgcagta ggacacgcct tt 22

<210> SEQ ID NO 13

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:



US 2021/0100803 Al

-continued

Apr. 8,2021

<223> OTHER INFORMATION: Synthetic oligonucleotide
<400> SEQUENCE: 13

ccagacatge agtacctcta cg

<210> SEQ ID NO 14

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 14

getgtttetyg catgagtgece ag

<210> SEQ ID NO 15

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 15

ctgagtgatyg ctgtgtggte aac

<210> SEQ ID NO 16

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 16

caaggactga cacaggcact ag

<210> SEQ ID NO 17

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 17

gcatgtggat gattccctge ag

<210> SEQ ID NO 18

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 18

ggaggtgatg taacacgaca gg

<210> SEQ ID NO 19

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 19

22

22

23

22

22

22
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gettetgage aacatcctgg ag

<210> SEQ ID NO 20

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 20

tccttetecag cageegttee at

<210> SEQ ID NO 21

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 21

gaaccagtgg tctggctgag tt

<210> SEQ ID NO 22

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 22

gtttcaggtyg gcagccatca ct

<210> SEQ ID NO 23

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 23

aacgagagtyg ccaccaatgg ct

<210> SEQ ID NO 24

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 24

actcactgge ttcagagegg aa

<210> SEQ ID NO 25

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 25

ccgaagaggt acttgttgea go

<210> SEQ ID NO 26

22

22

22

22

22

22

22
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<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 26

ggcttcegtyg aatgectcect tt 22

<210> SEQ ID NO 27

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 27

ctcggatcag tatcttgcca cag 23

<210> SEQ ID NO 28

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 28

aggttccact gacaggcaat gc 22

<210> SEQ ID NO 29

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 29

agacagatga ggagaagttc cag 23

<210> SEQ ID NO 30

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 30

gacctcatag gcactggaga ca 22

<210> SEQ ID NO 31

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 31

aggctgcatg agagcacttg tg 22

<210> SEQ ID NO 32

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
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<223> OTHER INFORMATION: Synthetic oligonucleotide
<400> SEQUENCE: 32

cacacttcca acttctegea acg

<210> SEQ ID NO 33

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 33

actctacacce ctggtectca ca

<210> SEQ ID NO 34

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 34

tgagaggaca gtgccactge ta

<210> SEQ ID NO 35

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 35

acttcacage ggagtccaag gt

<210> SEQ ID NO 36

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 36

ggatgtgett gttccgatac teg

<210> SEQ ID NO 37

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 37

cacgcctaac tgacaagcac ca

<210> SEQ ID NO 38

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 38

23

22

22

22

23

22
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caggtcaaca tctagcatgg aac

<210> SEQ ID NO 39

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 39

gtgacctcaa acagtctcag cag

<210> SEQ ID NO 40

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 40

gacaacgctt ctgagtttee tge

<210> SEQ ID NO 41

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 41

tgcacctgtyg ccagetctga tg

<210> SEQ ID NO 42

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 42

gatagtccga ccactgaact gc

<210> SEQ ID NO 43

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 43

tgtgagcggt gaccacgaga at

<210> SEQ ID NO 44

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 44

ttcatccace ctggagttge ca

<210> SEQ ID NO 45

23

23

23

22

22

22

22
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<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 45

ctgccaggcet tcagtgctaa ag 22

<210> SEQ ID NO 46

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 46

actgacagcce tgctttcecta cg 22

<210> SEQ ID NO 47

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 47

tcttectgeece agtccagcaa tg 22

<210> SEQ ID NO 48

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 48

acagaacatg ctcggacact gg 22

<210> SEQ ID NO 49

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 49

gataggagag gtggatggca ag 22

<210> SEQ ID NO 50

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 50

cgccttgaga tgcagatcgt ag 22

<210> SEQ ID NO 51

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
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<223> OTHER INFORMATION: Synthetic oligonucleotide
<400> SEQUENCE: 51

gagccgacag tctectcaca tt

<210> SEQ ID NO 52

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 52

ctgectggtt ttgaaggtge tg

<210> SEQ ID NO 53

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 53

accagtggte tggctgagat tg

<210> SEQ ID NO 54

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 54

catcactgte cttctecacg gt

<210> SEQ ID NO 55

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 55

tcatcctgtyg gaggcagtte tg

<210> SEQ ID NO 56

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 56

ctgttcactt ggtgatgagg age

<210> SEQ ID NO 57

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 57

22

22

22

22

22

23
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ggcagtggca agaccataag ga

<210> SEQ ID NO 58

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 58

catcteteeg tggatagact gg

<210> SEQ ID NO 59

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 59

gecgaatgge atcagtcaac atg

<210> SEQ ID NO 60

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 60

caacatccag cactgtggeg tt

<210> SEQ ID NO 61

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 61

acagagtgag ccaggtgett ca

<210> SEQ ID NO 62

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 62

cactcactte ctcagttggt cc

<210> SEQ ID NO 63

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 63

gtggactgtg agatgtatgg gc

<210> SEQ ID NO 64

22

22

23

22

22

22

22
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<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 64

cacaagtgct ctcatgcagce ct 22

<210> SEQ ID NO 65

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 65

cagcctcact ctcccatttt 20

<210> SEQ ID NO 66

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 66

tccagecttt cctcectgctaa 20

<210> SEQ ID NO 67

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 67

ctggactcct tectgectgag 20

<210> SEQ ID NO 68

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 68

aagactccgce cctcetgtttt 20

<210> SEQ ID NO 69

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 69

atttgcctgg agtggaagtg 20

<210> SEQ ID NO 70

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
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<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 70

ctgtatccag ggggatgatg

<210> SEQ ID NO 71

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 71

taagccctag ctectggaca

<210> SEQ ID NO 72

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 72

aggggtcaca aacactcctg

<210> SEQ ID NO 73

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 73

aaaaatgcca agaaggggtt a

<210> SEQ ID NO 74

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 74

cactcatcta gacagaccce tga

<210> SEQ ID NO 75

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 75
cgccacagtt cattcacact
<210> SEQ ID NO 76
<211> LENGTH: 20

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence

20

20

20

21

23

20
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<220> FEATURE:
<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 76

gcgaagggtt gtttgctaga

20

1. A composition, comprising:

a combination of drugs comprising at least two or more
inhibitors of the mitogen-activated protein kinase
(MAPK) pathway, wherein the at least two or more
inhibitors are selected from inhibitors of MEKI,
MEK2, p38MAPK, JNKI1, JNK2, JNK3, MLK 1,
MLK2, MLK3, TAOK1, TAOK2, DLK, MAP2K4,
MAP3K1, MAP3K2, MAP3K3, MAP3K4, MAP3K35,
MAP3K6, MAP3K7, MAP3K8, MAP3KI12,
MAP3K13, MAP3K14, MAP3KI15, MAP3K20,
RAF1, BRAF, and ARAF.

2. The composition of claim 1, wherein each of the at least

two or more inhibitors is present in a low-dose.

3. The composition of claim 2, wherein the at least two or
more inhibitors comprise:

(a) a MEK inhibitor;

(b) a p38MAPK inhibitor;

(c) a INK inhibitor; and

(d) a MLK inhibitor.

4. The composition of claim 3, wherein the MEK inhibitor
is selected from the group consisting of trametinib (Me-
kinist™), cobimetinib (Cotellic™), binimetinib (MEK162,
ARRY-162), selumetinib (AZD6244), pimasertib (AS-
703026), refametinib (RDEA119, Bay 86-9766),
PD-325901, PD-035901, PD-184352 (CI-1040), TAK-733,
U0126-EtOH, and BI-847325.

5. The composition of claim 4, wherein the MEK inhibitor
is trametinib (Mekinist™).

6. The composition of claim 5, wherein the low-dose of
trametinib (Mekinist™) in the combination is about 0.005
mg, or about 0.01 mg, or about 0.05 mg, or about 0.1 mg,
or about 0.2 mg, or about 0.3 mg, or about 0.4 mg, or about
0.5 mg, or about 0.6 mg, or about 0.7 mg, or about 0.8 mg,
or about 0.9 mg, or about 1.0 mg, or about 1.5 mg, or about
2.0 mg, or about 5.0 mg, or about 10 mg, or about 20 mg,
or about 30 mg, or about 40 mg, or about 50 mg, or about
100 mg, or about 200 mg or more.

7. The composition of claim 3, wherein the p38MAPK
inhibitor is selected from the group consisting of SB203580,
doramapimod (BIRB 796), SB202190 (FHPI), ralimetinib
(L'Y2228820), VX-702, PH-797804, VX-745, TAK-715,
pamapimod  (R-1503, Ro4402257), BMS-582949,
SB239063, losmapimod (GW856553X), skepinone-L, and
pexmetinib (ARRY-614).

8. The composition of claim 7, wherein the p38MAPK
inhibitor is SB203580 (4-(4-Fluorophenyl)-2-(4-methyl-
sulfinylphenyl)-5-(4-pyridyl)-1H- imidazole).

9. The composition of claim 8, wherein the low-dose of
SB203580 in the combination is about 0.005 mg, or about
0.01 mg, or about 0.05 mg, or about 0.1 mg, or about 0.2 mg,
or about 0.3 mg, or about 0.4 mg, or about 0.5 mg, or about
0.6 mg, or about 0.7 mg, or about 0.8 mg, or about 0.9 mg,
or about 1.0 mg, or about 1.5 mg, or about 2.0 mg, or about

5.0 mg, or about 10 mg, or about 20 mg, or about 30 mg, or
about 40 mg, or about 50 mg, or about 100 mg, or about 200
mg or more.

10. The composition of claim 3, wherein the JNK inhibi-
tor is selected from the group consisting of SP600125,
JNK-IN-8, tanzisertib (CC-930), CC-401, doramapimod
(BIRB 796), RWJ 67657, bentamapimod, BI-78D3, JNK
Inhibitor IX, and vacquinol-1.

11. The composition of claim 10, wherein the JNK
inhibitor is SP600125 (1,9-Pyrazoloanthrone, Anthrapyra-
zolone).

12. The composition of claim 11, wherein the low-dose of
SP600125 in the combination is about 0.005 mg, or about
0.01 mg, or about 0.05 mg, or about 0.1 mg, or about 0.2 mg,
or about 0.3 mg, or about 0.4 mg, or about 0.5 mg, or about
0.6 mg, or about 0.7 mg, or about 0.8 mg, or about 0.9 mg,
or about 1.0 mg, or about 1.5 mg, or about 2.0 mg, or about
5.0 mg, or about 10 mg, or about 20 mg, or about 30 mg, or
about 40 mg, or about 50 mg, or about 100 mg, or about 200
mg or more.

13. The composition of claim 3, wherein the MLK inhibi-
tor is selected from the group consisting of URMC-099,
CEP-1347 (KT7515), CEP-5104, CEP-11004, and CEP-
6331.

14. The composition of claim 13, wherein the MLK
inhibitor is URMC-099 (3-(1H-indol-5-y1)-5-[4-[(4-methyl-
1-piperazinyl)methyl|phenyl]- 1H-pyrrolo[2,3-b]pyridine).

15. The composition of claim 14, wherein the low-dose of
URMC-099 in the combination is about 0.005 mg, or about
0.01 mg, or about 0.05 mg, or about 0.1 mg, or about 0.2 mg,
or about 0.3 mg, or about 0.4 mg, or about 0.5 mg, or about
0.6 mg, or about 0.7 mg, or about 0.8 mg, or about 0.9 mg,
or about 1.0 mg, or about 1.5 mg, or about 2.0 mg, or about
5.0 mg, or about 10 mg, or about 20 mg, or about 30 mg, or
about 40 mg, or about 50 mg, or about 100 mg, or about 200
mg or more.

16. The composition of claim 1, wherein the DLK inhibi-
tor is selected from the group consisting of URMC-099,
GNE-3511, and GDC-0134.

17. The composition of claim 16, wherein the DLK
inhibitor is URMC-099 (3-(1H-indol-5-y1)-5-[4-[(4-methyl-
1-piperazinyl)methyl|phenyl]- 1H-pyrrolo[2,3-b]pyridine).

18. The composition of claim 17, wherein the low-dose of
URMC-099 in the combination is about 0.005 mg, or about
0.01 mg, or about 0.05 mg, or about 0.1 mg, or about 0.2 mg,
or about 0.3 mg, or about 0.4 mg, or about 0.5 mg, or about
0.6 mg, or about 0.7 mg, or about 0.8 mg, or about 0.9 mg,
or about 1.0 mg, or about 1.5 mg, or about 2.0 mg, or about
5.0 mg, or about 10 mg, or about 20 mg, or about 30 mg, or
about 40 mg, or about 50 mg, or about 100 mg, or about 200
mg or more.

19. A composition, comprising:

(a) trametinib;

(b) SB203580;

(c) SP600125; and

(d) URMC-099.
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20. The composition of claim 19, wherein the composi-
tion comprises:
(a) about 0.005 mg to about 200 mg of trametinib;
(b) about 0.005 mg to about 200 mg SB203580;
(c) about 0.005 mg to about 200 mg SP600125; and
(d) about 0.005 mg to about 200 mg URMC-099.
21. A method of treating a patient with cancer, compris-
ing:
administering a therapeutically effective amount of the
composition of claim 1 to the patient, wherein the
administration of the therapeutically effective amount
of the composition prevents invasion of the cancer.
22. A method of preventing metastasis in a patient in need
thereof, comprising:
administering a therapeutically effective amount of the
composition of claim 1 to the patient, wherein the
administration of the therapeutically effective amount
of the composition prevents metastasis of the cancer.
23. A method for treating a patient with cancer, compris-
ing:
(a) obtaining a cancer sample of a primary cancer from the
patient;
(b) measuring expression levels of ROCK2, DOCK4,
ITGA1, APC, and RAPGEF?2 in the cancer sample; and
(c) administering a therapeutically effective amount of a
composition comprising a combination of drugs com-
prising at least two or more inhibitors of the mitogen-

Apr. 8,2021

activated protein kinase (MAPK) pathway, wherein the
at least two or more inhibitors are selected from inhibi-
tors of MEKI, MEK2, p38MAPK, JNKI, JNK2,
INK3, MLK 1, MLK2, MLK3, TAOK1, TAOK2,
DLK, MAP2K4, MAP3K1, MAP3K2, MAP3K3,
MAP3K4, MAP3KS, MAP3K6, MAP3K7, MAP3KS8,
MAP3K12, MAP3K13, MAP3KI14, MAP3KI15,
MAP3K20, RAF1, BRAF, and ARAF to the patient
when the expression levels of ROCK2, DOCK4,
ITGA1, APC, and RAPGEF2 in the cancer sample are
increased relative to the expression levels of the same
genes in a control sample.

24. (canceled)

25. The method of claim 23, wherein the primary cancer
is breast, pancreatic, ovarian, lung, head and neck, or
colorectal cancer.

26. The method of claim 21 further comprising adminis-
tering to the patient one or more of a chemotherapy, a
radiation therapy, and an immunotherapy.

27. (canceled)

28. The method of claim 21, wherein the patient has a
primary cancer with decreased RKIP (PEBP1) expression
compared to a control sample.

29-32. (canceled)

33. The method of claim 25, wherein the primary cancer
is triple-negative breast cancer (INBC).
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