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Abstract

Responses to targeted therapies frequently are brief, with
patients relapsing with drug-resistant tumors. For oncogenic MEK
and BRAF inhibition, drug resistance commonly occurs through
activation of PI3K/AKT/mTOR signaling and immune checkpoint
modulation, providing a robust molecular target for concomitant
therapy. Here, we evaluated the efficacy of a bifunctional kinase
inhibitor (ST-162) that concurrently targets MAPK and PI3K
signaling pathways. Treatment with ST-162 produced regression
ofmutant KRAS- or BRAF-addicted xenograftmodels of colorectal
cancer and melanoma and stasis of BRAF/PTEN–mutant mela-

nomas. Combining ST-162 with immune checkpoint blockers
further increased efficacy in a syngeneic KRAS-mutant colorectal
cancer model. Nascent transcriptome analysis revealed a unique
gene set regulated by ST-162 related to melanoma metastasis.
Subsequentmouse studies revealed ST-162was a potent inhibitor
of melanoma metastasis to the liver. These findings highlight the
significant potential of a singlemolecule withmultikinase activity
to achieve tumor control, overcome resistance, and prevent
metastases through modulation of interconnected cell signaling
pathways. Mol Cancer Ther; 16(11); 2340–50. �2017 AACR.

Introduction
To maximize responses to emerging therapies, such as molec-

ularly targeted small molecules and immunotherapy, initial
tumor profiling to identify patients most likely to respond is a
key recommendation of the NCI "Cancer Moonshot" (1). Well-
known oncogenic processes, including aberrant hyperactivation
of theMAPK pathway by KRAS or BRAFmutations, initiate tumor
growth and progression in colorectal cancer, melanoma, and
many other human tumors (2). Although MEK and BRAF inhi-
bitors have produced brief remissions in melanoma, rather mod-
est responses have been observed in colorectal cancers when used
as a single targeted therapy. Emerging resistancemay limit durable
tumor control as tumor relapse may occur due to intrapathway
regulatory loops and signaling pathway cross-talk, which may
limit clinical success of targeted inhibitors (3). For example, PI3K
represents a major signaling node activated by MEK inhibitors
(MEKi), and inhibition of PI3K has been shown to forestall the

onset ofMEKi resistance (4–9). Furthermore, activation of AKT by
relief of negative feedback mechanisms (MEKi) or loss of PTEN
promotesmetastasis. Therefore, thePI3K signalingpathway repre-
sents an important target in management of metastasis-related
mortalities, thus warranting cotargeting of MAPK and PI3K path-
ways. The PI3K/AKT pathway is highly active in melanoma, and
elevated phosphorylation levels of AKT (pAKT) are associated
with a higher risk of metastatic disease (10, 11). These data
underscore the need to cotarget both MAPK and PI3K pathways
to further improve therapeutic outcomes.

Rapid progress in genomics and genetic profiling of patient
tumor tissue has yielded a deluge of new targets for drug discovery
and development. Several promising kinase inhibitors have been
developed and advanced to clinical trials and practice over the
past decades (12). As an approach towardmultikinase targeting, a
prototype bifunctional inhibitor (ST-162; previously designated
as compound 14) was designed on the basis of computational
docking studies using structural analogues of a potent PI3K
inhibitor ZSTK474 and an MEK inhibitor PD0316684 (an ana-
logue of PD0325901) as templates with subsequent covalent
linking of the active pharmacophores (13). Thus, ST-162 exhibits
bifunctional allosteric noncompetitive MEK inhibition with
simultaneous ATP-competitive PI3K inhibition (13).

Here, we explored the anticancer therapeutic activity of ST-162
and its impact on simultaneous targeting of MEK and PI3K
signaling. In vivo efficacy studies in colorectal and melanoma
mouse xenograft models demonstrated significant growth inhi-
bition could be achieved. Further studies evaluating the combi-
nation of ST-162 with immune checkpoint blockers demonstrat-
ed significant tumor growth inhibition in a syngeneic colorectal
xenograft model. Broad transcriptome studies suggest ST-162
regulates genes involved in metastases, indicating potential for
this compound to control metastatic disease. In fact, treatment of
a metastatic mouse model with ST-162 was shown to markedly
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reduce melanoma hepatic metastasis, highlighting a potential
therapeutic strategy to block this fatal end-stage disease process.
The bifunctional inhibitor significantly attenuated tumor cell
growth andmetastasis, identifying a new class of small molecules
as a novel direction for simultaneous targeting of key oncogenic
pathways such as MEK and PI3K.

Materials and Methods
Materials

PD0325901 (901) and ZSTK474 (ZSTK) were purchased from
CaymanChemicals. Experimental compound ST-162was custom
synthesized by Cayman Chemicals. Stock solutions (10 mmol/L)
of ST-162, ZSTK474 (representative PI3K inhibitor), and
PD0325901 (representative MEK inhibitor) were prepared in
DMSO and used to make final solutions by serial dilution in
media. Control wells were incubatedwithmedia containing 0.1%
DMSO carrier solvent.

Cell lines
Human A2058, A375 melanoma cells, and murine CT26 were

obtained from the ATCC (2016, CRL-11147, CRL-1619, CRL-
2638) and grown in supplemented (10% FBS, 1% penicillin-
streptomycin) DMEM or RPMI1640 (Gibco, Thermo Fisher
Scientific) media, respectively, and maintained at 37�C in an
atmosphere of 5% CO2. A2058 melanoma cells were infected
with lentivirus pLVX-EF1aLuc2-IRES-blast described previously
(14) and selected for blastacidin resistance by supplementing the
media with 10 mg/mL blastacidin (Gibco).

Immunoblot analysis
Cells were seeded in 6-well or 10-cm dishes 24 hours prior to

treatment and incubated with the respective inhibitor solutions
for 1 hour or as otherwise indicated. Cells were washed with PBS
and lysed with RIPA lysis buffer supplemented with protease
inhibitors (Complete Protease Inhibitor Cocktail, Roche) and
phosphatase inhibitors (PhosSTOP, Roche). Tumor tissue was
homogenized directly in RIPA buffer and sonicated. Protein
concentrations of whole-cell lysates were determined using Lowry
assays (Bio-Rad). Lysates of equal protein concentrations were
prepared in LDS sample buffer (Invitrogen), separated on dena-
turing Bis-Tris gel (Invitrogen), and transferred to nitrocellulose
membranes (GE Healthcare). Membranes were blocked in 5%
milk in 0.1% Tween 20 Tris-buffered saline (TBST) and subse-
quently incubatedwithprimary antibodies against phospho-p44/
42 MAPK (pErk1/2; Thr202/Tyr204), pAKT S473, total ERK, or
total AKT (Cell Signaling Technology) in TBST overnight at 4�C.
Following washing with TBST, membranes were incubated with
appropriate secondary HRP-conjugated antibodies form Jackson
ImmunoResearch in 2.5% milk in TBST for 1 hour at room
temperature. Once washed, membranes were analyzed using ECL
or ECL-Plus substrate from Pierce to detect the activity of perox-
idase according to the manufacturer's instructions (Amersham
Pharmacia).

In vitro MEK1 kinase assay
In vitro MEK1 kinase inhibition by inhibitor analogues was

determined using a standard kinase assay reaction andKinase-Glo
Luminescent Kinase Assay Kit from Promega. Kinase reactions
were carried out with purified recombinant active MEK1-GST
(cat #: M8822, Sigma-Aldrich) and inactive Erk2 (cat #: PV3314,

Thermo Fisher Scientific) in kinase reaction buffer (ab189135,
Abcam) supplementedwith 0.25mmol/LDTT. Inbrief, inhibitors
were preincubated with recombinant MEK1 at a final concentra-
tion of 4 mg/mL at room temperature for 30 minutes prior to
addition of inactive substrate (Erk2) and ATP at final concentra-
tion of 0.025 mg/mL and 10 mmol/L, respectively. Reactions were
incubated at room temperature for 2 hours before equal volumes
of Kinase-Glo solution were added to each well and incubated for
30 minutes in the dark. Bioluminescence was measured on an
Envision multilabel reader from PerkinElmer. Assays were con-
ducted in triplicatewith various inhibitor concentrations each run
in duplicate. IC50 data were calculated using GraphPad Prism
software (version 7.0a). Data represent three independent experi-
ments with SEM.

In vitro PI3K kinase assay
Quantitation of PI3Ka lipid kinase activity was carried out by

Life Technologies with purified enzyme using the fluorescence-
based Adapta TR-FRET assay (assay-# 1014) protocol. Assays were
conducted in triplicate with various inhibitor concentrations (0.1
nmol/L–10 mmol/L).

Growth-inhibitory IC50

A total of 5,000 cells per well in 100 mL were plated in 96-well
plates and treated with inhibitors 24 hours postseeding. Cells
were treated for 72hourswith inhibitors at various concentrations
(0–10 mmol/L 901, 0–50 mmol/L for ZSTK, and ST-162) in
triplicate. Cell viability was assessed using CellTiter-Glo Reagent
(Promega), and bioluminescence wasmeasured using an Envision
multi-label plate reader (PerkinElmer). Viabilitywas calculated as a
percentage of the DMSO-treated cells. Assays were conducted at
least three times with various inhibitor concentrations each run in
triplicate. Growth-inhibitory (GI) IC50s were calculated using
GraphPad Prism software (Version 5.0). The GI-IC50 value was
determined by fitting a log (inhibitor) versus response (variable
slope) curve to the data using GraphPad Prism 7. Error bars
represent SEM from three independent experiments.

BrUrd-seq for transcriptome analysis
A2058 melanoma cells were incubated with 10 mmol/L

PD325901, ZSTK474, combination of 901 þ ZSTK, 20 mmol/L
ST-162, or equimolar DMSO for 2 hours. The bromouridine
sequencing (BrUrd-seq) procedure has been described previously
(15, 16). In brief, nascent RNA was labeled by adding 2mmol/L
BrUrd to the media for the last 30minutes of the drug treatment;
then, cells were lysed in TRIzol reagent (Invitrogen) and total
RNAwas isolated. BrUrd-labeled, nascent RNAwas isolated using
anti-BrUrd antibodies (BD Biosciences) conjugated to magnetic
beads (Invitrogen). The BrUrd-labeled RNA was then used to
generate strand-specific cDNA libraries that were sequenced at the
University of Michigan Sequencing Core using an Illumina (San
Diego, CA) HiSeq 2000 sequencer as described previously (15,
16). GSEA was used to identify up- and downregulated gene sets
by determining which associated genes were significantly
enriched in each gene set. The log fold change in expression of
genes�300bp and expressed�0.5 RPKMwas used as the ranking
metric by GSEA. The gene sets were obtained from version 4.0 of
the Molecular Signatures Database (http://www.broadinstitute.
org/gsea/msigdb/index.jsp). Gene sets with FDR corrected P
values <0.01 were considered to be significantly enriched and
were used in the analysis.
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Mouse models
Female nude-Foxn1nu (Envigo), 4 to 6 weeks old were used

for A2058 and A375 melanoma and CT26 colorectal xenograft
models. Mice were housed under pathogen-free conditions and
all procedures involving animals and their care were approved
by the University Committee on the "Use and Care of Animals"
(UCUCA) at the University of Michigan (An Arbor, MI). Flank
xenograft models were generated by subcutaneous injection of
2–5 � 106 viable A2058, A375 melanoma, or murine colon
carcinoma CT26 cells together with reconstituted basement
membrane BD Matrigel Basement Membrane Matrix (Becton,
Dickinson and Company). Each experimental group included a
minimum of 4 to 6 tumors (2 flank tumors per animal).
Treatment was started when tumor mass reached 50 to 150
mm3. Vehicle-treated animals were treated with 200 mL ORA-
Plus (Perrigo) suspension by oral gavage. PD0325901 and
ZSTK474 were purchased from Cayman Chemicals and admin-
istered as suspension orally at a dose of 5 and 100 mg/kg,
respectively. Experimental ST-162 was given at a dose of 400
mg/kg orally daily. All drugs were resuspended in 200 mL ORA-
Plus and given daily for 14 days unless otherwise indicated in
the figure legends. Tumor tissue was excised and formalin fixed
for histology or snap frozen and processed in RIPA buffer for
Western blotting. Tumor growth was measured by MRI (see
below). Treatment tolerability was defined as loss of body
weight less than 10% of initial weight. Kaplan–Meier plots
were generated in GraphPad.

Four- to 6-week-old female BALB/C mice (Charles River
Laboratories) were used to establish the CT26 murine colorec-
tal carcinoma syngeneic mouse model. Tumors were estab-
lished by subcutaneously implanting 1–5 � 106 CT26 cells in
1:1 suspension with Matrigel into the right and left flank of
mice. Treatments as indicated in figure legends began at day 7
postimplantation or when tumor size reached 50 to 150 mm3.
PD-1 (RMP1-14) and rat IgG2a (2A3) isotype control antibo-
dies were purchased from BioCell. Antibodies were adminis-
tered twice per week (Monday and Thursday) by intraperitoneal
injections, whereas ST-162 and ORA-Plus were administered by
oral gavage daily. Tumor volumes were measured by MRI as
described below. Mice were euthanized when tumor ulceration
occurred or animals reached predetermined experimental end-
points. Treatment tolerability was defined as loss of body
weight less than 10% of initial weight.

For assessment of ST-162 against metastatic disease, A2058-
luciferase–expressing cells (1 � 105) were introduced to male
NSG mice by intracardiac injection in 100 mL serum free
media as described previously (17). Tumor growth was assessed
using bioluminescence imaging beginning at 24 hours
postimplantation.

MRI evaluation of tumor treatment responses
MRI was performed using a 9.4-T, 16-cm horizontal bore

(Agilent Technologies, Inc.) Direct Drive System with a mouse
head quadrature volume coil or mouse surface receive coil (m2m
Imaging, Corp) actively decoupled to a whole-body volume
transmit coil (Rapid MR International, LLC). Throughout the
MRI experiments, animals were anesthetized with 1% to 2%
isoflurane/air mixture, and body temperature was maintained
using a heated air system (Air-Therm Heater; World Precision
Instruments). MR images were acquired before treatment initia-
tion, then twice aweek until the animalswere sacrificedor became

moribund. MRI was used to quantify tumor volumes over time.
For longitudinal quantification of tumor volumes, volumes of
interest were contoured along the enhancing tumor rim using the
contrast-enhanced T1-weighted images. Absolute tumor volumes
were plotted for each treatment group as function of time.

Bioluminescence imaging
Mice were imaged at 0, 3, 6, and 10 days after intracardiac

implantation of A2058-luciferase–expressing cells. Imaging was
performed on an IVIS Spectrum from PerkinElmer. Mice were
injected with D-luciferin (150 mg/kg, Promega) solution in PBS
and anesthetized with 1% to 2% isoflurane/air while imaged.
Imageswere acquired at 10minutes after injection to capture peak
luminescence. Regions of interest were drawn around the entire
mouse, and a highest photon emission value for each image was
used for analysis.

Statistical analysis
Group comparisons in proliferation plots were performed

using a two-way ANOVA controlling for multiple comparisons
using a Bonferoni post hoc test. Results were declared statistically
significant at the two-tailed 5% comparison-wise significance
level (P < 0.05). All data are presented as mean values � SEM.
Statistical analysis was performed using PRISM 6 (GraphPad
Software, Inc.).

Results
Bifunctional kinase inhibition demonstrates efficacy in a
KrasG12D colorectal xenograft model

KRASmutations in cancer result in activation of theMAPK/ERK
kinase pathway, conferring sensitivity toMEKi (18). Initial studies
were performed to examine the efficacy of ST-162 in a KrasG12D-
driven colon cancer (CT26) cell line. Western blotting and den-
sitometry of cell lysates from cells treated with the MEK inhibitor
PD0325901 (901), the pan-PI3K inhibitor ZSTK474 (ZSTK),
combination of both (901 þ ZSTK) or ST-162 indicate that
ST-162 simultaneously inhibited phosphorylation of ERK
(pERK1/2) and AKT (pAKT(S473); (Fig. 1A and B) when com-
paredwith single agents and analogous to combination treatment
(901þ ZSTK). Furthermore, Western blotting and corresponding
densitometry performed on excised tumor tissue from a CT26
xenograft at 2 hours following a single oral dose of ST-162 (400
mg/kg) revealed in vivo targeting of ERK phosphorylation by the
MEKi pharmacophore of the bifunctional inhibitor (Fig. 1C and
D) was achieved. Levels of pAKT were below the detection limits,
indicating that AKT plays a rather negligible role in CT26 colo-
rectal oncogenesis when compared with MEK. This statement is
supported by the next experiment wherein we evaluated efficacy
of ST-162 for tumor growth reduction in the CT26 xenograft
model. The treatment schedule as depicted in Fig. 1E was used to
compare ST-162 with single-agent therapies (901) or (ZSTK) and
combination therapy (901 þ ZSTK). Tumor volumes quantified
by MRI revealed that ZSTK474 alone had no significant effect on
tumor growth in this KRAS-addicted xenograft model when
compared with vehicle control–treated animals (Fig. 1F). How-
ever, significant tumor growth inhibition (P < 0.0001) was
observed when treated with 901 alone. Combination therapy
(901 þ ZSTK) and ST-162 both produced reductions in tumor
growth that were indistinguishable from 901 over the 16-day
treatment period. These data show that chemical linkage to ZSTK
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did not limit in vivo efficacy of the 901 pharmacophore in ST-162,
which was shown in Fig. 1F to be active in this tumor model.

Mounting evidence suggests that KrasG12D-addicted tumors
can be targeted by MEK inhibitors, but over time, emergence of
resistance may occur through activation of alternate pathways,
such as PI3K. Although we did not observe PI3K activation of
resistance on the timescale of this short-term initial experi-

ment, this study illustrates that ST-162 produced equivalent
antitumor effects as compound 901 in vivo in this tumor model.

Combination of ST-162 with immune checkpoint blockade
provides enhanced efficacy in a syngeneic colon tumor model

Upregulation of immune checkpoint signaling molecules,
such as PD-L1, is a significant contributing factor to treatment

Figure 1.

Antitumor activity of bifunctional
inhibitor in murine colorectal
xenograft model. A and B, Western
blotting and densitometry of cell
lysates from CT26 cells treated with
10 mmol/L 901, ZSTK, combination of
both (901þ ZSTK, 10 mmol/L each), or
20 mmol/L of ST-162. Presented data
are compiled from two independent
Western blots with mean values �
SEM. C, Western blotting of tumors
from CT26 xenografts. Approximately
100 mm3 tumor–bearing animals were
treated with 400 mg/kg ST-162 or
vehicle for 2 hours prior to tumor
excision andprocessing for analysis.D,
Densitometry of Western blot
presented in C. Presented data are
from one Western blot of tumor
samples from two ST-162–treated
mice and one untreated mouse. E,
Experimental design (n¼ 2 for vehicle
and ST-162–treated groups and n ¼ 5
for all other groups; each mouse was
injected with CT26 cells into the right
and left flank/2 tumors per animal).
Treatment was initiated 7 days after
CT26 implantation, indicated as day 1
of drug treatment. Mice were treated
orally once daily for 16 days with
vehicle, 400 mg/kg ST-162, 5 mg/kg
901, 100 mg/kg ZSTK474, or
combination of 901þ ZSTK (5 and 100
mg/kg, respectively).F,Tumor growth
inhibition during 16 days of treatment
as measured by MRI. ZSTK474 alone
had no significant effect on tumor
growth when compared with vehicle
control–treated animals (ns).
Significant tumor growth inhibition
(P < 0.0001) was observed between
control and 901-treated animals.
Combination therapy (901 þ ZSTK)
and ST-162 both produced reductions
in tumor growth that were
indistinguishable from 901 over the
16-day treatment period (ns).
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failures in a variety of neoplasms (19, 20). Here, we explored
whether blocking immune checkpoint regulation synergizes
with targeted MAPK/PI3K therapy. For this purpose, we estab-
lished a murine colorectal CT26 mouse model previously
published by Liu and colleagues (21) and utilized to assess
BRAF and MEK inhibition in combination with immunomod-
ulatory antibodies like anti–PD-1 (21).

First, we investigated in vivo effects of MAPK/PI3K inhibition
in combination with immunomodulatory antibodies in the
murine immunocompetent BALB/c syngeneic CT26 tumor
model. Figure 2A shows treatment schedule and doses, with
Fig. 2B showing changes in tumor volumes as quantified byMRI
over the time course of treatment. Twenty-one days of treatment
with anti–PD-1 antibody alone resulted in moderate antitumor
activity, while treatment with ST-162 alone limited tumor
growth to a greater extent. Significant inhibition of tumor
growth occurred in animals treated with combined ST-162 and
anti–PD-1 antibody when compared with vehicle control (P <
0.0001) or anti–PD-1 alone (P ¼ 0.02; Fig. 2C), whereas no
statistical significance could be determined when compared
with ST-162 alone. No toxicity, defined as more than 10% of
body weight loss, was noted in any of the treatment groups (21).
A Kaplan–Meier plot depicting tumor progression (progression
noted when tumor volumes increased to 600% of initial pre-
treatment volume) revealed a statistically significant advantage
(P < 0.05) by combining ST-162 with anti–PD-1 immune
therapy (Fig. 2C).

Assessment of in vitro and in vivo PI3K and MEK inhibition
In vitro MEK1 and PI3Ka enzyme assays with ST-162 (22, 23)

were performed to assess inhibition of PI3Ka andMEK1 by using
competitive and noncompetitive kinase assays, respectively. IC50s
were determined as 191 nmol/L (�64nmol/L) for PI3Ka and 398
nmol/L (�1.42 nmol/L) forMEK1. Inhibition were the average of
three experiments each conducted in duplicate. Data reported as
mean� SEM. Next, we undertook studies to compare the efficacy
of ST-162 in melanoma cells with BRAF V600E and PTEN wild-
type (PTENwt; A375) mutations or melanoma cells with known
PTEN-null (PTEN�) status (A2058). Comparison of growth inhi-
bition in PTENwt versus PTEN� melanoma cells (Table 1) as
measured using the CellTiter-Glo viability assay showed similar
GI-IC50 values for both cell lines.

Dual kinase inhibition produces tumor growth reduction
in PTEN-null tumors and regression in PTEN wild-type
melanoma xenografts

Here, we evaluated the efficacy of ST-162 in melanoma cells in
inhibiting AKT and ERK phosphorylation as surrogates of PI3K
and MEK inhibition by Western blotting. Melanoma (A375 and
A2058) cell treatment with ST-162 resulted in simultaneous
inhibition of AKT and ERK phosphorylation similar to inhibition
observed by combination treatment of 901 and ZSTK (Fig. 3A
and B). However, when cells were treated with 901 or ZSTK alone,
pathway-specific inhibition (ERK and AKT, respectively) was
observed, but as expected no inhibition of the other pathway.
This indicates efficiency of ST-162 in attenuating the enzymatic
activity of PI3K and MEK.

We next evaluated effects of ST-162 on melanoma xenografts
with activation of both MAPK and PI3K/AKT signaling through
mutations in BRAF and PTEN. The schematic depicts the
treatment schedule for mice with A375 and A2058 melanoma

cells implanted into the right and left flanks, respectively, of
immunocompromised mice (Fig. 3C). ST-162 treatment of
the A375 xenograft model with MAPK signal activation caused
tumor regression over the 14-day treatment period, as evi-
denced by a loss of tumor volume from the pretreatment value
(Fig. 3D). ST-162 also significantly reduced progression
of A2058 tumors relative to vehicle control (Fig. 3E). These
data show efficacy of ST-162 against melanomas with consti-
tutive activation of MAPK signaling or both MAPK and PI3K
pathways.

Comprehensive nascent transcriptome analysis of melanoma
cells treated with ST-162

To identify potential signaling events induced by MAPK/
PI3K inhibition with ST-162 relative to combination treatment
(901 þ ZSTK) or single agents alone, we employed a compre-
hensive transcriptome analysis utilizing a nascent RNA
sequencing approach (BrUrd-seq). In brief, nascent RNA was
labeled with BrUrd, pulled down with anti-BrUrd antibody
conjugated to magnetic beads, converted into a cDNA library,
and sequenced as described previously (15, 16). For our stud-
ies, A2058 cells were treated with single agents (901, ZSTK),
combination (901 þ ZSTK), or ST-162 for 2 hours where BrUrd
was added to the cells 1.5 hours into the treatment. After 30
minutes of BrUrd labeling, we collected cells and isolated
nascent RNA (Fig. 4A). A heatmap of 1,481 genes modulated
more than 2-fold in treated cells compared with vehicle control
(DMSO) was generated from the Bru-Seq data showing clus-
tering of ST-162–treated cells with cells treated with ZSTK or
combination therapy (Fig. 4B). These findings reveal gene
activation/inhibition of signaling events similarly modulated
by ST-162, ZSTK, and combination therapy (901 þ ZSTK) as
compared with 901. Results from gene set enrichment analysis
(GSEA) derived from the KEGG pathway database performed
with the BrUrd-Seq data obtained from A2058 melanoma cells
treated with 901 alone indicates upregulation of the mTOR-
and phosphatidylinositol signaling pathways (Supplementary
Fig. S1A), which previously have been identified as mechan-
isms of drug resistance in cancer cells treated with MEK inhi-
bitors (3, 24–28). These data reinforce the need for combined
inhibition of both MEK and PI3K/mTOR pathways in cancer
therapy. No change in transcription of genes in the PI3K/AKT/
mTOR pathway was observed in cells treated with ST-162 or in
cells treated with the combination of single agents (Supple-
mentary Fig. S1C and S1D). Interestingly, genes in the pathways
such as p53 signaling and cell-cycle regulation were found
transcriptionally upregulated in all PI3K-inhibited cells (ZSTK,
901 þ ZTK, ST-162), but not in MEK-inhibited cells (901;
Supplementary Fig. S1B–S1E).

GSEA–KEGG pathway analyses depicted pathways transcrip-
tionally downregulated by all treatments (Supplementary
Fig. S1F–S1J). Cells treated with 901 showed pathway down-
regulation of ECM receptor interaction, focal adhesion, TGFb
signaling, base excision repair, and apoptosis (Supplementary
Fig. S1F, S1H, and S1I), whereas mTOR signaling was down-
regulated in all cells treated with ZSTK (Supplementary Fig. S1J).
In summary, this comprehensive transcriptome analysis revealed
differences between molecularly targeted monotherapies and
combinedMEKandPI3K inhibition. Interestingly, transcriptional
differences in genes and pathways regulation were identified
between inhibiting MAPK and PI3K using combined agents
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(901þZSTK) versus cells treatedwith ST-162 as analyzed inmore
detail below.

Comparison of gene regulation modulated by combination of
kinase monotherapy versus bifunctional kinase inhibition

A heatmap of 8 genes differentially up/downregulated was
generated from BrUrd data comparing A2058 melanoma cells
treatedwith 901þZSTKor ST-162 (Fig. 4C). This reveals potential
meaningful differences in transcriptional regulation between
using a bifunctional single compound small-molecule kinase

inhibitor (ST-162) targeting MEK and PI3K or a combination of
two kinase inhibitors concomitantly (901 þ ZSTK). Synthesis of
the cysteine-rich angiogenic inducer 61 (CYR61) nascent RNAwas
upregulated (3.5 log2 fold change) in ST-162–treated cells
(orange shaded) when compared with DMSO or combination
drug–treated cells (Supplementary Fig. S2A). Transcription of
macrophage migration inhibitory factor (MIF) was significantly
downregulated (�5 log2 fold change) in ST-162–treated cells
(green shaded) when compared wit DMSO or combinatorial
treated cells (Supplementary Fig. S2B).

Figure 2.

Tumor growth regression by
combination of immunomodulators
PD-1 and bifunctional MAPK/PI3K
inhibitor in murine syngeneic model.
A, Experimental design (n ¼ 5/
treatment group/2 tumors per
animal). Treatment was initiated 10
days after CT26 implantation,
indicated as day 1 of drug treatment.
Mice were treated orally once daily for
21 days with vehicle, 400 mg/kg ST-
162, or twice a week with antibodies
against PD-1 or control IgG2 as
indicated in the schematic. B, Tumor
growth inhibition during 21 days of
treatment measured by MRI.
Significant inhibition of tumor growth
occurred in animals treated with
combined ST-162 and anti–PD-1
antibody when compared with vehicle
control (P <0.0001) or anti–PD-1 alone
(P ¼ 0.02; C), whereas no statistical
significance (P ¼ NS) could be
determined when compared with ST-
162 alone. No statistical difference was
determined between vehicle control
and anti–PD-1 antibody–treated
animals (P ¼ NS). C, Conditional
survival curves of different treatment
groups wherein percent change in
tumor volume to 600% defined the
final event. All groups were found to
have significantly different times to
progression (P < 0.05). Statistical
analyseswere performed in GraphPad.

ST-162 as a First-in-Class Bifunctional MAPK/PI3K Inhibitor

www.aacrjournals.org Mol Cancer Ther; 16(11) November 2017 2345

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/11/2340/1853566/2340.pdf by guest on 19 M
ay 2023



ST-162 prevents hepatic metastases
As our Bru-seq data implicated ST-162 in regulation of genes

and pathways related to cell migration and metastasis, we inves-
tigated effects in amousemodel formelanomametastases. A2058
luciferase-expressing cells were injected intracardiacally into the
left ventricle of mice to produce experimental metastases. At 24
hours postinjection, we randomized mice into two groups: vehi-
cle or 400mg/kg ST-162daily byoral gavage. Animals treatedwith
ST-162 showed a significantly reduced metastatic tumor burden
over time as compared with vehicle-treated animals (P <
0.0001; Fig. 5A and B). Histologic analysis of animals treated
daily with vehicle alone at 14 days revealed large numbers of
metastatic lesions in the liver (Fig. 5C). Quantification of hepatic

micrometastases (number/field) from 6 different animals per
group demonstrated statistical significance with a P value of
0.004 (Fig. 5D). Strikingly, animals treated with the MAPK/PI3K
inhibitor ST-162 showed minimal evidence of hepatic metastatic
tumors with notably fewer, smaller lesions. There was no histo-
logic evidence of lung or kidney metastatic involvement in either
group. Although this experiment does not distinguish dissemi-
nation of cells to liver versus subsequent outgrowth as detectable
foci of tumors, these data clearly show that ST-162 significantly
reduced formation of detectable metastatic lesions in liver.

Discussion
The conceptual development of a bifunctional MEK/PI3K

inhibitor as a single chemical compound stems primarily from
consideration that molecularly targeted therapy will likely be
combined with existing standard-of-care chemotherapy, radia-
tion, and/or immune therapies. Developing a single compound
with activity against several different oncogenic pathways is an
emerging direction for targeted agent development (29), espe-
cially in light of signaling cross-talk providing escape pathways for
development of resistance. In this study, we investigated the
efficacy of a novel bifunctional kinase inhibitor (ST-162),

Figure 3.

Tumor growth inhibition by
bifunctional inhibitor in PTEN wt and
PTEN-null melanoma cells. A and B,
Western blottingwith densitometry of
cell lysates obtained from melanoma
cells (A375 or A2058) treated for 1
hour with 10 mmol/L 901, ZSTK,
combination of both (901 þ ZSTK,
10 mmol/L each), or 20 mmol/L ST-162.
Presented data are compiled from two
independentWestern blots with mean
values � SEM. C, Experimental design
(n ¼ 5/treatment group). Treatment
was initiated 11 days after A2058 (left
flank) and A375 (right flank)
implantation, indicated as day 1 of
drug treatment. Mice were treated
orally once daily for 14 days with
vehicle or 400 mg/kg ST-162,
respectively. D and E, Graphs show
mean values � SEM for volumes of
A375 tumors (D) or A2058 tumors (E)
measured by MRI in animals treated
with ST-162 or vehicle. Relative to
vehicle control, treatment with ST-162
significantly reduced tumor volume at
the end of treatment for both cell
models (P < 0.0005).

Table 1. Comparison of GI-IC50 between A2058 and A375

A2058 A375

PD0325901 9.2 � 1.3 nmol/L 4.3 � 1.2 nmol/L
ZSTK474 1,308 � 1.2 nmol/L 1,689 � 1.1 nmol/L
ST-162 4,724 � 1.1 nmol/L 4,073 � 1.1 nmol/L

NOTE: Table depicts mean growth inhibitor IC50 (GI-IC50) values � SEM
calculated from cells treated for 72 hours with various concentrations of 901,
ZSTK474, or ST-162. Presented data are compiled from three independent
experiments.
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showing antitumor activity in colorectal cancer and melanoma
mouse models. Combining ST-162 with immune checkpoint
inhibition demonstrated therapeutic efficacy over anti–PD-1
treatment alone.Moreover, nascent RNA transcriptomics revealed
a subset of genes regulated by ST-162, providing potential
mechanisms underlying efficacy of this compound against a
melanoma hepatic metastases model.

Current clinical trials targeting both MEK and PI3K involve an
attempt to optimize dose and schedule to yield suitable safety and
tolerability. Limitations of "combination therapy" include dis-
similar toxicity profiles, pharmacokinetics as well as issues with
patient compliance (27, 30–33). A recent phase Ib trial evaluating
the MEK inhibitor trametinib in combination with the PI3K/
mTOR inhibitor GSK2126458 in patients with advanced solid
tumors reported minimal responses and significant overlapping
toxicities (34). Additional clinical trials using combinations of
PI3K/AKT and MEK inhibitors show poor tolerability, significant
and overlapping side effects, and limited antitumor efficacy (34–
41). Our effort toward development of an anticancer therapeutic
for dual inhibition of these two key signaling pathways has
focused on a bifunctional single-agent therapeutic (ST-162),
which potentially may improve efficacy in the treatment of mel-
anomas by simplifying treatment regimens and reducing toxicity.

Results from colorectal and melanoma mouse xenograft mod-
els show tolerance of ST-162 at doses of 400 mg/kg administered
orallywith no observed toxicities as assessed by changes in animal
weight. ADME (absorption, distribution, metabolism, and excre-
tion) studies of ST-162 will be undertaken in future studies to
optimize dose and schedule. However, in a preliminary necropsy
study accomplished in our laboratory following dosing of mice
with ST-162 at 400mg/kg/day for 30 days continuously found no
adverse histologic or hematologic effects noted by a pathologist.
Although further work will be required to improve the formula-
tion and dosing schedule, our ST-162 results to date are highly
encouraging.

Although GI-IC50s for ST-162 were in the micromolar range
and notably higher when compared with single agents 901 and
ZSTK, we demonstrated similar efficacy profiles to combination
therapy in various mouse cancer models. These data support
design of a single therapeutic agent targeting multiple kinases.
Efforts are ongoing to improve solubility and formulation of ST-
162 in an effort to further optimize GI-IC50 for cell-based and
animal studies.

ST-162 caused tumor regression inA374melanoma xenografts,
but only tumor growth inhibition or tumor stasis could be
achieved in cells harboring BRAF and PTEN mutations. This

Addition of compounds
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A B
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Figure 4.

Gene set analysis reveals common
pathway regulation between
combination of MEK and PI3K
inhibition and bifunctional MAPK/PI3K
inhibitor (ST-162). A, Diagram
illustrating the main steps in Bru-seq.
B, Clustered heatmap (z-scores) of
1,481 genes up/downregulated 2-fold
or more in any sample. A2058 cells
were treated with 10 mmol/L 901,
ZSTK474, 901 þ ZSTK (10 mmol/L
each), or 20 mmol/L ST-162.
C, Comparison of gene expression
changes by Bru-seq modulated by
combining single-kinase therapy
versus bifunctional kinase inhibition.
Heatmap of 8 genes differentially
regulated (up/downregulated) in
901þ ZSTK treated versus ST-162–
treated melanoma A2058 cells.
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difference in efficacy likely reflects activation of AKT/mTOR
signaling downstream of PI3K. This underscores the importance
of patient stratification based on existing mutations in tumor
tissue for selecting the optimal therapy. Agents targeting cell
proliferative pathwaysmay not induce tumor cell death or induce
significant tumor regression. However, these agents may induce
cell-cycle arrest or senescence, thereby prolonging survival by
delaying disease progression (42). Nevertheless, inhibition of
MAPK/PI3K pathway by ST-162 in amelanomametastasesmodel
prevented hepatic metastases despite PTEN mutation status in
those cells. PI3K/AKT signaling has previously been demonstrated
to play a substantial role in the formation of metastases by
mediating a switch to an aggressive/metastatic melanoma phe-
notype (25, 43), but the data presented here indicate possible
additional mechanisms of metastases via PI3K regulation may be
involved.

Combining targeted agents with immune checkpoint blockade
has emerged as a promising new anticancer approach. For exam-
ple, treatment with a MEK/BRAF inhibitor plus an immune
checkpoint modulator improved control of colorectal tumors
(21). Our data indicate that immune checkpoint inhibition
improves efficacy of ST-162 therapy. However, further work is
required to optimize combination therapy with ST-162 and
immunotherapy, particularly in the context of tumors with drug
resistance.

Comprehensive nascent transcriptome studies comparingMEK
inhibition to PI3K inhibition in a melanoma cell line demon-
strated both expected and novel changes in gene transcription.
Interestingly, ST-162 profiles were more similar to profiles from
ZSTK-treated cells or cells treated with combinations of the two
single agents (901 þ ZSTK). The apparent difference of the MEK

inhibitor (901)–treated cell profile identified by clustering from
all other treatmentsmay indicate potential off-target effects due to
the relatively high doses used in this experiment (10 mmol/L) for
901. However, we observed expected changes in gene transcrip-
tion, for example, mTOR and PI3K pathway signaling was upre-
gulated inMEK-inhibited cells using 901, whichwas not observed
in cells treated with a combination of 901 þ ZSTK or ST-162.
These data support previously described pathway cross-talk and
emerging resistance through upregulation of the PI3K/AKT/
mTOR signaling axis. All samples treated with the PI3K inhibitor
ZSTK showed upregulation of p53 signaling, likely due to inhi-
bitionofAKTblockingMDM2-mediateddegradationofp53 (44).
p53 signaling and cell division also activate DNA repair mechan-
isms. Intriguing findings from transcriptome analysis reveal path-
way downregulations of TGFb signaling in MEK-inhibited cells,
which may have potential implications for cross-talk between
cancer cells and the immune system. In addition, although
apoptosis appeared unenriched by our studies in 3 of 4 condi-
tions, further functional studies would be required to support the
case for combining targeted agents with cytotoxic therapies to
achieve maximal therapeutic benefit.

Our comparative genetic findings show unique modulatory
effects on signaling pathways versus single-agent combinations.
However, as a direct comparison between GI-IC50 of ST-162 and
combination-treated cells (901 þ ZSTK) was not performed, the
possibility cannot be ruled out that observed effects on gene
transcription could be due to differences in pathway inhibition
by off-target effects as the doses used to perform Bru-seq tran-
scriptome studies were higher than those determined for GI-IC50

for single agents and ST-162. Nevertheless, we identified differ-
ential regulation of genes, including CYR61 andMIF. CYR61 has

Figure 5.

Effects of MAPK/PI3K inhibition
on migratory properties of
melanoma cells. We injected A2058-
luciferase cells via the left cardiac
ventricle and imaged tumor burden
by bioluminescence imaging
immediately after injection and then
on days 3, 6, 10, and 13. A total of
20 NSG mice were injected and
randomized into two groups
(n ¼ 10/group). A, Representative
bioluminescence images are shown
for each group at different time points.
B, Total flux was plotted for
vehicle-treated animals (blue) or
animals treated daily with 400 mg/kg
of ST-162 over the course of 14 days.
Statistical significance (P < 0.0001)
was determined between vehicle
control and ST-162–treated animals at
the end of treatment. C, Microscopic
images (�4 and �20) of H&E staining
from hepatic tissue of animals treated
with vehicle or ST-162 on day 14.
D, Quantification of micrometastases
(number/field) from 6 different mice
per group. Group comparisons
were performed using an unpaired
Student t test. Statistical significance
was assessed at P < 0.05 using
GraphPad software.
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been described as a tumor suppressor of melanoma cell mobility,
invasion, and angiogenesis (45), whereas MIF depletion
decreased proliferation, anchorage-independent growth and
increased apoptosis (46). These differentially expressed genes
suggest potential mechanisms for almost complete absence of
detectable metastatic lesions in livers of mice treated with ST-162.
Although our preliminary results require further functional val-
uation, the potentially unique genetic and pathway regulation by
ST-162 may offer therapeutic advantages over single agent or
combined MEK and PI3K inhibitors, including antimetastatic
activity.

In summary, we have developed ST-162 as an efficacious
bifunctional kinase inhibitor that prevents tumor growth in
KRAS- and BRAF-mutated cells, induces tumor stasis in BRAF
PTEN-mutated cells, and inhibits metastases possibly through
regulating a unique set of genes.
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