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Abstract

Purpose: ST-162 and ST-168 are small-molecule bifunctional inhibitors of MEK and PI3K signaling pathways
that are being developed as novel antitumor agents. Previous small-molecule and biologic MEK inhibitors
demonstrated ocular toxicity events that were dose limiting in clinical studies. We evaluated in vitro and in vivo
ocular toxicity profiles of ST-162 and ST-168.
Methods: Photoreceptor cell line 661W and adult retinal pigment epithelium cell line ARPE-19 were treated
with increasing concentrations of bifunctional inhibitors. Western blots, cell viability, and caspase activity
assays were performed to evaluate MEK and PI3K inhibition and dose-dependent in vitro toxicity, and com-
pared with monotherapy. In vivo toxicity profile was assessed by intravitreal injection of ST-162 and ST-168 in
Dutch-Belted rabbits, followed by ocular examination and histological analysis of enucleated eyes.
Results: Retinal cell lines treated with ST-162 or ST-168 exhibited dose-dependent inhibition of MEK and
PI3K signaling. Compared with inhibition by monotherapies and their combinations, bifunctional inhibitors
demonstrated reduced cell death and caspase activity. In vivo, both bifunctional inhibitors exhibited a more
favorable toxicity profile when compared with MEK inhibitor PD0325901.
Conclusions: Novel MEK and PI3K bifunctional inhibitors ST-162 and ST-168 demonstrate favorable in vitro
and in vivo ocular toxicity profiles, supporting their further development as potential therapeutic agents tar-
geting multiple aggressive tumors.
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Introduction

Tumorigenesis requires aberrant activation of key
cellular processes. Activation of MAP kinase (Ras/

MEK/ERK) and PI3K/AKT/mTOR signaling pathways
are critical for K-Ras-mediated transformation.1,2 A wide
range of tumors demonstrate mutations in the RAS family
and increased PI3K/AKT signaling is observed frequently
in leukemia, melanoma, breast, ovarian, brain, lung, and
prostate cancers. Concomitant activation of both Ras/
MEK/ERK and PI3K/AKT/mTOR underlies the crosstalk
across these signaling pathways. This crosstalk has been
shown to facilitate drug resistance during tumor mono-
therapy designed to target PI3K or MEK signaling path-
ways individually.3–8 In contrast, simultaneous inhibition
of PI3K and MEK signaling synergistically enhances tumor

cell death in vitro and in vivo.9–11 Since Ras/MEK/ERK
and PI3K/AKT/mTOR pathways are regulated by different
mechanisms, concomitant targeting of these key comple-
mentary signaling pathways could provide improved response
to treatment for many tumor types.12–14

Several inhibitors of the PI3K/AKT/mTOR or the Ras/
MEK/ERK signaling pathways have been developed and
evaluated for tumor targeting, including the monotherapeutic
agents ZSTK474 and PD0325901. The PI3K inhibitor
ZSTK474 is a highly selective and Adenosine triphosphate
(ATP)-competitive antagonist with excellent antitumor activ-
ity.15–19 Previous studies have shown that this inhibitor is ef-
fective against all 4 of the class I PI3K isoforms, and it has
demonstrated relatively low cytotoxicity levels in animal mod-
els.16,18 ZSTK474 is very potent, displaying IC50 values be-
tween 3.9 and 20.8 nM for the 4 PI3K isoforms.20 PD0325901 is
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a second-generation inhibitor of both MEK1 and MEK2 iso-
forms that has been evaluated in phase 1 clinical trials for the
treatment of several different solid tumors.21 This early phase
clinical study of PD0325901, which enrolled 66 patients with
various late-stage cancers, revealed numerous ocular adverse
events, including transient blurred vision (7 patients), optic
neuropathy (1 patient), and retinal vein occlusion (2 patients),
which developed after 4 months of treatment.21 Further devel-
opment of PD0325901 was abandoned following the phase 1
trial due to neurologic and ophthalmic dose-limiting toxicity.21

The toxicity profile of this particular MEK inhibitor increases in
a dose-dependent fashion in vitro, and can lead to adverse events
such as retinal vein occlusion when administered at higher
concentrations in a preclinical animal model.22–24 Ophthalmic
adverse events appear to be a class effect not specific to
PD0325901, as 2 other MEK inhibitors approved by the FDA
(trametinib and cobimetinib) as well as those in late-stage
clinical testing, including selumetinib and binimetinib, demon-
strate a variety of ocular findings.23–25 These adverse events
include cystoid macular edema, serous retinal detachments, and
uveitis, collectively described as MEK inhibitor-associated
retinopathy (MEKAR).25–27 Ocular toxicity, including ME-
KAR, has been reported after systemic exposure to multiple
classes of MEK inhibitors.23–29 Additionally, MEKAR was seen
in preclinical studies with MEK inhibitors. Huang et al. found
that 1 week after intravitreal injection of PD0325901 into rabbit
eyes, the retinal findings progressed to retinal detachment and
edema, both hallmarks of MEKAR.22 MEK inhibitors with
improved ocular toxicity profile would provide a larger thera-
peutic window for the treatment of aggressive tumors.

While monotherapeutic agents, including ZSTK474 and
PD0325901, have shown clinical promise in targeting tu-
morigenesis, concurrent inhibition of PI3K and MEK using
2 monotherapeutic drugs has emerged as a means to counter
the redundant and reciprocal roles that are exhibited by
these 2 signaling pathways in cancer.8–10,30–35 In recent
years, there has been increasing interest toward developing
multifunctional, single-agent compounds for modulating
multiple biological targets.36–39 As part of this strategy, we
recently reported the development of prototype small-
molecule MEK/PI3K bifunctional inhibitors for simultaneous
targeting of these critical regulators of K-Ras-mediated
transformation.40,41 Bifunctional inhibitors were designed by
covalent linking of structural analogs of the ATP-competitive
pan-PI3K inhibitor ZSTK474 with analogs of the allosteric
MEK inhibitors RO5126766 or PD0325901. One such bi-
functional inhibitor, designated as ST-162, was formed by
linkage of analogs of the PI3K inhibitor ZSTK474 and the
MEK inhibitor PD0325901. Both in vitro and in vivo studies
have demonstrated the effectiveness of ST-162 against MEK
and PI3K enzyme activity.41,42 A structural analog of ST-162,
ST-168, demonstrates higher inhibitory activity toward
MEK1 and all 4 class I PI3K isoforms.20 The side effect
profile of both ST-168 and ST-162 is much less significant as
compared with single-pathway inhibition (PD0325901 or
ZSTK474) or cocktail inhibition.20,42

In this study, we characterized the in vitro and in vivo
toxicity profiles of bifunctional MEK/PI3K inhibitors, ST-
162 and ST-168, in retinal cells and in a rabbit preclinical
model. Our results show that these novel inhibitors dem-
onstrate favorable in vitro and in vivo ocular toxicity profiles
compared with PD0325901, supporting their further devel-
opment as potential therapies for diverse tumors.

Methods

Ethics statement

All experiments were performed in accordance with the
Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic
and Vision Research. The protocol was approved by the
University Committee on Use and Care of Animals of the
University of Michigan (Protocol No.: PRO00006215).

Cell culture

The immortalized 661W cell line was supplied by Dr. David
Zacks (Department of Ophthalmology and Visual Sciences,
University of Michigan, Ann Arbor, MI). The ARPE-19 cells
(ATCC� CRL2302�) were acquired from American Type
Culture Collection (Manassas, VA). Both cell types were grown
to 90% confluency before experimental treatment in an atmo-
sphere regulated at 37�C consisting of 5% CO2 and 95% air.
The 661W culture was maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Catalog No.: 11995065; Thermo
Fisher Scientific), which consists of 10% fetal bovine serum
(FBS, Catalog No.: 10082147; Thermo Fisher Scientific), 40mg
L-1 of both hydrocortisone 21-hemisuccinate and progesterone,
40mL L-1 b-mercaptoethanol and 32 mg L-1 Putrescine dihy-
drochloride. This medium was supplemented with streptomycin
(0.09 mg mL-1) and penicillin (90 units mL-1). The ARPE-19
cells were maintained in DMEM:F12 (Catalog No.: 11320033;
Thermo Fisher Scientific) supplemented with 10% FBS,
streptomycin (0.09 mg mL-1), and penicillin (90 units mL-1).
Penicillin–Streptomycin (5,000 U/mL) was purchased from
Thermo Fisher Scientific (Catalog No.: 15070063). The 661W
and ARPE-19 cells were passaged, and then plated at 300,000
cells/well in 6-well culture dishes in growth media. The cells
were treated with PD0325901, ZSTK474, PD0325901, and
ZSTK474 cocktail (equimolar concentrations of PD0325901
and ZSTK474) and bifunctional MEK/PI3K inhibitors, ST-162
and ST-168, at 1, 5, 10, 25, 50, and 100mM for 24 h. Both
untreated cells and DMSO (0mM) that was used as a vehicle
were taken as controls. Cells were harvested after 24 h and
prepared as described for western analysis.

Cell viability and caspase activity

The 661W and ARPE-19 cells were seeded in a white-
walled 96-well plate (Catalog No.: 07-200-587; Fisher Sci-
entific) at 5,000 cells/well for 24 h before treatment. The cells
were then treated with single agents PD0325901, ZSTK474,
PD0325901, and ZSTK474 cocktail and bifunctional MEK/
PI3K inhibitors ST-162 and ST-168 at 1, 5, 10, 25, 50, and
100mM for 24 h. Both untreated cells and DMSO (0mM) that
was used as a vehicle were taken as controls. The number of
viable cells was measured based on quantitation of ATP using
the CellTiter-Glo Luminescent Cell Viability Assay Kit
(Catalog No.: G7570; Promega, Madison, WI) following the
manufacturer’s recommendations. Caspase activities were
measured according to the manufacturer’s instructions using
the Caspase-Glo 8 (Catalog No.: G8200) and Caspase-Glo 3/7
Assay Kits (Catalog No.: G8090). Luminescence was mea-
sured using a Veritas Microplate Luminometer (Turner Bio-
systems, Sunnyvale, CA). The assay kits were purchased from
Promega. Statistical analysis was performed using Prism 6.0
(GraphPad Software, San Diego, CA).
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Western blot analysis

Cells were lysed in RIPA Lysis and Extraction Buffer
(Catalog No.: 89900; Life Technologies Corporation, Grand
Island, NY). One tablet of protease inhibitor (Complete Mini;
Roche Diagnostics, Indianapolis, IN) and 1 tablet of phos-
phatase inhibitor (PhosSTOP; Roche Diagnostics) per 10 mL
were added to the lysis buffer before use to prevent prote-
olysis and maintain protein phosphorylation. The cellular
debris was removed by centrifugation and protein concen-
trations of supernatants were determined by the Pierce BCA
Protein Assay Kit (Life Technologies Corporation) and
quantified with the FLUOstar Omega multi-mode microplate
reader (BMG Labtech, Offenburg, Germany). Protein sam-
ples were separated by SDS NuPAGE Novex 10% gels (In-
vitrogen, Carlsbad, CA), transferred onto Polyvinylidene
difluoride membranes that were blocked in blocking buffer
(5% nonfat dry milk in phosphate-buffered saline and 0.1%
Tween 20) for 1 h, incubated with primary antibody, washed,
and incubated with horseradish peroxidase-conjugated sec-
ondary antibody, and developed using SuperSignal West
Dura Extended Duration Substrate. Images were captured
digitally on an Azure c500 (Azure Biosystems, Dublin, CA).

In vivo toxicity analysis

Male Dutch-Belted rabbits with an approximate weight of
1.5 to 2.5 kg were anesthetized with sevoflurane. An external
heat source was used to prevent hypothermia. Immediately
before the intravitreal injections, each animal underwent a
clinical examination to rule out any preexistent ocular dis-
ease. Eyes were anesthetized with proparacaine, and pupils
were dilated with 1% Tropicamide and 2.5% Phenylephrine
ophthalmic drops. A Flynn pediatric lid speculum was placed
in the eye and betadine was applied to the injection site. The
temporal sclera was marked with calipers 2 mm from the
corneal border. A 30-gauge needle was inserted into the mid-

vitreous *62� from the horizontal axis (28� from the vertical
axis). Fifty microliters of DMSO (vehicle), PD0325901 (0.5
or 1 mg), ST-162 (1, 2, or 4 mg), or ST-168 (4 mg) was ad-
ministered intravitreally and delivery of the test agent into the
eye was confirmed with inspection. Animals underwent oc-
ular examination daily for 1 week after intravitreal injection,
performed by the senior author who is a retina specialist.
Retina was visualized using a video indirect ophthalmoscope
(Heine Optotechnik, Herrsching, Germany). Retinal images
in still frames were captured from fundus videos.

Histopathology

Rabbits were euthanatized, and the eyes were enucleated
7 days after intravitreal injections for histopathology. Whole
eyes were fixed overnight at 4�C in phosphate-buffered sa-
line with 4% paraformaldehyde (pH 7.4). The specimens
were embedded in paraffin and were then placed in a tissue
processor (Tissue-Tek II; Sakura, Tokyo, Japan) for stan-
dard paraffin embedding. Eyes were then sectioned at a
width of 6 mm on a standard paraffin microtome. The sec-
tions were deparaffinized and rehydrated in a graded ethanol
series. Hematoxylin–Eosin staining was performed and
images were captured on a Leica DM6000 microscope
(Leica Microsystems, Wetzlar, Germany).

Results

Bifunctional PI3K/MEK inhibitors, ST-162
and ST-168, show dose-dependent inhibition of PI3K
and MEK activities in 661W and ARPE-19 cells

To measure the inhibitory effect of bifunctional MEK/PI3K
inhibitors, we treated 661W photoreceptor cells and ARPE-19
cells with various concentrations of ST-162 and ST-168. Both
retinal cell types display high levels of PI3K and MEK activity
under normal cell culture conditions, as measured by AKT and
ERK1/2 phosphorylation (Fig. 1A, B). The bifunctional

FIG. 1. Dual PI3K/MEK
inhibitors, ST-162 and ST-
168, effectively target AKT
and ERK phosphorylation in a
dose-dependent fashion. (A,
B) Western blot analysis of
661W cells (A) and ARPE-19
cells (B) treated for 24 h with
ST-162 analyzed with anti-
bodies against MEK and PI3K
signaling proteins. (C, D)
Western blot analysis of 661W
cells (C) and ARPE-19 cells
(D) treated for 24 h with ST-
168 analyzed with antibodies
against MEK and PI3K sig-
naling proteins. GADPH is
shown as the loading control.
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inhibitor ST-162 showed dose-dependent inhibition of both
PI3K/AKT and MAPK/ERK pathways (Fig. 1A, B). Similarly,
ST-168, exhibited a dose-dependent inhibition of AKT and
ERK phosphorylation at 24 h in both 661W and ARPE-19 cells
(Fig. 1C, D), with an improved activity against MEK in both
cell types compared with ST-162. The effects of bifunctional
inhibitors on MEK and PI3K activities in vitro were similar to
those seen with the combined inhibition using PD0325901 and
ZSTK474 cocktail (Fig. 2A). PD0325901 and ZSTK474 were
selective against MEK and PI3K, respectively, in retinal cells
in vitro (Fig. 2C–F).

Bifunctional MEK/PI3K inhibitors ST-162
and ST-168 demonstrate reduced in vitro toxicity
compared with monotherapeutic agents PD0325901
and ZSTK474

We next determined the viability of 661W and ARPE-19
cells exposed to MEK and PI3K inhibitors. The 661W cells
were sensitive to PI3K inhibition as demonstrated by close
to 50% cell death at 24 h with ZSTK474 concentrations
above 5 mM (Fig. 3A). Although MEK inhibition alone had
little effect on 661W cell survival, addition of PD0325901
to ZSTK474 significantly increased cell death with >75%
cell death by 24 h (Fig. 3A). In contrast, 661W cells were
more resistant to bifunctional inhibitors ST-162 and ST-168

with increased survival at all concentration levels, demon-
strating over 50% survival compared with near total cell
death induced by PD0325901 and ZSTK474 cocktail at 24 h
(Fig. 3A).

Unlike 661W cells, ARPE-19 cells were sensitive to both
MEK and PI3K inhibition alone, although the cell death was
much less robust even with the highest concentrations of
PD0325901 and ZSTK474 (Fig. 3B). However, dual MEK
and PI3K inhibition by PD0325901 and ZSTK474 nearly
doubled the amount of cell death. In contrast, ST-168, and to
a lesser extent ST-162, showed much less toxicity in ARPE-
19 cells (Fig. 3B).

We next evaluated the activation of apoptotic effectors in
retinal cells exposed to PI3K and MEK inhibitors. In the 661
W cells, inhibition of PI3K and MEK with monofunctional
and bifunctional inhibitors mildly increased caspase 3/7
activity, consistent with low amounts of cell death observed
in cell viability experiments (Fig. 4A). In contrast, simul-
taneous PI3K and MEK inhibition with PD0325901/
ZSTK474 cocktail treatment led to robust Caspase 3/7 ac-
tivity, likely accounting for significantly more death seen in
the viability experiments (Fig. 4A). At lower drug concen-
trations, both ST-162 and ST-168 showed less caspase ac-
tivation compared with monofunctional inhibitors. Similar
to 661W cells, ARPE-19 cells demonstrated little caspase
activity when treated with monofunctional or bifunctional

FIG. 2. (A, B): Dual PIK3
and MEK inhibition with
PD0325901+ZSTK474 cock-
tail effectively prevents AKT
and ERK phosphorylation.
Western blot analysis of 661W
cells (A) and ARPE-19 cells
(B) treated for 24 h with
PD0325901+ZSTK474andan-
alyzed with antibodies against
MEK and PI3K signaling pro-
teins. (C, D) MEK inhibitor
PD0325901 prevents baseline
ERK phosphorylation and
PI3K inhibitor ZSTK474 pre-
vents baseline AKT phos-
phorylation in retinal cells.
Western blot analysis of 661W
cells (C) and ARPE-19 cells
(D) treated for 24 h with
PD0325901 or ZSTK474 (E,
F) and analyzed with anti-
bodies against PI3K and MEK
signaling proteins. GADPH is
shown as the loading control.
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inhibitors alone (Fig. 4B). In contrast, PD0325901/ZSTK474
cocktail showed significant caspase 3/7 activation, demon-
strating the synergistic effect of PI3K and MEK inhibition
on apoptotic signaling and cell viability (Fig. 4B). These
experiments demonstrated that inhibition of PI3K and MEK
pathways together lead to apoptotic cell death in retinal
cells. In contrast, bifunctional inhibitors, ST-162 and ST-
168, displayed reduced caspase activation, demonstrating
their increased tolerability for retinal cells.

Bifunctional MEK/PI3K inhibitors demonstrate
a favorable in vivo toxicity profile

Clinical trials of PD0325901 in patients with solid tumors
were complicated by central retinal vein occlusion, and
Huang et al. have replicated similar findings in a rabbit model
through intravitreal injection of PD0325901.22 Similar to
what was discovered in the study conducted by Huang et al.,
we found that PD0325901 induced ocular changes simulating
retinal vein occlusion, including focal vascular occlusions
with proximal vascular dilation and retinal hemorrhages

(Fig. 5A). In addition, intravitreal treatment with PD0325901
caused retinal whitening, retinal swelling, and retinal tears
with associated retinal detachment (Fig. 5A and C). In con-
trast, intravitreal administration of bifunctional inhibitors, ST-
162 and ST-168, were well tolerated at all tested doses and
did not demonstrate any clinically observable adverse effects
(Fig. 5B, C).

Histopathology of enucleated rabbit eyes treated with
MEK inhibitor PD0325901 revealed retinal toxicity as
demonstrated by loss of photoreceptors in the outer nuclear
layer, RPE cell death, disorganization of retinal layers, and
retinal tear (Fig. 6A). In contrast, rabbit retinas exposed to
bifunctional inhibitor ST-168 displayed normal anatomy
with no evidence of inner or outer retinal toxicity
(Fig. 6B).

Discussion

The primary purpose of our study was to determine the
ocular toxicity profiles of 2 novel bifunctional MEK/PI3K
inhibitors, ST-162 and ST-168, which are being developed

FIG. 3. In vitro toxicity profiles of single and dual PI3K/MEK inhibitors. Cell viability of 661W cells (A) and ARPE-19
cells (B) was measured in the presence of ZSTK474, PD0325901, ST-162, ST-168, and PD0325901+ZSTK474 cocktail.
The % cell survival was determined 24 h after treatment. Increased cell death observed for PD0325901+ZSTK474 cocktail
compared with ST-162 or ST-168 was statistically significant. Mean – SEM; P < 0.05, n = 15.

FIG. 4. Activation of caspases with single and dual PI3K/MEK inhibitors. Caspase 3/7 activation in 661W cells (A) and
ARPE-19 cells (B) was measured in the presence of ZSTK474, PD0325901, ST-162, ST-168, and PD0325901+ZSTK474
cocktail for 24 h. PD0325901+ZSTK474 cocktail increased caspase activation significantly more than ST-162 or ST-168.
Mean – SEM; P < 0.05, n = 15.
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FIG. 5. In vivo toxicity
profiles of PD0325901 and
bifunctional inhibitors. (A)
Both 0.5 and 1 mg doses of
PD0325901 led to adverse
events following intravitreal
injection compared to control
injection with DMSO (vehi-
cle). (B) No adverse events in
the retina or retinal vasculature
were observed with increasing
doses of ST-162 1 week after
injection (C) Pronounced tox-
icity difference between eyes
treated with PD0325901 and
ST-168 is demonstrated by
retinal tear and detachment in
PD0325901-treated eye only
after 3 days.

FIG. 6. Ocular histopathol-
ogy of rabbit eyes treated with
PD0325901 and bifunctional
inhibitor ST-168. Representa-
tive retinal sections are shown.
(A) Intravitreal treatment with
1 mg of PD0325901 caused
retinal thinning and tear com-
pared with control injection
with DMSO (vehicle). Magni-
fied image (#) shows disorga-
nization of retinal layers
(arrow). Transition from nor-
mal to abnormal retina is
marked by an arrowhead. (B)
No histological changes were
observed with increasing doses
of ST-168 or DMSO vehicle.
Magnified inset image (#)
shows preservation of retinal
layers. *optic nerve.
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for the treatment of tumors with K-Ras-mediated transfor-
mation. In our previous studies, we investigated the sys-
temic toxicity of the bifunctional inhibitors and found that
the side effect profiles of ST-162 and ST-168 are much less
significant as compared with single-pathway inhibition
(PD0325901 or ZSTK474) or inhibition of both signaling
pathways with PD0325901 and ZSTK474 cocktail.20,42

Moreover, treatment with ST-162 in colorectal and mela-
noma mouse xenograft models has demonstrated no signif-
icant systemic toxicity (assessed as more than 10% of body
weight loss posttreatment).42 Since earlier preclinical and
clinical studies of MEK inhibitors focused on pathological
changes largely in the outer retina, we used outer retinal cell
line models of photoreceptors and RPE for in vitro toxicity
analysis. For our in vivo analysis, we chose a previously
described rabbit model. Our in vitro and in vivo studies
showed that these 2 bifunctional inhibitors are effective in
reducing PI3K and MEK signaling in retinal cells while
demonstrating improved retinal toxicity profiles, thus in-
creasing their potential to become successful lead com-
pounds for tumor targeting.

In our in vitro models for photoreceptors and RPE cells,
we found that PI3K or MEK inhibition alone induced mild
caspase activation and apoptotic cell death. Photoreceptor
cells were sensitive to PI3K inhibition and showed little cell
death after MEK inhibition. This is consistent with the
critical role of active PI3K signaling in inhibiting apoptotic
pathways in cells with neuronal lineage.43 In contrast, non-
neuronal RPE cells were susceptible to both PI3K and MEK
inhibition, although with only mild amount of cell death.
However, both cell types showed much more robust caspase
activation and significantly more cell death when both
pathways were inhibited together using a cocktail combi-
nation of PI3K and MEK inhibitors, demonstrating the more
potent effect of combination therapy.

Compared with the PI3K/MEK inhibitor cocktail, bi-
functional PI3K/MEK inhibitors showed improved toxicity
profiles in 661W and ARPE-19 cells. Similarly, both bi-
functional PI3K/MEK inhibitors showed favorable in vivo
toxicity profiles compared with MEK inhibitor in a rabbit
model. There are several possibilities for this improved
toxicity profile that is associated with ST-162 and ST-168.
First, bifunctional inhibitors may have reduced off-target
kinase effects compared with parent compound combina-
tions. This is a subject of ongoing research, but previous
studies have demonstrated that one of the bifunctional in-
hibitors, ST-162, has generated unique modulation of spe-
cific genes, which were revealed using transcriptome
analysis of melanoma cells.42 The unique gene set was
shown to be different than the 1 found in cells exposed to
combination therapy using the individual MEK and PI3K
inhibitors. These findings revealed specific and unique cel-
lular signaling properties of these compounds, which may
be, in part, contributing to the observed reduction in off-
target kinase effects.42 Another possibility for this lowered
toxicity profile is a decreased tissue distribution. Further-
more, it should be noted that bifunctional inhibitors, ST-162
and ST-168, are less potent (higher IC50 enzymatic inhibi-
tory values) versus parent MEK and PI3K compounds, thus
complicating a direct comparison of activity and toxicity
across drug concentrations. In fact, data presented in Fig. 1
reveal that significant cell-based inhibition of p-ERK 1/2
and p-AKT occurs at *5–10 mM for exposure of ARPE-19

cells to ST-162 and ST-168, whereas complete inhibition of
p-ERK 1/2 and p-AKT occurred when these cells were
treated with 1mM of PD0325901 or ZSTK474, respectively,
as shown in Fig. 2. However, cell survival toxicity data
showed that ZSTK474+PD0325901 had IC50 values of *1–
5 mM for 661W and ARPE-19 cell lines versus ST-162 and
ST-168, which was *100mM or not reached for 661W and
ARPE-19 cells, respectively.

Using the same rabbit model as Huang et al., we found
similar adverse ocular effects of PD0325901, including
retinal vein occlusion, retinal tears, and retinal whitening. In
the same preclinical model, we showed that bifunctional
inhibitors, ST-162 and ST-168, were better tolerated versus
PD0325901 at the doses tested with minimal effect on retina
or retinal vasculature. Our findings demonstrate the potential
for decreased ocular toxicity and support further preclinical
development of bifunctional PI3K/MEK inhibitors for
multiple types of aggressive tumors systemically as well as
potential intraocular targets, including ocular melanoma and
retinoblastoma. In vivo functional and anatomic assessment
with electroretinogram (ERG) and optical coherence to-
mography (OCT) is expected to provide additional infor-
mation on potential electrophysiological and microstructural
changes associated with bifunctional inhibitors, a limitation
of the current study. We plan to examine the effects of the
bifunctional inhibitors with ERG and OCT in our future
studies. Although more research is needed, it is important to
note that the development of ST-162 and ST-168 and further
analogs open up the potential for intraocular administration
of PI3K/MEK inhibitors rather than systemic administra-
tion. For example, chemical modifications of the linker can
be accomplished to improve aqueous solubility for intra-
ocular formulation and dosing.

The etiology of MEKAR is not fully understood. One
previously proposed mechanism includes dysfunctional
transmembrane transport of water or chloride ions across the
RPE in the presence of MEK inhibition.25 Electro-
physiological studies have demonstrated that even a slight
alteration in the localization of RPE ion channels can con-
siderably influence fluid movement across the RPE. MEK
signaling pathway may regulate the function and localiza-
tion of volume-regulated chloride channels in RPE.25,44

Similarly, the expression levels of aquaporins, transmem-
brane water channels found in the RPE, have been shown to
exhibit sensitivity to the inhibition of MEK.45 If normal
water and ion transport across the RPE is contingent on
MEK, inhibition of MEK signaling in the RPE may be one
of the underlying mechanisms of MEKAR. Our in vitro and
in vivo data suggest that bifunctional inhibitors, ST-162 and
ST-168, are better tolerated by the RPE and may show re-
duced rates of ocular toxicity, including MEKAR, in future
clinical trials. Some of the adverse effects of kinase inhib-
itors may not be seen in in vitro studies or in the preclinical
models. Although data presented in this study support the
improved safety of ST-162 and ST-168, these bifunctional
inhibitors could potentially lead to ocular changes similar to
MEKAR, which may only be seen in human trials.

In conclusion, we describe a favorable in vitro and in vivo
toxicity profile of 2 novel bifunctional inhibitors of onco-
genic PI3K and MEK signaling pathways. The continued
development of these lead compounds will identify candi-
dates for preclinical and clinical studies for the treatment of
K-Ras-mediated tumors.
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