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Antitumor effects of novel highly hydrophilic and
non-ATP-competitive MEK1/2 inhibitor, SMK-17

Masaki Kiga®“, Fumie Tanzawa® Shiho lwasaki®, Fumi Inaba?®,

Kosaku Fujiwara® Hayato Iwadare?, Tomoki Echigo?, Yuji Nakamura®,
Tomoyuki Shibata®, Kanae Suzuki®, Isao Yasumatsu?, Ayako Nakayama®,
Yukiko Sasazawa®, Etsu Tashiro®, Masaya Imoto® and Shinichi Kurakata®

The mitogen-activated protein kinase (MAPK) signal
pathway plays a central role in regulating tumor cell
proliferation, survival, and differentiation. The components
of this pathway, Ras/Raf/MEK/ERK, are frequently
activated in human cancers. Targeting this pathway is
considered to be a promising anticancer strategy. In
particular, MEK is an attractive drug target because of

its high selectivity to ERK. We can expect potent growth
inhibitory and proapoptotic effects by inhibiting MEK.
Here, we report derivatives of N-[2-(2-chloro-4-iodo-
phenylamino)-3,4-difluorophenyll-methanesulfonamide as
novel MEK1/2 inhibitors. Among these compounds, we
found SMK-17 to be a potent MEK1/2 inhibitor with high
aqueous solubility. The in-silico docking study suggested
that SMK-17 is bound to an allosteric pocket of MEK1.
The kinetic study and the kinase profiler analysis confirmed
the allosteric nature of SMK-17. SMK-17 inhibited MEK1
kinase activity in a non-ATP-competitive manner and it was
highly selective to MEK1 and 2. SMK-17 inhibited the
growth of tumor cell lines in vitro. Especially, it seemed
that cell lines harboring highly phosphorylated MEK1/2
and ERK1/2 were highly sensitive to SMK-17. Moreover,
unlike previously reported MEK inhibitors, PD184352 or
U0126, SMK-17 did not inhibit the phosphorylation of

Introduction

The mitogen-activated protein kinases (MAPKs) are a
family of serine/threonine protein kinases that play an
important role in many cellular responses such as cell
proliferation, survival, differentiation, movement, and
apoptosis. The extracellular signal-regulated kinases 1
and 2 (ERK1/2) are the first characterized members of
the MAPK family. ERK1/2 are activated by a phospho-
rylation cascade, downstream from the receptor tyrosine
kinases, the ras protooncogene, Raf, and MEKI1/2.
Activated MEK1/2 catalyzes the phosphorylation of
ERK1/2. These MAPKs phosphorylate a variety of sub-
strates, including p90RSK and the transcription factor
Elk-1, which mainly promote cell growth [1,2]. MEK1/2,
also known as MKK1/2, are members of a large family of
dual-specificity kinases (MKK1-7) that phosphorylate
threonine and tyrosine residues of various MAPKs. Thus
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ERKS. In vivo, SMK-17 exhibited potent antitumor activity
in animal models on oral administration. SMK-17
selectively blocked the MAPK pathway signaling
without affecting other signal pathways, which resulted
in significant antitumor efficacy without notable side
effects. These findings suggest that SMK-17, an
exquisitely selective, orally available MEK1/2 inhibitor,
is a useful chemical biology tool for characterizing the
function of MEK/MAPK signaling both in vitro and

in vivo. Anti-Cancer Drugs 23:119-130 © 2011 Wolters
Kluwer Health | Lippincott Williams & Wilkins.
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far, the only known substrates of MEK1/2 are ERK1/2.
This tight selectivity indicates that MEK1/2 are essential
for the MAPK pathway.

Constant activation of the MAPK pathway, because of
aberrant receptor tyrosine kinase activation and Ras or
BRAF mutations, is found frequently in human cancers
and represents a major factor in determining abnormal
cell growth [3]. Approximately 30% of all human cancers
contain an activating Ras mutation. The incidence of
K-ras mutations is particularly high in pancreatic and
colon cancers (90 and 44%, respectively) [4]. Oncogenic
V600E mutations in BRAF have been found in 66% of
melanomas and 69% of papillary thyroid cancers [5,6].
Furthermore, aberrant activation of the MAPK pathway
correlates with tumor progression and poor prognosis in
patients with various cancers. Although active mutations
of MEK1/2 have not been found in human cancers, the
constitutive expression of MEK1/2 is sufficient to induce
transformation [7,8]. Targeting MEK1/2 with a small
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molecule inhibitor is an attractive strategy because of the
potential to prevent all upstream aberrant oncogenic
signaling [9,10]. Although previously reported MEK
inhibitors, PD184352/CI-1040 and PD0325901, have
been evaluated in a clinical study, these clinical trials
were discontinued because of insufficient efficacy and
undesirable adverse events [11-14]. ARRY142886/
AZ1D6244 has been evaluated for clinical proof-of-concept
in clinical trials. This compound has shown clinical
responses in some patients with malignant melanoma and
thyroid carcinoma [14,15]. However, no MEK inhibitors
have been approved in the clinical use yet. More effective
MEK inhibitors than previously reported compounds are
needed for cancer therapy.

We report that SMK-17 is a hydrophilic, highly selective,
and potent MEKI1/2 inhibitor with a distinctively
structured, piperidine sulfamide scaffold. SMK-17 ex-
hibits significant antitumor activity iz vitro and i vivo by
selectively blocking the MAPK pathway signaling.

Materials and methods

Compounds

All compounds shown in Tables 1 and 2 were synthesized
in-house, according to the procedure described in the
patent application (WO2004083167).

Cell-free kinase assay

Homogeneous time-resolved fluorescence (HTRF) was
used to detect MEK1/2 kinase activity. The reagents used
in the assay are described below. Recombinant active
human MEK1, MEK2, and GST-fused ERK2 were
purchased from Millipore (Bedford, Massachusetts,
USA). ATP was from Sigma-Aldrich Chemical (Saint
Louis, Missouri, USA). Anti-phospho-ERK1/2 polyclonal
antibody #9101 was from Cell Signaling Technology
(Danvers, Massachusetts, USA). Polyclonal goat anti-
rabbit antibody labeled with europium cryptate (PAR-K)
and monoclonal anti-GST antibody labeled with X665
(Mab GSTXL) were from Cisbio Bioassays (Bedford,
Massachusetts, USA). In the presence or absence of
testing compounds, the kinase reaction was conducted in
50 ul of reaction buffer [Tris (50 mmol/l), pH 7.4, MgCl,

Table 1 Identification of a sulfamide compound as an MEK
inhibitor
MEK1 pERK in Solubilities
kinase ICsq cell ECso JP-1/JP-2
Compound (nmol/I) (nmol/l)  cLog D74 (nmol/I)
1 OS/Q 670 180 3.95 1.0/<0.5
“SNH y C
N
F 1
PD184352 WN % g 33 79 6.77 <0.5/<05

F |

MEK1 kinase inhigition, intracellular MEK inhibition, cLogD, and aqueous
solubility assay results of compound 1 and PD184352 as a reference compound.

(10 mmol/l), EGTA (2 mmol/l), NazVO, (1 mmol/l), BSA
(1 mg/ml)] containing 100 pmol/l ATP in a usual assay,
24 ng of active MEK1 or MEK2, and 100 ng of GST-fused
ERK2 on a 96-well half-area EIA/RIA plate (Corning,
New York, USA). After incubation at 30°C for 30 min,
25ul of detection buffer [KF (1mol/l), EDTA-PBS
(50 mmol/l)], containing 1/500 diluted PAR-K, 1/1000
diluted antiphospho ERK1/2 polyclonal antibody, and
1/250 diluted MAb GST-XL,, was added. After overnight
incubation with a detection buffer, the phosphorylated
ERK2 was measured with the Discovery HTRF micro-
plate analyzer (PerkinElmer, Waltham, Massachusetts,
USA). A ratio of 665nm signal to 620nm signal was
regarded as the quantum of phosphorylation of ERK2.
Values of wells that did not contain MEK were used as
the baseline in each plate. ICs5y (50% inhibitory
concentration) values of MEK inhibition were calculated
using the curve-fitting GraphPad Prism version 4
(GraphPad software, La Jolla, California, USA) from
triplicate sets of data.

Kinase selectivity

Kinase selectivity of SMK-17 at 1pmol/l was tested
against 233 human kinases by the Kinase Profiler
(Millipore,  /fuztp:/fwww.millipore.comflife_sciences|fix4/ld_kinases
&rabl = 3#tabl = 3:tab2 = 1).

Physicochemical study

JP-1 (aqueous acidic solution, pH 1.2) and JP-2 (neutral
pH solution, pH 6.8) were purchased from Kanto
Chemical (Tokyo, Japan). The sample solution was
assayed using high-performance liquid chromatography
(HPLC) methodologies. Two hundred and fifty micro-
moles per liter of the compound in aqueous CH3;CN
solution [1:1 (v/v)] was prepared to make a calibration
curve. The solubility was determined by comparing the
ultraviolet peak area of the standard solution. The ¢ Log D
values were calculated by CLLOGP software version 4.8.2
(Daylight Chemical Information Systems, Laguna Niguel,
California, USA).

In-silico docking study

The molecular docking study was performed using Glide
version 5.5 (Schrodinger, New York, New York, USA).
The inhibitor was docked flexibly to an allosteric pocket
adjacent to the ATP binding site of MEKI. The
coordinates for the MEK1 were taken from a Protein
Data Bank (PDBID: 3E8N [16]). In this structure, an
allosteric inhibitor is bound adjacent to the ATP. The
inhibitor molecule and water molecules that are unlikely
to be important for ligand binding were deleted. Four
structural water molecules that were bound to the
magnesium ion or the side chain of A208 in the catalytic
site, or the phosphates of the ATP, were preserved. After
docking SMK-17 into the MEK1, energy minimization

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


http://www.millipore.com/life_sciences/flx4/ld_kinases&tab1=3#tab1=3:tab2=1
http://www.millipore.com/life_sciences/flx4/ld_kinases&tab1=3#tab1=3:tab2=1

Table 2 The structure-activity relationship of piperidine sulfamide scaffold for MEK inhibition and solubility screening . 3

A novel selective MEK1/2 inhibitor Kiga et al. 121

Piperidine series

Compound Substitution position R1 R2 MEK1 kinase ICso (nmol/l) pERK in cell ECso (nmol/l)  cLogDq4  Solubilities JP-1/JP-2 (nmol/l)
2 3- HO_ cl 40 360 3.42 -/
3 K F 42 770 -0.22 100/86
4 \(“\ F 270 1500 -0.09 87/77
5 )\u/\ F 50 530 -0.41 91/88
6 N F 34 110 -0.61 91/86
7 4- HO Me 260 900 2.92 -/
8 HO_ F 210 1500 2.45 12/21
9 HO_ cl 210 400 3.39 -/
10 HO_ cl 180 300 3.68 1/2
11 ' Me 290 1800 -0.19 87/80
12 ' F 60 150 -0.65 92/84
13 ' cl 92 52 0.73 88/74
14 o' cl 74 800 0.63 89/61
15 TN Cl 72 190 0.71 -/
16 )\H/ F 33 220 -0.33 74/90
17 (SMK-17) AH/ cl 62 50 0.59 91/77
18 :LN, cl 20 210 0.95 -/

H
19 }N/\/ F 14 130 -0.31 86/78
20 R 41 430 -0.71 /-
21 /njo( cl 210 46 3.64 3/1

All tests were conducted by the same methods as in Table 1.

was performed on the complex with MacroModel version
9.7 (Schrédinger).

Cell culture

Colon 26 cells were provided by the Institute of
Development, Aging, and Cancer, Tohoku University
(Sendai, Japan). Other cell lines used in the experiments
were purchased from American Type Culture Collection,
and they were maintained with the recommended media
supplemented with 10% heat-inactivated fetal bovine
serum (HyClone Laboratories, Thermo Fisher Scientific,
Waltham, Massachusetts, USA).

Western blot analysis
Anti-phospho-ERK  (T202/Y204), anti-phospho-MEK
(S217/221), anti-MEK1, anti-MEK2, anti-phospho-AKT

(S473), anti-AKT; anti-cyclin D1, anti-phospho-S6 ribo-
somal protein (S235/236), anti-S6 ribosomal protein, anti-
phospho-ERK5 (T218/Y220), anti-ERKS5, anti-phospho-
JNK (T183/Y185), anti-JNK, anti-phospho-p38 (T'180/
Y182), anti-p38a, anti-mouse HRP-linked IgG (#7076),
and anti-rabbit HRP-linked IgG (#7074) were from Cell
Signaling Technology. PhosphoSTOP; phosphatase inhi-
bitor cocktail tablets and Complete Mini; and protease
inhibitor cocktail tablets were from Roche Diagnostics
(Indianapolis, Indiana, USA). Cells were seeded in six-
well plates (Corning) 1 day before compound treatment.
Then, the cells were treated with the compound for a
specified period of time. Cells were harvested and lysed
immediately with RIPA buffer (Tris HCI (50 mmol/l), pH
7.5, NaCl (150 mmol/l), NazVO,4 (1 mmol/l), 0.1% SDS,
0.5% deoxycholic acid, 1% IGEPAL CA-630, Phospho-
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Fig. 1
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MEK1 kinase inhibition by SMK-17. (a) The predicted binding mode of SMK-17 with MEK1. View from the N-lobe. For simplicity, only important
residues are shown. The hydrogen bondings and salt bridges are represented by cyan dotted lines. The MEK1 pocket surface is shown as a
transparent gray surface. The figure was generated using Maestro version 9.0. (b) MEK kinase inhibition by SMK-17 at various ATP concentrations.
Phosphorylation of ERK2 induced by MEK1 was detected by the homogeneous time-resolved fluorescence method. The ICsq value for MEK1
inhibition in this assay with 100 umol/l of ATP was 37 nmol/l. The mean value of several independent experiments was 57 nmol/l for MEK1 kinase
inhibition (n=5) and 56 nmol/l for MEK2 (n=2). (c) The Millipore Kinase Profiler data on 233 human kinases indicated that SMK-17 is a selective
inhibitor against hAMEK1 (1000 nmol/l, approximately 18-fold higher than ICso for MEK1). The x-axis shows the percentage of inhibition against a

specific kinase (y-axis). The top 40 kinases are shown in this figure.

STOP tablet, and Complete Mini tablet). Tumor tissues
were harvested from mice and stored at —80°C and
disrupted by grinding for 30's at 2500 r.p.m. twice with a
Multi-Beads Shocker (Yasui Kikai, Shizuoka, Japan) in the
RIPA buffer. After incubation on ice for 30min, the
lysates were centrifuged at 14 000 ¢ for 15 min to clear the
insoluble fragments. The supernatants were used for
western blot analysis. Equal amounts of total protein were
resolved on SDS-PAGE gels and blotted with antibodies
as indicated. The chemiluminescent signal was generated
with Western Lightning Plus (PerkinElmer) and detected

with a LAS-4000 imager (Fujifilm, Tokyo, Japan). The
densitometric quantification of specific bands was
performed using Multi Gauge Software (Fujifilm).

Cell enzyme-linked immunosorbent assay

NIH 3T3 cells were seeded at the appropriate density
(1 x 10° cells/ml/well) on a 24-well flat-bottomed plate
(Corning) and cultured for 24 h. The culture medium was
changed to Dulbecco’s Modified Eagle’s Medium
supplemented with 0.2% FBS. After 24h incubation,
the cells were treated with the compound for 1 h. Then,
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Fig. 2
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Growth inhibition profile of SMK-17. (a) Expression profile of MEK and ERK. Western blot analysis for pERK, ERK, pMEK, MEK1/2, pAKTS473 and
AKT. Glsg values of SMK-17 in a 72-h ATP assay are shown. (b—d) Effects of SMK-17 on the cell cycle and MEK/ERK pathway proteins in colon 26
(b), HT-29 (c), and Panc-1(d). SMK-17-induced and PD184352-induced G1 cell cycle arrest in colon 26 and HT-29 cells. Colon 26, HT-29, and
Panc-1 cells were treated with SMK-17 (1, 10, or 30 umol/l respectively; three-fold to five-fold of Gls for each cell line) or PD184352 for 24 h and
the cell cycle profiles were examined by flow cytometry analysis. The values for cell cycle distribution were derived using MultiCycle software. SMK-
17 affects the expressions of proteins that are critical to G1 phase transition in the cell cycle. Cells were treated with SMK-17 for 24 h, and the cell
lysates were analyzed by western blot using antibodies as indicated. (e) Dose correlation between MEK inhibition and cell cycle arrest on HT-29

cells. Phosphorylation and the total ERK expression after 24-h drug treatment were evaluated with a western blot. The G1 phase population was
examined by flow cytometry analysis.
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Fig. 2 (continued)
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the cells were stimulated with an epidermal growth factor
(EGF; Calbiochem, Merck KGaA, Darmstadt, Germany,
final concentration 10ng/ml) for 5min. The cells were
washed with cold PBS containing Naz;VO, (1 mmol/l) and
fixed with —20°C methanol for 5min. The cells were
treated with blocking buffer (1% BSA, 0.05% Tween20-
PBS) for 1h, and incubated with primary antibodies for
2 h at 4°C. After being washed with 0.05%-Tween20-PBS
twice, HRP-linked secondary antibodies in 1/1000 dilu-
tion was added and incubated at 4°C for 1h. The cells
were then washed three times and the detection
substrate was added (OPD coloring reaction kit from
Sumitomo Bakelite, Tokyo, Japan). The absorbance at
490 nm was then measured with a microplate reader
(Model 3550, Bio-Rad Laboratories, Hercules, California,
USA). In this experiment, ECs values of MEK inhibition
were calculated using the linear regression method. Two
concentrations of each compound, which yielded MEK
inhibitions closest to 50%, were chosen to calculate the
ECs values.

Cell growth inhibition assays

For growth inhibition experiments, cells were plated in
black 96-well plates (Corning) at 1000 cells/100 pl/well.
After 24-h culture, the compound was added and incub-
ated for another 72h. The cell number was measured
using CellTiter-Glo (Promega, Fitchburg, Wisconsin,
USA). Nonlinear curve fitting was performed using
GraphPad Prism 4 from triplicate sets of data.

Cell cycle measurement

The percentage of cells in different cell cycle phases of
division was measured by flow cytometry using propidium
iodide (PI, Sigma-Aldrich) staining of cells [17]. In brief,
tumor cells were treated with SMK-17 for the indicated
time, fixed with 70% ethanol at —20°C, and then stained
with PI (40 pg/ml) and RNase A (0.5 mg/ml) (Wako Pure
Chemical Industries, Osaka, Japan) at 37°C for 30 min. PI
fluorescence was measured with an EPICS XL Flow
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Cytometer (Beckman Coulter, Brea, California, USA) and
analyzed using MultiCycle software (Phoenix Flow
Systems, San Diego, California, USA)

Pharmacokinetic studies

SMK-17 was dosed by oral gavage to tumor-bearing mice.
Three mice of each group were sacrificed after dosing,
and plasma samples were collected and frozen at —20°C
until analysis.

Acetonitrile deproteinized the plasma samples with a
two-fold volume of the sample. The supernatant was
obtained by centrifugation at 15000¢ for 3 min at 4°C.
Plasma concentrations of SMK-17 were determined by
high-performance liquid chromatography analysis with
ultraviolet detection at 280 nm. The mobile phase of
HPLC was 0.5% phosphoric acid/acetonitrile (57/43, v/v)
and the flow-rate was 1ml/min through a YMC-Pack
ODS-A column (A-312, 150 x 6.0 mm 1.D., S-5 um, YMC,
Kyoto, Japan).

In-vivo antitumor study

Specific pathogen-free female nude mice (BALB/cA Jcl-
nu) were purchased from CLEA Japan (Tokyo, Japan).
Female CDF1 mice were from Charles River Japan
(Yokohama, Japan). SMK-17 and PD184352 were sus-
pended in 0.5% methyl cellulose solution (Wako Pure
Chemical Industries), and administered daily to the
animals by gavage (0.1ml/10g body weight). Control
animals received 0.5% methyl cellulose solution for
vehicle control. For the HT-29 study, 2 x 10° tumor cells
were inoculated subcutaneously into the axillar region of
the nude mice on Day 0. Tumor-bearing nude mice were
grouped, and administration of SMK-17 or PD184352 was
started on Day 3. For the colon 26 study, 2 x 10° cells
were inoculated subcutaneously into CDF1 mice on Day
0. Tumor-bearing mice were grouped, and drug treatment
was started on Day 3. Tumor volumes were calculated using
a microgauge (Mitsutoyo, Kawasaki, Japan) according to
the following equation: Tumor volume (mm?®)=
1/2 x (tumor length) x (tumor width)?.

Results and discussion

Potency of diphenyl amine sulfonamide derivatives as
an MEK1/2 inhibitor

In this article, we describe the discovery of the new
derivative series of diphenyl amine sulfonamide as potent
MEK inhibitors. We summarize the optimization of the
sulfonamide modification, which has culminated in the
identification of the potent and highly water soluble
MEK inhibitor, SMK-17 (compound 17 in Table 2). The
goal of this study was to identify a compound that
possessed potent antitumor activity z vivo with high oral
availability, which required high aqueous solubility for
oral absorption and a strong MEK-inhibiting activity. An
HTRF-based kinase assay was used for the primary
screening. Then, phospho-ERK-detecting cell enzyme-
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Fig. 3
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The in-vivo efficacy of SMK-17. (a) After a single oral dose of SMK-17 to colon 26-CDF1 mice, tumors were excised at various time points after

dosing, and the tumor lysates were analyzed by western blot. Administration of SMK-17 at 50 mg/kg achieved phospho-ERK1/2 inhibition in tumors
for 6 h. Significant phospho-ERK1/2 inhibition was observed up to 24 h after dosing in mice treated with 200 mg/kg compared with the untreated
controls. (b) SMK-17 concentration (ug/ml) in the plasma of the drug-treated CDF1 mice after administration. (c) SMK-17 exhibits significant in-vivo
antitumor efficacy that correlates with its inhibition of MAPK signaling in colon26-CDF1 mice. (d) Western blot analysis of MAPKs and AKT signals in
an HT-29 xenograft. (e) In-vivo antitumor activity of SMK-17 on HT-29 xenograft.

linked immunosorbent assay was used to measure the
intracellular MEK activity. The oral absorption of each
compound was predicted by calculating the lipophilicity
(¢Log D) and aqueous solubility.

We identified a novel compound, N-[2-(2-chloro-4-iodo-
phenylamino)-3,4-difluorophenyl]-methanesulfonamide
(compound 1 in Table 1), as an MEK inhibitor in the
above-described screening. It has a sulfamide substituent
that is different from previously reported MEK inhibitors
such as U0126, PD98059, and PD184352. This com-
pound showed weak activity in in-vitro assays and poor
water solubility: less than 0.5 umol/l of solubility in pH
6.8 solution. We adopted compound 1 as the starting
compound and tried to obtain derivatives with improved
potency and aqueous solubility for the development of an
orally absorbable potent MEK inhibitor.

As the first step of modification of the starting
compound, we added the sulfonamide of compound 1

to the hydroxy-piperidine-group. As a result, compounds
2 and 9 in Table 2 showed 17-fold and three-fold
increases in MEK1 kinase inhibition compared with com-
pound 1. As the second step, the terminal piperidine-
sulfamide was added to various polar substituents to
demonstrate the structure—activity relationship of this
substructure. The structure—activity relationship was estab-
lished with two varying positions (R1 and R2 in Table 2).
The activities of the piperidine-sulfamide series indicated
that a substituent for the chlorine group was desired at the
R2 position in cell-based potency rather than for the
fluorine or methyl groups, as evidenced by compounds
7-9, 11-13, 16, and SMK-17. The cell-free activities of
compounds including fluorine at the R2 position (12 and
16) were more potent than those with a chlorine group (13
and SMK-17). This reversal of potency order between cell-
free and cell-based activity is considered to be due to the
cell membrane permeability of these compounds. In
addition, an alkyl-amine substituent at the fourth (para)
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position of R1, which is adopted in compounds 11-19, was
the favorable structure for both cell-free and cell-based
MEK inhibition. In contrast, hydroxy-terminal substituents
such as in compounds 2, 7-10, and 20 were unfavorable. In
particular, an isopropyl-amine at the fourth position (SMK-
17) was the optimal structure for both intracellular and cell-
free MEKI1 kinase inhibition.

A low ¢LogD, which predicts high water solubility, is
required for in-vivo exposure of orally administered drugs.
The ¢LogD of compound 1 is 3.95 and the solubility in
JP-2 (pH 6.8) buffer is less than 0.5 pumol/l. Alkyl-amine-
adopted derivatives (compounds 3-6, 11-19) achieved a
lower ¢ Log D and a higher water solubility in the range of
61-88 umol/l in JP-2 solution, compared with the
piperidinol series (compounds 2, 7-10), in addition to
improvement in in-vitro activities. Adoption of a basic
residue such as alkyl-amine in the R1 position is
considered to contribute to the improvement of the
polar nature and high aqueous solubility.

We observed two significant structure—activity relation-
ships in the compound’s optimization. First, substitution
of alkyl-amine, especially an isopropyl-amine, at the R1
position yielded better profiles of both aqueous solubility
and in-vitro activities. A comparison between the cell-
based MEK inhibitory potencies of compound 9 and its
isopropyl-amine analog (SMK-17) revealed an eight-fold
improvement. The second critical finding was that a

substituent for chlorine was desirable at the R2 position
rather than for fluorine or methyl. Substitution of
chlorine for fluorine at the R2 position of compound 16
results in a four-fold increase in the intracellular MEK
inhibition of SMK-17. The same substitution in the
piperidinol pair (analogs 8 and 9) provides an approxi-
mately three-fold improvement in cell potency. The two
structure—activity relationships advance providing the
benefit of improved aqueous solubility and in-vitro
activity. We finally obtained SMK-17, which has a more
than 100-fold aqueous solubility in JP-2 and 11-fold
strengthened MEK Kkinase inhibition.

Binding mode to MEK1

To understand the characteristics of these derivatives, we
built a docking model of SMK-17 and MEK1 (Fig. 1a).
The predicted binding model showed that SMK-17 binds
to an allosteric pocket adjacent to the ATP-binding site
similar to U0126 or PD325089 [18], which indicates that
SMK-17 is a non-ATP-competitive inhibitor. In addition,
the protonated amine of the alkyl-amine group at the R1
forms salt bridges with the y phosphate of ATP. The
aliphatic carbons of the alkyl-amine substituent have
hydrophobic interactions with M219 and V224 (not
shown in this figure) in the activation segment. This
predicted binding mode supports the structure—activity
relationship that inhibitory activity is well correlated with
the size of the alkyl-amine as shown in Table 2.
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ATP dependency of kinase inhibition

"To confirm the allosteric binding characteristic of SMK-17
predicted in Fig. 1a, we examined the ATP dependence of
MEKTI inhibition by SMK-17 and tested MEK1 kinase
inhibition at various concentrations of ATP from 10 to
1000 umol/l (Fig. 1b). The ATP concentration was found to
have little effect on the MEKI1 inhibition of SMK-17. ICs,
values of SMK-17 for MEK1 kinase were 31.4 (ATP
10 pmol/1), 36.6 (100 pmol/1), and 36.5 nmol/l (1000 pmol/1)
respectively. Thus, SMK-17 was regarded as a non-ATP-
competitive inhibitor of MEKI. These results coincide
with the prediction by the in-silico binding model that
SMK-17 does not exclude ATP from MEKI.

Kinase inhibitory selectivity

SMK-17 was further characterized for its kinase selectiv-
ity with Millipore’s kinase profiler. The screen of 233
protein kinases incubated with 1000 nmol/l of this
compound has been described in Supplement 4.
Figure 1c shows the top 40 kinases, which were inhibi-
ted by SMK-17. MEK1 was the kinase most sensitive to
SMK-17, and was inhibited by 74%. There was no
significant (> 50%) inhibition of any other protein
kinases observed except for MEKI1. Notably, SMK-17
had little effect on MEK1 isoforms, such as MKK4 (29%
inhibition), MKK6 (2%), and MKK7 (32%). The non-
ATP-competitive but allosteric binding mode of this
compound probably contributes to its high selectivity to
MEK1/2.

Despite their allosteric inhibition mode, PD184352 and
U0126 were previously reported to inhibit MKKS as an
off-target [19]. It is supposed that the conformation of
the allosteric pocket of MEK1/2 is similar to that of
MKKS5. However, SMK-17 did not inhibit ERKS phos-
phorylation, which is a substrate of MKK5 in both cell-
based and in-vivo experiments (Fig. 3d and Supplement
1). These results indicated that SMK-17 is a non-ATP-
competitive and highly selective kinase inhibitor of
MEK1/2.

Intracellular MEK and growth inhibition

"To further investigate the intracellular effects of SMK-17,
the antiproliferative effect of SMK-17 was examined
against murine colorectal cancer colon 26, human colo-
rectal cancer HT-29, human pancreas cancer Panc-1, and
human prostate cancer LNCaP. SMK-17 was active in
suppressing cell growth in colon 26 and HT-29 cell lines,
which harbor highly phosphorylated MEK1/2 and ERK1/2.
The Glsg values were 2.0 and 0.34 umol/l, respectively
(Fig. 2a). In contrast, SMK-17 was not effective in tumor
cells, which do not have highly phosphorylated MEK1/2
and ERK1/2, such as Panc-1 and LNCaP cells. As reported
previously with the other MEK inhibitors [20], SMK-17 is
highly effective in suppressing the proliferation of tumor
cells with aberrant activated MAPK pathway signaling,

which is reflected by the phosphorylation levels of MEK1/2
and ERK1/2.

To understand the underlying mechanism of SMK-17
activity on cancer cell proliferation, we analyzed its effect
on the cell cycle progression and cyclin D1 expression in
tumor cells. In responsive cell lines, colon 26 and HT-29
colorectal cancer cells, inhibition of ERK1/2 phosphoryla-
tion by SMK-17 led to a G1 phase cell cycle arrest at an
approximately five-fold concentration of Glsy, 10 pmol/l
in HT-29 and 1 pmol/l in colon 26 (Fig. 2b and c), which
were similar to the effects of PD184352. Correspondingly,
treatment with SMK-17 resulted in the downregulation of
cyclin D1, a key cell cycle regulator for G1-S phase
progression, which is a typical physiological effect of
MEK1/2 inhibitors [10]. It was reported that cyclin D1 is
an unstable protein, with a half-life of approximately
30 min [21]. The amount of cyclin D1 protein decreased
8-16h after MEK was inhibited. The time-lagged
response of cyclin D1 decrease can be explained by two
independent regulatory mechanisms of cyclin D1. Firse,
protein synthesis of cyclin D1 can be translated from the
remaining mRNA. The translation of cyclin D1 does not
stop briefly, although the MEK inhibitor suppresses
MEK-ERK-inducing cyclin D1 transcription activity.
Second, phosphorylation of cyclin D1 at T286 by ERK
enhances its ubiquitination and proteasomal degrada-
tion [22]. Hence, inhibition of MEK-ERK attenuates the
phosphorylation of T286 and the degradation of cyclin D1
protein. Accordingly, inhibition of MEK-ERK results in a
slow decrease in cyclin DI1. A negative feedback
mechanism by ERK, which suppresses upstream of the
ras/raf signal pathway, has been reported in the previous
study [23]. In this report, we observed an increased
phosphorylation of MEK by SMK-17 in HT-29 cells. As
the MEK inhibitor suppressed the activity of ERK
including the negative feedback pathway, SMK-17 was
likely to cause increased MEKI1/2 phosphorylation by
inactivating the negative feedback mechanism.

In contrast, in resistant Panc-1 and LNCaP cells, SMK-17
at the concentration of 30 umol/l did not lead to marked
G1 phase arrest and downregulation of cyclin D1 (Fig. 2d
and Supplement 5). It is possible that proliferation of
resistant cell lines is independent of MEK/MAPK path-
way because these cell lines have phosphorylated S473 of
AKT, which represents PI3K/AKT pathway activation
(Fig. 2a). PI3K-dependent growth of Panc-1 cells are
supported by several reports [24-26]. Our results support
the PI3K pathway-dependent growth of MEK inhibitor-
resistant cell lines. Furthermore, SMK-17 did not induce
apoptosis, as evidenced by the sub-G1 population on flow
cytometry analysis in all four cell lines, even under
conditions of complete MEK inhibition (e.g. 10 pmol/l of
SMK-17 on HT-29 cells). We confirmed that SMK-17 did
not induce apoptosis in these cell lines, which were
monitored with AnnexinV-APC and 7AAD double staining
(data not shown). These results indicated that inhibition
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of MEK/ERK signal pathway is not sufficient to induce
apoptosis in all four cell lines.

To examine whether MEK inhibition of SMK-17 affects
cell cycle arrest directly, we investigated the dose
correlation between cell cycle arrest and intracellular
MEK inhibition. As a result, an inverse correlation was
observed between the intensity of ERK phosphorylation
and an increase in the G1 population (Fig. Ze). Moreover,
SMK-17 selectively inhibited Raf/MEK/ERK pathway
activity in cells while having no effect on the activation
status of other closely related intracellular signaling
molecules such as ERKS, p38, JNK, and AKT (Supple-
ment 1). These results indicated that SMK-17 induced
G1 arrest through intracellular MEK1/2 inhibition as an
on-target effect.

In-vivo antitumor activity

We evaluated the in-vivo efficacy of SMK-17 using the
murine colorectal colon 26 cell syngeneic model in CDF1
mice. Colon 26 cells have a constitutively active K-ras
mutation. After a single oral dose of SMK-17, tumors were
excised at various time points after dosing and the tumor
lysates were analyzed for phospho-ERK1/2 and total ERK
levels. SMK-17 decreased the phospho-ERK1/2 level in
the tumor mass after 50 mg/kg administration for 6h.
Treatment using 200 mg/kg caused a 24-h inhibition
of phospho-ERK1/2 (Fig. 3a and Supplement 2 as
quantification data).

The antitumor activity of SMK-17 was evaluated in the
same model in CDF1 mice. When SMK-17 was adminis-
tered to mice once daily at doses of 50 and 200 mg/kg, the
antitumor activity was observed, from partial tumor
growth inhibition at doses of 50mg/kg to complete
inhibition at 200 mg/kg (Fig. 3c) without significant body
weight loss. In this experiment, PD184352 as a reference
also showed tumor growth inhibition. In this syngeneic
graft model, blood samples were collected from animals
and the drug concentration in the plasma was measured
for pharmacokinetic and pharmacodynamic analyses.
SMK-17 concentrations in the plasma of mice are shown
in Fig. 3b. Complete inhibition of ERK phosphorylation
in tumors was achieved when the plasma drug concentra-
tion was more than 0.83 pg/ml (comparable to 1.4 pmol/l,
M, = 584.8). This minimum effective plasma concentra-
tion is similar to the Glso value of colon 26 cells i vitro.
Administration of 200mg/kg of SMK-17, at which
complete inhibition of intratumor MEK for 24h per
dosing occurs, caused complete inhibition of tumor
growth. These results indicated that continuous exposure
of SMK-17 was necessary for long-lasting inhibition of
intratumor MEK1/2 and complete tumor growth inhibi-
tion in an animal model.

Furthermore, we evaluated the in-vivo pharmacodynamic
study on SMK-17 against the HT-29 human tumor
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xenograft model (Fig. 3d). In this model, SMK-17
showed a dose-dependent phospho-ERK inhibition and
cyclin D1 reduction in tumors 6 h after administration,
similar to in-vitro results. Figure 3d shows that significant
effects on the other signals except for ERK1/2 were not
observed up to 400 mg/kg (e.g. phosphorylation S473 of
AKT, S6, and the other MAPKs). It is suggested that
SMK-17 selectively inhibited Raf/MEK/ERK pathway
activity in the xenograft model. Exposure of SMK-17
in this animal model was similar to that in the colon
26 CDF1 mice model (Supplement 3). No difference in
pharmacokinetics between nude mice and CDF1 mice was
observed. We evaluated the antitumor activity of SMK-17
against this xenograft model. SMK-17 was orally adminis-
tered daily at a dose range of 50-400 mg/kg in tumor-bearing
mice for 25 days and it showed statistically significant tumor
growth inhibition in a dose-dependent manner (Fig. 3e). In
this study, partial tumor growth inhibition was observed at
doses between 50 and 200 mg/kg, and complete inhibition
was observed at 400 mg/kg. No notable adverse effects were
observed in this study.

Conclusion

In conclusion, we found a very potent MEK inhibitor,
SMK-17, from our structure—activity correlation study of
the new derivative series of diphenyl amine sulfonamides.
Kinase profiler and kinetic studies revealed that SMK-17
is a non-ATP-competitive and highly selective MEK1/2
inhibitor. Moreover, SMK-17 exhibited potent antitumor
activity in animal models by oral administration. SMK-17
selectively blocked the MAPK pathway signaling without
affecting other signal pathways both  vizro and n vivo.
These findings suggest that SMK-17 is a useful chemical
biology tool for characterizing the function of MEK/
MAPK signaling both 7 vitro and i vivo.
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