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1. Chapter 1; Introduction to this study   

 



   

 

8 

 

 

1.1 Beginnings of chemotherapy agents  

 Cancers represent one of the leading causes of pathological death in developed countries 

and have the potential to become the number one killer in the first quarter of this 

century1).  Therefore, cancer chemotherapy continues to play an increasingly important 

role in the direct management of malignancies or as an adjuvant drug to surgery and 

radiotherapy.  A variety of agents for cancer chemotherapy have been clinically 

approved.  Although the mode of action (MoA) of many of these agents has only 

recently been understood, the history of cancer chemotherapies dates back into the 

nineteenth century.    

 The history of systematic clinical chemotherapy dates back to the period following 

World War I.  This involved the poison gases known as mustard gases.  The research 

conducted at the US Chemical Warfare Service provided evidence on the effects of 

mustard gases.  In this study, rabbits injected at the maximum tolerated dose (MTD) 

showed a significant decrease in leucocyte numbers after injection, and damage to bone 

marrow was also observed.  This study served to focus on the effect of leucopenia 

regarding the principal constituent of mustard gas, dichloroethyl sulphide.  The 

observed leucopenia was largely a result of the dichloroethyl sulphide causing damage to 

dividing cells, and its potential to control cancers was also investigated.  ASTA Medica 

developed prodrug forms of dichloroethyl sulphide.  This study led to the eventual 

success of nitrogen mustards in established chemotherapy regimens.  To this day, the 

nitrogen mustard is the first clinical candidate, and one of the simplest members of this 

class.  Mechlorethamine is still used for the control of non-Hodgkin lymphoma.  There 

are some structural relative drugs available for clinical use, including cyclophosphamide 
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(employed against leukaemia, lymphoma, breast cancer, lung cancer, prostatic cancer and 

ovarian cancer) and melphalan (approved for multiple myeloma, ovarian cancer and as an 

adjuvant in primary breast cancer management)2).   

 One of the most promising and publicized antitumor agents to be developed in recent 

years is the natural product, paclitaxel (Taxol)3).  This compound was isolated from 

the bark of the pacific yew Taxus brevifolia by NCI.  The MoA of its cytotoxic efficacy 

was discovered in 1979, showing that paclitaxel interacts with intracellular microtubules, 

promoting icrotubule assembly and inhibiting tubulin disassembly4).  The FDA 

approved paclitaxel for the treatment of ovarian cancer in 1992, and in 1994 it was 

approved for treatment against breast cancer, becoming one of the most promising 

anticancer agents to emerge in history1).  However, chemotherapy agents including 

paclitaxel have a bunch of very real problems about adverse effects based on the 

cytotoxicity to human normal cells.    

 

 

1.2 Kinase inhibitors    

 A small molecule kinase inhibitor, imatinib mesylate (Gleevec) had been developed by 

Novartis since 1998.  Imatinib is a one of successful molecular targeted agents, 

commonly called as “Magic bullets” of cancer care based on high selectivity to tumor 

cells.  The clinical success of imatinib in chronic myeloid leukaemia (CML) and 

gastrointestinal stromal tumors (GIST) has established a good exemplar for the treatment 

of tumors whose growth is acutely dependent on specific targets on behalf of cytotoxic 

chemotherapy5).  CML is driven by the mutant kinase fusion protein, Bcr/Abl, which 

leads constitutive activation of the Abl kinase, whereas GIST is caused by activating 
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point mutations in the c-Kit or platelet derived growth factor receptor (PDGFR)-kinases.  

Imatinib selectively blocks the activity of all the above-described kinases and induces 

significant clinical responses in all three situations in a manner that correlates with the 

presence of these mutations in the tumor6).  The development history of representative 

antitumor drugs including paclitaxel and imatinib is summarized in Figure 1.   

 In lung cancer, clinical responses to epidermal growth factor receptor (EGFR) inhibitors 

are associated with point mutations in the EGFR kinase domain7),8).  A clear prediction 

from this experience is that clinical responses to kinase inhibitors occur in tumors bearing 

activating mutations that drive tumor progression.  Extending this paradigm to larger 

numbers of cancer patients required the establishment of kinase mutation frequency in 

human cancer on a much broader scale such as the human genome project9).  Indeed, 

initial efforts from several groups at the Sanger Institute, the Eli & Edythe L. Broad 

Institute, and Johns Hopkins University have found previously unsuspected kinase 

mutations in human tumors10),11),12),13),14). 
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Figure 1 Development history of representative antitumor drugs     
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1.3 MAPK pathway and the molecular target drugs   

 Mitogen-Activated Protein Kinases (MAPKs) are a well-known family of serine/ 

threonine protein kinases that play an important role in many intracellular responses such 

as cell proliferation, survival, differentiation, migration, and apoptosis15).  The 

Extracellular-signal Regulated Kinase 1 and 2 (ERK1/2) are the first characterized 

members of the MAPKs family.  ERK1/2 are activated by a phosphorylation cascade, 

mainly downstream from the receptor tyrosine kinases, the ras protooncogene, raf family 

including BRAF, and MEK1/2.  Activated MEK1/2 catalyzes the phosphorylation of 

ERK1/2.  These MAPKs phosphorylate a variety of substrates, including p90RSK and 

the transcription factor Elk-1, which mainly promote cell growth16), 17) as shown in the 

diagrams in Figure 2.  MEK1/2, also known as MAP2K1 or MKK1/2, are members of a 

large family of dual-specificity kinases (MKK1 - MKK7) that phosphorylate threonine 

and tyrosine residues of various MAPKs18).  The only identified substrates of MEK1/2 

are ERK1/2 thus far.  This tight selectivity suggests that MEK1/2 are essential 

regulators for the MAPK pathway.   

 Constant activation of the MAPK pathway, because of aberrant receptor tyrosine kinase 

activation and ras or BRAF mutations, is frequently found in human cancers and 

represents a major factor in determining abnormal cell growth19).  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)20).  Oncogenic V600E mutations in BRAF have been found in 66% of 

melanomas and 69% of papillary thyroid cancers21),22).  Furthermore, aberrant activation 

of the MAPK pathway correlates with tumor progression and poor prognosis in patients 
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with various cancers23).  Although active mutations of MEK1/2 have not been found in 

major human cancers, the constitutive expression of MEK1/2 is sufficient to induce 

transformation24), 25).  Targeting MEK1/2 with a small molecule inhibitor is a very 

attractive strategy because of the potential to prevent all upstream aberrant oncogenic 

signaling26), 27).  Although previously reported MEK inhibitors, PD184352/CI-1040 and 

PD0325901, have been evaluated in a clinical study, these clinical trials were 

discontinued due to insufficient efficacy and undesirable adverse events28), 29), 30), 31).  As 

it stands now, selumetinib (ARRY142886 / AZD6244) and trametinib (JTP-74057 / 

GSK-1120212) have been evaluated for clinical proof-of-concept (POC).  These 

MEK1/2 inhibitors have shown clinical responses in some patients with malignant 

melanoma and thyroid carcinoma31),32).  However, they have not showed significant 

efficacy in clinical use yet.   
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Figure 2 MAPK pathway and related oncogenic mutations     

 



   

 

15 

 

 

1.4 Wnt/β-catenin pathway    

 Wnt signaling also plays a central role in cell proliferation and differentiation33).  In the 

absence of a Wnt stimulus, β-catenin interacts with axin, glycogen synthase kinase-3β 

(GSK-3β, also called GSK3B as a HUGO gene name), and the adenomatous polyposis 

coli protein (APC).  GSK-3β phosphorylates β-catenin and triggers its ubiquitination 

and degradation by β-Trcp34).  Activation of the Wnt pathway inhibits GSK-3β- 

dependent phosphorylation of β-catenin, then stabilizes β-catenin, which results in the 

hypo-phosphorylated form, translocates to the nucleus and interacts with Transcription 

Factor 7-Like 2 (TCF7L2, also commonly called TCF4).  Then TCF4 leads to the 

increased expression of c-Myc or Cyclin D135), 36) as shown in the diagrams in Figure 3.  

Mutations of β-catenin enhance the stability of β-catenin and subsequent transactivation 

of TCF4, and such transactivation is found in a wide variety of human tumors37).  

Although both MAPK and Wnt/β-catenin signals are very important intracellular 

signaling pathways, their crosstalk is not yet clear.    
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Figure 3 Wnt/β-catenin pathway with or without Wnt stimulation      
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1.5 Predictive biomarker for cancer therapy     

 Biomarkers are indispensable in determining the aggressiveness of each cancer and 

predicting the response to a treatment of molecular targeted drugs.  This is because 

tumors exhibit particular biomarkers, which are responsive to the molecular targeted 

agents.  The representative clinical biomarkers that predict responding tumors, called 

“predictive biomarkers” here, are summarized in Table 1.   

 For example, the HER2/neu amplification is a biomarker indicating a breast cancer 

responding to trastuzumab treatment38).  A mutation of the proto-oncogene c-kit or 

fusion genes of bcr-abl are predictive biomarkers to find responder tumors to imatinib 

treatment39).  Mutations in the tyrosine kinase domain of EGFR (e.g. T790M or L858R), 

a biomarker indicating a responder patient of Non-Small-Cell Lung Carcinoma (NSCLC) 

to EGFR kinase inhibitors such as gefitinib and erlotinib40).   

 All predictive biomarkers in clinical use described above are the “target-related” 

molecules.  Other novel approaches unrelated directly to the drug target or drug 

metabolism may serve as potentially important therapeutic interventions in the treatment 

of cancer patients in the near future.      
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Table 1 Representative predictive biomarkers available in clinical use    

 Drug type  Drug name   Predictive biomarker

 Chemotherapy   Irinotecan  UGT1A1  

 Hormonetherapy  Tamoxifen  CYP2D6 

 Trastuzumab  Her2/neu expression

 Imatinib and sunitinib  c-kit  or bcr-abl

 Crizotinib  EML4-ALK fusion gene

 Gefitinib  EGFR  T790M or L858R mutation

 MEK1/2 inhibitors  BRAFand k-ras  mutation  so far

 Vemurafenib   BRAF  V600E mutation

 EGFR TKIs  k-ras  mutation as a negative marker

 Molecular targeted drug
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1.6 Motivation for this study     

 For the reasons described above, more effective and highly selective MEK1/2 inhibitors 

and more suitable usage, including genotype-based patient selection, than the previously 

reported drugs and indication strategies, are needed for the battlefield of current cancer 

therapy.  The motivation for this study was based on two aspects of my current studies.  

One is a responsibility for drug development as a researcher at a pharmaceutical company.  

The other is the mission to promote the development of biochemical science using a 

“good” compound without any off-target effects.  At the same time, we definitely need 

to propose the best suited ways to use the molecular targeting drugs for each cancer 

patient and treatment.    

 Here I report the arrangement of the evaluation systems for the in vitro MEK1/2 

inhibitor screening and representative potent compounds in Chapter 2.  Next, I provide a 

detailed analysis of one of our MEK1/2 inhibitors, SMK-17 (RCR-5886) in Chapter 3.  I 

reveal that SMK-17 is a hydrophilic, highly selective, and potent MEK1/2 inhibitor with 

a distinctively structured, piperidine sulfamide scaffold.  Moreover, my collaborator, 

Ayako Nakayama and I focus on the predictive marker identification of this compound.  

We show an active β-catenin mutation (i.e. S37A or S45A activating point mutation) as a 

novel predictive biomarker of MEK1/2 inhibitors in Chapter 4.  Finally, I propose a 

method of MEK1/2 inhibitor application to APC mutated tumors in Chapter 5.    
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2. Chapter 2; Creation of potent MEK1/2 inhibitors 
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2.1 Background of Chapter 2 

 The Ras/Raf/MEK/ERK pathway has been extensively studied in cancer biology and its 

relevance for tumorigenesis has been well established as described in Chapter 1.  

Despite many efforts to clarify a cancer therapeutic agent specifically targeting this 

pathway (e.g., Ras, Raf, or MEK1/2 inhibitors), only three compounds, vemurafenib, 

trametinib, and selumetinib, have been improved even though they have issues such as 

rapidly acquired drug resistance for vemurafenib and insufficient antitumor efficacies of 

the MEK1/2 inhibitors in clinical.  Thus, we currently need potent MEK1/2 inhibitors 

for further development of the possibility of pharmacological intervention to the 

aberrational MAPK pathway.    

 In this Chapter, I discuss the the MEK1/2 inhibitor creation process from the screening 

preparation to acquisition of potent MEK1/2 inhibitors.  Firstly, I set up the in vitro 

assay systems for screening MEK1/2 inhibitors.  At the same time, RCR-5523 was 

obtained as a novel compound with a piperidine sulfamide structure in former Sankyo’s 

compound library.  Then, we created and screened 1,004 derivatives of RCR-5523 as a 

lead compound.  Finally, several compounds more potent than Pfizer’s PD184352 in 

MEK1/2 inhibition were obtained.   
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2.2 Results and discussion 

 

2.2.1 Set up of a cell-free assay system   

 For the purpose of screening for MEK1/2 inhibitors as antitumor agents, we established 

MEK1/2 inhibition assay systems in vitro.  I set up the cell-free kinase assay system to 

evaluate inhibitory activities against MEK1 and 2 respectively.  In this assay, I detected 

MEK1/2 induced ERK2 phosphorylation by the Homogenous Time Resolved 

Fluorescence (HTRF) method41).   

 I prepared full length human MEK1 and 2 for kinase reactions, and full length ERK2 as 

the substrate.  For the kinase activities of MEK1/2 and inhibitory activity of PD184352 

as a reference compound, the chemical structure is described in Figure 4, and they were 

evaluated by Western blot analysis (Figure 5).  To improve screening throughput, I 

developed the detection system for ERK2 phosphorylation with HTRF as shown in the 

diagrams in Figure 6.  I have confirmed detection of ERK2 phosphorylated by 

recombinant MEK1 by the HTRF method (Figure 7).  Next, the amount of MEK1 

between 0.1 and 30 ng and ERK2 between 1 and 300 ng were optimized for kinase 

reactions and detection (Figure 8 and Figure 9).  

Finally, the optimal conditions used in the 384-well format were 30 ng of MEK1/2 as an 

enzyme source and 100 ng of ERK2 as a phosphorylated substance for my routine 

screening.    
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Figure 4 Chemical structure of PD184352 as a reference compound    

 

  

 

Figure 5 MEK1/2 induced ERK2 phosphorylation in the cell-free kinase 

reaction  

I confirmed kinase reactions of recombinant human MEK1 and MEK2 proteins that 

induce phosphorylation of ERK2 and MBP as substrates of MEK1 and 2.  

Phosphorylated substrates were detected by Western blot analysis.    
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Figure 6 Diagrams of the detection and reaction systems for MEK1/2 kinase 

reactions using HTRF method    
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Figure 7 Confirmation of detection for MEK1/2 activity by Western blot 

analysis and the HTRF method    

Detection of phosphorylated ERK2 induced by MEK1 or MEK2 was confirmed by the 

HTRF method (A) and Western blot (B) both.      
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Figure 8 Optimization of MEK1 amount for a kinase reaction    

The suitable MEK1 amount in the kinase reaction was confirmed by the HTRF 

method.   

 

 

 

 

 

 

 

 

 

Figure 9 Optimization of substrate amount for a MEK1 kinase reaction    

I also confirmed the suitable ERK2 amount as a substrate in the kinase reaction by the 

HTRF method.  



   

 

27 

 

 

2.2.2 Set up of a cell-based assay system   

 I also developed a cell-based assay system to detect the phosphorylation of ERK1/2, 

which is transiently induced by Epidermal Growth Factor (EGF) stimulation in NIH 3T3 

cells.  Because the previous study demonstrated that NIH 3T3 cells express EGF 

receptors42), I used this cell system.  Inhibition of ERK1/2 phosphorylation by each 

compound was regarded as MEK1/2 inhibitory activities in cells.  EGF stimulation 

induced transient ERK1/2 phosphorylation through the GFR-Ras-RAF- MEK-ERK 

pathway in NIH 3T3 cells.  PD184352 inhibited the intracellular ERK1/2 

phosphorylation (Figure 10).  I set up the cell-ELISA detection system to improve assay 

throughput.  In this assay, I tried to prepare for the protocol briefly summarized below; 

1) The cells were directly immobilized and permeabilized using ice-chilled methanol. 2) 

The immobilized cells were incubated with antibodies to detect intracellular 

phosphorylated ERK1/2. 3) The cells captured by antibodies were collared by the 

reaction of HRP and OPD.  Optimization of the conditions of cell-ELISA detection for 

phosphorylation of intracellular ERK1/2 is shown in Figure 11.  These results 

demonstrated the optimal conditions for the cell-ELISA method, i.e., detection using 

antibody CST #9106 and bovine serum albumin (BSA) -based blocking buffer.  Next, I 

checked for a good correlation between the results of the Western blot analysis and the 

results of cell-ELISA (Figure 12).   
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Figure 10 EGF-induced ERK1/2 phosphorylation in NIH 3T3 cells, and 

inhibitory effect of a MEK1/2 inhibitor     

 

 

 

 

 

 

 

 

 

 

Figure 11 Optimization of detection conditions for phosphorylated ERK1/2 (Cell 

ELISA system)    
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Figure 12 Concentration-dependent inhibitory effect against ERK1/2 

phosphorylation by a MEK1/2 inhibitor in NIH3T3 cells     
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2.2.3 Screening of our compounds    

 We found a patentable, 3-4-difluoro-phenyl-methanesulfoamide compound, RCR-5523 

(the chemical structure is shown in Figure 13) in former Sankyo’s chemical library.   I 

screened 1002 derivatives of RCR-5523 in the screening systems described above.  

Finally, 250 compounds were obtained, which showed IC50 values lower than 100 nM 

(shown in the Appendix data).  In the in vitro screening, we measured the intra-cellular 

MEK1/2 inhibition activity of our compound with a cell-ELISA IC50 value using 

PD184352 as a reference compound for MEK1/2 inhibition.   During the initial stage of 

this approach, we obtained three patentable and potent compounds, RCR-5789, -5885, 

and, -5886 (later referred as SMK-17).  The chemical structures of the compounds are 

shown in Figure 14.  All screening results of our compounds are shown in Appendix.  

We obtained 56 compounds that showed better activity than PD184352.    

 I will describe the detailed relationships between potency and chemical structure for 

representative and selected compounds in the next chapter.    
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Figure 13 Chemical structure of RCR-5523 as a lead compound of the 

derivatization    
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Figure 14 Chemical structures of our representative potent MEK inhibitors   
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2.3 Materials and methods in Chapter 2 

 

2.3.1 Reagents and compounds   

 The reagents used in this study are described below. 

Tris-HCl (Nacalai Tesque, Inc.), ethyleneglycol-bis (beta-aminoethylether)- N,N,N',N'- 

tetraacetic acid (EGTA) ( Sigma- Aldrich Japan K. K.), bovine serum albumin (BSA) 

Fraction V (Sigma-Aldrich Japan K. K.), Na3VO4 (Sigma-Aldrich Japan K. K.), 

MgCl2 (Sigma-Aldrich Japan K. K.), KF (Sigma-Aldrich Japan K. K.), phosphate 

buffered saline (PBS) (Nissui Pharmaceutical Co., Ltd.), ethylenediamine- N,N,N',N'- 

tetraacetic acid, disodium salt, dihydrate (EDTA-2Na), active MEK1 and MEK2 made by 

ourselves according to the previous study43), unphosphorylated ERK2 (recombinant 

protein fused with GST, Upstate Ltd.), adenosine 5'-triphosphate (ATP) (Sigma-Aldrich 

Japan K. K.), anti-phospho ERK1/2 polyclonal antibody #9101 (Cell Signaling 

Technology, Inc.), polyclonal goat anti-rabbit antibody labeled with europium cryptate 

(PAR-K) (CIS Bio International), monoclonal anti GST antibody labeled with XL665 

(Mab GST-XL) (CIS Bio International).  Dulbecco's modified eagle medium (DMEM, 

Sigma-Aldrich Japan K. K.), fetal bovine serum (FBS, Lot AHM9419, HyClone 

Laboratories, Inc.), dimethyl sulfoxide (DMSO, Dojindo Laboratories Co., Ltd.), 

epidermal growth factor (EGF, Calbiochem), methanol (Wako Pure Chemical Industries, 

Ltd), skim milk (DIFCO, Becton Dickinson), a coloring reaction kit with OPD for HRP 

(Sumitomo Bakelite Co.), anti phospho-ERK1/2 monoclonal antibody #9106 (Cell 

Signaling Technology, Inc. ), anti phospho-ERK1/2 polyclonal antibody #9101 (Cell 
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Signaling Technology, Inc.), anti ERK1/2 polyclonal antibody #9102 (Cell Signaling 

Technology, Inc.), anti-mouse IgG HRP-linked #7076 (Cell Signaling Technology, Inc.), 

anti-rabbit IgG HRP-linked #7074 (Cell Signaling Technology, Inc.), Tris-HCl (Nacalai 

Tesque, Inc.), NaCl (high grade, Manac, Inc.), sodium dodecylsulfate (SDS, Wako Pure 

Chemical Industries, Ltd.), glycine (high grade, Nacalai Tesque, Inc.), methanol (high 

grade, Kanto Chemical Co., Inc.), IGEPAL CA-630 (corresponds to Nonidet P-40, 

Sigma-Aldrich Japan K. K.), phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich 

Japan K. K.), deoxycholic acid (Sigma-Aldrich Japan K. K.), Tween 20 (Sigma-Aldrich 

Japan K. K.), glycerol (high grade, Wako Pure Chemical Industries, Ltd.), bromophenol 

blue (Nacalai Tesque, Inc.), acrylamide (Wako Pure Chemical Industries, Ltd.), N,N'- 

methylene-bis (acrylamide)-HG (Wako Pure Chemical Industries, Ltd.), BCA protein 

assay reagent (Pierce Chemical Co.), leupeptin (Sigma-Aldrich Japan K. K.) and 

pepstatin (Sigma-Aldrich Japan K. K.) . 

 All RCR-compounds and PD184352 were synthesized at Exploratory Chemistry 

Laboratories, of the former Sankyo Co., Ltd.  Each compound was dissolved in DMSO 

and added to reaction systems (the final concentration of DMSO was 0.01% in each 

assay).    

 

2.3.2 Cell-free kinase reaction and detection by HTRF 

Kinase reactions were conducted in 50 µl of reaction buffer (50 mM Tris, pH 7.4 - 10 

mM MgCl2 - 2 mM EGTA - 1 mM Na3VO4 -1 mg/ml BSA) containing 100 µM ATP, 24 

ng of active MEK1 or 2, 100 ng of GST fused ERK2 on a 1/2 area-96 well-EIA/RIA plate 

(Corning International K.K.)  After incubation with each compound at 30°C for 30 

minutes, the reactions were stopped by the addition of 25 μl of detection buffer (1M KF- 
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50 mM EDTA- 0.1% PBS) containing 1/500 diluted PAR-K, 1/1000 diluted anti-phospho 

ERK1/2 polyclonal antibody and 1/250 diluted MAb GST-XL. 

After overnight incubation with detection buffer, phosphorylated ERK2 was measured 

by HTRF.  Each sample was irradiated by induction light at 337 nM and the excitation 

light was measured at both 620 nm and 665 nm after a 50 µsecond delay with the 

Discovery HTRF microplate analyzer (PerkinElmer, Inc). The ratio of the 665 nm signal 

to the 620 nm signal was regarded a quantum phosphorylation of ERK2.  Values of 

MEK absent from the negative control wells were taken as the baseline levels in each 

plate. 

In this experiment, IC50 (50% inhibitory concentration) of MEK inhibition were 

calculated using the linear regression method. Two concentrations of each compound, 

which gave MEK1/2 inhibitions above and below closest to 50%, were chosen to 

calculate the IC50 values.  

 

2.3.3 Cell lines 

 Mouse fibroblast NIH 3T3 cells were purchased from the American Type Tissue Culture 

Collection, and were cultured in DMEM supplemented with 10% FBS at 37°C and 5% 

CO2 atmosphere.   

 

2.3.4 Cell ELISA 

 NIH 3T3 cells (1.2 x 104 cells in each well) were seeded in a 24-well flat-bottomed 

plate (Nunc, Thermo Fisher Scientific Inc.) and cultured for 3 days. Culture medium was 

changed with 0.2% FBS-DMEM. After 24 hours of incubation, each compound solution 

in DMSO was added. After 1 hour of incubation with each compound, EGF (final 
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concentration was 10 ng/ml) was added.  Five minutes later, medium was removed and 

washed with cold PBS containing 1 mM Na3VO4, fixed with -20°C methanol for 5 

minutes.  Fixed cells were blocked with blocking buffer (1% BSA -0.05% Tween20 

-PBS or 5% skim milk - 0.05% Tween20 -PBS) for 1 hour, and incubated with primary 

antibodies in 1/1000 dilution for 2 hours at 4°C.  The cells were washed with 

0.05%-Tween20 -PBS twice, and then incubated with HRP-linked secondary antibodies 

in 1/1000 dilution at 4°C. After 1 hour of incubation, the cells were washed 3 times, and 

a color reaction was started with an OPD coloring reaction kit.  Then, the absorbance at 

490 nm was measured with a micro plate reader (Model 3550, Bio Rad).  

 In this experiment, IC50 (50% inhibitory concentration) of MEK inhibition was 

calculated using the linear regression method, the same way as with the cell-free assay.   

 

2.3.5 Western blot analysis   

NIH 3T3 cells were washed once with PBS containing 1 mM Na3VO4 and lysed with 

RIPA buffer (50 mM Tris HCl (pH 7.5) - 150 mM NaCl - 1 mM Na3VO4 - 0.l% SDS - 

0.5% deoxycholic acid - 1% IGEPAL CA-630 - 1 µg/ml leupeptin -1 µg/ml pepstatin - 1 

mM PMSF) for 1 hour at 4°C. After incubation at 4°C, soluble supernatants of lysates 

were obtained by centrifuging them for 10 minutes with 12,000 x g. Protein 

concentrations of lysates were determined by BCA protein assay reagent. 

SDS-polyacrylamide gels were prepared in a mini-slab gel (Nihon Eido Co., Ltd.). 

The gels and buffer were composed of the following: Stacking gel: 125 mM Tris-HCl 

(pH 6.8) - 0.1% SDS in 3% acrylamide solution (acrylamide: N,N'-methylene-bis 

acrylamide=29 : 1) Separating gel: 375 mM Tris-HCI (pH 8.8) - 0.1% SDS in 10% 

acrylamide solution (acrylamide: N,N'-methylene-bis acrylamide=29 : 1) Electrophoresis 
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buffer: 25 mM Tris (pH 8.3) - 250 mM glycine - 0.1% SDS. Before electrophoresis, 

lysates containing 20 µg of proteins were added with x3 SDS sample buffer (150 mM 

Tris-HCl (pH 6.8) - 6% SDS - 0.3% bromophenol blue - 30% glycerol) and boiled for 3 

minutes at 100°C. All of the samples were separated by electrophoresis at 60 V for 3 

hours. 

After electrophoresis, the gels were soaked in Tris-glycine buffer (25 mM Tris - 250 

mM glycine) with 10% methanol and all of the proteins were transferred to 

polyvinylidene difluoride (PVDF) membranes electrically using Mini Trans-Blot Cell 

(Bio-Rad Laboratories). Blotting was performed at 60 V for 2 hours in Tris-glycine buffer 

with 10% methanol. After transferring the proteins, the membranes were subjected to 

blocking for 30 minutes (blocking solution: 5% skim milk - 10 mM Tris HCl (pH 7.5) - 

150 mM NaCl - 0.05% (v/v) Tween 20), and then reacted with either anti-ERK1/2 rabbit 

polyclonal or anti-phospho-ERK1/2 mouse monoclonal antibodies overnight at 4°C. Both 

antibodies were used in 1/1000 dilution. After washing the membranes 3 times for 5 

minutes at room temperature with TBST buffer (10 mM Tris-HCl (pH 7.5) - 150 mM 

NaCl - 0.05% (v/v) Tween 20), they were reacted with horseradish peroxidase-conjugated 

anti-mouse IgG antibody (Cell Signaling Technology) or anti-rabbit IgG antibody (Cell 

Signaling Technology) in 1/1000 dilution for 30 minutes at room temperature. After 

washing the membranes with TBST buffer 6 times, detection was performed by 

chemiluminescence using LumiGlo reagent and X-ray films XAR-5 (Kodak).  
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3. Chapter 3; Analysis of a novel MEK1/2 inhibitor, SMK-17 (RCR-5886)  
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3.1 Background of Chapter 3   

 The derivatives of N-[2-(2-Chloro-4-iodo-phenylamino)-3,4-difluorophenyl] 

-methanesulfonamide as novel MEK1/2 inhibitors were shown in the previous chapter.  

 In this chapter, I describe our discovery of RCR-5886, referred to as SMK-17, to be a 

representative potent MEK1/2 inhibitor with high aqueous solubility among our potent 

compounds.  We evaluated the docking study with MEK1, kinetics study, and kinase 

profiler analysis to confirm the allosteric nature and high selectivity of SMK-17.  

Moreover, in vivo antitumor activities of SMK-17 by oral administration in animal 

models are presented in this chapter.     

 

 

 

3.2 Results and discussion    

 

3.2.1 Potency of diphenyl amine sulfonamide derivatives as a MEK1/2 inhibitor   

 In this chapter, the discovery of the new derivative series of diphenyl amine 

sulfonamide as potent MEK inhibitors is discussed, with an optimization summary of the 

sulfonamide modification, which has culminated in the identification of the potent and 

highly water soluble MEK inhibitor, SMK-17 (referred to as RCR-5886 in Chapter 2, 

compound 17 in Table 2).  The goal of this study was to identify a compound that 

possessed potent antitumor activity in vivo with high oral availability, which required 

high aqueous solubility for oral absorption as well as strong MEK inhibiting activity.  

An HTRF based kinase assay was employed as the primary screening described in the 
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previous chapter.  Then, phospho-ERK detecting cell ELISA was used for measuring 

intracellular MEK activity.  Oral absorption of each compound was predicted by 

calculated lipophilicity (cLogD) and aqueous solubility.   

 We identified a novel compound, N- [2-(2-Chloro-4-iodo-phenylamino) - 3,4- 

difluorophenyl]- methanesulfonamide (called RCR-5523, compound 1 in Table 2) as a 

MEK1/2 inhibitor in the above-described screening.  It has sulfamide substituent 

different to previously reported MEK inhibitors such as U0126, PD98059, and PD184352.  

This compound showed weak activity in in vitro assays and poor water solubility, less 

than 0.5 µM of solubility at pH 6.8 solution.  We adopted compound 1 as a lead 

compound for derivatization and attempted to obtain derivatives with improved potency 

and aqueous solubility for the development of an oral absorbable potent MEK1/2 

inhibitor.    
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Table 2 Identification of a sulfamide compound as a MEK1/2 inhibitor    

    

 
 

MEK1 kinase inhibition, intra-cellular MEK inhibition, cLogD, and aqueous 

solubility assay results of compound 1 and PD184352 as a reference compound. 
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 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, compound 2 and 9 in Table 3 

showed 17- and 3-fold increases in MEK1 kinase inhibition compared to compound 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 established with two varying positions (R1 and R2 in 

Table 3).  The activities of the piperidine-sulfamide series indicated that a substituent of 

the chlorine group was desired at the R2 position in cell-based potency rather than the 

fluorine or methyl group, as evidenced by compounds 7-9, 11-13, 16, and SMK-17.  The 

cell-free activities of compounds including fluorine at the R2 (12 and 16) were more 

potent than activities of the chlorine groups (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.  Additionally, an alkyl-amine substituent 

at the 4 (para) position of R1, which was adopted in compounds 11-19, was the favorable 

structure for MEK inhibition of both cell-free and cell-based activity.  In contrast, 

hydroxy- terminal substituents such as compounds 2, 7-10, and 20 were unfavorable.  In 

particular an isopropyl-amine at the 4 position (SMK-17) was the optimal structure for 

both intra-cellular and cell-free MEK1 kinase inhibition.    

 Low cLogD, which predicts the property of high water solubility, is required for in vivo 

exposure of orally-administered drugs.  The cLogD of compound 1 is 3.95 and the 

solubility in JP-2 (pH 6.8) buffer is less than 0.5 µM. Alkyl-amine adopted derivatives 

(compounds 3-6, 11-19) achieved lower cLogD and higher water solubility, of which the 

range was 61 to 88 μM in JP-2 solution, compared with the piperidinol series 
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(compounds 2, 7-10) in addition to improvement of in vitro activities.  Adoption of 

basic residue such as alkyl-amine in the R1 position is considered to contribute to the 

improvement of the polar character and high aqueous solubility.   

 Summarizing the above, we observed two significant structure-activity relationships in 

the compound optimization. First, substitution of alkyl-amine, especially an 

isopropyl-amine, at the R1 position provides 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 8-fold improvement. 

The second critical finding was that the substituent of chlorine was desired at the R2 

position rather than fluorine or methyl.  Substitution of chlorine for fluorine at the R2 

position of compound 16 gives SMK-17 a 4-fold increase in intra-cellular MEK 

inhibition. The same substitution in the piperidinol pair (analogs 8 and 9) provides about 

a 3-fold improvement in cell potency.  

 The two structure-activity relationships provide the benefit of improved aqueous 

solubility and in vitro activity.  We finally obtained SMK-17, which has more than 

100-fold aqueous solubility in JP-2 and 11-fold strengthened MEK kinase inhibition.   
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Table 3 Structure-activity relationship of piperidine sulfamide scaffold for MEK 

inhibition and solubility screening   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All tests were conducted with the same methods as Table 2.  The table is 

continued on the next page.
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(Table 3 contd.)   
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3.2.2 Binding mode of SMK-17 with MEK1   

 To understand the characteristics of these derivatives, we built a docking model of 

SMK-17 and MEK1 (Figure 15).  The predicted binding model showed that SMK-17 

binds to an allosteric pocket adjacent to the ATP binding site similarly to U0126 or 

PD32508944), which indicates that SMK-17 is a non-ATP-competitive inhibitor.  This 

model predicted a very unique binding mode of DFG-In and HelixαC-Out (a brief 

diagram is shown in Figure 16).  In addition, the protonated amine of the alkyl-amine 

group at the R1 forms salt-bridges with the gamma phosphate of ATP.  The aliphatic 

carbons of the alkyl-amine substituent have hydrophobic interactions with M219 and 

V224 (out-of-sight 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 alkyl-amine as shown in Table 3.   
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Figure 15 Binding mode of SMK-17 with MEK1   

The predicted binding mode of SMK-17 with MEK1 viewed from the N-lobe.  For 

simplicity, only important residues are shown.  The hydrogen bonds 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.   
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Figure 16 Diagrams explaining the binding mode of SMK-17 with MEK1   
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3.2.3 ATP dependency of kinase inhibition of SMK-17   

 To confirm the allosteric binding character of SMK-17 predicted in Figure 15, I 

examined the ATP dependence of MEK1 inhibition by SMK-17.  I tested MEK1 kinase 

inhibition at various concentrations of ATP from 10 to 1000 µM (the concentration curves 

in Figure 17 and the Dixon plot in Figure 18 ).  As a result, ATP concentration had 

minimal effect on the MEK1 inhibition of SMK-17.  The IC50 values of SMK-17 for 

MEK1 kinase were 31.4 (ATP 10 μM), 36.6 (100 μM), and 36.5 nM (1000 μM) 

respectively.  Thus, SMK-17 was regarded as a completely non-ATP-competitive 

inhibitor of MEK1.  These results coincide with the prediction by the in silico binding 

model that SMK-17 does not exclude ATP from MEK1.   
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Figure 17 MEK1 kinase inhibition by SMK-17 in various ATP concentrations    

Phosphorylation of ERK2 induced by MEK1 was detected with the HTRF method.  

The IC50 value for MEK1 inhibition in this assay with 100 µM of ATP represented 37 

nM.  The mean value of several independent experiments was 57 nM for MEK1 

kinase inhibition (n=5), and 56 nM for MEK2 (n=2).    
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Figure 18 Dixon plot demonstrating the non ATP-competitive manner of SMK-17 

to a MEK1 kinase reaction    

The Dixon plot was created by the initial rates of kinase reactions (V as the initial 

velocity in this plot) of the recombinant MEK1 in various concentrations of ATP and 

SMK-17.  Kinase reactions were performed using the same methods as the previous 

figure.     
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3.2.4 Kinase inhibitory selectivity of SMK-17   

 SMK-17 was further characterized for its kinase selectivity with Millipore’s Kinase 

Profiler.  The screen of 233 protein kinases incubated with 1000 nM of this compound, 

which was 18-fold concentration of IC50 to MEK1 (Table 4).  Figure 19 shows the 

Top 40 kinases, which were inhibited by SMK-17.  MEK1 was the most sensitive kinase 

to SMK-17, and was inhibited by 74%.  There was no significant (>50%) inhibition of 

any other protein kinases observed except for MEK1.  Notably, SMK-17 had little effect 

on MEK1 isoforms, such as MKK4 (-29% inhibition), MKK6 (2%), and MKK7 (-32%).  

Non-ATP competitive but an allosteric binding mode of this compound probably 

contributes to the highly selectivity to MEK1/2.   

 Despite their allosteric inhibition mode, PD184352 and U0126 were previously reported 

to inhibit MKK5 as an off-target45).  Conformation of the allosteric pocket of MEK1/2 is 

supposedly similar to that of MKK5.  However, SMK-17 did not inhibit ERK5 

phosphorylation, which is a substrate of MKK5 in both cell-based and in vivo studies.  

These results indicated that SMK-17 is a non-ATP-competitive and highly selective 

kinase inhibitor of MEK1/2.     
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Figure 19 Kinase inhibitory profiling of SMK-17    

The Millipore' Kinase Profiler data showing about 233 human kinases indicated that 

SMK-17 is a selective inhibitor against hMEK1 (1000 nM about 18 fold higher than 

IC50 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.    
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Table 4 All kinase inhibitory activity data concerning inhibition% of each 

human kinase by 1000 nM of SMK-17    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The kinase tests were conducted using the same methods as the previous figure. 
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 (Table 4 contd.)  
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3.2.5 Inhibition of intracellular MEK1/2 and cell growth by SMK-17     

 To further investigate the intra-cellular effects of SMK-17, the antiproliferative effect of 

SMK-17 was examined against murine colorectal cancer colon 26, human colorectal 

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 

harbors highly phosphorylated MEK1/2 and ERK1/2. The GI50 values were 2.0 and 0.34 

µM, respectively (Figure 20).  In contrast, SMK-17 was not effective on tumor cells, 

which do not have highly phosphorylated MEK1/2 and ERK1/2, such as Panc-1 and 

LNCaP cells. As previously reported with the other MEK inhibitor46), SMK-17 is highly 

effective on the proliferation of tumor cells with aberrant activated MAPK pathway 

signaling, which is reflected by the phosphorylation levels of MEK1/2 and ERK1/2.   
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Figure 20 Growth inhibition profile of SMK-17 against tumor cell lines    

Expression profiling was analyzed by Western blot analysis for pERK, ERK, pMEK, 

MEK1/2, pAKT S473, and AKT.  The GI50 values of SMK-17 in a 72 h ATP assay 

are shown.   
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 To understand the underlying mechanism of SMK-17 on cancer cell proliferation, I 

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 

phosphorylation by SMK-17 led to the G1 phase cell-cycle arrest at about 5-fold 

concentration of GI50, 10 µM in HT-29 and 1 µM in colon 26 (Figure 21 and Figure 22, 

which were similar to the effects of PD184352.  Correspondingly, treatment with 

SMK-17 resulted in the down regulation of cyclin D1, a key cell-cycle regulator for G1-S 

phase progression, which is a typical physiological effect of MEK1/2 inhibitors47).  

 It was reported that cyclin D1 is an unstable protein, of which the half-life is about 30 

minutes48).  The amount of cyclin D1 protein decreased 8-16 hours after MEK was 

inhibited.  The time-lagged response of cyclin D1 decrease can be explained by two 

independent regulatory mechanisms of cyclin D1.  First, protein synthesis of cyclin D1 

can be translated from the remaining mRNA.  The translation of cyclin D1 does not stop 

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 degradation49).  Hence, inhibition of MEK-ERK 

attenuates phosphorylation of T286 and the degradation of cyclin D1 protein.  

Accordingly, inhibition of MEK-ERK results slows the decrease of cyclin D1.  A 

negative feedback mechanism by ERK, which suppresses the upstream of the ras/raf 

signal pathway was reported in a previous study50).  In this study, we observed increased 

phosphorylation of MEK1/2 by SMK-17 in HT-29 cells.  As the MEK inhibitor 

suppressed the activity of ERK including the negative feedback pathway, SMK-17 was 
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likely to cause increased MEK1/2 phosphorylation by inactivating the negative feedback 

mechanism.  
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Figure 21 Effects of SMK-17 on cell cycle, MEK/ERK, and cyclin D1 proteins in 

HT-29 cells    

HT-29 cells were treated with SMK-17 (1 µM; 5 fold of GI50 for the cell line) or 

PD184352 for 24 h and cell cycle profiles were examined by FCM 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 analysis using antibodies as indicated.   
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Figure 22 Effects of SMK-17 on cell cycle, MEK/ERK, and cyclin D1 proteins in 

colon 26 cells    

Colon 26 cells were treated with SMK-17 (10 µM, 5 fold of GI50 for the cell line) or 

PD184352 for 24 h and cell-cycle profiles were examined by FCM analysis.  The 

other materials and methods are the same as the previous figure.   
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 In contrast, in resistant Panc-1 and LNCaP cells, SMK-17 at the concentration of 30 µM 

did not lead a marked G1 phase arrest and down-regulation of cyclin D1 (Figure 23 and 

Figure 24).  It is possible that proliferation of resistant cell lines is independent of 

MEK/MAPK pathways because these cell lines have phosphorylated S473 of AKT, 

which represents PI3K/AKT pathway activation (Figure 20).  PI3K dependent growth of 

Panc-1 cells are supported by several reports51),52),53).  Our results support the PI3K 

pathway-dependent growth of MEK inhibitor resistant cell lines.  Furthermore, SMK-17 

did not induce apoptosis as evident by sub G1 population on FCM analysis in all four cell 

lines, even at the conditions of fully MEK1/2 inhibited cells (e.g. 10 µM of SMK-17 on 

HT-29 cells).   

 We also confirmed that SMK-17 did not induce apoptosis on these cell lines which was 

monitored with AnnexinV-APC and 7AAD double staining.  These results indicated that 

inhibition of MEK/ERK signal pathways is not sufficient to induce apoptosis in all four 

cell lines.     
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Figure 23 Effects of SMK-17 on cell cycle, phosphorylated ERK, and cyclin D1 

proteins in Panc-1 cells    

Panc-1 cells were treated with SMK-17 (30 µM) or PD184352 for 24 h and cell cycle 

profiles were examined by FCM analysis. The values for cell cycle distribution were 

derived using MultiCycle software.  SMK-17 did NOT affect the expressions of 

proteins that are critical to the G1 phase transition in the cell cycle in Panc-1 cells.     
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Figure 24 Effects of SMK-17 on cell cycle, phosphorylated ERK, and cyclin D1 

proteins in LNCaP cells   

LNCaP cells were treated with SMK-17 (30 µM) or PD184352 for 24 h and cell cycle 

profiles were examined by FCM analysis.  The other materials and methods are the 

same as the previous figure.  SMK-17 did NOT affect the expressions of proteins that 

are critical to the G1 phase transition in the cell cycle in LNCaP cells.    
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 To examine whether MEK1/2 inhibition of SMK-17 directly affects cell cycle arrest, we 

investigated the dose correlation between cell cycle arrest and intra-cellular MEK1/2 

inhibition using HT-29 cells.  As a result, an inverse correlation was seen between 

intensity of ERK phosphorylation and an increase of G1 population (Figure 25).  

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 ERK5, p38, JNK and AKT in the effective concentration (Figure 26).   

 These results indicated that SMK-17 induced G1 arrest through intracellular MEK1/2 

inhibition as an on-target effect.    
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Figure 25 Concentration-correlation between intracellular MEK1/2 inhibition and 

cell cycle arrest intensity on SMK-17 treated HT-29 cells    

Phosphorylation and total ERK expression after 24 h drug treatment were evaluated 

with Western blot analysis.  The G1 phase population was examined by FCM 

analysis.   
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Figure 26 Western blot analysis for phosphorylated and total ERK5, ERK1/2, and 

AKT proteins    

HT-29 cells treated with indicated concentrations of SMK-17 for 4 h.  The cell 

lysates were analyzed by Western blot analysis using antibodies as indicated.   
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3.2.6 In vivo antitumor activity in an allograft model    

 I evaluated the in vivo efficacy of SMK-17 using the murine colorectal colon 26 cells- 

implanted syngeneic model in CDF1 mice.  Colon 26 cells have constitutively active 

k-ras mutation.  After a single oral dose of SMK-17, the tumors were excised at various 

time points postdosing and the tumor lysates were analyzed for phospho-ERK1/2 and 

total ERK1/2 levels as a pharmacodynamic (PD) study.  SMK-17 decreased the 

phospho-ERK1/2 level in tumor mass after 50 mg/kg administration for 6 h.  Two 

hundred mg/kg treatment caused 24 h lasting phospho-ERK1/2 inhibition (Figure 27 and 

Figure 28 as quantification data).   
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Figure 27 In vivo PD efficacy of SMK-17 on a colon 26 allograft model      

After a single oral administrator of SMK-17 to colon 26- CDF1 mice, the tumors were 

excised at various time points postdosing and tumor lysates were analyzed by Western 

blot analysis.  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 postdosing from mice treated with 200 mg/kg compared to the untreated 

controls.  
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Figure 28 Quantified in vivo PD efficacy of SMK-17 on a colon 26 allograft 

model    

A quantification result from the previous figure is shown.  Inhibition of phospho- 

ERK1/2 in a tumor was calculated as described below.  Phospho-ERK1/2 inhibition 

(%) = [1-(Mean of phospho-ERK intensity) / (Mean of total ERK intensity)] x 100.    
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 The antitumor activity of SMK-17 was evaluated in the same model in CDF1 mice. 

When SMK-17 was administered to mice once daily with doses at 50 and 200 mg/kg, 

antitumor activity was observed, from partial tumor growth inhibition at doses of 50 

mg/kg to complete inhibition at 200 mg/kg (Figure 29) 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 plasma was measured for pharmacokinetic and pharmacodynamic 

(PK/PD) analysis.  SMK-17 concentrations in the plasma of mice are shown in Table 5.  

Complete inhibition of ERK phosphorylation in tumors was achieved when the plasma 

drug concentration was more than 0.83 µg/mL (comparable to 1.4 µM, Mw=584.8).   

 This minimum effective plasma concentration is similar to the GI50 value of colon 26 

cells in vitro.  For administration of 200 mg/kg of SMK-17, at which complete 

inhibition of intra-tumor MEK1/2 for 24 h per dosing occurs, tumor growth was 

completely inhibited. These results indicated that continuous exposure of SMK-17 was 

necessary for long lasting inhibition of intra-tumor MEK1/2 and complete tumor growth 

inhibition in an animal model.   
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Figure 29 In vivo antitumor activity of SMK-17 in a colon 26 allograft model    

SMK-17 exhibits significant in vivo antitumor efficacy that correlates with its 

inhibition of MAPK signaling in colon 26-CDF1 mice.    
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Table 5 Plasma drug concentration in CDF1 mice   

  

 

 

 

 

 

 

SMK-17 concentration (µg/mL) in plasma of drug-treated CDF1 mice after 

single oral administration is shown.   
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3.2.7 In vivo antitumor activity on a xenograft model   

 We evaluated antitumor activity of SMK-17 against a xenograft model using HT-29 

cells.  SMK-17 was orally administered daily at doses ranging from 50-400 mg/kg in 

tumor bearing mice for 25 days and it showed statistically significant tumor growth 

inhibition with a dose-dependent manner (Figure 30).  In the study, partial tumor growth 

inhibition was observed at doses between 50 and 200 mg/kg, and complete inhibition was 

observed at 400 mg/kg. Notable adverse effects were not observed in this study and the 

exposure was similar to the case with CDF1 mice (Table 6).  SMK-17 exhibits 

significant in vivo antitumor efficacy that correlates with its inhibition of MAPK 

signaling (Figure 31).   
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Figure 30 In vivo antitumor activity of SMK-17 on an HT-29 xenograft model    

Oral administration of SMK-17 exhibits significant in vivo antitumor efficacy on an 

HT-29 tumor-bearing mice model.    
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Table 6 Plasma drug concentration in Balb/c-nu/nu (nude) mice   

    

 

 

 

 

The SMK-17 concentration (µg/mL) in plasma of drug-treated Balb/c-nu/nu 

mice 6 h after single oral administration is shown.   
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Figure 31 In vivo analysis of downstream and related proteins of MEK1/2 in the 

SMK-17 administered HT-29 xenograft mice   

SMK-17 exhibits significant in vivo antitumor efficacy that correlates with its 

inhibition of MAPK signaling and its downstream proteins, especially decreasing 

cyclin D1.  
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3.3 Conclusion of Chapter 3    

 We created very a potent MEK1/2 inhibitor, SMK-17, from our structure-activity 

correlation study of new derivative series of diphenyl amine sulfonamide.  The kinase 

profiler and kinetics study revealed that SMK-17 is a completely 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 any other signal pathways both in vitro and in vivo.   

 These findings suggest that SMK-17 is a useful chemical biology tool for characterizing 

the function of MEK/MAPK signaling both in vitro and in vivo.  
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3.4 Materials and methods in Chapter 3   

 

3.4.1 Compounds 

 All compounds shown in this chapter were synthesized in-house, according to the 

procedure described in the patent application (WO2004-083167).    

 

3.4.2 Kinase selectivity   

 Kinase inhibitory selectivity of SMK-17 at 1000 nM was tested against 233 human 

kinases by Kinase ProfilerTM (Millipore Inc.) 

 

3.4.3 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 HPLC methodologies.  Two hundred fifty μM of the compound in aqueous 

CH3CN solution (1:1 (v/v)) was prepared to make a calibration curve.  The solubility 

was determined by comparing the UV peak area of the standard solution.  The cLogD 

values were calculated by CLOGP software version 4.8.2 (Daylight Chemical 

Information Systems, Laguna Niguel, California, USA).   

. 

3.4.4 Docking study of SMK-17 with human MEK1   

 The molecular docking study was performed using Glide version 5.5 (Schrödinger, New 

York, USA).  The inhibitor was docked flexibly to an allosteric pocket adjacent to the 

ATP binding site of MEK1.  The coordinates for the MEK1 were taken from the Protein 
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Data Bank (PDBID: 3E8N [17]).  In this structure, an allosteric inhibitor was bound 

adjacent to the ATP. The inhibitor molecule and water molecules which are unlikely to be 

important for ligand binding were deleted.  Four structural waters which 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 was 

performed on the complex with MacroModel version 9.7 (Schrödinger).   

 

3.4.5 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 (ATCC), and they were maintained 

with the recommended media supplemented with 10% heat-inactivated fetal bovine 

serum (HyClone Laboratories, Thermo Fisher Scientific, Waltham, Massachusetts, USA).   

 

3.4.6 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 

ribosomal protein (S235/236), anti-S6 ribosomal protein, anti-phospho-ERK5 

(T218/Y220), anti-ERK5, anti-phospho-JNK (T183/Y185), anti-JNK, anti-phospho-p38 

(T180/Y182), anti-p38α, anti-mouse IgG HRP-linked (#7076), and anti-rabbit IgG 

HRP-linked (#7074) were obtained from Cell Signaling Technology. PhosphoSTOP; 

phosphatase inhibitor cocktail tablets and Complete Mini; protease inhibitor cocktail 

tablets were purchased from Roche Diagnostics (Indianapolis, Indiana, USA). Cells were 

seeded in 6-well plates (Corning) 1 day before compound treatment.  Then, the cells 
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were treated with the compound for a specified period of time.  Cells were harvested 

and lysed immediately with RIPA buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM 

Na3VO4, 0.l% SDS, 0.5% deoxycholic acid, 1% IGEPAL CA-630, PhosphoSTOP tablet, 

and Complete Mini tablet). Tumor tissues were harvested from mice and stored at -80°C, 

and then disrupted by grinding for 30 sec at 2,500 rpm twice with a Multi-Beads Shocker 

(Yasui Kikai, Shizuoka, Japan) in the RIPA buffer. After incubation on ice for 30 min, the 

lysates were centrifuged at 14,000 G for 15 min to clear 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 an LAS-4000 imager (Fujifilm, Tokyo, Japan, maintained by GE 

Healthcare Japan, Tokyo, Japan).  The densitometric quantitation of specific bands was 

determined using Multi Gauge Software (Fujifilm).   

 

 

3.4.7 Cell cycle measurement    

 For growth inhibition experiments, cells were plated in black 96-well plates (Corning) 

at 1,000 cells / 100 μL/well.  After 24-h culture, the compound was added and incubated 

for another 72 h.  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.   

 

 

 



   

 

82 

 

3.4.8 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 obtained from Charles River 

Japan (Yokohama, Japan).  SMK-17 and PD184352 were suspended in 0.5% methyl 

cellulose solution (Wako Pure Chemical Industries), and given daily to the animals by 

gavage (0.1 mL/10 g body weight).  Control animals received 0.5% methyl cellulose 

solution for vehicle control.  For the HT-29 study, 2 x 106 tumor cell suspension was 

inoculated subcutaneously into the axillar region of the nude mice on Day 0.  

Tumor-bearing nude mice were grouped, and started administration of SMK-17 or 

PD184352 on Day 6.  For the colon 26 study, 2 x 105 cells were inoculated 

subcutaneously into CDF1 mice on Day 0.  Tumor-bearing mice were grouped, and drug 

treatment was started on Day 4.  Tumor volumes were calculated using a microgauge 

(Mitsutoyo, Kawasaki, Japan) according to the following equations: Tumor volume 

(mm3) = 1/2 x (tumor length) x (tumor width)2, T: mean tumor volume of the treated 

animal, C: mean tumor volume of the vehicle-treated animal.    

 

 

3.4.9 Pharmacokinetic studies (drug concentration measurement in vivo)   

 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 -25°C until 

analysis.  

 Acetonitrile deproteinized the plasma samples with a 2-fold volume of the sample.  

The supernatant was obtained after centrifugation at 15,000 G for 3 min at 4°C.  Plasma 

concentrations of SMK-17 were determined using the high-performance liquid 
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chromatography (HPLC) analysis with UV detection at 280 nm. The mobile phase of 

HPLC was 0.5% phosphoric acid / acetonitrile (57/ 43, v/v) and the flow-rate was 

1 mL/min through an YMC-Pack ODS-A column (A-312, 150 x 6.0 mm I.D., S-5 µm, 

YMC, Kyoto, Japan).   
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4. Chapter 4; Predictive biomarker identification for a MEK1/2 inhibitor 

 

 



   

 

85 

 

  

4.1 Background of Chapter 4    

 Several MEK1/2 inhibitors (e.g., PD184352/CI-1040 and PD0325901) have been 

evaluated in clinical study.  However, the clinical outcome as a single agent therapy of a 

MEK1/2 inhibitor has met with limited success.  On the other hand, Wnt/β-catenin 

signaling also plays a central role in cell proliferation and differentiation.  Although 

both MAPK signal and Wnt/β-catenin signal are very important intracellular signaling 

pathways, their crosstalk is not yet clear.    

 In this chapter, we classified human tumor cell lines as either sensitive or resistant to the 

MEK1/2 inhibitor, which was determined by apoptosis induction, not only by growth 

inhibition.  We discusss the unexpected findings that mutated β-catenin in tumor cells 

promoted MEK1/2 inhibitor induced apoptosis.  Our results suggest the possibility of 

the β-catenin mutation as a completely-novel predictive biomarker for the MEK1/2 

inhibitor.    
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4.2 Results and discussion    

 

4.2.1 SMK-17 inhibited cell proliferation in K-Ras or BRAF mutated tumor cell 

lines     

 SMK-17 was a potent and highly selective MEK1/2 inhibitor with IC50 to MEK1 and 2 

as 62 nM and 56 nM, respectively as described in Chapters 2 and 3.  Several studies 

have reported a wide range of sensitivity to the anti-proliferative effects of MEK1/2 

inhibitors.  Because we have confirmed the remarkably highly selective MEK1/2 

inhibition by SMK-17 without any off-targeting kinase, we examined the effect of 

SMK-17 on several types of human tumor cell lines.  As shown in Figure 32, the cell 

lines with the BRAF V600E mutation such as colo-205, SK-MEL-1, HT-29, colo-201 and 

A375 cells were sensitive to SMK-17.  Furthermore, the cell lines with the K-Ras 

(mostly G12V) mutation such as SW480, HCT 116, SW620, LS-174T and OVCAR-5 

cells were moderately sensitive to SMK-17.   

 SMK-17 is found to be highly effective in proliferation of tumor cells with aberrant 

activated MAPK pathway signaling.  Tumor cells harboring BRAF mutations were 

found to be more sensitive to SMK-17 than tumor cells with K-Ras mutations, as 

previously reported with the other MEK1/2 inhibitors46).  These observations can be 

explained by the fact that BRAF mutations could affect MEK1/2 activity directly, as it is 

an immediate upstream effector of MEK1/2, whereas Ras mutations are able to activate 

additional signaling pathways by bypassing MEK.  Furthermore, a previous study 

showed that BRAF mutations predict sensitivity to MEK1/2 inhibition 54).   
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Figure 32 Relative IC50 values for a panel of tumor cell lines harboring several 

oncogenic mutations    

Cells were treated with the MEK1/2 inhibitors, SMK-17 and U0126.  Each cell 

number was determined 72 h after compound treatment.  The IC50 value was 

calculated from dose-response curves as described in Materials and methods.  The 

figure shows the differential growth inhibition pattern against 24 tumor cell lines.  

The Y-axis represents the difference in a logarithmic scale between the mean of Log 

IC50 for 24 cell lines and the Log IC50 for each cell line.   
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 The scatter plots showing the Log IC50 of cell lines mutated in the MAPK pathway 

including K-Ras or BRAF revealed that these cell lines show sensitivity to SMK-17 in a 

comprehensive manner (Figure 33).  We used a similar analysis about the mutation in 

the PI3K pathway including PI3K or PTEN, p53, and Wnt/β-catenin pathway including 

APC or β-catenin.  Significant differences were not observed in the cell lines harboring 

PI3K and p53 gene mutations.  

 Interestingly, SMK-17-sensitive BRAF- and K-Ras-mutant cells can be classified into 

two groups based on the fate of cells following SMK-17 treatment.  One contained 

tumor cells (BRAF mutant A375 and HT-29 cells, and K-Ras mutant SW620 cells) that 

caused cell cycle arrest by SMK-17 treatment, and another one contained tumor cells 

(BRAF mutant colo-201 cells, and K-Ras mutant HCT 116 and LS-174T cells) that 

undergo apoptosis under the condition where the phosphorylation of ERK1/2 was 

inhibited by SMK-17 (Figure 35, an explanation is provided later in this chapter).  

Therefore, it is difficult to predict the precise efficacy of SMK-17 whether it induced just 

cell growth inhibition or apoptosis from the status of mutation of BRAF or K-Ras.   

 On the other hand, we found significant differences in the sensitivities between cell 

lines harboring the Wnt/β-catenin pathway mutant and the rest of cell lines.  Similar 

results were obtained when the other MEK1/2 inhibitor, U0126 was used instead of 

SMK-17 (Figure 34).    
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Figure 33 Scatter plot of IC50 values of SMK-17 for a panel of tumor cell lines 

harboring several oncogenic mutations    

SMK-17 selectively inhibits the proliferation of MAPK mutated tumor cell lines.  

Scatter plots showing the Log IC50 of mutated cell lines and the remaining cell lines in 

the MAPK, PI3K, p53, and Wnt/β-catenin pathways (in a left-to-right fashion).  The 

P values were obtained using Student’s t test for group comparisons with Bonferroni 

correction.  *** in the plots represents P < 0.001.  ** in the plots represents P < 

0.005.   
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Figure 34 Scatter plot of IC50 values of U0126 for a panel of tumor cell lines 

harboring several oncogenic mutations    

Cells were treated with the classic MEK1/2 inhibitor, U0126.  Scatter plots showing 

the Log IC50 of mutated cell lines and the remaining cell lines in the MAPK, PI3K, 

p53, and Wnt/ β-catenin pathways (in a left-to-right fashion).  The P values were 

obtained using Student’s t test for group comparisons with Bonferroni correction.  ** 

in the plots represents P < 0.005.   
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4.2.2 SMK-17 induced apoptosis in active β-catenin mutated cell lines   

 Amongst a representative subset of cell lines showing high sensitivity to SMK-17, less 

than 2.0 μM of IC50, A375, HT-29, HCT 116, colo-201 cells and SW48 cells were 

evaluated against the efficacy of SMK-17 to MAPK pathway, cell cycle, and apoptosis 

induction.  SMK-17 inhibited ERK1/2 phosphorylation, which is reflected as 

intracellular MEK1/2 activity, in all cell lines in a dose-correlation manner (Figure 35).  

Treatment of SMK-17 at 1 μM, which almost completely inhibited ERK1/2 

phosphorylation, induced G1 cell cycle arrest in BRAF V600E mutant A375 and HT-29 

cells (Figure 36).  SMK-17 did not induce apoptosis in BRAF mutant A375 and HT-29 

cells up to 10 μM, as judged from the increase in sub G1 population by flow cytometry 

analysis.  On the other hand, treatment of SMK-17 at the minimum effective 

concentrations for the inhibition of ERK1/2 phosphorylation, induced apoptosis in BRAF 

mutated colo-201 cells and K-Ras mutated HCT 116 cell lines, as observed from the 

detection of cleaved PARP by Western blot analysis.  Apoptotic cell death by SMK-17 

was further confirmed by the detection of sub G1 population in HCT 116 and colo-201 

cells (Figure 36).    
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Figure 35 MEK inhibitor selectively induced apoptosis in β-catenin mutated cell 

lines     

SMK-17 selectively induced apoptosis in β-catenin mutated cell lines such as HCT 

116, colo-201, and SW48 at the lowest effective concentration.  Cells were treated 

with the indicated concentrations of SMK-17.  After 24 h treatment, cell lysates were 

immunoblotted for ERK1/2, phospho-ERK1/2 (p-ERK1/2), cleaved PARP and β-actin 

by Western blot analysis.    
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Figure 36 SMK-17 selectively induced G1 arrest in β-catenin wild type cells and 

apoptosis in β-catenin mutant cells     

Cells were treated with the indicated concentrations of SMK-17.  After 48 h 

treatment, sub G1 or G1 populations were analyzed by flow cytometry.  A percentage 

of the sub G1 population (written in red) is indicated in each histogram.   
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 Moreover, SW48 cell lines that do not carry mutations in either the K-Ras or BRAF 

gene underwent apoptosis under the condition where ERK1/2 phosphorylation is 

inhibited by SMK-17.  These results indicated that the apoptosis-inducing ability of 

SMK-17 is not dependent on the status of the MAPK pathway of tumor cells.  Therefore, 

we focused on the differences among the cell lines showing G1 arrest or apoptosis.  An 

indication of this was the β-catenin status, because cell lines that underwent apoptosis by 

SMK-17 commonly harbored activating mutations of β-catenin.  Dependence of 

SMK-17-induced apoptosis on β-catenin active mutations was further investigated.  

Other cell lines harboring β-catenin active mutations, SK-MEL-1 and LS-174T cells, also 

underwent apoptosis when cells were treated with SMK-17 cells, as judged from the 

increased population of the sub G1 peak (Figure 37), however, cell lines harboring K-Ras 

and APC mutations but not β-catenin active mutations, DLD-1 and SW620 cells, did not 

undergo apoptosis under the condition where ERK1/2 phosphorylation was completely 

inhibited by SMK-17.  Next, we examined whether another MEK inhibitor also 

selectively induced apoptosis in cell lines harboring active mutation of β-catenin.  As 

shown in Figure 38, 1.0 μM of PD184352 completely inhibited ERK1/2 phosphorylation 

and induced cell cycle arrest at the G1 phase in HT29 cells. Similarly, in DLD-1 cells, 

PD184352 also inhibited ERK1/2 phosphorylation without a significant increase in the 

sub G1 population.  On the other hand, PD184352 inhibited ERK1/2 phosphorylation at 

0.3 μM and over concentrations in HCT 116 cells, and induced an increase in the sub G1 

population gradually in a dose dependent manner.  Similar results were obtained in 

SW48 cells, indicating that MEK inhibitors selectively induced apoptosis in cell lines 

harboring active mutations of β-catenin.   
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 Analyzing both, we discovered that a common feature of tumor cells that undergo 

apoptosis following SMK-17 treatment is that they harbor active mutations in β-catenin.  

Mutations in β-catenin of these cells involve the deletion or the exchange of serine and 

threonine residues at the positions 45 and 33; interfering with its efficient ubiquitination 

and degradation in the proteasome55): HCT 116 cells (S45 deletion), SW48 cells (S33Y), 

LS-174T cells (S45F), SK-MEL-1 cells (S33C).  In addition, the cell lines 

colo-201/colo-205 showed a homozygous A-to-G missense transition mutation in codon 

287 in exon 6, resulting in substitution of serine for asparagine (N287S).  Thus, among 

the tumor cells we tested, only β-catenin active mutants, irrespective of the status of 

BRAF or K-Ras mutations, underwent apoptosis by treatment with MEK1/2 inhibitors at 

the minimum effective concentrations for the inhibition of ERK1/2 phosphorylation.  

The requirement of the β-catenin active mutation for SMK-17 induced apoptosis is 

discussed in the following paragraphs.    
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Figure 37 Active mutation of β-catenin is associated with SMK-17 induced 

apoptosis      

Cells were treated with the indicated concentrations of SMK-17. After 24 h treatment, 

total ERK1/2, phosphorylated ERK 1/2 and actin were detected. After 48 h treatment, 

sub G1 or G1 populations were analyzed by flow cytometry. A percentage of the sub 

G1 population (written in red) is indicated in each histogram. 
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Figure 38 Active mutation of β-catenin is associated with PD184352 induced 

apoptosis      

The cells were treated with the indicated concentrations of PD184352. After 24 h 

treatment, total ERK1/2, phosphorylated ERK1/2 and actin were detected. After 48 h 

treatment, sub G1 or G1 populations were analyzed by flow cytometry. A percentage 

of the sub G1 population (red) is indicated in each histogram.   
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4.2.3 Active mutation of β-catenin is associated with SMK-17 induced apoptosis   

 To test the hypothesis that active mutation of β-catenin might be responsible for 

MEK1/2 inhibitor mediated apoptosis, we transfected the active form of β-catenin (S37A, 

S45A) and EGFP expression plasmids in A375 cells harboring wild type β-catenin, and 

evaluated SMK-17 induced apoptotic cell death by the detection of cleaved PARP using 

Western blot analysis.  As shown in Figure 39, forced expression of the active form of 

β-catenin by the expressing vector’s transfection did not affect SMK-17-inhibited 

ERK1/2 phosphorylation but apoptosis was observed following SMK-17 treatment in 

A375 cells.  Moreover, to quantitatively detect early apoptosis and late apoptosis 

induced by SMK-17, the active form of β-catenin/EGFP transfected A375 cells were 

stained with annexin V/APC and 7-AAD, and analyzed by flow cytometry gated on the 

GFP-positive cells.  As shown in Figure 40, SMK-17 did not affect the population of 

annexin V+/7-AAD- cells (early apoptosis) and annexin V+/7-AAD+ cells (late apoptosis) 

up to 10 μM in control GFP expressing A375 cells.  On the other hand, the percentages 

of not only early apoptosis but also late apoptosis were increased in a dose dependent 

manner in the active form of β-catenin expressing A375 cells (at 10 μM SMK-17: 22.0% 

early apoptotic cells and 46.7% late apoptotic cells in the active form of β-catenin 

expressing A375 cells compared to 1.4% early apoptotic cells and 0.7% late apoptotic 

cells in the control GFP expressing A375 cells).  These results indicated that expression 

of the active form of β-catenin would be responsible for SMK-17 induced apoptosis.  
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Figure 39  SMK-17-treated A375 cells with an expression vector encoding active 

β-catenin    

A375 cells were transfected with the control vector or the active form of the β-catenin 

expressing vector.  Transfected cells were treated with DMSO or SMK-17 (1.0, 3.0 

and 10 μM).  After 48 h of the treatment, cell lysates were immunoblotted for 

ERK1/2, phospho-ERK1/2 (p-ERK1/2) and cleaved PARP by Western blot analysis.    
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Figure 40   Accelerated SMK-17 induced apoptosis in A375 cells with an active 

β-catenin expression vector     

A375 cells were transfected with the control vector or the active form of the β-catenin 

vector. Transfected cells were stained with annexin V/APC and 7AAD and analyzed 

by flow cytometry gated on GFP-positive cells.  Annexin V positive cells were 

quantified as apoptotic cells.    
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4.2.4 TCF4 activity is related to MEK inhibitor induced apoptosis in β-catenin 

mutant cell lines   

 To provide evidence that SMK-17 induced apoptosis could be regulated by the 

enhancement of β-catenin dependent transcriptional activation, A375 cells were 

co-transfected with the TOP FLASH56) and Renilla luciferase plasmids as an internal 

control for the luciferase reporter assay57).  The reporter vector- transfected cells were 

treated with recombinant Wnt3a (50 ng/mL), as a ligand for the Wnt/β-catenin pathway, 

for 24 h and luciferase activities were measured.  We observed Wnt3a significantly 

accelerate TCF4 transcription activity in A375 cells (Figure 41).  In these conditions 

with or without Wnt3a treatment in A375 cells, apoptosis induced by SMK-17 was 

determined by Western blot analysis.  As a result, cleaved PARP, which is a 

representative apoptosis indicator, was significantly increased in the combination 

treatment with SMK-17 and Wnt3a compared to the treatment of a single-agent (Figure 

42).    
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Figure 41   Activation of Wnt/β-catenin signaling by Wnt3a treatment in A375 

cells     

A375 cells were co-transfected with the TOP FLASH and Renilla luciferase plasmids 

as a control reporter.  Transfected cells were treated with Wnt3a (50 ng/mL) for 24 h 

and luciferase activity was measured.  TCF4 transcription activities were monitored 

as Wnt signal activities using TOP FLASH/ continuous Renilla luciferase assay (mean 

+ SD, n=6).  The ratio of the firefly luciferase intensity of TOP FLASH to one of the 

continuous Renilla luciferase was regarded as TCF4 transcription activity.   
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Figure 42   Activation of Wnt/β-catenin signaling by Wnt3a induced apoptosis 

in A375 cells     

The cells were treated with DMSO or SMK-17 (10 μM) with or without recombinant 

Wnt3a (50 ng/mL) for 48 h and cell lysates were immunoblotted for ERK1/2, 

phospho-ERK1/2 (p-ERK1/2) and cleaved PARP by Western blot analysis.  Cleaved 

PARP was observed in combination treatment with SMK-17 and Wnt3a.    
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 Furthermore, to confirm that the TCF4 transcriptional activity is involved in SMK-17- 

induced apoptosis, we next examined the effect of TCF4 down-regulation on SMK-17- 

induced cell death in HCT 116 cells harboring an active mutation of β-catenin. As shown 

in Figure 43, TCF4 transcription activity was successfully reduced by DN-TCF4 plasmid 

transfection (from 0.061 to 0.033 in the relative TOP FLASH intensity).  Under this 

condition, transfected cells were treated with SMK-17, and cells were stained with 

annexin V/APC and 7AAD, followed by the analysis of apoptosis using flow cytometry 

(Figure 44).  SMK-17 induced apoptosis in control EGFP expressing HCT 116 cells (at 

10 μM SMK-17: 23.2% annexin V+/7-AAD- and 17.1 % annexin V+/7-AAD+) was 

greatly diminished by the expression of DN-TCF4 (at 10 μM SMK-17: 14.8% annexin 

V+/7-AAD+cells and 3.1% annexin V+/7-AAD+ cells).  Thus, SMK-17 induced 

apoptosis was observed in correlation to TCF4 transcription activity.    

 When taken together, we demonstrated the following; 1) Forced expression of the active 

form of β-catenin in A375 cells harboring wild type β-catenin induced apoptosis 

following SMK-17 treatment. 2) Stimulation of Wnt/β-catenin signaling with Wnt3a 

treatment enhanced the ability of SMK-17 to induce apoptosis in A375 cells. 3) Inhibition 

of β-catenin signaling by the expression of dominant negative TCF4 suppressed SMK-17 

induced apoptosis in HCT 116 cells harboring active β-catenin mutations.  Our results 

were consistent with the other findings that apoptosis mediated by targeted BRAF 

inhibition in melanoma is dependent upon β-catenin58).   



   

 

105 

 

 

 

 

             

 

Figure 43 Expression of DN-TCF4 reduced the Wnt/β-catenin signal in HCT 116 

cells    

HCT 116 cells were transfected with DN-TCF4.  The luciferase measurement was 

monitored through co-transfection with the TOP FLASH and Renilla luciferase 

plasmids.   
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Figure 44 Expression of DN-TCF4 reduced SMK-17 induced apoptosis in 

HCT 116 cells     

HCT 116 cells expressing DN-TCF4 were treated with the indicated concentrations of 

SMK-17 for 48 h and stained with annexin V/APC and 7-AAD. The cells were 

analyzed by flow cytometry gated on the GFP positive cells.   

 

 



   

 

107 

 

 

4.2.5 Involvement of c-Myc-mediated apoptosis gene expression in SMK-17 

induced apoptosis     

 What remained unclear is the mechanism for SMK-17 induced apoptosis selectively in 

cell lines harboring active mutated β-catenin.  Through the interaction with TCF4/LEF 

transcription factors, β-catenin promoted expression of Wnt target genes such as c-Myc, 

Cyclin D2 and CD4459).  There is now strong evidence that increased c-Myc expression 

is a key component of Wnt signaling that regulates the expression of target genes 

involved in diverse cellular processes such as apoptosis, cell cycle progression, cell 

growth and DNA replication60), 61).  Furthermore, c-Myc protein is known to be 

phosphorylated and stabilized by ERK1/262).    

 Then, we focused on the relationship of c-Myc because β-catenin-mediated increase in 

TCF4 transcription activity is involved in SMK-17 induced apoptosis.  We examined the 

possibility of whether SMK-17 induced apoptosis in β-catenin mutant cells is mediated 

by c-Myc, whose promoters are directly activated by TCF4.  For this, HCT 116 cells 

were transiently transfected with c-myc siRNA, and their cell viabilities following 

SMK-17 treatment were examined.  As shown in Figure 45, the silencing of c-Myc 

expression consequently suppressed SMK-17 induced apoptosis, as judged from PARP 

cleavage.  Furthermore, as shown in Figure 46, Wnt3a-induced PARP cleavage in 

SMK-17-treated A375 cells was also inhibited by the knockdown of c-Myc.  These 

results indicated that c-Myc is a key regulator involved in MEK1/2 inhibitor induced 

apoptosis in the active condition of Wnt pathways such as β-catenin mutation or Wnt3a 

stimulation.   

 Nevertheless, c-Myc is confirmed to be responsible for the SMK-17 induced apoptosis 
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in tumor cells harboring β-catenin mutation, because c-Myc knockdown can inhibit 

SMK-17 induced apoptosis not only in β-catenin mutant HCT 116 cells but also in 

Wnt3a-stimulated A375 cells.  The next question to be solved is which c-Myc-mediated 

apoptosis-related proteins contributed to SMK-17 induced apoptosis in tumor cells 

harboring β-catenin mutation.  Several articles demonstrated the involvement of BIM in 

RAF- or MEK-inhibitor induced apoptosis63),64),65),66),67).  BIM is a Bcl-2 homology 

domain 3–only (BH3-only) protein, and is known to bind and inhibit pro-survival Bcl-2 

family members. Expression of BIM was regulated by c-Myc68) and was inhibited by 

BRAF-MEK-ERK signaling in mouse and human melanocytes and in human melanoma 

cells69).    

 Therefore, inhibition of BRAF-MEK-ERK signaling seemed to increase the expression 

levels of BIM, thereby inducing apoptosis in cells.  We also found that SMK-17 induced 

an increase in the expression levels of BIM under the condition where ERK 

phosphorylation was inhibited in β-catenin mutant HCT 116, SW48 and colo-205 cells. 

However, knockdown of BIM failed to suppress SMK-17 induced apoptosis in all cases 

we tested (data not shown, unpublished data by Y. Shikata).  Therefore, c-Myc- 

mediated apoptosis-related proteins other than BIM might be responsible for active 

β-catenin- mediated apoptosis induced by SMK-17.     
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Figure 45 Involvement of c-Myc on SMK-17 induced apoptosis in HCT 116 cells       

HCT 116 cells were transfected with the control siRNA or c-myc siRNA.  

Transfected cells were treated with the indicated concentrations of SMK-17 for 24 h.  

Reduced expression of phospho-ERK1/2 (p-ERK1/2) and c-Myc protein, and 

increased expression of cleaved PARP were confirmed by Western blot analysis.   
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Figure 46 Involvement of c-Myc on SMK-17 induced apoptosis in Wnt3a 

stimulated A375 cells    

A375 cells were transfected with the control siRNA or c-myc siRNA. Transfected cells 

were treated with the indicated concentrations of SMK-17 in the presence or absence 

of Wnt3a (20 ng/mL) for 24 h, and expression of ERK1/2, p-ERK1/2, c-myc, active 

β-catenin and cleaved PARP was detected by Western blot analysis.  
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4.2.6 Apoptosis induction of SMK-17 on β-catenin mutated xenograft models   

Because SMK-17 selectively induced apoptosis in cell lines harboring active mutation of 

β-catenin in vitro, we examined the ability for apoptosis induction of SMK-17 in vivo. 

Active β-catenin mutant tumor cells (SW48 and colo-205 cells) and wild type β-catenin 

tumor cells (A375 and HT-29 cells) were injected subcutaneously into NOD-SCID mice 

(for SW48 cells) or nude mice (for others) to establish xenograft models. Mice were then 

administered SMK-17 or the control vehicle by oral gavage. We confirmed inhibitory 

activities of SMK-17 to intratumor MEK monitored by phosphorylated ERK1/2 after a 

single shot of SMK-17 in SW48 and A375 cells in vivo (data not shown due to space 

limitations).  As shown in Figure 47, tumor regression by daily oral multiple 

administration of half MTD (200 mg/kg) of SMK-17 was observed only in active 

β-catenin mutation xenograft models, SW48 and colo-205. On the other hand, the 

maximum effect of SMK-17 at MTD dosing (400 mg/kg) was just growth inhibition in 

A375 and HT-29 cells expressing wild type β-catenin without significant body weight 

loss. TUNEL staining revealed significant apoptosis induction in SW48 tumor tissues 

from the SMK-17-treated mice, but not the control mice (Figure 48).  In contrast, 

apoptotic cells were not observed in A375 xenograft mice treated with SMK-17.   
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Figure 47 Antitumor activities of SMK-17 in vivo     

SMK-17 induced tumor regression and apoptosis in β-catenin mutated cell lines in 

vivo.  SMK-17 suspensions and control vehicle (0.5% MC) were given orally (po) 

once-daily.   
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Figure 48 Apoptosis induction by SMK-17 administration in a β-catenin mutated 

tumor model in vivo    

SMK-17 induced apoptosis in tumors in vivo.  TUNEL staining results were obtained 

from tumors from xenograft mice 6 h after final oral administration of SMK-17 (q.d. x 

2 days).  Each indicated score (%) is the mean ratio of the apoptotic cells in the tissue 

slices from 4 independent tumor-bearing mice.   
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4.3 Conclusion of Chapter 4   

 We demonstrated that β-catenin mutation accelerates MEK1/2 inhibitor induced 

apoptosis.  Our selective MEK1/2 inhibitor, SMK-17, induced apoptosis in tumor cell 

lines harboring β-catenin mutations at the effective concentration.  To confirm the 

possibility of mutation of β-catenin and mutant β-catenin-mediated TCF4 transcriptional 

activity as a prediction marker of MEK inhibitors, we evaluated the effects of dominant 

negative TCF4 and active mutated β-catenin on MEK inhibitor induced apoptosis.  As a 

result, dominant negative TCF4 (DN-TCF4) reduced MEK inhibitor induced apoptosis. 

In contrast, active mutated β-catenin accelerated MEK inhibitor induced apoptosis.   

 On the other hand, because this study did not clearly identify the key regulator of MEK 

inhibitor induced apoptosis, which shown as “Gene X” in Figure 49, these results 

highlight the need for further studies of the signal crosstalk between MAPK pathway and 

Wnt pathway regarding apoptosis induction.   

 Our findings provide the β-catenin mutation (i.e. S37A or S45A point mutation) as a 

novel and important responder biomarker for the treatment of MEK1/2 inhibitors.    
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Figure 49 Possible mechanism for SMK-17-induced apoptosis and crosstalk 

between Wnt/β-catenin and MAPK pathways    
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4.4 Materials and methods in Chapter 4   

 

4.4.1 Cell lines and cell culture 

 JIMT-1 cells were provided by Deutsche Sammlung von Mikroorganismen und 

Zellkulturen GmbH (DSMZ, Braunschweig, Germany). OVCAR-5 cells were obtained 

from National Cancer Institute (NCI, Bethesda, MD). EC109 were provided from 

Columbia University (USA). MS-1 cells were obtained from Dr. M. Takada in Rinku 

General Medical Center (Osaka). The other cell lines used in the experiments were 

purchased from American Type Culture Collection (ATCC, Rockville, MD) and 

maintained with the recommended media supplemented with 10% heat-inactivated fetal 

bovine serum (HyClone Laboratories, Thermo Fisher Scientific, Waltham, MA). Cells 

were passaged every 2–3 days to maintain exponential growth.   

 

4.4.2 Cell growth inhibition assay    

 For growth inhibition experiments, cells were plated in black 96-well plates (Corning, 

Corning NY) at 1,000-2,000 cells/100 μL/well.  After 24 h culture, the compound was 

added and incubated for another 72 h. The cell number was measured using CellTiter-Glo 

Luminescent Cell Viability Assay (Promega, Madison, WI).  A nonlinear curve fitting 

was performed from triplicate sets of data.   
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4.4.3 Western blot analysis   

 Anti–phospho-ERK 1/2 (T202/Y204), anti–phospho-MEK (S217/221), anti-ERK1/2, 

anti-cleaved PARP, anti-c-Myc, anti-BIM, anti-survivin, anti-mouse IgG HRP-linked and 

anti-rabbit IgG HRP-linked were obtained from Cell Signaling Technology (Danvers, 

MA). Anti-unphosphorylated β-catenin was purchased from Promega. Anti-β-actin was 

purchased from Sigma-Aldrich. PhosphoSTOP; phosphatase inhibitor cocktail tablets and 

Complete Mini; protease inhibitor cocktail tablets were purchased from Roche 

Diagnostics (Indianapolis, IN). The cells were seeded in 6-well plates (Corning) and 

incubated for 1 day before the compound treatment. Then, the cells were treated with the 

compound for the indicated time. The cells were harvested and lysed immediately with a 

RIPA buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM Na3VO4, 0.l% SDS, 0.5% 

deoxycholic acid, 1% IGEPAL CA-630, PhosphoSTOP tablet, and Complete Mini tablet). 

Tumor tissues were harvested from mice and stored at -80°C, and then disrupted by 

grinding for 30 sec at 2,500 rpm twice with a Multi-Beads Shocker (Yasui Kikai, 

Shizuoka, Japan) in the RIPA buffer. After incubation on ice for 30 min, the lysates were 

centrifuged at 14,000 G for 15 min to clear 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, Waltham, MA) and detected 

with LAS-1000 imager (Fujifilm, Tokyo, Japan).  The densitometric quantitation of 

specific bands was determined using Multi Gauge Software (Fujifilm).   
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4.4.4 Cell cycle and apoptosis measurements     

 The percentage of cells in different cell cycle phases including the sub G1 population 

was measured by flow cytometry using propidium iodide (PI, Wako) staining cells.  In 

brief, cells were treated with each compound for the indicated time, fixed with 70% 

ethanol at 4°C, and then stained with 50 µg/mL PI and 10 µg/mL RNase A (Wako) at 

37°C for 20 min. PI fluorescence was measured with an EPICS ALTRA (Beckman 

Coulter, Brea, CA).    

 Detection of early apoptotic cells was determined using an annexin V/APC and 7AAD 

(BD Biosciences, San Jose, CA) according to the manufacturer’s protocol. Briefly, 1 x 

105 cells were exposed to each compound and washed by PBS twice. Then, they were 

incubated at room temperature with annexin V/APC and 7AAD for 15 minutes. Annexin 

V/APC and 7AAD staining cells were enumerated by FACSCanto (BD Biosciences). 

Annexin V/APC positive or negative cells were regarded as apoptotic or non-apoptotic 

cells, respectively.   

 In the vector-transfection experiments, we co-transfected the EGFP expression vector as 

a transfectant marker with DN-TCF4 (Merck Millipore, Billerica, MA) or active-mutated 

human β-catenin (S37A and S45A) expression vectors (made in Daiichi Sankyo Co. Ltd.). 

We gated GFP negative cells on the FCM analysis due to the cut-off results of 

non-transfectant cells.   

 

 

4.4.5 TCF4 reporter and expression vectors   

 We used commercially available TOP FLASH, Renilla Luciferase reporter (Invitrogen 

Life Technologies, Carlsbad, CA), and a DN-TCF4 vector.  Transfection of plasmid 
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vectors was performed using Lipofectamine LTX (Invitrogen Life Technologies) 

according to the manufacturer’s protocol. Reporter activity was measured by Dual-Glo 

Luciferase Assay System (Promega).   

 

 

4.4.6 RNA interference    

 siRNA double-stranded oligonucleotides against c-myc (Dharmacon, Lafayette, CO) and 

non-coding siRNA (Invitrogen Life Technologies) as a negative control were used for 

RNA interference assays. Reverse transfection was demonstrated using RNAiMAX 

(Invitrogen Life Technologies) according to the manufacturer’s protocol.   

 

 

4.4.7 In vivo antitumor experiments    

 Specific pathogen-free female nude mice (BALB/cA Jcl-nu) were purchased from 

CLEA Japan. NOD-SCID mice were purchased from Charles River Laboratories 

International Inc. SMK-17 was suspended in 0.5% methyl cellulose solution (Wako), and 

given daily to the animals by gavage at the volume of 0.1 mL/10 g body weight. Control 

animals received 0.5% methyl cellulose solution for vehicle control. For the SW48 

xenograft study, 1 x 107 cell suspension was injected subcutaneously into the axillar 

region of the NOD-SCID mice on Day 0. For the other tumor cell line’s study, 2 x 106 

cells were injected subcutaneously into female Balb/c-nu/nu mice on Day 0. 

Tumor-bearing mice were grouped according to the tumor volume, and drug 

administration was conducted. The administration volume for each animal was calculated 

based on its recent body weight.  Tumor volumes were calculated according to the 
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following equations: Tumor volume (mm3) = 1/2 x (tumor length) x (tumor width)2. All 

the animal care and experiments were conducted under the standard operational protocol 

of the Daiichi Sankyo’s Institutional Animal Care and Use Committee.   

 TUNEL staining for xenograft tumor tissue was based on the protocol of the TdT-Fragel 

DNA Fragmentation detection kit (Merck Millipore). The tissue sections were viewed at 

100 magnification and images were captured with a digital camera (Olympus, Tokyo, 

Japan). Four fields per section were analyzed, excluding peripheral connective tissue and 

necrotic regions. The total tissue area analyzed in each section was 2.0 mm2.  The areas 

of TUNEL-positive objects were quantified manually.  
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5. Chapter 5; Beyond therapy for β-catenin mutated tumors with MEK1/2 

inhibitors    
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5.1 Background of Chapter 5   

 In the previous chapters, we suggested the usage of MEK1/2 inhibitors to β-catenin 

mutated cell lines.  However, we were still not certain about a suitable therapy for APC 

mutated tumors.  In this study, we used three APC mutant colorectal tumor cells, 

SW480, SW620 and DLD-1 cells: SW480 and SW620 cells have a mutant version of the 

APC tumor suppressor gene, causing a premature termination of the protein at amino acid 

13370),71), and DLD-1 cells have a mutation at codon 1416 of the APC gene and loss of 

the other allele, resulting in constitutively active TCF/LEF72).  β-catenin and APC 

mutations seem to be mutually exclusive, possibly reflecting the fact that both 

components act in the same pathway.  Nevertheless, SMK-17 induced cell death in 

SW480 cells as well as β-catenin mutant cells, but not in SW620 and DLD-1 cells.  

SW480 and SW620 are two colon tumor cell lines established from the same patient with 

different metastatic potentials73) and are well characterized and represent the different 

features between primary and distinct metastatic sites74).    

 Indeed, we found that the expression levels of survivin, an anti-apoptotic protein, are 

significantly higher in SW620 than in SW480 cells (data not shown and unpublished data 

by Y Shikata), and this difference of survivin levels may explain why SW620 cells but 

not SW480 cells are resistant to SMK-17 induced apoptosis.  On the contrary, in DLD-1 

cells, SMK-17 induced neither cell growth inhibition nor apoptosis inhibition.  DLD-1 

expressed a relative higher amount of ERK1/2 protein, but its phosphorylation level was 

quite low.  Therefore, it is possible that proliferation of DLD-1 is independent of 

MEK/MAPK pathways.  Thus, although we do not know at present why the β-catenin 

mutation, but not the APC mutation, could predict sensitivity to MEK inhibitors, TCF4 
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transcription activity is found to be relatively higher in APC mutants than in β-catenin 

mutants.  This difference may influence the balance between c-Myc-mediated 

expressions of pro-apoptotic and anti-apoptotic protein to efficiently affect tumor cell 

survival, therefore moderately enhanced TCF4 activity regulated by β-catenin mutation 

might be required for apoptosis induced by MEK inhibitors.  

 On the contrary, hypothetically, the moderate and suitable TCF4 transcription activity 

may be important to MEK1/2 induced apoptosis because the APC mutated cell line 

harbors hyperactive transcription activity by way of contrast in β-catenin mutated cell 

lines with moderate TCF4 activities (data not shown and unpublished data by A 

Nakayama).    
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5.2 Results and discussion    

 

5.2.1 Manipulation of TCF4 transcription activity in an APC mutated cell line    

 We generated two clones expressing Gene-Switch vectors75) encoding dominant 

negative TCF4 (DN-TCF4) from the DLD-1 tumor cell line harboring mutated APC.  

The vectors of the Gene-Switch system were induced by mifepristone (MFP).  Firstly, I 

confirmed the expression level of DN TCF4 induced by MFP in a dose-correlation 

manner from 0.01 nM to 0.1 nM (Figure 50).      

 Secondly, I monitored TCF4 transcription activity in the two clones using a TOP 

FLASH assay.  MFP treatment from 0.01 nM to 0.1 nM attenuated TCF4 transcription 

activity in DLD1 (Figure 51).  Furthermore, TCF4 transcription activity was not 

affected by SMK-17 treatment.   
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Figure 50  MFP-induced DN-TCF4 expression using a Gene-Switch system in 

DLD-1 cells    

DN-TCF4 encoding in Gene-Switch vectors was induced by MFP treatment in a 

dose-correlation manner in both clones, Clone #2 and #3 of DLD-1 cells.   
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Figure 51  Attenuated TCF4 transcription activity by MFP treatment in 

DN-TCF4 expressing DLD1 cells     

MFP treatment for 24 h induced DN-TCF4 encoding in Gene-Switch vectors and 

attenuated TCF4 transcription activity in DN-TCF4 expressing clone #2 and #3 of 

DLD1 cells.   
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5.2.2 Partial inhibition of TCF4 transcription activity in an APC mutated cell line 

maximized by SMK-17 induced apoptosis     

 We monitored SMK-17 induced apoptosis with or without MFP treatment.  As a result, 

SMK-17 induced apoptosis was maximized in 0.3 nM MFP treatment, which showed 

moderate TCF4 transcription activity (Figure 52).  Furthermore, transfection of active 

β-catenin did not accelerate apoptosis in the DLD1 cell line (Figure 53).   

 

 



   

 

128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52  SMK-17 induced apoptosis was maximized by a low concentration  

treatment of MFP in DN-TCF4 expressing DLD-1 cells     

SMK-17 induced apoptosis was maximized in 0.3 nM MFP treatment, which showed 

moderate TCF4 transcription activity.  
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Figure 53  SMK-17 induced apoptosis was not significantly accelerated by 

overexpression of active β-catenin in DLD-1 cells    

SMK-17 induced apoptosis was not accelerated by active β-catenin.  On the other 

hand, DN-TCF4 with 0.3 nM MFP accelerated SMK-17 induced apoptosis. 
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5.3 Conclusion of Chapter 5    

 Here, I confirmed that moderate TCF4 transcription activity is important for SMK-17 

induced apoptosis.  As I previously described in Chapter 4, apoptosis was induced by 

single treatment of SMK-17 in β-catenin mutated cell lines.  Furthermore, moderate 

TCF4 transcription activity may be suitable for apoptosis also in an APC mutated cell 

line.   

 Although we need further investigation about this possibility and MoA analysis, we may 

use MEK1/2 inhibitors with the inhibitor of a Wnt pathway to maximize the potency of 

MEK1/2 inhibitors.   
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5.4 Materials and methods in Chapter 5   

 

5.4.1 Gene-Switch system to manipulate TCF4 transcription activity    

 We designed a plasmid-based GeneSwitch system (Invitrogen, Thermo Fisher Scientific 

Inc.) and provided mifepristone (MFP) regulated DN-TCF4 expression plasmid.  

DLD-1 cells were cotransfected with both plasmids (pSwitch and pGene-DN-TCF4) and 

then dual-selected with hygromycin B (300 µg/ml) and Zeocin (200 µg/ml) to isolate 

single stable cell lines expressing both the regulatory fusion protein and DN-TCF4. We 

selected highly transfected clones of DLD-1 cells, clone #2 and #3.  Regulation of this 

system was effective at 0.1 to 10 nM of MFP in a dose response manner and provided 

regulated biological responses (suppression of TCF4 transcription activity) in both clones.  

This plasmid-based MFP-inducible GeneSwitch system was used for the investigation of 

suitable intensity of Wnt pathways for MEK inhibitor induced apoptosis.    

 

5.4.2 Other protocol except for the Gene-Switch system     

 The other experiments including apoptosis detection, vector transfection, and cell 

culture were performed using the same methods as described in the previous chapters.   
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6. Chapter 6; Conclusion of this study   
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 Here, we found a very potent MEK1/2 inhibitor, SMK-17, from our 

structure-activity-correlation study of a new derivative series of diphenyl amine 

sulfonamide.  A Kinase profiler and kinetics study revealed that SMK-17 is a 

completely- 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 in vitro and in vivo.  These findings suggest that SMK-17 is a useful 

chemical biology tool for characterizing the function of MEK/MAPK signaling both in 

vitro and in vivo.    

 

 MEK1/2 inhibitors have been evaluated in both preclinical and clinical studies as a 

potential therapeutic option for patients with melanoma carrying the BRAF V600- 

mutation, however, single-agent efficacy has been limited.  Therefore, rational 

combination strategies of MEK1/2 inhibitors with other molecularly targeted drugs are 

expected to lead to greater efficacy.  For example, because several studies have reported 

the indirect crosstalk between Wnt/β-catenin and MAPK signaling76), the combination of 

a MEK1/2 blockade and Wnt pathway modulation has shown synergistic antiproliferative 

effects in both in vitro and in vivo preclinical colorectal tumor models77).   

 

  We clearly demonstrated that β-catenin mutation accelerates MEK1/2 inhibitor induced 

apoptosis.  MEK1/2 inhibitors, not only SMK-17 but also PD184352, induced apoptosis 

in tumor cell lines harboring β-catenin mutations at effective concentrations.  To 

confirm the possibility of mutations of β-catenin and mutant β-catenin-mediated TCF4 
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transcriptional activity as a prediction marker of an MEK1/2 inhibitor, we evaluated the 

effects of dominant negative TCF4 and active mutated β-catenin on MEK inhibitor 

induced apoptosis.  As a result, dominant negative TCF4 (DN-TCF4) reduced MEK 

inhibitor induced apoptosis.  In contrast, active mutated β-catenin accelerated MEK 

inhibitor induced apoptosis.   

 Our findings provide a β-catenin mutation (i.e. S37A or S45A point mutation) as an 

important predictive biomarker to identify the responder tumors for MEK1/2 inhibitors 

(the digested diagrams are shown in Figure 54).   

 Moreover, I discovered that moderate TCF4 transcription activity is important for 

SMK-17 induced apoptosis.  Moderate TCF4 transcription activity may be suitable for 

apoptosis also in the APC mutated cell lines.  I proposed the structure of the relationship 

between Wnt/β-catenin pathway activities and tumor response to MEK1/2 inhibitors 

described in Figure 55.     

 Because β-catenin is mutated in up to 10% of all sporadic colon carcinoma by point 

mutations or in frame deletions of the serine and threonine residues that are 

phosphorylated by GSK3β78), our findings would provide clinical usefulness of the 

MEK1/2 inhibitor as a single agent for patients with tumors carrying active β-catenin 

mutations.    
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Figure 54 Diagram of this study showing the response of MEK1/2 inhibitors of 

tumors harboring oncogenic mutations      
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Figure 55 Proposed machinery of the response of tumor cells with various TCF4 

activities to MEK1/2 inhibitors       
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8.1 Complete potency data of our MEK inhibitors   

 

 This part is described in an added edition due to limitations of space.  More detailed 

information is described in the patent, WO2004-083167.    
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