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Inhibition of mutant KrasG12D–initiated murine pancreatic 
carcinoma growth by a dual c-Raf and soluble epoxide 
hydrolase inhibitor t-CUPM

Jie Liao1,*, Sung Hee Hwang2, Haonan Li1, Yihe Yang1, Jun Yang2, Aaron T. Wecksler2, 
Jun-Yan Liu2, Bruce D. Hammock2, and Guang-Yu Yang1,*

1Department of Pathology, Feinberg School of Medicine, Northwestern University, Chicago, IL, 
60611

2Department of Entomology and Cancer Center, University of California, One Shields Avenue, 
Davis, CA 95616

Abstract

Mutant Kras and chronic pancreatitis are the most common pathologic events involved in human 

pancreatic cancer. It has been demonstrated that c-Raf is responsible for transmitting signals from 

mutant Ras to its downstream signals including MEK-ERK and for initiating carcinogenesis. The 

soluble epoxide hydrolase (sEH), a pro-inflammatory enzyme, generally inactivates anti-

inflammatory and anti-pain epoxyeicosatrienoic acids (EETs). Herein, we have synthesized a 

novel compound of trans-4-{4-[3-(4-chloro-3-trifluoromethyl-phenyl)-ureido]-cyclohexyloxy}-

pyridine-2-carboxylic acid methylamide (t-CUPM) via modifying the central phenyl ring of 

sorafenib and confirmed its dual inhibition of sEH and c-Raf by recombinant kinase activity assay. 

Pharmacokinetic analysis revealed that oral dosing of t-CUPM resulted in the higher blood levels 

than that of sorafenib throughout the complete time course (48 h). The effect of t-CUPM on the 

inhibition of mutant KrasG12D–initiated murine pancreatic cancer cell growth was determined 

using the mouse pancreatic carcinoma cell model obtained from LSL-KrasG12D/Pdx1-Cre mice 

and showed that t-CUPM significantly inhibited this murine pancreatic carcinoma cell growth 

both in vitro and in mice in vivo. Inhibition of mutant Kras-transmitted phosphorylations of 

cRAF/MEK/ERK was demonstrated in these pancreatic cancer cells using Western blot assay and 

immunohistochemical approach. Modulation of oxylipin profile, particularly increased EETs/

DHET ratio by sEH inhibition, was observed in mice treated with t-CUPM. These results indicate 

that t-CUPM is a highly potential agent to treat pancreatic cancer via simultaneously targeting c-

Raf and sEH.
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1. Introduction

Over one-third of human tumors carry an activated mutant Ras oncogene, including human 

pancreatic carcinomas in which more than 90% have the Kras gene mutation [1, 2]. 

However, efforts to directly inhibit Ras posttranslational modifications have thus far been 

unsuccessful. An alternative approach is the development of inhibitors targeting signaling 

pathways downstream of RAS, including the mutant Ras-activated Raf-MEK-ERK pathway. 

b-Raf selective inhibitors block proliferation of b-Raf mutant cells in vitro and in vivo. But, 

surprisingly they are not only ineffective but also paradoxically cause MEK-ERK activation 

in Ras mutant cells [3–5]. Further studies indicate that activation of MEK-ERK pathway in 

the context of mutant Ras requires c-Raf [6]. Using mutant Kras-driven lung tumorigenesis 

in mice, it has been demonstrated that signaling through c-Raf, MEK and ERK, but not b-

Raf, are essential for tumor initiation by mutant Kras, and c-Raf is responsible for 

transmitting signals from mutant Ras to MEK-ERK [6]. Thus, targeting c-Raf would be 

crucial for suppressing mutant Kras activated signaling and tumorigenesis.

Chronic pancreatitis is a well-recognized risk factor for pancreatic cancer [7]. In the process 

of long-standing chronic inflammation, aberrant metabolites of arachidonic acid, particularly 

cyclooxygenase and lipoxygenase mediated metabolites, play crucial role in promoting 

carcinogenesis [8]. The third pathway of arachidonic acid metabolism is cytochrome P450-

mediated epoxygenated and hydroxynated products. Epoxygenated products such as 

epoxyeicosatrienoic acids (EETs) inhibit inflammation through decreasing cytokine-induced 

endothelial cell adhesion molecule (VCAM) and reducing NF-κB and Iκκ kinase activities 

[9]. The soluble epoxide hydrolase (sEH) catalyzes the conversion of epoxyeicosatrienoic 

acids (EETs) into the dihydroxyeicosatrienoic acids (DHETs) and inactivates the EETS anti-

inflammatory activities [10]. sEH inhibitor results in stabilizing EETs and increasing levels 

of EET/DHET ratios and have shown a potent anti-inflammatory activity in various rodent 

inflammatory disease models, mainly via reducing the production of nitric oxide, pro-

inflammatory lipid mediators as well as inflammatory cell infiltration [9, 11, 12].

Sorafenib is a multiple kinase inhibitor, especially for pan-Raf and vascular endothelial 

growth factor (VEGF) receptor kinase inhibitor, and has a dramatic effect in treating highly 

angiogenic malignancies [13]. Recently we have found that sorafenib possesses sEH 

inhibitory activity, which is due to structural similarity with sEH inhibitor trans/-4-[4-(3-

adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB) [13]. To improve the 

inhibitory activity against sEH and c-Raf, we have modified the central phenyl ring of 

sorafenib based on: first, replacement of a phenyl ring with a cyclohexyl ring in t-AUCB 

increases sEH inhibitory activity [14], and second, the structure-activity relationship (SAR) 

study of sorafenib focus on similar planar heterocyclic ring [15]. Such structural 

modification led us to first synthesize cyclohexyl derivatives (trans- and cis-) replacing 

sorafenib, and expect these compound/s having the high potent activities against c-Raf and 

sEH.
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In the present study, we have first synthesize a novel trans-cyclohexyl derivative, called 

trans- trans-5-{4-[3-(4-chloro-3-trifluoromethyl-phenyl)-ureido]-cyclohexyloxy}-pyridine-2 

carboxylic acid methylamide (t-CUPM). t-CUPM contains the relatively flexible cyclohexyl 

ring present in t-AUCB and has the left side of the molecule of a 4-chloro-3-

(trifluoromethyl) phenyl ring and right side of pyridine-2-carboxylic acid methyl amide of 

sorafenib. The effect of t-CUPM against b-Raf, c-Raf and sEH and on inhibiting mutant 

Kras activated Raf-MEK-ERK pathway was examined using sEH enzyme assay, 

recombinant kinase activity assay, and in vitro and in vivo mouse pancreatic ductal 

carcinoma cell model derived from LSL-KrasG12D/Pdx1-Cre mice. Pharmacokinetic (PK) 

profiles of t-CUPM and its comparison with sorafenib and t-AUCB were analyzed in mice. 

Using a unique mutant Kras–driven murine pancreatic carcinoma cells, the effects of t-

CUPM on inhibiting pancreatic carcinoma cell growth and mutant Kras–activated signals 

and on modulation of oxylipin metabolic profile using LC-MS/MS approach were further 

analyzed in vivo in mice.

2. Materials and methods

2.1. t-CUPM Synthesis and Recombinant Kinase Activity Assay

The detailed synthetic procedures and methods of t-CUPM were described in the 

supplementary data. t-AUCB was also synthesized with our previously published method 

[14]. Sorafenib (free base) was purchased from LC Laboratories (Worburn, MA).

sEH enzyme assay followed our previous published method[14]. Recombinant kinase 

activity assay of b-Raf and c-Raf was performed using the ADP-Glo™ Kinase Assay 

(Promega, Madison, WI) as described by the manufacturer. IC50 values were calculated by 

quantifying the end-point ADP production from each kinase reaction. Individual data sets 

were performed in duplicate and each IC50 was determined by three separate experiments. 

The data were fit to a saturation curve using KaleidaGraph graphing program (Synergy 

Software) to determine the inhibition at 50% activity (IC50).

2.2. Analysis of Effect of t-CUPM, Sorafenib, and t-AUCB on Mouse Pancreatic Carcinoma 
Cell Growth in vitro and in vivo

The mouse pancreatic ductal carcinoma cell line (PK03) was established from our lab that 

derived from the LSL-KrasG12D/Pdx1-Cre mice [16]. Pdx1-Cre recombined or activated 

mutant KrasG12D gene was confirmed with PCR assay using genomic DNA extracted from 

the cell line. The expression of cytokeratin-19, amylase, and E-cadherin was determined 

immunocytochemically.

The colony formation assay was performed to determine effect of t-CUPM on inhibiting 

PK03 cell growth in dose dependent manner. Giemsa staining was used to highlight the 

colony, the cell cluster for more than 50 cells was considered as a colony. PK03 cells were 

further treated with t-CUPM, sorafenib or t-AUCB at a final concentration of 3, 10 or 30μM 

for 24 hours. The cells were harvested and cell lysate was used for extracting protein and 

western blot assay.
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For in vivo PK03 cell growth in C57 B6/J mice, PK03 cells (3×106 cells per 100ul per 

mouse) were injected subcutaneously to two hind legs of 8- to 10-week-old mice. t-CUPM, 

sorafenib or t-AUCB was administered to mice in the drinking water in the dose of 10mg/kg 

body weight (n=5 mice/group). Animals were fed with AIN93M diet until the end of 

experiment. Food and water consumption, and body weight were monitored weekly. Mice 

were housed under pathogen-free conditions in the facilities of Laboratory Animal Services, 

Northwestern University. All studies were conducted in compliance with the Northwestern 

University IACUC guidelines. Tumor development was monitored daily. Mice were 

sacrificed at the end of 35 days when tumor size reached to 1 cm in diameter. Blood and 

plasma were collected via heart acupuncture after euthanized by CO2 and stored in a −80°C 

freezer until analysis. Tumors were dissected and measured for size (length and width) and 

weight. Tumor volume was determined using the equation V (mm3) = L*W2/2, Tumors 

were then fixed in 10% buffered formalin and processed for paraffin sections for 

histopathological and immunohistochemical analyses.

Immunohistochemical staining was performed according to our routine protocol using an 

avidin-biotin-peroxidase method [16]. The primary antibodies include rabbit polyclonal anti-

myeloperoxidase (MPO) (Abcam, Cambridge, MA, USA.), mouse monoclonal anti-Ki-67 

antibody (Calbiochem, Gibbstown, New Jersey, USA), and rabbit monoclonal anti-phospho-

ERK1/2 (Cell Signaling Technology, Boston, MA, USA) antibody. The appropriate 

biotinylated secondary antibody and avidin-biotin-peroxidase complex (Vector Lab, 

Burlingame, CA, USA) were used for detecting antigen–primary antibody complex. A 

characteristic brown color was developed by incubation with 3,3-diaminobenzidine substrate 

chromogen system (Sigma-Aldrich, St. Louis, MO, USA). The negative control was 

established by replacement of primary antibody with normal serum, and an appropriate 

positive control was used for each primary antibody. Positive cells and staining intensity 

were quantified for all antibodies using a Olympus BX45 microscope and DP70 digital 

Camera. The full image of each pancreas was snapped under X2.5 and X20 objective lens 

and saved with >2560 resolution image. Using ‘histogram analysis’ in the Photoshop 

program, specific staining intensity and percentage of positive staining cell number in total 

cells counted were be measured for at least 10 defined area/image in each tumor and 

automatically expressed as mean value ± SD.

2.3. Protein Extraction and Western Blot Assay

Freshly harvested pancreases or cultured cell pellets were homogenized and lysed in ice-

cold RIPA lysis buffer (Santa Cruz). The lysates were separated by centrifugation at 12,000 

× g for 5 minutes at 4°C; the supernatants were collected and aliquot. All protein 

concentrations were determined using the Bradford reagent (Thermo Scientific, IL, USA). 

An aliquot (30μg protein/lane) of the tissue lysate was separated by 10% SDS-PAGE gel, 

and then the proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane. 

The primary antibodies included antibodies against c-Raf, MEK, ERK and their 

phosphorylated form protein, and all of these antibodies were from Cell Signaling 

Technology (Boston, MA, USA). The membranes were further incubated with HRP-linked 

anti-rabbit IgG and HRP-linked anti-biotin antibodies (Cell Signaling Technology). The 

protein-antibody complexes were detected by using the chemiluminescent substrate 
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according to the manufacturer’s instructions and the emitted light captured on X-ray film. 

The intensity of each band was analyzed using ‘histogram analysis’ in the 

Photoshopprogram.

2.4. Pharmacokinetic (PK) Study of t-CUPM, Sorafenib, and t-AUCB in Mice

Male Swiss Webster mice (10-week-old, 30–35 g) were used for PK studies. Equal amount 

of sorafenib, t-AUCB and t-CUPM was dissolved in oleic acid-rich triglyceride containing 

10% PEG400 (v/v) to give a clear solution for cassette oral administration at a dose of 1 

mg/kg body weight (N=3). Blood (10 μL) was collected from the tail vein using a pipette tip 

rinsed with 7.5% EDTA(K3) at 0, 0.5, 1, 1.5, 2, 4, 6, 8, 24 and 48 h after administration of 

the inhibitors. Each blood sample was immediately transferred to a tube containing 50 μL of 

water containing 0.1% EDTA. After being mixed strongly on a Vortex for 1 min, all 

samples were stored at −80 °C until analysis.

The extraction of these inhibitors from blood was performed by a slight modification of a 

previous method [17]. The blood concentrations of compounds were determined using a 

HPLC-MS/MS method which was validated to assure acceptable accuracy and precision 

(accuracy more than 95% with RSD less than 10%). Analytes were detected by negative 

mode electrospray ionizations tandem quadrupole trap mass spectrometry in multiple 

reaction-monitoring mode (MRM) on a Trap 4000 Mass Spectrometer (ABI, Milford, MA). 

The parameters of MS condition were the same as presented previously [17]. The precursor 

and dominant product ions used to set up the transition monitored in the MRM mode were 

463.1 and 194 for sorafenib, and 469.1 and 194 for t-CUPM, respectively.

2.5. Analysis of Oxylipin Metabolic Profile Using a Liquid Chromatography/Tandem Mass 
Spectrometry (LC-MS/MS) Method

Plasma specimens were spiked with 10 μL of 50 nM internal standard (d11-14, 15-DHET, 

d11-11(12)-EET, d4-PGE2, d4-LTB4, and d8-5-HETE) and were extracted by solid phase 

extraction using Oasis HLB cartridges (3cc 60mg, Waters, Milford, MA). LC-MS/MS 

analysis of oxylipins was performed using a modified method based on the previous 

publication [18]. An Agilent 1200 SL liquid chromatography series (Agilent Corporation, 

Palo Alto, CA) with an Agilent Eclipse Plus C18 2.1 × 150 mm, 1.8 μm column were used 

for the separation of the oxylipins. The detailed procedures were described in the 

supplemented data.

2.6. Statistical Analysis

Each analyzed parameter was expressed as Mean ± SD, unless otherwise stated. Continuous 

variables were compared with the Student’s t-test, whereas categorical variables were 

compared with Chi-square test. All statistical tests were two-sided, statistical significance 

was taken as p<0.05.
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3. Results

3.1. Inhibitory activity of t-CUPM, c-CUPM, Sorafenib and t-AUCB on sEH, c-Raf and b-
RafV600E

Chemical synthesis of cyclohexyl derivatives (trans- and cis-) replacing sorafenib including 

t-CUPM and c-CUPM was described in our supplementary data; and the chemical structures 

and similarity of t-CUPM, sorafenib, and t-AUCB were shown in Fig. 1A. Inhibitory effect 

on sEH, c-Raf and b-RafV600E were determined using the enzyme and kinase activity 

assays and summarized in Table 1. t-CUPM exhibited the most potent effect on inhibiting 

the sEH activity with IC50 of 0.5 ± 0.2 nM, and the similar inhibitory effect as sorafenib on 

c-Raf with IC50 of 75 ± 5 nM, but much less effect on b-Raf inhibition with IC50 of 1 ± 0.1 

μM. t-AUCB and c-CUPM only displayed the activity against sEH, but no effect on c-Raf 

and b-Raf.

Because c-Raf X-ray crystal structure complexed with sorafenib is not available, we 

manually docked t-CUPM and c-CUPM of b-Raf X-ray crystal structure complexed with 

sorafenib (PBD number: 1UWJ) and further overlapping with c-Raf [3], as shown in Fig. 

1B. While trans-isomer (t-CUPM) matched well with sorafenib, cis-isomer (c-CUPM) 

showed dramatic changes at the active site due to non-planner cyclohexyl group at the 

center. As expected, c-CUPM totally lost inhibitory activities against both Raf enzymes 

(IC50 > 5 μM). It has been found that numerous interactions are formed between the b-Raf 

and sorafenib, and residues that contact sorafenib are conserved in c-Raf [19]. While t-

CUPM keep c-Raf inhibitory activity [75 nM vs. 45 nM], surprisingly its b-Raf inhibitory 

activity decreased dramatically (1 μM vs. 13 nM) as compared to sorafenib. While two 

enzymes are extremely well-conserved, the DFG motif [DFG (asp-phe-gly) motif which is 

conserved among most of proteins belonging to the kinase protein family and located in the 

activation loop] in both b-Raf and c-Raf were shifted, which might contribute to dramatic 

decrease on b-Raf inhibition by t-CUPM via constricting its active site compare to c-Raf.

3.2. Pharmacokinetic (PK) profiles of t-CUPM, t-AUCB and Sorafenib in Mice

The blood levels of t-CUPM, t-AUCB and sorafenib were analyzed following cassette oral 

administration to mice at a dose of 1 mg/kg body weight of each compound using a HPLC-

MS/MS. Oral dosing of t-CUPM resulted in the higher blood levels than that of t-AUCB and 

sorafenib throughout the complete time course (48 h), as seen in the Fig. 2. The major PK 

parameters based on a non-compartmental analysis were summarized in Table 2, and 

revealed that t-CUPM had significantly higher Cmax and AUCt than Sorafenib and t-AUCB, 

but similar Tmax and t1/2 to that of sorafenib.

3.3. Inhibition of murine pancreatic carcinoma growth in vitro and in vivo by t-CUPM, 
sorafenib and t-AUCB

Mouse pancreatic ductal carcinoma cell line (called PK03) was derived from the pancreas of 

6 month-old LSL-KrasG12D/Pdx1-Cre mice, and has been cultured in vitro for more than two 

years and with more than 50 passages [16]. PK03 cells expressed E-cadherin and 

cytokeratine 19 (CK19) immunocytochemically, but not amylase (Fig. 3A); and western blot 

assay further demonstrated these biomarker expression in PK03 cells (Fig. 3A bottom 
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photo), indicating pancreatic ductal epithelium origin. PK03 cell line displayed a 

tumorigenetic feature with tumor formation when it was inoculated subcutaneously into 

C57BL/6J wild type mice (data not shown). A dose-dependent inhibitory effect on PK03 

cell growth by t-CUPM, sorafenib and t-AUCB was observed with IC50 dose of 8.1 μM for 

t-CUPM, 9.0 μM for sorafenib, and >50 μM for t-AUCB using colony formation assay (Fig. 

3B). Western blot assay showed that the phosphorylation of MEK1/2 and ERK1/2 (mutant 

Kras-activated signals) were significantly inhibited by t-CUPM and sorafenib treatment in a 

dose-dependent manner, but not by t-AUCB, as shown in Fig. 3C. Further Western blot 

assay demonstrated that the phosphorylation of c-RAF (mutant Kras-activated signal) was 

significantly inhibited by t-CUPM treatment in a dose-dependent manner, but not by 

sorafenib or t-AUCB, as shown in Fig. 3D.

To determine the effect of t-CUPM, t-AUCB, and sorafenib on tumorigenesis in vivo, we 

injected 3 × 106 cells of PK03 cells (n = 5/group) into both sides of hind limbs in C57 B6/J 

mice. 10mg/kg body weight of each compound was administered to mice. Since the test for 

maximum tolerant dose in mice showed 50 mg/kg did not have any toxicity (data not show) 

and pharmacokinetic study showed an excellent plasma levels of these three compounds for 

single oral dose of each compound (1 mg/kg), a dose of 10mg/kg body of each compound 

was used for this anti-tumorigenesis study. When tumor size reached to 10mm in diameter at 

the end of 5 weeks, the experiment was terminated. The tumors were removed from the 

sites, and were measured and weighted. The tumors treated by t-CUPM were significantly 

smaller in size (275.9 ± 68.9 mm3 vs. 582.7 ± 10.5.6 mm3, p < 0.03), and in weight (0.25 ± 

0.06 g vs. 0.52 ± 0.07 g, p < 0.01 by Student t-test) than the PK03 control, but not t-AUCB, 

and sorafenib treated tumors, as seen in Fig. 4.

3.4. Inhibition of cell proliferation, inflammation and mutant kras activated phosphorylated 
ERK signals by t-CUPM, sorafenib and t-AUCB

Histopathologic and immunohistochemical approaches were further used to analyze cell 

proliferation, inflammation and mutant Kras activated phosphorylated ERK signals in the 

tumor treated with these compounds. As seen in Fig. 5, compared to PK03 control tumors, 

tumors treated with t-CUPM, t-AUCB, and sorafenib exhibited more glandular 

differentiation with lumen formation and less inflammatory cells reaction in the tumor 

adjacent to the normal tissues (Fig. 5). To further determine the inflammatory cell reaction 

to the implanted tumor, active inflammatory cells or neutrophils labeled by myeloperoxidase 

(MPO) immunostaining were analyzed immunohistochemically. MPO-labeled neutrophils/

macrophages were frequently observed in the tumor adjacent to normal tissues and rare 

positive cells were seen within tumor (Fig. 5). The number of MPO-labeled neutrophils/

macrophages per high power field (40X objective lens) (at least ten fields each tumor slide) 

was counted. Compared to PK03 tumors, the significant decreased MPO-labeled 

neutrophils/macrophages were observed in the tumors treated with t-CUPM, t-AUCB, and 

sorafenib (average 32 ± 9.9 vs. 12.4 ± 6.1, 14.3 ± 7.2, or 15.1 ± 9.8, P< 0.05 by Student t-

test). Numerous Ki-67-labled proliferative cells were identified in the PK03 tumors, and the 

markedly decreased Ki-67-labeled proliferative cells were observed in the tumors treated 

with t-CUPM (Fig. 5). The semi-quantitative analysis showed that the proliferation index 

(percentage of Ki-67-positive cells in the total cells counted) was significantly decreased in 
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the tumors treated with t-CUPM (28 ± 9.2% vs 59 ± 9.7% in the PK03 control tumors, 

p<0.05 by Student t-test), but not t-AUCB, and sorafenib treated tumors. A decreased 

positive staining intensity of phosphorylated ERK1/2 was also identified in the tumors 

treated with t-CUPM and sorafenib compared to PK03 control tumors, but not t-AUCB 

treated tumors (Fig. 4). Immunohistochemical staining intensity of phosphorylated ERK1/2 

were quantitatively analyzed for at least 10 snapped images (under X20 objective lens) of 

each tumor (n = 3 mice/group) in Photoshop. Compared to PK03 control tumors, the 

significant differences in staining intensity of phosphorylated ERK1/2 were observed in the 

tumors treated with t-CUPM or sorafenib (123 ± 17.7 vs. 60 ± 19.2 or 63 ± 21.2, p<0.05 by 

Student t-test), but not t-AUCB treated tumors.

Immunohistochemical staining for COX-2 and VEGF was further performed on the tumors 

tissues. There were no differences in the COX-2 and VEGF immunostaining intensity in the 

tumor cells observed on t-CUPM, sorafenib and t-AUCB treated tumors tissues compared to 

non-treated tumor tissues (data not shown).

3.5. Modulation of plasma oxylipin metabolic profile by t-CUPM, sorafenib and t-AUCB in 
mice implanted with PK03 Pancreatic Cancer Cells

To determine the sEH inhibitory effect by t-CUPM, plasma oxylipin metabolic profile was 

analyzed using a LC-MS/MS approach. The metabolic profile of both omega-6 and omega-3 

fatty acids particularly focused on epoxide metabolites for EETs/DHETs and EpoME/

DiHom ratio as biomarkers of sEH inhibition. As seen in Fig. 6, the most significant effects 

on enhancing epoxide metabolites (the ratios of EETs/DHETs and EpoME/DiHom) derived 

from both omega-6 fatty acids including linoleic acid (LA) and arachidonic acid (AA) and 

omega-3 fatty acids including alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) were observed in t-CUPM treated mice, compared to the 

control mice and the mice treated with t-AUCB and Sorafenib. The detailed serum levels of 

free oxylipins in mice implanted PK03 pancreatic carcinoma treated with or without t-

CUPM, t-AUCB and Sorafenib were summarized in a Table in the supplementary data. In 

addition, the effect on cyclooxygenase and lipoxygenase mediated metabolites were 

analyzed including prostaglandins, thromboxane, leukotrienes, and hydroxyicosatetraenoic 

acid (HETE). There was no significant difference observed in the mice treated either t-

CUPM, t-AUCB or Sorafenib.

4. Discussion

Inhibition of mutant Kras-activated signaling pathway/s and crucial inflammatory event/s is 

considered the most promising approach for cancer chemoprevention, particularly for 

pancreatic cancer [1, 20]. In the present study, we have reported a newly synthesized and 

novel compound of t-CUPM and demonstrated its dual inhibitory activity against c-Raf and 

proinflammatory enzyme sEH, and significant inhibition of mutant KrasG12D-driven murine 

pancreatic carcinoma growth both in vitro and in vivo. At a clinically achievable plasma 

concentration of 10 μM for sorafenib [21], both t-CUPM and sorafenib showed comparable 

IC50 dose (8.1 μM and 9.0 μM, respectively) for inhibiting growth of mutant KrasG12D-

transformed mouse pancreatic carcinoma cells PK03 in vitro, and further demonstrated the 

inhibitory effect on phosphorylated MEK-ERK signals at this dose range. In vivo study 
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demonstrated that t-CUPM at dose of 10mg/kg body weight in drinking water had a 

significant inhibition of pancreatic carcinoma growth in mice subcutaneously implanted 

PK03 cells, but not same dose of Sorafenib or t-AUCB.

Our previous PK study for sEH inhibitor t-AUCB with 1 mg/kg body weight in mice shows 

that it is orally bioavailable with significant value of Cmax 150 ± 23 nM and AUCt (nM*h) 

1380 ± 300; at this dose range it is highly efficient on inhibiting sEH activity and LPS-

induced systemic inflammation [17]. Same dosing of t-CUPM resulted in the higher blood 

levels than that of sorafenib and t-AUCB, and the Cmax was greater than 2 fold IC50 of c-Raf 

inhibition and > 390 fold of IC50 of sEH inhibition. Four (35 days –Five weeks) weeks 

treatment with t-CUPM did not produce any toxic effect in mice grossly and 

histopathologically. Thus, t-CUPM has the significantly higher Cmax and AUCt than 

sorafenib and t-AUCB, indicating it may be a more potent and highly potential for 

translating into animal and clinical studies.

Mutant Ras impairs the intrinsic GTPase activity, leading to persistent activation of the 

Raf/MEK/ERK pathway, which results in cell proliferation and immortalization [22]. The 

mutant Kras-transformed mouse PK03 pancreatic ductal carcinoma cell line is a parallel in 

vitro and in vivo cell model of LSL-KrasG12D/Pdx1-Cre mice with a persistent activation of 

Raf/MEK/ERK pathway. Using this unique PK03 carcinoma cell line, we have 

demonstrated that t-CUPM significantly inhibits both in vitro and in vivo tumor growth and 

mutant Kras-activated phosphorylated-MEK1/2 and ERK1/2. Similar inhibitory effect was 

also observed in the PK03 cell line treated with pan-Raf inhibitor sorafenib in vitro, but not 

sEH inhibitor t-AUCB. These results indicating t-CUPM has high potential to translate into 

clinical trial to inhibit Kras-initiated carcinogenesis.

sEH plays a critical role in regulatory cascades influenced by epoxide-containing lipids. The 

endogenous sEH substrates are predominantly anti-inflammatory EETs, including 8,9-, 

11,12- and 14,15-EET[9, 12]. Epoxide hydrolysis not only eliminates the biological activity 

of EETs, but also produce pro-inflammatory dehydro metabolites[23]. With enzyme activity 

assay, we have demonstrated t-CUPM is a most potent sEH inhibitor with IC50 0.5 ± 0.2 

nM. Extensive metabolic profile analysis demonstrated that t-CUPM was the most 

significant increase of the ratios of EET/DHET and EpoME/DiHom in both Omega-6 and 

Omega-3 fatty acid, indicating its sEH inhibiting activity. Recent studies indicated that ω-3 

PUFAs are predominantly metabolized by CYP epoxygenase/s, leading to an accumulation 

of ω-3 epoxy fatty acid (ω-3 epoxides) including 17,18-epoxyeicosatetraenoic acid (EEQ) 

derived from EPA and 19,20-epoxydocosapentaenoic acid (EDP) from DHA [24–26]; and 

ω-3 PUFAs are poor substrates of COX and LOX [27–29]. Functional studies indicate that 

ω-3 epoxides are highly potent metabolites responsible for anti-inflammatory/carcinogenic 

actions, possibly via targeting inflammatory signals and MAP kinase [30–33]. Our study 

showed t-CUPM significantly increased omega-3 epoxide metabolites, implying this effect 

is at least partially corresponding to its anti-tumor growth.

In summary, with a reasonable oral-bioavailability and dual inhibitory activities of sEH and 

c-Raf, t-CUPM is a very promising reagent to translate into animal experiment and clinical 

trial in future for preventing and treating the lethal malignant disease of pancreatic cancer.
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Highlights

Findings demonstrated a newly synthesized compound, t-CUPM, was a dual small 

molecule inhibitor of c-Raf and proinflammatory enzyme soluble epoxide hydrolase and 

had high potential for inhibiting Kras-initiated carcinogenesis.
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Fig. 1. 
A. Chemical structures of t-CUPM, sorafenib, and t-AUCB. B. Superposition of the 

compounds sorafenib (blue), t-CUPM (yellow), and c-CUPM (red) docked in the active site 

of b-Raf V600E (cyan) and comparison with c-Raf (green).
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Fig. 2. 
Blood concentration - time courses of t-CUPM, t-AUCB and sorafenib after cassette oral 

administration to mice at the dose of 1 mg/kg body weight. Each point represents the mean ± 

s.d. of three mice.
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Fig. 3. Inhibition of cell growth and MEK-ERK activation by t-CUPM, sorafenib and t-AUCB in 
the mutant Kras-transformed mouse pancreatic ductal carcinoma cell line PK03 in vitro
A: PK03 cell lines showing CK19 and E-Cadherin expression with no expression of amylase 

by immunocytochemistry assay (upper panel) and by Western blot assay {bottom photo, 1. 

Molecular weight control (Mt), 2. Cytokeratin-19, 3. Mt, 4. E-Cadherin, 5. Mt, 6. Amylase}; 

B: A dose-dependent inhibitory effect on cell growth by t-CUPM, sorafenib and t-AUCB in 

PK03 cell line using colony formation assay; and C: A dose-dependent effect on inhibiting 

phosphorylation of MEK1/2 and ERK1/2 in PK03 cell line treated with t-CUPM, sorafenib 

and t-AUCB using Western blot approach. D: A dose-dependent effect on inhibiting 

phosphorylation of c-RAF in PK03 cell line treated with t-CUPM, sorafenib and t-AUCB 

using Western blot approach.
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Fig. 4. Inhibition of in vivo PK03 pancreatic carcinoma cell growth by t-CUPM in mice
Subcutaneous inoculation of 5×106 PK03 cells into the hints of mice and further treated with 

or without t-CUPM, t-AUCB or Sorafenib (10mg/kg body weight in drinking fluid) (n=5 

mice for each treatment). Histogram of average tumor sizes. Results were reported as mean 

± SD. The statistically significant difference was labeled in the figure (p<0.05).
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Fig. 5. Representative photos of morphology and immunohistochemistry of PK03 carcinoma in 
mice treated with or without t-CUPM, t-AUCB or Sorafenib
Columns from left to right showed morphology, MPO-labeled neutrophils, Ki-67-labeled 

cell proliferation, and Phospho-Erk1/2 immunostaining; Rows from up to bottom displayed 

Control PK03 tumor, and PK03 tumor treated with t-AUCB, Sorafenib or t-CUPM.
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Fig. 6. Oxylipin metabolic profile analysis using a LC-MS/MS approach
The ratios of plasma EETs to DHETs of omega-6 fatty acids including linoleic acid (LA) 

and arachidonic acid (AA) and omega-3 fatty acids including alpha-linolenic acid (ALA), 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Results were reported as 

mean ± SD for 5 mice each group. The statistically significant difference by Student t-test 

was labeled in the figure (p<0.05).
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Table 1

Inhibition of sEH, c-Raf, and B-raf V600E (IC50 values)

sEH (nM) C-raf (nM) B-raf V600E (nM)

Sorafenib 17 ± 4 45 ± 5 12.7 ± 1.5

t-AUCB 1.5 ± 0.2 >5000 ND

t-CUPM 0.5 ± 0.2 75 ± 5 1000 ± 100

c-CUPM 0.5 >5000 >5000
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