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2. Abstract 
 

     Pancreatic adenocarcinoma is among the most aggressive of all cancers in the United States. 

Cyclic adenosine monophosphate (cyclic AMP) is a second messenger that regulates the 

proliferation and migration of pancreatic cancer cells. Cyclic AMP is formed from cytosolic ATP 

by the enzyme adenylyl cyclase (AC). In the presence of forskolin, a transmembrane AC activator, 

the proliferation and migration of pancreatic cells have been inhibited. Since the mechanisms 

underlying the inhibitory effect of activated adenylyl cyclase is little understood, we investigated 

the downstream mediators implicated in the AC/cyclic AMP pathway. With this purpose, we 

overexpressed AC1 in the human pancreatic adenocarcinoma (HPAC) cell line, and through the 

protein kinase A (PKA) inhibitor H-89 and the exchange protein directly activated by cyclic AMP 

(EPAC) inhibitor ESI-09, we assessed the effector involved upon the treatment with forskolin. We 

were able to successfully overexpress the AC1 using the plasmid pCMV-SPORT6 containing the 

insert human ADCY1 cDNA, which encodes the AC1 protein. Through the utilization of the MTT 

Cell Proliferation Assay Kit, we found that H-89 (inhibitor of PKA) counteracts the inhibitory 

effect of forskolin, however ESI-09 (inhibitor of EPAC) does modify this effect. Therefore, PKA 

alone mediates the inhibitory effect of forskolin/AC1/cyclic AMP on cell proliferation in HPAC 

cells. Further studies are underway to determine the cyclic AMP effector implicated in the 

inhibitory effect of forskolin on cell migration through utilization of the Cytoselect 24-Well Cell 

Migration Assay Kit.  
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3. Introduction and Background 
 

     Human pancreatic adenocarcinoma, a malignant tumor formed from the epithelial tissue of the 

pancreas, is one of the top five most aggressive cancers in the United States today [1]. 

Unfortunately by the time pancreatic cancer is diagnosed, it has often metastasized to distant sites 

in the body (about 53% of cases). Pancreatic cancer is also relatively resistant to medical treatment. 

This type of cancer has an estimated 41,780 deaths with a projected 7% increase in cancer-related 

deaths in the United States in 2016. 53,070 people will be diagnosed just this year and the 5 year 

survival rate is just 8% [2]. In 2030, pancreatic cancer is expected to be the second leading cause 

of cancer-related death in the United States (Fig. 1), second only to lung cancer. The other cancer 

types show a decreasing amount of deaths from 2010 to 2030, primarily as a result of earlier 

detection and diagnosis [3]. Because pancreatic cancer has shown little improvement in survival 

over the past 30 years, there is an exigent need to elucidate the mechanism of pancreatic 

tumorigenesis and develop therapeutics to prolong survival of patients diagnosed with this deadly 

disease.  

     Adenosine 3’, 5’ cyclic monophosphate (cyclic AMP) is a ubiquitous cellular second messenger 

that is a critical component of a signal transduction pathway (Fig. 2A) linking membrane receptors 

and their ligands to the activation of internal cellular enzymatic activity and gene expression [4]. 

Cyclic AMP is synthesized from ATP by the enzyme adenylyl cyclase (AC). Ten AC isoforms 

exist in mammalian cells- nine are transmembrane (AC1 up to AC9) and one is soluble (AC10). 

Binding of ligands or hormones to their specific G protein-coupled receptors activates GTP-

binding proteins (Gs or Gi) which either stimulate or inhibit a number of AC isoforms (Fig. 2A) 

[5]; [6]. The cyclic AMP signal is neutralized by the hydrolysis of cyclic AMP to 5’AMP by 

phosphodiesterases (PDE), enzymes which cleave the 3’5’ phosphodiester bond, yielding 5’AMP 
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and leading to the cessation of the signal [7]. Therefore, levels of cyclic AMP can be increased 

either by stimulating AC or by inhibiting PDE-mediated degradation. Consequently, the 

concentration of cyclic AMP in a cell is a function of the ratio of the rate of synthesis of ATP by 

AC and its rate of breakdown to 5’AMP by specific phosphodiesterases (PDE) [5]; [6]. 

     Cyclic AMP is implicated in the progression of malignant cell types [8]. Recently, two different 

groups found that an increase in cyclic AMP levels induced by forskolin decreases the migration 

and invasion of pancreatic ductal adenocarcinoma cells [9]; [10]. Forskolin is a diterpene extracted 

from the root of the plant Coleus forskohlii that directly activates all transmembrane AC isoforms, 

except AC9 (Fig. 2A) [11]; [12]. Forskolin acts by binding to AC, inducing a conformational 

change and allowing it to open up its active site to accept ATP [13]. Our research group previously 

found that forskolin stimulates cyclic AMP formation in pancreatic adenocarcinoma HPAC cells 

and causes a significant decrease in the rate of cell proliferation (calculated as a change in 

absorbance per hour). In an attempt to study the upstream mediators of cyclic AMP, our group 

recently found that five transmembrane AC isoforms are expressed in pancreatic cancer: AC1, 

AC3, AC6, AC7 and AC9 (Quinn et al. Mol Carcinogenesis 2016, accepted). However, there is 

currently nothing known about the mechanism operating downstream of cyclic AMP. 

     Two effectors of cyclic AMP are known: protein kinase A (PKA) and the exchange protein 

directly activated by cyclic AMP (EPAC) (Fig. 2B) [14]. These two downstream mediators allow 

cyclic AMP to have a number of effects intracellularly. 

 

 



7 
 

Objective 
 

     The objective of this research is- through overexpression of AC1- to determine which cyclic 

AMP effector, PKA or EPAC or both, is implicated in the inhibitory effect of forskolin on the 

proliferation and migration of HPAC cells. Thereby, specific points in the forkolin/AC/cyclic 

AMP/effector pathway can be enhanced to decrease the proliferation and migration of pancreatic 

cancer cells, leading to potential treatments for human pancreatic adenocarcinoma. It is hoped that 

the results of my thesis will further elucidate the cellular signaling involved in the progression of 

pancreatic cancer. 

 

Hypothesis 
 

     Because it is believed that both PKA and EPAC are cyclic AMP effectors, an overexpression 

of AC1 in pancreatic cancer HPAC cells will result in increased levels of cyclic AMP upon 

forskolin stimulation, which will consequentially activate the PKA and EPAC pathways, thereby 

inhibiting cell proliferation and migration.  
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4. Materials 

 

Cell Line and Culture Medium 
 

     The cell line used for the experiments was HPAC (ATCC® CRL-2119™) (Fig. 3). This is an 

epithelial cell line extracted from the pancreas of a 64-year old female (Homo sapiens) (Deer EL 

et al., Pancreas 2010). The HPAC’s complete growth medium consists of a 1:1 mixture of 

Dulbecco’s modified Eagle’s medium and Ham’s F12 medium containing 1.2 g/L sodium 

bicarbonate, 2.5 mM L-glutamine, 15 mM HEPES and 0.5 mM sodium pyruvate supplemented 

with 0.002 mg/ml insulin, 0.005 mg/ml transferrin, 40 ng/ml hydrocortisone, 10 ng/ml epidermal 

growth factor, 5 mL of antibiotics, and 5% fetal bovine serum (FBS). 

0.25 % Trypsin- 0.53 mM EDTA solution 
 

     The 0.25 % Trypsin-0.53 mM EDTA solution was used as a safe and effective means of 

dissociating the HPAC cells from the cell plate and each other, creating a single-cell suspension 

from which new subcultures are split. The solution used was purchased from Gemini Bio Products 

(Broderick, CA) and is a blend of trypsin (0.25%) and EDTA (0.53 mM) combined in calcium-

free and magnesium-free Hank’s balanced salt solution along with phenol red. It was sterile-

filtered and screened for the porcine parvovirus.  

Forskolin 
 

     Forskolin from Coleus forskohli ≥ 98% (HPLC) is a white to off-white powder purchased from 

Sigma-Aldrich (St. Louis, MO). It is soluble in 50 mg/ml of dimethyl sulfoxide. The concentration 

used for these experiments was 20 µM because it increases the levels of cyclic AMP in exocrine 

pancreatic cells [15]. As mentioned above, forskolin is a chemical derived from the Indian coleus 
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plant and stimulates the enzymatic activity of all transmembrane AC isoforms, except AC9 [16]; 

[12]. 

Plasmid 
 

     Human ADCY1 cDNA in pCMV-SPORT 6 purchased from GE Dharmacon (Lafayette, CO) 

was used for the AC1 overexpression exogenously. The average ADCY1 insert size is 2 kilobases 

(Kb) and it located between NotI and SalI (Fig. 4). The pCMV-SPORT 6 size is 4.4 Kb. The 

complete plasmid with the insert is 6.4 Kb. From the five AC isoforms expressed in HPAC cells, 

AC1, AC3, AC6, AC7, and AC9 (Quinn et al., Mol Carcinogenesis, 2016), only human ADCY1 

gene was exogenously overexpressed in HPAC cells because:  

 Human ADCY3 cDNA in pCMV-SPORT6 from GE Dharmacon (Lafayette, CO) has a 

reading frame shift.  

 Commercially available antibodies said to be directed against human AC6 and AC7, which 

are encoded by ADCY6 and ADCY7, respectively, did not detect bands of the expected 

molecular weight using Western-blotting.  

 Forskolin does not stimulate AC9, which is encoded by ADCY9 gene.  

PKA and EPAC Inhibitors 
 

     H-89 dihydrochloride hydrate ≥ 98% (HPLC) powder was purchased from Sigma-Aldrich (St. 

Louis, MO). It is an off-white powder soluble in water. It is known to be a selective, potent 

inhibitor of cyclic AMP-dependent protein kinase (Fig. 2B) [17]. The concentration of H-89 used 

for these experiments was 10 µM because it inhibits the activation of PKA without affecting other 

pathways [18]. ESI-09, a specific EPAC inhibitor (Selleckchem) (Fig. 2B), was purchased from 

Selleckchem Laboratories (Munich, Germany). It is an off-white powder soluble in DMSO, water, 
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and ethanol. The concentration of ESI-09 used for these experiments was 15 nM, as recommended 

by the company. 

Opti-MEM medium 
 

     Opti-MEM reduced serum medium was purchased from Thermo Fisher Scientific (Waltham, 

Massachusetts). It is a clear, transparent medium which is a modification of Eagle's Minimum 

Essential Media, buffered with HEPES and sodium bicarbonate, and supplemented with 

hypoxanthine, thymidine, sodium pyruvate, L-glutamine, trace elements, and growth factors. It 

was used because it is the optical medium for transfection. Prior to performing the MTT cell 

proliferation assay, it is necessary to serum- starve the cells and thereby synchronize the cell cycle. 

Lipofectamine 3000 Transfection Reagent 

     Lipofectamine 3000 Transfection Reagent purchased from Invitrogen (Carlsbad, California) 

was used to transfect the plasmid into the HPAC cells.  

Cyclic AMP Analysis Kit 

 
     Cyclic AMP generation was analyzed using the cyclic AMP EIA kit from the Cayman Chemical 

Company (Ann Arbor, MI). It provides a simple method for colorimetric determination of cyclic 

AMP levels using a standard microplate absorbance reader. The assay is based on the competition 

between free cyclic AMP and a cyclic AMP-acetylcholinesterase (AChE) conjugate (cyclic AMP 

tracer) for a limited number of cyclic AMP-specific rabbit antibody binding sites. The greater the 

amount of cyclic AMP tracer able to bind to the antibody, the less the amount of cyclic AMP in 

the well, because the concentration of the cyclic AMP tracer is held constant while the 

concentration of cyclic AMP varies among each of the different groups of cells (control, FSK, 
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AC1, and AC1 + FSK). The mouse monoclonal anti-rabbit secondary antibody is attached to the 

well and the rabbit antibody-cyclic AMP (either free or tracer) complex then binds to it. The plate 

is washed to remove any unbound reagents. After, Ellman’s Reagent- which contains the substrate 

to AchE- is added to the well. AchE catalyzes the reaction using the substrate and the product has 

a distinct yellow color which absorbs strongly at 412 nm. The intensity of the color is proportional 

to the amount of cyclic AMP tracer bound to the well and is inversely proportional to the amount 

of cyclic AMP present in the well (Fig. 5). 

Vybrant MTT Cell Proliferation Assay Kit 
 

     This kit was purchased from Molecular Probes (Eugene, Oregon). It provides a simple method 

for determination of cell proliferation using a standard microplate absorbance reader. The MTT 

assay involves the conversion of a yellow water soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide to a purple insoluble formazan. The conversion of the yellow water 

soluble MTT to a purple insoluble formazan occurs by the electron transport system found in the 

mitochondria of the cells. The formazan is then solubilized using 10% sodium dodecyl sulfate in 

0.01 N hydrochloride acid solution and the intensity of the color was determined by optical density 

at 570 nm. The result is a sensitive assay with excellent linearity up to approximately 106 cells per 

well.  

CytoSelect 24-Well Cell Migration Assay Kit (8 μm, Colorimetric Format) 
  

     This migration assay kit was obtained from Cell BioLabs, Inc (San Diego, CA). The migration 

assay utilizes polycarbonate membrane inserts (8 μm pore size) in a 24-well plate to assay the 

migratory properties of cells. The 8 μm pore size is optimal for epithelial and fibroblast cell 

migration. The membrane serves as a barrier to discriminate migratory cells from non-migratory 
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cells. Migratory cells are able to extend protrusions, via actin cytoskeleton reorganization, towards 

the chemoattractant (FBS) and ultimately pass through the pores of the polycarbonate membrane. 

Finally the cells are removed from the top of the membrane and the migratory cells are stained and 

quantified (Fig. 6). 

Light Microscope and Camera 

     Olympus CK2 inverted light microscope (Olympus America, Inc., Melville, NY) with an X4 

objective lens was used to visualize the cells. A Canon digital SLR camera was connected to the 

microscope and was used to take the pictures of the migration experiment results.   

Plate Reader  

     The BioTek Synergy™ HT (Winooski, Vermont) is a single-channel absorbance, fluorescence, 

and luminescence microplate reader that uses a dual-optics design to perform absorbance 

measurements of samples in a microplate format. The plate reader was operated using the BioTek’s 

Gen5™ data analysis software.  

Antibodies 

     Rabbit polyclonal antibody to AC1 (130 kDa) was used to determine the expression of AC1 at 

protein levels and was purchased from Novus Biologicals (Littleton, Colorado). Mouse 

monoclonal antibody to α tubulin (#3873) was purchased from Cell Signaling Technology 

(Beverly, MA). Tubulin has a molecular weight of 52 kDa and was used as the loading 

control/reference since it should be synthesized consistently in HPAC cells. Secondary goat anti-

mouse and anti-rabbit antibodies conjugated with the horseradish peroxidase (HRP) enzyme were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The secondary antibody acts 
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by binding to the primary antibody to assist in the immunodetection of proteins.  By a 

chemoluminescence reaction, HRP catalyzes the oxidation of luminol to 3-aminophthalate. The 

reaction is accompanied by emission of low-intensity light at 428 nm which allows for the 

visualization of the target protein.  

West-femto Supersignal Development Kit  

     SuperSignal West Femto Maximum Sensitivity Substrate is an ultra-sensitive enhanced 

chemiluminescent (ECL) substrate for low-femtogram-level detection by Western-blotting 

analysis with horseradish peroxidase (HRP) enzyme. It consists of the substrate luminol, and an 

enhancer, which enhances the light emitted up to 1000-fold, making the light easier to detect and 

increasing the sensitivity of the reaction. It was purchased from Thermo Scientific (Waltham, 

Massachusetts).   
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5. Methods 
 

Preparation and subculturing of the HPAC cell line 
 

     The cells were stored in a cryovial tube containing 1 mL DMEM/F-12 complete growth 

medium supplemented with 5% of dimethyl sulfoxide as cryoprotector and placed in the liquid 

nitrogen tank. To prepare a subculture of the cell line, a 1 ml-cryovial tube was thawed in a 37°C 

water bath, and 1 ml medium containing the HPAC cells was diluted with 9 ml complete growth 

medium and centrifuged at 1000 rpm for 5 minutes to remove the dimethyl sulfoxide. The 

supernatant was removed, the pellet containing the HPAC cells was re-suspended in a complete 

growth medium, settled on a 6-well cell culture plate, and incubated at 37°C. The medium of this 

cell line was changed every two days, depending on the confluency of the cells in each plate.  

     For subculturing HPAC cells, the cells were split every few days by first washing the cells with 

phosphate buffer saline (PBS) to remove the residual media. Next, 500 µL of Trypsin-EDTA 

solution was added and the cells were placed in the 37°C incubator for 15-20 minutes. After the 

cells were taken out of the incubator, 1 mL of HPAC medium was added and the cells were re-

suspended to obtain a homogenous mixture. 750 µL of the homogenous cell culture solution was 

added to two wells and another 1 mL of full-serum medium was added to each well to ensure the 

medium completely covered the plate. 

     HPAC cells used for the MTT cell proliferation assay and the Cytoselect cell migration assay 

were cultured in a reduced serum medium, Opti-MEM, 24 hours prior to the start of the 

experiment.   
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Cloning of human ADCY1 pCMV-SPORT 6 plasmid 
 

     The human ADCY1 pCMV-SPORT6 plasmid was delivered in an ampicillin resistant DH10B 

TonA Escherichia coli in 8% glycerol. An aliquot was plated in a 1-mm-dish containing agar. The 

colonies were inoculated in LB Broth medium for 16 h at 37°C with shaking (140 rpm). The 

ADCY1 pCMV-SPORT6 plasmid was isolated from the bacteria using the Qiagen Mini-prep kit. 

To confirm that the human ADCY1 cDNA insert was in the pCMV-SPORT6 vector, the plasmid 

was digested with two restriction enzymes SalI and HindIII (Fig. 4). The ADCY1 cDNA insert is 

located between NotI and SalI. A gel electrophoresis, a standard lab procedure for separating DNA 

by size for visualization and purification, was utilized. This was performed by pouring a 0.8% 

agarose gel into the gel tray, waiting until was completely solidified, adding 1xTAE until the gel 

was covered, loading the DNA ladder, as well as the whole volume of each digested plasmid 

sample to the wells, and running it at 100 V until the dye line was 80% of the way down the gel. 

After the experiment was performed, the plasmid and the insert were visualized using Foto/Analyst 

Luminary FX Imaging Workstation (Fotodyne Incorporated, Hartland, WI). 

Transfection of human ADCY1 pCMV-SPORT6 plasmid into HPAC cells 
 

     AC1 was exogenously overexpressed in the HPAC cells using human ADCY1 pCMV-SPORT6 

plasmid encoding the AC1 protein. Lipofectamine 3000 was used as a transfection reagent. The 

transfection took place 24 hours before the proliferation and migration experiments. This was 

because the overexpression of AC1 was maximum for 24-36 hours post-transfection. The 

transfection procedure was carried out in a sterile vertical laminar flow hood. Two autoclaved 

tubes were prepared. Each tube contained equal amounts of Opti-MEM reduced serum media. The 

first tube contained lipofectamine 3000, while the second tube contained the plasmid. The human 
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ADCY1 pCMV-SPORT6 plasmid concentration was measured using the BioTek Synergy™ HT 

microplate reader to determine the amount that should be added to the second tube. A total of 10 

mg of the plasmid was used for the overexpression. The contents of each tube was combined and 

mixed. The tube was then allowed to sit at room temperature for 15 minutes to form the 

lipofectamine 3000-DNA complex. During this time of incubation, the cell medium was removed 

from the cells, HPAC cells were rinsed using PBS and equal amount of the mixture were added to 

each well in the 6-well plate that was meant to be transfected with the plasmid. The plasmid 

containing mixture was not added to the control well. 1 mL of Opti-MEM medium was added to 

each of the wells to ensure the medium completely covered the plate and the cells do not dry out. 

HPAC cells were incubated with the lipofectamine 3000-DNA complex for 6 h. During this time, 

the lipofectamine-DNA complex was absorbed by the HPAC cells through endocytosis. The 

residual lipofectamine-DNA complex was removed by changing the old medium to fresh Opti-

MEM medium.  

Confirmation of AC1 overexpression using Western-Blotting 

     Western-Blotting is a widely used analytical technique to imunodetect the expression of genes 

at protein level using specific antibodies. It was used in this case to confirm the exogenous 

overexpression of the AC1 protein in the HPAC cells transfected with human ADCY1 pCMV-

SPORT6 plasmid. After 24 hours post transfection, the HPAC cells were lysed using a lysis buffer 

containing 50 mM Tris HCl, pH 7.5, 150 mM sodium chloride, 5 mM EDTA, 10 mM sodium 

pyrophosphate, 25 mM β-glycerolphosphate, 0.1 % Triton X-100, 1 mM PMSF, 10 µg/ml 

leupeptin, 10 µg/ml aprotinin, 1 mM sodium vanadate, 25 mM sodium fluoride, 1 mM 

dithiothreitol. The medium from HPAC cells was removed and cells were washed using PBS. Then 

400 µL of the lysis buffer was added to each well and a cell lifter was used to harvest the cells. 
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The cell lysates were then sonicated and centrifuged at 14,000 rpm for 10 minutes at 4°C to remove 

the debris. The supernatant containing the soluble proteins was collected and placed in a new 1.5-

ml microcentrifuge tube. The cellular debris was discarded. The concentration of the proteins was 

taken to figure out the number of µL of each sample to load in each well during the western 

blotting. To determine protein concentration, a Bio-Rad protein assay was used. The Bio-Rad 

protein assay is a simple and accurate dye-binding assay in which a differential color change of a 

dye occurs in response to various concentrations of protein. It involves the addition of an acidic 

dye (red) to a protein solution and subsequent measurement at 595 nm with a microplate reader. 

Comparison to a standard curve provides a relative measurement of protein concentration. 1 µL of 

the cell lysate was added to a well in the 96-well plate along with 160 µL of water and 40 µL of 

the Bio-Rad protein assay dye reagent. The content of the wells was evenly mixed to ensure a 

homogenous distribution of the reagents. After, the protein concentration was measured at an OD 

value of 595 nm using the BioTek Synergy™ HT microplate reader. The next step involved the 

conversion of proteins with different degrees of charges (positive, negative, neutral) to negative 

charges using a high concentrated solution of sodium dodecyl sulfate (SDS). We converted all the 

proteins to a negative charge in order to allow the separation of the proteins based on the molecular 

weight, but not on their charges, using SDS-polyacrylamide gel electrophoresis (PAGE). SDS-

PAGE is a technique widely used to separate proteins according to their molecular weight, based 

on their differential rates of migration through a gel under the influence of an applied electrical 

field. With that purpose, 300 µL of the cell lysate, 100 µL of 4x SDS, and 9 µL of beta-

mercaptoethanol were added to the tube. The beta-mercaptoethanol is a reducing agent that breaks 

down the disulfide bonds, and thereby, denature proteins. The samples were vortexed, placed in a 

boiling water bath to break down the hydrogen bonds and other non-covalent interactions. The cell 
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lysates were stored at -20°C. The western-blotting was performed the following day. Equal 

amounts of protein were loaded in a SDS-PAGE gel located in a container of the electrophoresis 

apparatus for approximately one and a half hours at 15 mAmp. The proteins were then transferred 

from the polyacrylamide gel to a nitrocellulose membrane by creating a transfer sandwich, 

containing a sponge, 2 filter papers, a nitrocellulose membrane, the polyacrylamide gel with a 

clipped end, 2 filter papers, and another sponge. The bubbles were removed using a thick slide of 

glass and the ends were clipped. The transfer was run for 1.5 hours at 56 V. Post-transfer, the 

membrane was blocked for 1 hour with 2 mL of 5% bovine serum albumin (BSA). The BSA 

reduces non-specific binding of the antibody. The nitrocellulose membrane was incubated with the 

primary antibody (rabbit polyclonal antibody to AC1 or mouse monoclonal antibody to α-tubulin) 

overnight in the 4°C orbital shaker. The antibody was diluted 1:1000 in 5 % BSA dissolved in Tris 

Buffer solution containing 0.15 % Tween-20 (TBST). 

     The next day, the membrane was washed three times with TBST for 5 minutes each. Wash steps 

were carried out between incubations to remove excess unbound antibody and to minimize non-

specific signals in the immunoblot. 0.5 µL of the secondary antibody was then diluted with a 

solution of 0.125 g of milk in 2.5 mL of TBST (1:5000 dilution). The secondary antibody used was 

a goat anti-rabbit antibody conjugated to HPR or goat anti-mouse antibody conjugated to HPR. 

The nitrocellulose membrane was incubated with diluted secondary antibody at room temperature 

for one hour. The membrane was washed three times with TBST for 5 minutes each. The membrane 

was incubated with the SuperSignal West Femto sensitivity kit. Images were taken using 

Foto/Analyst Luminary FX Imaging Workstation (Fotodyne Incorporated, Hartland, WI).  
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Determination of intracellular cyclic AMP levels  

     Cyclic AMP generation was analyzed using Cayman’s cyclic AMP colorimetric enzyme 

immunoassay (EIA) kit. Non-transfected and ADCY1-transfected HPAC cells were stimulated 

with forskolin for 12 min. the medium was removed from the cells using vacuum. 1 ml of 0.1 M 

hydrochloride acid was added to HPAC cells. The cells were scraped using a cell lifter and 

sonicated. The cell lysate was centrifuged at 1000 x g for 10 min to remove the debris. The cyclic 

AMP was assayed directly in the supernatant. Results were expressed as picomoles per milligram 

of protein from cell lysate.  

Determination of the rate of cell proliferation 

     HPAC cells were plated onto a 96-well plate in a serum reduced medium Opti-MEM. Twenty-

four hour post-transfection, the medium was removed in all of the wells and cells were washed 

with 100 µL of PBS. The inhibitors (1 µL of H-89 (10 µM) and 1 µL of ESI-09 (15 nM)) were 

added to their respective wells. The dilutions were prepared using PBS (1:1000 dilution for ESI-

09 and a 1:10 dilution for forskolin). The plates were incubated for three minutes at room 

temperature. HPAC cells were stimulated with 2 µL of 20 uM forskolin. Then 100 µL of Opti-

MEM medium was added to each well. The cells were incubated for 24 hours. The medium was 

then removed and 100 µL of new Opti-MEM was added to each well the next day. 10 µL of MTT 

(included in the MTT cell proliferation assay kit) was added to each well. The reaction was stopped 

at three different time point in a period of three hour. By adding 100 µL of 10% of SDS dissolved 

in 0.01 % hydrochloride acid, the HPAC cells were lysed and the formazan were dissolved. The 

absorbance values were measured at 570 nm using the Gene5 program. The OD values were 

averaged for each triplicate, so for example the control cells that had SDS added at 1 hour were 

averaged. The average for 1, 2, and 3 hours for each treatment were plotted in the computer 
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program Prism, which analyzed the data by linear regression to determine the slope. The slope of 

the control and each group of treated cells were then entered into Prism to make the final plot. 

Determination of cell migration 
 

     Twenty four-hours post transfection, subconfluent cells were serum-starved overnight and 

detached through trypsinization. 1.0 x 106 cells were plated onto the transwell inserts in opti-MEM 

media. The inhibitors and forskolin were added to the insert. The dilutions were prepared using 

PBS (1:1000 dilution for ESI-09 and a 1:10 dilution for forskolin). 500 µL of HPAC medium 

containing 10% FBS was added to each labeled well in a 24-well plate. 300 µL of the respected 

cell suspension (non-transfected cells or ADCY1-transfected cells) in medium without serum was 

added to each of the cell culture inserts located in the 24-well plate. 1 µL of the respective inhibitor 

(H-89 or ESI-09) was added on the inside of the insert. The plate was placed in the 37°C incubator 

for 6 hours or overnight. After the specified time interval, the media was aspirated from the inside 

of the insert. The ends of 2-3 cotton tipped swabs were wetted and the inside perimeter of the insert 

was gently swabbed to remove non-migratory cells. The inserts were transferred to a clean well 

containing 400 µL of crystal violet cell staining solution and incubated for ten minutes at room 

temperature. After 10 minutes, the stained inserts were washed several times in a beaker of water 

and allowed to air dry. Pictures were taken using the Olympus CK2 inverted light microscope 

(Olympus America, Inc., Melville, NY) with an X4 objective lens. A Canon digital SLR camera 

was connected to the microscope.  After taking pictures, each insert was transferred to a clean well 

containing 200 µL of extraction solution provided by the kit. The 24-well plate was then placed on 

an orbital shaker and incubated for 10 minutes.100 µL of each sample was transferred to a 96-well 

plate and the absorbance was measured at 560 nm in the BioTek Synergy™ HT microplate reader. 
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6. Results 

 

The ADCY1 cDNA insert is contained in the plasmid pCMV-SPORT 6 
 

     We first tested whether the plasmid contains the insert of human ADCY1 by digesting the 

plasmid with two different restriction enzymes, EcoRI and HindIII. The digested plasmid 

fragments were separated in a 1 % agarose gel using electrophoresis. The human ADCY1 insert 

was found at an average size of (2 Kb) (Fig. 7), indicating that the ADCY1 insert was indeed in the 

plasmid. The band at 4.4 Kb corresponds to the pCMV-SPORT 6 vector. 

AC1 is successfully exogenously overexpressed in HPAC cells  
 

     Using western blotting we were able to confirm that the transfection was performed correctly 

and the plasmid coded for the protein AC1. A representative immunoblot for AC1 antibody shows 

that AC1 was exogenously overexpressed in HPAC cells transfected with the plasmid containing 

ADCY1. α-tubulin was used as a loading control since it should be synthesized continuously in 

cells (Fig. 8).   

The effect of forskolin on cyclic AMP formation is enhanced in those cells 

overexpressing AC1 
 

     A significant increase in cyclic AMP levels occurred when forskolin (20 µM) was added to the 

HPAC cells. The effect of forskolin on cyclic AMP generation was enhanced in those cells 

overexpressing AC1 (Fig. 9). The results indicate that the exogen AC1 is functionally active. 
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PKA is the downstream effector implicated in the forskolin/AC1/cyclic AMP 

inhibitory effect on the proliferation of HPAC cells 
 

     The Vybrant MTT cell proliferation assay was run to determine the differences in the 

proliferation rates of the control cells versus the ones treated with forskolin, the ones 

overexpressing AC1, and the ones treated with either H-89 or ESI-09. This experiment allowed us 

to determine the effector implicated in the forskolin/AC1/cyclic AMP inhibitory effect on cell 

proliferation. Through this experiment we found that: 1) forskolin inhibited cell proliferation in 

HPAC cells, 2) the overexpression of AC1 enhanced the inhibitory effect of forskolin on cell 

proliferation, 3) in presence of the PKA inhibitor H-89, the inhibitory effect of forskolin was 

counteracted in HPAC cells overexpressing AC1, and 4) by contrast, in the presence of the EPAC 

inhibitor ESI-09, the inhibitory effect of forskolin was not modified (Figs. 10A and B). 

Forskolin-induced cyclic AMP levels does not modify the migration of HPAC 

cells 
 

     The CytoSelect 24-Well Cell Migration Assay was utilized to determine cell migration in 

control cells versus the ones treated with forskolin, the ones overexpressing AC1, and the ones 

treated with either H-89 or ESI-09.  Unlike other citations, forskolin did not modify the migration 

of HPAC cells (Figs. 11 , 12A and B). The overexpression of AC1 had similar results to the 

control. When AC1 was overexpressed and forskolin was added, the effect of forskolin was 

counteracted. Additionally, PKA and EPAC were likely to be both downstream mediators. More 

trials of the experiment are necessary to reach a solid conclusion.  
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7. Discussion and Future Directions 

 

     Through the course of several months, I was successfully able to exogenously overexpress AC1 

in HPAC cells through transfection, confirm its overexpression using western blotting, and find 

that PKA, but not EPAC, is the effector implicated in the forskolin/AC1/cyclic AMP inhibitory 

effect on cell proliferation. This study indicates that forskolin stimulates AC1 leading to increased 

cyclic AMP levels, which activate PKA, and thereby decreases cell proliferation of human 

pancreatic adenocarcinoma cells. Therefore, forskolin can decrease the size of tumors within the 

pancreas, through PKA in pancreatic cancer cells.  

     Several modifications were made to the migration assay over the course of several weeks:  

 We incubated the HPAC cells with forskolin and the inhibitors for 6 hours instead of 24 

hours (overnight).  

 We checked the control to make sure all the cells were fine post-transfection.  

 The concentration of the plasmid containing ADCY1 was increased from 5 mg to 10 mg in 

order to see a greater effect of the enzyme AC1.  

 We increased the concentration of FBS from 5% to 10% (as the protocol specified) in the 

HPAC medium in order to observe a greater amount of cells migrating.  

 We used two different types of transfection reagents: lipofectamine 3000 transfection 

reagent instead of endofectin, which seemed to induce cell death.  

 We started using HPAC cells of a lower passage number for the experiments (ex: we started 

using cells in their fourth passage of cell division instead of their thirtieth passage).  
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     It is hoped that the results will further elucidate the cellular signaling involved in the 

progression of pancreatic cancer and lead to the identification of new targets to improve the 

prognosis and survival of those patients diagnosed with this deadly disease, which currently has a 

5 year survival rate of just 8%. Treatment of these pancreatic cells with cyclic AMP elevating 

agents that activate adenylyl cyclase, forskolin, protein kinase A (PKA), or the cyclic nucleotide 

phosphodiesterase inhibitor, for example cilostamide [7], could significantly decrease proliferation 

and migration in HPAC pancreatic cancer cell line.  

     Future directions include further studies on the effectors involved in the inhibitory effect of 

forskolin on cell migration, as well as the pathway implicated upon activation of PKA. There are 

two well-known targets of PKA: ERK (MAP Kinase Pathway) [19] and cyclic AMP response 

element-binding protein (CREB) [20]. We will study which one of these intracellular pathways is 

implicated in the forskolin/AC1/cyclic AMP inhibitory effect on cell proliferation in HPAC cells. 
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8. Glossary 
 

1. AC: Adenylyl Cyclase 

2. AchE: Acetylcholinesterase 

3. BSA: Bovine Serum Albumin 

4. cDNA: Complementary DNA 

5. CREB: Cyclic AMP Response Element Binding Protein 

6. cyclic AMP: Cyclic AMP (3’-5’-cyclic adenosine monophosphate) 

7. DMSO: Dimethyl Sulfoxide 

8. EDTA: Ethylene Diamine Tetraacetic Acid 

9. EIA: Enzyme Immunoassay 

10. EPAC: Exchange Protein Directly Activated by cyclic AMP 

11. FBS: Fetal Bovine Serum 

12. GTP: Guanine Triphosphate 

13. HPAC: Human Pancreatic Adenocarcinoma 

14. HRP: Horseradish Peroxidase 

15. mAmp: Milli Amperes 

16. MAPK: MAP Kinase Pathway 

17. MTT: (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 

18. PBS: Phosphate Buffer Saline 

19. PDE: Phosphodiesterase 

20. PKA: Protein Kinase A  

21. PAGE: Polyacrylamide Gel Electrophoresis 

22. SDS: Sodium Dodecyl Sulfate 

23. TAE: Tris Acetate 

24. V: Volts 
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10. Figures 
 

1. Projected Cancer Related Deaths in 2016 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig. 1. The increase in pancreatic cancer incidence from 2010 to 2030 [3]. 
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2.  The Signal Transduction Pathway  

A     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The signal transduction pathway of AC. (A) When adenylyl cyclase is activated, it catalyzes 

the conversion of ATP to cyclic AMP, which leads to an increase in the intercellular levels of 

cyclic AMP. Adenylyl cyclase is stimulated by Gαs and inhibited by Gαi. Forskolin acts as a direct 

activator of AC. (B) EPAC and PKA are both known downstream mediators of cyclic AMP action. 

H-89 inhibits PKA, whereas ESI-09 inhibits EPAC. 
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3.  The HPAC cells 

 

 

  

 

Fig. 3. The human pancreatic adenocarcinoma cells. (A) HPAC is a pancreatic adenocarcinoma 

epithelial cell line derived in 1985 from a nude mouse xenograft of a primary tumor removed from 

the head of the pancreas of a woman with moderate to well-differentiated pancreatic 

adenocarcinoma of ductal origin. 
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4.  The plasmid pCMV-SPORT 6 containing the human ADCY1 cDNA 

insert 
 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The plasmid of wild-type human ADCY1 cDNA was cloned into pCMV-SPORT 6 and 

obtained from GE Dharmacon (Lafayette, CO). (A) The plasmid was constructed by insertion of 

the annealed ADCY1 insert into the 5’SalI and 3’NotI restriction sites of the pCMV-SPORT 6 

vector.   
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5. Cyclic AMP levels determination procedure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5. A schematic representation of the cyclic AMP enzyme immunoassay kit from Cayman 

(Ann Arbor, MI). This image was taken from the Cayman Chemical Company’s website.  
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6. Cell migration procedure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6. A schematic representation of the CytoSelect 24-well cell migration assay. This image was 

taken from the Cell BioLabs, Inc website.  
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7.  Gel Electrophoresis confirming that the insert ADCY1 is contained in 

the plasmid pCMV-SPORT 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Gel Electrophoresis. (A) We first tested to see if the plasmid contains the insert of ADCY1 

by digesting the plasmid pCMV-SPORT 6 with two different restriction enzymes, EcoRI and 

HindIII. We then ran a gel electrophoresis to separate the digested products. The band of the correct 

size (2 kb) appeared on the gel, indicating that the ADCY1 insert is indeed in the plasmid. The 

band at 4.4 kb corresponds to the pCMV-SPORT 6 plasmid and the band at 2 kb corresponds to 

the ADCY1 insert. 
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8.  Overexpression of AC1 in HPAC cells transfected with the pCMV-

SPORT 6 plasmid containing the insert ADCY1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Overexpression of the AC1 protein in ADCY1-transfected cells. (A) The immunoblot for 

AC1 shows that the transfection was performed correctly and the plasmid ADCY1 pCMV-SPORT6 

encodes AC1. Tubulin was used as a loading control.   
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9. Cyclic AMP determination 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Cyclic AMP determination. (A) The quantitative analysis of cyclic AMP confirms that the 

exogen AC1 is functionally active. Through a statistical analysis using the GraphPad Prism 

software, we found that there is a significant increase in cyclic AMP levels when forskolin was 

added to the HPAC cells and a very significant increase in cyclic AMP levels when forskolin is 

added to the cells after AC1 is overexpressed (*: p < 0.05; **: p < 0.01 versus the control). This 

indicates that the effect of forskolin is enhanced in those cells overexpressing AC1. 
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10.  Rate of Cell Proliferation in HPAC Cells 
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Fig. 10. PKA is the downstream effector implicated in the forskolin/AC1/cyclic AMP 

inhibitory effect on the proliferation of HPAC cells. (A) The quantitative analysis shows that 

forskolin inhibited cell proliferation in HPAC cells. The overexpression of AC1 enhanced the 

inhibitory effect of forskolin on cell proliferation and the inhibitory effect of AC1 was 

counteracted in presence of the PKA inhibitor H-89 but not modified in presence of the EPAC 

inhibitor ESI-09. (*: p < 0.05; ***: p < 0.001 versus the control). (B)  The Vybrant MTT cell 

proliferation assay. The darker the color of the well, the greater the number of cells in that well. 
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11. Rate of Cell Migration in HPAC Cells 
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Fig. 11. Further studies are underway to determine the cyclic AMP effector implicated in the 

inhibitory effect of forskolin on cell migration. (A) Forskolin decreased the rate of cell migration, 

as was expected. The overexpression of AC1 had similar results to the control. When AC1 was 

overexpressed and forskolin was added to activate it, the effect of forskolin on decreasing cell 

migration was counteracted. It appears from these results that PKA and EPAC are both 

downstream mediators in the pathway. This experiment was conducted several times.  
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12. Cell migration experiment pictures 
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Fig. 12A. Photographs exemplifying the number of cells migrating with each experimental 

treatment after a 6 hour incubation period. (A) With the control group you can see a greater 
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confluency of migrating cells, as was expected. (B) 6 μL of forskolin (20 µM) was added to the 

HPAC cells. There was no significant decrease observed in the migrating cell count. (C) AC1 was 

overexpressed in these cells using the pCMV-SPORT 6 plasmid containing the ADCY1 insert. The 

number of migrating cells in this group seems similar to the control. (D) AC1 was overexpressed 

and 6 μL of forskolin (20 µM) was added. (E) Forskolin as well as 1 μL of H-89 (10 µM) - the 

inhibitor of PKA- were added. (F) Forskolin as well as 1 μL of ESI-09 (15 nM) - the inhibitor of 

Epac- were added. (G) AC1 was overexpressed and forskolin as well as H-89 were added. (H) 

AC1 was overexpressed and forskolin as well as ESI-09 were added. 
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24 hour incubation  

 

Fig. 12B. Photographs exemplifying the number of cells migrating after the cells were incubated 

overnight. (A) With the control group you can see a greater confluency of migrating cells, as was 

expected. (B) With the forskolin treated group, there appears to be fewer cell migrating. 
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